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SUMMARY

T h e  lip a se  o f  Pseudomonas fragi (n r r l  B-25)  w as p u rified  75- to  io o -fo ld  
w ith  a n  o v e ra ll re c o v e ry  o f  ca. 20 %.

T h e  en zym e w as fo u n d  to  ex ist in  h e a v y  an d  lig h t fo rm s ex h ib itin g  the sam e 
p o sitio n  sp ecific ity  fo r  trig lycerid es, M ich a e lis  co n stan ts (Km), an d  a p p aren t 
p H  an d  tem p eratu re  o p tim a. T h e  lig h t fo rm  o f  th e  en zym e ap p e ared  to  be 
present in  the h e a v y  o n e, p ro b a b ly  in  a co m p lex e d  state.

T h e  p u rified  lip a se  w a s  fo u n d  to  h y d ro ly z e  o n ly  g ly c e ro l esters o f  fa tty  a c id s ; 
it  requ ired  a  w a te r-fa t in terface  a n d  ex h ib ited  a  1 ,3 -p o sitio n  sp ecific ity  fo r  
trig lycerid es. T h e  o p tim u m  p H  fo r  the p u rified  e n zym e w ith  pu rified  tribu tyrin  
as su b strate  w a s ca lcu la te d  to  b e  8-6 to  8-7 fro m  in itia l v e lo c ity  m easurem en ts 
w ith  a  p H -sta t a t  2 5 0. T h e  Km fo r  th e  pu rified  lip ase w ith  tr ib u tyrin  w as fc u n d  
to  b e  0-9 x  1 0 3 m  at 250 an d  p H  7-2. E x p o su re  o f  the pu rified  en zym e tc  40° 
fo r  10 m in. cau se d  a  co m p lete  lo ss  o f  a ctiv ity . A  50 %  lo ss o f  a ctiv ity  
o ccu rre d  a fter  10 m in . ex p o su re  to  a b o u t 350. W h e n  ex p o sed  to  p H  va lu es 
ra n g in g  fro m  5-3 to  9-5 fo r  1 hr a t  2° a n d  th en  assa yed  a t p H  7-0 a n d  35° . the 
p u rified  en zy m e w a s fo u n d  to  b e  sta b le  in  the p H  ran ge 6-6-7-8.

IN T ROD UC TIO N

A lth o u g h  th e  ex isten ce o f  lip o ly tic  b a cteria  h as been  reco g n ized  fo r  m a n y  years, o u r 

u n d e rstan d in g  o f  b a c te r ia l lip o ly sis  stem s fo r  the m o st p a rt fro m  studies w ith  cru d e 

en zym e system s. A p a r t  fro m  th e  studies w ith  a  p a rtia lly  p u rified  lip a se  (g ly cero l ester 

h y d ro la se , E C  3 . 1 . 1 . 3 )  o f  Mycoplasma gallisepticum (R o tte m  &  R a zin , 1964), a n d  a 

rep o rt o n  th e  lip a se  o f  Staphylococcus aureus (C re n sh a w  &  S an  C lem en te , 1964), 

purified  b a cte r ia l lip ases h a v e  n o t b een  fu lly  ch ara cterized . T h erefo re , as p a rt o f  th is 

la b o r a to ry ’ s in terest in  lip o ly tic  m icro o rg an ism s, an  in ten sive  stu d y  o f  the lip a se  o f  

Pseudomonas fragi w as u n d e rtak en , n o t o n ly  to  en h an ce o u r  im m ed iate  u n d erstan d in g 

o f  th is en zym e, b u t a lso  to  p ro v id e  a  fo u n d a tio n  fo r  fu tu re  w o rk  in to  its  stru ctu re, 

m ech a n ism  o f  a ctio n , a n d  b io syn th esis. T h is  p a p er rep o rts  the p u rifica iio n  and  

p a rtia l ch a ra cte riza tio n  o f  th e  en zym e.

METHODS

Microorganism and enzyme. Pseudomonas fragi (n r r l  B-25) w a s ch o sen  fo r  this 

in v estig a tio n  b ecau se  it p ro d u ces  an  ex tra ce llu la r  lip a se  (M e n ch er, N g  &  A lfo r d ,

* P re sen t ad d ress : S pace B io logy  B ran ch , N A S A , G o d d a rd  Spaceflight C e n te r, G reen b e lt, 
Md„ U .S .A .
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1965) a n d  b ecau se  a  syn th etic  m ed iu m  w a s a v a ila b le  fo r  p ro d u ctio n  o f  th e  en zy m e 

(A lfo r d  &  P ie rce , 1963).

Materials. T h e  sou rces o f  c h em icals  a n d  reagen ts w ere  as f o l lo w s : tr ib u ty rin  (B a k e r  

gra d e) fro m  J. T . B a k e r  C h e m ica l C o m p a n y ; cry sta llize d  h u m a n  a lb u m in  fr o m  N u tr i

tio n a l B io ch em ica ls  C o r p o r a t io n ; casein  (purified) fr o m  D ifc o ;  S tra cta n  fr o m  S tein  

H a ll a n d  C o m p a n y ; A s te c  4 13 5  fr o m  A m e ric a n  L ec ith in  C o m p a n y , In c .; a m m o n iu m  

su lp h ate  fr o m  M a llin k ro d t C h e m ic a l W o r k s ;  D E A E -S e p h a d e x  fro m  P h a rm a c ia ; 

S ilica  gel G  fro m  R e se a rch  S p ecia lities C o m p a n y ; C h ro m o s o rb  P  fr o m  W ilk in s  

In stru m en t a n d  R e se a rch  I n c .; ch ro m a to g ra p h ic  a lu m in a  F-20 fro m  A lc o a  C h e m ic a ls ; 

d isc  e lectro p h o resis  reagen ts fro m  C a n a lc o ; a n d  m eth yl esters o f  fa tty  acid s fr o m  th e  

H o rm e l In stitu te. S y n th e tic  tr ig ly cerid es (98 %  p u re) w ere k in d ly  su p p lied  b y  D r  

R . G . Jensen o f  th e  U n iv e rs ity  o f  C o n n e cticu t, S torrs.

Assays. L ip a se  a ctiv ity  w a s a ssa ye d  b y  titrim etric  m easu rem en t o f  fa tty  a cid s  re

leased  fro m  la rd  (A lfo r d  &  P ierce , 1963) o r  tr ib u tyrin , o r  b y  a  p H -sta t d eterm in atio n  

em p lo yin g  a  titr ig ra p h -titra to r  (R a d io m e te r, C o p e n h a g en ). E m u lsio n s w ere  p rep ared  

b y  six  p asses th ro u g h  a  h a n d  h o m o g en izer  o f  5 %  (w /v) tr ib u tyrin  in  w a ter  w ith  0-5 %  

(w /v) A s te c  4 13 5  as th e  em ulsifier. T h e  resp ective  assays a re  d escrib ed  in  f u l l  in  the 

a p p ro p ria te  figu re  legen d s. A  u n it o f  lip a se  is defin ed  as th a t a m o u n t o f  e n zym e w h ich  

ca ta ly zes  th e  release o f  1 /¿mole o f  fa tty  a cid  fro m  th e  su bstrate  in  1 m in . a t  p H  7-0 

an d  3 5 0.

P ro te in  w a s m easu red  b y  th e  m eth o d  o f  L o w ry , R o se b ro u g h , F a r r  &  R a n d a ll (19 5 1) 

w ith  h u m a n  serum  a lb u m in  as th e  stan d ard .

P ro te in a se  a c tiv ity  w a s estim ated  b y  M c D o n a ld ’s m o d ifica tio n  o f  A n s o n ’ s tech n iq u e 

(M c D o n a ld , 1964) w ith  case in  as th e  substrate.

Disc electrophoresis. D is c  e lectro p h o resis w a s p e rfo rm ed  b y  th e  p ro ced u re  o f  

O rn stein  (1964) a n d  D a v is  (1964) in  7-5 %  a cry la m id e  g e l w ith  a  co n s ta n t cu rren t o f  

5 m A  a t 2 - 3 0. S am p les (200 fig p ro te in ) w ere su b jected  to  e lectro p h o resis  in  d u p lic a te ; 

on e o f  the gels w a s sta in ed  w ith  A m id o  S ch w a rtz  a n d  th e  o th er w a s sliced  in to  3 m m . 

sectio n s w h ich  w ere  p u lv er ize d  a n d  th en  a ssa ye d  fo r  lip a se  a ctiv ity . In  th is w a y  it  w as 

p o ssib le  to  re late  th e  b an d s in  the sta in ed  gel to  lip a se  a ctiv ity .

Sucrose density gradient centrifugation. S u cro se  grad ien ts w ere  p rep ared  in  B e c k 

m an  ce llu lo se  n itrate  tu b es, 2 x 0 - 5  in ., b y  la y e rin g  i - o m l.  4 0 %  (w /v) su cro se in  

0-02 M -sodium  p h o sp h a te  b u ffer, p H  6-6, on  th e  b o tto m , 3-0 m l. 25 %  (w/v) su cro se 

n ext, a n d  fin a lly  i-o  m l. 10 %  (w/v) su cro se o n  th e  to p . S am p les, ge n e ra lly  o-2-o-3 m l., 

in  th e  p h o sp h a te  b u ffer, w ere  la y e red  o n  th e  10 %  sucro se. C e n trifu g a tio n  w a s  c o n 

d u cted  in  a  B e ck m a n  M o d e l L-2 u ltracen trifu g e  w ith  an  S W  39 L  r o to r  a t  124,000# 

fo r  17-5 h r  a t  2 -3  °. A fte r  cen trifu g atio n , tu b es w ere  p ierced  a t th e  b o tto m  w ith  a 

h y p o d e rm ic  n eed le  a n d  0-5 m l. fra c tio n s  w ere  co llected .

Lipolysis o f synthetic triglycerides. L ip o ly s is  o f  trig lycerid es w a s ca rrie d  o u t  as 

p re v io u sly  d escrib ed  (A lfo r d , P ierce  &  S u gg s, 1964), ex cep t th a t S tra cta n  ra th er th a n  

A s te c  w as used  to  em u lsify  th e  su bstrate. E n zy m e  w a s a d d e d  to  th e  rea ctio n  m ix tu res 

a t  a  co n cen tra tio n  sufficien t to  ca ta ly se  th e  release o f  10 m g. o r  less o f  fa tty  acid s fro m  

the tr ig lycerid e  in  2 h r  a t  35°. A fte r  in cu b a tio n , rea ctio n  m ixtu res w ere  ex tra cte d  w ith  

p e tro leu m  ether, e v a p o ra te d  to  dryn ess u n d e r a  stream  o f  n itro g en , a n d  ta k e n  u p  in  

1 -o m l. o r  less o f  c h lo ro fo rm  fo r  su b seq u en t th in -la y er  ch ro m a to g ra p h y .

Thin-layer chromatography (t.l.c.). L ip o ly s is  p ro d u cts  (free fa tty  acid s, d ig ly ce rid es, 

a n d  m o n o gly cerid e s) a n d  u n rea cted  trig lycerid es w ere sep a ra ted  b y  th in -la y er  ch ro m a -



to g ra p h y  as d escrib ed  b y  C lém en t, C lém en t &  B eza rd  (1962) o n  g lass p lates , 20 x  20 cm , 

c o a te d  w ith  a  250 ¡1 la y e r  o f  s ilica  gel G . S am p les (5 -1 0  m g., in  ch lo ro fo rm ) w ere  

ap p lied  as d ro p s a lo n g  th e  o rig in , 40 m m  fro m  th e  b o tto m  o f  the p lates. C h ro m a to 

gram s w ere d ev e lo p e d  w ith  p e tro leu m  ether +  e th y l e th e r + a ce tic  a cid  (90 +  3 0 + 1  b y  

vo lu m e). W h e n  th e  so lv en t fro n t h a d  m ig ra te d  130 m m , ch ro m a to g ra p h y  w as term i

n ated . Z o n e s  w ere d etected  w ith  io d in e  v a p o u r  a n d  th en  scrap ed  fro m  th e  p la tes  fo r  
an a lysis  b y  g a s-liq u id  ch ro m a to g ra p h y .

G as-liquid  chrom atography (g .l.c .). T o  co n v e rt fa tty  acid s to  m eth yl esters fo r  an a lysis  

b y  g .l.c ., th e  m eth o d  o f  K a te s  (1964) w a s used. T o  th e  sam p le, still a d so rb ed  o n  silica  

gel, w ere a d d e d  4-0 m l. o f  0-7 N -an h ydrou s m eth a n o lic  h y d ro ch lo r ic  acid . T h e  m ix tu re  

w as reflu xed  fo r  2 h r  a t  80-100° a n d  th en  co o le d . O n e  m l. w a ter  w a s  a d d ed , an d  the 

m ixtu res w ere  ex tra cte d  th ree tim es w ith  3 m l. o f  p e tro leu m  ether. T h e  ex tra cte d  

sam ples w ere  e v a p o ra te d  to  i - o m l.  o r  less u n d er a  stream  o f  n itro g en  fo r  an alysis 

b y  g .l.c . w ith  an  F  an d  M  M o d e l 700 g a s c h ro m a to g ra p h  eq u ip p ed  w ith  a  flam e 

io n iza tio n  d ete cto r. S am p les c o n ta in in g  5 -2 5  jug. o f  th e  fa tty  a cid  m eth yl esters w ere 

sep arated  on  C h ro m o s o rb  P  (45/60 m esh ) co a te d  w ith  20 %  d ieth ylen e g ly c o l su cci

n ate . T h e  co lu m n  tem p eratu re  w a s 185°, a n d  n itro g en  w a s used  as th e  carrier gas.

Production o f  crude lipase preparations. Pseudom onas fr a g i  w a s g ro w n  in  the syn 

th etic  m ed iu m  o f  A lfo r d  &  P ierce  (1963) fo r  3 d a y s  a t  20° u n d er sta tic  co n d itio n s. T h e  

m ed iu m  w a s  sep a ra ted  fro m  th e  cells b y  ce n trifu g a tio n  a n d  th e  su p ern a tan t cu ltu re  

flu id , w h ich  co n ta in ed  th e  lip o ly tic  a ctiv ity , w a s  co n cen tra ted  b y  u ltra filtratio n  

(P eterso n  &  S o b er, 1962). A ft e r  co n cen tra tio n  o f  th e  cu ltu re  su p ern atan t, in so lu b le  

m a teria l w a s rem o v ed  b y  cen trifu g in g  an d  th e  su p ern a tan t flu id  w a s d ia ly sed  a g a in st 

20 v o l. o f  d istilled  w a ter  fo r  3 h r a n d  th en  ly o p h ilized . T h e  y ie ld  p e r  litre  o f  cu ltu re  w a s 

37 m g. o f  p ro te in  a n d  920 lip a se  u n its. T h e  ly o p h ilize d  m a teria l w as stab le  fo r  4  to  

5 m o n th s.

Preparation o f  D E A E -S e p h a d e x  f o r  chrom atography. D E A E -S e p h a d e x  (A -50 , 

m ed iu m  grad e) w a s a llo w e d  to  sw ell in  a n  excess o f  w a ter  an d , a fter  fines h a d  been  

rem o v ed  b y  rep eated  d eca n ta tio n s, w a s  w a sh ed  o n  a  filter  w ith  0-5 n -H C I, fo llo w e d  b y  

w a te r  u n til th e  rinses w ere n eu tral. I t  w a s th en  w a sh ed  w ith  N a O H  (0-5 n ), fo llo w e d  

b y  w a te r  u n til rin ses w ere  n eu tral. N e x t, th e  D E A E -S e p h a d e x  w a s w a sh ed  w ith  

0-02 M -N aH 2P 0 4 u n til th e  p H  o f  th e  rin se w a s 6-6, a n d  th en  w ith  0-02 M -sodium  

p h o sp h a te  b u ffer, p H  6-6. T h e  a n io n  ex ch a n g er w a s sto red  a t 0 -2 0 as a  slu rry  in  the 

p h o sp h a te  b u ffer.
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P u rificatio n  w a s co n d u cte d  a t 0 -2 0. C ru d e , ly o p h ilize d  lip a se  w a s d isso lv ed  in  0-02 

N -sodium  p h o sp h a te  b u ffer, p H  6-6 (4 m g. protein /m l.) a n d  solid  a m m o n iu m  su lp h ate 

w a s ad d e d  w ith  gen tle  stirrin g  to  3 5 %  o f  satu ratio n . T h e  flask  w as a llo w e d  to  stan d  

fo r  15 m in . a n d  th e  m a teria l w h ich  p rec ip ita te d  w a s co lle cted  b y  cen trifu g in g  a n d  

d isso lv ed  in  th e  p h o sp h a te  b u ffer. T h e  a m m o n iu m  su lp h a te -fra ctio n a ted  m a teria l 

(3 -5  m g. o f  p ro te in  in  3 -4  m l. o f  b u ffer) w a s a p p lied  to  a  1 x  20 cm . co lu m n  o f  D E A E -  

S ep h ad ex  a n d  e lu ted  w ith  b u ffe r ; 5 m l. fra c tio n s  w ere  c o lle c te d  a n d  th e  fio w  rates 

varied  fro m  20-30 m l./hr. A ft e r  30 m l. o f  e lu en t h a d  p assed  th ro u g h  th e  co lu m n , a 

N a C l  gra d ien t w a s a p p lied . T h e  g ra d ie n t w a s  d ev elo p e d  in  a  c lo sed  system  w ith  

2 M -N aC l in  p h o sp h a te  b u ffer  in  a  reservo ir  lea d in g  to  th e  m ix in g  ch a m b er w h ich
21-2
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co n ta in ed  I 1. o f  buffer. In  the first fra c tio n a tio n s  attem p ted , tw o  p e ak s o f  p ro te o ly tic  

a c tiv ity  w ere e lu ted  p rio r  to  e lu tio n  o f  the lip ase a n d  som e o f  th is a c tiv ity  w a s d etected  

in  the lip ase p e a k . T o  sep arate  th e  lip o ly tic  fro m  the p ro te o ly tic  a ctiv ity , th e  N a C l 

gra d ien t w a s in terru p ted  a t fra c tio n  20, a n d  a t fra c tio n  40, w h en  all p ro te in a se  h a d  

e lu ted  fro m  the co lu m n , the gra d ien t w as rea p p lied  a n d  the lip ase elu ted . F ra c tio n s  

w ith  h igh  sp ecific  a c tiv ity  w ere p o o le d . T h e  ch ro m a to g ra p h ic  sep a ra tio n  is sh o w n  in 

F ig . 1. T a b le  1 sh o w ed  th a t th e  lip ase w a s pu rified  io o -fo ld  w ith  an  18 %  y ie ld  o f  

a ctiv ity .

14 -

0  12 
E
«■10
'8
3  8o
COCO /o. °
3

4

2

0
50 60
T u b e  no .

F ig . 1 F ig. 2

F ig . 1. D E A E -S ephadex  c h ro m a to g ra p h y  o f  P . fra g i lipase. C h ro m a to g ra p h y  w as co n d u c ted  
a s  described  in  th e  tex t. O , P ro te in a se  ac tiv ity ; • ,  lipase  ac tiv ity ; a n d  — , p ro te in  co n cen 
tra tio n .

F ig . 2. Specific ac tiv ities o f  lip ase  in  frac tio n s fro m  D E A E -S ep h ad ex  co lum n . C o n d itio n s  fo r  
ch ro m a to g ra p h y  as fo r  F ig . 1, b u t p e a k  ta k e n  f ro m  se p a ra te  p u rifica tion . N u m b e rs  w ith  
a rro w s d esignate  specific activ ity .

T a b le  1. Purification o f Pseudomonas fragi lipase

T o ta l
p ro te in
(m g.)

T o ta l
lipase

activ ity
(un its* )

Y ield
( % o f

orig inal
activ ity)

Sp. act. 
(un its/m g. 

p ro te in )
Purifi
c a tio n

C u ltu re  su p e rn a ta n t 
U ltra filtra tio n , dialysis,

320 2890 100 9 1

lyoph iliza tion 63 1568 54 25 3
(N EE fiS C V fractionatioR 3'5 850 30 240 27
C h ro m a to g ra p h y  o n  D E A E - 

Sephadex
0-55 510 iS 925 103

* A  u n it o f  lip ase  is th a t  a m o u n t o f  enzym e w hich  lib e ra ted  1 //m o le  o f  fa tty  ac id  f ro m  a  2 0%  
la rd  suspension  in  1 m in . a t  35°.

Purity o f lipase
Specific activity. T h e  sp ecific  a ctiv ities o f  fra c tio n s  w ith in  the lip a se  p e a k  su g gested  

h o m o gen eity  in  the lea d in g  p o rtio n  o f  th e  p e a k  w ith  slight co n ta m in a tio n  in  th e  ta il 

p o rtio n  (F ig . 2). F igu res 1 an d  2 rep resen t tw o  sep arate  p u rificatio n s.

Disc electrophoresis. P u rificatio n  o f  th e  lip a se  w as m o n ito red  b y  d isc e lectro p h o resis .
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P rio r  to  c o lu m n  c h ro m a to g ra p h y  lip o ly tic  a ctiv ity  resid ed  in  tw o  fa in t b an d s a n d  th e  b u lk  

o f  th e  p ro te in  m o v e d  w ith  th e  free  d y e  fr o n t  in  a  b a n d  w h ich  w a s  n o t lip o ly tic . H o w 

ever, D E A E -S e p h a d e x  ch ro m a to g ra p h y  co m p lete ly  e lim in ated  th e  b a n d  a t th e  d y e  

fro n t an d  th e  co lu m n  p u rified  p rep a ra tio n  w a s co m p rised  m a in ly  o f  the tw o  b a n d s o f

Pseudomonas lipase

'>

F ig . 3 F ig . 4

F ig . 3. S ucrose  d ensity  g ra d ie n t c e n tr ifu g a tio n  o f  am m o n iu m  su lp h a te -fra c tio n a ted  lipase. 
P ro c ed u re s a re  d escribed  in  th e  M e th o d s  Section . ‘H e a v y ’ m a te ria l w as o b ta in e d  fro m  
frac tio n s  2 a n d  3 ; ‘l ig h t’ f ro m  6, 7 a n d  8.

F ig . 4. D o u b le  rec ip ro c a l p lo t  fo r  d e te rm in a tio n  o f  K m fo r  lipases ‘H ’ a n d  ‘L ’ w ith tr ib u ty r in . 
In itia l velocity  m easu rem en ts  w ere o b ta in e d  w ith  t i t r ig ra p h - titra to r  by  p H -s ta t d e te rm in a 
t io n  (D esnuelle , C o n s ta n tin  &  B aldy , 1955). R e a c tio n  vessels c o n ta in e d  em ulsified  tr ib u - 
ty r in  a t  c o n cen tra tio n s  ran g in g  f ro m  0-16 to  3-30 mM, enzym e (c o n sta n t: ‘L ’, 21 fig. p ro te in : 
‘H ’, 6 fig. p ro te in )  a n d  H 20  to  10 m l. A ssays w ere co n d u c te d  a t  p H  7-2 a n d  250. K m was 
d e te rm in ed  fro m  th e  in te rcep t w ith  th e  x-axis.

T a b le  2. Disc electrophoresis o f ‘H ’ and‘L ’ activities
L ip a se  ac tiv ity*

D is ta n ce  fro m  
o rig in  (m m .) ‘H ’ ‘L ’

Purified
lip a se f

0 -3 15 ' I o-o 14-8
3 -6 3 '0 o-o 4-8
6 -9 r o 1-2 2-8
9-1 2 1 1 3 1 15-7

12-15 IO-2 6-7 11-4
15-18 0*0 o-o 1-2
18-40 o-o 0*0 o-o

D isc  e lec tro p h o resis  o f  sam ples (200 fig. p ro te in )  w as as described  in  M eth o d s.
* L ip a se  ac tiv ity  expressed  as m l. o f  0-02 n base  to  n eu tra lize  th e  fa tty  ac ids released  fro m  la rd  

su b s tra te  in  22 h r.
t  L ip a se  p u rified  by  D E A E -S ep h ad ex  c h ro m ato g rap h y .

lip o ly tic  a ctiv ity . H o w e v e r, so  little  a c tiv ity  rem ain ed  a fter  e lectro p h o re sis  th a t a n o th er 

m eth o d  o f  sep a ra tio n  w a s so u g h t in  o rd e r  to  a scerta in  w h eth er these tw o  co m p o n en ts 

represented  tw o  lip a ses, tw o  fo rm s o f  the sam e e n zy m e, o r  a n  a rtifa c t o f  electro p h o resis. 

Density gradient centrifugation. A m m o n iu m  su lp h a te -fra ctio n a ted  lip a se  w a s
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sep arated  b y  su cro se d en sity  gra d ie n t c en trifu g a tio n  in to  a  h ea v y  c o m p o n en t d esig n ated  

‘ H ’ a n d  a  lig h t co m p o n en t ‘ L ’ (F ig , 3). A m m o n iu m  su lp h a te -fra ctio n a ted  m a teria l 

w a s u sed  rath er th a n  c o lu m n  p u rified  lip a se  b ecau se  o f  the excessive m a n ip u la tio n s  

req u ired  to  o b ta in  su fficien t q u an tities  o f  co lu m n  p u rified  en zym e fo r  the sep a ra tio n . 

A lth o u g h  the sp ecific  a ctiv ities o f  th e  ‘ L ’ a n d  ‘ H ’ co m p o n en ts  w ere a b o u t 235 and  

250, resp ectively , as co n tra ste d  w ith  th a t o f  a b o u t 900 fo r  the co lu m n  p u rified  lip a se , to  

a v o id  p o ssib le  in terco n versio n  o f  th e  tw o  co m p o n en ts, n o  fu rth er p u rifica tio n  w as 

attem p ted . W h e n  these co m p o n en ts w ere  su b jected  to  d isc e lectro p h o resis  th e y  w ere  

fo u n d  to  co rresp o n d  to  th e  tw o  co m p o n en ts fo rm e rly  sep a ra ted  b y  e lectro p h o re sis  

(T a b le  2). U p o n  e lectro p h o resis  the ‘ H ’ co m p o n en t w a s reso lv ed  in to  tw o  b an d s, o n e

F ig . 5. E ffect o f  pEI o n  ac tiv ity  o f  ‘H ’ a n d  ‘L ’ lipases. R e a c tio n  m ix tu res co n ta in ed  2 m l. o f  
su b s tra te  (5 % , w /v, tr ib u ty r in  em ulsion ), 1 m l. o f  a p p ro p r ia te  buffer (c itra te -p h o sp h a te  fo r  
p H  2-8, 4-3, 6-9; p h o sp h a te  fo r  p H  5 7 ,  6-3, 6-9, 7-4 a n d  7-9; tr is  fo r  p H  8 7 ) ,  6 m l.  o f  
d istilled  H 20 , a n d  1 m l. o f  enzym e (‘ H  4 fig. p ro te in ; ‘L ’, 3 /;g. p ro te in ). M ix tu res w ere in c u 
b a ted  a t  3 5 3 fo r  20 m in ., to  m l. o f  e th a n o l w ere ad d e d  to  th em , a n d  th ey  w ere  th e n  titra te d  to  
p H  9-5 w ith  0-02 N -N aO H . B lan k s c o n ta in in g  w ate r in  lieu  o f  enzym e w ere ti t ra te d  a n d  these 
values su b tra c te d  f ro m  th o se  o f  th e  sam ples. T h e  n e t va lues rep re sen t m l. o f  0-02 N -N aO H  
req u ired  to  n eu tra lize  th e  b u ty ric  ac id  released  f ro m  th e  substra te .

F ig . 6. E ffect o f  te m p e ra tu re  o n  ac tiv ity  o f  ‘H ’ a n d  ‘L ’ lipases. L ipase  w as assayed  as 
d escribed  in  legend  fo r  F ig . 5 a t  v a rio u s  tem p era tu res  a t  p H  7-0.

o f  w h ich  co rresp o n d ed  to  th a t o f  th e  ‘ L ’ co m p o n en t, in d ica tin g  th a t ‘ L ’ w as p resen t 

in  th e  ‘ H ’ co m p o n en t. F u rth e r  in d ica tio n  th a t th e  ‘ H ’ an d  ‘ L ’ a ctiv ities represented  

tw o  fo rm s o f  th e  sam e en zym e w a s p ro v id e d  b y  th e  fin d in g  th a t th e y  h a d  sim ilar K m  

va lu es  fo r  tr ib u tyrin . T h e  va lu es  fo r  th e  ‘ H ’ a n d  ‘ L ’ fo rm s w ere ca lcu la te d  to  b e  o-8 

a n d  0-9 m M ,  resp ectively . B e n z o n a n a  &  D esn u elle  (196 5), u sin g  a  C o u lte r  co u n ter, 

d em o n strated  th a t th e  sign ifican t p a ram eter  in  th e  d ete rm in atio n  o f  K m  fo r  in s o lu b le  

su bstrates is in terfa c ia l area  p e r  u n it v o lu m e . F lo w ev er, w ith  th e  C o u lte r  c o u n te r , the 

sm allest p a rtic le  th a t can  be m easu red  is 0-3 ¡i in  d iam eter, a n d  b ecau se 94 %  b y  w eig h t 

o f  th e  trib u tyrin  em u lsion s u sed  in  o u r  studies co n sisted  o f  p articles  sm a ller th an
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th a t (as d eterm in ed  w ith  th e  C o u lte r  co u n ter), d eterm in atio n  o f  in terfa c ia l a re a  w ith  

th is a p p a ra tu s  w a s n o t p o ssib le . N everth eless , rep eated  d eterm in atio n s o f  K m  in  term s 

o f  m o la r  co n ce n tra tio n  w ith  d ifferen t b atch es o f  su b strate  y ie ld ed  th e  sam e va lu e. H a d  

the in te rfa c ia l a re a  p e r  u n it v o lu m e  v a ried  fro m  on e em u lsio n  to  th e  n ext, th is w o u ld  

n o t h a ve  been  th e  case. T h u s , th e  m o la r  co n cen tra tio n s  here are  a n  in d irect rep resen ta

tio n  o f  the in terfa c ia l a re a  p e r  u n it v o lu m e  a n d  h a v e  b een  rep o rte d  as su ch  in  th is 

p a p e r  in  the in terest o f  c o m p a riso n  o f  th e  ‘ H ’ , ‘ L ’ , a n d  co lu m n  p u rified  p rep ara tio n s. 

D o u b le  rec ip ro ca l p lo ts  fo r  th e  d ete rm in a tio n  o f  th e  K m ’s a re  sh o w n  in  F ig . 4. It  w as 

a lso  fo u n d  th a t b o th  co m p o n en ts ex h ib ited  a  1 ,3 -p o sitio n  sp ecific ity  fo r  th e  tr ig ly 

cerides tested  (see b e lo w ). F in a lly , an  a p p a re n t ran g e  o f  p H  7 -8  w a s o p tim al fo r  b o th  

a ctiv ities (F ig . 5), a n d  th e  a p p a ren t tem p eratu re  o p tim a  ap p e ared  to  b e  the sam e, 

a lth o u g h  the p e a k  fo r  th e  ‘ H ’ fo rm  w as b ro a d  co m p a re d  to  th a t o f  th e  ‘ L ’ (F ig . 6).

T a b le  3. Substrate specificity  o f  p u rified  Pseudom onas fra g i lipase

Hydrolysis of substrate was determined by pH-stat measurement with titrigraph-titrator at 
pH 7 . 0  and 2 5 0. Reaction vessels contained substrate at concentration listed, purified enzyme (3 fig. 
protein), and H20  to 10  ml. -(-Represents any activity above that of blank.

Substrate Hydrolysis
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Methyl butyrate: 90 mg./ml. —
Methyl palmitate: 5 mg./ml. —
Methyl oleate: 5 mg./ml. -
Triacetin: 85 mg./ml.* —

1 1 6  mg./ml. +
Tripropionin: 2-5 mg./ml. +
Tributyrin: 2-5 mg./ml. +
Astec 4 1 3 5 : 2-5 mg./ml. —
Lecithin (soy): 2-5 mg./ml. -
Triglycerides of palmitic,

oleic, and stearic acids +
Diolein: 5 mg./ml. +
Monoolein: 5 mg./ml. +

* Soluble in water at this concentration.

C haracterization o f  p u rified  lipase

Substrate specificity . T h e  C om m ission on E nzym es  (1965) h as reco m m en d ed  th a t 

en zym es w h ich  h y d ro ly se  in so lu b le  g ly c e ro l esters o f  fa tty  acid s b e  classified  as lip ases. 

T o  test th e  c o n fo rm ity  o f  th e  p u rified  Pseudom onas fr a g i  lip a se  to  th is d efin itio n , the 

fo llo w in g  su b strates w ere  te s te d : m eth y l b u ty ra te , m e th y l p a lm itate , m eth yl o lea te , 

A s te c  4 13 5 , lec ith in  (so y), triacetin , tr ip ro p io n in , d io le in , an d  m o n o o le in  (T a b le  3). 

T o  th is list ca n  b e  ad d ed  th e  syn th etic  tr ig lycerid es o f  p a lm itic , stearic, a n d  o le ic  

a cid s  used  in  the p o s itio n  sp ecific ity  studies (see b e lo w ). O n ly  tri-, di-, a n d  m o n o g ly 

cerid es w ere  h y d ro ly se d  b y  th e  lip ase. T r ia ce tin , w h ich  has lim ited  so lu b ility  in  w ater, 

w as o n ly  h y d ro ly se d  a t co n cen tra tio n s  ex ceed in g  its so lu b ility .

P osition  specificity  f o r  triglycerides. C ru d e  p rep ara tio n s  o f  Pseudom onas fra g i  

ex h ib it a  1 ,3 -p o sitio n  sp ecific ity  fo r  trig lycerid es (A lfo r d , P ie rce , &  S u gg s, 1964). In  

th is resp ect th e  en zym e is s im ilar to  p a n cre a tic  lip a se  (D esn u elle  &  S a v a ry , 1963). 

I t  w as o f  in terest to  a scerta in  w h eth er o r  n o t the b a cteria l en zym e w o u ld  sh o w  a  sim ilar 

sp ecificity  a fte r  p u rifica tio n  b y  D E A E -S e p h a d e x  c h ro m a to g ra p h y  o r  a fter  d en sity  

gra d ien t fra c tio n a tio n . 2 -O leo yl p a lm ito -stearin  (P O S ), i-p a lm ito y l d io le in  (P O O ),
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2 -p alm ito y l d io lein  (O P O ), a n d  2-stearyl-d io le in  (O S O ) w ere h y d ro ly se d  b y  these 

en zym e p rep ara tio n s  an d  th e  free fa tty  a cid s an alysed . T h e  sp ecific ity  fo r  th e  i m p o s i 

tio n  w a s still d isp la ye d  b y  a ll th ree p u rified  p rep ara tio n s  (T a b le  4). T h a t  p a lm itic  and  

stearic  acid s a cco u n ted  fo r  6 a n d  7  %  o f  the fa tty  acid s released  fro m  O P O  a n d  O S O ,

Fig. 7 . Thep El optimum of purifiedP. fragi lipase. Initial velocity measurements were obtained 
with titrigraph-titrimeter by pH-stat determination. Reaction vessels contained 0-5 ml. of 5 % 
tributyrin emulsion, 0-5 ml. purified lipase (6  /¿g. protein), and H20  to 10 ml.
Fig. 8 . Double reciprocal plot (l/v against l/[S]) for determination of Km of purified P. fragi 
lipase for tributyrin. Initial velocities were obtained as described in legend of Fig. 4 . Reaction 
vessels contained emulsified tributyrin at varying concentrations (o-i 6-3’3o mM), 0-5 ml. of 
purified lipase (3-0 gg. protein), and distilled H20  to 10  ml.

T a b le  4. H ydrolysis o f  synthetic triglycerides by ‘ H \  ‘ L ’ and  

(purified) ‘ P ’ lipases

Weight of fatty acids released (%)

Triglyceride
substrate

Oleic Stearic Palmitic

‘P ’ ‘H ’ ‘L ’ ‘P ’ ‘H ’ ‘L ’ ‘P ’ ‘H ’ ‘L ’
POS 2 3 2 49 49 50 49 47 48
POO 56 58 64 0 0 0 44 42 36
OPO 94 97 95 0 0 0 6 3 5
OSO 93 96 96 7 4 4 0 0 0

Enzyme was added in concentration sufficient to catalyse the release of 10  mg. or less of fatty acid 
from 50  mg. substrate in 2 hr. at 3 5 ° (approximately 2 units of enzyme based on assay with lard).

resp ectively , co u ld  be a ttr ib u te d  to :  (1) a ctu a l h y d ro ly sis  a t th e  2 -p o sitio n , (2) the 

presence o f  a  sm all a m o u n t o f  trig ly ce rid e  in w h ich  the fa tty  acid  p resu m ed  to  b e  in  the 

2 -p o sitio n  w as a c tu a lly  in the 1-p o sitio n , (3) a cy l m igratio n , or (4) a  co m b in a tio n  o f  
th ese possibilities.
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p H  optim um . T o  d eterm in e th e  p H  o p tim u m  fo r  th e  p u rified  lip ase, rea ctio n  m ixtu res 

w ere  a d ju sted  to  th e  desired  p H  va lu es  w ith  o -o i n - H C 1 o r  N a O H  an d  th en  assayed  

a t th o se  va lu es  w ith  a  p H -sta t a t  2 5 0. A n  o p tim u m  o f  p H  8-6 -8 '7 w ith  a  rap id  d ro p  in 

a ctiv ity  a b o v e  the o p tim u m  w as fo u n d  (F ig . 7).

M ichaelis constant (Km). T h e  K m fo r  the p u rified  lip a se  w as fo u n d  to  be 0-9 mM 

w ith  tr ib u tyrin  su b strate  (F ig . 8).

Stability . A lth o u g h  cru d e  p rep a ra tio n s  w ere re la tiv e ly  in sen sitive  to  freezin g  an d  

th a w in g  an d  to  ly o p h iliza tio n , th ese p ro ced u res cau sed  o v er  50 %  in a ctiv a tio n  o f  

p u rified  p rep a ra tio n s . F u rth er , th e  h a lf-life  o f  th e  en zy m e decreased  m a rk e d ly  w ith  

p u rificatio n . P rep a ra tio n s  w ith  a  sp ecific  a c tiv ity  o f  700 d isp layed  a  h a lf-life  o f  5 d ays 

at 2°, w h ereas th o se  w ith  a  sp ecific  a ctiv ity  o f  900 ex h ib ited  o n e o f  15 hr.

Pseudomonas lipase

Temperature of preincubation (°) pH of preincubation

Fig. 9 Fig. 10

Fig. 9 . Effect of temperature on stability of purified P. fragi lipase. Samples of purified ipase 
(I ml., 6  ng. protein) were pre-incubated for 10  min. at temperatures ranging from 3 0 to 4 0°. 
Nine ml. of substrate-buffer mixture (prewarmed to assay temperature) were then added and the 
flasks assayed for lipase activity (Alford & Pierce, 19 6 3).
Fig. 10 . Effect of pH on stability of purified lipase. Samples of purified P. fragi lipase were 
adjusted to various values in the range pH 5 '4- 9 '6, preincubated for 1 hr at 2° and then assayed 
at pH 7-0  and 3 5 0 (Alford & Pierce, 19 6 3).

W ith  rega rd  to  h ea t sta b ility , th e  p u rified  en zym e w a s co m p lete ly  in a ctiv a ted  in 

10 m in. a t 40°, an d  a  50 %  lo ss o f  a c tiv ity  o ccu rred  a fter  10 m in . a t  3 5 0 (F ig . 9).

T o  d eterm in e th e  effect o f  p H  o n  sta b ility  o f  the p u rified  lip ase, the lip a se  w as 

p re in cu b a te d  a t v a r io u s  p H  va lu es fo r  1 h r  a t 2° an d  then  a ssayed  a t p H  7-0 an d  350. 

F ig u re  10 in d icates d estru ctio n  o f  the en zym e b e lo w  p H  6-6 an d  a b o v e  p H  7-9.

D I S C U S S I O N

T h e  b o rd e rlin e  b etw een  tru e  lip ases a n d  esterases is rath er vag u e. A lth o u g h  the 

C om m ission on E nzym es  (1965) h as reco m m en d ed  th a t a  lip a se  b e  term ed  a  g ly cero l- 

ester h y d ro la se , rep o rts  o f  carb o xy lesterase  a c tiv ity  in  p u rified  lip a se  p rep ara tio n s  

fro m  p o rcin e  p a n crea s an d  fu n g i can  b e  fo u n d  in  th e  literatu re  (D esn u elle , 19 6 1; 

Iw a i, T s u jis a k a  &  F u k u m o to , 1964; F u k u m o to , Iw a i &  T su jisa k a , 1964) a n c  recen tly  

D e H a a s , S a rd a  &  R o g e r  (196 5) rep o rted  h y d ro ly sis  a t th e  i-p o s it io n  o f  p h o sp h o lip id s
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b y  a  h ig h ly  p u rified  p rep a ra tio n  o f  p o rc in e  p a n cre a tic  lip ase. W h ile  the p o ss ib ility  o f  

co n ta m in a tio n  in  th e  p rep ara tio n s  c a n n o t b e  ru led  o u t a lto ge th er, it  is q u ite  p o ssib le  

th a t th ese en zym es rep resen t lip ases o f  a  less sp ecific  n atu re  an d  sh o u ld  b e  d esig n a ted  

b y  a  m o d ified  n am e. T h e  lip ase o f  Pseudom onas fra g i, o n  th e  o th er h a n d , d isp la ys  

n eith er carb o xy lesterase  n o r  p h o sp h o lip a se  a c tiv ity  a n d  th u s it  can  b e  c la ssified  as a 

tru e g ly cero l-e ste r  h y d ro la se . T h e  req u irem en t b y  th is lip a se  fo r  a  g ly c e ro l m o ie ty  is o f  

p a rticu la r  in terest b ecau se  it  im p lies th a t th e  en zym e m u st b in d  to  th is p o rtio n  o f  the 

su b strate  m o lecu le  in  o rd er to  a ch ieve  a  p ro p e r  a lig n m e n t o f  its c a ta ly tic  g ro u p s, as 

su ggested  b y  K o s h la n d  (1963). T h a t  lecith in  is n o t h y d ro ly se d  m ig h t be attr ib u te d  to  

steric o r  e lectro static  effects o f  th e  p h o sp h o ry lch o lin e , p rev en tin g  b in d in g  o f  th e  en 

zy m e to  th e  m o lecu le  o r  b y  p rev en tin g  p ro p e r  a lig n m e n t o f  th e  ca ta ly tic  g ro u p s. T o  

test this p o ssib ility , p u rified  lip a se  w a s p re in cu b a ted  w ith  lecith in , a n d  then  tr io le in  

w as ad d e d  to  th e  m ix tu re . H y d ro ly s is  o f  trio le in  p ro cee d e d  a t the sam e ra te  as w h en  

the en zy m e h a d  n o t b een  p re in cu b a ted  w ith  lec ith in , in d icatin g  th a t b in d in g  o f  lecith in  

b y  th e  en zym e h a d  n o t occu rred .

T h e  p H  o p tim u m  fo r  a c tiv ity  o f  Pseudom onas fr a g i  lip a se  has b een  rep o rte d  to  

b e  p H  7-0 (N a s h if  &  N e lso n , 1953; A lfo r d , P ierce  &  S u lzb a ch er, 1963). T h e  p resen t 

d eterm in atio n  o f  p H  8-6-8-7 a t  first a p p ears to  b e  c o n tra d icto ry . H o w e v e r, th ese d a ta  

can  b e  reco n ciled  b y  o b serv in g  th a t th e  tem p eratu res, su b strates a n d  m eth o d s u sed  in  

the resp ective  assays w ere  differen t. T h e  v a lu e  o f  p H  8 -6 -8 7  w a s d eterm in ed  fro m  

in itia l v e lo c ity  m easu rem en ts, w h ereas th a t o f  p H  7-0 w a s n o t. R e g a rd in g  th e  use o f  a  

p H -sta t fo r  d eterm in atio n  o f  th is o p tim u m , D esn u elle , C o n sta n tin  &  B a ld ry  (19 55), 

usin g p a n crea tic  lip a se  a n d  o liv e  o il, ca u tio n e d  th a t su ch  d eterm in atio n s are  n o t va lid  

b ecau se  th e  fa tty  a cid s released  fro m  the su b strate  d isso ciate  to  a  d ifferen t degree 

d ep en d in g  u p o n  the p H  o f  th e  m ix tu re . T h u s, th e  o b served  re a ctio n  rate  w o u ld  a ctu a lly  

reflect n o t o n ly  th e  rate  o f  release o f  fa tty  a cid s fro m  th e  su b strate, b u t a lso  the a m o u n t 

o f  d isso ciatio n  o f  the acid s. H o w e v e r, th e ir  statem en t is n o t a p p lica b le  i f  p H  >  p K a 

fo r  ev ery  species o f  a cid  p ro d u ced . F u rth erm o re , even  th is restrictio n  is u n n ecessary  i f  

o n ly  a  sin gle a c id  is released . K n o w in g  th e  p K a, o n e  can  ca lcu la te  th e  p e rcen ta ge  

io n iza tio n  a t ea ch  v a lu e  fro m  th e  H e n d e rso n -H a sse lb a lc h  eq u a tio n  an d  co rre c t the 

in itia l v e lo c ity  m easu rem en ts a cco rd in g ly . S u ch  w a s the case w ith  trib u tyrin .

T h e  r eso lu tio n  o f  Pseudom onas fra g i  lip a se  p rep ara tio n s in to  tw o  a ctiv ities b y  e le c tro 

p h o resis a n d  su cro se d en sity  gra d ie n t cen trifu g atio n , a lth o u g h  n o t an tic ip a ted , is n o t 

stran ge. R eferen ces in  th e  literatu re  to  m u lti-m o lecu la r  fo rm s o f  p ro te in s are  co m m o n 

p la ce  a n d  su ch  tech n iqu es are  o ften  used  to  stu d y  these fo rm s (R e ith e l, 1963). R e g a rd 

in g  lip ases sp ecifica lly , S a rd a , M a y lie , R o g e r  &  D esn u elle  (1964) rep o rted  th e  e lu tio n  

o f  a  ‘ s lo w ’ an d  a ‘ f a s t ’ lip a se  p e a k  d u rin g  S ep h ad ex  c h ro m a to g ra p h y  o f  p o rc in e  

p a n crea tic  ju ice . T h e  ‘ f a s t ’ lip a se  w a s co n v erted  to  th e  ‘ s lo w ’ fo rm  b y  trea tm en t w ith  

so d iu m  d e o x y c h o la te  a n d  th is  led  the in v estig a to rs to  sp ecu late  th a t th e  ‘ f a s t ’ c o m 

p o n e n t w a s a  lip o p ro te in . G e lo tte  (1964) h as rep o rte d  the sep a ra tio n  o f  p a n crea tic  

lip a se  in to  tw o  e n zy m ica lly  a ctiv e  fra c tio n s  b y  ch ro m a to g ra p h y  o n  S ep h ad ex  a t 

v a rio u s  p H  va lu es a n d  io n ic  stren gths an d  has in terp reted  his d a ta  in  term s o f  m o n o m er 

an d  a g g reg a te  fo rm s o f  th e  en zym e. S h a h an i &  C h a n d a n  (1965) h a ve  u sed  th e  a n a ly tica l 

u ltracen trifu g e  to  stu d y  the a sso c ia tio n  o f  m ilk  lip a se  w ith  o th er p rotein s. D e p e n d in g  

u p o n  th e  p ro te in  w ith  w h ich  the en zym e w a s a sso ciated  the a c tiv ity  w a s in h ib ited  o r  

en h a n ced  b y  th e  fo rm a tio n  o f  th e  co m p lex . W ith  resp ect to the lip a se  fro m  P . fra g i, 

the co n clu sio n  d erived  fro m  th e  d a ta  in  this in v estig a tio n  is th a t the en zym e exists in  a
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fo rm  w h ich  shall be d esig n ated  ‘ L ’ fo r  lig h t an d  a h e a v y  fo rm  ‘ L . x ’ . D is c  e le c tro 

p h o resis  o f  th e  tw o  fo rm s is p ictu red  as fo llo w s :

‘ L ’ E-1- 0P— i  ‘ L ’ (fast-m igratin g)

‘ L . x ’ ‘ L ’ ( fa st-m ig ra tin g )+  ‘ x ’

an d  so m e u n d isso cia te d  ‘ L . x ’ (slo w -m igratin g)

P en d in g  stru ctu ra l an a lysis  o f  th e  tw o  fo rm s, on e ca n  o n ly  sp ecu la te  as to  w h a t ‘ x ’ is. 

T h e  lip a se  co u ld  b e  co m p lex e d  eith er w ith  its e lf  (d im erizatio n ), a n o th e r  p ro te in , a 

lip id , o r  a  carb o h y d ra te . C o n ce iv a b ly , it  co u ld  b e  co m p lex e d  w ith  so m e su rface  c o m 

p o n e n t o f  th e  cell. T h e  en zym e w a s  recen tly  sh o w n  to  b e  a n  ex tra ce llu la r  on e (M e n ch er 

et al. 1965), a n d  a lth o u g h  n o  sign ifican t ce ll-b o u n d  a ctiv ity  w a s d etected  in  th a t stu d y, 

this d oes n o t p re c lu d e  a sso c ia tio n  o f  the en zym e w ith  the m em b ran e o r  cell w a ll in  an  

in a ctive  fo rm  p r io r  to  its release in to  the m ed iu m . T h is  p o ssib ility  seem s p la u sib le  in 

ligh t o f  th e  re p o rt th a t the b o u n d  p en icillin ase  o f  B acillu s licheniform is  ap p ears to  b e  

in d istin gu ish ab le  fro m  th e  en zy m e w h ich  is n o rm a lly  released  in to  the m ed iu m , 

ex cep t fo r  a  d ifferen ce in  m o le cu la r  w eig h t (P o llo c k  1965). I f  the Pseudom onas fr a g i  

lip a se  is to  b e  fo u n d  a sso ciated  w ith  th e  cell w a ll o r  p ro to p la st m em b ran e in  an  

in a ctive  fo rm , it  w o u ld  eith er h a v e  to  b e  freed  a rtifica lly  in  o rd er to  b e  id en tified  b y  its 

a ctiv ity , o r  b e  id en tified  b y  im m u n o ch e m ica l tech n iqu es o r  b y  stru ctu ra l a n a lysis . T h e  

pu rified  lip a se  sh o u ld  len d  its e lf  to  su ch  a  stu d y.

T h is  w o r k  fo rm s p a rt o f  a  d issertatio n  su b m itted  b y  J. R . M e n ch er  to  th e  D e p a r t

m en t o f  M ic ro b io lo g y  an d  T r o p ic a l M e d ic in e , G e o rg e to w n  U n iv ersity , W a sh in g to n , 

D .C . ,  in  p a rtia l fu lfilm en t o f  the requ irem en ts fo r  th e  d egree o f  D o c to r  o f  P h ilo so p h y .

T h e  a u th o rs  a re  in d e b te d  to  D r  S . M . M o z e r s k y  o f  th is L a b o r a to ry  a n d  to  D r  R . G . 

Jensen o f  th e  U n iv e rs ity  o f  C o n n e cticu t, S to rrs, fo r  their a d v ice  a n d  critic ism  th ro u g h 

o u t th is in v estig a tio n , an d  fo r  th e  la tte r ’ s gen ero u s g ift  o f  syn th etic  trig lycerid es. W e  

fu rth er w ish  to  exp ress o u r  g ra titu d e  to  M r  D . C o rn e ll o f  o u r  D a ir y  P ro d u cts  L a b o r a 

to r y  fo r  p e rfo rm in g  th e  C o u lte r  co u n ter  an a lysis  o f  th e  tr ib u tyrin  em u lsio n s. T h e  

co m p e ten t te ch n ica l assistan ce o f  M rs  E lsie  S te in le  is g ra te fu lly  a ck n o w led g e d .
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Long-distance Spore Transport: Methods o f Measurement, 
Vertical Spore Profiles and the Detection o f Immigrant Spores

B y  J. M . H I R S T  a n d  O . J. S T E D M A N

R otham sted  E xperim en tal S tation , H arpenden, H ertfordshire

A ir b o rn e  sp ores ca n  be carried  lo n g  d istan ces, b u t little  is k n o w n  a b o u t the 
a tm o sp h eric  tra n sp o rt processes in v o lv e d  o r  th e  rates a t  w h ich  sp ore c lc u d s  
are  d ep leted . A ir c r a ft  sa m p lin g  is exp en sive a n d  in e v ita b ly  interm itten t, an d  
su rface trap s reveal o n ly  som e o f  the processes in v o lv e d . T h e  best c o m 
p ro m ise  is to  co m b in e  su rface  an d  a irc ra ft  o b serva tio n s  a n d  to  su p p o rt b o th  
w ith  d eta iled  m e te o ro lo g ic a l in terp re ta tio n . G r a v ity  slide trap s ex p o sed  fo r  
i  d a y  in d ica te  th e  a rr iv a l o f  sp ores less p rec ise ly  th an  m o vin g -slid e  im - 
p a cto rs , w h ich  th e re fo re  p ro v id e  a  m o re  a ccu ra te  sta rtin g  tim e fo r  estim atin g  
the p a st tr a c k  o f  sp o res fro m  air tra jecto ries . C a tch e s  o f  P u ccin ia  gram inis 
u red o sp o res fr o m  co n tin e n ta l E u ro p e a n  sou rces illu stra te d  h o w  im m igratio n  
d ep en d s o n  the m o v em en t o f  a tm o sp h eric  p ressu re  system s a n d  the grad ien ts 
w ith in  th em  a n d  su ggested  th a t in  a d d itio n  to  su rface a ir  m o v em en t w in e s  at 
th e  700 a n d  500 m b. levels  w ere  im p o rta n t.

A ir c r a ft  o f  the M e te o ro lo g ica l R e sea rch  F lig h t, u sin g  su ctio n  im p a cto rs 
w h ich  o p erate d  a p p ro x im a te ly  iso k in e tica lly , sam p led  a ir  in  the lo w e r  tr o p o 
sphere, b o th  to  a scertain  ve rtica l sp o re p ro files  o v e r  lan d  an d  to  in terce p t im m i
g ra n t P u ccin ia  gram inis u red o sp o res o v er  th e  E n g lish  C h a n n el. T h e  ve rtica l 
d istr ib u tio n  o f  sp ores seem ed to  b e  d eterm in ed  in  th e  sam e w a y  as th a t o f  o th er 
a ero so l p a rtic les ; a tm o sp h eric  tu rb u len ce  w a s a  m a jo r  fa c to r  an d  th ere w ere 
in d ica tio n s  th a t w in d  shear, p re c ip ita tio n  a n d  su rface d ep o sitio n  m igh t b e  
im p o rta n t. H o w e v e r, m o st sp ores are  lib e ra ted  p e rio d ica lly  a n d  so en 
co u n te r  d ifferen t degrees o f  a tm o sp h eric  tu rb u len ce  d ep en d in g  o n  th e  d i
u rn a l p e rio d ic ity  o f  th e ir  co n cen tra tio n  n ear the gro u n d . C o n ce n tra tio n s  o f  
i o 4 spores/m .3 o ccu rred  a t h eights u p  to  1000 m . a n d  hu n d red s/m .3 at 
3000 m . In  u n stab le  a ir  sp o re co n cen tratio n s often  d eclin ed  ro u g h ly  lo g a rith 
m ica lly  w ith  h eig h t, b u t lay e rs o f  stab le  a ir w ere o ften  asso ciated  w ith  a b ru p t 
ch an ges o f  c o n cen tratio n . D e ta ils  o f  v e rtica l sp o re p rofiles a lso  d ep en ded  on  
th e  h is to ry  o f  b o th  th e  tem p eratu re  p ro file  a n d  th e  sp o re c lo u d . S u ch  fa cto rs  
ten d ed  to  a ffect a ll sp o re typ es sim ilarly: b u t o c c a s io n a lly  som e co m p o n en ts, 
e.g . P . gram inis u red o sp o res, sh o w ed  u n iq u e v e rtica l profiles. O n e  su ch  p r o 
file, ch ara cte rize d  b y  p referen tia l ‘ ero sio n  ’ o f  the sp o re c lo u d  fro m  a ir  n ear the 
su rface, m a y  in d icate  tra v e l rem o te  fro m  sources. S p o res o f  p la n t p a th o g en ic  
fu n g i w ere  freq u e n t in  sam ples o f  a ir m o v in g  n o rth w a rd  o v er  the E n glish  
C h a n n e l b u t th e ir  v ia b ility  w a s n o t tested.

B io lo g ic a l p o llu tio n  o f  th e  atm o sp h ere  is ch ie fly  b y  sm all o rgan ism s o r  p ro p ag u les  

w'hich ca n  rem ain  susp en ded  in  a ir, so m o st rep o rts  co n cern  b acteria , in sects o r  the 

sp ores o f  p lan ts. T h is  p a p e r  d escribes w’o rk  d o n e  to  stu d y  m o vem en ts o f  p la n t p a th o 

gen ic  fu n gi, b u t p o lle n  grain s a n d  the sp ores o f  sa p ro p h y tic  fu n gi a re  a lso  m en tio n ed .

a n d  W . H . H O G G

M eteo ro lo g ica l O ffice, B ristol 

{A ccep ted  f o r  publication  13 M a rch  1967)

SUMMARY

INTRODUCTION



T h e  estab lish m en t o f  p la n t p a th o gen s in  areas p re v io u s ly  free fro m  th em  u su a lly  p ro 

v o k e s  d iscu ssio n  a b o u t th eir  tran sp o rt. T h ere  is o ften  g o o d  rea so n  to  a ttr ib u te  in tro 

d u c tio n  to  in creased  trav e l o r  trad e in  p lan ts, b u t there is a lso  evid en ce th a t fu n gu s 

sp ores can  trav e l lo n g  d istan ces in  a ir, a lth o u g h  the freq u e n cy , extent, ran ge o r  d ire c

tio n  o f  such tra n sp o rt ca n n o t y e t b e  p red icted . M a n y  fa cto rs , b o th  p h y sica l a n d  b io lo 

g ica l, in flu en ce th e  sequ en ce o f  p ro cesses w h ich  b io lo g ists  o ften  in c lu d e  in  th e  term  

‘ d isp e rsa l’ , fro m  the release o f  sp ores a t on e site to  th e ir  estab lish m en t elsew h ere. O u r  

o b serva tio n s  co n cern  o n ly  a tm o sp h eric  tran sp o rt, a n d  d o  n o t d ea l w ith  m ea su re

m en ts o f  so u rce  stren gth , sp o re v ia b ility , d ep o sitio n  o r  estab lish m en t. H o w eve r, b e

cau se  k n o w le d g e  o f  th ese processes is n ecessary  to  u n derstan d  the m ech an ism  o f  

tran sp o rt, sem e re leva n t literatu re m u st be m en tion ed.

P o lle n  fro m  ta ll p lan ts  can  fa ll d irectly  in to  tu rb u le n t air, b u t p ro stra te  p lan ts  an d  

m icro fu n gi o ften  req u ire  v e cto rs  o r  sp ecia l d isch arge  m echan ism s to  c a rry  th e ir  p o lle n  

o r  sp ores acro ss th e  th in  ‘ b o u n d a ry -la y e rs ’ c lo se  to  su rfaces, w h ere a irflo w  is la m in a r  

(In go ld , 1953, 196 5; G re g o ry , 19 6 1 ; M e re d ith , 19 6 3; H irst &  S ted m an , 1963). N e a r  

th e  g ro u n d  th e  co n cen tra tio n  o f  a irb o rn e  sp ores flu ctu ates g rea tly  a n d  ra p id ly  b ecau se  

o f  ch an ges in  w ea th e r an d  in  th e  rate  o f  sp o re lib e ra tio n  (H irst, 19 53 ; G r e g o ry  &  H irst, 

19 5 7 ; H a m ilto n , 19 5 9 ; Sreeram u lu , 1959; K ra m e r, P a d y  &  W ile y , 1963).

A tte m p ts  to  p red ict the d istan ce  sp ores tra v e l sim p ly  fro m  their settlin g  v e lo c ity  an d  

w in d  sp eed  ceased  w h en  th e  ro le  o f  tu rb u len ce  in  d iffu sio n  w as a ccep ted . N ev erth eless , 

m o st sp ores are  d ep o sited  c lo se ly  a ro u n d  th e ir  sou rces. C o n se rv a tiv e  estim ates su ggest 

th a t in  d a y tim e  <  1 to  25 % , an d  a t n ig h t 10-90 %  o f  sp ores (a b o u t 12 /i to  32 //. 

d iam .) m a y  b e  d ep o sited  w ith in  40 m . o f  so u rces c lo se  to  the gro u n d  (C h a m b erla in , 

1956; G re g o ry , L o n g h u rst &  Sreeram u lu , 19 6 1; S reeram u lu  &  R a m a lin g a m , 196 1). In  

co n tra st, there is n o  a greed  ch o ice  o f  th e  b est p aram eters b y  w h ich  to  p red ict th e  ran ge 

an d  d ep letio n  o f  sp o re c lo u d s, an d  co n tra stin g  th eo ries  are c la im ed  to  ex p la in  observed  

grad ien ts  (S ch ro d ter, i9 6 0 ; G re g o ry , 1961).

T h e  ‘ ve lo c ity  o f  sp o re d e p o s it io n ’ (C h a m b erla in , 1956) fro m  n ea r-gro u n d  so u rces 

certa in ly  d ep en ds on  tu rb u len ce  b u t seem s greatest w ith in  a  fe w  m etres o f  th e  so u rce  

a n d  th en  b eco m es co n stan t a t rath er less th an  th e  term in al v e lo c ity  o f  th e  sp o re (C h a m 

b erla in , 19 5 6 ; G r e g o ry , 196 1). B e y o n d  100 m . fro m  p o in t sources, m easu rem en t o f  

a irb o rn e  sp o re co n cen tra tio n  a n d  d ep o sitio n  b eco m es d ifficu lt unless the so u rce  is 

p ro lific  o r  a  few  p articles  are  easy  to  detect. T h u s  there are  v e ry  fe w  m easurem en ts o f  

th e  p ro p o rtio n  o f  sp ores th a t escap e d ep o sitio n  w ith in  100 m . an d  so co u ld  trav e l fa r. 

H o w e v e r, G r e g o ry  (1962) ca lcu late d  th a t th is ‘ escap e fr a c t io n ’ co u ld  co m m o n ly  b e  as 

m u ch  as 10 % . M a n y  k ilo m etres d ista n t fro m  sou rces the im p o rta n ce  o f  g r a v ita tio n a l 

settlin g  an d  ed d y-d iffu sio n  m a y  ch an ge  re lative  to  o th er va riab les such  as p rec ip ita tio n  

(M a y , 1958 ; H irst, 19 5 9 ; G r e g o ry , 196 1), ve rtica l p ro files o f  w in d  sp eed  o r  te m p era 

tu re, an d  a tm o sp h eric  pressure system s. S u ch  fa cto rs  are  se ld o m  in clu d ed  in  ex istin g  

d isp ersa l th eories b u t m igh t h a ve  im p o rta n t a n d  c o m p le x  effects d u rin g  p ro lo n g e d  

trav el. U n til such effects a re  b etter u n d e rsto o d , m easu red  an d  in c lu d ed  in  d isp ersa l 

th eories th ere  is little  h o p e  o f  a ccu ra te ly  p red ictin g  e co n o m ica lly  sign ifican t tran sp o rt 
o f  p la n t p a th o g en s o v e r  lo n g  d istances.

T o  m easu re h o w  sp o re co n ce n tra tio n  v a ried  w ith  h eig h t to  the lim it o f  d e te cta b ility , 

p erh ap s h u n d red s o r  th o u san d s o f  m iles d o w n w in d  o f  large  sources, as w ell as a cro ss 

th e  c lo u d  to  m easu re la tera l d isp ersio n , w o u ld  b e  a  p ro d ig io u s  ta sk . Id e a lly  such 

m easurem en ts sh o u ld  be rep eated  to  sh o w  h o w  ch an ges in so u rce stren gth , w in d
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d ire ctio n  a n d  tu rb u len ce  a ffect d isp ersa l. T o  co lle c t  su ch  co m p lete  in fo rm a tio n  m a y  

n ever b e  fea sib le , so it  is n ecessa ry  to  co n sid e r h o w  to  u n d erstan d  th e  p rin cip les fr o m  

sim p ler m easurem en ts. M e asu rem e n ts o f  sp o re  c o n ce n tra tio n  o n  th e  g ro u n d  a n d  fr o m  

a ircra ft ca n  b e  m a d e co m p lem e n ta ry , a n d  the v a lu e  o f  b o th  is en h an ced  b y  d eta iled  

m e te o ro lo g ica l in terp re ta tio n . N e tw o rk s  o f  sp o re trap s o p erated  co n tin u o u s ly  a t 

g ro u n d  level are  n o t p ro h ib itiv e ly  exp en sive a n d  sh o w  so m eth in g  o f  th e  ex ten t a n d  

m o v em en t o f  sp o re c lo u d s. In  co n tra st, a ircra ft h a v e  a  u n iq u e a b ility  fo r  sa m p lin g  

v e rtica l o r  h o r iz o n ta l sp o re  p rofiles q u ic k ly , b u t th e ir  sh o rt fligh t d u ra tio n  an d  c o st 

p reven t c o n tin u o u s sam plin g.

Long-distance spore transport

METHODS

Measurement o f spore concentration near the earth's surface
C h risten sen  (1942) a n d  G r e g o ry  (19 6 1) review ed  lo n g-d ista n ce  sp o re  tra n sp o rt. 

N o n e  o f  the exam p les q u o te d  h as b een  m o re  v a lu a b le  to  p la n t p a th o lo g y  th a n  th e  

d isco v e ry  th a t ep id em ics o f  w h e a t stem  ru st in  cen tra l N o r th  A m e ric a  w ere in itia te d  

b y  Puccinia graminis tritici u red o sp o res b lo w n  fro m  w in ter-so w n  cro p s in  sou th ern  

states (S ta k m a n  &  H a m ilto n , 1939; S ta k m a n  &  H a rra r, 19 5 7; C ra ig ie , 1957). R e ce n t 

p o lle n  d ep o sits  h a v e  a lso  y ie ld ed  e x o tic  gra in s p resu m ed  to  h a ve  been  d ep o sited  fro m  

the a ir  (K in g  &  K a p p , 1963; H a fsten , 1951).

S p o re  co n cen tra tio n s  h a v e  been  m easu red  o n  lo n g  su rface  tran sects b y  ca r  (C ra ig ie , 

1945) o r  m o re  o ften  b y  ships (S reeram u lu , 1958; G r e g o ry , 19 6 1; S a ck , 19 4 9 '. M a rin e  

o b serva tio n s  h a v e  the im p o rta n t a d v a n ta g e  th a t it  is n o t n ecessary  to  select id en tifi

a b le , a n d  u su a lly  rare, m ig ra n t sp ores fro m  a m o n g  th e  w h o le  flo ra , b ecau se  a ll terres

tr ia l p ro p a g u les  m u st b e  o f  d ista n t origin .

N o  ex istin g  sp o re trap  a llo w s th e  w h o le  a irb o rn e  flo ra  to  b e  iden tified , n o r  d o es 

a n y  a ccu ra te ly  assess sp o re d ep o sitio n  o n  h o s t su rfaces. M o s t  o f  th e  catch e s w e rep o rt 

cam e fro m  trap s u sed  p rim a rily  to  stu d y  sp ores as resp ira to ry  a llergen s a n c  sited  on 

b u ild in gs u p  to  30 m . a b o v e  g ro u n d . H o riz o n ta l slides w ere  ex p o sed  a t C a r d iff  (19 4 7 

to  1956) a n d  a t th e  B is h o p  R o c k  L ig h th o u se  (1953 to  196 1). A t  C a r d iff  fr o m  A p r il  

1954 o n w a rd s m o v in g  slide im p a cto rs (H irst, 1952) w ere  used  a n d  sam p led  a ir  c o n 

tin u o u sly  a t  io l ./ m in .,  b u t th e  slides co n cern ed  w ere  n o t scan n ed  co m p le te ly  fo r  

Puccinia graminis u red o sp o re s u n til 1957. F o r  the p e rio d s d escrib ed  in  F ig s . 7 , 8 a n d  12 

th e  en tire c a tch  w a s scan n ed  f o r  P. graminis u red o sp o res, an d  th is p erm itted  a  th resh o ld  

co n ce n tra tio n  o f  2 spores/m .3 a ir  to  b e  d etected . F o r  co m m o n er sp ores o n ly  a fra c tio n  

o f  th e  slide w a s exam in ed , a llo w in g  10-20 spores/m 3. to  be detected .

W h e n  a ll ty p e s o f  sp o res w ere c o u n te d  th e y  w ere assign ed  to  on e o f  35 categ o ries  

(G r e g o r y  &  H irst, 1957), ra n g in g  fro m  ‘ u n c la ssifie d ’ , th ro u g h  fo rm  g ro u p s o r  b ro a d  

ta x o n o m ic  d iv isio n s, to  a  fe w  id en tified  as species. In  p resen tin g  catch es, th e  to ta l 

co n ce n tra tio n  o f  a ll sp o re  ty p e s h as som etim es b een  u sed , o r  sm aller catego ries , such  

as ‘ C la d o s p o r iu m ’ a n d  ‘ p o lle n s ’ , selected  to  illu stra te  the b e h a v io u r  o f  p a rtic les  o f  

d ifferen t m ass b u t sim ilar a vera g e  d iu rn a l p e rio d ic ity  n ear th e  g ro u n d . F u n g u s sp ores 

are  b etw een  2 a n d  200 ¡i  lo n g  (m o stly  5 to  30 //), th e y  h a v e  settlin g  ve lo citie s  betw een  

0-05 a n d  3-0 cm ./sec. w ith  a  m o d e  co n sid e ra b ly  less th a n  1 cm ./sec., a n d  d ifferen t 

sp ores v a r y  grea tly  in  sh ap e a n d  o rn a m en ta tio n . M o s t  p o lle n  gra in s, lik e  fu n g u s sp ores, 

h ave a  sp ecific  g ra v ity  c lo se  to  i-o  (G re g o ry , 196 1) b u t a re  u su a lly  m o re  n ea rly  sp h eri

ca l, large r  an d , b ecau se  o f  th e ir  grea te r  m ass, settle a t  1 to  40 cm ./sec., w ith  a  m o d e  at 

a b o u t 3 cm ./sec.
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Meteorological interpretation
T o  ex p la in  v a r ia tio n s  in  catch es o f  sp ores fro m  d ista n t sou rces the p a st tra ck s  o f  the 

a ir  sam p led  h a d  to  b e  estim ated . M o v e m e n t o f  a ir  w ith in  a tm o sp h eric  pressu re system s 

is go ve rn ed  b y  ( i )  the ea rth ’ s ro ta tio n ; (2) th e  grad ien ts o f  a tm o sp h eric  p ressu re; 

(3) th e  fo rce s  gen era ted  b y  flo w  w ith in  pressure system s ; (4) the fr ic tio n  o f  a ir  m o v in g  

o v e r  th e  su rface  ( Meteorological Office, i960). T h e  ‘ ge o stro p h ic  tr a je c to r ie s ’ w h ich  

w e estim ated  fro m  su rface  sy n o p tic  ch arts  d ep en ded  m a in ly  on  th e  first tw o , so 

str ictly  the ‘ su r fa c e ’ tra c k  a p p lies  to  th e  m o v em en t o f  u n retard ed  air, a t  600-900 m ., 

ju s t  a b o v e  th e  fr ic tio n  la y e r  o v er  lo w la n d s. A e ro lo g ic a l ch arts, sh o w in g  co n to u rs  o f  th e  

a ltitu d e o f  fix ed  pressure levels, w ere  a lso  used  to  estim ate trajecto ries  a t  the 700 an d  

500 m b. lev e ls , ro u g h ly  eq u iva len t to  h eigh ts o f  3000 a n d  5600 m . resp ectively .

T a b le  1. Standard vector errors of position {in km.) after 
stated periods {Hogg, 1961b)

6 hr 12  hr 24 hr 2 days 3 days 4  days 5 days
Surface 78 109 15 6 221 269 3 12 348
700  mb. — 222 315 445 545 628 684
500 mb. — 3 11 439 623 76 2 880 984

T h e  p ro cess o f  estim atin g  tra jecto ries  in cu rs several cu m u la tiv e  erro rs (M u rra y , 

1954; D u rs t &  D a v ie s , 19 5 7); T a b le  1 sh o w s th e  rad iu s o f  the c irc le  a ro u n d  the tru e 

p o sitio n  o f  a  p arce l o f  a ir  w ith in  w h ich  a b o u t tw o -th ird s o f  th e  g e o stro p h ic  tra jecto ries  

w o u ld  en d. T h e  sam e erro rs a p p ly  to  tra jecto ries  d ra w n  in the reverse d ire ctio n , fro m  

so u rce  to  tra p , so th e y  a ffect th e  tim e o f  a rr iv a l as w ell as th e  d irectio n  o f  tra v e l an d  

it  is rea so n a b le  to  a ccep t th a t sp ores m a y  be ca u g h t so o n er o r  la ter  th a n  exp ected . 

U n ce rta in  air m o v em en t in  w e a k  pressure grad ien ts, fo r  ex a m p le  in  an  a n ticy clo n e , a  

rid ge  o r  co l, can  in tro d u ce  large  erro rs, p a rticu la rly  in  ‘ su r fa c e ’ tra jecto ries . S o m e 

tim es th e  ch o ice  lies b etw een  p a th s th a t ev e n tu a lly  resu lt in  en tire ly  d ifferen t grad ien ts 

fo r  th e  p o ssib le  tra je c to rie s ; see, fo r  exam p le, th e  tra je c to ry  re latin g  00.01 o n  10 Ju ly  

1959 in  F ig . 12. E a c h  su rface  tra je c to ry  w a s b ase d  o n  a  series o f  sy n o p tic  ch arts, 

u su a lly  a t 6 h r in terva ls . T h e  successive p a st p o sitio n s o f  a  p a rce l o f  a ir  th a t h ad  

rea ch ed  a  specified  ta rg et a t  a  g iven  tim e (e.g . a  sp o re trap  w h en  sp ores w ere first cau g h t) 

w ere  estim ated  b y  w o rk in g  b a ck w ard s. T h e  resu ltin g  tra je c to ry  w a s the b est estim ate 

fo r  th e  p a th  o f  th e  air. S u rfa ce  tra jecto ries  w ere fo llo w e d  up to  5 d ays. U p p e r  a ir 

trajecto ries w ere d ra w n  fro m  12 -h o u rly  a e ro lo g ica l ch arts  a n d , b ecau se  o f  th e  

greater w in d  sp eed  a t these levels, th e  tra c k in g  w as n o t u su a lly  c o n tin u ed  b e y o n d  
2 o r  3 days.

T h e  ve rtica l d istrib u tio n  o f  sp ores is o ften  m u ch  affected  b y  a tm o sp h eric  sta b ility . 

W h e n  the a ir  is u n sta b le , a n y  ve rtica l d isp la cem en t (u p w a rd  o r  d o w n w a rd ) is lik e ly  

to  co n tin u e. W h e n  it is stab le , su ch  ve rtica l d isp lacem en t w ill n o t co n tin u e  a n d  the 

a ir  w ill retu rn  to  its o rig in al p o sitio n . In  gen era l term s, th erefo re , a ir m ixes m o re  w h en  

it  is u n stab le , a n d  so h as m o re  effect on  th e  d istr ib u tio n  o f  a irb o rn e  spores.

T h e  sta b ility  o f  th e  a ir  can  be d eterm in ed  fro m  a  k n o w le d g e  o f  th e  tem p eratu re  lap se  

rate, w h ich  is the rate  a t  w h ich  th e  tem p eratu re  d ecreases w ith  h eigh t. W h e n  the lap se  

rate  o f  th e  a ir  exceeds th e  d ry  a d ia b a tic  lap se  rate  i °  C ./100 m . {2°¡1000 ft.)  it  is sa id  

to  b e  a b so lu te ly  u n sta b le ; w h en  it  is less th a n  th e  satu rated  a d ia b a tic  lap se ra te  (a b o u t



o -5 °/io o  m . o r  r 5 ° / io o o  ft. a t  lo w  levels) it  is a b so lu te ly  stab le. W h e n  it lies b etw een  

th ese tw o  it  is sa id  to  b e  co n d itio n a lly  u n sta b le , i.e . it  is stab le  w h en  u n satu ra ted  b u t 

b eco m es u n sta b le  w h en  it  is lifte d  en o u g h  to  b eco m e satu rated . O n  several d iag ra m s, 

te m p e ra tu re -h e ig h t d ia g ra m s in d ica te  the sta b ility  o f  th e  a ir, in  so  fa r  as it  ca n  be 

determ in ed  w ith o u t a  k n o w le d g e  o f  its h u m id ity , a n d  the d ry  a n d  satu rated  a d ia b a tic  

la p se  rates are  g iv en  fo r  referen ce.

M easurem ent o f  spore concentrations with aircraft

T h e  first co lle ctio n s  o f  fu n g u s sp ores h ig h  a b o v e  g ro u n d  w ere m a d e w ith  the a id  o f  

k ites a n d  b a llo o n s  (see G re g o ry , 19 6 1); a ero p la n es w ere  first u sed  in  1921 (S ta k m a n , 

H en ry , C u rra n  &  C h risto p h e r, 1923). M o s t  w o rk e rs  h a v e  u sed  the a ir  speed :o  im p a ct 

spores o n  s tic k y  o b sta c les  su ch  as m icro sco p e  slides (S ta k m a n  et ai. 1923), sm all 

cy lin d ers (R e m p e, 1937), P etri d ishes (D illo n  W esto n , 1929; P o lu n in  &  K e lly , 1952) 

o r  sm a ll sq u are-sectio n  ro d s (A s a i, i960). T h ese, a n d  su ctio n  trap s (w h ich  p ro b a b ly  

sam p led  a t ve lo citie s  v e ry  d ifferen t fro m  the fo rw a rd  speed o f  th e  a ircra ft), sh o w ed  

th a t p o llen s a n d  fu n g u s sp ores co u ld  b e  a b u n d a n t in  th e  lo w e r  tro p o sp h ere  an d  th a t 

som e o f  th em  w ere  a live.

A l l  th e  co lle ctio n s  w e  re p o rt w ere m a d e b y  a ircra ft a n d  crew s o f  the M e te o ro lo g ica l 

R e sea rch  F lig h t, F a rn b o ro u g h . T h e  H a stin gs o r  V a rs ity  a irc ra ft u sed  carried  a  m o d i

fied  im p a c to r  o f  the ty p e  d escrib ed  b y  P a sq u ill (19 5 5 ; see a lso  H irst &  H u rst, 1967, PI. 1). 

Sam p les w ere  co lle cted  th ro u g h  a sm all c ircu lar  sam p lin g  h ead , m o u n ted  h o r iz o n ta lly  and 

c o a x ia l w ith  the en d  o f  a  lo n g  tu b e, w h ich  a llo w e d  th e  h ead  to  be p ro jecte d  0 6 m . c lear 

o f  th e  fu selage. T h is  tu b e  w a s m o u n ted  o n  a  tran sverse ca rria g e  so  th a t it  co u ld  b e  re

tracte d  in to  th e  fu se lage . T h e  in b o a rd  en d  h a d  a  su ctio n  o u tle t, a  v a c u u m  g a u g e a n d  a 

k n o b  fo r  selectin g  120 p o sitio n s. E a c h  p o sitio n  w as sep arated  b y  3C, o r  1-62 m m ., on 

th e  sa m p lin g  d ru m , w h ich  w a s 6-15 cm . in d iam . a n d  2-4 cm . w id e  a n d  m o u n ted  cen tra lly  

w ith in  th e  sa m p lin g  h ead .

T h e  sa m p lin g  tu b e h a d  a  c ircu la r  orifice  0-3 cm . d iam . co n v e rtin g  to  a  1 cm . lo n g  

s lit 0-33 m m . w id e, sep a ra ted  fro m  th e  tra p p in g  su rface b y  0-5 m m . P ressu re d ro p  

a cro ss  th e  orifice  w a s ca lib ra te d  to  g iv e  th e o re tica lly  iso k in e tic  sam p lin g  a t  all h eig h ts  

u p  to  3000 m . A t  160 an d  180 k n o ts  (1 k n o t  =  1 n au tica l m ile/hr =  1-853 km ./hr) 

th ese w ere 152 a n d  178 m m . H g , g iv in g  a irflo w  rates o f  35 an d  39 1/m in. S p o res w ere 

im p a cted  o n  an  ad h esive su rface p rep ared  a n d  m o u n ted  as fo r  g ro u n d -le ve l trap s 

(H irst, 1953) ex cep t th a t a  strip  o f  tran sp a ren t p la stic  film  (‘ M e lin ex  O ’, a  clear p o ly 

eth ylen e terep h th a late  film  su p p lied  b y  Im p eria l C h e m ic a l In dustries L td ., P la stics  

D iv is io n , W e lw y n  G a rd e n  C ity , H e rfo rd sh ire ., 0-127 m m . th ick ) w a s u sed  in stead  o f  a 

g lass slide. T h is  film  w a s even ly  c o a te d  w ith  m elted  p e tro leu m  je lly , co n ta in in g  10 %  

o f  p araffin  w a x  (m .p. 54°). A fte r  g ra d u a l c o o lin g  the M e lin e x  strip w a s w ra p p ed  tig h tly  

a ro u n d  the sam p lin g  d ru m  to  w h ich  th e  en ds w ere fixed  w ith  d o u b le-sid ed  adhe sive p lastic  

tap e. T h e  d ru m  w a s then  b o lted  in to  a  tin  a n d  sealed  to  p rev en t co n tam in atio n .

C lo s e  to  th e  g ro u n d , in sum m er, th ere m a y  o ften  b e  several h u n d red  th o u san d  

sp ores/m .3 air. E ffic ien t sp o re trap s th e n  ca tch  so m a n y  sp ores th a t o c c a s io n a l c o n ta 

m in a n ts are  se ld o m  im p o rta n t, b u t a t a ltitu d es w h ere sp ores are  rare co n tam in an ts 

m atter m o re. A lth o u g h  the M e lin e x  strips w ere co a ted  in  a  r o o m  w ith  a  filtered  air 

su p p ly, it  w o u ld  b e  n aive  to  su p p o se  th a t co n ta m in a tio n  w as elim in ated  o r  d id  n o t 

o ccu r w h en  d ru m s w ere  fitted  a n d  rem o v ed  in  the a ircra ft. C o n ta m in a tio n , estim ated  

b y  ‘ b a ck g ro u n d  co u n ts ’ on  areas w h ere n o  sam p le  tra ce  w a s d ep o sited , w a s rare  an d  

22 G. Microb. 48
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restricted  to  o cca sio n a l C la d o sp o r iu m  co n id ia , so  little  relian ce sh o u ld  b e  p la ce d  in  

v e ry  sm all catch es o f  these.

B ecau se extern al a ir  sam p lin g  w as iso k in e tic  w ith  a ir speed, in tak e  v e lo c ity  w a s fa st 

an d  even  sm all p articles  w ere im p a cted  efficien tly  by  th e  o rifice ; traces co n ta in ed  m u ch  

m o re  fine d u st th a n  o n  the g ro u n d  trap s, w h ich  w ere d esign ed  to  elim in a te  th is. T h e  

d en se d ep o sits  m a k e  the su rface less ad h esive and  are d ifficu lt to  co u n t. T h e re fo re , the 

d u ra tio n  o f  sa m p lin g  w a s v a ried  w ith  h e ig h t; u su a lly  i  m in. sam ples, w h ich  a t 

180 k n o ts represen t a  co re  o f  a ir 3 m m . d iam eter a n d  3 n au tica l m iles (5-56 k m .) lo n g , 

w ere ta k en  b e lo w  1800 m . an d  2 m in. sam ples a t greater heights. T o  d ecrease the 

d ete ctio n  th resh o ld  co n cen tratio n  a n d  to  a llo w  sam p lin g  erro rs to  b e  assessed, th ree  

co n secu tive  sam ples w ere ta k e n  as rep licates fo r  ea ch  h eigh t w h en  c irc lin g  d u rin g  

ascen ts, or a : ea ch  ‘ p o sitio n  ’ w h en  m a k in g  h o rizo n ta l traverses. A  sin gle sp o re  in  a 

1 m in. sam p le  represents a p p ro x im a te ly  30 spores/m .3 a ir, an d  scan n in g a  tr ip le t o f  

traces p ro v id e d  a p p ro x im a te ly  the sam e d ete ctio n  th resh o ld  as g ro u n d  trap s. H e ig h t 

an d  sp eed  w ere  u su a lly  co n stan t d u rin g  sam p lin g , so  a  trip let o f  sam ples o c cu p ie d  a t 

least 9 n a u tica l m iles o f  fligh t. T h e  first sam p le o f  a  trip let o ften  co n ta in ed  m o re  sp ores 

th a n  th e  o th e r s ; p ro b a b ly  b ecau se  som e sp ores w ere  im p acted  in the sa m p lin g  orifice  

w h ile  fly in g  b etw een  sam p lin g  p o sitio n s w ith  the im p a cto r  ex tru d ed  b u t w ith  su ctio n  

o ff. F ro m  1961 th is e rro r  w a s a vo id ed  b y  re tractin g  the sam pler w h en ever p o ssib le  an d  

ta k in g  a  d u m m y  sam p le im m ed iate ly  b efo re  ea ch  trip let to  b e  co u n ted . In  p resen tin g  

results fro m  earlier fligh ts w e h a ve  o m itted  the first sam p le o f  a  trip let w h erev er there 

w a s a  lo n g  in terva l b etw een  g ro u p s o f  sam ples.

Sp ecia l p reca u tio n s  w ere requ ired  to  id en tify  th e  precise areas on  w h ich  sam p les o f  

sp o re-free  a ir  w ere  im p acted . T h e  M e lin e x  strip  w as m a rk ed  in  th e  im p a cto r, a t least 

o n ce  ev ery  20 sa m p le-p o sitio n s, w ith  a  trace o f  L y c o p o d iu m  p o w d e r  dispersed  in  

fro n t o f  the orifice  w h ile  the p u m p  w as sw itch ed  o n  m o m en ta rily . E x p o sed  M e lin e x  

strips w ere rem o v ed  fro m  th eir  sealed  tins a n d  d ru m s in  the la b o ra to ry , then  la id  on  a 

tran sp a ren t scale  a b o v e  th e  stage o f  a  m icro sco p e. T h e  scale w as m a rk ed  to  co rre s

p o n d  w ith  the 120 sam p le-p o sitio n s, so  th a t w ith  the L y c o p o d iu m  m a rk er traces a t 

k n o w n  p o sitio n s th e  strip  co u ld  b e  c u t a ccu ra te ly  in to  len gth s an d  m o u n ted  as p e r

m an en t m icro sco p ica l p rep ara tio n s  (H irst, 1953). T h e  stage o f  the m icro sco p e  u sed  fo r  

c o u n tin g  w as fitted  w ith  a d ju s:a b le  sto p s, set w ith  the a id  o f  the stage vern ier a n d  

L y c o p o d iu m  m a rk er traces, to  lim it slide travel accu rate ly  to  th e  areas w h ere sam ples 
w ere  d ep osited .

The presentation o f results
S p o re  catch es fro m  a ircra ft h a ve  u su a lly  been  exp ressed  as the n u m ber d ep o sited  

p er u n it area  o f  the ex p o sed  stick y  su rface. B ecau se  so little  is k n o w n  o f  sp o re d ep o si

tio n  an d  reten tio n  on  stic k y  su rfaces a t a irc ra ft speeds, the results a re  se ld o m  c o m 

p a ra b le . O u r  sam p lin g  w as vo lu m e tr ic  and  a p p ro x im a te ly  iso k in etic , so  it  w a s ju s tifi

ab le  to  co n v ert the catch es to  co n cen tratio n s in  air.

B ecau se  ve rtica l d iffu sio n  o f  sp ores d ep en ds m u ch  on  th erm al tu rb u len ce, ea sy  

c o m p a riso n  o f  the sp o re co n cen tra tio n  a n d  tem p eratu re p rofiles is desirab le. Id e a lly , in  

the ‘ In tern a tio n a l S ta n d a rd  A tm o s p h e re ’ , tem p eratu re declin es lin e arly  a t 6-5° C /k ilo - 

m etre up to  1 :  k m ., so  it w o u ld  be co n v en ien t i f  co rresp o n d in g  sp o re  p ro files c o u ld  

a lso  b e  m a d e lin ear. Jo h n so n  &  P en m a n  (19 5 1) fo u n d  th a t ve rtica l den sity  p ro files  o f  

ap h id s up  to  600 m . co u ld  o ften  b e  straigh ten ed  b y  p lo ttin g  b o th  h eig h t a n d  c o n 

cen tra tio n  o n  lo g . scales. In  F ig . 1 b  th is m eth o d  is co m p a re d  w ith  the lin ear scales o f
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335
F ig . i  a, u sin g  p o lle n  catch es b y  R e m p e (193 7). In  F ig . 1 b  the b en d  in  th e  cu rves a b o v e  

a b o u t 900 m . m a k e s th em  in sen sitive  to  ch an ges o f  co n ce n tra tio n  a t greater heigh ts. 

W e  a d o p te d  a  lin e ar h e ig h t scale  an d  a  lo g . scale  fo r  sp o re co n cen tra tio n  (F ig . 1 c), 

b ecau se  th is p ro v id e s  the b est m ean s o f  sh o w in g  sm all ch an ges in  co n cen tratio n  and  o f  

co m p a rin g  sp o re an d  tem p eratu re p rofiles.

Long-distance spore transport

103 ft. km. 103 ft. km. 103 ft. km.

Log (n + 1 )  Log (n + 1 )

Fig. 1 . Vertical pollen profiles measured by Rempe (19 3 7) presented on three scales tc illus
trate the advantages of (c) linear height and log. spore concentration. Explanation in text.

Flight plans
S p o re  tra p p in g  h ad  to  b e  restricted  to  o cca sio n s  w h en  a irc ra ft w ere e n ga ge d  in 

o th er m e te o ro lo g ic a l in v estig a tio n s, an d  fligh t p lan s h a d  to  b e  co m p a tib le  b o th  w ith  

w ith  these a n d  w ith  a ir-traffic  c o n tro l regu la tio n s. T w o  typ es o f  fligh t are  d escrib ed  in 

th is p a p e r: (1) sp ira l ascents o r  descen ts w ith  stra ig h t an d  lev e l p o rtio n s  d u rin g  

sa m p lin g ; (2) fligh ts, design ed  to  in tercep t im m igran t sp o re c lo u d s, co m p ris in g  a  

cro ss-w in d  trav erse  o v er  th e  sea, o f  100-300 n a u tica l m iles a t 600 m ., b en eath  c iv il 

a irw a ys  (F ig . 2). (A ll  ‘ m ile s ’ m en tio n ed  are n a u tica l m iles: 1 n a u tica l m ile  =  1-85 km . 

A ll  tim es are G re e n w ich  M e a n  T im e.) N e a r  th e  cen tre  o f  th is traverse sam ples 

w ere co lle cted  d u rin g  a  sp ira l ascen t fro m  300 to  3000 m . b e fo re  resu m in g the 

traverse.

RESULTS

Vertical spore profiles
P rev io u s  w o rk  su ggested  th a t sp o re co n cen tra tio n  u su a lly  decreased  w ith  heigh t, 

and th a t th is ch an ge w a s accen tu a ted  w ith  a scen t th ro u g h  tem p eratu re in v e rs io n s ; th ere 

w as a lso  ev id en ce  o f  w a sh -o u t o r  scru b b in g  b y  rain  (see G re g o ry , 196 1). R em p e (193 7) 

fo u n d  d iu rn al ch an ges in  the shape o f  ve rtica l sp o re profiles. In  u n sta b le  a ir  d u rin g  the 

d a y , p o llen s (p resu m a b ly  n ew ly  released) b ecam e a lm o st u n ifo rm ly  m ixed  in  the

22-2
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lo w est io o o  m . o f  the a ir, w h ereas a t  n ig h t th ere w a s som e evid en ce th a t p o llen s b ecam e 

stratified  a cc o rd in g  to  size, an d  w ere  m o st co n cen trated  a t a  h eig h t w ell a b o v e  g ro u n d . 

A lth o u g h  it  is d ifficu lt to  a ccep t R e m p e ’s ex p la n a tio n  th a t p o lle n  gra in s co llect  ju s t  

a b o v e  in version s, o th er w o rk e rs  h ave  a lso  rep o rted  a  ‘ b io lo g ic a l z o n e ’ several h u n d red  

m etres a b o v e  g ro u n d  w h ere  sp ores are  m o st p rev ale n t (see G r e g o ry , 1961).

A t  first a ir w a s sam p led  d u rin g  a ll p o ssib le  ascen ts, to  im p ro v e  m e th o d s an d  to  test 

su ggestion s th a t tem p eratu re  lap se rate  affects sp ores in  th e  sam e w a y  as it  a ffects o th er 

p articles  susp en ded  in  air. W e  co u ld  se ld o m  m easu re gro u n d -le vel co n cen tra tio n s  b e 

n eath  the ascents b u t th is is less serious th a n  it  m ig h t seem  b ecau se  g ro u n d  m easu re

m en ts are  u su a lly  m u ch  affected  b y  lo c a l sou rces o f  spores.

J. M. HIRST, O. J. STEDMAN AND W. H. HOGG

Fig. 2 . Isometric diagram to illustrate flight plan used for intercepting immigrant uredospores 
over the English Channel. Not to scale, each black rectangle indicates an air sample.

M o s t  sp ores fa ll s lo w er th a n  th e y  m o v e  in  eddies a n d  co n v e ctio n , so  in  co n sid e rin g  

h o w  tem p eratu re  p rofiles are  related  to  ch an ges in  co n cen tra tio n  it  is rea so n a b le  first 

to  exam in e a ll sp ores (in clu d in g  p o llen ). F ig u re  3 sh o w s p rofiles fo r  six  ascen ts p a rtly  

th ro u g h  u n stab le  a ir, th e  decrease in  sp o re co n cen tra tio n  w ith  h eig h t is a p p ro x im a te ly  

lo g a rith m ic  t u t  w ith in  900 m . o f  th e  su rface  sp o re co n cen tratio n  w a s o ften  a lm o st 

u n ifo rm , p resu m a b ly  as a  result o f  v e ry  a ctiv e  m ix in g  in  th e  fr ic tio n  layer. T h e re  w as 

n o  co n sisten t in verse re la tio n  b etw een  lap se  rates in  u n sta b le  a ir  a n d  the ra te  sp o re 

co n cen tra tio n  decreased , as Jo h n so n  (19 57) fo u n d  fo r  ap h id s, p erh a p s b ecau se  th e  sp o re 

p rofiles w ere  n o t o n ly  few er, b u t w ere  m easu red  a t d ifferen t seasons, tim es o f  d a y  a n d  

o v e r  b o th  lan d  an d  sea. T h e  co n sid e ra b le  d ifferen ces in  sp o re p rofiles fo r  the a scen t a n d  

d escen t o f  F lig h t 13/57 are n o t ex p la in ed  b y  the rath er sm all d ifferen ces in  tem p eratu re  

p ro files. A s  d iverg en ces are  large  o n ly  a t  h eigh ts b etw een  stra to cu m u lu s c lo u d  a t 

900 a n d  2000 m ., th e y  m a y  reflect rea l h etero gen eity. T h is  p o ssib ility  is su p p o rted  b y  

the c lo ser  a greem en t b etw een  ascen t a n d  d escen t p ro files in  F lig h ts  9/57 a n d  10/57
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103 ft. km.

Fig. 3 . Examples of vertical profiles of concentration of all spores (solid lines) in unstable or 
conditionally unstable air over land or sea as indicated beneath. Lower edge (D) of shaded 
wedge on diagram of Flight 1/59  indicates slope of dry adiabatic lapse rate and upper edge 
(S) the approximate saturated adiabatic lapse rate, temperature profiles dotted. Hollow dots 
indicate ascent and solid dots descent. Cloud layers indicated in ‘oktas’ (eighths) with stan
dard abbreviations, arrows indicate thickness.
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Fig. 4 . Examples of vertical profiles of concentration of all spores through stable air layers. 
Other details as for Fig. 3 , except dotted sections of profile for Flight 7/ 5 7  which show 
layers from .vhich samples were taken during continuous descent, see text.

oth of which measured changes in concentration through temperature inver- 
did Flight 11/57 when concentrations below the cumulus layer were more 
times greater than above it. Sharp decreases in spore concentration often 
with visible ‘haze tops and concentrations often decreased at cloud heights,
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p resu m a b ly  b ecau se  there w ere  in version s o r  iso th erm a l layers. A lth o u g h  sam p les 

w ere rarely  co lle cted  w ith in  c lo u d s, F lig h ts  2/57 an d  7/57 (F ig . 4) m a y  su p p o rt the 

co n ten tio n  th a t th ere are  m o re  sp ores inside c lo u d s th a n  o u tsid e (D illo n  W esto n , 1929; 

H eise  &  H eise, 1948). F lig h t 7/57 w a s p a rticu la rly  in terestin g, a lth o u g h  u n fo rtu n a te ly  

a n o th er research  p ro g ra m m e d ictated  th a t th e  descen t, o v er  F lam p sh ire , sh o u ld  be 

u n in terru p ted . O u r  sam p les w ere th erefo re  u n rep lica ted  a n d  w ere co lle cted  fro m  

lay e rs o f  v a ria b le  th ickn ess rath er th a n  d u rin g  lev e l fligh t. T h e  greatest ca tch  (to ta l o f  

6500 spores/m .3) w as a t a b o u t 2000 m . n ear the cu m u lu s to p s. In  co n tra st, o n ly  500 

spores/m .3 w ere ca u g h t ju s t  a b o v e  c lo u d  base a t a p p ro x im a te ly  900 m . a n d  4000- 

5000 sp ores/m .3 b e lo w  600 m. S h o w ers o ccu rred  in  the area  an d  the la rg e  d ifferen ces 

m a y  h a ve  been  cau se d  b y  lo c a l ra in  w ash in g . M u c h  la rg e r  co n cen tra tio n s  (39,000-

46,000 spores/m .3) h ad  b een  m easu red  d u rin g  th e  p rev io u s h o u r  a t  600 no. in  v e ry  

un stab le  a ir  o v er  the M id la n d s.

C o n te m p o ra ry  tem p eratu re  p rofiles c a n n o t ex p la in  a ll featu res o f  sp o re  profiles, fo r  

exam p le, th e  in crease in  ca tch  a t 2100 m . in  F lig h t  4/58 (F ig . 11  a a n d  p . 347) o r  w h y  

sp o re  co n ce n tra tio n  did  n o t decrease m o re  in  th e  stab le  iso th erm a l la y e r  a b o v e  1800 m . 

in F lig h t 2/57 (F ig . 4). L a te r  o b serva tio n s su ggest th a t e x p la n a tio n s requ ire  k n o w le d g e  

o f  w in d  d ire ctio n  a n d  speed a t d ifferen t h eigh ts, p rev io u s  tem p eratu re p rofiles an d  the 

p a st m ovem en ts o f  th e  a ir  sam pled .

W ith in o n e 24 h r p e rio d  w e w ere  ab le  to  m a k e  several ascents, F ig . 5 sh o w s results o f  

F lig h ts  2/61 to  7/61 w ith  the ta k e -o ff  tim es fro m  F a rn b o ro u g h , H a n ts. T r ip le  sam p les 

(p reced ed  b y  d u m m ies) w ere co llected  o v er  the sam e a re a  a t  h eigh ts ran gin g  fro m  

75  to  3050 m . a n d  sp o re co n cen tra tio n  w as m easu red  n ear g ro u n d  level th ro u g h o u t the 

p e rio d . T em p era tu re  p ro files sh o w ed  th a t, d u rin g  m o st flights, the a ir  w as u n sta b le  

up  to  a b o u t 140c m . T h e  ex cep tio n s w ere m o rn in g  fligh ts w ith  in versio n s n ea r the 

gro u n d , sligh t in  F lig h t 6/61 an d  stro n g  in  F lig h t 5/61. T h e  sp o re trap  p la ce d  on  the 

r o o f  o f  th e  c o n tro l to w e r, 12 m . a b o v e  g ro u n d , u su a lly  in d icated  sm aller c o n cen tratio n s 

o f  C la d o s p o r iu m  c o n id ia  an d  p o lle n  th a n  th o se  estim ated  fro m  catch es a t  the lo w e st 

h eig h t sam p led  b y  th e  a ircra ft. H a d  the lo c a lity  been  a  p ro lific  so u rce, :h ese  d a y- 

lib e ra ted  sp ores w o u ld  h a v e  been  exp ected  to  be m o st co n cen tra ted  n ear the gro u n d , 

h o w e v er the im m ed iate  su rro u n d in g s o f  the tra p  co m p rised  m u ch  co n crete  ru n w a y , 

b u ild in gs a n d  m o w n  grass, w ith  sa n d y  h ea th -la n d  b e y o n d  an d  p ro b a b ly  co n trib u ted  

fe w  sp ores. A lte rn a tiv e ly , the sm aller estim ates o f  co n cen tra tio n  fro m  th e  su rface  tra p  

m a y  h a ve  resu lted  fro m  im p e rfect m a tch in g  o f  th e  ca lib ra tio n  o f  a irc ra ft a n d  g ro u n d  

trap s, erro rs d ifficu lt to  o v erco m e w ith o u t exp erim en ts a llo w in g  b o th  to  be tested  a t 

their p ro p e r  a ir  speeds in  sp o re c lo u d s o f  eq u a l den sity .

D a y -tim e  p ro files o f  C la d o sp o r iu m  and p o lle n  w ere  a lik e  in  sh ap e in  th e  lay e rs 

w h ere lap se  rate  w as e n o u g h  to  ensure in sta b ility  an d  a ctiv e  m ix in g  o f  the a ir. C o m 

p a riso n  o f  tem p eratu re  a n d  sp o re p ro files o f  F lig h ts  6/61 a n d  7/61 suggests th a t w h en  

th e  h eig h t o f  the u n sta b le  la y e r  in creased  th e  u p p er lim it o f  den se co n cen tratio n s w as 

a lso  raised. T h e  earliest m o rn in g  fligh t (5/61) p reced ed  th e  d a ytim e in crease in  sp o re 

co n cen tratio n s a n d  th e re fo re  sh o u ld  h a ve  sh o w n  effects o f  the n igh t. N e  ther sp o re 

ty p e  h a d  d isa p p e ared  fro m  th e  air, b u t m a x im u m  co n cen tratio n s o f  C la d o sp o r iu m  

an d  p o lle n , resp ectively , w ere  o n ly  1600 a n d  420/m.3 d u rin g  F lig h t 5/61, w h ereas th e y  

h ad  been  7000 a n d  850 in  F lig h t 4/61, 12 h r  earlier, an d  w ere 4000 an d  245/m .3 in  

F lig h t 6/61, 3 h r later. T h e re  is a  su ggestio n  th a t the p o llen s fe ll fa rth e r  d u rin g  the 

n ig h t th a n  the m u ch  ligh ter  C la d o sp o r iu m  sp ores. U stilago  spp. (m ax. 1150 /m .3) w ere

Long-distance spore transport



340 J. M. H I R S T ,  O. J. S T E D M A N  A N D  W . H. H O G G

Fig. 5 . Profiles of temperature (dotted), concentration of pollen (solid circles) and Clado- 
sporium spcres hollow circles) in a sequence of ascents over Famborough, Hants, on 5 and 
6 July 1 9 6 1 . Other details as in Fig. 3 .)



th e  seco n d  m o st co m m o n  fu n g u s sp ores ca u g h t in  th e  a ircra ft trap , fo llo w e d  b y  

E rysiphe  spp. (m ax. 230/m .3), B otrytis  spp. (m ax. n o / m .3), Alternaría  spp. (m ax. 

90/m.3), E p ico cc u m  (m ax. 70/m .3) a n d  c o lo u re d  b asid io sp o res (m ax. 60/m .3). P oly -  

thrincium  trifo lii (m ax. 35/m .3) w a s a lm o st lim ited  to  F lig h t 2/61. H elm in th o sp o riu m , 

T o r u la  a n d  u red o sp o re s  w ere ca u g h t o n  m o st fligh ts b u t w ere  a lw a y s  few . O f  sp ores 

lib era ted  in  d a m p  a ir  o n ly  the co m p o site  ‘ A s c o s p o r e ’ g ro u p  reach ed  90/m.3, an d  

S p o ro b o lo m y ce s, T ille tio p sis  a n d  h y a lin e  b asid io sp o res w ere  rare.

Interception o f  im m igrant spores

D ista n t seaso n al m o v em en t o f  P u ccin ia  gram inis  u red o sp o res w a s d em o n strated  

d u rin g  th e  1920’ s in  N o r th  A m e ric a  (S ta k m a n  &  C h risten sen , 1946; J o h n so n , 196 1). 

C o m p a ra b le  m o vem en ts h a ve  b een  rep o rte d  in  R u ss ia  (S h itik o v a -R o u ss a k o v a , 1927), 

F in la n d  ( K iv i, 1953), A u s tra lia  (W a tso n  &  C a ss  Sm ith , 1962), an d  in  In d ia  b y  M e h ta  

(1952), w h o  first u sed  ro u tin e  a ir  trajecto ries . F ittle  w a s k n o w n  o f  th e  sp read  o f  P . 

gram inis to  th e  B ritish  Isles u n til H y d e  &  A d a m s  (1 9 6 1 a , b) re lated  th e  presen ce o f  

u red o sp o res in  catch es a t C a r d iff  w ith  g e o stro p h ic  trajecto ries  d ra w n  b y  H o g g  

(1 9 6 1 a , b; 1962) o f  a ir  a rr iv in g  a t P ly m o u th .

F ig u re  6 sh o w s th e  o ccu rren ce  o f  p o ssib le  o r  p ro b a b le  tra jecto ries  fr o m  Ib eria  an d  

F ra n ce , a t th e  ‘ s u r fa c e ’ , 700 an d  500 m b. levels  fo r  th e  years 19 4 7-59 . M r  H . A .  H y d e  

a n d  M rs  K .  F . A d a m s  (A sth m a  &  A lle r g y  R e sea rch  U n it, S t D a v id ’ s H o sp ita l, C a r 

d iff)  h a v e  k in d ly  a llo w e d  us to  in d ica te  d a ys  w h en  o n e o r  m o re  P u ccin ia  gram inis 

u red o sp o res w ere  cau g h t, e ith er o n  the B is h o p  R o c k  L ig h th o u se  (490 52 ' N , 6° 2 7 ' W ) 

o r  on  th e  r o o f  o f  th e  N a tio n a l M u se u m  o f  W a les , C a rd iff. H o riz o n ta l (‘ g r a v it y ’) 

stick y  m icro sco p e  slides w ere used  a t b o th  statio n s, b u t in  and  a fter  1957 a  H irst sp o re  

tra p  w as u sed  a t C a rd iff. E a r ly  in  th e  p e rio d  M a y  to  J u ly  few  n o rth -b o u n d  tra ck s  

carried  u red o sp o res (F ig . 6) b ecau se  th e  d isease w a s n o t y e t p rev ale n t in  sou th ern  

E u ro p e. W h e n  th e  stem  ru st d isease w a s presen t in  so u th ern  E u ro p e  b u t n o t in 

B rita in  th ere w a s  a  c lo se  re la tio n  b etw een  tra ck s  an d  catch es, b u t o n ce  th e  disease h a d  

d ev e lo p e d  in  B rita in , sp o res w ere n o t lim ited  to  a ir  fro m  th e  so u th . T h e  im p o rta n ce  o f  

trajecto ries  o f  E u ro p e a n  o rig in  is th e re fo re  p ro b a b ly  greater th a n  a  casu a l g la n ce  a t 

F ig . 6 suggests.

In  the years 19 5 7 -5 9  th e  M e te o ro lo g ica l R e se a rch  F lig h t w ere som etim es a b le  to  

sam p le a ir  m asses o f  E u ro p e a n  o rig in  d u rin g  June a n d  ea rly  Ju ly. W h e n  it  w a s k n o w n  

th a t a  flig h t h a d  in tercep ted  im m ig ran t P u ccin ia  gram inis u red o sp o res h o u r ly  esti

m ates o f  u red o sp o re  co n ce n tra tio n  w ere  m a d e fro m  catch e s o f  sp o re trap s co n tin u o u s ly  

m ea su rin g  fre q u e n cy  o f  resp irato ry  a llergen s in  L o n d o n  o r  C ard iff.

O bservations in 19 5 7

F light 4I57;  13 .5 0 -14 .0 0 , 4 July 19 5 7. R e su lts  o f  th is first in terce p tio n  fligh t are  less 

a ccu rate  th a n  la ter  on es (sam ples w ere  u n rep lica ted , g iv in g  a  d etectio n  th resh o ld  c o n 

c en tra tio n  30 spores/m .3) an d  in co m p lete  b ecau se  o f  im p a cto r  d efects an d  t i e  lo ss  o f  

so m e sam ples co lle cted  in  rain . N ev erth eless , th e  flig h t co in cid ed  w ith  P u ccin ia  

gram inis u red o sp o re  catch es a t  C a r d iff  and  o n  the B is h o p  R o c k , a n d  an  a scen t w a s 

co m p leted  a b o u t 30 n a u tica l m iles (55-59 k m .) so u th  o f  P o rtla n d  B ill (50o 05' N ,  

02o 30' W ). A ir  w a s u n sta b le  th ro u g h o u t th e  p ro file  sam p led , fr o m  1060 to  2750111. an d  

single u red o sp o re s (a b o u t 30/m.3) w ere  ca u g h t a t  1200, 2150, 2450 a n d  2750 m . S u ch  

sm all co n cen tratio n s p ro v id e  n o  in fo rm a tio n  o n  th e  shape o f  the u red o sp o re  p ro file ,
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b u t b ecau se  th e y  d o  sh o w  w h en  u red o sp o re s o ccu rred  w ell a b o v e  su rface  a ir  m o v e 

m en ts a re  u sefu l to  the d iscu ssio n  b e lo w .

O n  3 J u ly  a  s lo w -m o v in g  d ep ressio n  w est o f  C a p e  F in isterre  a n d  pressu re h ig h  to  the 

east on  3 Ju ly  cau se d  a  s lo w  n o rth w a rd  a ir  flo w  o v e r  W estern  E u ro p e . D u r in g  the 

p e rio d  4 - 7  Ju ly  th e  d ep ressio n  filled , a n d  o v e r  B rita in  su rface  a ir  m o v em en t b ecam e 

lig h t a n d  v a ria b le  u n til in flu en ced  b y  a  sm all seco n d a ry  d ep ressio n  o n  6 J u ly  A t  the 

700 a n d  500 m b. levels, h o w e ver, th e  n o rth w a rd  a irflo w  p ersisted  u n til 8 Ju ly  (see 

F ig . 6).
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F ig . 7. D ia g ra m  show ing  c o n c e n tra tio n  o f  P . gram inis u red o sp o res  a t  C a rd iff  b e tw een  3 an d  
7 Ju ly  1957 a n d  re la te d  tra jec to rie s  o f  a ir  a rriv in g  a t  C a rd iff  a t  th e  tim es in d ica ted . Surface 
tra jec to ries , th ic k  lin es; 700 m b . level, th in  so lid  lines a n d  500 m b . d ash ed  lines. C ircles show  
es tim a ted  p o sitio n s  o f  th e  a ir  sam pled , a t  th e  tim e  in d ica ted , a n d  a t  12 h r  in te rv a ls  b efo re  
a rriv a l over C ard iff.

A t  C a r d iff  su rface  sp o re catch e s (F ig . 7) w ere  sm a ll even  d u rin g  th e  m a x im u m  on 

4 Ju ly , b u t sin gle u red o sp o re s  w ere  ca u g h t th ro u g h  5 a n d  6 Ju ly. In  v ie w  o f  the 

sy n o p tic  s itu a tio n  it  is tem p tin g  to  w o n d e r  w h eth er th e  p e a k  co n ce n tra tio n  o n  4 Ju ly  

in d icated  th e  a rr iv a l o f  sp o re-b ea rin g  a ir  a t  a ll h eigh ts ( ‘ so lid  tra je c to r ie s ’), w h erea s

F ig . 6. U p p e r  tw o  lines o f  each  a n n u a l p a n e l show  P . gram inis u red o sp o re  ca tches o n  th e  
B ishop  R o c k  L ig h t H o u se  ( in v erted  trian g le s) a n d  a t  C a rd iff  (triang les w ith  ap ex  u p p e r
m ost). A t th e  fo rm er, 1953-59, all ca tches w ere w ith  sticky  h o riz o n ta l m icro sco p e  slides o f  
w h ich  5 cm 2 w as scanned , sim ilarly  a t  C a rd iff  1947-56. F ro m  1957 to  1959 th e  C a rd iff  
c o u n ts  sh o w n  a re  f ro m  a  single daily  lo n g  axis trav e rse  o f  a  H irs t sp o re  tra p  slide, h av ing  
ap p ro x im a te ly  th e  sam e sensitiv ity  a s  th e  co u n ts  o n  h o r iz o n ta l slides. M o re  deta iled  co u n ts  
a re  av a ilab le  a n d  so m e a re  u sed  in  F ig . 7. H o llo w  trian g le s in d ica te  a  single u red o sp o re , 
so lid  trian g le s m o re  th a n  one.

L ow er p a r t  o f  each  p an e l in d ica tes  d ay s w h en  a ir  tra jec to rie s  a t  su rface  (s), 700 (7) o r  
500 m b. (5) possib ly  (ho llow  circle) o r  p ro b a b ly  (so lid  circle) p assed  ov er F ra n c e  (F ) o r  th e  
Ib e rian  pen in su la  (I). Slides m issing  w here  th e  line  is d o tted .



th e  la te r  b a re ly  d etectab le  co n cen tratio n s represented  u red o sp o res rea ch in g  th e  slow - 

m o v in g  su rface  a ir  fro m  h igh er levels  as a  resu lt o f  tu rb u len ce  a n d  g ra v ita tio n a l 

settling. T h e  evid en ce is in sufficien t to  co n firm  o r d en y  th is h yp o th esis. T h e  ascen t 

o v er  the E n g lish  C h a n n e l, a b o u t 150 n a u tica l m iles so u th  o f  C a r d iff  d u rin g  th e  

a fte rn o o n  o f  4 Ju ly, w h en  su rface  catch es su ggested  th a t the p e a k  c o n c e n tra tio n  h ad  

a lre a d y  p assed , sh o w ed  a fe w  P u ccin ia  gram inis u red o sp o res a t  h eigh ts u p  to  2750 m . 

T h is  h eig h t is rep resen tative  o f  th e  700 m b . tra jecto ries , b u t th e  v e rtic a l d istrib u tio n  

m igh t h a v e  resu lted  eith er fro m  sed im en tatio n  a n d  d o w n w a rd  m ix in g  o f  sp ores carried  

in  u p p er w in d s, o r  fro m  u p w a rd  co n v e ctiv e  m ix in g  o f  sp ores a rriv in g  in  su rface  w in d s. 

In  19 57, stem  ru st a p p e a red  in  P o rtu g a l in A p r il  an d  la ter  b ecam e severe. N o  reco rd  h a s 

b een  fo u n d  o f  its p rev alen ce  in  S p a in , b u t it  is u su a lly  co m m o n  b y  ea rly  Ju ly , a lth o u g h  

b y  th is d a te  in  1957 it  h a d  n o t been  rep o rte d  in  C e n tra l F ra n ce  o r  B e lg iu m . T h u s , 

p ro lific  sources p ro b a b ly  la y  to  th e  so u th  o f  la titu d e  4 5 0 N . S u rfa ce  tra jecto ries  c o u ld  

a cc o u n t fo r  th e  greatest c a tch  a t C a r d iff  (F ig . 7) o n  4 J u ly  w h en  th e  a ir  ca m e o v er 

S p ain . H o w e v e r, su rface  trajecto ries  a lo n e  c a n n o t ex p la in  th e  co n tin u ed  sm all catch e s 

a t  C a r d iff  o n  6 J u ly  o r  th o se  on  the B ish o p  R o c k  o n  2 an d  3 Ju ly  (F ig . 6), b o th  o f  

w h ich  c o u ld  h a v e  resu lted  fro m  sp ores w h ich  tra v e lled  a lo n g  th e  fa ster  700 m b. 

tra jecto ries .

O bservations in 1958

E a rly  in  Ju ly  1958 a  d ep ression  m o v in g  s lo w ly  eastw ard s o v er  th e  B re st P en in su la  

in to  F ra n ce  b ro u g h t a ir  to  sou th ern  E n g la n d  first fro m  th e  so u th  an d  th en  fro m  the
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F ig . 8. D ia g ra m  show ing  c o n cen tra tio n s  o f  P . gram inis u red o sp o res a t  P a d d in g to n , L o n d o n , 
b e tw een  2 a n d  5 Ju ly  1958 a n d  re la ted  su rface  a ir  tra jec to ries . C ircles sh o w  es tim ated  
p o sitio n s  o f  th e  a ir  sam p led  a t  tim e  ind ica ted , a n d  a t  12 h r  in te rv a ls  b efo re  arriva l.

east. F ig u re  8 sh o w s the P u ccin ia  gram inis u red o sp o re  co n cen tratio n s a n d  p a st tra je c 

to ries  o f  su rface a ir  a rriv in g  in  L o n d o n  d u rin g  th is p erio d . S evera l tra jecto ries  su g 

gested  c y c lo id a l p a th s rep resen tin g a ir  m o v em en t w ith in  the dep ression , sh o w in g  the 

u n ce rta in ty  o f  p re d ic tio n  in  v ie w  o f  the p ro b a b le  erro rs q u o te d  in  T a b le  1. U re d o sp o re s



w ere ca u g h t o n ly  w h en  trajecto ries  p assed  o v e r  n o rth ern  S p a in  a n d  cen tra l F ra n ce  fro m  

m id n ig h t o n  2 -3  Ju ly  u n til n o o n  o n  4  J u ly  (w ith  a  sin gle sp o re later).

F lig h t 2/58; 1 2 .4 7 -1 4 .3 7 , 3  July  1958. F ig u re  9 a sh o w s th e  co u rse  o f  t  ic  h o r i

zo n ta l traverse  a t  600 m . th ro u g h  p o sitio n s  ‘ A ’- ‘ F ’ w ith  an  a sce n t to  3050 m . a t 

‘ D ’ , to g eth er w ith  th e  co n cen tratio n s o f  P u ccin ia  gram inis  u red o sp o res a n d  o f  a ll 

o th er spores. T h e  p a st tra je c to ry  o f  a ir  sam p led  a t ‘ A ’ (n o t sh o w n ) h a d  a  m u ch  sh o rter 

trav e l o v e r  F ra n ce  th a n  th a t a t  ‘ F  b u t the to ta l catch e s d iffered  m o re  th a n  th e  ratio
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F ig . 9. D iag ram s show ing  tra c k  o f  in te rc e p tio n  flights (see F ig . 2) ( th ic k  line) a n d  sam pling  
p o sitio n s  (le tte red). A t each  p o s itio n  th e  b o x  c o n ta in s  th e  e s tim ated  c o n c e n tra tio n  o f  P . 
gram inis u red o sp o res (top ) a n d  all spo res a n d  p o llen  (b o tto m ). F o r  fu rth e r  de ta ils  see text.

o f  d ista n ce  tra v e lled  o v e r  la n d  suggested . A s  m o st o f  th e  sp ores ca u g h t a t  ‘ F ’ w ere 

o f  typ es u su a lly  co m m o n  c lo se  to  th e  g ro u n d  in  d a ytim e , th e  ex ten t o f  d a y tim e  tra v e l 

o v e r  la n d  w a s exam in ed . A ir  sam p led  a t ‘ F ’ h a d  b een  o v e r  F ra n ce  th ro u g h o u t 2 Ju ly, 

w h erea s a ir  sam p led  a t ‘ A ’ h a d  cro ssed  la n d  o n ly  d u rin g  th e  n ig h t o f  2 J u ly  a n d  

b riefly  th e  fo llo w in g  m o rn in g . A lth o u g h  fe w  sp o re ty p e s are  lim ited  en tire ly  “O d a y  o r  

n ig h t lib e ra tio n  (H irst, 1953), the ra tio s  o f  catch e s a t  ‘ F : A ’ o f  th e  d a ytim e C la d o -  

sp o riu m , U s tila g o  a n d  A lte rn a r ia  w ere, resp e ctively , 7 9 :1 ,  3 5 :1  an d  9 4 :1 ,  w h ereas the 

p red o m in a n tly  n igh tim e S p o ro b o lo m y ce s , T ille tio p s is  a n d  ‘ a s c o s p o r e ’ g ro u p s w ere 

resp ectively  2 : 1 ,  1 : 1  a n d  2 : 1 .  T h is  su p p o rts  th e  id e a  th a t th e  tim e as w ell as th e  d is

ta n ce  o f  a ir-flo w  o v er la n d  m a y  h a v e  b een  im p o rta n t in  d eterm in in g sp o re  co n cen tra 

tio n s and, in  th e  ab sen ce  o f  o th er ev id en ce, suggests a  F re n ch  so u rce  fo r  th e  u red o -
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sp ores w h ich  w ere co m m o n est to w a rd s  th e  ea st en d  o f  the traverse. T h e  a sce n t o ver 

‘ D  ’ w a s to o  fa r  w est to  in tercep t m a n y  u red o sp o res, an d  a lth o u g h  o th er sp ores w ere 

n u m ero u s u p  to  900 m ., co n ce n tra tio n  d ecreased  ra p id ly  a b o v e  th is (F ig . 10). T h e  

tem p eratu re pro file  a p p ro x im a ted  to  th e  satu rated  a d ia b a tic  la p se  rate  so  th ere  w o u ld  

h a ve  been  little  co n v e ctio n , a n d  co n te m p o ra ry  tem p eratu re  p rofiles co u ld  n o t a c c o u n t 

fo r  th e  h eigh t d istr ib u tio n  o f  sp o res.
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F ig . 10. T e m p e ra tu re  p ro file  (left) a n d  profiles o f  co n c e n tra tio n s  o f  v ario u s  sp o re  types 
(righ t) in  th e  ascen t over D  in  F ig . 9 a, F lig h t 2/58.

103 ft. km.

F ig . 11. T em p era tu re  p ro file  (left) a n d  profiles o f  c o n cen tra tio n s  o f  v a r io u s  sp o re  ty p es in  th e  
ascen t ov er C  in  F ig . 9 b, F lig h t 3/58.



F lig h t 3I58; 1 1 .5 4 -1 3 .2 9 , 4 July 1938. A n  in terce p tio n  flig h t w as rep eated  n ext d a y  

b u t, desp ite  m o d ificatio n s in ten d ed  to  a v o id  c lo u d , sam ples fro m  ‘ A ’ an d  ‘ 3 ’ w ere 

lo st b ecau se  o f  ra in  (F ig . 9 b). F e w e r  sp ores o ccu rred  in  the eastern  p a rt o f  the traverse 

th a n  o n  th e  p rev io u s  d a y . H o w e v e r, the ascen t a b o v e  ‘ C ’ (F ig . 11 )  w as m o rs  fo r tu 

n ate ly  p laced . T h e re  w a s  som e in sta b ility  a b o v e  900 m . b u t the a ir  w as m o rs  stab le  

b en eath , w ith  su ggestion s o f  a n  in versio n  n ear the su rface. A b o v e  600 m . m o st p rofiles 

o f  lo g . (n -  1) sp ores/m .3 o f  a ir  d ecreased  a lm o st lin e a r ly  w ith  h eigh t. M o re  P uccin ia  

gram inis u red o sp o res w ere ca u g h t th a n  the p rev io u s  d a y  b u t co n cen tratio n s w ere still 

sm all co m p a re d  to  o th er ty p e s; m o st w ere a t 900 m . A lte rn a r ia  an d  o th er less c o m m o n  

sp o re ty p e s w ere m o re  freq u en t a t 600 m . th a n  a t 300 m .

Long-distance spore transport 347

103 ft. km.

Log (n-f-1) spores/m.3

Fig . 12. T em p era tu re  p ro file  (left) an d  profiles o f  c o n cen tra tio n s  o f  v ario u s sp o re  types in  
th e  a scen t over C  in  F ig . 9 c, F lig h t 4/58.

F lig h t 4/58; 13 .3 9 -15 .0 3 , 2 j  A ugust 1958. B y  27 A u g u s t 1958 P uccin ia  gram inis 

w as p resen t o n  w h e a t cro p s  in  cen tra l an d  sou th ern  E n g la n d , so fu rth er u red o sp o re  

in tro d u ctio n s  w ere o f  m o re  in terest a e ro b io lo g ic a lly  th a n  a g ricu ltu ra lly . T h e  su rface 

tra je c to ry  o f  the a ir  sam p led  sh o w ed  th a t it  tra v e lled  n o rth  o v er  F ra n ce  o n  26 A u g u st, 

b u t ea rlier h a d  been o v e r  E n g la n d  o n  th e  25 A u g u s t. A t  th is tim e a  sm all d ep ressio n  

p a sse d  eastw ard s o v e r  so u th ern  E n g la n d , an d  b eh in d  it  a ir  m o v ed  so u th  in to  F ra n ce , 

p o ss ib ly  a lm o st to  th e  M e d iterra n e a n  in  the even in g o f  the 26th. T h e n  an  a n ticy clo n e  

d e v e lo p in g  o v e r  cen tra l E u ro p e  b ecam e d o m in a n t a n d  b y  the tim e o f  the flig h t so u th erly  

w in d s w ere w ell estab lish ed . S p o re  d istrib u tio n  w a s v a ria b le  a n d  a g a in  th e  ascen t 

o v e r  ‘ C ’ (F ig . 9 c )  p ro b a b ly  m issed  the greatest co n ce n tra tio n  o f  u red o sp o res. M o s t 

sp o re p ro files (F ig . 12) sh o w e d  tw o  den se stra ta  a t 300 an d  2100 m ., b u t P . gram inis 

w as u n iq u e in  sh o w in g  a  sin gle p e a k  a t 1500 m . H a d  th e  tem p eratu re in versio n  a t 

600 m . b een  w id esp re ad  o v e r  E u ro p e, it  c o u ld  ex p la in  the ra p id ly  d ecreasin g  c o n 

cen tra tio n  in  the lo w e r  h a lf  o f  the p rofile  b u t n o t the in creased  freq u e n cy  o f  sp ores a t 

2100 m . T h ese  sp ores seem  to  b e  su rv iv o rs o f  a  c lo u d  raised  by earlier co n v ectio n , per-
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h a p s o v e r  F ra n ce  o n  26 A u g u s t  o r  even  o v e r  E n g la n d  o n  25 A u g u s t  a n d  reta in ed  in  

su sp en sio n  b y  in sta b ility  a b o v e  th e  in v ersio n . E v e n  th is th e o ry  fa ils  to  e x p la in  th e  c o n 

trastin g  P . gram inis u red o sp o re  p rofile .

O bservations in 1959

D u rin g  th e  w a rm  d ry  su m m er P u ccin ia  gram inis d e v e lo p e d  fa st in  E u ro p e. T h e  first 

reco rd  cam e in  M a r c h  fro m  A n d a lu s ia , S p a in ; b y  e a r ly  June it  h a d  sp read  to  a ll 

ex cep t th e  n o rth  o f  th e  Ib eria n  P en in su la  a n d  in to  so u th  F ra n ce , a n d  b y  e a r ly  Ju ly  to  

n o rth  F ra n ce . T h e  u red o sp o re  in tro d u ctio n  o b served  in  Ju ly  1959 resu lted  fro m  air 

m ovem en ts a ro u n d  h igh -p ressu re system s ra th er th a n  dep ression s w h ich  w ere  im p o r

ta n t in  1957 an d  1958. A n  a n ticy c lo n e  m o v ed  s lo w ly  ea st fr o m  th e  B a y  o f  B is ca y  o n  

2 Ju ly, acro ss n o rth  F ra n ce  b y  4 Ju ly  a n d  w ea k en ed  o v e r  th e  B a ltic  o n  6 July. A  seco n d
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F ig . 14. T em p e ra tu re  p ro file  (left) a n d  profiles o f  c o n cen tra tio n s  o f  v ario u s sp o re  ty p es in  th e
ascen t ov er C  in  F ig . 9 d.

a n ticy clo n e  p assed  fa ster  ea stw a rd  o v er  the so u th  c o a st o f  E n g la n d  on  7  J u ly  a n d  in to  

R u ss ia  b y  9 Ju ly. F ig u re  13 sh o w s th a t n o rth w a rd  a ir  m o v em en t on  th e  w est side o f  

ea ch  a n ticy c lo n e  b ro u g h t u red o sp o re s to  th e  tra p  o p eratin g  in  L o n d o n , p a rticu la rly  

o n  5 a n d  8 Ju ly , w h ereas th e  tra jecto ries  w h ich  h a d  p a sse d  o v er  th e  A t la n tic  w ere  free 

o f  a ll b u t o cca sio n a l u red o sp o re s, these ex cep tio n s p erh ap s resu ltin g  fr o m  th e  a d 

m itted  erro rs o f  tim e an d  p o sitio n  w h ich  tra jecto ries  im p ly .

F lig h t 215 9 ; 0 8 .5 8 -10 .15, 9 July 1959. N o  flig h t co u ld  b e  m a d e u n til a lm o st th e  en d  

o f  th e  seco n d  in tro d u ctio n . M o s t  sp ores w ere  c o m m o n  a ll a lo n g  th e  traverse , b u t 

P uccin ia  gram inis u red o sp o re s w ere  lim ited  to  th e  eastern  h a lf  (F ig . 9 if). H y d e  &  A d a m s  

(O g ilv ie  &  T h o rp e , 196 1) ca u g h t u red o sp o re s a t  th e  B ish o p  R o c k  on  4 Ju ly, a n d  a t 

C a r d iff  o n  5 J u ly  d u rin g  the first im m ig ratio n , b u t o n ly  a  fe w  a t C a r d iff  (10  Ju ly) 

d u rin g  the secon d .

2 3 G. Microb. 48
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A n  in versio n  b e lo w  600 m . p ro b a b ly  exten d ed  d o w n  to  sea level, b u t a b o v e  900 m . 

th ere w as co n d itio n a l in sta b ility  (F ig . 14), so  th a t m a n y  o f  th e  sp ores raised  b y  c o n 

v e ctio n  b efo re  th e  in v ersio n  fo rm ed  co u ld  rem ain  in  su sp en sion . B y  co n tra st, b e lo w  th e  

in versio n  g r a v ita tio n a l settlin g a n d  fr ic tio n a l tu rb u len ce  w o u ld  co m b in e to  d ecrease  

th e  n u m b er o f  a irb o rn e  sp ores. T h e  agreem en t b etw een  the p rofiles o f  v a r io u s  sp o re  

ty p e s a n d  the w ea th er situ a tio n  b o th  su ggest th a t m o st sp ores co lle cted  co m e  sim u l

ta n e o u sly  fro m  th e  sam e so u rce  area. T h e  p ro files fo r  ‘ a sco sp o res ’ a n d  ‘ u n cla ssified  ’ 

typ es d o  n o t sh are the decrease in  co n cen tra tio n  b e lo w  900 m . an d  p erh a p s s ig n ifica n tly  

b o th  m a y  be lib e ra ted  a t n igh t.

J. M. H I R S T ,  O. J. S T E D M A N  A N D  W . H. H O G G

DISCUSSION

B ecau se  o f  the d ifficu lty  o f  sa m p lin g  fro m  a irc ra ft d u rin g  rain , m o st fligh ts w ere  

m ade d u rin g  fine w ea th e r w h en  a irb o rn e  sp ores w ere  p ro b a b ly  co m m o n est. E v en  

a llo w in g  fo r  th is, the large  co n cen tra tio n s  fo u n d  stress the freq u e n cy  a n d  p o te n tia l 

o f  lo n g-d ista n ce  sp o re tran sp o rt. S p o res w ere  ca u g h t on  every  o cca sio n , i o 4 sp ores/m .3 

w ere c o m m o n  a t 600 m ., u su a lly  d ecreasin g  to  h u n d red s/m .3 a t 3000 m . S am p les 

fro m  greater h eigh ts w o u ld  h a ve  been in terestin g, p a rticu la rly  in je t  stream s, b u t th e  

sm a ll co n cen tra tio n s  a t 3000 m . sh o w  th a t la rg e r  sam ples a n d  p rev en tio n  o f  c o n 

ta m in a tio n  w o u ld  be n ecessary  to  m a k e th em  reliab le . F o r  the fu tu re  w e reco g n ize  

the n ecessity  o f  m easu rin g  sp o re  v ia b ility  an d  re latin g  co n cen tra tio n s  in  ve rtica l 

p rofiles to  th e  stren gth  o f  sources, g ro u n d  level sp o re co n cen tratio n s a n d  to  the 

n u m ber o f  sp ores d ep osited .

The vertical distribution o f  spores

T h e  fu n g a l flo ra  o f  the a tm o sp h ere  ch an ges w ith  tim e o f  d a y  and  the w ea th e r 

(H irst, 1953), a n d  w e h a ve  selected  C la d o sp o r iu m  to  in d icate  co n v ectiv e  a ctiv ity  

b ecau se  it is u su a lly  th e  d o m in a n t sp o re n ear th e  g ro u n d  in  d a ytim e. C la d o sp o r iu m  

co n id ia  v a ry  in  len gth  fro m  4 to  20 ¡1 a n d  p ro b a b ly  in  term in al v e lo c ity  fro m  1 to  

5 m m ./sec. o r, in  still a ir, 90-450 m ./day. S p o res o f  m a n y  o th er fu n gi lie  w ith in  th is ran ge. 

P o lle n s h a ve  been u sed  as exam p les o f  la rg e r  p a rtic les , m o st o f  w h ich  fa ll a t 2 cm ./sec. 

o r  faster, eq u iva len t a t lea st to  1700 m ./day.

W h e re  co n v e ctio n  w a s a ctiv e , a ll d a y-lib e ra ted  sp o re  typ es sh o w ed  sim ilar p ro files, 

p resu m a b ly  b ecau se  ve lo citie s  b o th  in  a scen d in g  an d  d iffu sin g  eddies are fa st re lativ e  

to  settlin g ve lo cities. T h is  su p p o rts  G r e g o r y ’ s (19 6 1) co n ten tio n  th a t g ra v ita tio n a l 

settlin g  can  rea so n a b ly  be o m itted  fro m  ca lcu la tio n s  o f  d iffu sio n  n ea r sou rces in  tu r 

b u le n t a ir. B u t, as S ch ro d te r  (i9 6 0 ) p o in te d  ou t, sp ores co n tin u e  fa llin g  in  tu rb u le n t 

a ir, a lth o u g h  w h en  c o n v e ctio n  is a ctiv e  the n et m o v em en t o f  the sp o re c lo u d  m a y  b e  

u p w a rd . In  ca lm er co n d itio n s  a ir  m a y  subside, an d  the results fro m  fligh ts since 

th o se  rep o rte d  su ggest stratificatio n  o f  the sp o re  c lo u d  a cc o rd in g  to  p a rtic le  size 

(H irst, S ted m a n  &  H u rst, 19 6 7; an d  see a lso  R e m p e, 1937).

D a y -lib e ra te d  sp ores w ere p red o m in a n t in  a ll ve rtica l p rofiles, w ith  C la d o sp o r iu m  

(80 % ) fo llo w e d  b y  p o llen s a n d  U stila g o  a t  th e ir  seaso n al m a x im a  (G r e g o ry  &  H irst, 

1957). T h e  fo llo w in g  w ere th e  m a xim u m  co n cen tra tio n s  o f  o th er im p o rta n t fu n g i 

cro ssin g  the E n g lish  C h a n n e l fro m  co n tin en ta l E u ro p e : U stila g o  (22,000/m.3), A lte r-  

n a ria  (1000/m .3), u n classified  u red o sp o re s (900/m.3), E p ico cc u m  (500/m.3), P o ly -  

thrincium  trifo lii (270/m3), B otrytis cinerea  (140/m .3), H e lm in th o sp o riu m  (40/m .3), 

E ry sip h e  (30/m.3) a n d  E n to m o p h th o ra ce a e  (10/m .3). Venturia inaequalis c o n id ia
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(H irst  &  S ted m a n , 196 1) w ere  o ften  p resen t (m ax. 90/m.3) a ll a lo n g  the tran sects o f  

in terce p tio n  fligh ts an d  o n ce  u p  to  2000 m . an d  c o n id ia  o f  p e a r  scab  ( V . p in n a ) w ere 

a lso  c a u g h t o n  o n e flight.

M a rk e r  sp ores to  d em o n strate  tra n sp o rt p ro cesses a t  n ig h t a re  m o re  d ifficu lt to  

ch o o se , b ecau se  ty p e s th a t are  co m m o n  en o u g h  a re  ty p ic a l o f  d a m p  a ir  w h ich  m a y  

o ccu r  b y  d a y  as w ell as a t  n igh t. O f  these types, a sco sp o res (m o stly  c o lo u re d  a n d  m u lti- 

sep tate) w ere co m m o n est (m ax. 4500/m.3). S m all co n cen tratio n s o f  h y a lin e  b asid io - 

sp ores a n d  the b a llis to sp o res  o f  ep ip h y tic  yeasts lik e  S p o ro b o lo m y ce s  a n d  T ille tio p sis  

w ere  ca u g h t o c ca sio n a lly , b u t w ere  o n ly  in c lu d ed  in  th e  m iscellan eo u s c a te g o ry  ‘ o th er 

classified  g r o u p s ’ .

T h e  dep en den ce o f  sp o re ascen t o n  c o n v e ctio n  is d em o n strated  b y  th e  ra p id ly  d e 

creasin g  co n cen tra tio n  w ith  a scen t th ro u g h  tem p eratu re  in version s, o ften  v isib le  as 

‘ h a ze  t o p s ’ o f  w h ich  sp ores m a y  b e  an  im p o rta n t co n stitu en t. A s  a n y  sp o re c lo u d  

d erived  fro m  g ro u n d  sou rces d im inishes in  co n cen tra tio n  w ith  h eigh t, it  is in terestin g  

to  see th a t th o ro u g h  m ix in g  in  th e  fr ic tio n a l tu rb u le n ce  zo n e  often  g a v e  an  a lm o st 

u n ifo rm  co n cen tra tio n  in  th e  lo w est k ilo m etre . S p o res w ere  o ften  m o re  co n cen trated  

a b o v e  tem p eratu re in versio n s th a n  b e lo w  them . R e m p e (193 7) a ttr ib u te d  these den se 

co n cen tratio n s to  th e  a ccu m u la tio n  o f  sp ores in  o r  a b o v e  th e  stab le  a ir stratu m , an d  

oth ers (see G r e g o ry , 196 1) h a v e  d iscussed  th e  existen ce o f  a  ‘ b io lo g ic a l z o n e ’ w ell 

a b o v e  the e a rth ’s su rface. A c c u m u la tio n  co u ld  o ccu r  i f  sp ores w ere  ca p tu red  w ith in  

c lo u d  d ro p lets  a n d  released  w h en  th e  d ro p s ev a p o ra te d . O th erw ise  th ere is n o  fo rce  

to  c a rry  th e  sp ores u p w a rd s o r  d o w n w a rd s th ro u g h  a  stab le  la y e r  in  eddies, a n d  

e q u a lly  n o n e to  p rev en t th e m  fa llin g  th ro u g h  it  a t  th e ir  term in a l v e lo city .

T h e se  a b n o rm a l p ro files are  m o re  p r o b a b ly  ve stig ia l rath er th a n  ru d im e n ta ry , th e  

resu lt o f  in versio n s p rev en tin g  u p w a rd  d iffu sio n  b u t  n o t d o w n w a rd  settlin g. T h u s  

w h en  a ctiv e  c o n v e ctio n  raises sp ores th ro u g h  c le a r  a ir  to  a n  in versio n , th e  p o s itio n  o f  

the in v ersio n  w o u ld  b e  m a rk e d  b y  a  ra p id  d ecrease in  co n cen tratio n  a n d  p ro b a b ly  a  

‘ h a ze  to p  ’ . A n  in v ersio n  d ev e lo p in g  n ea r th e  g ro u n d  a fter  a  d a y  o f  a ctiv e  co n v e c tio n  

w o u ld  n o t im p e d e g r a v ita tio n a l settlin g  o r  d iffu sio n  b y  fr ic tio n a l tu rbu len ce. A b o v e  

th is la y e r  o f  d ep le tio n  a  zo n e  o f  re lativ e ly  h ig h  co n cen tratio n  w o u ld  rem ain  w h ere  

m ix in g  b y  in sta b ility  co u ld  co n tin u e  a n d  sp ores w o u ld  b e  rem o ved  o n ly  b y  settlin g  o r  

b y  ca p tu re  in  d ro p lets . S u ch  th eories c o u ld  b e  tested  b y  stu d y in g  sequen ces o f  ve rtica l 

sp o re p ro files o f  n igh t- an d  d a y-lib e ra ted  spores, p ro v id e d  the co m p lica tio n s  o f  inten se 

sp o re lib e ra tio n  som etim es a sso ciated  w ith  th e  o n set o f  ra in  w ere ex c lu d e d  (H irst 

&  S ted m a n , 1963).

A b e r ra n t sp o re p ro files co u ld  resu lt fro m  fa cto rs  o th er th a n  tem p eratu re in versio n s, 

fo r  ex a m p le  w a sh -o u t b y  rain , w in d  shear, o r  a ltern a te  tra v e l o v er  la n d  a n d  sea. M o re  

is k n o w n  o f  th e  th e o ry  o f  sp o re ca p tu re  b y  ra in d ro p s th a n  o f  its effects. D ro p s  la rg e r  

th a n  2 m m . d iam eter a re  m o st efficien t in  tra p p in g  sp ores (L an g m u ir, 1948; see 

G re g o ry , 19 6 1) a n d  in  d ep o sitin g  th em , b ecau se  th e y  fa ll fa s t  an d  e v a p o ra te  s lo w ly . 

S m aller  d ro p lets  fa llin g  w ith in  c lo u d s a n d  th en  e v a p o ra tin g  p ro v id e  a  p o ssib le , b u t 

u n p ro v e n , m ech an ism  o f  ve rtica l sp ore tra n sp o rt a n d  a u n iq u e m ean s o f  co n cen tra tin g  

sp ores in  som e strata. D illo n  W e s to n  (1929) rep o rte d  s ig n ifican tly  m o re  fu n g a l a n d  

b a cteria l co lo n ie s  on  P etri d ishes ex p o sed  in  c lo u d  th a n  in  c le ar  a ir ; H eise  &  H eise

(1948) a lso  ca u g h t m o re  rag w eed  p o lle n  (A m b ro sia  species) a n d  A lte rn a r ia  species on  

stick y  m icro sco p e  slides ex p o sed  d u rin g  fligh ts th ro u g h  p a rtia l c lo u d  co \e r . U n fo r 

tu n ately  n eith er resu lt p ro v es th a t sp ores w ere  m o re  n u m ero u s in  c lo u d s, b ecau se  th e

Long-distance spore transport
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effic ien cy  w ith  w h ich  free and  d ro p let-b o rn e  sp ores are  d ep o sited  on  su ch  tra p  su rfaces 

a t  a ir  speeds o f  a b o u t 90 k n o ts (160  km ./hr) is u n k n o w n . A ls o , m o re  o rgan ism s m a y  

g ro w  on  P etri d ishes ex p o sed  in  c lo u d  b ecau se  th e y  h a d  b een  b etter p ro te cte d  a g a in st 

d esiccatio n  an d  rad ia tio n . O u r  tra p p in g  m eth o d  w a s e q u a lly  u n relia b le  in  c lo u d  b e 

cau se  even  th e  3 m m . orifice  co lle cte d  en o u g h  w a te r  to  w a sh  the trace  a n d  ev en  to  

rem o ve th e  ad h esive lay e r. C o n se q u e n tly  the a irc ra ft a v o id e d  c lo u d  w h e n  p o ssib le  

b u t m o st catch es fro m  w ith in  o r  b etw een  c lo u d  w ere n o  large r  th an  elsew h ere. W e  h ave 

a lrea d y  su ggested  th a t rain  m o d ified  th e  pro file  o f  F lig h t 7/57, b u t w in d  shear o r  the 

h is to ry  o f  the a ir  sam p led  w a s som etim es m o re  im p o rta n t. D u rin g  F lig h t 4/57 C la d o -  

sp o riu m  and U s tila g o  w ere the p red o m in an t fu n gi, a t  2100 m . the co n cen tra tio n  o f  a ll 

sp ores w a s 5080/m.3 co m p a re d  w ith  o n ly  600/m.3 a t 1200 m . T h e  fligh t w a s m a d e  

b e fo re  the seaso n al m a xim u m  o f  U s tila g o  in E n g la n d  a n d  the large  co n cen tra tio n  in  th e  

u p p er p a rt o f  the p ro file  w as th erefo re  p ro b a b ly  b ro u g h t b y  the w in d s fro m  the 

so u th  at 700 an d  500 m b. levels (see F ig . 7 an d  p. 344). T h e  tw o  stra ta  o f  den se sp o re 

co n cen tra tio n  sh o w n  in  F lig h t 4/58 (F ig . 11 a) p ro b a b ly  reflected  the p re v io u s  m o v e 

m en t o f  a ir n earer the su rface.

T h ese  m o d ificatio n s w o u ld  a ffect a ll sp ore typ es, b u t p rofiles reco rd ed  d u rin g  in ter

c e p tio n  fligh ts sh o w  excep tio n s, p a rticu la rly  P uccin ia  gram inis u red o sp o re s an d  

A lte rn a ria , o f  w h ich  there w ere few er in the lo w est zo n es sam pled  th a n  in  th o se  im 

m ed ia te ly  a b o v e . W e  w o n d ered  w h eth er this shape co u ld  b e  asso ciated  w ith  a  d istan t 

origin . T h u s  p rofiles like  th a t o f  P . gram inis in  F ig . 10 b  co u ld  b e  d erived  fr o m  the 

stra igh t lines o f  m o st o th er sp o re types. W h e n  a  sp o re c lo u d  is b lo w n  fro m  its so u rce  

it  is n o  lo n g er rep len ish ed , b u t sp ores are  still su b ject to  d ep o sitio n . S ed im en ta tio n  an d  

tu rb u le n t d ep o sitio n  w ill p referen tia lly  rem o v e sp ores fro m  th e  base o f  the p ro file , 

w h ere d esp ite th e ir  greater in itia l co n cen tratio n  ‘ e r o s io n ’ sh o u ld  first be d etectab le  b y  

co n cen tra tio n  d ecreasin g. S p ores o f  o th er fu n gi m a y  h a ve  trav e lled  as fa r  as 

P . gram inis, b u t w h ile  tra v e llin g  o v er  sou rces o f  n ew  spores ero sio n  w o u ld  n o t be a p 

p a ren t a n d  lo c a l a n d  d ista n t co n trib u tio n s  to  the pro file  w o u ld  be in d istin gu ish ab le . 

I f  th is id ea  is co rrect, ‘ e ro d ed  ’ p rofiles o f  e x o tic  sp ores m igh t p ro v id e  a  u sefu l m eans 

o f  stu d y in g  th e  d ep letio n  o f  sp o re c lo u d s d u rin g  d ista n t tran sp o rt.

H orizon tal travel o f  spores

C lo se  to  sources the lim its o f  the ‘ d isp ersa l co n e  ’ are  rea so n a b ly  w ell defin ed  a n d  

d eterm in ed  b y  th e  g ro u n d , tu rbu len ce, an d  the speed an d  d irectio n  o f  the w in d , b u t 

fu rth er fro m  sources a d d itio n a l fa cto rs  seem  im p o rta n t. T h e  d irectio n  o f  g e o stro p h ic  

w in d s ap p ro x im ates to  the cu rv a tu re  o f  iso b a rs; a ir  m o vem en t is th erefo re  seld om  

stra ig h t, so  it is u n w ise to  assum e th a t sp ores h a v e  trav e lled  fa r  in th e  d irectio n  o f  the 

lo c a l w in d . T h e re  are  e x c e p tio n s ; fo r  exam p le, in  the N o rth ern  H em isp h ere a  lo n g  and 

w id e  b elt o f  so u th erly  w in d s m a y  o ccu r  betw een  an  a n ticy clo n e  an d  a d ep ressio n  to  the 

w est o f  it, a  s itu a tio n  C ra ig ie  (1945) fo u n d  often  resp o n sib le  fo r  the n o rth w a rd  tran s

p o rt o f  Puccin ia  gram inis u redosp ores to  the m id -w est an d  p ra irie  w h ea t-g ro w in g  areas 

o f  N o r th  A m e rica . T h is  situ a tio n  seem ed less freq u e n t in  w estern  E u ro p e  (see F ig . 6). 

A m o n g  the ep isodes w e exam in ed  in deta il, sp ores w ere  carried  w ith in  the c ircu latio n  

a ro u n d  b o th  high - a n d  low -p ressu re system s a n d  su ccessfu l tran sp o rt d em a n d ed  a 

d elicate  b a la n ce  o f  tim e an d  m o tio n  re lative  to  the p o sitio n s  o f  sou rce an d  sin k.

S am p lin g  in  B rita in  an d  o v er the E n glish  C h a n n el, su p p o rted  b y  m e te o ro lo g ic a l 

an alysis, p ro d u ced  c o n v in c in g  evid en ce o f  th e  im m igratio n  o f  Puccin ia  gram inis u red o -
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sp o res an d  p r o b a b ly  o th er p la n t p a th o gen s. H o w e v e r, estim atin g  th e  p ro b a b le  tra jec to ry  

o f  a ir  sam p led  o n  the g ro u n d  a t a n y  on e p o in t an d  tim e reveals little  o f  the d ista n t 

d isp ersa l processes b ecau se it  can  in d icate  o n ly  th e  p ro b a b le  d irectio n  o f  th e  so u rce, 

n o t its d istan ce. It seem ed p o ssib le  th a t tra jecto ries  m igh t b e  d iv id ed  in to  d a y- an d  n igh t- 

len gth s to  in d icate  c o rresp o n d in g  sou rces o f  sp ores u su a lly  m o st c o m m o n  in  th e  a ir  

b y  d a y  o r  n igh t. H o w e v e r, sp o re tra p p in g  a m o n g  cro p s  sh o w ed  th a t m a n y  ‘ d a m p -a ir ’ 

typ es are  a lso  c o m m o n  in  d a m p  air b y  d a y , an d  even  sp ores ty p ic a l o f  d ry  a ir  co u ld  b e  

d isp ersed  in  g rea t q u a n tity  a t  the sta rt o f  h e a v y  rain  (H irst &  S ted m an , 1963). S im i

la r ly , fligh ts lik e  th o se  d escrib ed  p ro v id e  o n ly  cru d e  ‘ s n a p sh o ts ’ o f  sp o re c lo u d s 

d u rin g  tran sp o rt. C o m p reh e n siv e  sa m p lin g  needs to  be th ree-d im en sio n al an d  rep e ti

tive. E xp en se  p ro h ib its  su ch  sam p lin g , so  th e  p ro b a b le  shape, size, d ev e lo p m e n t and  

d ep letio n  o f  sp o re c lo u d s d u rin g  d ista n t d isp ersa l w ill h a v e  to  b e  in ferred  fro m  o r th o 

d o x  m e te o ro lo g ica l d a ta , a n d  catch es b y  g ro u n d  trap s w h en ever p o ssib le . In terp reta 

tio n  w o u ld  b e  im p ro ve d  g re a tly  b y  fu rth er in fo rm a tio n  o n  the rate  a t w h ich  sp o re 

c lo u d s d e v e lo p  a b o v e  so u rce  areas a n d  the sp eed  a t w h ich  th e y  a re  d ep leted  w h en  

m o v ed  a w a y . T h ese  o b jectives seem  to  requ ire  m o re  co m p le x  flights, p a rticu la rly  

sequen ces o f  ascen t d u rin g  d a y  an d  n igh t, an d  d u rin g  th e  trav e l o f  a  sp o re c lo u d  o v er 

the sea, the m o st co n v en ien t n o n -so u rce  area.

M a n y  p e o p le  h ave h elp ed  w ith  th is w o rk  a t  v a r io u s  tim es a n d  w e are g ra te fu l to  all. 

T h e  D ire cto r  G e n e ra l o f  th e  M e te o ro lo g ica l O ffice  is sp ecia lly  th a n k e d  fo r  the facilities 

an d  g iv in g  p erm issio n  to  p u b lish . N o th in g  co u ld  h a v e  been a cco m p lish e d  w ith o u t the 

w illin gn ess o f  th e  M e te o ro lo g ica l R e sea rch  F lig h t  to  a d d  these o b serva tio n s to  th eir  

n o rm a l d u ties an d  w e are m o st gra tefu l to  D r  R . J. M u rg a tro y d , w h o  w a s in  ch arge , to  

M r  N . P . G a rr o d , M r  F . S in g leto n , M r  S. G . C o r n fo r d  an d  to  th e  a ir  crew s.

W e  are in d eb ted  to  M r  H . A .  H y d e  a n d  M r s  K .  F . A d a m s , n o w  o f  th e  A s th m a  an d  

A lle r g y  R e sea rch  U n it, S t  D a v id ’ s H o sp ita l, C a rd iff, fo r  p erm issio n  to  q u o te  u n p u b 

lish ed  d a ta  in  F ig . 6 an d  to  D r  E liza b e th  D . H a m ilto n  fo r  u red o sp o re  co u n ts fro m  the 

sp o re trap  a t  S t M a r y ’ s H o sp ita l, L o n d o n . F in a lly  w e th a n k  M rs  M a u re e n  P a rk e r  fo r  

h er  sk ill an d  p a tien ce  in  p rep arin g  th e  d iagram s.
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SUMMARY

T o  m easu re the ra te  a t  w h ich  sp o re c lo u d s w ere d ep leted  o v e rth e  sea, sp ores 
w ere co lle cte d  w ith  iso k in e tic  su ctio n  im p a cto rs  m o u n ted  in  a ircra ft o f  the 
M e te o ro lo g ica l R e sea rch  F lig h t, F a rn b o ro u g h . R e m o te  fro m  sources ab le  
to  replen ish  sp o re c lo u d s, p referen tia l d ep o sitio n  fr o m  the lo w e r  layers cau sed  
‘ ero sio n  ’ o f  th e  b ase  o f  ve rtica l p ro files o f  sp o re co n cen tra tio n  le a v in g  m a x i
m a  a t h eigh ts b etw een  500 a n d  1500 m . T o  d eterm in e ve rtica l sp o re d is
tr ib u tio n s  th ro u g h o u t th e  large st p o ssib le  d ista n ce  d o w n w in d  o f  th e  E n g lish  
co a st, a  sa w -to o th  flig h t p la n  o f  a ltern a tin g  ascen t an d  d escen t w a s used. 
O f  fo u r  fligh ts, tw o  en co u n tered  fa v o u ra b le  w ea th er, ra in  in terfered  w ith  
sam p lin g  o n  on e an d  u n exp ected  w in d s acro ss th e  tra c k  co n v erted  a n o th er 
in to  an  u n in ten d ed  b u t in terestin g  cro ss-w in d  sectio n  o f  sp o re d istribu tio n .

P o lle n s  a n d  C la d o sp o r iu m  sp ores w ere co u n ted  as exam p les o f  large  an d  
sm all sp ores lib e ra ted  ty p ic a lly  b y  d a y , a n d  a  co m p o site  g ro u p  o f  sp ores 
lib era ted  in  d a m p  a ir  w a s ch o sen  as a n  in d ica to r  o f  sp ores lib e ra ted  m o stly  
a t  n igh t. In  tw o  fligh ts in  fine w ea th er m a xim u m  sp o re co n cen tratio n s o ccu rred  
h u n d red s o f  m iles o ff-sh o re. D ia g ra m s sh o w in g  h eigh t, d istan ce  fro m  the 
c o a s t an d  lines o f  eq u a l sp o re co n cen tra tio n  ( ‘ iso sp o res ’) d em o n strated  d is
crete  c lo u d s o f  ea ch  m a rk er sp o re typ e . P o lle n  a n d  C la d o sp o r iu m  c lo u d s 
w ere cen tred  a t a p p ro x im a te ly  the sam e d istan ces fro m  the c o a s t b u t w ith  
th e  p o lle n  a b o u t 500 m . lo w er, p ro b a b ly  b ecau se  the p o lle n  gra in s sedi
m en ted  faster. M a x im u m  co n cen tra tio n s  o f  the d a m p -air  g ro u p  som etim es 
co in cid ed  an d  som etim es a ltern ated  w ith  th e  d a y-lib e ra ted  gro u p s. K n o w n  
p e rio d ic ities  o f  these sp ores o v er  la n d , su rface a ir  trajecto ries  a n d  p rev io u s  
w ea th er, su ggested  th a t the sp o re c lo u d s w h ich  th e  a ircra ft o v e rto o k  o ver 
th e  N o r th  S ea, w ere th e  resid u e o f  th o se  p ro d u ce d  fr o m  the B ritish  Isles on  
p rev io u s  d a ys  o r  n ights. In terp retatio n  o f  the results w a s lim ited  b y  m eteo ro 
lo g ic a l u n certa in ties, th e  g e o g ra p h ica l co m p le x ity  o f  p ro b a b le  so u rce  areas, 
an d  p erh a p s m o st b y  ch an ges in  th e  n u m b er o f  sp ores cro ssin g  the c o a st a t 
d ifferen t tim es o f  d a y , w h ich  p rev en ted  a ccu ra te  m easu rem en t o f  rates o f  
sp o re d ep o sitio n .

S p o res o f  m a n y  species w ere reco g n ized  o v e r  th e  N o r th  Sea. T h e  p la n t 
p a th o g en s in clu d ed  estab lish ed  d ista n t m igran ts su ch  as u red o sp o res o f  
P u ccin ia  gram inis, w h ich  a p p a re n tly  o rig in ate d  ea st o f  th e  B altic . T h e  v ia 
b ility  o f  th e  sp ores w a s n o t tested , b u t it  seem s safe to  assum e th a t d ista n t 
tra n sp o rt is b o th  fre q u e n t an d  exten sive a n d  p ro b a b ly  im p o rta n t in  tem 
p era te  la titu d es in  sum m er.
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Fig. i .  Fo r  legend see opposite page.
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IN TRO D U C TIO N

A n  earlier p a p e r  w h ich  d escrib ed  m eth o d s u sed  to  stu d y  ve rtica l sp o re a n d  tem 

p era tu re  p ro files a n d  to  in terce p t im m igran t sp ores, sh o w ed  th a t P u ccin ia  gram inis 

u red o sp o res, th e  b est ex a m p les o f  re co g n iza b le  lo n g -d ista n ce  im m igran ts, w ere  so m e

tim es co m m o n est a t  a ltitu d es o f  1 -2  k m . (H irst, S ted m a n  &  H o g g , 1967). S u ch  p ro files 

m a y  h a v e  resu lted  fro m  p refe re n tia l d ep o sitio n  fr o m  the b ase  o f  the sp o re c lo u d  an d  

it  seem ed th a t ‘ e r o d e d ’ p ro files  m ig h t b e  ty p ic a l o f  sp ores th a t h a d  trav e lled  fa r  fro m  

th e ir  so u rce  areas. It  p ro v e d  im p ra ctica b le  to  test th is id e a  d ire ctly  b y  sa m p lin g  o v e r  a  

sou rce o f  u red o sp o re s a n d  then  a t a  series o f  p o in ts  a t  in crea sin g  d istan ces d o w n w in d . 

W e  th erefo re  a ttem p ted  to  test w h eth er p ro g re ssive  ero sio n  o f  the b o tto m  o f  p rofiles 

w as a  fea tu re  co m m o n  to  a ll sp o re typ es d u rin g  tra v e l o v e r  n o n -p ro d u ctiv e  reg io n s, 

b y  estim atin g  ch an ges in  d en sity  o f  c o m m o n  co n stitu en ts o f  th e  a ir-sp o ra  d u rin g  

tra n sp o rt o v e r  th e  N o r th  S ea d o w n w in d  o f  so u rces in  th e  B ritish  Isles.

METHODS

A lth o u g h  th e  sp o re-sam p lin g  m eth o d s a n d  m e te o ro lo g ic a l in terp reta tio n  w ere  

sim ilar to  th o se  a lre a d y  d escrib ed  (H irst et al. 1967) a  fe w  m o d ificatio n s w ere n eces

sa ry  b ecau se  th e  o b je c t w a s  to  m easu re several ve rtica l p rofiles to  th e  greatest p ra c ti

c a b le  d ista n ce  d o w n w in d  fro m  the co a st. In stead  o f  co lle ctin g  d u rin g  sp iral ascen ts 

a n d  descen ts, w h ich  o ccu p ies m u ch  fligh t tim e, a  ‘ sa w -to o th  ’ p la n  o f  a ltern a te  a sce n t 

a n d  d escen t o n  co n sta n t tr a c k  w as used. A ir  traffic  c o n tro l regu la tio n s o ften  d icta ted  

h e ig h t an d  tra c k , b u t w h en  p o ssib le  th e  a ircra ft c lim b ed  a b o v e  the c o n v e ctiv e  la y e r  

fa r  e n o u g h  in la n d  fo r  th e  first p ro file  to  b e  sam p led  o v e r  lan d  d u rin g  d escen t a t 300 m ./ 

m in ., en d in g  a t  a p p ro x im a te ly  50 m . a b o v e  sea lev e l ju s t  c le ar  o f  the co a st. In stead  

o f  tr ip le t sam p les p reced ed  b y  a  d u m m y  (as in  H irst et al. 1967), co lle ctio n  w as c o n 

tin u o u s w ith  a n  in stan ta n eo u s ch an ge -o ve r to  a  n ew  sam p lin g  d ru m  p o sitio n  ev ery  

m in ute. A t  th e  h igh est a n d  lo w e st p o in ts  a  sin gle sam p le w a s co lle cted  d u rin g  level 

flig h t a n d  a L y c o p o d iu m  m a rk e r  trace  in serted  b etw een  d u m m ies. F u rth er d eta ils  are 

b est in tro d u ced  w ith  the d escrip tio n  o f  th e  fligh ts to  w h ich  th e y  a p p ly .

RESULTS

Flight 1/62; 10 .5 7 -13 .2 8  g .m . t . ,  i s  June 1962

O n  14 June 1962 a  c o m p le x  d ep ression  n o rth -w est o f  Ire la n d  a n d  h igh  pressu re o v er  

th e  M e d iterra n e an  resu lted  in  a  b ro a d  b a n d  o f  so u th -w esterly  w in d s cro ssin g  sou th -

F ig . 1. W e a th e r  a n d  p la n  o f  F lig h t 1/62. (a) S yn o p tic  m ap  fo r  0 0 .0 1 ,1 5  Ju n e  1962. S olid  lines 
a re  su rface  iso b a rs  a n d  co rre sp o n d in g  w inds a re  sh o w n  by  a rro w s w ith o u t circles (velocity, 
5 k n o ts  (9-3 k m . h r) p e r  h a lf  fea ther). D a sh e d  lines a n d  a rro w s w ith  circles sh o w  700 m b. 
co n to u rs  (m .) a n d  w inds a t  these  heigh ts. (b) Iso m etric  p la n  o f  F lig h t 1/62. T h e  o u tw a rd  
tra c k  s ta r te d  w ith  a n  a scen t A  th e n  a  descen t B a n d  so on . E a c h  d ash  ind ica tes a  sam p le  an d  
a n  eq u a l n u m b e r  w ere ta k e n  in  th e  sp ira l ascen t I. T h e  d iag ram  is n o t to  scale  a n d  fo r  
c la rity  th e  r e tu rn  tra c k  is d isp laced  as show n, (c) M a p  o f  flight tra c k  an d  tim es (A  b egan  a t 
10.00, 15 Jun e ). In se t show s th a t, w ith  typ ica l d iu rn a l p eriod ic itie s o f  co n c e n tra tio n , C lad o - 
sp o riu m  a n d  po llen  a re  m o s t co m m o n  betw een  09.00 a n d  18.00 a n d  d am p -a ir  types a :  n ig h t 
(H irs t, 1953). S h ad ed  a reas in d ica te  p ro b a b le  so u rce  a reas  fo r  th e  d ay -lib era ted  spores es ti
m a ted  f ro m  su rface  tra jec to rie s  o f  a ir  sam p led  a t  A , vertica l sh a d in g ; a t  I , s tip p led  a n d  a t  
Q , h o r iz o n ta l shad ing .
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ea st E n g la n d  a n d  the so u th ern  N o r th  Sea. In  these areas ligh ter  so u th -w est w in d s 

c o n tin u ed  d u rin g  15 June as the d ep ressio n  m o v ed  to w a rd s Ice la n d  a n d  a w e a k  rid ge  

m o v in g  fro m  th e  W e s t b ega n  to  a ffect the so u th ern  h a lf  o f  th e  B ritish  Isles (F ig . 1 a). 

A  fligh t w as p la n n ed  w ith  a  sta rtin g -p o in t ju s t  o f f  E a st A n g lia  a n d  a  tra c k  o f  a b o u t 

045° p a ra lle l to  the w ind.

S am p lin g  b e g a n  a t 10.57 (a ll tim es a re  g .m .t .) a t a  h eig h t o f  60 m . a n d  a  p o sitio n  

n o rth -east o f  O rfo rd n ess 520 15 ' N , o i°  48' E  (F ig . i c ) .  T h e  first sam p le  w a s ta k e n  

d u rin g  level fligh t fo llo w e d  b y  a scen t A  (F ig . 1 b) to  1800 m ., a  sam p le  in  lev e l fligh t 

a n d  then  d escen t B  en d in g  a p p ro x im a te ly  40 m iles n o rth -east o f  the sta rtin g -p o in t 

(a ll d istan ces are q u o ted  in  n au tica l m iles: 1 n a u tica l m ile =  1-853 k m .). T h e  p a ttern  

w as rep eated  to  p o sitio n  54° 1 5 ' N , 05° 12 ' E  fo llo w e d  b y  a  sp iral ascen t I, w ith  c o n 

tin u o u s sam plin g. T h e  sa w -to o th  p a ttern  w a s reversed  d u rin g  the retu rn  flig h t o n  a  

rec ip ro ca l tra ck , m a k in g  a  to ta l o f  126 sam ples.

F ig u re  1 b d isto rts th e  len gth  a n d  h eig h t o f  the ascents a n d  descen ts, in  w h ich  the 

to p  an d  b o tto m  o f  ea ch  slo p in g  fligh t p a th  w ere  sep arated  b y  22 m iles in  len g th  b u t 

b y  o n ly  1800 m . in  heigh t. H o w eve r, it  w a s co n v en ien t to  ig n o re  th is a n d  to  tre a t ea ch  

sequ en ce o f  sam p les as i f  it  w ere  a  sep arate  v e rtica l p ro file . S am p les ta k e n  in  lev e l 

flig h t a t the to p  an d  b o tto m  o f  e a ch  a scen t o r  d escen t w ere  c o m m o n  to  tw o  a d ja ce n t 

p ro files b u t b ecau se  m o st sp ores o ccu rred  a t lo w  altitu d es, th e  p rofiles o f  a  d escen t an d  

an  ascen t w ere p a ired , sh arin g  a  c o m m o n  30 m . sam p le, e .g . B C , D E , F G ,  etc. (F ig . 1 b). 

W e  a ccep ted  the erro rs in cu rred  as a  resu lt o f  d isp la cin g  the sm all catch es o f  ea ch  

h igh -a ltitu d e sam p le b y  a p p ro x im a te ly  20 m iles. T h e  ascen t A  w a s u n p a ired  an d  the 

d escen t H  w a s p a ire d  w ith  the sp iral a scen t I.

T h e  tem p eratu re p rofiles w ere  trea ted  sim ilarly  a n d  sh o w ed  (F ig . 2) sta b le  a ir  n ear 

sea level. A b o v e  300 m . th ere w as a  la y e r  o f  c o n d itio n a lly  u n stab le  a ir, a b o u t 1000 m . 

d eep  a t the n o rth -ea st ex trem ity  o f  th e  fligh t b u t m u ch  sh a llo w er n ear th e  E n g lish  

coast.
T w o  sp ore types w ere u sed  to  in d icate  the d istr ib u tio n  o f  sp ores lib e ra ted  in  d ry  

d a ytim e w ea th er, to ta l p o lle n  (p red o m in an tly  fro m  grasses) and  the ligh ter  co n id ia  o f  

C la d o sp o riu m , a  c o m m o n  sa p ro p h y tic  fu n gu s. C o n ce n tra tio n s  o f  S p o ro b o lo m y ce s , 

T ille tio p sis , a sco sp o res a n d  h y a lin e  b a sid io sp o res, w ere  co m b in ed  as an  ex a m p le  o f  

sp ores lib e ra ted  in  d a m p  air, c o m m o n ly  a t n igh t.

P aired  p rofiles are  p lo tte d  in  F ig . 2 o n  a  lin ear h eig h t scale  an d  a lo g a rith m ic  scale  

fo r  sp ore co n cen tra tio n  (H irst et al. 1967). T o  p rev en t co n fu sio n , th e  o rig in  fo r  ea ch  

cu rv e  is d isp la ce d  a n d  lettered  to  co rresp o n d  w ith  th o se  a t  the b ase  o f  th e  p ro files  in  

o rd er o f  in creasin g  d ista n ce  fro m  th e  co a st. F e w  o f  th e  p rofiles w ere  as sim p le as 

th o se  ty p ica l o f  u n sta b le  a ir  (H irst et al. 1967). In  m ost, sp ores w ere few e r in  the 

lo w e st sam p les th a n  a t 450 m . b ecau se  th e y  w ere d ep o sited  fro m  th e  lo w e r  stab le  

la y e r. T h is  ero sio n  w a s greater w ith  p o lle n  th a n  w ith  C la d o sp o r iu m  p ro files, p re 

su m a b ly  b ecau se  p o llen s are  h ea v ie r  an d  settled  faster. T h e  greatest sp o re co n ce n tra 

tio n  u su a lly  o ccu rred  b etw een  the in versio n s, a t  h eigh ts ra n g in g  fro m  450 to  1070 m ., 

b u t co n sisten tly  som e C la d o sp o r iu m  an d  p o llen s a lso  o ccu rred  a b o v e  th e  u p p er in 

versio n . P o lle n  gra in s in  ea ch  o f  these stra ta  w ere a lw a y s  m o st co n cen trated  b e lo w  th e  

a ltitu d e o f  th e  greatest co n ce n tra tio n  o f  C la d o sp o riu m .

F u rth e r  co n sid e ra tio n  o f  th e  p ro files in  F ig . 2 led  to  th e  su rprisin g co n clu sio n s su m 

m a rized  in  F ig . 3 a, w h ere the estim ated  co n cen tratio n s in  ea ch  pro file  w ere  su m m ed  

a n d  exp ressed  as a  p e rcen ta ge  o f  th e  greatest. F o r  ea ch  sp o re gro u p , the co n ce n tra tio n

J. M. H I R S T ,  O. J. S T E D M A N  A N D  G. W .  H U R S T
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Damp-air types

1 2 3PQ
n + 1 )  spores/m3

V ertical p ro files o f  te m p e ra tu re  a n d  c o n c e n tra tio n  o f  C lad o sp o riu m , p o llen  a n d  
r  sp o res in  F lig h t 1/62, 15 Ju n e  1962. P rofiles (excep t A ) a re  av erag e  in  p a irs  as 
1 F ig . 1 b a n d  p lo tte d  w ith  th e ir  o rig ins ( le tte red  b elow  axis) d isp laced  to  th e  r ig h t ap- 
tely  in  p ro p o r tio n  to  d is tan c e  o f  low est sam ple  f ro m  th e  coast. P rofiles fo r  th e  o u t-  
ick in  so lid  lines a n d  fo r  r e tu rn  tra c k  d o tte d  lines.
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d ecreased  fo r  th e  first 70 m iles fro m  the c o a st an d  th en  in creased  a g a in  to  p e a k s  a b o u t 

170 m iles o u t (F ig . 3 a). T h e  lo w e r  p a n el sh o w s the h e ig h t a t w h ich  the m a x im u m  c o n 

cen tra tio n  o ccu rred  in  the p a ire d  p ro files  a t ea ch  d istan ce  fro m  the co a st. T h e  h eigh t 

o f  the greatest C la d o sp o r iu m  co n cen tratio n s in creased  as d istan ce fro m  th e  c o a s t in 

creased  ; p o llen  co n cen tratio n s  d id  n o t sh o w  a  c o m p a ra b le  tren d. T h is  sp o re d is tr ib u 

tio n  ca n n o t b e  exp la in ed  in  term s o f  the ty p ic a l d ecrease in  c o n c e n tra tio n  o f  sp ore 

c lo u d s as th e y  trav e l a w a y  fro m  sources.

J. M. H I R S T ,  O. J. S T E D M A N  A N D  G. W . H U R S T

F ig . 3. U p p e r  p anels sh o w  su m  o f  es tim a ted  c o n cen tra tio n s  w ith in  profiles (expressed  as 
percen tag es o f  th e  g rea test)  a n d  in d ica te  th a t  n u m b ers  o f  th e  th re e  m ark e r g ro u p s w ere 
g rea test betw een  50 a n d  200 m iles fro m  th e  co ast, b o th  in  F lig h t 1/62 (left) a n d  F lig h t i /64 
(right). T h e  low er pan e ls  sh o w  th e  h eigh ts a t  w hich  th e  m ax im u m  co n c e n tra tio n  o f  C la d o 
sp o riu m  a n d  p o llen  o ccu rred  in  re la tio n  to  d is tan ce  fro m  th e  E nglish  coast.

S equen ces o f  v e rtica l p rofiles, lik e  th o se  in  F ig . 2, g ive little  im p ressio n  o f  th e  fo rm  

o f  th e  sp o re c lo u d s th e y  represent, so  co n to u red  d iag ra m s o f  sp ore co n cen tratio n  

w ere p rep ared . T h e  estim ated  sp o re co n cen tratio n s w ere p lo tted  on  a  grid , sh o w in g  

h eig h t an d  d istan ce  w ith in  th e  ve rtica l sectio n  an d  th en  lines (‘ is o s p o re s ’) w ere  d raw n  

th ro u g h  regio n s o f  eq u a l sp ore co n cen tratio n  (F ig . 4 a), a n d  to  a cco m m o d a te  the w id e  

ran ge o f  co n cen tratio n s, the va lu es o f  these lines w ere  sep arated  on  a  ge o m etric  p r o 

gression  in crea sin g  b y  a  fa c to r  o f  tw o  (lo g 2 scale). In  this d iag ra m  th e  o u tw a rd  an d  

in w a rd  p ro files a t th e  sam e p o sitio n  w ere p a ire d , n o t n e ig h b o u rin g  p rofiles o n  the 

sam e fligh t p a th  as in  F ig . 2. C a tch e s  fro m  a scen t ‘ I  ’ w ere th erefo re  u n p a ired  a n d  as 

th e y  su ggest rath er a b ru p t ch an ges th e  iso sp o res are  sh o w n  d o tted  in  th is area. A l l  th ree 

in d ica to r  g ro u p s w ere co m m o n er n ea r the c o a st th a n  a b o u t 70 m iles o ff-sh o re  an d  all
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w ere  c o m m o n est a b o u t 150 m iles o u t. P o lle n s  w ere  c o m m o n est a t  a p p ro x im a te ly  

500 m . a n d  C la d o sp o r in m  a t 1000 m . T h e  sim ilar d istr ib u tio n  o f  p o llen s an d  ‘ d am p - 

a ir  typ es ’ w as u n exp ected , b ecau se  c lo se to  th e  g ro u n d  th e y  b eco m e co m m o n  in  q u ite  

d ifferen t co n d itio n s.

T h e  sp ores fo u n d  co n cen tra ted  a t th e  n o rth -ea st en d  o f  th e  flig h t co u ld  h a v e  co m e

Long-distance spore transport
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F ig . 4. V ertica l te m p e ra tu re  p ro files (to p ), w ith  th e  le tte red  o rig in s d isp laced  acco rd in g  to  
d is tan ce  f ro m  th e  co ast, F lig h t 1/62, left, a n d  F lig h t 1/63, r ig h t. B elow , iso sp o re  d iag ram s 
show ing  th e  d is tr ib u tio n  o f  m a rk e r  sp o re  types w ith  h e ig h t a n d  d istance . S h ad ed  w here an y  
sp o res w ere detec ted , iso sp o re  lines se p a ra te d  o n  a  g eom etric  p ro g ressio n  increasin g  by  a  
fa c to r  o f  tw o , a n d  m a rk e d  in  h u n d re d s  o f  sp o res /m .3, fo r  ex p lan a tio n  see tex t.
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eith er fro m  E n g la n d  or the N eth e rla n d s. S y n o p tic  m ap s (F ig . i  a) su ggested  th a t the 

N eth e rla n d s w a s n o t a  lik e ly  so u rce  a n d  a su rface  a ir  tra je c to ry  fro m  I  ran  b a c k  to  

so u th -w est E n g la n d  th e  p rev io u s  d a y . A v e r a g e  d iu rn al p erio d icities  o f  co n cen tra tio n  

o f  the th ree in d ica to r  g ro u p s n ea r the g ro u n d  (F ig . i  c, in set an d  H irst, 1953) sh o w  th a t 

C la d o sp o r iu m  a n d  p o lle n  are co m m o n est b etw een  09.00 an d  18.00 w h en  c o n v e ctio n  

is u su a lly  m o st a ctiv e . F ro m  th is k n o w le d g e , th e  p ro b a b le  so u rce  area  o f  C la d o s p o r iu m  

an d  p o llen s at th e  n o rth -east ex trem ity  o f  the flig h t is in d icated  b y  th e  stip p led  lan d  

a re a  w ith in  the zo n e  o f  p ro b a b le  v e cto r  erro r  in  F ig . 1 c, it  co m p rised  m u ch  o f  s o u th 

w est an d  cen tra l E n g la n d . C o m p a ra b le  b a c k -tra c k in g  fro m  the so u th -w est ex trem ity  o f  

th e  fligh t p a th  a t 10.00 and  12.00, 15 June, su ggested  sm all areas o f  n o rth -w est F ra n ce  

an d  so u th -east E n g la n d  as the p ro b a b le  sou rces. O v e r  so u th -w est E n g la n d  o n  14 June 

th e  a ir  w as p ro b a b ly  u n sta b le  u p  to  1000 m ., as a  ra d io so n d e  ascen t fro m  C a m b o rn e , 

C o rn w a ll, a t  12.00, sh o w ed  a  d ry  a d ia b a tic  lap se  ra te  fro m  the su rface to  a b o u t 600 m . 

w ith  m a xim u m  tem p eratu re  o f  18 ° C  on  th e  c o a st a n d  230 in lan d . O n  15 June the m id d a y  

rad io so n d e fro m  H e m sb y , N o r fo lk , a lso  revealed  c o n v e ctio n  to  a b o u t 1000 m . w ith  a  

m a xim u m  tem p eratu re  o f  24°. T h e  o b served  d istr ib u tio n  o f  p o lle n  a n d  C la d o sp o r iu m  

sp ores a greed  w ell w ith  th is a n alysis  and  th erefo re  su p p o rted  the su p p o sitio n  th a t, 

n ea r the co a st, th e  a ircra ft sam p led  sp ores p ro d u ce d  lo c a lly  th a t m o rn in g  (1 5  June) 

a n d  p erh a p s in  F ra n ce  the p rev io u s  d a y , b u t th a t in  th e  d istan t h a lf  o f  th e  tra c k  the 

a ircra ft m o v e d  in to  the sp o re c lo u d  p ro d u ce d  o v er so u th -w est E n g la n d  o n  14 June.

H a d  d am p -air  typ es fo llo w e d  th e ir  u su al p e rio d ic ity , th ey  sh o u ld  h a ve  a ltern ated , 

rath er th a n  co in cid ed , w ith  th e  den se p o rtio n s  o f  the p o lle n  a n d  C la d o s p o r iu m  sp o re 

c lo u d s, p ro v id e d  th a t th e y  rem ain ed  susp en ded  in  a ir  n ear the g ro u n d  lo n g  e n o u g h  to  

exp erien ce co n v e ctio n  the fo llo w in g  m o rn in g . O n  this o cca sio n  a ir  sam p led  a t ‘ I ’ 

sh o u ld  h a v e  a lm o st c leared  th e  N o r fo lk  c o a s t b y  0 0 .0 1 ,1 5  June, b efo re  n ig h t-lib erated  

sp ores w o u ld  u su a lly  b e  p revalen t. A ir  sam p led  s ligh tly  fa rth er w est a t  G K  w o u ld  

p ro b a b ly  h a v e  cro ssed  th e  c o a st la ter  an d  fa rth er so u th  an d  ea st; m o re  sp ores w o u ld  b e  

exp ected  h ere a n d  m o re  w ere fo u n d . A t  th e  so u th -w est en d  o f  the fligh t p a th  som e 

sp ores w ere  fo u n d  an d  co u ld  h a v e  co m e fro m  sou th -east E n g la n d  earlier th a t m o rn in g , 

b u t h a d  th e y  d o n e  so , even  m o re  d a m p -air  sp ores w o u ld  h a ve  been  exp ected  a t p o in ts  

o n  F ig . 4 b etw een  C O  a n d  E M  b u t th ere w ere n on e, a  la c k  u n exp la in ed  b y  th e  

catches.

In  this fligh t, sp o re co n cen tratio n s w ere n o t large, w ith  C la d o sp o riu m  a n d  p o llen s 

m o st co m m o n  and n ex t U s tila g o  (m axim u m  400/m.3 a t 600 m . in ascen t G ), w h ich  

w as d istrib u ted  s im ilarly  to  C la d o sp o riu m . O th e r d ry -a ir  liberated  sp ores in c lu d ed  

A lte rn a ria , B o trytis , E p ico ccu m , E ry sip h e , P o ly th rin ciu m  an d  T o ru la , b u t th e y  w ere  

few . A s c o s p o re s  w ere the c o m m o n est o f  th e  d a m p -air  g ro u p s o ccu rrin g  u p  to  1800 m . 

in  m o st p ro files, an d  oth ers w ere o ccasio n a l.

F light 1  ¡6 3 ; 1 1 .5 5 -1 4 .4 5  g . m . t . ,  1 7  July 1963

A  fligh t tw ice  as lo n g  as F lig h t 1/62 w as p la n n ed  in  the h o p e it  w o u ld  p ass th ro u g h  

the sp o re c lo u d s o f  m o re  th a n  on e d a y , b u t the ran g e  o f  the a ircra ft w a s n o t en o u g h  to  

use the sa w -to o th  flig h t p la n  on  b o th  the o u tw a rd  an d  retu rn  legs. T o  k eep  w ell c le a r  

o f  the D u tc h  c o a st a  d o w n w in d  tra c k  (F ig . 5 b) o f  070° w a s flo w n  fro m  F la m b o ro u g h  

H e ad , b u t u n fo rtu n a te ly  8/8 stra to cu m u lu s c lo u d  a n d  ra in  p reven ted  sa m p lin g  fo r  

the first 100 m iles; th ereafter  sa m p lin g  w a s c o n tin u o u s to  a  p o sitio n  a b o u t 20 m iles 

w est o f  E sb jerg  in  D e n m a rk . O n  the retu rn  leg  to w a rd s C ro m e r, N o r fo lk , sam p les
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w ere ta k e n  o n ly  d u rin g  a  single d escen t a n d  ascen t w ith in  io o  m iles o f  the co a st, in  an  

a tte m p t to  co m p e n sa te  fo r  th e  lo ss  o f  sam ples o n  th e  o u tw a rd  fligh t. T h e  c o n ce n 

tra tio n s  m ea su red  in  p ro files G  a n d  H  d id  n o t m a tch  th o se  in  A  b u t b o th  are presen ted  

in  F ig . 4 b to  illu stra te  d ifferen ces ex istin g  o n ly  io o  m iles a n d  3 h r a p art. T em p eratu re  

p rofiles (F ig . 4  b) sh o w e d  th a t a ir w a s u n sta b le  u p  to  a p p ro x im a te ly  2000 m . a b o v e  

w h ich  there w a s  stab le  a ir  m a rk e d  b y  a  ‘ h a ze-to p  ’ . S p o re  co n cen tratio n s w ere sm all on  

th e  o u tw a rd  leg, m a x im a  970/ m 3. fo r  C la d o sp o r iu m  an d  90/m.3 fo r  p o llen s in  ascen t F , 

a n d  200/m.3 fo r  the g ro u p  o f  d a m p -air  typ es in  d escen t E , a ll b en eath  760 m . M o re  

w ere  c a u g h t o n  th e  retu rn  leg , w ith  m a xim u m  co n cen tratio n s in  ascen t H  o f  resp ec

tiv e ly  3600, 170 a n d  110/m .3 fo r  th e  three gro u p s.

T h e  fligh t w a s m a d e  in  a  rath er c lo u d y , m aritim e p o la r , w est-so u th -w esterly  a ir- 

stream , b eh in d  a  co ld  fr o n t  th a t h a d  c leared  E n g la n d  in  the e a r ly  h o u rs a n d  reach ed  

D e n m a rk  b y  m id d a y  o n  16 July. N o  o th er fro n ts a ffected  the B ritish  Isles u n til 

06.00, 17  Ju ly, w h en  ra in  rea ch e d  m u ch  o f  Ire la n d  a n d  S co tla n d  (F ig . 5 a) b u t w as to o  

la te  to  a ffe c t th e  a ir  sa m p led  d u rin g  this fligh t. A ir -flo w  w a s u n ifo rm  in  d irectio n  u p  to  

2500 m . a n d  sa tu rate d  a d ia b a tic  lap se  rate  o ccu rred  u p  to  in version s a t  2500 m . a t 

L iv e r p o o l a n d  1500 m . a t  C a m b o rn e  a t b o th  12.00 a n d  23.59, 16 July. D u rin g  the 

fligh t, a t 12.00, 17  Ju ly , th ere  w a s a  d ry  a d ia b a tic  lap se rate  u p  to  1500 m  an d  an  

iso th erm a l la y e r  a b o v e  a t  H e m sb y ; tem p eratu res ta k e n  o v er the sea in  fligh t sh o w ed  a 

stab le  la y e r  ju s t  a  little  h igh er th a n  th e  h igh est sam ples sh o w n  in  F ig . 4 b. A ir  tra jec

to ries  w ere th e re fo re  estim ated  a t 850 m b. (a b o u t 1500 m .) w h ere w in d s w ere  ge n e ra lly  

fr o m  the so u th -w est a t 20 k n o ts  (37-1 km ./hr) o r  less (F ig . 5 b).

A ss u m in g , as in  the an a lysis  o f  F lig h t 1/62, th a t C la d o sp o r iu m  a n d  p o lle n s  w o u ld  

m o st co m m o n ly  b e  lib era ted  a n d  ascen d  b etw een  09.00 an d  18.00, an  a ttem p t w as 

m a d e  in  F ig . 5 c  to  d ep ict h o w  th e  d u ra tio n  o f  d a ytim e o v erla n d  trav e l w as re lated  to  

th e  fligh t p a th . T h is  tra c k  fo rm s th e  lo w e r  m a rg in  o f  the h o llo w  p o ly g o n s  an d  d istan ce  

fr o m  it  in d icates the p ro p o rtio n  o f  the p e rio d  09.00-18.00, 16 Ju ly, fo r  w h ich  the a ir  

w a s estim ated  to  h a v e  b een  o v er lan d . T h e  sm a ll b la c k  trian gle, d isp la ced  fro m  the 

flig h t p a th , in d icates th e  lo c a l co n trib u tio n  fro m  N o r f o lk  o n  th e  m o rn in g  o f  17  Ju ly . 

T h u s  m o re  C la d o s p o r iu m  a n d  p o lle n  w a s ex p ected  n ea r the w est en d  a n d  a t th e  eastern  

ex trem ity  o f  the o u tw a rd  fligh t, a n d  the tra jecto ries  su ggest th a t sp ores represented  b y  

the le ft-h a n d  p o ly g o n  cam e fro m  Irela n d  a n d  b y  the rig h t-h a n d  p o ly g o n  cam e fro m  E n g 

la n d  a n d  W a les. In  a  c o o l m aritim e p o la r  a ir  m ass it  is n eith er su rp risin g  th a t catch es 

w ere  rath er sm a ll n o r, in  v ie w  o f  the in sta b ility  u p  to  1800 m ., th a t sp o re co n cen tra tio n  

v a ried  so little  w ith  h eigh t. M o re  sp ores w ere  fo u n d  in  p ro files G  an d  H  an d  th e y  

co u ld  h a ve  co m e fro m  sou rces in  Ire la n d  d u rin g  d a ytim e o n  16 J u ly  an d  eastern  E n g 

la n d  ea rly  o n  17  Ju ly. T h e  grea te r  catch es in  H  th a n  A  p erh a p s resu lted  fro m  lo n g er 

tra v e l o v e r  E n g la n d  a n d  p a rticu la rly  o v e r  E a st A n g lia  o n  th e  m o rn in g  o f  17  Ju ly.

E x c e p t d u rin g  o r  a fter  ra in , th e  d a m p -air  typ es are  lib e ra ted  m o st fre q u e n tly  fro m

22.00 to  06.00. T h u s , o n  the o u tw a rd  co u rse, the n u m b er o f  d am p -air  sp ores d erived  

fro m  E n g la n d  o n  th e  n ig h t 1 6 - 1 7  J u ly  w o u ld  be ex p ected  to  in crease b etw en  A  a n d  C  

an d  th en  to  d ecrease to  n o th in g  a t  F , b u t m o st o ccu rred  a t A ,  E  an d  F . S p o res a t  E  

co u ld  h a v e  co m e fro m  Ire la n d  o n  th e  n ig h t o f  1 5 -1 6  Ju ly, b u t th e ir  o rig in  ca n n o t b e  

determ in ed  certa in ly  an d  it  is a lso  u n k n o w n  h o w  m u ch  the co n cen tra tio n  o f  th ese a n d  

oth er sp ores w a s  d ecreased  b y  ra in  w a sh  n ea r th e  E n g lish  co a st. In terp retatio n  w a s  

a lso  m a d e d ifficu lt b y  Ire la n d  a n d  E n g la n d  b e h a v in g  as ta n d e m  sources.

Long-distance spore transport

24 G. Microb. 48
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F lig h t 2/63; 0 9 .4 7 -12 .2 2  g .m . t . ,  3 1  July 1963

W h e n  th is fligh t w a s p la n n ed  on  30 J u ly  1963 so u th erly  w in d s w ere  exp ected  to  

co n tin u e o v e r  the sea n o rth  o f  the W a sh . H o w eve r, easterly  w in d s exten d ed  fa rth er 

n o rth  th a n  exp ected  an d  o ccu p ied  th e  w h o le  o f  th e  fligh t p a th  fo r  360 m iles n o rth  fro m  

K in g ’ s L y n n  to  a  p o s itio n  a p p ro x im a te ly  m id w a y  b etw e en  W ic k  an d  S ta va n g er (F ig . 

6 c, d). T h u s  th e  fligh t p ro v id e d  a  cro ss-w in d  sectio n  u p  to  1800 m ., in stead  o f  m ea su r

in g  d ep letio n  o f  sp o re c lo u d s d o w n w in d . T h e  retu rn  fligh t w a s on  a  re c ip ro ca l co u rse  

a t 1800 m .

E x ce p t n ea r the c o a st ( A  an d  B , F ig . 7) tem p eratu re  lap se rates w ere sm all o r  n e g a 

tive  in  the lo w e st 300 m . a n d  a lso  a b o v e  1500 m . in  p ro files A  to  E . T h erea fte r  th e  

b ase  o f  th e  u p p er stab le  la y e r  d escen d ed  to  m a rk  a  stro n g  in versio n  a t 900 n .  (J, K )  

an d  fin a lly  ro se  to  a p p ro x im a te ly  1500 m . a t th e  n o rth ern  extrem ity  o f  th e  fligh t. T h e  

iso sp o re  d ia g ra m  (F ig . 7) sh o w s a  co n sid e ra b le  co n cen tra tio n  o f  C la d o sp o r iu m  b elo w  

1000 m . n ea r th e  W a s h  ( A  an d  B ), a n d  b e y o n d  th is, co n cen tratio n s w ere sm a ll u n til 

K  to  O . S m aller  sp o re co n cen tratio n s o ccu rred  a t th e  tem p eratu re in version s o f  th e  

u p p er stab le  la y e r, b etw e en  L  a n d  O , th a n  a b o v e  o r  b e lo w . P o lle n  is n o t sh o w n  on F ig . 7  

b ecau se  fe w  w ere  c a u g h t an d  th e y  w ere  d istrib u ted  s im ilarly  to  U stila g o . E ry sip h e , 

E p ico ccu m , P o ly th rin ciu m , E n to m o p h th o ra ce a e , H e lico sp o res  an d  Venturia in- 

aequalis o ccu rred  sp o ra d ica lly ; A lte rn a r ia  a n d  B o trytis  w ere m o re  c o m m o n  (m ax. 160/ 

m .3). T h e  d a m p -air  g ro u p  o ccu rred  w id e ly  b u t w as c o m m o n  o n ly  in  p ro files B  a n d  L  

to  Q . A sc o s p o re s  (m ax. 580/m.8) a n d  h y a lin e  b asid io sp o res  (m ax. 670/m .3) w ere m o st 

co m m o n  in  ascen t Q , w h erea s m o st S p o ro b o lo m y ce s  (m ax. 670/m .3) an d  T i letio p sis 

(m ax. 250/m .3) o ccu rred  a t A ,  B  a n d  M . A  fe w  P u ccin ia  gram inis u red o sp cres  w ere  

c a u g h t in  sam ples in d icated  b y  la rg e  d o ts  o n  F ig . 7  (C la d o sp o riu m ). O n  th e  o u tw a rd  

fligh t 14 u red o sp o re s w ere  c a u g h t in  i n  sam ples, rep resen tin g  a  m ean  co n cen tratio n  

o f  3/m .3 an d  in c lu d in g  a  m a xim u m  o f  60/m.3 in  on e sam ple. D u rin g  the retu rn  on  th e  

re c ip ro ca l co u rse  a t 1800 m ., 5 u red o sp o re s w ere c a u g h t in  20 sam ples rep resen tin g  

an  a vera g e  co n ce n tra tio n  o f  a b o u t 6/m.3.

S y n o p tic  ch arts  fo r  th e  su rface  a n d  700 m b. levels are  sh o w n  fo r  31 J u ly  (F ig . 6 a ,b)  

a n d  e x a m in a tio n  o f  th ese an d  earlier ch arts  w a s su p p lem en ted  b y  in fo r m a to n  fro m  

ra d io so n d e  ascen ts an d  th e  o ccu rren ce  o f  ‘ sferics ’ ( lo n g  w a v e  ra d io  em issio n s fro m  

lig h tn in g  flashes, see H an dbook o f  A viation M eteo ro lo g y, i960, p . 183). P ressu re w a s  

h igh  o v e r  n o rth -w est R u ss ia  w ith  a  r id g e  acro ss N o r w a y  to w a rd s E n g la n d  a n d  a 

sh a llo w  th u n d e ry  tro u g h  o v er th e  B a ltic . L ess  co n fid en ce  ca n  be p la ce d  in  th e  tra jec

to ries d ra w n  fo r  th is fligh t (F ig . 6 d)  th a n  fo r  oth ers, b ecau se  the fligh t p a th  w a s c lo se  to  

the lin e o f  th e  rid ge  w h ere w in d  sp eed  an d  d ire ctio n  w ere d ifficu lt to  d eterm in e. T h e  

a ltern a tive  p o ss ib ility  th a t th e  tra c k  la y  ju s t  to  th e  w est o f  th e  rid ge lin e w as in vesti

g a te d  b u t th e  gen era l p a ttern  o f  m o v em en t fro m  th e  E astern  B a ltic  d u rin g  th e  n ig h t o f

F ig . 5. W e a th e r  a n d  flight de ta ils  o f  F lig h t 1/63. (a) W e a th e r  s itu a tio n  a t  00.01, 17 Ju ly  
1963. D eta ils  as fo r  F ig . i a  b u t  d ash ed  lines rep re sen t 850 m b. co n to u rs  an d  w inds a t  th is 
h e ig h t (ap p ro x im ate ly  1500 m .). (6) F lig h t tra c k  in  so lid  lines w ith  d irec tio n  a rro w e d  a n d
fo u r  figu re  tim es. L e tte rs  in d ica te  s lo p in g  profiles, h o llo w  circles a re  h ig h -p o in ts  a n d  so lid  
circles a re  n e a r  th e  sea. D a sh e d  lines show  a ir  tra jec to rie s  a t  th e  850 m b. level. E stim a ted  
p o sitio n s a t  6 h r  in tervals a re  sh o w n  b u t on ly  12 h r  in te rv a ls  a re  m a rk e d  w ith  h o u r /d a te . 
(c) D ia g ra m  show ing  th e  e s tim ated  p ro p o rtio n  o f  th e  p e r io d  09 .00-18 .00  spen t o v e rlan d  by 
th e  a ir  sa m p le d  a t  v ario u s p o in ts  a lo n g  th e  flight tra c k . F o r  ex p lan a tio n  see text.

2 4 - 2
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F ig . 6. W ea th e r  a n d  deta ils  o f  F lig h t 2/63. (a) 700 m b. c o n to u rs  a n d  w inds a t  00.01, 31 Ju ly  
1963. (6) Su rface  w ea th er m ap  fo r  00.01, 31 Ju ly  1963. (c) F lig h t tra c k  w ith  tim es an d  
p o sitio n s  o f  profiles le tte red , h o llo w  circles w ere h ighest sam ples a n d  so lid  circles w ere 
n eares t th e  sea. (d ) F lig h t tra c k  (shaded) a n d  a ir  tra jec to rie s  to  its ex trem ities a t  ‘su rfa c e ’ 
(ap p ro x im ate ly  500 m . in  so lid  lines a n d  circles) an d  a t  700 m b. level (dashed  line a n d  open  
circles). L in e  sh ad in g  ind ica tes a reas  f ro m  w hich  ‘sfe rics’ w ere detec ted  a t tim es an d  da tes  
show n.
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F ig . 7. V ertica l te m p e ra tu re  profiles ( to p ) a n d  iso sp o re  d iag ram s o f  C lad o sp o riu m , dam p- 
a ir  ty p es a n d  U stilag o  in  F lig h t 2/63 (deta ils  a s  F ig . 4). T h e re  w ere to o  few  p o llen s a n d  
Puccinia gram inis u re d o sp o res  to  show  o n  se p a ra te  d iag ram s b u t presence  o f  th e  la tte r  
is in d ica ted  b y  b lack  circles o n  th e  C la d o sp o r iu m  d iag ram .
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Fig. 8. For legend see opposite page.
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29 -30  J u ly  rem ain ed  va lid . In  th is area  d u rin g  the p reced in g  24 h r w id esp read  sferic  

a c tiv ity  in d icated  v ig o ro u s  c o n v e ctio n  a n d  th u n d ersto rm s, w h ich  c o u ld  h a ve  d is

tr ib u ted  sp ores fa v o u r a b ly  fo r  d ista n t tran sp o rt.

T h e  tem p eratu re  p ro file  m easu red  fro m  the a irc ra ft  d u rin g  A  w a s co n firm ed  b y  the

12.00 ra d io so n d e  a scen t fro m  H e m sb y , w h ich  reve aled  sta b ility  b etw een  300 m . an d  

600 m . an d  a b o v e  1500 m . T h e  tem p eratu re p ro file  m easu red  d u rin g  Q  a lso  agreed  

c lo se ly  w ith  th a t m easu red  u p w in d  a t S o la , N o r w a y , w h ere stab le  a ir  b e lo w  300 m . 

g a v e  p la ce  to  u n sta b le  a ir  u p  to  a b o u t 3000 m .

S ca rc ity  o f  in fo rm a tio n  fro m  p o ssib le  so u rce  areas, th e  p ro b a b ility  th a t sp o re c o n 

cen tra tio n s m a y  h a ve  b een  m o d ified  b y  p re c ip ita tio n , and  d o u b ts  a b o u t trajecto ries  

co m b in e to  lim it th e  co n clu sio n s  th a t ca n  b e  d ra w n  fro m  th is fligh t. T h e  d istr ib u tio n  o f  

C la d o sp o riu m  an d  P u ccin ia  gram inis u red o sp o re s suggests th ey  m a y  h a v e  co m e fro m  

the sam e p laces b u t it is su rp risin g  th a t U s tila g o , w h ich  is a lso  c o m m o n ly  d erived  fro m  

grasses a n d  cereals, w as co m m o n est b en eath  the in v ersio n  a t 900-1200 m . b etw een  

L  an d  O . T h e  sca rc ity  o f  p o lle n s  is n o t surp risin g  b ecau se  little  w as p ro b a b ly  lib e ra ted  

d u rin g  the th u n d ery  w ea th er in  p o ssib le  so u rce  areas. T h e  reaso n s fo r  th e  re lative  

sca rc ity  o f  sp ores in  th e  so u th ern m o st th ird  o f  the fligh t, th e  p ro m in en ce o f  d ry -a ir  

ty p e s a b o v e  600 m . in  th e  cen tre  a n d  o f  d a m p -air  typ es a t the n o rth ern  extrem ity , 

rem ain  u n ex p la in ed . T h e  sp o re p rofiles a n d  iso sp o re  d iag ra m s seem ed c lo se ly  related  

to  tem p eratu re d istr ib u tio n s; th e  sm allest co n cen tratio n s  o ccu rred  in  th e  iso th erm al 

la y e r  a b o v e  1500 m . a t  A  an d  B , d ire ctly  a b o v e  th e  greatest co n ce n tra tio n  o f  C la d o 

sp oriu m . P ro x im ity  suggests these c o u ld  h a ve  co m e fr o m  E a s t A n g lia  b u t w ith  stab le  

a ir  ju s t  a b o v e  300 m . b o th  d u rin g  the fligh t a n d  a t H e m sb y  it  is d ifficu lt to  see h o w  so 

m a n y  co u ld  h a v e  risen  so fa r  so q u ic k ly ; a lso  th e  P . gram inis u red o sp o res a cco m p a n y in g  

th e m  are m o st u n lik e ly  to  h a v e  co m e fro m  th is area.

F lig h t 1I6 4 : 0 9 .4 5 -12 .15  g .m . t . ,  16  July 1964

D u rin g  th is fligh t sa m p lin g  b eg a n  w ith  a  descen t, A ,  fro m  n ear Y o r k  to  R e d c a r  

a n d  then  on  a  tra c k  o f  060° fo r  a b o u t 400 m iles in to  the S k a g e rra k . T h e  fligh t w as 

a g a in  o f  ‘ sa w -to o th  ’ p a ttern  b u t the ascen ts to  2700 m . w ere h igh er th a n  p re v io u sly  

(F ig . 8e). T h e  p ilo t  rep o rte d  w ell b ro k e n  c lo u d  w ith  a  h a ze  to p  a t  1500 m . in  the w est 

a n d  a b o u t 1000 m . fa rth er east. T h ese  o b serva tio n s agreed  w ith  th e  irreg u la r  te m p era 

tu re  p ro files a t  th e  start o f  th e  flig h t b u t to w a rd s th e  cen tre  th e  p ro files su ggested  th a t 

the h a ze  to p  w as p r o b a b ly  diffuse.

F e w  sp ores w ere  ca u g h t a b o v e  1800 m . so  the iso sp o re  d iag ra m  (F ig . 9) is lim ited  

to  th is h eigh t. It  sh o w s large  C la d o sp o r iu m  co n cen tratio n s n ear the start, m o stly  

b e lo w  900 m ., few e st a b o u t 150 m iles o u t, fo llo w e d  b y  u n u su ally  large  co n cen tratio n s 

cen tred  1000 m . a b o v e  sea  lev e l a n d  1 7 5 -2 7 5  m iles fro m  th e  E n g lish  c o a st (see a lso

Long-distance spore transport

F ig . 8. W e a th e r  a n d  d eta ils  o f  F lig h t 1/64. (a) Su rface  c h a r t fo r  12.00, 15 Ju ly  1964. 
(b) S u rface  c h a r t fo r  12.00, 16 Ju ly  1964. (c) 700 m b. c h a r t fo r  12.00, 16 Ju ly  1964. (d )
F lig h t tra c k  sh ad ed  a n d  a ir  tra jec to ries  to  n e a r  each  en d  a t  ‘su rfa c e ’ a n d  a t  700 m b. level. 
A d d itio n a l su rface  tra jec to ries  m ark ed  w ith  triang les sh o w  th e  effect expected  f ro m  w inds 
b o th  s tro n g e r a n d  w eaker th a n  th o se  assu m ed  in  th e  p ro b a b le  tra jec to ry  (see text), (c) C o m 
p o site  d iag ram  show ing , above, th e  tra c k  o f  F lig h t 1/64 a n d  below , a n  iso m etric  c ia g ra m  
o f th e  sa w -to o th  flight p lan . O p e n  circles in d ica te  h ig h -p o in ts  a n d  so lid  circles n ea r  the  sea, 
le tte rs in d ica te  ascen ts a n d  descen ts a n d  refe r to  th e  d iag ram  below  w here  each  dash  re p re 
sents a  sam ple.
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F ig . 3 b). P o lle n  w as m o st co n cen trated  600 m . h igh  an d  a t 190 m iles fro m  th e  co a st. 

B y  co n tra st, th e  d a m p -air  typ es w ere m o st n u m ero u s in  tw o  d iscrete  areas, o n  eith er 

side o f  the m a in  C la d o s p o r iu m  c lo u d , resp ectively  5 0 -12 5  an d  300-350 m iles fro m  the 

co a st.

F ro m  14 Ju ly  pressu re w a s h igh  fro m  S p a in  to  C e n tra l E u ro p e  an d  fro n ts  th a t 

cro ssed  the B ritish  Isles o n  14 an d  ea rly  15 July  w ere fo llo w e d  b y  risin g pressu re (F ig . 8 a).

J. M. HIRST, O. J. STEDMAN AMD G. W. HURST

103 ft. km. 1/64

F ig . 9. V ertica l te m p e ra tu re  profiles (top ) a n d  iso sp o re  d iag ram s o f  C lad o sp o riu m , p o llen  
a n d  d a m p -a ir  types in  F lig h t 1/64 (deta ils  as F ig . 4).
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A  fa ir ly  defin ite so u th -w esterly  su rface a irstrea m  o n  15 J u ly  g a v e  p la ce  b y  16 J u ly  to  

ligh ter  an d  m o re  v a r ia b le  w in d s (F ig . 8 b), w h ich  m a d e  b a c k -tra c k in g  u n ce rta in  a t  lo w  

lev e l a lth o u g h  it  c o u ld  b e  d o n e  m o re  re lia b ly  a t 700 m b. (a p p ro x im a te ly  3000 m ., F ig . 

8 c).

A t  first an  a ttem p t w as m a d e  to  ex p la in  th e  o b served  sp o re  d istr ib u tio n  b y  lo w -leve l 

w in d s. A t  th e  Y o r k s h ir e  c o a st a t  10.00 o n  16 Ju ly, su rface  a ir  w o u ld  h a v e  crossed  

E n g la n d  a fter  m id n ig h t (F ig . 8 d), so th e  d en se C la d o s p o r iu m  c lo u d  lo w  o v er the lan d  

n ea r A  c o u ld  h a v e  b een  lib e ra ted  ea st o f  th e  P en n in es th a t m o rn in g. S p o res lib era ted  

th e  p re v io u s  d a y  in  N o r th  W a le s  o r  th e  so u th  c o a st o f  Ire la n d  m a y  a lso  h a ve  c o n tri

b u ted  to  the c lo u d . F o rce d  liftin g  b y  a ir  flo w in g  o v e r  the P en n in es m a y  h a ve  h elp ed  

to  d isperse these sp ores u p w a rd s. B etw e en  C  a n d  E  (F ig . 8 c) trajecto ries  suggested  

th a t su rface  a ir  w o u ld  h a v e  cro ssed  E n g la n d  a n d  W a les  b y  n igh t, a n d  th ere w ere least 

d ry-a ir  ty p e s a n d  m o st d a m p -air  typ es in  th is regio n . D a y -lib e ra te d  sp ores w o u ld  h a ve  

b een  exp ected  to  be m o st c o m m o n  b etw een  E  a n d  G , an d  co n cen tratio n s d id  in crease 

in  this reg io n  b u t m u ch  o f  ea ch  sp o re c lo u d  w as fu rth er east. F e w  d am p -air  typ es w o u ld  

b e  exp ected  in  th e  area  ju s t  b e y o n d  th e  m id -p o in t, an d  fe w  w ere  fo u n d . A g a in  few  

n ig h t-lib e ra ted  sp ores w ere  ex p ected  o r  fo u n d  a t th e  eastern  ex trem ity  L , su ggestin g 

th a t the S o u th  c o a st o f  N o r w a y  w a s n o t an  im p o rta n t so u rce. S o m e day-liberated  

sp ores released  fro m  so u th ern  E n g la n d  d u rin g  th e  a fte rn o o n  o f  14 Ju ly  m igh t h a ve  

reach ed  L , b u t c o n ce n tra tio n  d id  n o t in crease there.

S p o re  d istrib u tio n s, p a rticu la rly  n ea r the m id d le  o f  th e  fligh t, w ere  n o t a d eq u a te ly  

ex p la in ed  b y  lo w -leve l w in d s, so it  w as d ecid ed  to  co n sid er h igh er w in d s. U p p er a ir 

ch arts  fo r  700 m b. sh o w e d  th a t sp ores released  fro m  E n g la n d  a n d  W a les  the p rev io u s  

d a y  w o u ld  h a v e  rea ch e d  th e  n o rth -eastern  en d  o f  th e  tra c k  b y  12.00, 16 Ju ly  (F ig . 8 d). 

a n d  a ir  sa m p led  a t the m id -p o in : w o u ld  h a v e  crossed  th e  la n d  d u rin g  the n igh t. T h e  

d iscrep an cies b etw een  the o b serve d  d istr ib u tio n  a n d  th e  d istrib u tio n s su ggested  b y  

u p p er an d  su rface  w in d s w ere  in  d ifferen t d ire ctio n s a lo n g  th e  fligh t p a th , so it  seem ed 

p o ssib le  th a t w in d s a t  an  in term ed iate  h eig h t m igh t e x p la in  the o b served  d istrib u tio n  

m o re  accu rate ly .

O v e r  la n d  th e  p rev io u s  d a y , ra d io so n d e  ascen ts a t  L iv e r p o o l sh o w e d  w e a k  in v er

sion s b etw een  900 a n d  1500 m ., b u t th ese w ere  to o  sh a llo w  to  p rev en t p e n e tra tio n  b y  

a ctiv e  c o n v e ctiv e  b u b b les, so w ith  m a x im u m  su rface  tem p eratu res o f  20 ° C  sp ores co u ld  

easily  h a v e  b een  lifted  to  2000-2500 m . a n d  som e p o ssib ly  even  h igh er. A t  3000 m . 

w in d s w ere o ften  3 to  4  tim es as stro n g  as a t  th e  su rface. T h e  m a in  w in d  shear 

o ccu rred  b e lo w  1500 m . a n d  b etw een  1500 an d  3000 m . speeds d iffered  b y  o n ly  

5 -1 0  k n o ts . It  is th erefo re  rea so n a b le  to  assu m e th a t m u ch  o f  ea ch  sp ore c lo u d  raised  

b y  c o n v e ctio n  o n  15 J u ly  w o u ld  h a v e  b een  ca rrie d  ea st b y  w in d s in term ed iate  in  

sp eed  b etw een  th o se  a t  th e  su rface  a n d  th o se  a t 700 m b. In d eed  th e  slo p in g  a x is  o f  

greatest co n ce n tra tio n  in  th e  C la d o sp o r iu m  an d  p o lle n  c lo u d s is w h a t w o u ld  b e  e x 

p e cted  fr o m  ex p o su re  to  stro n ge r w in d s a t  in crea sin g  h eigh t.

T h e  fligh t w as in  a  re g io n  o f  v e ry  lig h t su rface w in d s a n d  m u ch  u n ce rta in ty  existed , 

p a rticu la rly  a t th e  eastern  en d, fo r  the first fe w  h o u rs  o f  b a c k  tra ck in g . T h e  p ro b a b le  

su rface  tra c k  a lre a d y  m en tio n ed  assu m ed  a  m o d era te  flo w  o f  a b o u t 6 k n o ts , a n d  w in d s 

o f  8 k n o ts  w o u ld  h a ve  m a d e  little  d ifferen ce (F ig . 8 d ) b u t v e ry  lig h t w in d s (2 -3  k n o ts) 

w o u ld  h a v e  a ltered  th e  so u rce area  to  W e s t D e n m a r k  ea rly  th e  p rev io u s m o rn in g  

(F ig . 8 d). T h e re  the w ea th e r w as d u ll w ith  lig h t w in d s a n d  little  co n v e ctio n , so the 

scarcity  o f  d a y-lib e ra ted  sp ores a t  the east en d  o f  th e  flig h t p a th  w a s n o t n ecessarily

Long-distance spore transport
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evid en ce a g a in st an  a ir  tra je c to ry  fro m  D e n m a rk . A g a in  assu m in g lig h t w in d s, the a ir 

sam p led  a t p o in ts  fa rth e r  w est a lo n g  th e  fligh t p a th  w o u ld  h a ve  co m e fr o m  G e rm a n y  

w ith  less lik e lih o o d  o f  h igh  sp o re co n cen tratio n s, b u t th e  d iag ra m s sh o w  th a t d a y- 

lib era ted  sp ores w ere m o re  freq u e n t here. T h u s  th e  d istrib u tio n  o f  sp ores in  ‘ su rface  ’ 

a ir  su p p o rts  th e  th e o ry  th a t the B ritish  Isles w ere th e  sou rce o f  the sp ores sa m p led  

even  a t L .
DISCUSSION

M a n y  a irb o rn e  fu n g a l sp ores w ere d etected  h u n d red s o f  m iles d o w n w in d  fro m  lan d  

in  each  o f  these flights. A s  w e tried  to  select d ry  w ea th er fo r  fligh ts w e ca n  c la im  n o  

m o re  th a n  th a t lo n g-d ista n ce  tra n sp o rt o ccu rs freq u e n tly  in  sum m er. S u ch  o b s e r v a 

tio n s w ill b e  o f  lim ited  v a lu e  to  p la n t p a th o lo g ists  u n til w e k n o w  h o w  m a n y  o f  th e  sp o res 

are  v ia b le . A t  p resen t th ere is n o  sa tis fa cto ry  ro u tin e  m eth o d  fo r  g ro w in g  cu ltu re s 

fro m  tra p p e d  sp ores o f  sa p ro p h yte s, o r  testin g  v ia b ility  o f  o b lig a te  p arasites. U n til  

these d eficien cies are  rem ed ied  w e m a y  lea rn  so m e th in g  fro m  la b o r a to ry  exp erim en ts 

w h ich  sim u late  th e  h eig h ts, tem p eratu res a n d  d u ra tio n s  o f  flig h t o f  spores.

H irst et al. (19 6 7) fo u n d  th a t, a t  3000 m ., sp ores w ere often  to o  fe w  to  b e  d ete ctab le  

w ith  3 0 -6 0 1. a ir  sam ples. T h e  s a w -to o th  flig h t p la n  th erefo re  w en t h ig h  e n o u g h  to  

d ete ct m o st sp ores a n d  p ro v id e d  a  v a lu a b le  co m p ro m ise  b etw een  ran ge  a n d  fligh t 

d u ra tio n . In  in terp re tin g  th e  results w e rega rd e d  th e  ascents a n d  descen ts as th o u g h  

th e y  w ere  ve rtica l p ro files, b u t it  m u st b e  rem em b ered  th a t in  b o th  th e  flig h t p a th  w a s 

o n ly  3 0 fro m  h o r iz o n ta l a n d  th a t th e  lib erties  w e to o k  in  in terp retin g  p ro files  w o u ld  

b e  p erm issib le  o n ly  in  lo n g  fligh ts o v er  the sea. ‘ C o n to u r in g ’ th e  d en sity  o f  sp o re 

c lo u d s, b y  co n stru ctin g  ‘ is o s p o r e ’ d iag ram s o f  ve rtica l sectio n s a b o v e  th e  sea, s im p li

fied  th e  d em o n stratio n  o f  q u ite  w ell-d efin ed  sp o re c lo u d s, a lth o u g h  it  d isto rte d  th e ir  

sh a p e in  the d iag ra m s b y  co n tra ctin g  d ista n ce  140 tim es m o re  th a n  heigh t.

In  retro sp ect, it  is n o t surp risin g  th a t c lo u d s o f  d a y - a n d  n ig h t-lib era ted  sp ores p r o 

d u ced  fro m  :h e  B ritish  Isles sh o u ld  b e  d etectab le , d o w n w in d  o v er th e  sea, 1 o r  2 d a ys  

later. B u t w h en , in  F lig h t 1/62, sp ores b ecam e m o re  n u m ero u s as d ista n ce  fr o m  th e  

c o a s t in creased  a n d , esp ecially  o f  C la d o sp o riu m , w ith  in crea sin g  a ltitu d e, th e  rea so n  w a s 

n o t im m ed iate ly  a p p a ren t. T h e  ex p la n a tio n  w e  p ro p o se  is w ell su p p o rted  b y  the 

m e te o ro lo g ica l an alyses w h ich  assu m ed  th a t sp ores w ere lib e ra ted  a t  th e ir  u su a l tim e 

o f  d a y . In  a ll fligh ts a ttem p ts to  tra c k  sp o re  c lo u d s  b a c k  to  th e ir  sources le ft  so m e 

fea tu res u n ex p la in ed ; som etim es th e  tra jecto ries  w ere  in  d o u b t, d ista n t sou rces d id  

n o t a lw a y s  seem  to  h a v e  p ro d u ce d  th e  exp ected  n u m b er o f  sp ores a t  th e  u su a l tim es, 

o r, in  som e fligh ts, p o sitio n , w in d  speed an d  d irectio n  m a d e it  d ifficu lt to  id en tify  

so u rce  areas (fo r  exam p le, to  d iscrim in ate  b etw een  E n g la n d  a n d  Ire lan d ). B ecau se  

o f  these d ifficu lties m a n y  m o re  fligh ts w o u ld  b e  req u ired  to  p ro v e  th e  th e o ry  w h ich  

n o w  seem s p r o b a b ly  co rrect.

M o s t  p ro files sh o w e d  sign  o f  ‘ e ro sio n  ’ n ea r  th e  su rface  an d  th e  iso sp o re  d ia g ra m s 

sh o w e d  m a xim u m  co n cen tra tio n s  b etw e en  600 an d  1200 m ., w h ich  w ere 2 to  4  tim es 

grea te r  th a n  th o se  o f  th e  su rface  a ir  b e lo w . T h e  fligh ts d id  n o t test h o w  q u ic k ly  

d ep o sitio n  ero d ed  sp o re c lo u d s. P resu m a b ly  th e  p ro cess is co n tin u o u s, b u t, a b o v e  

la n d  sources, is o ften  m a sk ed  b y  p rep o n d e ra n t sp o re lib era tio n . S lig h t su p p o rt fo r  

th is id ea  w as g iv en  in  p re v io u s  ascen ts (H irst et al. 1967) w h en  ero sio n  o f  p o lle n  a n d  

C la d o sp o r iu m  p ro files, a lth o u g h  u su a lly  d etectab le , w a s greatest a t n igh t. T h e  sh a p e 

o f  ve rtica l p ro files  m easu red  fro m  a irc ra ft  m u st d ep en d  o n  th e  a ctiv ity  o f  v e rt ic a l 

m ix in g  d u rin g  sp o re a scen t a n d  tran sp o rt, in  a d d itio n  to  the ra te  o f  d ep o sitio n .
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T h o r o u g h  tu rb u le n t m ix in g  d id  n o t o ccu r  d u rin g  these fligh ts, o r  sp o re co n cen tra tio n s  

w o u ld  h a v e  b een  m o re  n ea rly  u n ifo rm  w ith  heigh t.

T h e  effects o f  tem p eratu re  in versio n s seem  co m p lex , th e  sim plest ex a m p le  is  the 

lim ita tio n  o f  u p w a rd  sp o re tra n sp o rt b y  a  p re-fo rm ed  in versio n . T h e  d ev e lo p m e n t o f  

in version s w ith in  ex istin g  sp o re c lo u d s lea d s to  m o re  co m p lica te d  p ro files. S u ch  in 

versio n s often  d e v e lo p  c lo se  to  th e  g ro u n d  a t n ig h t w h en  c o n v e ctio n  is m in im al, b u t 

sp o re  d ep o sitio n  b y  settlin g  o r  fr ic tio n a l tu rb u le n ce  m a y  still p ro c e e d ; th u s ‘.h e c o n 

ce n tra tio n  o f  d a y -lib e ra ted  sp ores is d ecreased , a n d  m o st o ccu r  a b o v e  th e  in v ersio n , 

in  th e  p a st e rro n e o u sly  in terp reted  as su g gestin g  th a t sp ores a ccu m u lated  a b o v e  in 

versio n s (R e m p e, 1937). S im ila r  effects a cco m p a n y  in versio n s c o m m o n  n ea r sea- 

lev e l b y  d a y , b ecau se  th e  stab le  a ir  d ecreases tu rb u le n t d iffu sio n  o f  sp ores d o w n w a rd  

to  replen ish  th e  co n ce n tra tio n  in  su rface  a ir  d im in ish ed  b y  d ep o sitio n . S p o re  c o n 

cen tra tio n  a lso  d ecreased  w ith in  sta b le  a ir  w ell a b o v e  g ro u n d  (see F ig s . 4 -8 ). Irre g u la r  

p ro files w o u ld  b e  exp ected  to  resu lt fro m  sh earin g  b etw een  air stra ta  m o v in g  d ifferen tly  

in  sp eed  o r  d ire ctio n  (see F lig h t  1/64).

S ev era l fligh ts p ro v id e d  ev id en ce  o f  g r a v ita tio n a l stra tifica tio n  a cc o rd in g  to  sp ore 

size. P o lle n  c lo u d s w ere  cen tred  300-600 m . lo w e r  th a n  th o se  o f  C la d o sp o r iu m  w h ich  

is lib e ra ted  a t a b o u t th e  sam e tim e o f  d a y  a n d  ascen d s sim ilarly  in  co n v e ctio n  (H irst 

et al. 1967) b u t h a s a  m u ch  sm aller term in a l v e lo c ity . P resu m a b ly  b o th  ty p e s o f  sp o re 

w o u ld  b e  e q u a lly  d iffu sed  d o w n w a rd  b y  ed d ies a n d  d ep o sited  co n tin u o u s ly  b u t a 

g rea te r  p r o p o rtio n  o f  th e  p o lle n  c lo u d  w o u ld  b e  lo s t  b ecau se  th ese sp ores w o u ld  fa ll 

fa ste r  in to  th e  a ir  n ea r th e  su rfa ce  a n d  b e  d ep o sited  fro m  it. In  a d d itio n  to  this sep a ra 

tio n  o f  th e  m a in  p o lle n  a n d  C la d o sp o r iu m  c lo u d s, F lig h t  1/62 in d icated  a  sim ilar 

stra tifica tio n  in  th e  fe w  C la d o s p o r iu m  sp ores a t 1650 m . a n d  a b o u t 300 m . lo w e r  in  

th e  co rre sp o n d in g  p o lle n  p ro files  (F ig . 2).

T h e  d isc o v e ry  o f  d a m p -air  lib e ra ted  sp ores a t  u p  to  1800 m . is o f  p a rticu la r  interest. 

A lth o u g h  th ese sp ores ca n  b e  lib e ra ted  o n  w e t d a ys, w e attr ib u te d  th e m  to  n ight- 

lib e ra tio n  in  p e rio d s w h en  little  o r  n o  ra in  fe ll o n  th e  B ritish  Isles. D iffu s io n  o f  n igh t- 

lib e ra ted  sp ores w o u ld  se ld o m  b e  h elp ed  b y  a ctiv e  co n v e ctio n  d u rin g  th e  p e rio d  o f  

release, a n d  o v e r  E n g la n d  fr ic tio n a l tu rb u len ce  seem s u n lik e ly  to  raise  th e m  to  th is 

h eigh t. A n  a ltern a tive  e x p la n a tio n , p ro p o se d  b y  H irst (1953) to  e x p la in  a n  a b ru p t 

d ec lin e  o f  sp o re  co n cen tra tio n s  n ear th e  g ro u n d  so o n  a fter  d a w n , is th a t, b ecau se  o f  

th e ir  sm all size, m a n y  rem ain  susp en ded  n ea r th e  g ro u n d  u n til d isp ersed  u p w a rd s b y  

c o n v e ctio n  so o n  a fter  d a w n . T h is  p o ssib ility  c o u ld  b e  tested  b y  sequen ces o f  ascents at 

d ifferen t tim es o f  d a y  a n d  n igh t, b u t w e h a v e  b een  u n a b le  to  rep eat th o se  m a d e  in 

1961 (H irst et al. 1967) w h en  to o  fe w  d a m p -air  sp ores w ere  ca u g h t to  co n s tru ct re

lia b le  p ro files. N o r  d o  w e y e t k n o w  e n o u g h  o f  th e  b io lo g y  o f  the o rgan ism s to  say  

w h eth er th o se  d issem in ated  are w a sted  o r  w h eth er sm alln ess is an  a d va n ta g e , w h ich  

b y  d e la y in g  d ep o sitio n  a llo w s  d ista n t tra n sp o rt o f  n ig h t-lib era ted  spores.

A lth o u g h  w e d o  n o t k n o w  w h eth er sp ores ca n  b e  carried  acro ss th e  A t la n tic , it  

seem s safe  to  assu m e th a t o n ly  a  fe w  w o u ld  rem ain  in  tran s-A tla n tic  a ir  a p p ro a ch in g  

th e  B ritish  Isles. T o  stu d y  d ep le tio n  o f  sp ores o v er  th e  N o r th  S ea w e n eed ed  w in d s 

b etw een  so u th  a n d  w est, a n d  ex cep t fo r  th e  B ritish  Isles, N o rth -w e st F ra n ce  w a s p r o 

b a b ly  th e  o n ly  p o te n tia l E u ro p e a n  so u rce  o f  sp ores c a u g h t in  F lig h ts  1/62, 1/63 an d  

i/ 64-
U n ifo rm  sp o re  co n cen tra tio n s  w o u ld  o ccu r  a t  the d o w n w in d  c o a st o f  a  grea t lan d  

m ass lib e ra tin g  sp ores a t a  co n sta n t rate. H o w e v e r, C la d o s p o r iu m  an d  p o llen s are
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lib e ra ted  ch ie fly  b etw een  09.00 a n d  18.00 and  o u r  fligh ts w ere m a d e d o w n w in d  o f  an  

is lan d  so u rce  w h ich  w in d s o ften  cro ssed  in  10 o r  12 h r. T h e re fo re  th e  d a y-lib e ra ted  

sp ores w o u ld  b e  carried  c lear o f  th e  d o w n w in d  c o a st d u rin g  th e  n ig h t to  cro ss th e  sea 

as a  d iscrete  c lo u d , the o rig in  o f  w h ich  c o u ld  b e  determ in ed . S p o res released  b etw e en

22.00 a n d  06.00 w o u ld  a ltern ate  w ith  b u t p a rtly  o v e r la p  the d a y-lib e ra ted  sp o re  c lo u d s. 

C lo u d s  released  d a ily  fro m  la rg e r  so u rces o r  w ith  slo w er w in d s w o u ld  n o t b e  d iscrete, 

w h ereas sm aller so u rces o r  fa ster  w in d s w o u ld  n o t a llo w  su ch  large  co n cen tra tio n s  o f  

sp ores to  a ccu m u late  a n d  so  w o u ld  m a k e  th e  c lo u d s less ea sy  to  reco gn ize .

T h o u g h  w e w ere  fo rtu n a te  in  w o rk in g  fro m  a n  is lan d  so u rce  w ith  size a n d  w in d s 

a p p a re n tly  n ea r the o p tim u m  fo r  d istin gu ish in g  d a ily  sp o re c lo u d s, th e  v a r ia b ility  o f  

sp o re co n cen tratio n s le a v in g  the c o a st serio u sly  in terfered  w ith  th e  o rig in al p u rp o se  o f  

th e  flights, w h ich  w a s to  m easu re th e  d ep le tio n  o f  sp o re c lo u d s. T h e  p r o p o rtio n  o f  

sp ores d ep o sited  ca n  o n ly  b e  m easu red  w h en  th e ir  in itia l co n cen tra tio n  is d eterm in ed  

b y  a  sequ en ce o f  ascents o v er  the d o w n w in d  co a st. W ith o u t th is in fo rm a tio n  th e  rate  

o f  d ep o sitio n  c a n n o t b e  m easu red  b y  estim atin g  the to ta l sp ores rep resen ted  b y  p r o 

files a t  d ifferen t d istan ces fro m  s h o r e ; n eith er ca n  th e  sh ap e o f  p ro files, th e  m a xim u m  

c o n c e n tra tio n  n o r th e  h e ig h t a t  w h ich  th is o ccu rs b e  used, b ecau se  these a re  c o n ti

n u o u sly  m o d ified  b y  ero sio n  a t th e  b ase  a n d  b y  tu rb u le n t m ixin g. L o n g e r  o v erla n d  

travel sh o u ld  m a k e  th e  sp o re  c lo u d s  le a v in g  th e  c o a s t m o re  u n ifo rm  so th a t sim ilar 

fligh ts d o w n w in d  o f  a  co n tin en t m ig h t p e rm it d ep le tio n  to  b e  m easu red  a ccu ra te ly  

o v e r  grea te r  d istances.

O c ca s io n a l ero d e d  p ro files h a v e  p re v io u s ly  b een  rep o rted , b u t o u r  fligh ts su ggest 

th e y  are ty p ica l rem o te  fro m  so u rces an d  a lso  h o w  th e y  m a y  arise. D e p le tio n  o f  sp ores 

in  a ir  n ear th e  su rface  h as several im p o rta n t im p lica tio n s, b ecau se  g ro u n d  lev e l sp o re 

trap s  m u st o p erate  in  a  stra tu m  p a rtia lly  d ep leted  o f  fa r-trav e lled  sp ores (see H irst 

et al. 1967) an d  c a n n o t b e  relied  u p o n  to  m easu re  a ccu ra te ly  th e  co n cen tratio n s  p a ssin g  

o v erh ea d  o r  even  to  sh o w  h o w  th is co n ce n tra tio n  varies w ith  tim e. U n til there are  m o re  

m easurem en ts o f  a tm o sp h eric  tra n sp o rt m ech an ism s, the re lative  co n trib u tio n  o f  

d ista n t a n d  lo c a l so u rces to  th e  catch es o f  su rface  sp o re trap s o r  to  th e  d iu rn al p e rio d i

cities o f  catch es ca n n o t b e  assessed. H o w e v e r, w ith  w esterly  w in d s, the in cu rsio n  o f  

re lativ e ly  sp o re-free  A t la n tic  a ir is lik e ly  to  in flu en ce  d iu rn al p erio d icities  o f  tr o p o 

sp h eric  sp o re co n cen tratio n s co n s id e ra b ly  in  the U n ited  K in g d o m , an d  the effect m a y  

p erh ap s h elp  to  ex p la in  th e  d ifferen ce a m o n g  o b serva tio n s o f  C la d o sp o r iu m  p e rio d i

cities in  d ifferen t p a rts  o f  the w o rld  (see H irst, 1953; H a m ilto n , 1959; P a d y , K r a m e r  

& W ile y ,  1962; R ic h  &  W a g g o n e r, 1962). A lth o u g h  w e h a v e  rath er fe w  fligh ts on  w h ich  

to  rep o rt, the re g u la rity  w ith  w h ich  m a n y  sp ores w ere detected  fa r  fro m  la n d , to g e th e r  

w ith  p rev io u s  in tercep tio n s (H irst et al. 1967), suggests th a t lo n g-d ista n ce  tra n sp o rt is 

freq u e n t d u rin g  fine su m m er w eath er. T h e  sp ores carried  are so n u m ero u s th a t, i f  

v ia b le  a n d  effe ctively  d ep o sited  b y  rain , even  m in o r  co n stitu en ts o f  th e  c lo u d  co u ld  
h a v e  p ro fo u n d  effects on  crop s.

W e  th a n k  the s ta ff o f  th e  M e te o ro lo g ica l O ffice  w h o  h a v e  h elp ed  in  this w o r k ;  

esp ecia lly  th e  D ire c to r  G e n e ra l fo r  p e rm ittin g  th e  fligh ts a n d  p u b lica tio n ; M r  R . F . 

Z o b e l, th en  H e a d  o f  th e  M e te o ro lo g ica l R e sea rch  F lig h t a n d  his p red ecesso r D r  

R . J. M u r g a tr o y d ; a lso  M r  J. F . F ish e r  a n d  M r  S. G . C o rn fo rd . W e  are a lso  g ra te fu l 

to  M r s  M a u re e n  P a rk e r  fo r  te ch n ica l assistan ce an d  fo r  h er care  in  p re p a rin g  the 
d iagram s.

J. M. H I R S T ,  O. J. S T E D M A N  A N D  G. W . H U R S T
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The Action o f Light on Nitrate and Nitrite Assimilation by 
the Marine Chlorophyte, Dunaliella tertiolecta (Butcher)

B y  B . R . G R A N T

Division o f Fisheries and Oceanography, CSIRO, Cronulla, N.S. W. Australia 

(.Accepted for publication 17  March 1967)

SUMMARY

L ig h t  cau se d  u p  to  a  20 -fo ld  in crease  in  th e  ra te  o f  n itrate  a n d  n itrite 
a ssim ila tio n  b y  th e  m a rin e  ch lo ro p h y te  Dunaliella tertiolecta. W h ile  h igh er 
rates o f  o x y g e n  e v o lu tio n  w ere  o b serve d  d u rin g  b o th  n itrate  a n d  n itrite  
a ssim ila tio n , th e  ex tra  o x y g e n  released  w as n o t re lated  to  th e  am o u n ts o f  
n itrate  o r  n itrite  a ssim ilated . C a r b o n  d io x id e  w a s req u ired  fo r  lig h t to  
in crease n itrate  o r  n itrite  a ssim ila tio n ; th e  a d d itio n  o f  g lu co se  d id  n o t o v e r
co m e th is requ irem en t. T h e  lig h t in ten sities a t  w h ich  n itrate  an d  n itrite  
a ssim ila tio n  rea ch ed  th e ir  m a xim u m  rates w ere 300 a n d  1000 ft. can d les 
resp ectively , w h ile  o x y g e n  e v o lu tio n  a n d  ca rb o n  fix a tio n  req u ired  180c ft. 
can d les. In  th e  presen ce o f  3 -(4 -c h lo ro p h e n y l)-i,i-d im e th y lu re a  ( i o _ 4 m), 
n itrate  a n d  n itrite a ssim ila tio n  w ere  still in creased  b y  30 %  in  figh t, a lth o u g h  
o x y g e n  e v o lu tio n  d ecreased  to  2 %  o f  the c o n tro l rate . A ss im ila tio n  o f  n itrate  
a n d  n itrite  in  lig h t w a s d ecreased  to  50 %  b y  so d iu m  azid e  o r  p o ta ssiu m  
c y a n id e  a t 1 -5  x io~ 6 m ; o x y g e n  e v o lu tio n  w a s less sen sitive, req u irin g  m o re  
th a n  3 x i o -4 m  to  decrease the ev o lu tio n  to  50 % . A z id e  an d  cya n id e  b o th  
b lo ck e d  d a rk  n itrate  a n d  n itrite  a ssim ila tio n  b u t a t  s ligh tly  h igh er c o n 
cen tra tio n s th a n  th o se  req u ired  in  the ligh t. Io d o a ce ta te  ( i o -3 m) d e
creased  d a rk  n itrate  a n d  n itrite  a ssim ila tio n  to  2 %  an d  38 %  o f  co n tro l 
va lu es, resp e ctiv e ly ; b u t, in  the lig h t, n itra te  a ssim ila tio n  w a s n o t a ffected  
a n d  n itrite  a ssim ila tio n  w a s d ecreased  b y  o n ly  35 %  a t th is co n cen tratio n . 
It is c o n c lu d e d  th a t the a ctio n  o f  lig h t in  stim u la tin g  n itrate  a n d  n itrite 
a ssim ila tio n  c a n n o t b e  ex p la in ed  on  th e  b asis o f  a  single site o f  a c tio n  as has 
b een  p ro p o se d  fo r  sp in a ch  ch lo ro p la s ts  a n d  th a t tw o  re la tiv e ly  in d ep en d en t 
sites ex ist in  th e  liv in g  D. tertiolecta cell.

INT RO DU C TI ON

T h a t  lig h t stim u lates n itrate  a n d  n itrite  a ssim ila tio n  in  u n ice llu la r  a lgae. (S yrett, 

1962; K e s sle r, 1959) a n d  in  green  leaves (B u rstro m , 1943) has b een  w e ll d o cu m en ted  

sin ce the o r ig in a l d isco v e ry  b y  W a rb u rg  &  N e g e le in  (1920). T h e  ex p la n a tio n  o f  th is 

e ffe ct is n o t y e t a greed  u p o n . W a rb u rg  attr ib u te d  th e  in crease in  a ssim ila tio n  rate  

as a  p e rm e ab ility  effect, a n d  b elieved  th a t in  b o th  lig h t a n d  d a rk , th e  re d u ctio n  o f  

n itra te  to  a m m o n ia  w a s co u p le d  to  resp iratio n , a n d  th a t th e  e x tra  c a rb o n  d io x id e  

p ro d u c tio n  a cco m p a n y in g  n itra te  a ssim ila tio n  in  th e  d a rk  cam e fro m  in creased  

ca rb o h y d ra te  b re a k d o w n . T h e  extra  o x y g e n  ev o lu tio n  ob served  in  th e  lig h t d u rin g  

n itrate  a ssim ila tio n  w a s p o stu la te d  to  co m e fr o m  p h o to ly tic  sp littin g  o f  th is ca rb o n  

d ioxid e. W ith  som e m in o r m o d ificatio n s  W a rb u rg  still adheres to  th is in terp reta tio n  

(W a rb u rg , K r ip p a h l &  J etsch m an n , 1965).

E van s &  N a s o n  (1953) d em o n strated  th a t the red u ctio n  o f  p y r id in e  n u cleo tid es b y
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c h lo ro p la sts  co u ld  b e  co u p le d  to  th e  red u ctio n  o f  n itrate  b y  th e  a d d itio n  o f  n itrate 

red u ctase. M o re  recen t w o r k  b y  P an eq u e, R a m ire z , D e l C a m p o  &  L o s a d a  (1964) an d  

L o s a d a , R a m ire z , P an eq u e  &  D e l C a m p o  (1965) sh o w ed  th a t iso la ted  sp in a ch  c h lo ro 

p la sts  co u ld  red u ce b o th  n itrate  an d  n itrite to  a m m o n ia  in  the lig h t or, w h en  a  b acteria l 

h y d ro gen a se  an d  h y d ro g e n  w ere  ad ded , in  the d a rk  (D e l C a m p o , P an eq u e, R a m ire z  &  

L o s a d a , 1965). T h is  w o rk  stren gth en ed  a n  a ltern a tiv e  th e o ry  o f  the a ctio n  o f  lig h t on 

n itrate  a ssim ila tio n  p ro p o se d  b y  va n  N ie l, A lle n  &  W rig h t (1953). T h is  w as th a t ligh t 

in creased  th e  rate  o f  n itrate  red u ctio n  b y  p ro v id in g  d irectly  in crea sed  am o u n ts o f  

p h o to re d u cta n t, rath er th a n  in  the in d ire ct m an n er p ro p o se d  b y  W a rb u rg . T h e  ex tra  

o x y g e n  p ro d u ctio n  o b served  in  the lig h t w a s p o stu lated  to  co m e fro m  the w a ter-sp littin g  

rea ctio n  a n d  in creased  rates o f  e lectro n  flo w  resu lted  fro m  the ex tra  e lectro n s g o in g  to  

red u ce n itrate  a fter  the requ irem en ts o f  the ca rb o n  fix in g  system  w ere sa tu rated . 

E vid en ce  fo r  th is w as p ro v id e d  b y  th e  fin d in g th a t n itrate  a ssim ila tio n  in h ib its ca rb o n  

d io x id e  a ssim ilatio n  a t lo w  lig h t in ten sities b u t  n o t a t  h igh  intensities. T h e  w o r k  o f  

L o s a d a  et al. (1965) a n d  P an eq u e  et al. (1964) in d icated  th a t a fla v o p ro te in  w a s th e  

p h o to re d u cta n t fo r  n itrate  a ssim ila tio n  an d  th a t ferre d o x in  w as the p h o to re d u c ta n t in  

n itrite  assim ilation .

In  spite o f  the a p p a re n tly  stro n g  evid en ce in  fa v o u r  o f  th e  th e o ry  o f  d ire ct a ctio n  o f  

lig h t, th ere are  still som e ex p erim en ta l results w h ich  are d ifficu lt to  ex p la in  b y  th is 

th e o ry . T h e  m o st im p o rta n t is the requ irem en t fo r  ca rb o n  d io x id e , i f  n itrate  an d  

n itrite  a ssim ila tio n  in  the lig h t are to  p ro cee d  a t m a xim u m  rates (D a v is , 19 53 ; 

K essler, 1964; W a rb u rg  et al. 1965). T h e re  is a lso  a  rep o rt b y  B o n g ers  (1958) th a t 

n itrate  a n d  n itrite a ssim ila tio n  in h ib it ca rb o n  fix atio n  even  a t lig h t in ten sities w h ich  

a re  sa tu ratin g  fo r  p h o to sy n th esis . F u rth er, H a tto ri (1962) rep o rte d  th a t n itrate  a n d  

n itrite  a ssim ila tio n  satu rate  a t  lo w e r  inten sities th a n  d o es o x y ge n  e v o lu tio n . B ecau se  

o f  these a n o m a lies  it  w a s fe lt th a t fu rth er exp erim en ta l w o rk  on  the a ctio n  o f  lig h t on  

n itrate  a n d  n itrite  a ssim ila tio n  sh o u ld  be d o n e. In  th e  p resent p ap er, results o b ta in ed  

w ith  the green  u n ice llu la r  a lg a  Dunaliella tertiolecta are presented. T h is  a lg a  is an  

in h a b ita n t c f  sa lt w a ter  estu aries an d  b elo n gs to  the o rd er V o lv o c a le s ;  the green  

a lg a e  in vestig a ted  to  d a te  b e lo n g  to  the o rd er C h lo ro co cc a le s . It  w as h o p ed  th a t in 

a d d itio n  to  p ro v id in g  d a ta  on  th e  fu n d a m en ta l p ro b lem  o f  n itrate  a ssim ilatio n , som e 

c o m p a ra tiv e  d a ta  fo r  o th er species o f  green  a lg a e  m igh t b e  ob tain ed .

METHODS

Organism. A  stra in  o f  Dunaliella tertiolecta (B u tch er) o b ta in ed  fro m  D r  M a r y  

P a rk e , P ly m o u th , U .K . ,  w a s u sed  in  these exp erim ents.

Culture methods. O rgan ism s w ere g ro w n  in  b a tch  cu ltu res o f  2 1. co n ta in ed  in  5 1. 

H a ffk in e  flasks. T h e  co m p o sitio n  o f  the m ed iu m  w a s as fo llo w s : filtered  sea w a ter, 

sa lin ity  2 8 -3 0 %0, 950 m l.; d istilled  w a ter, 50 m l.;  K N 0 3, 75 m g .; N a H 2P 0 4. 2 H aO , 

10 m g .; F e  c itrate , 1-5 m g .; c itric  acid , 1-5 m g .; M n S 0 4.4 H 20 ,  3 6 0 f i g . ; Z n S 0 4. 7 F L O , 

44 f i g . ; C o C i2. 6H 20 , 20 f i g . ; C o S 0 4-5 H 20 ,  19 f i g . ; th iam in e h y d ro ch lo rid e , 200 f i g ; 

b io tin , 1 f i g .  ; v itam in  B 12 (co b ala m in ) 1 f i g .  T h e  v itam in s a n d  p h o sp h a te  w ere sterilized  

sep a ra tely  in  th e  d istilled  w a ter  an d  ad d e d  to  the rem ain d er o f  the m ed ia  a fter  c o o lin g .

Growth conditions. C u ltu re s  w ere  g ro w n  u n d e r illu m in atio n  fro m  flu o rescen t lam p s 

w h ich  p ro v id e d  a  lig h t in ten sity  o f  400 ft. can d les, an d  gassed  w ith  a  s lo w  stream  o f  a ir  

+  5 %  (v/v) C 0 2. T em p eratu re  w a s m ain ta in ed  a t 2 2 °±  i° .
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Preparation o f  experim en tal suspensions o f  organism s. O rg a n ism s w ere  h a rvested  

w h ilst in  th e ir  lo g a rith m ic  g ro w th  p h ase  (3 -4  d ays) b y  ce n trifu g a tio n  a t 500 g  fo r  

20 m in. a t  5 0. P a c k e d  o rgan ism s w ere resu sp en d ed  in  100 m l. o f  3 %  (w /v) N a C l 

so lu tio n  an d  cen trifu g ed . T h is  w a s rep eated  w ith  50 m l. o f  N a C l so lu tio n  a n d  a fter  

th is organ ism s w ere resu sp en d ed  in  sufficien t N a C l  so lu tio n  to  p ro v id e  a  co n cen 

tra tio n  o f  0-4-0-5 m g. to ta l ch lo ro p h yll/m l. T h e  su sp en sion  w a s th en  h eld  fo r  3 0 - 

60 m in . in  th e  d a rk  a t  r o o m  tem p eratu re  b e fo re  fu rth er use. T h e  co n ce n tra tio n  o f  

c h lo ro p h y ll used  w a s eq u iv a le n t to  5 -8  x  i o 7 organism s/m l. su sp en sion . (N o  d a m a g e  

to  cells w a s o b served  b y  th is p re p a ra tio n  a n d  cells w ere m o tile  a t  tim e o f  ea ch  

exp erim en t.)

M easurem ents. C h lo ro p h y ll w as d eterm in ed  b y  th e  m e th o d  o f  W h a tle y  &  A r n o n

(196 3) . T o ta l  ce ll n itro g en  w as d eterm in ed  b y  K je ld a h l d igestio n  fo llo w e d  b y  estim a

tio n  o f  a m m o n ia  b y  th e  m eth o d  o f  N e w e ll &  D a l  P o n t (1964). N u m b e rs  o f  o rga n ism s 

w ere d eterm in ed  b y  c o u n tin g  w ith  a  P e tro ff-H a u se r  slide a fter  im m o b iliz in g  w ith  

o n e d ro p  o f  B o u in s  fluid/m l. d ilu ted  su sp en sion . N itra te  an d  n itrite a ssim ila tio n  

w a s d eterm in ed  b y  m easu rem en t o f  n itrate  o r  n itrite  p resen t in  th e  sam p le o f  rea ctio n  

m ix tu re  fro m  w h ich  the cells h a d  b een  cen trifu g ed  b e fo re  a n d  a fter  th e  exp erim en ta l 

p e rio d . N itra te  w a s estim ated  b y  red u ctio n  to  n itrite o n  a  cad m iu m -m ercu ry  co lu m n  

(M o rris  &  R ile y , 1963) w ith  th e  a m m o n ia  +  a m m o n iu m  ch lo rid e  b u ffer o f  G r a s s h o f

(19 6 4 ) . N itr ite  w a s estim ated  b y  p ip ettin g  th e  sam p le o f  rea ctio n  m ixtu re  d ire ctly  in to

3-5 m l. o f  1 %  (w/v) su lp h a n ilic  a cid  in  2-5 n -H C I, re m o v in g  d ebris a fter  5 m in . b y  

c en trifu g a tio n  a n d  a d d in g  a  sam p le to  a  su ita b le  v o lu m e  o f  0-02 %  (w /v) A - i-n a p h th y l-  

e th ylen ed ia m in e a n d  d eterm in in g the ex tin ctio n  a t 540 n m  (rap). C a r b o n  a ssim ila tio n  

w a s  d eterm in ed  b y  a d d in g  1 /¿mole N a 14H C O a (4-2 x i o 4 d p m ) to  th e  rea ctio n  m ix tu re  

a t  th e  b eg in n in g  o f  th e  exp erim en t, a n d  th en  a t its co n c lu sio n  p ip ettin g  a  sam p le  in to  

5 m l. 5 %  (v/v) 10 n -H C I  in  eth an o l. T h e  so lu tio n  w a s w a rm ed  to  exp el d isso lv ed  C 0 2 

a n d  a  sam p le co u n ted  in  a  liq u id  sc in tilla tio n  co u n ter, w ith  th e  so lven t d escrib ed  b y  

B ra y  (i9 6 0 ).

E xp erim en ta l conditions. N itra te  a n d  n itrite  a ssim ila tio n  m easurem en ts w ere  d o n e  

in  a  W a rb u rg  a p p a ra tu s  a t  20°. Illu m in a tio n  w a s p ro v id e d  b y  in can d escen t lam p s a n d  

w a s b etw een  2500 a n d  3000 ft. can d les in ten sity . G a s  ex ch a n g e w as m easu red  d u rin g  

th e  exp erim en ts. T h e  co m p lete  rea ctio n  m ix tu re  in  th e  flasks co n ta in ed  the fo llo w in g : 

su sp en sion  o f  o rgan ism s i - o m l , ;  tris b u ffer  (p H  7-6), 125 /¿m oles; K N O a o r  K N O a, 

2-0 /¿m oles; N a H C 0 3 40 /¿moles, a n d  3 %  (w /v) N a C l,  to  to ta l v o lu m e  o f  2-0 m l. 

W h e re  c a rb o n  d io x id e  w a s o m itted , N a H C 0 3 w a s o m itted  a n d  0-15 m l. o f  20 %  

(w/v) K O H  ad d e d  to  cen tre  w ell. N itra te  o r  n itrite  w a s ad d e d  to  the rea ctio n  m ix tu re  a t  

zero  tim e b y  tip p in g  fro m  th e  fla s k  side arm .

RESULTS

T h e effect o f  light on nitrate and nitrite assim ilation by D unaliella  tertialecta

L ig h t  in creased  th e  rate  o f  n itrate  a n d  o f  n itrite  a ssim ila tio n  b y  D unaliella  tertio lecta , 

a lth o u g h  th e  in crease  v a ried  fro m  o n e b a tc h  o f  o rgan ism s to  an o th er. D u r in g  th e  

exp erim en ta l p e rio d  b o th  d a rk  a n d  lig h t a ssim ila tio n  w ere lin ear. A lth o u g h  th e  rates 

o f  b o th  n itra te  a n d  n itrite  a ssim ila tio n  v a ried  b etw een  w id e lim its th e  ra te  o f  n itrite  

a ssim ilatio n  w a s ge n e ra lly  h igh er. T h is  a greed  w ith  th e  o b serv a tio n  th a t n itrite  d id  

n o t  a ccu m u late  in  th e  su sp en din g m ed iu m  w h en  n itra te  w a s b e in g  assim ilated .

G. Microb. 48
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Gas exchange accompanying nitrate and nitrite assimilation. A lth o u g h  in  a ll b u t on e 

o f  th e  exp erim en ts reco rd e d  in  T a b le s  i ,  2 a n d  F ig . 1 , n itrate  o r  n itrite  a ssim ila tio n  w a s 

a cco m p a n ied  b y  in creased  o x y g e n  ev o lu tio n , th ere w as n o  co n sisten cy  b etw een  the 

a m o u n t o f  e x tra  o x y g e n  e v o lv e d  an d  the a m o u n t o f  n itra te  o r  n itrite  a ssim ilated . F o r  

the p u rp o se  o f  d iscu ssio n  it  is rea so n a b le  to  assum e th a t n itrate  (o r n itrite) a ssim ilated  

w as th e  eq u iva len t o f  n itrate  red u ced , fo r  th e  fo llo w in g  rea so n s: (1) Dunaliella tertio- 
lecta d id  n o t sto re eith er n itrate  o r  n itr ite ; (2) ex cre tio n  o f  n itrite  o r  o th er p ro d u cts  o f  

in co m p lete  n itra te  red u ctio n  in to  th e  m ed iu m  w a s n o t ob served  (B . N e w e ll, G .  D a l

T a b le  1. Effect o f light on nitrate assimilation by Dunaliella tertiolecta 
and the resultant oxygen evolution

E ach  vessel c o n ta in e d  in  a  to ta l o f  2 m l. th e  fo llow ing : 0-5 m g. ch lo rophy ll, 125 /¿m oles tris - 
H C 1 buffer (p H  7-6), 40 «.moles N a H C 0 3, a n d  0-5 o r  0-7 m m oles N aC l. W h ere  n itra te  w as 
supp lied  it w as as 2 /¿m oles K N 0 3. T h e  experim en ta l p e r io d  w as 30 o r  40 m in . A ll values a re  
expressed  as /¿m oles/h r/m g. ch lo rophy ll.

N 0 3 u p ta k e  0 2 ev o lu tio n  E x tra
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o 2/n o 3
E xpt. L igh t D a rk C o n tro l +  N 0 3 u p ta k e

32 2-18 0-92 38-4 39'2 o-6
53 1-62 0-14 51-6 58-2 4 '5
55 3 '34 1-30 31-2 30-4 - 0 - 8
57 0 '75 0'43 41-2 41-6 i -3
64 3-20 o-6o 32-1 42'3 3 '9
79 3-68 o-oo 63-6 71-3 2-1
92 2-75 o-oo 68-o 70-0 0-7
93 3-38 o-oo 92-0 1 oo-o 2-4
94 3-10 0-51 51-7 56-5 2-2
95 3-00 0-25 43-o 50-0 2'5

T a b le  2. Effect o f light on nitrite assimilation by Dunaliella tertiolecta 
and the resultant oxygen evolution

E x p erim en ta l co n d itio n s w ere as fo r  T ab le  1 excep t th a t  2 /¿m oles K N 0 2 w ere su b s titu ted  
fo r  K N 0 3. A ll va lues a re  expressed  as /¿m oles/h r/m g. ch lo rophy ll.

N 0 2 u p ta k e  0 2 ev o lu tio n  E x tra
o 2/n o 2

E xp t. L ig h t D a rk C o n tro l + n o 2 u p ta k e

7 i 2-00 o-6o 38-0 40-0 J '4
79 8-oo 3'85 38-5 50-0 2-7
80 6 8 0 3 '66 55-8 6 1 0 1-6
88 , 2-30 o-oo 1 1 8 0 125-0 3-2
99 2-62 o-86 33'5 37-2 2 1

too 5-25 i -59 5 9 3 79'5 5 '5

P o n t an d  B . R . G ra n t, u n p u b lish ed  o b serva tio n ). T h e  gas e v o lu tio n  rates p resen ted  

in  these exp erim en ts w ere lin e ar d u rin g  th e  exp erim en ta l p e r io d s ; n eith er n itra te  n o r  

n itrite  w a s exh au sted  in  th a t tim e. G a s  e v o lu tio n  h as been  co rrected  fo r  gas u p ta k e  in  

d a rk  co n tro ls  in  these exp erim en ts. W h ils t it  w a s n o t p o ssib le  to  test in  ea ch  ex p eri

m en t th a t th e  g a s ev o lve d  w as o x y g e n , tw o  sep arate  exp erim en ts w ith  a cid  ch ro m o u s  

ch lo rid e  in  th e  side arm  sh o w ed  n o  gas e v o lu tio n  a n d  the ch ro m o u s c h lo r id e  ra p id ly  
ch an ged  c o lo u r  fro m  b lu e  to  green.

Requirement for carbon dioxide. W h e n  b ica rb o n a te  w a s o m itted  fro m  th e  re a ctio n
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m ix tu re  a n d  p o ta ssiu m  h y d ro x id e  w a s ad d e d  to  the cen tre  w ell o f  th e  rea ctio n  flask  

n eith er n itrate  n o r  n itrite  a ssim ila tio n  w a s in creased  b y  ligh t. A lth o u g h  in  these 

exp erim en ts som e g a s ev o lu tio n  to o k  p la ce  d u rin g  th e  first io  m in. o f  illu m in atio n , it 

ceased  a b ru p tly  a t  o r  b efo re  io  m in. S in ce th e  co n tro ls  w ith o u t n itrate  o r  n itrite  b e 

h a ved  in  the sam e m an n er, this w as n o t d u e to  a ssim ila tio n  o f  n itrate  in  the absen ce 

o f  C O a. S in ce th e  g a s ev o lu tio n  an d  n itra te  a ssim ila tio n  decreased  w ith  lo n g e r  d a rk  

p re -in cu b a tio n  p e rio d s, it  w a s p ro b a b ly  d u e to  sm all am o u n ts o f  c a rb o n  d io x id e  in  

th e  system  (T a b le  3). G lu c o s e  ( io  /¿m oles/vessel) ad d e d  to  the rea ctio n  m ix tu re  d id  

n o t o v e rco m e  the req u irem en t fo r  ca rb o n  d io x id e , a lth o u g h  it  in creased  n itrate  

a ssim ila tio n  a n d  0 2 p ro d u ctio n  (T a b le  4).

Light and nitrate ¡nitrite assimilation

T a b le  3. Effect o f carbon dioxide on nitrate and nitrite assimilation 
by Dunaliella tertiolecta

E a c h  vessel co n ta in ed  in  a  to ta l o f  2 m l. th e  fo llow ing : 0-5 m g. ch lo ro p h y ll, 125 mmoles 
tr is -H C l buffer (p H  7-6), 2 /¿m oles K N 0 3 o r  K N 0 2, 0-5 o r  0-7 m m oles N aC l. C o n tro l 
vessels c o n ta in ed , in  a d d itio n , 40 /¿moles N a H C 0 3 w hile  C 0 2 — free  vessels co n ta in ed  
0-15 m l. 20 %  K O H  in  cen tre  wells. E xp erim en ta l p e r io d  40 m ins. A ll values gw en  as 
/¿m oles/h r/m g. ch lo rophy ll.

n o 3 n o 2
assim ila ted  0 2 evolved assim ila ted  0 2 evclved

A i r + C 0 2 A lig h t 
A ir —C 0 2 A lig h t 
A ir  A C 0 2 A d a rk  
A i r —C 0 2A d a rk

2 '50 68-0
o - io __*
0*00 - 6-4
O'OO - 7-4

4-00 48 2
r o o __*
1-20 - 3'3
1-20 — 6*o

* A  to ta l  o f  1-5 /¿m oles 0 2 w as evolved in  th e  ex p erim en t w ith  N 0 3 a n d  3-5 /¿m oles 0 2 w ith  N 0 2; 
b u t  ev o lu tio n  ceased  a f te r  5 a n d  10 m ins., respectively , an d  w as iden tica l in  a m o u n t w ith  c o n tro ls  
in  w hich  N 0 3 a n d  N 0 2 w ere absen t.

T a b le  4. Effect o f glucose on nitrate and nitrite assimilation 
by Dunaliella tertiolecta

E a c h  vessel co n ta in ed  in  2 m l., o rg an ism s co n ta in in g  0-5 m g. ch lo ro p h y ll, 125 /¿m oles 
tris -H C l bu ffer (p H  7-6), o -s-o -7  m m oles N aC l, 40 /¿m oles N a H C 0 3, a n d  2 /¿m oles o f  e ith er 
K N 0 3 o r  K N 0 2; 1 0 /¿m oles D -g lucose  w ere a d d ed  w here  in d ica ted . W here  n o  C 0 2 w as 
req u ired  N a H C 0 3 w as o m itted  a n d  0-15 m l. 20 %  (w /v) K O H  w as a d d ed  to  c en tre  well. G as  
p h ase  a i r ± C 0 2. A ll values in  /¿m oles/h r/m g. ch lo ro p h y ll.

n o 3 n o 2
C o n d itio n s assim ila ted O a evolved assim ila ted 0 2 evolved

CO2 A lig h t 0*9 42-2 2*5 48-4
C O s A ligh t A glucose 1*5 47-8 2-6 46-3
L ig h t 0-2 H 0'2 2-6
L ig h t A glucose 0-2 3.7 0'2 ¿.•4
C 0 2 A d a rk 0*0 - 1-7 O'O — a-2
C 0 2 A d a rk  A glucose O'I - 1-9 O'O - 4-8
D a rk O'O — 0-6 O'O -6-7
D a rk  A glucose O'O — 2-2 O'O — 6*4

The effect o f inhibitors
T h e  in h ib ito r  o f  p h o to sy n th esis  3 -(4 -ch lo ro p h en y l)-i, 1 -d im eth y l u rea  ( C M U )  did  

n o t d ecrease o x y ge n  ev o lu tio n  an d  n itrate  an d  n itrite assim ilatio n  eq u a lly . A n  in h ib ito r  

co n cen tratio n  a t i o ~4 m  d ecreased  o x y g e n  e v o lu tio n  to  2 %  o f  the co n tro l ra te ; b u t 

n itrate  an d  n itrite  a ssim ila tio n  co n tin u ed  a t 25 a n d  41 %  o f  the c o n tro l rates. L o w e r

25-2
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co n cen tra tio n s  o f  C M U  sh o w ed  an  even  m o re  m a rk ed  d ifferen ce in  sen sitiv ity  b etw een  

th e  tw o  system s (T a b le  5). P o ta ssiu m  cya n id e  an d  so d iu m  azid e  w ere  even  m o re  effective  

in  in h ib itin g  n itrate  a n d  n itrite a ssim ila tio n  th a n  th ey  w ere in  in h ib itin g  p h o to sy n th etic

T a b le  5. E ffect o f  C M U  on nitrate and nitrite assim ilation by D unaliella  

tertio lecta  and oxygen evolution

E x p erim en ta l c o n d itio n s  as described  u n d e r  T ab le  1 excep t th a t  0-02 m l. e th a n o l o r  
e th an o l so lu tio n  o f  3 -(4 -ch lo ro p h en y l)- i,i-d im e th y lu rea  (C M U ) w as a d d ed  to  each  vessel. 
A ll values in  /¿m oles/h r/m g. ch lo ro p h y ll. T im e o f  exp erim en ts: 30 m ins.

N 0 3 assim ila ted 0 2 evolved N 0 2 assim ila ted  0 2 evolved

C o n tro l light 2*81 56-3 4-53 89-0

+  C M U
io-7m 3-27 51-9 4-48 86-0
IO”6M 2-92 43'9 4 ’39 65-2
IO“eM 2-22 3’7 3'44 - 1 - 4
io-4m I -69 - 3 '2 2-31 - 6-9

C o n tro l d a rk I '30 - 4 '2 1-47 - 8-0
+  C M U

IO“ *M i- 6o - 4 - 1 1-38 - 7 '5
IO“fM 1-20 - 4 - 1 1-38 - 8-5
IO“eM f i o - 4 '4 1-38 - T 4
io_4m 1-20 - 4 ' 4 1-38 -  IPO

T a b le  6 . E ffect o f  potassium  cyanide and sodium  azide on oxygen evolution

and nitrate or nitrite assim ilation

0 2 e v o lu tio n  o r
In h ib ito r u p ta k e N 0 3 a ssim ila tio n  NCh, assim ila tion

K C N  light 3 X IO“4* I X IO“ 5 I X IO“ 5
K C N  d a rk I X IO“ 3 I X IO“ 5 5 X IO“ 4
N a N 3 light >  I X IO -3 5 X IO“ 5 5 X IO“ 5
N a N 3 d a rk >  I X IO“ 3 I  X IO“ 4 5 X IO“ 4

* m o la r  c o n ce n tra tio n s  g iv ing  5 0 %  in h ib itio n .

T a b le  7 .  E ffect o f  iodoacetate on nitrate and nitrite assim ilation

by D unaliella  tertiolecta

E x p erim en ta l co n d itio n s  as fo r T ab le  1 . A ll ra te s  in  /¿m oles/hr/m g. ch lo ro p h y ll

N 0 3 n o 2
assim ila ted 0 2 evo lved  assim ila ted 0 2 evolved

L igh t
C o n tro l 3-20 36-2 5-25 87-0
+  io d o ac e ta te io_4m 3-80 65-0 5-25 8o-o
+  io d o ac e ta te io“3m 3-30 52-0 3-45 58-3

D a rk o-73 - 7 '2 f 5 8 - 7 ’7
C o n tro l
+  io d o ace ta te I O “ 4M  0 0 1 - 5 - 1 P I - 7-2
+  io d o ace ta te IO“3M 0-02 - 7-2 o -6 - 5 - 1

o x y g e n  e v o lu tio n . A t  10 A m (the h igh est co n cen tra tio n  tested) so d iu m  azid e  d ecreased  

p h o to sy n th etic  o x y g e n  e v o lu tio n  b y  o n ly  20 %  (T a b le  6). S o d iu m  io d o a ce ta te  in h ib ited  

n itra te  a n d  n itrite a ssim ila tio n  in  the d a rk  b u t n o t in the ligh t. W h ile  it  is n o t p o ssib le  

n o w  to  b e  certain  th a t th is effect w as n o t d u e to  d estru ctio n  o f  th e  in h ib ito r  in th e  lig h t, 

there seem s to  be ev id en ce fo r  tw o  sep arate  p ath s o f  n itrate  an d  n itrite a ssim ila tio n



(T a b le  7). S o d iu m  a m yta l, 2 ,4 -d in itro p h en o l a n d  p -ch lo ro m e rcu ric-b e n zo a te  w ere  w ith 

o u t effect a t  th e  h igh est co n cen tra tio n s  tested  (5 x  10-4 m).
T he effect o f  light intensity on nitrate and nitrite assim ilation. T h e  lig h t in ten sity  

req u ired  to  sa tu rate  n itrate  an d  n itrite  a ssim ila tio n  w a s m u ch  lo w e r  th a n  th a t req u ired  

to  satu rate  o x y g e n  e v o lu tio n  a n d  ca rb o n  fix a tio n . S in ce th e  lig h t in ten sity  w a s va ried  

b y  u sin g  n eu tra l d en sity  filters the effect w a s n o t du e to  a  ch an ge in  sp ectra l ch a ra cte r

istics o f  the lig h t so u rce. T h e  a c tu a l m a xim u m  rates o f  the rea ctio n s sh o w n  in  F ig . 2 

w ere  n itra te  a ssim ila tio n  2-5 /¿moles/hr/mg. c h lo ro p h y ll;  n itrite , 5-5 /¿moles/hr/mg. 

c h lo ro p h y ll;  o x y g e n , 40 //moles/hr/mg. ch lo ro p h y ll an d  800 counts/m in. p er sam p le fo r  

cell carb o n .
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F ig . I. D unaliella  tertiolecta. R a te  o f  n itra te  a n d  n itrite  assim ila tio n  in  lig h t a n d  d a rk . O , 
n itra te  lig h t; • ,  n itra te  d a rk ;  A, n itrite  lig h t; A , n itr ite  d a rk .

F ig . 2. D unaliella  tertiolecta. E ffect o f  lig h t in ten sity  o n  n itra te  assim ila tio n , n itr ite  assim ila
t io n  a n d  oxygen  ev o lu tio n . H---------- h , N 0 3 ass im ila tio n ; □ -------□ ,  N 0 2 a ssim ila tio n ;
x-------x, C 0 2 a ss im ila tio n ; • --------® , 0 2 p ro d u c tio n .
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DISCUSSION

B e fo re  a ttem p tin g  to  in terp ret these results it  is im p o rta n t to  d eterm in e to  w h a t 

ex ten t th ey  are su p p o rted  b y  th o se o f  o th er w o rk e rs . B o n g ers (1958) and  D a v is  (19 53 ) 

sh o w ed  th a t 2-0 m o les ex tra  o x y g e n  w ere  p ro d u ce d  p er m o le  n itrate  a ssim ila ted  in  th e  

ligh t. H o w e v e r, W a rb u rg  &  N eg ele in  (192 0 ; see ta b le  X II , p. 90) fo u n d  ratio s b etw een  

3 7  a n d  6-0 O a p e r  m o le  o f  N H 4 p ro d u ced , th o u g h  in  a  la ter  p u b lica tio n  (W a rb u rg  

et al. 1965) it  w a s c la im ed  th a t th e  2-0 :1 sto ich io m e try  w a s estab lish ed . H a tto ri (1962) 

d id  n o t fin d  th e  2 : 1  s to ich io m e try  v a lu e  w ith  n itrate, a lth o u g h  he fo u n d  the exp ected

1 -5 :1  sto ich io m etry  v a lu e  w ith  n itrite . H o w eve r, in  b o th  th is p a p e r  an d  in  a  la te r  

p u b lica tio n  (F u jita  &  H a tto ri, 1963), it  w a s stated  th a t a  2-0 :1 ra tio  o f  0 2:N 0 3 w as 

estab lish ed . S in ce D a v is  (1953) d id  n o t m easu re n itrate  assim ilated , B o n g ers (1958), 

rem ain s th e  on e u n a m b ig u o u s re p o rt in  th e  literatu re  w ith  the th e o retica l s to ic h io 

m etry, w h ich  th e  a u th o r  co u ld  find . It is th erefo re  p erh ap s n o t surp risin g  th a t in  the 

results p resented  in  the presen t p a p e r the 0 2: N 0 3 ratio  varied  fro m  o-6 to  4-5.

B y  co n tra st th e  1 -5 :1  ra tio  0 2: N O , is fa ir ly  w ell d o cu m en ted . In  a d d itio n  to  B o n g e r ’ s 

(1958) w o rk . H a tto ri (1962) a n d  K e s s le r  (1964) b o th  rep o rted  ex p erim en ta l c o n 

firm a tio n  o f  th is figu re. A s  D unaliella  tertiolecta  d id  n o t g ive th is s to ich io m e try  

it  a p p a ren tly  b eh aves d ifferen tly  fro m  th e  species o f  a lg a e  in v estig a ted  b y  these 

w o rk e rs . W h e re  h y d ro g en  u p ta k e  has b een  stu d ied  an d  related  to  n itrate  an d  n itrite  

red u ctio n , the ex p ected  sto ich io m e try  o f  3 -0 :1 H 2: N O a w as fo u n d  (K essler, 19 5 7; 

H a tto ri, 1963; S tiller, 1966). H o w eve r, in  the in v e stig a tio n  w ith  n itrate  K e s sle r  re

p o rte d  lo w  rates o f  H 2 u p ta k e  an d  d ifficu lty  in  estab lish in g  the exp ected  4 : 1  va lu e.

T h e  ev id en ce fo r  th e  requ irem en t fo r  C 0 2 fo r  n itrate  an d  n itrite  a ssim ila tio n  in  the 

lig h t w a s m en tio n ed  in  the in tro d u ctio n  to  this p a p er. D unaliella  tertiolecta  a p p ears to  

b e  m o re  strict in  th is requ irem en t th an  A n k istro d esm u s o r  C h lo re lla . T h e  fa ilu re  o f  

g lu co se  to  rep la ce  C 0 2 in  D. tertiolecta  in  co n tra st to  D a v is ’s (1953) results w ith  

C h lo re lla  m a y  b e  d u e to  the in a b ility  o f  D . tertiolecta  to  assim ilate  g lu co se  a t  an  a p p re 

c iab le  rate. P re lim in a ry  exp erim en ts w ith  14C -la b e lle d  g lu co se , w h ilst n o t defin ite, 

su p p o rt this p o stu late . R e p o rts  o f  n itra te  an d  n itrite  a ssim ilatio n  in  the absen ce o f  

C 0 2 are th o se  o f  K o k  (19 5 1) an d  B o n g ers  (1958 ); as K e s sle r  (1964) p o in ts  o u t, 

B o n g e r ’ s results are  a m b ig u o u s since u n der his exp erim en ta l co n d itio n s  rap id  

p ro d u ctio n  o f  C 0 2 b y  resp iratio n  w a s po ssib le .

T h e  ch lo ro p h en y l d im eth ylu rea  C M U  h as been  sh o w n  to  in h ib it p h o to sy n th esis  

b y  b lo c k in g  e lectro n  tra n sp o rt in  the n e ig h b o u rh o o d  o f  th e  w a ter-sp littin g  rea ctio n  

(G in g ra s  &  L em asso n , 1965). A n  in h ib ito ry  effect o f  C M U  on  n itrite a ssim ila tio n  w a s 

rep o rted  b y  H a tto ri (196 2); h o w e ver, since he used d ifferen t system s fo r  m ea su rin g  

th e  effect o f  C M U  o n  n itrite a ssim ila tio n  and  on  p h o to syn th esis  his results a re  n o t 

co m p a ra b le  to  th o se  presen ted  in  the p resen t p ap er. It w as rep o rted  b y  P a a sch e  (196 5) 

th a t a lth o u g h  co cco lith o p h o re  fo rm a tio n  in  C y clo tella  nana w a s  d ep en den t on  lig h t 

it  w a s n o t as sen sitive to  C M U  as w a s 0 2 ev o lu tio n , im p ly in g  th a t lig h t w as a ffectin g  

m etab o lism  in  w a y s  o th er th an  sim p ly  b y  p ro v id in g  en ergy  fo r  p h o to sy n th esis . T h e  

effect o f  az id e  a n d  K C N  are co n sisten t w ith  th e  results o b ta in ed  b y  H a tto ri (1962) 

a n d  L o s a d a  et al. (196 5), an d  are ex p licab le  on  the b asis o f  d ifferen tial en zym e sen si

tiv ity . B o th  th e  results o f  H a tto ri (1962) an d  B o n gers (1958) sh o w  th a t n itra te  a n d  

n itrite  a ssim ilatio n  satu rate  b e lo w  the lig h t in ten sity  requ ired  to  satu rate  p h o to sy n th tic  

o x y g e n  e v o lu tio n  o r  ca rb o n  d io x id e  fix atio n . T h u s  w ith  the single ex cep tio n , th a t o f  a
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fa ilu re  to  fin d  the exp ected  i  -5 :1  0 2: N O a ra tio  in  the lig h t, the results p resen ted  in  th is 

p a p e r  agree w ith  fin d in gs o f  m o st o th er w o rk e rs  w h o  h a v e  in v estig a ted  n  trate  o r  

n itrite  a ssim ila tio n  b y  a lgae.

T h e  q u estio n  n o w  arises w h eth er these resu lts c a n  b e  ex p la in e d  b y  th e  schem e p u t 

fo rw a rd  b y  L o s a d a  et al. (196 5) fro m  th e ir  w o r k  o n  reco n stitu ted  sp in a ch  ch lo ro p la s t 

system s. T h is  schem e is its e lf  a  d ev e lo p m e n t o f  th a t o r ig in a lly  p ro p o se d  b y  va n  N ie l 

et a l. (1953). In  its sim p lest fo r m  th is system  w o u ld  sh o w  tw o  exp erim en tally  d em o n 

strab le  featu res. F irs t, a t  sa tu ratin g  lig h t in ten sities 2-0 m o les e x tra  0 2 w o u ld  b e  p r o 

d u ced  p er m o le  o f  N O a a ssim ila ted  to  N H 4 an d  1-5 m o les 0 2 fo r  ev ery  m o le  o f  N O a. 

In  the absen ce o f  C 0 2 th e  sto ich io m e try  w o u ld  h o ld  even  a t n o n -sa tu ratin g  lig h t 

intensities. S e co n d ly , a n y  in h ib itio n  o f  p h o to sy n th e tic  e lectro n  flo w  sh o u ld  d ecrease 

o x y g e n  ev o lu tio n  an d  n itrate  a n d  n itrite  a ssim ila tio n  to  the sam e degree. I t  is c le ar  

th a t the p rese n t resu lts, to g e th e r  w ith  m o st o f  th o se  o f  o th er w o rk e rs , d o  n o t su p p o rt 

th is sim p le m o d e l in  w h o le  o rgan ism s. B y  m a k in g  several assu m p tio n s it  is p o ssib le  

to  re co n c ile  som e o f  th ese results w ith  th e  L o s a d a  schem e. T h e  requ irem en t fo r  C 0 2 

m ig h t b e  ex p la in e d  b y  th e  a lre a d y  k n o w n  req u irem en t o f  C 0 2 fo r  th e  H ill rea ctio n  

(A b ie s , B ro w n  &  M a y n e , 19 6 1; G o o d , 1963). I t  needs to  b e  sh o w n , h o w e ver, w h eth er 

th e  C O a co n ce n tra tio n  req u ired  fo r  n itrate  a n d  n itrite  a ssim ila tio n  to  rea ch  sa tu ratio n  

is th e  sam e as th a t req u ired  fo r  th e  H ill re a ctio n . T h e  w o r k  o f  D a v is  (1953) suggests 

th a t su b strate  a m o u n ts o f  C 0 2 a re  req u ired . L o s a d a  et al. (196 5) d id  n o t  fin d  a n y  

req u irem en t fo r  C O a in  th e  sp in a ch  ch lo ro p la s t system  b u t th e y  d id  in d ica te  th a t it  

red u ced  n itra te  v e ry  s lo w ly  w h en  w a ter  w a s  th e  e lectro n  d o n o r. T h e y  e x p la in e d  th is 

in  term s o f  c o m p e titio n  b y  c y c lic  e lectro n  flo w  c a ta ly se d  b y  th e  re la tiv e ly  large  a m o u n ts 

o f  flav in e m o n o n u cle o tid e  w h ic h  th e y  a d d ed .

T h e  a p p a re n t fa ilu re  o f  C M U  to  in h ib it e lectro n  tra n sp o rt (as m easu red  b y  O a 

e v o lu tio n ) a n d  n itra te  o r  n itrite  red u ctio n  e q u a lly , in d icates th a t th e  system  su p p ly in g  

e lectro n s to  N A D P  is d ifferen t fro m  th a t su p p ly in g  electro n s to  n itrate  o r  n itrite , 

a lth o u g h  in  th e  case  o f  n itrite , b o th  w o u ld  u se ferre d o x in  as a  p r im a ry  e lectro n  a ccep to r. 

A lth o u g h  L o s a d a  sp o k e  o f  a  n ew  ty p e  o f  n o n -cy c lic  p h o to sy n th e tic  p h o sp h o ry la tio n  

it  is d o u b tfu l i f  h e  in ten d ed  th is to  b e  in terp reted  so b ro a d ly . T h e re  are  tw o  o th er 

p o ssib le  ex p la n a tio n s. C z y g a n  (1963) rep o rte d  th a t a sco rb a te  m ig h t serve as an  

e lectro n  d o n o r  to  red u ce n itrate  in  A n kistrodesm us braunii in  w h a t he term ed  n o n - 

en zy m ic  red u ctio n . I f  th is rep o rt is co n firm ed  it w o u ld  ex p la in  in sen sitiv ity  to  C M U  as 

w ell as v a r ia b le  sto ich io m e try . S eco n d ly , G r a n t &  W h a tle y  (1966) sh o w ed  th a t C M U  

d id  n o t in h ib it A T P  p ro d u c tio n  b y  c y c lic  p h o to sy n th e tic  p h o sp h o ry la tio n , so th a t i f  

lig h t w a s req u ired  to  p ro d u ce  ex tra  A T P  fo r  a ssim ila tio n  o f  n itrate  o r  n itrite , the e lec

tro n s req u ired  b e in g  o b ta in ed  fr o m  d a rk  p ro cesses, th is w o u ld  ex p la in  th a t effect. 

T h e  d ifferen t lig h t sa tu ra tio n  requ irem en t is, in  a  sense sim p ly  an  exten sio n  o f  th e  

C M U  in h ib itio n  p ro b le m  ju s t  d iscussed . L o w  lig h t in ten sitites im p ly  lo w  electro n  

flo w  rates, y e t b o th  n itrate  a n d  n itrite  a ssim ila tin g  system s are sa tu rated  a t rates w ell 

b e lo w  th e  m a xim u m , as m easu red  b y  th e  ca rb o n -fix in g  system . S in ce C O a w a s p resen t 

in  th ese exp erim en ts th is a g a in  im p lies a n  e lectro n  tra n sp o rt system  d ifferen t in  

p ro p erties  fro m  th a t p ro p o se d  fo r  red u ctio n  o f  N A D P . A lte rn a tiv e ly , it  im p lies th a t 

n itrate  an d  n itrite  red u cin g  system s h a v e  a  v e ry  m u ch  h igh er affin ity  fo r  electro n s, b u t 

a  lo w e r  tu rn o v e r  n u m b er th a n  th e  ca rb o n -a ssim ila tin g  system . T h is  n eed s to  b e  

in vestigated  b e fo re  it  can  b e  a ccep ted  as an  e x p la n a tio n .

H o w ever, w h ile  b y  m a k in g  these a ssu m p tio n s, it  is p o ssib le  to  ex p la in  som e o f  the

Light and nitrate ¡nitrite assimilation
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results co n ta in ed  in  th e  p resen t p a p e r b y  L o s a d a ’ s schem e, the fa ilu re  to  o b serve  sto i

ch io m etry  as p red icted  b y  the th e o ry  fo r  n itrate  red u ctio n  rem ain s a  seriou s ob stacle . 

T h e  ran ges o f  va lu es fo r  the 0 2: N 0 3 an d  0 2: N 0 2 ra tio  are to o  great to  b e  exp la in ed  b y  

ex p erim en ta l erro r. I t  is k n o w n  fro m  o b serva tio n s th a t cells lo w  in  to ta l n itro g en  g iv e  

va lu es c lo ser  to  the exp ected  2-o figure th a n  th o se  h igh  in  to ta l n itro g en ; b u t sta rv in g  

cells b y  resu sp en sion  in  n itrate-free m ed iu m  in  the lig h t fo r  4 to  24 h  d id  n o t g iv e  any

m o re rep ro d u cib le  results th a n  these g iven  here. It is co n clu d ed  th a t the e x tra  o x y g e n  

e v o lu tio n  is n o t p erh a p s ex c lu sive ly  re lated  to  n itrate  an d  n itrite  assim ila tio n , a t least 

in  D unaliella  tertiolecta. In  v ie w  o f  these difficu lties a  sim pler h y p o th esis  w c u ld  be the 

assu m p tio n  th a t th ere are tw o  n itra te  an d  n itrite assim ilatin g  system s in  a lgae. O n e  m ay

b e  sim ilar to  th a t fo u n d  b y  L o s a d a  fo r  sp in ach  c h lo ro p la sts  an d  is th e  system  d ire ctly  

resp o n sive to  ligh t. A  seco n d  system  is a d a rk  system  d ep en d en t o n ly  u p o n  lig h t fo r  

its ca rb o n  so u rce  to  su p p ly  en ergy . T h ese  tw o  system s a p p e a r to  b e  d ifferen tiated  b y  the 

in h ib ito rs  C M U  an d  io d o a c e tic  a c id ; fu rth er sep a ra tio n  m igh t be p o ssib le  b y  u sin g  

th e  tech n iqu e fo r  w h o le  c h lo ro p la s t p rep a ra tio n  recen tly  w o rk e d  o u t b y  Jeffrey, 

U lr ic h  &  A lle n  (1966). U n til these exp erim en ts h a v e  been  d o n e, p refe ra b ly  on several 

d ifferen t species, the m o d e o f  a ctio n  o f  lig h t o n  n itra te  a n d  n itrite  a ssim ila tio n  sh o u ld  

rem ain  open .
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SUMMARY

W h e n  G ra m -n e g a tiv e  ce ll w a lls  w ere  d a m a g ed  b y  ly so zy m e  a n d  eth ylen e- 
d iam in ete tra -a ce tic  a cid  ( E D T A )  in  tris b u ffer, tris p la y e d  an  a ctiv e  ro le  
th ro u g h  its  a ctio n  as an  o rg a n ic  ca tio n . O th e r  o rg a n ic  ca tio n s  su ch  as 
a lip h a tic  am in es a n d  q u a te rn a ry  a m m o n iu m  co m p o u n d s w ere  m o re  effective  
th a n  tris in  m o d ify in g  th e  cell w a ll a n d  m a k in g  it  p e rm eab le  to  o th er solutes. 
T h e  m o st effective  o rg a n ic  ca tio n s  h a d  o n e C 12 to  C 16 a lk y l ch ain . A t  p H io ,  
E D T A  100 /¿g./ml a n d  V ,iV -d im eth yld o d ecy lam in e ( D D A )  2-5 /ig./m l. 
m o d ified  the cell w a ll o f  E scherichia  co li so  as to  p erm it a  m o re  th a n  99-99 %  
k ill  b y  20 /ig./m l. o f  a  zw itte rio n ic  su rface  a ctiv e  agen t, 2-h yd ro xy-3 - 
(d im eth y lh ex a d ecyla m m o n io ) p ro p a n e -i-su lp h o n a te  (H A P S ), in  10 m in . a t 
3 7 0. A t  th ese co n cen tratio n s, th e  in d iv id u a l co m p o u n d s w ere  b a cte r ic id a lly  
in effective . F o u r  o th er G ra m -n e g a tiv e  species w ere  sh o w n  to  b e  sim la r ly  
su scep tib le  to  k illin g  b y  th is system . T o g e th e r, E D T A  an d  D D A  ap p e ared  to  
rem o v e  su rface  co m p o n en ts o f  th e  G ra m -n e g a tiv e  ce ll w a ll. A lo n e , D D A  an d  
o th er o rg a n ic  ca tio n s  rem o v ed  so m a tic  an tigen s fro m  th e  ce ll w all.

IN T ROD UC TIO N

G ra m -n e g a tiv e  b a cte r ia  are  ge n e ra lly  su scep tib le  to  th e  b a cte r ic id a l a ctio n  o f  

ca tio n ic  su rface  a ctiv e  agen ts, b u t are  u su a lly  u n affe cte d  b y  th o se a n io n ic  a n d  z w it

te rio n ic  agen ts w h ic h  a re  a ctiv e  a g a in st G ra m -p o sitiv e  organ ism s. I t  w a s su ggested  

b y  V o s s  (1963) th a t th e  grea te r  resistan ce o f  G ra m -n e g a tiv e  species m a y  b e  d u e to  th e  

greater co m p le x ity  o f  th e ir  ce ll w a lls , w h ich  ex c lu d e th e  a g en t fro m  th e  in terio r  o f  the 

cell.
T h e  G ra m -n e g a tiv e  cell w a ll m a y  b e  so  m o d ified  b y  trea tm en t w ith  E D T A  in  tris 

b u ffer a t  p H  8 as to  p erm it c o n v ersio n  o f  the ce ll b y  ly so zy m e  to  o sm o tica lly  fra g ile  

ro d s  (V o ss, 1964) o r  ‘ o s m o p la s ts ’ (A s b e ll &  E a g o n , 19 6 6 a ). In  studies o n  E scherichia  

co li  m o d ified  b y  trea tm en t w ith  E D T A  a n d  tris b u ffer, it  w a s ob served  th a t such  

o rga n ism s m a y  b e  k illed  b y  trea tm en t w ith  zw itte rio n ic  agen ts to  w h ich  the organism s 

are n o rm a lly  resistant. A s  in  the case o f  lysis b y  ly so zy m e , k illin g  b y  th e  a g en t in d icates 

ch an ges in d u ced  in  th e  ce ll w a ll b y  E D T A  an d  tris b u ffer. F u rth e r  stu d y  revealed  th a t 

tris is n o t a  p h y s io lo g ic a lly  in ert b u ffer, b u t  p la y s  a  sp ecific  ro le  as an  o rg a n ic  ca tio n  

in  m o d ify in g  th e  p e rm e a b ility  o f  th e  cell w a ll;  o th er o rg a n ic  ca tio n s  are  m u ch  m o re  

effective th a n  tris. E lu c id a tio n  o f  th e  ro le  o f  th e  o rg a n ic  ca tio n  fo rm s th e  su b stan ce  o f  

th is  report.
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METHODS

Organism s. T h e  test o rgan ism s w ere E scherichia  co li (a t c c  10 53 6), E . freu n d ii, 

Pseudom onas aeruginosa, P roteu s m irabilis, an d  Salm onella  typ hi; S . typhi TY2 V and 

0 9 0 1  an d  E . freu n d ii (b a l l e r u p  10 7) w ere o b ta in ed  th ro u g h  the co u rtesy  o f  th e  la te  

D r  P . R . E d w a rd s (C o m m u n ic a b le  D isea se  C en ter, P u b lic  H e a lth  S ervice , A t la n ta , 

G a .) , S . typhi 9 9 9 2 V a n d  12 8 39  w ere o b ta in e d  fro m  the A m e ric a n  T y p e  C u ltu re  

C o lle c tio n . E scherichia  co li  w as o b ta in ed  as a t c c  10 53 6  an d  used  in  th e  ea rlier p a rt o f  
th is w o r k ;  a fter  th e  o b se rv a tio n  th a t th is cu ltu re  p ro d u ce d  a c id  b u t n o  gas fro m  

g lu co se  o r  lacto se , it  w as rep la ce d  w ith  a  fresh , ga s-fo rm in g  cu ltu re  o f  a t c c  10 5 3 6  

fro m  the A m e ric a n  T y p e  C u ltu re  C o lle c tio n  w ith  n o  d iscern ib le  d ifferen ce in  results.

T est com pounds. E D T A  w as u sed  as the d iso d iu m  sa lt;  so lu tio n s w ere a d ju sted  to  

p H  8-0 b efo re  sterilizatio n . T h e  zw itte rio n ic  a gen t 2 -h yd ro x y-3 -(d im eth ylh exa d ecy l- 

a m m o n io )-p ro p a n e -i-su lp h o n a te  (H A P S ), w a s p rep ared  a n d  pu rified  in  o u r  la b o r a 

tories, an d  sterilized  as a  o - i %  so lu tio n  in  0 -8 5 % N a C l;  it is m u ch  less so lu b le  in  w a ter  

a lo n e . A ,A -d im e th y ld o d e c y la m in e  ( D D A )  w a s p rep ared  b y  d istilla tio n  o f  ‘ d im eth y l 

c o c o n u t a m in e ’ (A rm o u r). S o m e am in es w ere d erived  fro m  c o c o n u t o r  so y b ea n  o il, 

a n d  th u s co n ta in  a  m ix tu re  o f  a lk y l ch ain s. O th e r  co m p o u n d s w h ich  w ere  n o t a v a ila b le  

c o m m ercia lly  w ere  syn th esized  in o u r la b o ra to rie s . F a tty  am in es w ere  d isso lv ed  in 

e th an o l, a n d  d ilu ted  w ith  w a ter  b efo re  u se ; a t va lu es u p  to  a b o u t p H  10, th e y  are  

p resent p r in c ip a lly  as catio n s.

B actericidal tests. A l l  o rgan ism s ex cep t P ro teu s m irabilis w ere  g ro w n  in  b ra in  

h ea rt in fu s io n  b ro th  (D ifco )  fo r  24 h r  a t 37°. P la te  co u n ts w ere  m a d e on  b ra in  h ea rt 

in fu sio n  a g a r  in cu b a ted  a t 3 7 0 fo r  24 h r ; P . m irabilis  w a s g ro w n  in  n u trien t b ro th , 

a n d  p la ted  on  n u trien t a g a r  o v e r la id  w ith  p la in  a g a r  to  in h ib it sp read in g . E x p o su re  to  

b acteric id a l agen ts w as d o n e  as d escrib ed  earlier (V o ss, 1963) fo r  10 m in . a t 3 7 0 w ith  

susp en sion s o f  a b o u t 6 0 -12 0  m illio n  w a sh ed  organism s/m l.

L ysis. C h a n g e s  in  o p tica l d en sity  o f  su sp en sion s o f  organ ism s a t ro o m  tem p eratu re  

w ere  m easu red  w ith  a  C o le m a n  J u n io r sp ectro p h o to m ete r  a t 660 m u.

P recip itin  tests. E scherichia  co li  w a s  h a rv este d  fro m  ten 150  m m . p lates , w a sh ed , 

a n d  susp en ded  in  400  m l. w a ter. T h ese  susp en sion s co n ta in ed  3 - 4  m g. d ry  w t. 

organism s/m l. P o rtio n s  w ere trea ted  fo r  10  m in, a t 3 7 0 w ith  D D A  10 an d  50  //g./ml. o r  

w ith  E D T A , H A P S , d o d ecy ltrim eth y la m m o n iu m  b ro m id e  ( D T A B ) , o r  a lk y ld im e th y l- 

b en zyla m m o n iu m  ch lo rid e  (R o cc a l) , a ll 50 //g./ml. in  the presence o r  absen ce o f  

N a 3C 0 3 100 /¿g./ml. O rga n ism s w ere  rem o v ed  b y  cen trifu g atio n  fo r  20 m in. a t 50 0 0 g .  

T h e  su p ern a tan t flu ids w ere tested  fo r  a n tigen ic  a ctiv ity  in  d o u b le  d iffu sio n  tests in  

a g a r, u sin g  as th e  so u rce  o f  a n tib o d y  a  1/5 d ilu tio n  o f  ra b b it  an tiseru m  p rep ared  

a g a in st w h o le  E . co li  organ ism s.

RESULTS

A ctiv ity  o f  cations other than tris

T ris  w as m o re  effective  th a n  o th er b u ffers (e.g. p h o sp h a te  buffer) in  p ro m o tin g  the 

b a cter ic id a l a c tiv ity  o f  a  m ixtu re  o f  E D T A  a n d  H A P S . T h e  c o rresp o n d in g  n itro  

c o m p o u n d , tris(h y d ro x y m eih y l) n itro m eth an e, w a s in a ctive , in d ica tin g  th a t it  is th e  

free am in o  g ro u p  o f  tris b u ffer w h ich  affects the cell w a ll. T a b le  1 sh o w s the results o f  a  

co m p a riso n  o f  o th er am in es a n d  related  co m p o u n d s fo r  a ctiv ity  in  p ro m o tin g  the 

b acteric id a l a ctio n  o f  E D T A  a n d  H A P S  a g a in st E scherichia  co li  a t co n ce n tra tio n s  a t



Effects o f organic cations on cell walls 393

T a b le  i .  Survival o f  E scherichia  co li in system s containing  

E D T A  (lo o  fig .¡m l.) +  H A P S  (20 fig. j m l) +  am ines or other compounds

Survival (%)

C oncn . In W ith  tes t
T est co m p o u n d (x  io -4 m) com p le te  system s c o m p o u n d  a lo n e

T ris(2 -A m ino-2 -hydroxym ethy l- 500 3-0
p ro p a n e -1 ,3-diol) 250 15

T  ris(hy  d roxym ethy  l)n itro m e th an e 500 74
A m m o n ia 500 7 1
M eth y lam in e 500 16
E th y lam in e 500 2-9

250 17
D ie th an o lam in e 250 0-72

125 8-9
3 -A m in o p ro p an o l 500 O'll

250 5 -4
125 [6

«-P ro p y lam in e 500 0-06
250 0-40
125 4'3

n -B u ty lam ine 250 0-26
125 0-82

sec-B uty lam ine 250 0-15
125 0-87

D ib u ty lam in e 125 ~  0-02
62-5 4-0

n-H exylam ine 125 0-005
62-5 0-007
31-2 0-07

«-O cty lam ine 7-8 ~  o -oo i*
3‘9 ~  0-002*

«-D ecylam ine 15-6 o-oo i*
n -D o decy lam ine 0*244 0-0028* 26

0*122 0-021*
n-H exadecy lam ine 0*244 0 -0 3 7 * 1 -3 *

0*122 0 -0049* 16 *
A -M eth y ld o d ecy lam in e 0*244 0-0014* Ì6 *
A f.'V -D im ethyldodecylam ine (D D A ) 0*244 ~  0-0000Ö* 0-20*

0*122 0-0042* ~2 *
o*o6 i 0-021*

A ,A -D im eth y lh ex ad ecy lam in e 0*244 0-015* 2-2*
0*122 > 0-4* 12*

D idecy lam ine 0*244 > 0 -5 * 70*
D ico co  am in e  t 0*244 0-055*

0*122 0-089*
A -M eth y l d icoco  a m in e t 0*244 >  I* Eo*
A -M eth y l d iso y a  am ine  { 0*244 >  0-9*
C o c o -i,3 -p ro p y le n e  d iam in e  f 0*244 0-00028* 5-1*

0*122 0-0064* 40*
D o d ecy l p ip erid in e 0*244 ~  0-00002*

0*122 0-00038* 4-8*
A jN -D im eth y ld o d ecy lam in e  oxide 0*244 >  0 '9 *
C oco  e th a n o la m in e f 0*244 24*
C oco  a m id e t 0*244 l8 *

* In  th e  p resence  o f  100 /tg ./m l. so d iu m  tr ip h o sp h a te .
t  D eriv ed  f ro m  c o c o n u t o il fa tty  ac ids co n sistin g  o f  a b o u t 65 %  lau ric  ac id , 25 % m y ris tic  ac id , 

a n d  10%  p a lm itic  ac id .
J D eriv ed  f ro m  so y b ean  oil fa tty  ac ids consistin g  o f  a b o u t 12%  p a lm itic  ac id  25 %  o le ic  ac id , 

a n d  53 % lino leic  acid.
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w h ich  the la tter  tw o  co m p o u n d s to g eth er w ere  in effective . A  n u m ber o f  a m in es o f  lo w  

m o le cu la r  w eig h t, m o re  o r  less c lo se ly  re lated  to  tris, w ere  fo u n d  to  p o ssess sim ilar 

a ctiv ity . A s  the len gth  o f  th e  a lk y l ch ain  in crea sed , th e  b acteric id a l a c tiv ity  o f  th e  

m ix tu re  in creased  m a rk ed ly . C o n ce n tra tio n s  o f  th e  am in e b u ffers w ere  d ecreased  as 

a c tiv ity  in crea sed ; th erefo re  so d iu m  trip h o sp h a te  ( N a 6P 3O 10) too /ig./m l. w as a d d e d  

to  m a in ta in  a t  p H  8-5~9-o. M a x im u m  a ctiv ity  w a s reach ed  w ith  am in es c o n ta in in g  

a lk y l ch ain s o f  1 2 -1 6  C  a to m s. T h e  fu rth e r  su b stitu tio n  o n  th e  N  a to m  o f  on e o r  tw o  

m eth yl g ro u p s h a d  little  effect. A m in e s  w ith  tw o  a lk y l ch ain s w ere  less a ctiv e . S u ch

T a b le  2. P e r  cent survival o f  E scherichia  co li in system s containing E D I A  {100 ¡ig .jm l.)  +  

N a 2C 03 (100 jig .¡m l.)  +  I I A P S  (20 /ig.jm l.), and organic cations or related com pounds

Survival (% )

C o n c en tra -
-1

T est c o m p o u n d
tio n C om p le te +  N a 2C 0 3

T est c o m p o u n d (/tg ./m l.) system on ly

A /A -D im eth y ld o d ecy lam m e (D D A ) 2'5 0-0074 15
D ecy l m ethy l su lphox ide 5 >  6
H exadecy l m ethy l su lphox ide 5 >  6
D o d ecy l m ethy l su lp h o n e 5 >  6
D o d ecy l m eth y l su lph ide 5 >  6
D o d ecy ld im eth y lsu lp h o x o n iu m  m eth o su lp h a te 2-5 0-0081 38
D o d ecy ld im eth y lsu lp h o n iu m  iod ide 2-5 0-0033 68
3-T ridecy lpyrid ine 2'5 >  6
D o d ecy ltr im e th y lam m o n iu m  b ro m id e 2'5 0-018 32
C e ty ltrim eth y lam m o n iu m  b ro m id e 2-5 0-067 88
C ety lp y rid in iu m  ch lo rid e 2-5 0-019 78
A lky ld im eth y lb en zy lam m o n iu m  ch lo rid e  

(R occal)
2 -D odecy l-1,3 -b is-(trim ethy lam m onio )-

2-5 0-19 O-IO

p ro p a n e  d ib ro m id e
D im ethy!dodecy l-3 -(trim ethy lam m onio )-

2-5 0-00074 43

p ro p y lam m o n iu m  d ib ro m id e 2-5 0-00095 59
1 -D odecy l-2 -im ino-im idazo lid ine 2 0-135 30
x ,2 -B is-(d im ethy lam ino)-dodecane 2-5 0-0017 70
2-C h lo rod im eth y ld o d ecy lam in e 2-5 O- I I 54

related  co m p o u n d s as c o c o n u t a lk y l e th an o la m in e o r  the am ides o f  co c o n u t fa tty  a cid s 

w ere  in effective , w h ile  o th er co m p o u n d s su ch  as c o co -1,3 -p ro p y le n e  d iam in e an d  

d o d e c y l p ip erid in e  w ere h ig h ly  a ctiv e . T h e  in crea sin g  a c tiv ity  o f  the a lip h a tic  am in es 

w ith  E D T A  a n d  H A P S  w a s n o t du e to  the in crea sin g  b a cteric id a l a ctiv ity  o f  the am in es 

a lo n e  as th e  len g th  o f  th e  a lk y l ch ain  g re w ; th e  a ctiv e  am in es e ffe ctive ly  k illed  E . coli, 

in  the p resen ce o f  E D T A  a n d  H A P S , a t co n cen tra tio n s  a t w h ich  the am in es a lo n e  

p o ssessed  o n ly  s ligh t b acteric id a l a ctiv ity .

A  fu rth er series o f  o rg a n ic  ca tio n s  a n d  re lated  co m p o u n d s, in c lu d in g  D D A ,  is 

co m p a re d  in  T a b le  2. In  th is case, th e  co m p o u n d s w ere tested  in  th e  p resen ce o f  E D T A  

100 /tg./m l., H A P S , 20 /.tg./ml. a n d  N a 2C 0 3 100 /tg./ml. to  b u ffer the system  a t p H  10. 

N a 2C 0 3 w a s used  in stead  o f  so d iu m  trip h o sp h a te  as a  b u ffer to  a v o id  c o m b in in g  the 

ch e la tin g  effects o f  E D T A  a n d  tr ip h o sp h a te . F o u r  n o n -io n ic  a lk y l su lp h u r co m p o u n d s 

w ere  in effective  in  in crea sin g  b a cte r ic id a l a ctiv ity , b u t tw o  c a tio n ic  su lp h o n iu m  a n d  

su lp h o x o n iu m  co m p o u n d s w ere  h ig h ly  effective, as w ere a  n u m b er o f  q u a te rn a ry  

am m o n iu m  co m p o u n d s an d  a d d itio n a l am in es. It is ev id en t th a t there w a s n o  sp ecific  

req u irem en t fo r  a  p o sitiv e ly  ch arg e d  N  ato m . A  co m p o u n d  w ith  an  a lk y l c h a in  o f  C 12



o r  lo n g e r  a n d  a  p o s itiv e ly  ch arg e d  g ro u p  a t o n e en d  w as sufficien t to  g iv e  h g h  b a c 

te ric id a l a ctiv ity  in  th e  p resen ce o f  E D T A , H A P S  an d  an  a lk a lin e  buffer.

A ctio n  o f  the bactericidal system

F o r  fu rth er w o r k , D D A  w a s ch o sen  as th e  o rg a n ic  c a tio n ; a t  a  co n ce n tra tio n  o f

2-5 //g./'ml., it  sh o w e d  o n ly  v e ry  lim ited  b a cte r ic id a l a c tiv ity  a ga in st E scherichia  co li  a t 

p H  io . E D T A  w a s u sed  a t io o  /ig./m l., a t  w h ich  co n ce n tra tio n  it  w as p resen t in  excess; 

d ecre ase  to  i o  /ig./m l. ca u se d  n o  sign ifican t loss o f  a ctiv ity . A t  20 /ig./m l. a n d  a b o v e , 

H A P S  a lo n e  w a s n e t  a p p re c ia b ly  b acteric id a l fo r  E . c o l i ; h o w e ver, in creasin g  th e  c o n 

cen tratio n  in  th e  presen ce o f  th e  o th er co m p o n en ts  o f  th e  system  in creased  k illin g , an d  

d ecreasin g  the co n ce n tra tio n  d ecreased  the k illin g . T h e  c o n ce n tra tio n  o f  N a 2C 0 3 w as 

n o t critical. A  n u m b er o f  a lk a lin e  bu ffers g a v e  sim ilar results in  the ran ge  p H  9 -1 0 .

E D T A  c o u ld  be rep la ce d  b y  a n u m b er o f  o th er ch e la tin g  a g en ts; h o w e ver, o n ly  

A -h y d ro x y e th y le th y le n e d ia m in e tr ia ce tic  a cid  (V ersen o l), d ieth ylen etriam in ep en ta- 

a ce tic  a cid  (Y e rse n e x  80), a n d  i,2 -d ia m in o c y c lo h e x a n e -Y ,Y '-te tra -a c e tic  a cid  w ere  as 

e ffective  as E D T A .

T a b le  3. E ffe ct o f  om ission o f  single com ponents o f  the bactericidal system  

on k i l l  o f  E scherichia  co li
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E D T A
(/tg ./m l.)

D D A
(/ig ./m l.)

N a 2C 0 3
( fig .lm l)

H A P S
(/ig ./m l.) Surv ival (% ]

IOO 2-5 IOO 20 0-00040
IOO 0 IOO 20 42

0 2-5 IOO 20 18
IOO 2-5 0 20 0-012
IOO 2-5 IOO 0 34

H A P S , w h ich  is rega rd e d  as th e  a ctu a l leth a l agen t in  th e  b a cter ic id a l system  th ro u g h  

its p resu m ed  effect o n  th e  cy to p la sm ic  m em b ra n e (see H o tch k iss , 1946; S a lto n , 19 5 1), 

co u ld  be rep la ce d  b y  o th er zw itte rio n ic  agen ts su ch  as b etain es, o r  b y  c a tio n ic  q u a te r

n a ry  a m m o n iu m  co m p o u n d s. M a n y  o f  th e  la tter  are  th em selves h ig h ly  b a cte r ic id a l, 

a n d  p e rh a p s fu lfil th e  fu n ctio n  o f  o rg a n ic  ca tio n  a n d  su rface  a ctiv e  a g en t sim u l

ta n e o u sly . A n io n ic  an d  n o n -io n ic  su rface a ctiv e  agen ts w ere  in effective  as re p la ce 

m en ts fo r  H A P S .

T h e  fa c t  th a t ea ch  co m p o n e n t o f  the b a cter ic id a l system  c o n ta in in g  E D T A , D D A ,  

H A P S  a n d  N a 2C 0 3 w as req u ired  fo r  fu ll a ctiv ity  is in d icated  b y  th e  d a ta  in  T a b le  3. 

O m issio n  o f  E D T A , D D A ,  o r  H A P S  cau se d  a  sh a rp  decrease in  th e  k illin g  o f  

E scherichia  c o li ; la c k  o f  N a 2C 0 3 cau se d  a  m u ch  sm aller decrease.

T h e  b a cteric id a l a ctio n  o f  th e  co m p o n en ts  o f  th e  E D T A  +  D D A + N a 2C 0 3 + H A P S  

system  a ga in st E scherichia  co li  w as stu d ied  in  greater d eta il b y  ex p o sin g  th e  o rgan ism s 

to  o n e o r  tw o  co m p o n en ts  u n d er the c o n d itio n s  o f  the b a cter ic id a l test, rem o v in g  the 

o rga n ism s b y  c en trifu g a tio n , a n d  th en  e x p o sin g  th em  to  th e  rem ain d er o f  th e  system . 

T h e  resu lts o f  th is stu d y  (T a b le  4) im p lied  th a t E D T A  a n d  D D A  a cted  jo in tly  to  exert 

a  n o n -le th al e ffect on  th e  ce ll w a ll, w h ich  th u s b ecam e m o re  p e rm eab le  to  H A P S . 

T h e  su rface  a ctiv e  a g en t pen etrates th e  w a ll a n d  cau ses d ea th  o f  th e  o rga n ism , p re 

su m a b ly  b y  d a m a g in g  the cy to p la sm ic  m em b ran e. T h e  ro le  o f  N a 2C 0 3 w as re lativ e ly  

n on-sp ecific , th o u g h  it  ap p e ared  to  in crease th e  e ffect o f  D D A  m o re  th a n  th a t o f  

E D T A  or H A P S . A lth o u g h  k illin g  m ig h t b e  in flu en ced  b y  ca rry -o v e r  o f  test c o m p o u n d s



fro m  the in itia l to  the fin al ex p o su re, it  seem s c le ar  th a t the in itia l effect o f  E D T A  and 

esp ecia lly  o f  D D A  w a s requ ired  before  H A P S  c o u ld  k ill th e  o rgan ism . T h is  co n c lu sio n  

is su p p o rted  b y  the su rv iv a l cu rv e  sh o w n  in  F ig . i .  I t  is assu m ed  th a t the lo w  rate  o f  

k illin g  fo r  the first m in u te o r  tw o  rep resen ted  th e  tim e requ ired  fo r  E D T A  a n d  D D A  

to  a ffe c t  the cell w all.
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T a b le  4. R o le  o f  the com ponents o f  the bactericidal system  in 

killin g  E scherichia  co li

C o n c en tra tio n s  o f  reag en ts : E D T A  (100 /ig ./m l.), D D A  (2-5 /tg ./m l.) , N a 2C 0 3 (100 /tg ./m l.) , H A P S  
(20 fig. I m l) .

In itia l a n d  final ex p o su res : 10 m in . a t  370 C.

In itia l exp o su re  to F in a l ex p o su re  to
F in a l p H  

value S urvival (%

E D T A 114
D D A +  N a 2C 0 3 + H A P S 9'9 49

D D A 80
E D T A  +  N a 2C 0 3 +  H A P S 9 9 0-49

E D T A + D D A 118
N a 2C 0 3 +  H A P S 9'9 0-015

E D T A  +  D D  A + N a 2C 0 3 34
H A P S 8-0 0-0013

E D T A  4 N a 2C 0 3 79
D D A  +  H A P S 7-6 8-t

D D A + N a 2C O s 54
E D T A  +  H A P S 7-6 <  0-015

H A P S 87
E D T  A + D D A  +  N a 2C 0 3 9 ’9 2-8

H A P S  +  N a 2C 0 3 60
E D T A + D D A 7'4 75

E D T A - H A P S 84
D D A + N a 2C 0 3 1 0 0 1-8

D D A  +  H A P S 92
E D T A  +  N a 2C 0 3 9-9 45

E D T A  +  N a 2C 0 3 +  H A P S 27
D D A T 9 9-2

D D A  +  N a 2C O s +  H A P S 16
E D T A 6-8 12

S ix  co n secu tive  exp o su res o f  12  iso la tes o f  E scherichia  co li  to  the a ctio n  o f  the 

E D T A  +  D D A +  N a 2C 0 3 + H A P S  system  d id  n o t p ro d u ce  a n y  ev id en ce  th a t the 

su rv iv o rs h a d  m u ta ted  to  a  state  o f  greater resistan ce to  the b a cteric id a l a ctio n .

B ecau se  o f  the grea t su p erio rity  o f  o th er a lk y l catio n s o v er  tris b u ffer in  p ro m o tin g  

the b a cter ic id a l a c tiv ity  o f  H A P S  in  the presence o f  E D T A , the efficien cy o f  D D A  in  

in d u c in g  lysis o f  E scherichia  co li b y  ly so zy m e  w a s co m p a re d  w ith  th a t o f  tris b u ffer. 

A s  sh o w n  in  T a b le  5, 0-21 m g. D D A  w a s m o re  effective  th a n  2-4 m g. tris, a n d  a b o u t 

as effective  as 12 m g. tris, in  p ro m o tin g  ly sis  as m easu red  b y  the decrease in  o p tica l 

d en sity  a t 660 m/t.

A  b a sic  assu m p tio n  th ro u g h o u t th is w o rk  w a s th a t the su rface  a ctiv e  su b sta n ce  w a s 

th e  a ctu a l le th a l agen t, a n d  th a t its a ctio n  on  th e  cy to p la sm ic  m em b ran e w o u ld  be 

a cco m p a n ied  b y  a  le a k a g e  o f  N  an d  P  fro m  the cell. T o  test th is, o rgan ism s a t tw ice
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th e  u su a l co n ce n tra tio n  w ere  ex p o sed  to  the E D T A  +  D D A + N a 2C 0 3+ H A P S  

system  fo r  io  m in. a t  3 70. T h e  N  a n d  P  co n ten t o f  the su p ern a tan t flu id  a fter  cen tri

fu g a tio n  w a s c o m p a re d  w ith  th a t o f  a  c o n tro l susp en sion  o f  o rgan ism s. It w as fc  u n d  th a t

4 -5  /tg.N /m l. a n d  o-8 //g.P/ml. w ere  released  on  k illin g  th e  organ ism s. U ltra v io le t  a b 

so rp tio n  cu rves sh o w ed  a  p e a k  a t 260 m// in  th e  su p ern a tan t flu id  o f  k illed  o rgan ism s, w ith  

a n  o p tica l d en sity  o f  0-2-0-3. C a lc u la tio n s  b ase d  on  ad en in e r ib o n u c le o tid e  as a  m o d el 

system  in d icated  th a t th is q u a n tity  o f  n u cleic  a cid  w o u ld  y ie ld  a b o u t o-4-o-ô «g.P/m l. 

A  m a jo r  p ro p o rtio n  o f  the P  released  m a y  b e  a cco u n te d  fo r  as n u cle ic  acid , as w o u ld

Effects o f organic cations on cell walls

F ig . I. S urv iva l of Escherichia co li o n  exposure a t  370 to  E D T A  (100 /tg./ml.) +  D D A  
(2-5/ig ,/m l.) +  N a 2C 0 3 (100/(g./ml.) + H A P S  (20 /¿g./ml.).

T a b le  5. L y sis  o f  E scherichia  co li by lysozym e, E D T A , and D D A  or tris buffer*

D ecrease  in  
special density

E D T A D D A tris N a 2C 0 3 lysozym e p H (660 m  fi) V isc o sity ! a t
(m g.) (m g.) (m g.) (m g.) (m g.) value a t  30 m in . 30 m in .

IO 0-21 0-2 o - i 7-8 0-21 +  +
1*0 0-021 0-2 o - i 7-6 0-08 —
I'O 48 o-i 8-1 0-30 +  +  +  +
r o 12 0*1 8 1 0-20 +  +  +  +
1*0 2-4 o - i V 5 0-04 -
1*0 0-21 0-2 8-0 0-12 —
r o 48 8-1 o - i  I +  +

* 6 m l. w ash ed  b a c te r ia l su sp en sio n  in  8 m l. to ta l  vo lum e.
+ —, n o  p ercep tib le  increase  in  v iscosity ; +  +  +  +  , h ighly  v iscous.

be ex p ected  fro m  the in creased  v isco s ity  w h ich  ap p e ared  o n  lysis o f  th e  suspen sions. 

T h is  v isc o s ity  w a s d ecreased  ra p id ly  b y  a d d in g  a  trace  o f  d eo x y rib o n u cle ase .

T h a t  the b a c te r ic id a l a c tiv ity  o f  the E D T A  +  D D A  +  N a 2C 0 3 +  H A P S  system  w as 

n o t restricted  to  E scherichia  co li is sh o w n  b y  the d a ta  in  T a b le  6. F o u r  o th er G ra m -

G. Microb. 482 6
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n ega tiv e  species w ere  a lso  k illed  b y  th is system . A t  the co n cen tratio n s u sed, n on e o f  the 

in d iv id u a l co m p o n en ts w ere a ctiv e ly  b acteric id a l. It is o f  in terest th a t p o ssessio n  o f  an  

o u term o st la y e r  o f  V i antigen  b y  som e strain s o f  Salm onella  typhi an d  b y  the V  d is

so cia n t o f  E . freu n d ii  ap p e ared  to  co n fe r  som e sligh t resistance to  the k illin g  effect.

T a b le  6. B actericidal activity  o f  a m ixture o f  E D T A  (100 ¡ig./m l.) +  D D  A (2-5 pg./m l) +  

N a 2C 03 (100 ¡ig .jm l.)  +  H A P S  (20 jug./ml.) against organism s other than E scherichia  coli, 

and the effect o f  V i antigen on survival

T est o rgan ism Vi an tigen %  Surv ival

P roteus m irabilis O'17
Pseudom onas aeruginosa 0-0048
Escherichia freundii (ballerup 107W) — 0-0045
E . freun dii (ballerup 107V) + 0-034
Salm onella typhi 0901 — 0-005*
S . typhi TY 2 V + 0-013*
S . typhi 9992 V + 0-0082*
S . typhi 12839 + 0-14*

* W ith  D D A  (1 /ig ./tn l.) , a t  w hich  c o n c e n tra tio n  D D A  a lo n e  w as n o t actively  b ac te ric id a l ag a in s t 
S . typhi.

R em ova l o f  som atic antigens by organic cations 

I t  seem ed p ro b a b le  th a t E D T A  an d  D D A  rem o v ed  som e su rface co m p o n en ts  o f  the 

cell w a ll, thus ren d erin g  it m o re  p e rm eab le  to  H A P S . T o  test th is, w a sh ed  su sp en sion s 

o f  E sch erich ia  co li  w ere  treated  fo r  10 m in. a t  3 7 0 w ith  d o d ecy ltrim eth y la m m o n iu m  

b ro m id e  ( D T A B ) , a lk y ld im e th y lb e n zy la m m o n iu m  ch lo rid e  (R o cc a l) , D D A ,  E D T A  or 

H A P S  (at 10 o r  50 /¿g./ml.), in  the p resen ce o r  absen ce o f  N a 2C 0 3 100 /tg./ml. T h e  

co n ten t o f  so m a tic  a n tigen s in  these extracts w a s co m p a re d  b y  the d o u b le  d iffu sio n  

m eth o d  in a ga r, u sin g  ra b b it a n tisera  p rep ared  a g a in st w h o le  organ ism s. C o m p a ris o n  

o f  the zo n es o f  p rec ip ita tio n  sh o w ed  th a t an tigen s w ere  rem o v ed  b y  D D A  50 /tg./ml. 

an d  even  m o re  e ffe ctively  b y  the o th er tw o  c a tio n ic  agen ts, D T A B  and R o cc a l. 

E x tra ctio n  b y  D D A  10 /tg./ml. w as less effective , b u t still evident. E vid en ce  o f  rea ctio n  

co n sisted  p rim a rily  o f  a  b ro a d , d iffu se zo n e  o f  p re c ip ita te ; in  som e cases m in o r b an d s 

o f  p recip itate  a lso  in d icated  th e  presence o f  tw o  slo w er-m o v in g  a n tigen ic  co m p o n en ts. 

N a 2C 0 3 h a d  n o  p ercep tib le  effect on  th e  e x tra ctio n  o f  an tigen s b y  th e  c a tio n s; 

N a 2C 0 3, E D T A  an d H A P S  w ere essen tially  in effective  in  rem o v in g  an tigen s fro m  the 

cell w a ll.

D I S C U S S I O N

A lth o u g h  W eid e l, F ra n k  &  M a rtin  (i9 6 0 ) co n c lu d ed  th a t the o u term o st la y e r  o f  the 

ce ll w a ll o f  E scherichia  co li  is lip o p ro te in , th e  so m a tic  an tigen s w h ich  are resp o n sib le  

fo r  specific a gg lu tin a tio n  o f  G ra m -n e g a tiv e  b a cteria  are  k n o w n  to  be p o ly sa cch a rid e  or 

lip o p o ly sa cch a rid e . S h an d s (1965), b y  u sin g ferritin -lab elled  a n tib o d y , d em o n strated  

exten sio n  o f  so m a tic  a n tig en  fo r  som e d istan ce  b e y o n d  the cell w a ll o f  E . co li  an d  

Salm onella  typhimurium. I t  is p ro b a b ly  an  over-sim p lificatio n  to  regard  the o u term o st 

la y e r  o f  the m u ltilay ered  cell en ve lo p e as co n sistin g  so le ly  o f  lip o p ro te in  o r  lip o p o ly 

sa cch a rid e. F ro m  b io ch em ica l an d  im m u n o lo g ica l eviden ce, b o th  a p p e a r to  be presen t.

M a rtin  (1963) su ggested  th a t the co m p lex  w a ll o f  G ra m -n e g a tiv e  o rgan ism s a ffo rd s  

m o re  p ro te ctio n  to  the o rg a n ism  th an  d o es th e  sim pler G ra m -p o sitiv e  w a ll. L o s s  o r  

decrease o f  so m a tic  an tigen s a t the cell su rface  decreases the resistan ce o f  G r a m 



n eg a tiv e  o rgan ism s to  n o rm a l serum  o r to  E D T A  a n d  ly so zy m e  (H e rzb erg  &  G reen , 

1964; O sa w a  &  M u sch e l, 1964; W a rd la w , 1963). S im ila rly , resu lts g iv en  h ere in d icate  

th a t absen ce o f  V i an tig en  on  E scherichia  fre u n d ii  a n d  Salm onella  typhi o rgan ism s 

is asso ciated  w ith  greater su scep tib ility  o f  the o rgan ism s. T h u s, th e  d em o n strated  

rem o v al o f  so m a tic  an tigen s fro m  E . co li  b y  D D A  and o th er o rg a n ic  catio n s w o u ld  be 

exp ected  to  in crease th e  su scep tib ility  o f  the o rgan ism s to  d eleterio u s agents.

W o r k  w ith  several sp ecies h as sh o w n  th a t E D T A  cau ses loss o f  lip id , lip o p ro te in  o r  

lip o p o ly sa c c h a rid e  fro m  the ce ll w a ll (C o lo b e rt, 1958; G r a y  &  W ilk in so n , 1965; 

L e iv e , 1965). R e p a sk e  (1958) in d icated  th a t E D T A  rem o v ed  in o rg a n ic  ca tio n s  fro m  

cell w a lls . T h e  im p o rta n ce  o f  ca lc iu m  a n d  o th er d iva len t catio n s in  th e  cell w a lls  o f  

va rio u s G ra m -n e g a tiv e  species (H u m p h re y  &  V in cen t, 1962; A s b e ll &  E a g o n , 1966 a, b) 

ap p ears to  b e  d u e to  its fu n ctio n  as a  sa lt b rid g e  in  b in d in g  m a cro m o lecu les  o n  the 

su rface  o f  th e  cell w all.

R e m o v a l o f  su rface co m p o n en ts o f  th e  G ra m -n e g a tiv e  cell w a ll b y  o rg a n ic  catio n s 

a n d  E D T A , o r  d iso rg a n iza tio n  o f  the stru ctu re o f  the w a ll, m a y  m a k e  it  su scep tib le  to  

th e  a c tio n  o f  ly so zy m e  an d  p e rm eab le  to  o th er so lutes. W h e n  these so lutes are  su rface 

a ctiv e  co m p o u n d s w h ich  can  n o w  p en etrate  the ce ll w a ll, th e y  m a y  cau se  d ea th  o f  the 

ce ll b y  d a m a g in g  th e  c y to p la sm ic  m em b ran e (H o tch k iss , 1946; S a lto n , 1 9 5 1 , G ilb y  &  

F e w , i960). In  th e  system  stu d ied  here, th e  le th a l effect o f  H A P S  o n  E scherichia  co li 

is an  in d ica to r  o f  ch an ges in d u ced  b y  E D T A  a n d  D D A  in  the ce ll w a ll in  th e  sam e 

m an n er as lysis b y  ly so zy m e  in d icates d a m a g e  b y  E D T A  a n d  tris b u ffer  (R e p a sk e , 

1958).
T h e re  is a  g ro w in g  rea liza tio n  th a t tris b u ffer  a ctiv e ly  m od ifies the effect o f  E D T A  on 

th e  cell w a ll. G o ld sc h m id t &  W y s s (  1966) sh o w ed  th a t tris an d  o th er am in es m g h t assist 

the ru p tu re  o f  A z o to b a c te r  cysts b y  E D T A , b u t a ttr ib u te d  the a c tiv ity  o f  the am in es 

to  the fo rm a tio n  o f  co m p lexes v/ith E D T A . A s b e ll &  E a g o n  (1966 a, b) o b served  th at 

tris b u ffer en h a n ced  the le th a l e ffect o f  E D T A  o n  Pseudom onas aeruginosa. H o w eve r, 

m a n y  w o rk e rs  h a ve  u sed  E D T A  in  tris b u ffer  w ith o u t reco g n iz in g  th a t the la tter  

sp ecifica lly  affects th e  cell w a ll. F o r  ex a m p le, N o s s a l &  H e p p el (1966) exp o sed  

E scherichia  co li  to  su cro se +  E D T A  in  tris b u ffer p re p a ra to ry  to  o sm o tic  sh o ck  fo r  the 

release o f  d eg ra d a tiv e  en zym es, a n d  W o lin  (1966) lysed  Vibrio succinogenes  w ith  

E D T A  in  tris b u ffer. T h e  w o rk  rep o rted  here suggests th a t a  n u m ber o f  o rg a n ic  

catio n s, in c lu d in g  tris, sp ecifica lly  a ffect th e  G ra m -n e g a tiv e  cell w a ll b y  rem o v in g  

su rface  co m p o n en ts.

It m a y  be sp ecu lated  th a t ch e la tin g  agen ts a n d  o rg a n ic  catio n s  a ct to g eth er to  cau se  

n o n -leth al d a m a g e  to  th e  w a lls  o f  G ra m -n e g a tiv e  organ ism s b y  b re a k in g  sa lt brid ges 

an d  b y  sa lt fo rm a tio n  w ith  a n io n ic  p o ly m ers (lip o p ro tein s, lip o p o ly sa cch a rid es) a t the 

ce ll su rface. R e m o v a l o f  th ese co n stitu en ts o f  the cell w a ll renders th e  w a ll m o re  

p e rm eab le  to  o th er co m p o u n d s, w h ich  can  th en  p en etrate  to  the in terio r o f  the cell. 

T h e  p e n e tra tio n  b y  a  zw itte rio n ic  agen t, su ch  as H A P S , results in  d iso rg a n iza tio n  o f  

th e  c y to p la sm ic  m em b ran e a n d  d ea th  o f  the o rgan ism . T h e  m o d ified  cell w a ll is still 

im p erm ea b le  to  som e o th er co m p o u n d s, such  as a n io n ic  su rfactan ts.

O rg a n ic  catio n s  c o n ta in in g  an  a lk y l ch a in  w ith  a b o u t 1 2 -1 6  C  ato m s m a y  be u sed  at 

lo w  co n cen tra tio n s  as a  to o l fo r  d issectio n  o f  the G ra m -n e g a tiv e  cell w a ll an d  fo r  the 

p rep a ra tio n  o f  p a rtia lly  p u rified  ex tra cts  o f  so m a tic  an tigen s. T h e  O  a n d  V i  an tigen s o f  

Salm onella typhi h a v e  been  ex tra cte d  b y  trea tm en t o f  h e a v y  susp en sions o f  o rgan ism s 

w ith  lo w  co n cen tratio n s o f  D D A  (u n p u b lish ed ). W ith  th is o rgan ism , E D T A  to o  is

26-2
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effective  in  rem o v in g  so m a tic  an tigen s u n der sim ilar co n d itio n s. P erh ap s antigen s 

su ita b le  fo r  use as va ccin es co u ld  b e  p rep ared  fro m  a n u m b er o f  G ra m -n e g a tiv e  species 

in  th is fash io n .

T h e  c a p a b le  assistan ce o f  R e b e cc a  S o seb ee  a n d  R . B u sh  is g ra te fu lly  a ck n o w le d g e d , 

as  are  n u m ero u s co n stru ctiv e  d iscu ssion s w ith  D r  H . H . R elier.
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SUMMARY

E x tra ce llu la r  lip a se  p ro d u c tio n  w a s a  co n stitu tiv e  p ro p e rty  o f  th e  m icro 
co ccu s  a n d  p seu d o m o n ad  studied  b u t w a s co n sid e ra b ly  in flu en ced  b y  n u tri
tio n a l an d  p h ysica l co n d itio n s. T h e  lip a se  in  cu ltu re  su p ern atan t flu ids o f  the 
m icro co ccu s  w as m a rk ed ly  h ea t resistan t b u t b ecam e in crea sin g ly  m o re  ther- 
m o la b ile  w ith  the d egree o f  p u rifica tio n  o b ta in ed . T h e  h y d ro ly tic  a c tiv ity  o f  
p a rtia lly  p u rified  ex tra ce llu la r  lip a se  p rep ara tio n s  fro m  each  o rga n ism  w as 
d u e to  a  single p ro te in  w h ich  w a s id en tica l w ith  a  h y d ro ly tic  en zym e a lso  
fo u n d  in  cell-free ex tra cts  o f  e a ch  organ ism . T h e  lipases fro m  b o th  organ ism s 
h a d  gen era l sp ecific ity  to w a rd s  ester lin k a g es  a lth o u g h  th e  lip a se  fro m  the 
m icro co ccu s  w as m a rk e d ly  m o re  a ctiv e  to w a rd s esters co n ta in in g  sh o rt ch ain  
fa tty  a cid s an d  co m p a ra tiv e ly  less a ctiv e  to w a rd s trigy lcerid es co n ta in in g  
lo n g  ch ain  acid s th a n  w as the p seu d o m o n a l lip ase. T h e  a c tiv ity  o f  b o th  lipases 
sh o w ed  an  o p tim u m  fo r  a ll substrates a t  p H  8-0-8-5 an d  d id  n o t decrease at 
h igh er p H  va lu es, in d ica tin g  the in v o lv e m e n to f an  a c id ic g r o u p  in  the enzym e/ 
su bstrate  b in d in g . T h e  results o f  in h ib itio n  studies w ere  co n sisten t w ith  the 
v ie w  th a t b o th  lip ases possess a  serin e-im id azo le  a ctiv e  cen tre  a n d  are th e re
fo re  sim ilar to  estero lytic  en zym es in  m a m m a lian  system s.

IN TRO DUCTION

T h e  p ro p erties  o f  b a cteria l lip ases h a v e  n o t y et b een  fu lly  e lu cid ated  desp ite  th e  v a st 

literatu re  th a t h as a ccu m u lated . T h e  d ive rsity  o f  th e  d a ta  seem s to  b e  p a rtly  d u e to  

the use o f  u n p u rified  en zym e p rep ara tio n s  a n d  p a r tly  to  the w id e  ch o ice  o f  su b 

strates, a ssa y  co n d itio n s  a n d  m eth o d s used  to  d eterm in e lip ase a ctiv ity . L ip a ses  fo rm  

a  rath er in d efin ite  sectio n  o f  th e  esterase g ro u p  o f  en zym es, b u t it  is u se fu l to  d is

tin gu ish  lip ases fro m  o th er esterases b y  th e  d efin itio n  reco m m en d ed  b y  the Inter
national Union o f Biochemistry (19 6 1), n am ely  th a t lip ases h y d ro ly se  em u lsified  esters 

o f  g ly cero l, w h ereas o th er esterases h y d ro ly se  d isso lv ed  substrates. T h e  ch o ice  o f  a n y  

su b strate  to  d ete ct b a cteria l lip ases m u st b e  a rb itra ry , since n o th in g  is k n o w n  o f  their 

n a tu ra l substrates o r  th e ir  p h y s io lo g ic a l ro le  in  the m etab o lism  o f  the b acteria . T h e  

te ch n ica l d ifficu lties in v o lv e d  in  the q u a n tita tiv e  estim atio n  o f  lip a se  a ctiv ity  (L a w 

ren ce, 1967) an d  th e  ab sen ce  o f  a  m eth o d  rea d ily  a p p lica b le  to  ro u tin e  use h a v e  a lso  

co n trib u te d  to  the in co n sisten t results o f  d ifferen t w o rk e rs .

O f  a lm o st 100 b acteria , G ra m -p o sitiv e  an d  G ra m -n eg a tiv e , tested  in  tw o  recen t 

su rveys (F ry e r, R e ite r  &  L a w ren ce , 19 6 7; F ry e r, L a w re n ce  &  R e iter, 1967) a ll p r o 

du ced  d iffu sib le  lip ases, a lth o u g h  th ere w a s co n sid e ra b le  v a r ia tio n  in  lip o ly tic  a ctiv ity

* P erm an en t ad d re ss : N ew  Z e a la n d  D a iry  R e search  In s titu te , P a lm ers to n  N o r th , N ew  Z ea lan d .



b etw een  gen era  an d  even  betw een  strain s o f  species in the sam e genus. A  G r a m 

p o sitiv e  organ ism , Micrococcus freudenreichii, n c d o  1223, and  a G ra m -n eg a tiv e  

o rgan ism , Fseudomonas fragi, n c d o  752, w h ich  sh o w ed  the h igh est lip a se  a ctiv ity  

u n d e r the p a rticu la r  co n d itio n s  o f  th a t su rvey w ere selected  fo r  m ore d eta iled  stu d y  to  

d eterm in e w h eth er gro ss d ifferen ces existed  betw een  lipase p ro d u ctio n  o r  th e  c h a ra c 

teristics o f  the lipase fo rm ed  b y  ea ch  organ ism . A s  it w as fo u n d  to  be m ore d ifficu lt 

to  d etect lip ase a ctiv ity  in liq u id  cu ltu res th a n  o n  so lid  m ed ia, a  m eth o d  o f  estim atio n  

w a s re q u ire c  w h ich  w a s m o re  sen sitive th a n  th o se a lrea d y  in  existen ce. A  p relim in a ry  

a cco u n t o f  the use o f  the a g a r  d iffu sio n  assay  d ev elo p e d  fo r  th is p u rp o se  h as been 

rep o rted  (L aw ren ce , F ry e r  &  R eiter, 1967).

4 0 2  R. C. L A W R E N C E ,  T. F. F R Y E R  A N D  B. R E I T E R

METHODS

Media. T h e  m ed ia  listed  in  T a b le  1 w ere u sed, u su a lly  as 1 %  (w/v) so lu tio n s. T h e  

o rgan ism s w ere  su b cu ltu red  tw ice  in  ea ch  o f  the m ed ia  b efo re  the lip o ly tic  a ctiv ity  

w a s d eterm in ed.

Chemicals. T rio cta n o in , trid ecan o in  and  trila u rin  w ere o b ta in ed  fro m  S igm a  

C h e m ica l C o ., S t L o u is , M o ., U .S .A . ; trib u tyrin , trio lein  an d  o th er ch em icals  fro m  

B ritish  D ru g  H o u ses L im ite d  (B D H ). F resh  b u tter w as m elted  an d  filtered  a t 30° fo r  

use as an  en zym e su bstrate. C h lo ra m p h e n ico l w as o b ta in ed  fro m  P a rk e , D a v is  a n d  C o ., 

D e tro it, M ic h . D i- iso p ro p y lflu o ro p h o sp h a te  (D F P )  a n d  d ieth yl p -n itro p h e n y lp h o s- 

p h ate  (E600) w ere  gifts fro m  D r  G . C . C h eesem a n  an d  D r  P . A n d re w s, resp ectively .

Counts o f organisms. C o lo n y  co u n ts w ere m ade fo r  b o th  organ ism s on  n u trien t a ga r 

b y  th e  m eth o d  o f  M ile s  &  M is ra  (1938). In  som e exp erim en ts ex tin ctio n  m easu re

m en ts o f  su sp en sion s w ere  d o n e a t 610 m/t an d  th o se w ere co n v erted  in to  ce ll co u n ts 

u sin g  p red eterm in ed  grap h s re latin g  ex tin ctio n  to  cell cou n ts.

Cell-free extracts. T h e  organ ism s w ere g ro w n  in  B acto p ep to n e  fo r  1 -2  d a ys, cen tri

fu g ed  d o w n , w ash ed  in  sa lin e, re-cen trifu ged  an d  re-suspended  in  0-9 %  N a C l  so lu tio n . 

T h e  m a jo rity  o f  the p seu d o m o n ad s w ere b ro k e n  as sh o w n  b y  m icro sco p ic  ex a m in a 

tio n , a fter  3 m in. u ltra so n ic  treatm en t in  a  B ra n so n  S o n ip ro b e  T y p e  1 1 3 0 A  (D a w e  

In stru m en ts L td ., L o n d o n ) used a t m a xim u m  en ergy  an d  the system  k e p t c o ld  w ith  

so lid  C 0 2 +  eth an o l. U ltra so n ic  treatm en t fo r  40 m in. w as n ecessary  fo r  co m p a ra b le  

b re a k a g e  o f  the m icro co cci.

Gel filtration. S ep h ad ex  G -10 0  gel filtratio n  m ed iu m  (140-400 m esh ; P h arm acia , 

U p p sa la , S w eden ) w as a llo w e d  to  sw ell fo r  3 d a ys, an d  G -200 (140-200 m esh) fo r  at 

lea st 14 d ays, in  0-2 M -N a C l co n ta in in g  0-025 M -M gC l2 b e fo re  use. C o lu m n s (55 cm . x  

3 cm . d iam eter) w ere p a ck e d  in  th e  c o ld  w ith  the sw ollen  gels and ru n  a t 0 -5 0.

Partial purification o f lipases. T h e  su p ern a tan t flu id  o f  the b acteria l cu ltu res w a s 

tw o -th ird s satu rated  w ith  am m o n iu m  su lph ate an d  the m ixtu re le ft sta n d in g  o v ern igh t 

a t  40. T h e  p rec ip ita te  w as d ep o sited  b y  cen trifu g atio n , d issolved  in  a  sm all vo lu m e  o f  

0-2 M -N a C l co n ta in in g  0-025 M -M gC l2 an d  p assed  d o w n  a S ep h ad ex  G  100 co lu m n  

to  rem o ve lo w  m o lecu la r  w eig h t m ateria l. T h e  a ctiv e  fractio n s w ere p o o le d , th e  lip ase 

a ga in  p rec ip ita ted  b y  sa tu ratio n  w ith  am m o n iu m  sulphate, re-d issolved  in  a  sm a ll 

vo lu m e o f  the a b o v e  N a C l +  M g C l2 so lu tio n , ad ded  to  a  G 2 0 0  S ep h ad ex  c o lu m n  a n d  

e lu ted  w ith  the sam e sa lt sc lu tio n . F ive-m l. fra c tio n s  w ere co llected  a n d  m o n ito red  b y  

d eterm in in g ab so rp tio n  at 280 mp o r 230 mp a n d  a lso  b y  testin g fo r  lip o ly tic  a c tiv ity  
eith er b y  the a g a r  d iffu sio n  m eth o d  o r  b y  p o ten tio m etric  titration .



G e l electrophoresis. E sterases in  th e  cu ltu re  su p ern a tan t flu ids a n d  in  fresh ly  h a r

vested  b acteria  w h ich  h ad  been d isin tegrated  b y  u ltra so n ic  trea tm en t w ere studied  b y  

e lectro p h o resis  in  p o ly a cry la m id e  gels a t  p H  7-3 a n d  8-7, essen tia lly  b y  the m eth o d  

describ ed  b y  L u n d  (196 5). A fte r  sep a ra tio n  o f  th e  p ro te in s b y  e lectro p h o resis, the gel 

slides w ere  flo o d e d  w ith  fresh ly  p rep ared  bu ffered  so lu tio n s co n ta in in g  0 04 %  o f  

eith er a -n a p h th y l ace tate , b u ty ra te  o r  cap ry la te  an d  o -o i %  (w /v) F a s t  b lu e  B  salt. 

E sterase a c tiv ity  w a s sh o w n  b y  th e  a p p e ara n ce  o f  d a rk  red  b an d s w h ich  d ev elo p e d  in  

2 h r a t  r o o m  tem p eratu re.

E stim ation o f  esterase activity. H y d ro ly s is  o f  o -n itro p h en y lb u ty rate  (B D H ) w as 

m easu red  b y  the sp ectro p h o to m etric  estim atio n  o f  th e  lib era ted  o -n itro p h en o l a t 

410  m ¡1 in  1 cm . cu vettes  an d  to ta l vo lu m e  o f  3-2 m l. A s s a y  m ixtu res co n ta in ed  

1 0 0 /«moles tris +  H C 1 bu ffers (p H  8-o) a n d  7-5 /«moles o f  o -n itro p h en y lb u ty ra te  

(a d d ed  as a  so lu tio n  in  0-2 m l. m eth an o l). In  p re lim in a ry  exp erim en ts p -n itro p h en yl- 

a cetate  w a s a lso  u sed  (D o w n e y  &  A n d re w s, 1965 b) b u t  th e  lo w  esterase a ctiv ities  o f  

som e cu ltu re s w ere  o f  th e  sam e o rd er as th e  ra te  o f  sp o n tan eo u s h y d ro ly sis  o f  the 

a ce tate  a t  p H  8, w h ich  m a d e m easurem en ts less re liab le  th a n  th o se  w ith  :h e  m o re  

stab le  o -n itro p h en y lb u ty rate .
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E stim ation o f  lipase activity

P oten tiom etric  assay. T h e  in itia l v e lo c ity  o f  lip o ly s is  w a s fo llo w e d  b y  co n tin u o u s 

titra tio n  w ith  i o _3M -N a O H  a t a  co n sta n t p H  v a lu e  a t  2 5 0 b y  u sin g a  R a d io m e te r  

titra to r, ty p e  T T T i c ,  co u p le d  to  a  R a d io m e te r  titrigrap h , ty p e  S B R 2 C  (R a d io m ete r, 

C o p e n h a g e n , D en m a rk ), as d escrib ed  b y  D o w n e y  &  A n d re w s (196 50 ). T h e  lip a se  

so lu tio n , u su a lly  2 -3  m l., w as b ro u g h t to  p H  8-o, a t lea st 7  m in. b ein g  req u ired  b e fo re  

ste ad y  co n d itio n s  w ere  atta in ed  (F ig . x). T h is  w as n o ted  b o th  in  the sam p le an d  in  its 

c o n tro l (b o iled  en zym e p re p a ra tio n ); the reaso n  w h y  th is o ccu rred  is n o t u n d e rsto o d . 

T h e  em u lsified  su b strate  (eith er 1 %  tr io le in  o r  5 %  trib u tyrin , stab ilized  w ith  gu m  

a ca c ia  as d escrib ed  b y  D o w n e y  &  A n d re w s, 1965 a) w as then  a d d ed , th e  titra tio n  b ein g  

co n tin u ed  fo r  a  fu rth er 5 m in . C o n tro ls  w ere a lso  d o n e  to  ch eck  n o n -en zym ic h y d ro ly sis  

o f  ea ch  su b strate. T h e  re latio n sh ip  b etw een  an  in crease in  en zym e co n cen tratio n  and  

lip a se  a c tiv ity  w a s s ligh tly  n o n -lin ear (F ig . 1), p o ssib ly  b ecau se o f  a d so rp tio n  o f  som e 

lip a se  to  th e  glass o f  the rea ctio n  vessel. T h e  assay  w a s fo u n d  to  be u n su itab le  fo r  th e  

e stim atio n  o f  v e ry  sm a ll am o u n ts o f  acid  b e lo w  p H  7-0.

A gar diffusion assay. T h e  th in  la y e r  a g a r  d iffu sio n  m eth o d  d escrib ed  earlier (L a w 

rence et al. 1967) w as fo u n d  to  be m o st su itab le  fo r  th e  ro u tin e  estim atio n  o f  lip ase 

a ctiv ity  an d  w a s used  fo r  a ll d eterm in atio n s o f  lip a se  a ctiv ity  rep o rted  in th is p a p er 

unless o th erw ise  stated . T h e  d iam eters o f  the zo n es o f  c le arin g  (in  m m .) o f  em u lsion s 

o f  v a rio u s  trigy lcerid es in  a ga r, bu ffered  w ith  0-05 M -phosphate, w ere m easu red  a fter  

in cu b a tio n  a t the p re-d eterm in ed  o p tim al tem p eratu re o f  30°. T h e  assay  d ep en ds n o t 

o n ly  u p o n  the so lu b ility  o f  d i- a n d  m o n o -g ly ce rid es b u t a lso  u p o n  the so lu b ility  o f  the 

ca lc iu m  salts o f  the fa tty  acid s p ro d u ce d  b y  h y d ro ly sis . F o r  trig lycerid es co n ta in in g  

fa tty  a cid s o f  tw elve  o r  few e r ca rb o n  ato m s the h y d ro ly sis  is in d icated  b y  the c le a r in g  

o f  th e  tr ig y lycerid e  em u lsion .

F o r  trig lycerid es c o n ta in in g  h igh  m o lecu la r  w eig h t fa tty  acid s th e  zo n es o f  h y d ro ly 

sis sh o w  u p  as in creased  o p a q u e  zo n es a ga in st the em u lsio n  b a ck g ro u n d , p resu m a b ly  

as a  resu lt o f  th e  p rec ip ita tio n  o f  th e  ca lc iu m  salts o f  the lib era ted  fa tty  acid s, since 

a g a r  is k n o w n  to  co n ta in  ex ch a n g ea b le  ca lc iu m  (C o o p e r, 1963). T h e  in c o rp o ra tio n  o f



a  fa t-so lu b le  d y e  in to  th e  m ed iu m , h o w e ver, fa c ilita te d  th e  d ete ctio n  o f  lip o ly tic  

a c tiv ity  a ga in st b u tterfa t. T h e  lip a se  w a s ad d e d  to  a  p h o sp h a te  b u ffered  a g a r  gel on  

w h ic h  w a s th en  p la ce d  a  lens tissu e (G re e n ’ s, 105), w h ich  h a d  b een  p a in ted  w ith  

m elted  b u tte rfa t sa tu rated  w ith  V ic to r ia  b lu e  b ase. T h e  h y d ro ly sis  o f  th e  th in  u n ifo rm  

la y e r  o f  b u tterfa t w a s sh o w n  as a  b lu e  zo n e  a g a in st th e  red  b a c k g ro u n d  o f  u n ch a n g ed  

d ye.
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F ig . 1 F ig . 2

F ig . 1. E ffect o f  c o n c e n tra tio n  o f  a  p a r tia lly  pu rified  lip ase  p re p a ra tio n  f ro m  M icrococcu s  
freudenreichii o n  th e  ra te  o f  h y dro lysis o f  5 % tr ib u ty r in  (v/v), em ulsified  w ith  10 %  (w /v)
gu m  acac ia  in  a  p H  sta t. T h e  su b s tra te  w as ad d e d  a t  (  to  0-05 m l. enzym e (O -------O )
a n d  o - im l .  enzym e ( • — • ) .  B o iled  enzym e c o n tro ls  a re  sh o w n  th u s  (O  —  O ) a n d  
( •  —  ® ). S u b stra te  c o n tro l (A -------A ).

F ig . 2. E ffect o f  ex ten d ed  in c u b a tio n  u p o n  th e  g ro w th  (O -------O ) a n d  p ro d u c tio n  o f  lipase
-------• )  o f  s ta tic  cu ltu re s  o f  M icrococcu s freudenreichii in  1 % (w /v) b a c to p e p to n e  a n d

0-04 M -phosphate (p H  7-0) a t  30°. L ip a se  ac tiv ity  w as m easu red  ag a in s t em ulsified  t r i
b u ty rin  (o-i % , v/v). D  =  d iam e te r  o f  zo n e  o f  hydrolysis.

T h e  co rre la tio n  b etw een  the p o ten tio m etric  a ssa y  a n d  the tr ib u ty r in  em u lsio n  a g a r  

m eth o d  w as g o o d  (F ig . 5). T h e  la tter  m eth o d , h o w e ver, w a s ab le  to  d ete ct lo w e r  levels 

o f  lip a se  a ctiv ity , n eed ed  m u ch  sm aller sam ples (0-004 n il.) a n d  w a s co n sid e ra b ly  

m o re  sim p le  to  c a rry  o u t  th a n  th e  p o ten tio m etric  assay.

L
ip

as
e 

ac
ti

vi
ty

 (
D

2)



Micrococcal and pseudomonal lipases 405

RESULTS

Factors affecting lipase production
M a n y  o f  th e  co n clu sio n s  d ra w n  fro m  p rev io u s  studies o n  th e  effect o f  the g ro w th  

m ed iu m  a n d  th e  c o n d itio n s  o f  g ro w th  o n  lip a se  p ro d u c tio n  ap p e ared  to  b e  c o n tra 

d ic to ry  (see review  b y  L a w ren ce , 1967). T h e  effect o f  su ch  fa c to rs  u p o n  th e  tw o  

o rga n ism s u sed  in  th is in v estig a tio n  w a s th e re fo re  d eterm in ed  in  o rd er to  o b ta in  

o p tim a l co n d itio n s  fo r  lip a se  fo rm a tio n .

Effect o f the medium. T h e  m icro co ccu s  a n d  th e  p seu d o m o n a d  w ere g ro w n  in  d if

feren t m ed ia  c o n ta in in g  p ep to n es, C a s a m in o  a cid s an d , in  som e cases, y e a st ex tra ct. 

M o s t  m ed ia  su p p o rted  g o o d  g ro w th  w h ich , h o w e ver, p a rticu la rly  in  th e  case  o f  th e  

p s eu d o m o n ad , resu lted  in  n o  m ea su rab le  lip a se  a c tiv ity  (T a b le  1). T h is  co n firm ed  a  

p rev io u s  re p o rt (N a s h if  &  N e lso n , 1953) th a t som e sam p les o f  p e p to n e  w ere  less 

sa tis fa cto ry  th a n  oth ers as co n stitu en ts o f  m ed ia  fo r  lip a se  p ro d u c tio n  b y  b acteria . 

L ip a s e  a c tiv ity  in  th e  cu ltu re  su p ern a tan t flu ids w a s o p tim a l fo r  b o th  organ ism s w h en

T a b le  x. The effect o f different media upon the growth and 
production o f lipase by Pseudomonas fragi

T h e  o rg an ism  w as g ro w n  a t  250 in  20 m l. lo ts  o f  m ed iu m  co n ta in in g  d ifferen t p ep to n es  
(1 % , w /v) a d ju s te d  to  p H  7-0 w ith  N a O H . T h e  lip ase  ac tiv ity  in  th e  cu ltu re  su p e rn a ta n t 
flu ids w as tes te d  a f te r  16 h r  a n d  40 h r  in cu b a tio n , ag a in s t o -i %  (v/v) tr ib u ty r in  em ulsion . 
D  =  d iam e te r  o f  zo n e  o f  h y dro lysis. +  =  zo n e  o f  hydro ly sis  to o  sm all to  m easure .

16 h r  40 h r
A__________ _ _________________ A_________________

r t \

L ip a se  L ipase
P e p to n e  co m p o n en t G ro w th activ ity G ro w th activ ity

in  M ed iu m (E 610) m (E 610) (Z>2)

B acto  p e p to n e o -74 16-o o -95 4-0
B ac to  p ro te o se  p e p to n e i-6o + 1-90 2-3
B ac to  n eo p ep to n e o-6o N il r i o 6-8
B ac to  casitone I-oo + 1-90 6-8
B ac to  try p to n e 1-30 + 2-00 3 '6
B ac to  try p to se i -05 + 1-50 N il
B ac to  C a sam in o  acids 0-29 NO I-oo N il
O x o id  p e p to n e 1-20 N il 1-50 6-8
O x o id  try p to n e I -00 N il 1*75 N il
O x o id  try p to se i -75 N il 1-90 N il
E v an s p e p to n e i-6o + 2*00 +
B acto  p e p to n e  + 1  % 

O xo id  L ab  L em co
2-00 + 2*00 +

B a cto  p e p to n e + o -2  % 
B a c to  yeas t ex trac t

1-75 + 1*50 N il

g ro w n  in  th e  B a c to  p e p to n e  m ed iu m , w h ich  w a s th e re fo re  used  th ro u g h o u t th is in 

v e stig a tio n . G r o w th  an d  lip a se  p ro d u c tio n  b y  the m icro co ccu s  w a s u n affected  b y  th e  

c o n ce n tra tio n  o f  p e p to n e  b etw een  0-5 a n d  2 %  b u t g ro w th  an d  in itia l lip ase p ro d u ctio n  

b y  the p seu d o m o n a d  w ere  co n sid e ra b ly  stim u lated  b y  an  in crease  o f  p e p to n e  (T a b le  2). 

H o w e v e r  th is lip a se  in itia lly  fo rm ed  w a s d estro y ed  a fter  5 - 7  d a ys  a t th e  h ig h e r  

p ep to n e co n cen tratio n s. I t  m a y  b e  sign ifican t th a t the p seu d o m o n a d  w a s stro n g ly  

p ro te o ly tic  fo r  case in  a n d  ge latin e, w h ereas p ro te o ly tic  a c tiv ity  b y  th e  m icro co ccu s  w a s  

n o t detected .
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W h ile  th e  tw o  o rgan ism s p ro d u ce d  lip ase in  m ed ia  d ev o id  o f  trig ly ce rid e  su b strates, 

it  w a s p o ssib le  th a t th e  a d d itio n  o f  tr ig lycerid e  m ig h t in d u ce  greater lip a se  p ro d u ctio n . 

H o w e v e r, lo w  co n cen tratio n s o f  tr ib u tyrin  an d  tr io c ta n o in  (less th a n  i o -3 m) h a d  n o  

sign ifican t effect o n  g ro w th  or lip a se  p ro d u ctio n  a lth o u g h  h igh er co n cen tra tio n s  w ere  

in h ib ito ry .

T a b le  2. The effect o f concentration o f Bacto-peptone on the rate o f destruction o f 
the lipase formed by Pseudomonas fragi

T h e  o rg an ism  w as g ro w n  a t  250 in  B ac to  p ep to n e  m ed iu m  co n ta in in g  o-04M -phosphate  
bu ffer (p H  7-0). L ip a se  ac tiv ity  in  th e  cu ltu re  su p e rn a ta n t flu ids a f te r  1, 3, 7 a n d  14 days 
w as te s te d  ag a in s t o - i %  (v/v) t r ib u ty r in  em ulsion . D  =  d iam ete r o f  zo n e  o f  c lea rin g  o f  
tr ib u ty r in  em ulsion . +  = z o n e  o f  hydro ly sis  to o  sm a ll to  m easure.

P e rio d  o f  in c u b a tio n

R. C. L A W R E N C E ,  T. F. F R Y E R  A N D  B. R E I T E R

1 d ay  3 days 7 days 14 days
% A

----------------- 1 ,------- > ,----------- A ----------Ï

B acto G ro w th L ipase G ro w th L ip ase G ro w th L ipase G ro w th L ip ase
p ep to n e (E 610) (D 2) (E 610) (Ö 2) (E 610) m (E 610) (D 2)

0-25 0-45 N il o -39 N il 0 '35 N il 0*40 +
0-5 o-6o 12-5 o-66 16-o o-68 24*0 o-6o 9 ‘5
0'75 O 72 20-5 0-85 21*0 o-86 27*0 0*90 5-0
IO o-8o 24-0 I I O 25*0 TOO 29*0 n o +
2-0 1-20 36-0 i-6o 35-0 1-75 N il i-8o N il

T a b le  3. The effect o f temperature upon the lipase activity in supernatant 
fluids o f Pseudomonas fragi cultures

T h e  o rg an ism  w as g ro w n  a t  250 in  40 m l. B acto  p e p to n e  (1 % , w /v) +  o-04 M -phosphate 
bu ffer (p H  7-0). L ipase  ac tiv ity  in  th e  su p e rn a ta n t flu ids w as tes te d  a fte r  1, 3 a n d  14 days 
agains t o -i %  (v/v) tr ib u ty r in  em ulsion . D  =  d iam e te r  o f  zo n e  o f  hydro lysis. +  =  zo n e  o f  
hydro lysis to o  sm all to  m easu re .

T im e o f  in c u b a tio n  o f  cu ltu res

1 day 3 days 14 days
G ro w th L ipase G ro w th L ipase G ro w th L ipase

T em p. (E610) (IT ) (E 610) CD2) (E 610) (D 2)

22° 0-78 26 n o 28 1-05 30-5
25° 0-86 21 n o 21 n o N il
30° 0-95 + n o N il 1*30 N il

Effect o f incubation temperature. T h e  o p tim u m  tem p eratu re fo r  lip ase p ro d u ctio n  

b y  the p seu d o m o n a d  w a s 22° a n d  the lip ase in itia lly  fo rm ed  w a s u n affected  b y  e x 

ten d ed  in cu b a tio n  a t the tem p eratu re. T h e  lip ase p resen t a fter  1 d a y  a t 2 5 0 w a s, h o w 

ever, co m p lete ly  d estro y ed  after 14 d a ys  a t  th a t tem p eratu re a n d  n o  lip a se  a t  a ll w a s  

detected  a t 30° (T a b le  3). G r o w th  o f  the p seu d o m o n a d  w as n o t s ign ifican tly  a ffected  

b y  tem p eratu res b etw een  220 a n d  30° b u t w as co m p lete ly  in h ib ited  a t  3 70.

In cu b a tio n  tem p eratu res betw een  220 an d  30° did  n o t a ffect lip a se  p ro d u ctio n  b y  the 

m icro co ccu s, an d  th e  lip a se  in itia lly  fo rm e d  w a s n o t d estro y ed  b y  exten d ed  in cu b a tio n  

b etw een  22° an d  3 7 0. B o th  g ro w th  an d  lip a se  p ro d u ctio n , h o w ever, w ere  lo w er w h en  

th e  m icro co ccu s  w a s g ro w n  at 3 70.

Effect o f aeration o f growth medium. W h e n  th e  su rface area/volu m e ra tio  o f  sta tic  

cu ltu res o f  th e  o rgan ism s w as d ecreased  th ere w a s a  sign ifican t decrease in  th e  lip a se  

p ro d u c tio n  p e r  o rga n ism  b y  the m icro co ccu s  b u t n o t b y  th e  p seu d o m o n a d  (T a b le  4).
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F ig . 3. E ffect o f  sh a k in g  u p o n  th e  g ro w th  (A -------A ) a n d  lip ase  p ro d u c tio n  (A — A ) o f
Pseudomonas fragi a t  220 in  b a c to p e p to n e  (0-75 %, w /v). T h e  g ro w th  (O -------O ) a n d  lip ase
p ro d u c tio n  ( • -------• )  o f  s ta tic  cu ltu re s w ere a lso  reco rd ed  a fte r  th e  sam e tim e  in tervals.
L ip a se  ac tiv ity  w as m easu red  ag a in s t em ulsified  tr ib u ty r in  (o-l % , v/v). D =  d iam e te r  o f  
zo n e  o f  hydro lysis.
F ig . 4. E ffect o f  ex ten d ed  in c u b a tio n  u p o n  th e  g ro w th  (O — O ) a n d  lip ase  p ro d u c tio n
( • -------• )  o f  s ta tic  cu ltu res o f  Pseudomonas fragi in  1 % (w /v) b ac to p ep to n e  a n d  0-04 m-
p h o sp h a te , p H  7-0, a t  220. L ip ase  ac tiv ity  w as m easu red  ag a in s t em ulsified  tr ib u ty r in  
(o-i % , v/v). D =  d iam e te r  o f  zo n e  o f  hydro lysis.

Table 4. The effect o f degree o f aeration upon the lipase production per organism 
of Micrococcus freudenreichii and Pseudomonas fragi

T h e  m icro co ccu s w as g row n  a t  30° fo r  2 days in  th e  specified vo lum es o f  B a c to  p e p to n e  
(1 % , w /v) m ed iu m  in  250 m l. cen trifu g e  b o ttles  a n d  th e  p se u d o m o n a d  a t  22° in  B acto  
p e p to n e  (1 %, w /v )+ o -0 5  M -phosphate bu ffer (p H  7-0). D is th e  d iam eter o f  zo n e  o f  c learing  
o f  o -1 %  (v/v) tr ib u ty r in  em ulsion .

V o lum e o f  m ed ium

10 m l. 25 m l. 100 m l.
M. freudenreichii

L ip a se  ac tiv ity  (Z)a) 32 '5 28-0 4 '5
C o u n t/m l. x 10-8 1-2 o-8 o-8
L ip ase /o rg an ism 4'9 6-o r o

Pseudomonas fragi
L ipase  ac tiv ity  (Z>2) 30-5 n o 5-o
C o u n t/m l. x  io -8 7 '4 4-2 i -9
L ip ase /o rg an ism 1-2 o-8 r o
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L ip a s e  p ro d u ctio n  b y  static  cu ltu res o f  th e  m icro co ccu s  in creased  to  a  m a xim u m  after 

in cu b a tio n  fo r  4 8 -72  h r  an d  d id  n o t decrease w ith  fu rth er in cu b a tio n  (F ig . 2). L ip a s e  

p ro d u ctio n  b y  sta tic  cu ltu res o f  the p seu d o m o n a d  in creased  g ra d u a lly  to  a  m a x im u m  

a fter  a b o u t 72 h r  b u t d ecreased  m a rk ed ly  o n  p ro lo n g e d  in cu b a tio n  (F ig s . 3, 4).

S h a k in g  th e  cu ltu res to  in crease a eratio n  resu lted  in  in creased  g ro w th  a n d  lip a se  

a ctiv ity  in  th e  first 24 h r  w ith  b o th  o rgan ism s, b u t th e  lip ase a ctiv ity  p ro d u c e d  b y  the 

p seu d o m o n ad  d ecreased  ra p id ly  o n  co n tin u ed  sh ak in g. In  a  ty p ic a l exp erim en t, n o  

a ctiv ity  w a s d etected  a fter  sh a k in g  fo r  42 h r a t  220 (F ig . 3).

Effect o f initial pH  value o f growth medium. The lipase activity obtained from the 
pseudomonad grown in a medium initially at pFI 6 was three to four times that at 
pH 8. The initial pH value of the medium was of little significance for lipase produc
tion from the micrococcus, although over extended periods an initial value between 
pH 7 and 8 gave slightly greater yields of lipase.

Extracellular nature o f the lipases
L ip a se  a c tiv ity  w a s fo u n d  in  the su p ern a tan t flu ids o f  y o u n g  cu ltu res d u rin g  th e  

lo g a rith m ic  p h ase  o f  g ro w th  o f  b o th  o rgan ism s. L ip a s e  p ro d u ctio n  a n d  n u m b ers o f  

o rgan ism s reach ed  a  m a xim u m  a t a lm o st th e  sam e tim e (F igs. 2 -4 ). T h e  fin d in g  o f  

en zym e in  the cu ltu re  flu id  m a y  p o ssib ly  resu lt fr o m  th e  d ea th  o r  lysis o f  a  sm a ll fr a c 

tio n  o f  the organ ism s in  a  cu ltu re , b u t lip ase a c tiv ity  d id  n o t in crease o n  p ro lo n g e d  

in cu b a tio n  o f  cu ltu res o f  th e  m icro co ccu s  (F ig . 2) desp ite  a  g rea t d ecrease in  the 

n u m b er o f  v ia b le  o rgan ism s, a n d  th e  a c tiv ity  a c tu a lly  d ecreased  in  cu ltu res o f  th e  

p seu d o m o n a d  (F ig . 4). S im ila rly , th e  d ea th  o f  th e  m icro co cci o ccu rred  m o re  ra p id ly  

w h en  the p H  v a lu e  d ecreased  b e lo w  7-0 b u t th e  lip a se  a ctiv ity  d id  n o t in crease. T h e  

a c tiv ity  o f  a  su sp en sio n  o f  w a sh ed  p seu d o m o n a d s d isru p ted  b y  u ltra so n ic  trea tm en t 

fo r  3 m in . w a s a t  lea st six ty  tim es less th a n  th a t fo u n d  in  the su p ern a tan t flu id . T h e  

a ctiv ity  o f  lip a se  p rep ara tio n s fro m  cu ltu re  su p ern a tan t flu ids o f  the p s e u d o m o n a d  

w as n o t affected  b y  th e  sam e p e rio d  o f  u ltra so n ic  treatm en t.

T h ic k  su sp en sion s o f  w h o le  o rgan ism s, th e  cu ltu re  su p ern atan t flu ids a n d  th e  cell- 

free  ex tra cts  o f  o rgan ism s sh o w ed  th e  sam e re lativ e  lip o ly tic  a c tiv ity  to w a rd s  the 

v a rio u s  su b strates, in d icatin g  th a t th e  ex tra ce llu la r  an d  in tra ce llu la r  en zym es w ere 

id en tica l. W h o le  o rgan ism s w h ich  h a d  b een  h ea ted  a t io o °  fo r  2 m in . sh o w ed  no 

a ctiv ity .
Examination o f partially purified lipase preparations

Behaviour on Sephadex columns. T h e  e lu tio n  o f  co n cen trated  lip a se  p rep a ra tio n s  o f  

b o th  o rgan ism s on  S ep h ad ex  G 1 0 0  w ith  sa lt so lu tio n s (0-02 M -N a C l + 0-025 M -M g C l2) 

resu lted  in  a  sin gle p e a k  o f  lip a se  a ctiv ity , the y ie ld  b y  th is p u rifica tio n  p ro ced u re  

b ein g  a b o u t 40 %  o f  the o rig in a l a ctiv ity  o f  th e  su p ern a tan t flu id . T w o  p e a k s  w ere 

o b ta in ed , h o w e ver, w h en  th e  lip a se  p rep ara tio n s  o f  b o th  organ ism s w ere  e lu ted  on  

S ep h ad ex  G 2 0 0  (F ig . 5). T h e  fra c tio n s  co n ta in in g  ea ch  p e a k  sh o w ed  th e  sam e re lativ e  

a c tiv ity  to w a rd s  d ifferen t so lu b le  an d  em ulsified  substrates, an d  th e  a d d itio n  o f  in 

h ib ito rs  d ecreased  th e  a c tiv ity  to w a rd s  these su bstrates b y  the sam e p ro p o rtio n . It 

seem s lik e ly  th erefo re  th a t th e  a ctiv ity  o b ta in ed  o n  S ep h ad ex  G 2 0 0  w a s d u e to  a  sin gle 

en zy m e in  ea ch  lip a se  p rep ara tio n .

T h e  ra te  o f  e lu tio n  o f  th e  lip a se  a ctiv ity  fro m  th e  S ep h ad ex  G 2 0 0  co lu m n s a lso  

a llo w e d  an  a p p ro x im a te  m o lecu lar  w eig h t to  b e  assign ed  to  th e  lipases. T h e  co lu m n s 

w ere  ca lib ra te d  w ith  p ro te in s o f  k n o w n  m o le cu la r  w eig h t, a cco rd in g  to  the m e th o d
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d escrib ed  b y  A n d re w s  (196 5). T h y ro g lo b u lin  (m ol. w t. 670,000), y -g lo b u lin  (m ol. w t. 

160,000), serum  a lb u m in  (m o l. w t. 67,000) an d  cy to ch ro m e  c  (m ol. w t. 12 ,co o ) w ere 

used. T h e  e lu tio n  vo lu m e s o f  the p e a k s  o f  a ctiv ity  o f f  S ep h ad ex  G  200 co lu m n s (F ig . 5) 

w o u ld  in d icate  th a t the lip a se  a c tiv ity  w a s a sso ciated  w ith  p ro te in s o f  m o le cu la r  

w eigh ts o f  a b o u t 25,000 a n d  250,000.

Therm ostability o f  the lipases. T h e  lip a se  in  cu ltu res o f  the m icro co ccu s  w a s ex trem ely  

h ea t resistant, as w ere  a lso  th e  u n p u rified  a m m o n iu m  su lp h ate  p recip itates, w h ich  

lo st o n ly  20 %  o f  their lip a se  a c tiv ity  on  b o ilin g  fo r  5 m in . a n d  co u ld  be sto red  fo r  a t 

lea st 6 m o n th s a t 4° w ith o u t lo ss  o f  a ctiv ity . T h e  th e rm o sta b ility  o f  th e  m icro co cca l 

lipase w a s d ep en den t, h o w e ver, u p o n  its d egree o f  p u rifica tio n . T h e  lip a se  a ctiv ity  o f
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Fig . 5 F ig . 6

F ig . 5. G el f iltra tio n  o f  a  co n c e n tra te d  lip ase  p re p a ra tio n  f ro m  M icrococcu s freudenreichii on  
S ephadex  G . 200 co lu m n s w ith  0-2 M -N aCl +  0-025 M -M gCl2 a s  e lu a n t ; (a) m a te ria l ab s o rbing
a t  280 m/i (-------) a n d  es terase  ac tiv ity  ag a in s t o -n itro p h en y lb u ty ra te  ( O -----O ); (6) lipase
ac tiv ity  ag a in s t em ulsified  tr ib u ty r in  (o-i % , v/v) by th e  a g a r  d iffusion  assay  (O -------O ) an d
ag a in s t em ulsified  tr ib u ty r in  (5 %, v/v) u sin g  a  p H  s ta t ( 0 -----0 ). D  =  d iam e te r  o f  zo n e  o f
hydrolysis.

F ig . 6. T h e  re la tio n sh ip  b etw een  tim e  o f  in c u b a tio n  a n d  th e  zones o f  hydro lysis o b ta in e d  o n
O' 1 %  (v/v) tr ib u ty r in  (O ----- O ), tr io c ta n o in  (0--------0), tr io le in  (□ ------ □ )  a n d  th e  b u tte rfa t +
V ic to ria  B lue su b s tra te  (■ -------■ ) by  a  p a rtia lly  pu rified  lipase  o f  M icrococcu s freuden.-eichii.
D  =  d iam e te r  o f  zo n e  o f  hydro lysis.

fractio n s fro m  S ep h ad ex  G 1 0 0  an d  G 2 0 0  co lu m n s w as co m p lete ly  d estro y ed  b y  

h ea tin g  a t 70° fo r  2 m in . a n d  lo st 50 %  o f  th e ir  a c tiv ity  in  48 h r a t  4 0. T h e  m a jo r p r o 

tectiv e  agen t in  im p u re  p rep ara tio n s  ap p e ared  to  be th e  p e p to n e  o f  the g ro w th  m ed iu m , 

sin ce eth a n o l p recip ita tes o f  the en zym e, w h ich  w ere  re la tiv e ly  u n co n ta m in a ted  w ith  

p e p to n e , w ere co n s id e ra b ly  m o re  h e a t la b ile  th a n  w ere m o re  im p u re p rep ara tio n s  

p rec ip ita ted  b y  a m m o n iu m  sulphate.

T h e  lip a se  fr o m  the p s e u d o m o n a d  w a s re la tiv e ly  m o re  h ea t sen sitive th a n  th a t fro m  

the m icro co ccu s. A  p re p a ra tio n  o f  p s e u d o m o n a l lip a se  o b ta in ed  b y  p rec ip ita tio n  w ith  

am m o n iu m  su lp h a te  lo s t  a ll a c t iv ity  a t io o °  fo r  3 m in. an d  fra ctio n s  fro m  S ep h ad ex  

co lu m n s lo s t  90 %  o f  th e ir  a ctiv ity  in  72 h r  a t 4°.



Stability o f the micrococcal lipase at various pH's. T h e  p a rtia lly  purified  m icro c o c ca l 

lip a se  w as in cu b ated  a t 30° fo r  24 h r w ith  p h o sp h a te  bu ffers a t va lu es b etw een  p H  4-8 

a n d  8-o. T h e  su p ern a tan t flu ids fro m  u n sh ak en  flasks sh o w ed  s ign ifican tly  d ecreased  

lip ase a ctiv ity  b e lo w  p H  5-5 (T a b le  5) b u t th is d ecrease d id  n o t ta k e  p la ce  in  sh a k en  

flasks. P resu m a b ly  th e  lip a se  w as p rec ip ita ted  b u t n o t in a ctiva ted  b e lo w  p H  5-5. T h e  

lo ss o f  a ctiv ity  b y  p rec ip ita tio n  o f  the lip a se  w ith  decrease in  p H  va lu e  m a y  ex p la in  

th e  d ecrease u p o n  p ro lo n g e d  in cu b a tio n  o f  the in itia l a ctiv ity  o f  su p ern a tan t flu id s o f  

m icro c o c ca l cu ltu res g ro w n  in  m ed ia  co n ta in in g  g lu co se .

T a b le  5. The effect o f pH  value upon the activity o f partially purified 
lipase from Micrococcus freudenreichii

S am ples o f  th e  lip ase  so lu tio n  w ere in cu b a ted  a t  30° fo r  24 h r i n  p h o sp h a te  (o-i m) buffers 
o f  d ifferen t p H  values. T h e  lip ase  ac tiv ity  o f  th e  su p e rn a ta n t fluids an d  th e  sh a k en  suspensions 
w ere tes ted  ag a in s t 0 1  % (v/v) tr ib u ty rin . D  =  th e  d iam eter o f  zo n e  o f  hydro lysis. +  =  zo n e  
o f  hydro lysis to o  sm all to  m easure.

L ip a se  ac tiv ity  (D 2)

4 1 0  R .  C .  L A W R E N C E ,  T .  F .  F R Y E R  A N D  B. R E I T E R

p H
S u p e rn a ta n t

fluid S uspension

4-8 + 115
5'3 75 130
6 0 160 155
6-8 140 125
8 0 170 165

C o n tro l 160 155
(w ater)

Substrate specificity o f lipases. P a rtia lly  p u rified  p rep ara tio n s o f  the ex tra ce llu la r  

lip ases fro m  the m icro co ccu s  an d  fro m  the p s e u d o m o n a d  h y d ro ly se d  tr ig ly cerid es 

co n ta in in g  sh o rt ch ain  or lo n g  ch ain  fa tty  aids. In  th e  a g a r  d iffu sion  m eth o d  o f  lip a se  

a ssa y  the exten t o f  h y d ro ly sis  w as p ro p o rtio n a l to  the area  o f  the zo n e  o f  a ctiv ity . 

T h e  ex ten t o f  h y d ro ly sis  fo r  ea ch  syn th etic  tr ig ly ce rid e  w as p ro p o rtio n a l to  the p e rio d  

o f  in cu b atio n  a n d  rem ain ed  lin ear fo r  a t lea st 30 h r (F ig . 6), a lth o u g h  the h y d ro ly sis  

o f  b u tterfa t, m easu red  b y  the in d irect V ic to r ia  b lu e  m eth o d , w as lin ear fo r  a b o u t 15 h r 

on ly.

T h e  tw o  lip ases sh o w ed  co n sid e ra b ly  less a ctiv ity , as m easu red  b y  th e  a g a r  d iffu sio n  

m eth o d , to w a rd s  b u tte rfa t an d  tr io le in  th a n  to w a rd s syn th etic  trig lycerid es c o n ta in in g  

lo w  m o le cu la r  w eig h t fa tty  acid s. T h e  in h ib ito ry  effect o f  the lib era ted  o le ic  acid  u p o n  

lip a se  a ctiv ity  (see b e lo w , sectio n  on  in h ib ito rs) o ver an  exten d ed  in cu b a tio n  p e rio d  

m a y  b e  sign ifican t, since th e  lib e ra tio n  o f  a cid  fro m  trio lein  b y  the m icro co cca l lip a se  

o v e r  an  in cu b a tio n  p e rio d  o f  5 m in. a t co n tro lle d  p H  va lu e  w as a lm o st id en tica l to  
th a t o f  tribu tyrin .

A  lin e ar re latio n sh ip  w a s a lso  o b ta in ed  w h en  the lo g arith m s o f  d ilu tio n s o f  the 

co n cen tra ted  lip a se  p rep ara tio n s  w ere p lo tted  a ga in st the d iam eters o f  th e  zo n e  o f  

h y d ro ly sis  o b ta in ed  w ith  em u lsion s o f  v a rio u s  tr ig ly cerid es (F ig . 7). T h e  p o in ts  w h ere 

th ese stra ig h t lines cu t the axis are  the m in im al lip a se  co n cen tratio n s w h ich  g iv e  d is

cern ib le  zo n es w ith  a  p a rticu la r  su bstrate. T h ese  co u ld  be ca lcu la te d  an d  co n firm ed  b y  

exp erim en t. A  d ilu tio n  o f  1/17,800 o f  the p a rtia lly  p u rified  m icro co cca l lip a se  w a s  th e  

lea st co n cen tra tio n  th a t g a v e  a  zo n e  w ith  tr ib u tyrin  em u lsion , 1/3000 w ith  tr id eca n o in  

em u lsio n  an d  1/205 w ith  b u tte rfa t +  V ic to r ia  b lu e  (F ig . 7). T h e  c o rresp o n d in g  m in im a l



d ilu tio n s  o f  th e  p a rtia lly  p u rified  p s e u d o m o n a d  p re p a ra tio n  w ere 1/360, 1/110  a n d  

1/35, resp e ctive ly  (F ig . 8). H e a tin g  the p a rtia lly  p u rified  lip a se  p rep a ra tio n s  a t  8o° fo r  

2 m in. co m p le te ly  d estro y ed  th e ir  a c tiv ity  a g a in st a ll su b strates, sh o w in g  th a t n o n - 

en zy m ic  h y d ro ly sis  w as n o t resp o n sib le.

W h e n  th e  co n cen tra tio n  o f  tr ib u ty rin  w a s in crea sed  th e  zo n e  o f  c le a r in g  o b ta in ed  

in  a  g iven  tim e w ith  a  lip a se  p rep a ra tio n  w a s d ecreased  (F ig . 9). T h e  sen sitiv ity  o f  the 

tr ib u ty rin  em u lsio n  assay  w a s thus d ep en d en t u p o n  the co n cen tra tio n  o f  tr ib u tyrin  

u sed . A  1 %  tr ib u tyrin  em u lsio n  g a v e  zo n es  th a t w ere  a p p ro x im a te ly  eq u iva len t to  

th o se  o b ta in ed  w ith  the b u tte r fa t+ V ic to r ia  b lu e  su b strate  u n d e r th e  a ssa y  c o n d itio n s  

used.
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L o g  %  c o n c e n tra tio n  lipase . L og . %  c o n c e n tra tio n  lipase

Fig. 7 Fig. 8

F ig . 7. T h e  re la tio n sh ip  betw een  th e  d iam e te r  o f  zones o f  h y dro lysis o f  equ im o lecu la r c o n 
c e n tra tio n s  o f  v ario u s trig lycerides a n d  lo g a rith m  percen tag e  c o n cen tra tio n s  o f  th e  partia lly  
pu rified  lip ase  o f  M icrococcu s feudenreichii a f te r  in c u b a tio n  fo r  19 h r  a t  30°. 0 1  %  (v/v)
tr ib u ty r in  (O -------O ), 0-17 % (v/v) tr io c ta n o in  ( • ------- • ) ,  0 -2 %  (v/v) tr id e can o in  (A -------A)
a n d  b u tte rfa t-V ic to ria  B lue  (A ------A ). D  =  d iam e te r  o f  zo n e  o f  hydrolysis.

F ig . 8. T h e  re la tio n sh ip  betw een  th e  d iam eter o f  zones o f  h y dro lysis o f  eq u im o lecu la r c o n 
c e n tra tio n s  o f  v a rio u s  trig lycerides a n d  lo g a rith m  p ercen tag e  c o n cen tra tio n s  o f  th e  p a r 
tia lly  pu rified  lip ase  o f  Pseudom onas fra g i a f te r  in c u b a tio n  fo r  19 h r  a t  30°. o -i % (v/v)
tr ib u ty r in  (O -------O ), 0-17 % (v /v )  t r io c ta n o in ( • ------- • ) , o - 2  % (v /v )  tr id e can o in  (A -------A )
a n d  b u t te r fa t+ V ic to ria  B lue  (A -------A ). D  =  d iam ete r o f  zo n e  o f  hydrolysis.

E sterase activity. T h e  m icro c o c ca l lip a se  p rep ara tio n s  a lso  sh o w ed  m a rk e d  a ctiv ity  

to w a rd s  sim p le esters su ch  as p -n itro p h e n y la ce ta te  an d  o -n itro p h en y lb u ty rate . W h e n  

th e  rates o f  h y d ro ly sis  (ch an ge in  extin ction /m in .) w ere  a p p ro p ria te ly  co rrecte d  fo r  

sp o n tan eo u s h y d ro ly sis  o f  the acetate , the esterase fr o m  the m icro co ccu s  a p p e a red  to  

b e  e q u a lly  a ctiv e  a g a in st b o th  esters. A  L in e w e a v e r -B u r k  p lo t o f  1 /v a ga in st i/s  an d  

a lso  a  p lo t o f  v a g a in st v/s (D o w d  &  R ig g s , 1965) w ere  b o th  lin ear, g iv in g  K m va lu es 

o f  5 x  i o -5 m  a n d  2-4 x  10 5 m , resp ectively , fo r  o -n itro p h en y lb u ty rate . T h e  lin e a rity  

o f  th ese re latio n sh ip s suggests th a t a  sin gle esterase w a s a tta ck in g  th e  substrate.

T h e  s im ilarity  o f  th e  p H /a ctiv ity  p lo ts  fo r  h y d ro ly sis  o f  o -n itro p h en y lb u ty rate  an d  

em ulsified  tr ib u ty rin  (F ig . 10) b y  th e  m icro c o c ca l lip a se  suggests th a t o n ly  on e en zym e 

w as in v o lv e d  in  th e  h y d ro ly sis  o f  b o th  so lu b le  an d  em u lsified  substrates. T h e  estim ated  

p K  values fo r  th e  h y d ro ly sis  o f  o -n itro p h en y lb u ty rate  b y  th e  m icro c o c ca l lip a se  w ere
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7-3 in  p h o sp h a te  a n d  7-1 in  tris bu ffer. S im ila r  p H /a ctiv ity  p lo ts  w ere  o b ta in e d  w ith  the 

lip a se  p re p a ra tio n  fro m  the p seu d o m o n a d . T h e  la tter , h o w e ver, sh o w e d  a lm o st n o  

a c tiv ity  to w a rd s  so lu b le  a ro m a tic  esters, w h ich  w a s co n sisten t w ith  its c o m p a ra tiv e ly  

grea te r  a c tiv ity  to w a rd s  em ulsified  tr ig ly cerid es c o n ta in in g  h igh  m o le cu la r  w eig h t 

fa tty  acid s th a n  th e  m icro c o c ca l lipase.

G e l electrophoresis. C o n ce n tra te d  lip a se  p rep ara tio n s fro m  the su p ern a tan t flu id s 

o f  th e  m ic rc c o c c a l cu ltu res w ere  sh o w n  b y  g e l e lectro p h o resis a t p H  7-3 a n d  8-7 to  

co n ta in  a  sin gle esterase w h ich  h y d ro ly se d  esters o f  a -n a p h th o l. T h e  a ce tate  an d  

b u ty ra te  w ere a tta ck e d  m o re  rea d ily  th a n  the o cta n o ate . G e l e lectro p h o re sis  o f  cell- 

free  ex tra cts  o f  the o rga n ism  a lso  sh o w e d  o n ly  o n e esterase w h ich  w as a p p a re n tly  

id en tica l w ith  th e  en zym e fo u n d  in  the su p ern a tan t flu ids.

R. C. LAWRENCE, T. F. FRYER AND B. REITER

Fig . 9 F ig . 10

F ig . 9. T h e  re la tio n sh ip  betw een  tim e  o f  in c u b a tio n  a n d  th e  zones o f  h y dro lysis o b ta in e d  o n  
em ulsions o f  d ifferen t c o n cen tra tio n s  o f  tr ib u ty r in  by  a  p a rtia lly  purified  lipase  o f  M icroccocu s  
freudenreichii. D  — d iam e te r  o f  zo n e  o f  hydrolysis.

F ig . 10. E ffect o f  p H  valu e  an d  buffer system  o n  th e  ra te  o f  h y dro lysis o f  tr ib u ty r in  (0 1  %, 
v/v) a n d  n -n itro p h en y lb u ty ra te  by  a  p a r tia lly  pu rified  lip ase  f ro m  M icroccocu s freuden
reichii-, o -n itro p h en y lb u ty ra te  in  p h o sp h a te  (O ------ O ) a n d  tr is  H C 1 ( • ------- • )  buffers,
tr ib u ty r in  :n  p h o sp h a te  (□ -------□ )  an d  tr is  H C 1 (■ — ■ ) buffers. D  =  d iam e te r  o f  zo n e  o f
hydrolysis.

L ip a s e  p rep a ra tio n s  fro m  cu ltu re  su p ern a tan t flu ids o f  the p seu d o m o n a d  sh o w ed  

o n ly  o n e w e a k  b a n d  o f  h y d ro ly tic  a c tiv ity  on  gel e lectro p h o resis , w h erea s a  seco n d  

extrem ely  w e a k  b an d  w a s a lso  detected  in  cell-free extracts . T h ese  b an d s ran  fu rth e r  

th a n  th e  b a n d  o f  h y d ro ly tic  a ctiv ity  a sso ciated  w ith  th e  lip a se  p re p a ra tio n  fr o m  th e  

m icro co ccu s. T h e  w e a k  b a n d s o f  a c tiv ity  o b ta in ed  u sin g  esters o f  a -n a p h th o l em 

p h asized  the re la tiv e ly  lo w  a ctiv ity  to w a rd s  so lu b le  esters o f  the lip a se  p re p a ra tio n  fr o m  

the p s e u d o m o n a d  as co m p a re d  to  th a t fro m  the m icro co ccu s.
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D ia lysis o f  p artia lly  p u rified  m icrococca l lipase. A c tiv e  fractio n s fro m  S ep h ad ex  

co lu m n s w ere  p o o le d  an d  th e  lip a se  co n cen tra ted  b y  p rec ip ita tio n  w ith  am m o n iu m  

su lp h a te . T h e  p rec ip ita te  w as d isso lv ed  in  w a ter  an d  d ia ly sed  a g a in st d e-io n ized  w a ter  

fo r  3 d a ys, b u t th e  lo ss  in  a c tiv ity  w a s n o t greater th a n  fo r  n o n -d ia ly se d  co n tro ls , in 

d ica tin g  th e  absen ce o f  a  d ia ly sa b le  co -fa c to r.

T a b le  6. T he inhibitory effect o f  m etallic  ions upon the activity  o f  a partia lly  

p u rified  preparation o f  lipase M icro co ccu s freuden reichii

L ipase  ac tiv ity  w as d e te rm in ed  a t  p H  8-0 ag a in s t o -l %  (v/v) tr ib u ty r in  em u lsio n  in  tr is  
a n d  p h o sp h a te  buffers a n d  ag a in s t o -n itro p h en y lb u ty ra te  (o -N PB ) in  tr is  buffer. T h e  m eta l 
ions w ere in  co n ta c t w ith  th e  enzym e fo r  60 m in . b e fo re  th e  assays w ere done. *H istid in e  an d  
E D T A  ad d e d  to  an n u l th e  in h ib itio n , as d escribed  in  text.

In h ib itio n  (% )
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T rib u ty rin

M etal
C o n c e n tra tio n

(m)
R e-ae tiv a tio n *

( io “3m)
o-N P B

(tris) (tris) (p h o sp h a te )

Z n I x  1er3 — IOO 93 ¿8
5 x  1er3 — 100 54 ‘-A
5 x  1er4 — 90 44 20
5 x 1er4 H istid in e 0 IO 37

— H istid in e 0 0 0
Z n 5 x 1er4 E D T A 36 30 '-9
— — E D T A 35 40 0
H g I X 1er3 — IOO 40 IOO

5 x  io~3 — 92 21 70
5 X IO“4 — 74 15
5 X IO“4 H istid in e 14 0 0
5 X IO“4 E D T A 35 0 0

Inhibition o f  the lipases

E ffec t o f  m etals. Z in c  an d  m ercu ric  io n s w ere th e  m o st in h ib ito ry  m etal ion s o f  the 

w id e  ran ge  tested  a g a in st b o th  lip ases, the in h ib ito ry  effect b e in g  a n n u lled  by h istid in e 

a n d  less co m p le te ly  b y  E D T A  (T a b le  6). C o p p e r , n ick e l, cad m iu m  and b ery lliu m  a lso  

p a rtia lly  in h ib ited  th e  a ctiv ity , in  th a t o rd er o f  d ecreasin g  effectiven ess.

E ffe c t  o f  non-m etallic inhibitors. T h e  m o st effective  in h ib ito r  a g a in st th e  p a rtia lly  

p u rified  lip a se  o f  th e  m icro co ccu s, an d  to  a  lesser exten t o f  th e  p seu d o m o n a d  lip ase, 

w a s d ieth y l p -n itro p h e n y lp h o s p h a te  (E 6oo ). D i-is o p ro p y lflu o ro p h o sp h a te  (D F P )  w a s 

co n s id e ra b ly  less effective  (T a b le  7). T h e  degrees o f  in h ib itio n  o f  th e  a ctiv ity  o f  the 

lip a se  p rep a ra tio n s  a g a in st b o th  em ulsified  tr ib u tyrin  a n d  so lu b le  o-n itro p h en yl- 

b u ty ra te  w ere  a lm o st id en tica l.

T h e  sp ecific  rea gen t fo r  th io l a ctiv e  cen tres, p -h y d ro x y m e rcu rib e n zo a te , w a s w ith o u t 

effect an d  2 ,4 -d in itro flu o ro b en zen e w as in h ib ito ry  o n ly  in  h igh  co n cen tratio n s  (T a b le  

7). P a rtia lly  p u rified  lip a se  p rep ara tio n s  w ere  in h ib ited  b y  h igh  co n cen tra tio n s  o f  

o le ic  a c id , co n firm in g  sim ilar fin d in gs fo r  th e  lip ases o f  Pseudom onas aeruginosa  

(S ierra , 1957), a n d  P . fr a g i  (S m ith  &  A lfo r d , 1966), an d  w ere p a rtia lly  in h ib ited  

(30-40 % ) b y  E D T A  in  tris b u ffer  (T a b le  7). T h e  sen sitiv ity  o f  th e  lip ases to  b o th  

E D T A  a n d  o le ic  a cid  d ep en d ed , h o w e ver, u p o n  th eir  d egree o f  p u rity , since u n pu rified  

p rep ara tio n s  o f  lip a se  w ere  u n affected .

S o d iu m  flu o rid e  w as n o n -in h ib ito ry  fo r  th e  lip ases fro m  b o th  o rgan ism s, u n lik e  its 

rep o rte d  effect on  the esterases o f  m y co b a cte r ia  (C o h e n , K u rs h n ic k  &  P u rd y , 1953)

G. Microb. 482 7
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T a b le  7. The effect o f inhibitors upon the activity o f a partially purified 
lipase preparation from Micrococcus freudenreichii

A ctiv ity  w as d e term ined  a t  p H  8-o ag a in s t 0 1  % (v/v) tr ib u ty r in  em ulsion  (in  b o th  tr is  a n d  
p h o sp h a te  buffer) a n d  o -n itro p h en y lb u ty ra te  (o -N PB ) in  tr is  buffer. T h e  in h ib ito rs  w ere in 
c o n ta c t w ith  th e  enzym e fo r  60 m in . befo re  th e  assays w ere  done.

In h ib itio n  (% )

T rib u ty r in

In h ib ito r
C o n c en tra tio n

(m)
o-N P B

(tris) (tris) (p h o sp h a te )

E 600* 2 X IO“4 IOO IOO IOO

D F P f 2 X IO“3 80 91 90
2 X IO“4 17 II 20

E D T A 2 X IO-2 35 37 0
2 X IO“3 40 38 0
2 X IO“4 0 0 0

2 ,4 -D N F B t 2 X IO-2 IOO 90 94
I X IO-2 48 60 57

S od ium  oleate 2 X IO“3 72 70 81
2 X IO“4 12 0 0

* E 600 , d ie thy l p -n itro p h en y lp h o sp h a te . 
t  D F P , d i-iso p ro p y lflu o ro p h o sp h a te . 
t  2 ,4 -D N F B , 2 ,4 -d in itro fluo robcnzene .

T a b le  8. The effect o f organophosphorus compounds on the growth and lipase activity 
of cultures o f Micrococcus freudenreichii and Pseudomonas fragi

T h e  m icrococcus a n d  th e  p se u d o m o n an d  w ere g row n  a t  30° a n d  22°, respectively , fo r 
20 h r  in  1 0  m l. B acto  p e p to n e  (0-75 %, w /v) m ed iu m  c o n ta in in g  0-05 M -phosphate bu ffer 
(p H  7-0) an d  e ith e r  th e  specified c o n cen tra tio n s  o f  in h ib ito rs  in  e th an o l o r  sim ilar am o u n ts  o f  
e th an o l as co n tro ls . L ip ase  ac tiv ity  o f  th e  cu ltu re  su p e rn a ta n t flu ids w as d e term ined  ag a in s t 
O' 1 %  (v/v) tr ib u ty r in  em ulsion . D  =  th e  d iam e te r  o f  th e  zone o f  hydro lysis. +  =  zo n e  o f  
hydro lysis :o o  sm all to  m easure.

M icrococcus P seu d o m o n a d

G ro w th L ipase G ro w th L ipase
(E610) m (E610) (D 2)

E 600*  (m) IO“4 0-54 N il 0-42 26-0
IO“5 0-50 + 0-76 26-0

D F P f  (m) i o -4 0-58 18-5 0-47 20-5
IO“5 0-58 22*0 0-78 2 6 0

E th a n o l 1 % 0-56 18-5 0-56 30-5
O'I % 0'54 20-5 0 7 4 30'5

* E 6 0 0 , d ie thy l p -n itro p h en y lp h o sp h a te . 
t  D F P , d i-iso p ro p y lflu o ro p h o sp h a te .

an d  a sta p h y lo c o c c a l lip a se  (D ru m m o n d  &  T a g e r , 1959). S m ith , W o rre ll &  S w an so n

(1949) rep o rte d  th a t b a cteria l esterases w ere in h ib ited  b y  ch lo ra m p h e n ico l, b u t even  

h ig h  co n cen tratio n s w ere fo u n d  to  be in effective  in  th e  p resen t w o rk . E serin e b etw een  

ic r 5 an d  10 '2 m w a s a lso  w ith o u t e ffect u p o n  the lip ases fro m  eith er organ ism .

Effect o f organophosphorus compounds upon growth o f the organisms. G r o w th  o f  the 

m icro cco ccu s  w as u n im p aired  b y  the in c lu sio n  o f  lo w  co n cen tratio n s o f  E  600 to  the



m ed iu m  a lth o u g h  lip a se  a c tiv ity  in  the cu ltu re  su p ern atan ts w a s co m p le te ly  in h ib ited  

(T a b le  8). L o w  co n cen tra tio n s  o f  D F P  w ere  w ith o u t s ig n ifican t effect u p o n  eith er 

g ro w th  o f  th e  m icro co ccu s  o r  its lip a se  a ctiv ity . A s  th e  in h ib ito rs  w ere m a d e  up 

o rig in a lly  as i o  2 m  so lu tio n s in  a n h y d ro u s e th an o l, c o n tro ls  w ith  eq u iva len t co n cen 

tratio n s o f  e th a n o l+ en zy m e p re p a ra tio n  w ere  m ade. N e ith e r  o f  th e  a b o v e  o rg a n o - 

p h o sp h o ru s co m p o u n d s w a s effective  in  in h ib itin g  g ro w th  o f  th e  p s e u d o m o n a d  o r  its 

ex tra ce llu la r  lip a se  a ctiv ity . T h is  is co n sisten t w ith  the fin d in g (M o u n te r  &  T u c k , 1956) 

th a t G ra m -n e g a tiv e  b a cteria  h y d ro ly se  o rg a n o sp h o ro u s co m p o u n d s m o re  rea d ily  

th a n  d o  G r a m -p o s itiv e  b acteria .
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D IS C U S S IO N

T h e  ex tra ce llu la r  n atu re  o f  th e  lip ases fo u n d  in  th e  su p ern a tan t flu id s o f  y o u n g  

cu ltu res o f  th e  m icro co ccu s  a n d  th e  p s e u d o m o n a d  is in  a greem en t w ith  sim ilar rep o rts 

o f  ex tra ce llu la r  lip a se  p ro d u c tio n  b y  Pseudom onas fr a g i  (M e n ch er, N g  &  A lfo r d , 1965) 

a n d  b y  la c tic  a cid  b a cte r ia  (F ry e r  et al. 1967). T h e  p ro d u ctio n  o f  d iffu sib le  lip ases b y  

y o u n g  cu ltu res o f  o v e r  100 strain s o f  G ra m -p o sitiv e  cata la se-p o sitive  co cc i, G r a m 

n ega tiv e  ro d s an d  la c tic  a cid  b acteria , ta k en  a t ra n d o m  (F ry e r  et al. 1967), is, in  a d d i

tio n , te n ta tiv e  ev id en ce  th a t ex tra ce llu la r  lip a se  p ro d u c tio n  m a y  b e  a  gen eral p ro p erty  

o f  m o st, i f  n o t a ll, b a cte r ia . T h e  a m o u n ts o f  in tra ce llu la r  lip a se  d etected  m a y  sim p ly  

b e  a  m easu re o f  th e  in efficien cy  o f  the p ro cess fo r  th e  release o f  m o st o f  th e  n ew  

e n z y m e in to th e  cu ltu re  f lu id  an d  h a ve  n o  sp ecific  in tra ce llu la r  fu n ctio n  (L am p en , 1965).

T h e  ex te n t to  w h ich  ex tra ce llu la r  lip a se  is  fo rm e d , h o w e ver, varies co n sid e ra b ly , 

even  b etw een  strain s o f  th e  sam e species o f  o rga n ism  a n d  is m a rk e d ly  in flu en ced  b y  

d ifferen t n u tritio n a l an d  p h y s ica l co n d itio n s. T h e  lip a se  in itia lly  p ro d u ced  b y  the 

p s e u d o m o n a d , b u t n o t th a t o f  th e  m icro cco cu s, w a s d estro y ed  b y  p ro lo n g e d  a eratio n , 

in cu b a tio n  a t  a  tem p eratu re  a b o v e  22° o r  b y  g ro w in g  th e  orga n ism  in  h igh  co n ce n tra 

tio n s o f  b a cto p ep to n e. I t  m a y  b e  s ig n ifican t th a t th e  p s e u d o m o n a d  a lso  p ro d u ce d  

a n  a ctiv e  ex tra ce llu la r  p ro te in a se, w h ereas th e  m icro co ccu s  d id  n o t. P re lim in a ry  

in v estig a tio n s  in d ica te  th a t th e  p ro te in a se  a ctiv ity  o f  th e  p seu d o m o n a d  is co rre la ted  

w ith  th e  d estru ctio n  o f  th e  lip a se  in itia lly  p ro d u ced .

L ip a s e  fo rm a tio n  b y  th e  tw o  o rga n ism s stu d ied  in  th is p a p e r  w as n o t en h an ced  b y  

th e  a d d itio n  o f  tr ib u ty r in  o r  tr io c ta n o in  to  th e  g ro w th  m ed iu m , w h ich  suggests th a t 

these b a cte r ia l lip ases are  n o t in d u cib le  in  th e  ge n e ra lly  a ccep ted  sense. T h e  c la ssifica 

tio n  o f  en zym es as in d u cib le  o r  co n stitu tiv e  is, h o w ever, so m e w h at a rb itra ry , since 

co n stitu tiv e  en zym e fo rm a tio n  is n o t its e lf  a  co m p le te ly  fix ed  p ro p e rty  b u t varies 

d ep en d in g  o n  p rev io u s  g ro w th  co n d itio n s  (D a v ie s , 1963). I t  seem s u n lik e ly  th a t the 

fo rm a tio n  o f  ex tra ce llu la r  lip ases p la y s  an  essen tial ro le  in  th e  m eta b o lism  o f  the 

m icro co ccu s  since its  g ro w th  w a s u n affected  b y  co n cen tra tio n s  o f  th e  o rg a n o - 

p h o sp h o ru s c o m p o u n d  E 60 0  w h ich  co m p lete ly  su p pressed  lip a se  a ctiv ity  in  the 

cu ltu re  su p ern a tan t flu ids.
L ip a s e  a c tiv ity  in  th e  su p ern a tan t flu id s o f  cu ltu res o f  th e  m icro co ccu s, a n d  to  a  

lesser ex te n t in th o se  o f  th e  p se u d o m o n a d , w a s m a rk e d ly  h ea t resistant. It  is p ro b a b le  

th a t th e  p e p to n e  o f  th e  g ro w th  m ed iu m  sta b ilized  the lip ase, since the th e rm o sta b ility  

o f  th e  en zym e w a s d ep en d en t u p o n  its d egree o f  p u rifica tio n  a n d  o th er b a cteria l 

lip ases h a v e  been  sh o w n  to  b e  sta b ilize d  b y  th e  p resen ce o f  p ro te in s (V irta n en , 1934).

T h e  e lu tio n  o f  co n cen trated  p rep a ra tio n s  fro m  b o th  o rgan ism s o n  S ep h ad ex  G 1 0 0  

resulted  in  a  sin gle p e a k  o f  lip a se  a ctiv ity , b u t tw o  p e ak s w ere  o b ta in ed  b y  e lu tio n  on

27-2
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S ep h ad ex  G 2 0 0 . T h e  fra c tio n s  c o n ta in in g  ea ch  p e a k  sh o w ed  th e  sam e re la tiv e  a c tiv ity  

to w a rd s  d ifferen t so lu b le  a n d  em u lsified  su b strates a n d  these rates w ere  d ecreased  to  

th e  sam e ex ten t w h en  ea ch  p e a k  w a s treated  w ith  in h ib ito rs, su ggestin g  th a t the a c tiv ity  

w a s du e to  a  sin gle en zym e in  ea ch  lip a se  p rep a ra tio n . It  is rea so n a b le  to  assu m e th a t 

the a ctiv ity  in  th e  first p e a k  w a s d u e to  lip ases eith er in  a  p o ly m erized  fo rm  o r  a sso 

c ia te d  w ith  in a ctiv e  h igh  m o le cu la r  w e ig h t m a teria l, an d  th a t the la te r  fra c tio n s  w h ich  

sh o w e d  lip a se  a c tiv ity  co n ta in ed  lip a se  in  a  m o n o m er fo rm . T h e  lip a ses fr o m  b o th  

o rgan ism s are th e re fo re  estim ated  to  h a ve  m o le cu la r  w eigh ts o f  a b o u t 25,000, w h ich  

is co n sisten t w ith  the v ie w  th a t b a cteria l exo -en zym es are u su a lly  re la tiv e ly  sm all p r o 

teins (P o llo ck , 1962). S im ila r  b e h a v io u r  b y  p a n crea tic  lip ase w h en  e lu ted  fro m  S e p h a 

d ex  gel co lu m n s h as b een  rep o rted  (G e lo tte , 1964).

It  is g en era lly  accep ted  th a t a lth o u g h  b a cteria l esterases sh o w  a v e ry  lo w  d egree  o f  

sp ecific ity  to w a rd s  ester lin k a ges in  gen era l, th ere is a  certa in  degree o f  sp ecific ity  in  

regard  to  th e  ch ain  len g th  o f  th e  a cid  (A lfo r d  &  P ie rce , 1963). T h e  resu lts w ith  th e  

m icro c o c ca l lip a se  em p h asize , h o w e ver, th e  in a d eq u a te  basis fo r  a  gen era l d istin ctio n  

betw een  esterases an d  lip ases in  m icro -o rga n ism s, since b o th  so lu b le  esters an d  em u lsi

fied  tr ig ly ce rid es co n ta in in g  sh o rt an d  lo n g  ch ain  fa tty  acid s w ere  rea d ily  a tta ck e d . 

T h e  o p tim al p H  va lu es fo r  the h y d ro ly sis  o f  so lu b le  o -n itro p h en y lb u ty rate  an d  em u lsi

fied  tr ig ly cerid es w ere id en tica l, w h ich  in d icates th a t th e  sam e en zym e w a s ex ertin g  a  

c o rresp o n d in g  effect o n  ea ch  o f  th e  substrates. T h e  re lativ e  rates o f  h y d ro ly sis  o f  b o th  

so lu b le  a n d  in so lu b le  substrates b y  m a n y  d ifferen t b atch es o f  th e  lip a se  p re p a ra tio n s  

w ere v e ry  sim ilar, even  a fter  co n sid e ra b le  p u rifica tio n  h a d  b een  ach ieved , an d  w ere  

d ecreased  to  the sam e ex ten t b y  in h ib ito rs. T h e  d ete ctio n  o f  a  sin gle h y d ro ly tic  en 

zy m e o n ly  b y  ge l e lectro p h o re sis  o f  p a rtia lly  p u rified  lip a se  p rep a ra tio n s  fro m  cu ltu re  

su p ern a tan t flu ids a n d  cell-free e x tra cts  o f  th e  m icro co ccu s  p ro v id es a d d itio n a l, i f  less 

co n clu sive , su p p o rt fo r  th e  co n c lu sio n  th a t som e o rga n ism s p ro d u ce  a  sin gle esterase 

o f  gen era l sp ecific ity  rath er th a n  several esterases w ith  d ifferen t sp ecificities. S im ila r  

v ie w s a b o u t o th er b a cteria l esterases h a v e  been  p u t fo rw a rd  b y  H u g o  &  B eve rid g e

(19 6 2 ) a n d  R o tte m  &  R a z in  (1964).

A u g u stin sso n  (19 6 1) p ro p o se d  th a t the a ctiv e  cen tre  o f  a ll esterases h as a  c h a ra cte ris

tic  a m in o -a cid  sequ en ce b u t th a t th e  rest o f  th e  m o lecu le  m a y  va ry . T h e  la tte r  m igh t 

h a ve  little  e ffect u p o n  en zy m e +  su b strate  c o m p le x  fo rm a tio n , w h ich  w o u ld  a cco u n t 

fo r  the h igh  d egree o f  o v e r la p p in g  in  h y d ro ly sis  o f  substrates b y  d ifferen t esterases. 

V a ria tio n s  in  p h ysico -ch em ica l p ro p erties  o f  b o th  th e  en zy m e an d  the su b strate  

m o lecu les m ig h t e x p la in , h o w e ver, th e  d ifferen ces in  d egree o f  sp ecific ity  fo u n d  w ith  

m icro b ia l esterases fro m  d ifferen t sources. T h u s  the m icro co cca l lip a se  p re p a ra tio n  

w a s a b o u t 50 tim es m o re  a ctiv e  a g a in st tr ib u tyrin , 25 tim es a g a in st tr id eca n o in  b u t 

o n ly  6 tim es m o re  a ctiv e  a ga in st b u tte rfa t th a n  w a s th e  lip ase fro m  the p seu d o m o n a d . 

T h is  greater sp ecific ity  o f  the m icro co cca l lip a se  to w a rd s esters co n ta in in g  sh o rt ch ain  

fa tty  a cid s w a s p a rticu la rly  p ro n o u n ce d  in  the case  o f  the so lu b le  a ro m a tic  esters 

a g a in st w h ich  th e  p seu d o m o n a d  lip a se  sh o w ed  a lm o st n o  a ctiv ity .

T h e  in h ib itio n  o f  th e  m icro co cca l lip a se  b y  o rg a n o p h o sp h o ru s c o m p o u n d s, b y  

2 ,4 -d in itro flu o ro b en zen e in  a lk a lin e  so lu tio n  a n d  the a n n u lm en t o f  m eta l-io n  in h ib i

tio n  b y  h istid in e an d  th e  absen ce o f  in h ib itio n  b y  - S H  reagen ts su ggest th a t the a ctiv e  

cen tre  m a y  co n ta in  b o th  serine a n d  im id a zo le  g ro u p s  (B a rn a rd  &  Stein , 1958). T h e  

estim ated  p K  va lu es (betw een  6-2 an d  7-2) fo r  th e  h y d ro ly sis  o f  b o th  o -n itro p h en y l

b u ty ra te  a n d  em u lsified  trib u tyrin  are  a lso  co n sisten t w ith  an  a ctiv e  im id a zo le  cen tre
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417
(G u tfre u n d , 1965). T h e  p H /activ ity  cu rves fo r  the h y d ro ly sis  o f  b o th  o -n itro p h en yl- 

b u ty ra te  an d  em u lsified  tr ib u ty r in  b y  th e  m icro c o c ca l lip a se  reach ed  a n  o p tim u m  at 

p H  8-5 w h ich  d id  n o t d eclin e w ith  in creasin g  a lk a lin ity . T h is  m a y  b e  in terp reted  as 

ev id en ce  fo r  th e  in v o lve m en t o f  an  a c id ic  g ro u p  in  th e  b in d in g  o f  the su bstrates 

(B ergm an n , R im o n  &  S eg al, 1958). T h e  lo w  a ctiv ity  to w a rd s  so lu b le  esters o f  the 

p seu d o m o n ad  lip a se  d id  n o t  a llo w  su ch  c le ar-cu t co n clu sio n s to  be d ra w n  a b o u t its 

a c tiv e  cen tre , b u t the d a ta  o b ta in ed  b y  u sin g  the tr ig ly ce rid e  em u lsio n  d iffu sio n  assay  

in d icates th a t a  serin e-im id a zo le  a ctiv e  cen tre  m a y  a lso  b e  in v o lve d .

G r a te fu l a ck n o w led g e m en t is m a d e to  M r  T . M o ric h i fo r  ca rry in g  o u t the gel 

e lectro p h o resis  studies.

Micrococcal and pseudomonal lipases

REFERENCES

A lford, J . A . &  Pierce, D . A . (1963). P ro d u c tio n  o f  lip ase  by  Pseudomonas fragi in  a  syn the tic  
m ed ium . J. Bact. 86, 24.

Andrews, P . (1965). T h e  g e l-filtra tion  b e h a v io u r o f  p ro te in s  re la ted  to  th e ir  m o lecu la r w eights ov er a  
w ide range. Biochem. J. 96, 595.

Augustinsson, K .-B . (1961). M u ltip le  fo rm s o f  es terase  in  v e rteb ra te  b lo o d  p lasm a. Annls. N.Y. 
Acad. Sci. 94, 844.

Barnard, E. A . &  Stein, W . O. (1958). T h e  ro les o f  im idazo le  in  b io log ical system s. Adv. Euzymol. 20, 
5I-

Bergmann, F ., Segal, R . &  R imon, S. (1958). E ffec t o f  p H  o n  th e  ac tiv ity  o f  eel esterase  to w ard s 
d ifferen t su b stra tes . Biochem. J. 68, 493.

Cohen, S., K urshnick, J. B. &  P urdy, C . V. (1953). O b se rv a tio n s o n  m y co b ac te ria l esterases w ith  a  
series o f  sy n th e tic  su b stra tes . J. Bad. 66, 266.

Cooper, K . E . (1963). T h e  th eo ry  o f  a n tib io tic  in h ib itio n  zones. I n  Analytical Microbiology, E d . by 
F . K a v a n a g h . C h a p . I . L o n d o n : A cad em ic  P ress.

D avies, R . (1963). M ic ro b ia l ex trace llu la r enzym es, th e ir  uses a n d  som e fac to rs  affecting  th e ir  fo r 
m a tio n . In  Biochemistry o f Industrial Micro-organisms, E d . by  C . R a in b o w  a n d  A. H . R ose. 
C h a p . 4. L o n d o n : A cad em ic  Press.

D owd, J . E. & R iggs, D. S. (1965). A  comparison of estimates of Michaelis-Menten kinetic con
stants from various linear transformations. J. biol. Chem. 240, 863.

D owney, W . K . & Andrews, P. (1965a). G e l filtra tio n  ap p lied  to  th e  s tu d y  o f  lipases a n d  o th e r  
esterases. Biochem. J. 94, 642.

D owney, W . K . &  Andrews, P . (19656). E ste rase  ac tiv ity  o f  th e  non-enzym ic p ro te in s  o f  m ilk  a n d  
se rum . Biochem. J. 96, 2 1 c .

D rummond, M . C . & Tager, M . (1959). E n zy m atic  ac tiv ity  o f  s ta p hy locoagu lase . II . D isso c ia tio n  
o f  p la sm a  c lo ttin g  f ro m  tr ib u ty r in a se  activ ity . J. Bad. 78, 413.

F ryer, f .  F ., Reiter, B. &  Lawrence, R . C . (1967). L ip o ly tic  ac tiv ity  o f  lac tic  ac id  bac te ria . J. 
Dairy Sci. 50, 388.

F ryer, T. F., Lawrence, R. C . &  R eiter, B. (1967). M e th o d s  fo r  th e  iso la tio n  a n d  en u m e ra tio n  o f  
lipo ly tic  o rgan ism s. J. Dairy Sci. so, 477.

G elotte, B. (1964). S ep ara tio n  o f  p a n c re a tic  enzym es by  gel f iltra tio n . Acta chem. scand. 18, 1283.
G utfreund, H . (1965). An Introduction to the Study o f Enzymes. O x fo rd : B lackw ell Scientific P u b 

lications.
H ugo, W . B . &  Beveridge, E . G . (1962). A  q u a n tita tiv e  an d  q u a lita tiv e  s tu d y  o f  t i e  lipo ly tic  

ac tiv ity  o f  single s tra in s o f  seven b ac te ria l species. J. appl. Bad. 25, 72.
International Union o f Biochemistry (1961). Report o f the Commission on Enzymes. O x fo rd : P erg am o n .
Lampen, J . O . (1965). S ecre tio n  o f  enzym es by  m icro -o rg an ism s. Symp. Soc. gen. Microbiol. 15, 115.
Lawrence, R. C ., F ryer, T . F . &  R eiter, B. (1967). A  ra p id  m e th o d  fo r  th e  q u an tita tiv e  e s tim a tio n  

o f  m icro b ia l lipases. Nature, Lond. 213, 1264.
Lawrence, R . C . (1967). M ic ro b ia l lipases a n d  re la ted  esterases. Dairy Sci. Abstr. 29, 1.
Lund, B. M . (1965). A  c o m p a riso n  by th e  use  o f  gel e lec tro p h o resis  o f  so lub le  p ro te in  co m p o n en ts  

an d  esterase  enzym es o f  so m e g ro u p  D  strep to co cc i. J. gen. Microbiol. 40, 413.



M encher, J. R ,, N g , H . &  A lford , J. A . (1965). T h e  ex trace llu la r n a tu re  o f  th e  lipase  o f  Pseudom onas 

fragi. Biochim . biophys. A cta  106, 628.
M iles, A . A . &  M isra, S. S. (1938). T h e  e s tim a tio n  o f  th e  b acteric idal p o w er o f  th e  b lo o d . J. H yg., 

Cam b. 38, 732.
M ounter, L . A . &  T uck , K . D . (1956). D ia lk y lf lu o ro p h o sp h a ta ses  o f  m icro -o rgan ism s. II . S u b 

s tra te  specificity s tud ies. J. biol. Chem . 221, 537.
N ashif, S. A . &  N elson, F . E . (1953). T h e  lipases o f  Pseudom onas fragi. II . F a c to rs  affecting  lipase  

p ro d u c tio n . J. D airy S ci. 36, 471.
Pollock , M . R . (1962). E xoenzym es. In  The B acteria , E d . by I. C. G u n sa lu s  a n d  R . Y . S tan ier. 

V ol. 4, p . 121. New1 Y o rk : A cadem ic  Press.
R ottem, S. &  R a zin , S. (1964). L ip a se  ac tiv ity  o f  m ycop lasm a. J. gen. M icrobiol. 37, 123.
Sierra, G. (1957). S tud ies o n  b ac te ria l esterases. P a r t  I. D iffe ren tia tio n  o f  a  lipase  a n d  tw o ali- 

esterases d u rin g  th e  g ro w th  o f  Pseudom onas aeruginosa a n d  som e ob se rv a tio n s o n  g ro w th  an d  
es terase  in h ib itio n . A ntonie van Leeuw enhoek  23, 241.

Smith, G . N ., W orrell, C . S. &  Swanson, A . L . (1949). In h ib itio n  o f  bac te ria l esterases by  c h lo ra m 
phen ico l (ch lo rom ycetin ). J. B act. 58, 803.

Smith, J. L. &  Alford , J. A . (1966). In h ib itio n  o f  m icro b ia l lipases by  fa tty  acids. Appl. M icrobiol. 14, 
699.

Virtanen , A . I . (1934). O n  th e  enzym es o f  b ac te ria  an d  bac te ria l m etabo lism . J. B act. 28, 447.

4 1 8  R .  C . L A W R E N C E ,  T .  F. F R Y E R  A N D  B. R E I T E R



J. gen. M icrobiol. (1967), 4 8 , 419-430
W ith 2 p lates

P rinted  in G reat Britain

419

The Preparation and Biochemical Properties o f 
Mitochondria from Neurospora crassa

B y  D . O . H A L L *  a n d  J. W . G R E E N A W A L T

Department o f Physiological Chemistry, Johns Hopkins School o f Medicine,
Baltimore, Maryland

{Accepted for publication 22 March 1967)

SUMMARY

M ito ch o n d ria  w ere p rep ared  in  la rg e  q u an tities  fro m  Neurospora crassa 
b y  g rin d in g  h y p h a e  w ith  glass b ea d s in  an  E p p e n b a ch  M icro -m ill. O b se rv a 
tio n  in  th e  e lectro n  m icro sco p e  in d icated  th a t som e o f  th e  iso la ted  m ito ch o n d ria  
w ere p ro b a b ly  d a m a g ed  d u rin g  p rep a ra tio n . N ev erth eless , th e  cru d e  m ito 
ch o n d ria l fra c tio n  w a s  ca p a b le  o f  co u p lin g  p h o sp h o ry la tio n  to  the o x id a tio n  
o f  seven  d ifferen t su bstrates tested . T h e  P  : O  ra tio  o b ta in ed  w ith  su ccin ate  
ran ge d  fro m  0 7  to  1 -3 in  d ifferen t exp erim en ts w ith  d ifferen t m ito ch o n d ria l 
p rep ara tio n s , b u t  o n ly  lo w  resp ira to ry  c o n tro l ra tio s  w ere  ob served . T h e  
effects o f  c o m m o n  in h ib ito rs  o f  o x id a tiv e  p h o sp h o ry la tio n  w ere sim ilar to  th o se 
rep o rte d  w ith  m a m m a lia n  m ito ch o n d ria . In  a d d itio n , A T P a s e  a n d  A T P -P i 
ex ch a n g e  a ctiv ities, as w ell as io n  a ccu m u la tio n , w ere  m easu red  in  the 
N e u ro s p o ra  m ito ch o n d ria . T h e  use o f  a  ‘ p r e p a r a tio n ’ m ed iu m  co n ta in in g  
su cro se, 0-25 m ; E D T A , 0-005 M (p H  7-0); b o v in e  serum  a lb u m in  (0-15 % , 
w /v) w a s n ecessary  to  o b ta in  these results.

IN T ROD UC TIO N

T h e  filim en to u s fu n g i co n ta in  in tra cy to p la sm ic  organ elles w h ich  h a ve  the b asic  

stru ctu ra l ch ara cteristics  o f  m a m m a lian  m ito ch o n d ria  (M o o re  &  M c A le a r , 1963; 

T s u d a , 1956; S h a tk in  &  T a tu m , 1959). In  fa ct, th e  d istin ct m ito ch o n d ria  a n d  n u clei 

in  th e  ‘ h ig h e r ’ fu n g i c y to lo g ic a lly  d istin gu ish  th ese m icro b es fro m  th e  m o re  p rim itive  

p ro tists  (M o o re  &  M c A le a r , 1963; Iterso n , 1965). O n ly  recen tly , h o w e ver, h a ve  

d iscrete  su b ce llu la r  p a rtic les  ca p a b le  o f  e ffectin g  o x id a tiv e  p h o sp h o ry la tio n  b een  

su ccessfu lly  iso la ted  fro m  th ese o rga n ism s (Y ito ls  &  L in n a n e , 1961 ; H a ll &  G re e n a w a lt, 

1964; O h n ish i, K a w a g u c h i &  H a g ih a ra , 1966). In  o rd er to  iso la te  in ta c t m ito ch o n d ria  

fro m  Neurospora crassa th e  th ic k  resistan t h etero p o ly sa cch a rid e -co n ta in in g  ce ll w a lls  

o f  th is o rg a n ism  m u st b e  b ro k e n  o r  rem o v ed  w ith o u t exten sively  d a m a g in g  th e  m ito 

ch o n d ria . B ecau se  o f  d ifferen ces in  m o r p h o lo g y  a n d  ch e m ica l c o m p o sitio n , n o t a ll 

fo rm s o f  N. crassa are e q u a lly  su scep tib le  to  d isru p tio n  b y  a  p a rticu la r  m eth o d , i.e. 

so m e p ro ced u res  u sefu l in  b re a k in g  lo n g  v e g e ta tive  h y p h a e  a re  in effective  in  d isru p tin g  

th e  sm aller m o re  sp h erica l c o n id ia . L u c k  (1963) iso la te d  m ito ch o n d ria  fro m  h y p h a e  

b y  grin d in g  w ith  san d  in  a  m o rta r  a n d  pestle , b u t  o n ly  re lativ e ly  sm all q u an tities  o f  

these v e g e ta tive  cells  c a n  b e  d isru p ted  ea sily  b y  th is p ro ced u re . T h e  stu d y  o f  o x id a tiv e  

p h o sp h o ry la tio n  b y  m ito ch o n d ria  iso la ted  fr o m  cells  b ro k e n  in  th is m an n er h as n o t

* P resen t ad d ress : D e p a r tm e n t o f  B o tan y , K in g ’s C ollege, L o n d o n .
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been  rep o rte d . M ito ch o n d ria  h a ve  b een  p rep ared  fr o m  co n id ia  an d  fro m  h y p h a e  o f  

Neurospora crassa w h ich  w ere co n v erted  e n zy m ica lly  to  ‘ p r o to p la s ts ’ a n d  th en  ly sed  

(W eiss, 1965). T h e  lo n g  in cu b a tio n  tim e (1 0 -1 5  hr) req u ired  fo r  d igestio n  o f  th e  cell 

w a ll m a k e s th is p ro ced u re  u n su itab le  fo r  m a n y  stu d ies; m ito ch o n d ria  fro m  a  g iv en  

fo rm , e.g. co n id ia , m a y  b e  stru ctu ra lly  o r  fu n ctio n a lly  altered  d u rin g  lo n g  in cu b a tio n  

p erio d s. S im ila r  p ro ced u res h a ve  been  used, h o w e ver, to  p ro d u ce  sp h ero p lasts o f  yea st 

cells  (D u e ll, In o u e, &  U tte r, 1964) fro m  w h ich  fu n ctio n a l m ito ch o n d ria  h a v e  been 

o b ta in ed .

T h is  p a p er describes a  p ro ced u re  fo r  p rep arin g  m ito ch o n d ria  fro m  Neurospora crassa 
w h ich  are ca p a b le  o f  c o u p lin g  p h o sp h o ry la tio n  to  th e  o x id a tio n  o f  several substrates. 

T h e  d a ta  rep o rted  here w ere o b ta in ed  in  studies u tiliz in g  m ito ch o n d ria  iso la ted  in  la rg e  

quan tities fro m  2 -d ay  h y p h a e  b ro k e n  b y  h igh -speed  h o m o g en iza tio n  in  the p resen ce o f  

glass b eads. T h is  p ro ced u re  m a d e it  p o ssib le  a lso  to  co m p a re  o x id a tiv e  p h o s p h o ry la 

tio n  b y  m itc ch o n d ria  fr o m  c o n id ia , ge rm in atin g  c o n id ia  an d  h y p h a e  (these la tter  

results w ill b e  rep o rte d  elsew here). A  b r ie f  rep o rt o f  the p resen t w o rk  has b een  c o m 

m u n icated  (H a ll &  G re e n a w a lt, 1964).

METHODS

Growth o f Neurospora crassa and production o f conidia. S to c k  cu ltu res o f  Neurospora 
crassa, w ild -typ e  strain  S Y 7 A  (o b ta in ed  fro m  the F u n g a l G e n e tic  S to c k  C en tre , D a r t

m o u th  C o lle g e , H a n o v e r, N .H ., U .S .A .)  w ere  m ain ta in ed  on  2 %  a g a r  slop es o f  the 

m in im a l m ed iu m  d escrib ed  b y  W a in w rig h t (1959) a n d  sto red  a t 5 -8 ° u n til used. It is 

essen tial fo r  b io ch em ica l studies to  h a v e  a  su p p ly  o f  c o n id ia  a v a ila b le : (a) as a  so u rce  

fro m  w h ich  m ito ch o n d ria  can  b e  p rep ared  d irectly , o r  (b) as in o cu la  fo r  p ro d u cin g  

germ in atin g  co n id ia  o r  h y p h a e , b u t the fo rm a tio n  o f  m atu re co n id ia  b y  N. crassa 
requires 7 -9  d a ys. H o w e v e r, it  w as fo u n d  in  p re lim in a ry  studies th a t co n id ia  h arvested  

an d  susp en ded  in  d istilled  w a ter  rem ain ed  v ia b le  fo r  a t  least 7 d a y s  w ith  n o  ch a n g e  in 

th e  rate  o r  p ercen ta ge  o f  germ in atio n  w h en  sto red  u n d er asep tic  co n d itio n s  a t  4°. 

T h e re fo re , ea ch  w ee k  20 a g a r  slop es o f  W a in w rig h t’s co n id ia tio n  m ed iu m  (1959) 

w ere in o cu la ted  an d  g ro w n  a t ro o m  tem p eratu re u n der flu o rescen t lam p s to  in d u ce  

c o n id ia tio n ; co n id ia  p ro d u ce d  on  these slop es w ere  then  u sed  fo r  th e  su b seq u en t large- 

scale  p ro d u ctio n  o f  co n id ia . A t  the en d  o f  4 -5  d a ys co n id ia  fro m  each  o f  16 slo p es w ere 

scratch ed  w ith  a  lo o p  fro m  th e  su rface o f  the slop es in to  10 m l. sterile  d istilled  w a ter. 

T h e  c o n id ia l susp en sion s w ere  co m b in ed  an d  u ltra so n ica lly  treated  fo r  2 m in. in  a 

D i  S o n teg ra to r  S ystem  40 (U ltra so n ic  In d u stries, A lb e rts o n , L .I .,  N e w  Y o r k ,  U .S .A .)  

to  b re a k  u p  co n id ia l c lu m p s. T h e  su sp en sion  w as filtered  th ro u g h  ch eesec lo th  an d  

5 m l. w a s ad d e d  to  ea ch  o f  sixteen, 2-8 1. F e rn b a ch  flasks co n ta in in g  500 m l. o f  W a in 

w rig h t’s so lid  m ed iu m  (1959). T h e  co n id ia l in o cu lu m  w a s sp read  even ly  o v er  th e  a g a r  

su rface, th e  flasks w ra p p ed  w ith  a lu m in iu m  fo il to  p ro te ct fro m  lig h t an d  th e  cu ltu re s 

in cu b ated  fo r  3 d a ys  a t 30°. T h e  w rap p in g s w ere then  rem o ved  a n d  in cu b a tio n  

co n tin u ed  a t r o o m  tem p eratu re u n d er co n tin u o u s lig h t fo r  an  a d d itio n a l 4 -6  d a ys. T o  

a llo w  ad eq u a te  gaseo u s ex ch a n g e fo r  o p tim a l co n id ia tio n  an d  still m ain ta in  asep tic  

co n d itio n s, co vers fo r  these flasks w ere m a d e o f  tw o  layers o f  ch eeseclo th , on e la y e r  

o f  n o n -a b so rb en t c o tto n -w o o l, o n e la y e r  o f  ch eeseclo th , a n o th er la y e r  o f  c o tto n -w o o l 

an d  fin a lly  a  la y e r  o f  c h e e s e c lo th ; these co ve rs w ere fasten ed  firm ly  in  p la ce  w ith  ru b b e r  
bands.



C o n id ia  w ere h arvested  b y  a d d in g  io  sterile m arbles (1 0 -1 5  m m . d iam .) a n d  200 m l. 

sterile d istilled  w a ter  co n ta in in g  3 d ro p s o f  silico n e a n tifo a m  ty p e  B  (D o w  C o rn in g  

C o rp ., M id la n d , M ic h ., U .S .A .)  as a  w ettin g  agen t, to  ea ch  flask . T h e  flask s w ere 

sh ak en  b y  h a n d  to  rem o v e  the m a t o f  g ro w th  fro m  th e  a g a r  su rface. T h e  susp en sions 

w ere co m b in ed , filtered  th ro u g h  fo u r  la y e rs  o f  ch eeseclo th  to  rem o v e  b its c f  h y p h a e  

a n d  u ltra so n ica lly  trea ted  (as a b o v e) fo r  2 m in . T h e  d a rk  o ran ge co n id ia l susp en sion  

w a s sto red  a t 4 0 fo r  n o  lo n g er th an  1 w ee k  b efo re  use. S ixteen  E rlen m ey er flasks y ield ed  

2-51. o f  c o n id ia l su sp en sion  co n ta in in g  a b o u t 2 x  i o 8 conid ia/m l.

Grow th o f  hyphae. H y p h a e  w ere g ro w n  b y  a sep tica lly  tran sferrin g  a b o u t 50 m l. o f  

the co n id ia l su sp en sion  c o n ta in in g  a b o u t i o 10 c o n id ia  (50 m l. x  2 x  i o 8 con id ia/m l.) in to  

500 m l. o f  V o g e l’ s co m p lete  m ed iu m  (19 5 6 )3 -3  d ro p s o f  silico n e a n tifo am  in  a  2 1. 

E rlen m eyer flask . C u ltu re s  w ere in cu b ated  fo r  2 d a ys  a t  30° on  a  r o ta ry  sh a k er 

(a b o u t 265 rev./m in.).

Preparation o f  m itochondria. Q u a n tities  o f  m ito ch o n d ria  sufficien t to  d o  n u m ero u s 

b io ch e m ica l assays w ere  o b ta in ed  fro m  1 1. o f  a  2 -d ay  cu ltu re  o f  N eurospora crassa. 

T h e  h y p h a e  w ere  co lle cte d  (cen trifu g atio n  a t 500g fo r  5 m in .), w ash ed  a t 0 -4 0 b y  

su sp en sion  a n d  c en trifu g a tio n  in  d istilled  w a ter, and  fin a lly  susp en ded  in  500 m l. o f  a 

‘ p r e p a r a tio n ’ m ed iu m  w h ic h  co n sisted  o f:  su cro se, 0 .2 5  m ; E D T A , 0-005 m  (p H  7-0); 

an d  b o vin e  serum  a lb u m in  (B S A ), 0-15 %  (w/v). A l l  su b seq u en t o p eratio n s w ere d on e 

in  th e  c o ld  (0 -4 0). T o  a  sam p le (250 m l.) o f  th e  h y p h a e  susp en ded  in  p rep ara tio n  

m ed iu m  w ere  ad d ed  500g a cid -w ash ed  g lass beads (0-2 m m . d iam .) a n d  4  d ro p s o f  

silico n e a n tifo a m ; th e  m ix tu re  o f  b ead s an d  orga n ism  w ere  p o u re d  in to  a  ch illed  

E p p e n b a ch  M icro -m ill, M o d e l M V -6 -3  (G iffo r d -W o o d  C o ., H u d so n , N .Y . ,  U .S .A .)  

an d  g ro u n d  a t m a x im a l sp eed  fo r  1 m in. a t a  g a p  settin g o f  1/30,000 in . T h e  ra tio  o f  

liq u id  vo lu m e  to  b ea d  vo lu m e  a n d  the tim e o f  grin d in g  w a s c a re fu lly  sta n d a rd ize d  to  

o b ta in  a d eq u a te  cell b re a k a g e  a n d  su b seq u en t sep a ra tio n  o f  fu n ctio n a l m ito ch o n d ria . 

U n d e r  th e  co n d itio n s  o u tlin ed  here a b o u t 75  %  o f  th e  h y p h a l cells w ere  d isru p ted . 

B ro k e n  cells  a n d  b ea d s w ere  sp un  o u t o f  the m ill, a t  lo w  speed w ith  th e  g a p  co m p lete ly  

op en , in to  a  la rg e  b e a k e r  an d  the co n ten ts w ere  a llo w e d  to  sedim ent fo r  a  fe w  m in. 

T h e  u n sed im en ted  m a teria l w a s d eca n ted . T h e  b ea d s w ere  w a sh ed  tw ice  w ith  p re p a ra 

tio n  m ed iu m  to  rem o v e  tra p p e d  ce llu la r  co m p o n en ts  an d  th e  w ash es w ere  ad d ed  to  the 

d eca n te d  liq u id . T h e  m ito ch ro n d ria  w ere  co lle cted  fro m  th e  d ecan ted  liq u id  b y  d iffer

en tia l c en trifu g a tio n , as a  fra c tio n  sed im en tin g b etw een  150 0 g (10  m in .) a n d  8 o o o g 

(30 m in .) A  secon d  150 0 g c en trifu g a tio n  b e fo re  th e  fin a l sed im en tatio n  o f  the m ito 

c h o n d ria  a t 8 o o o g  rem o v ed  a d d itio n a l a m o u n ts o f  co n ta m in a tin g  cell w a ll fragm en ts. 

T h e  fin a l m ito ch o n d ria l p e lle t w a s susp en ded  in  3 -5  m l. o f  p re p a ra tio n  m ed iu m  to  g iv e  

a  fin al co n cen tra tio n  o f  20-30 m g. p rotein/m l. A ll  susp en sion s w ere  m a d e w ith  T en - 

B ro e ck  g ro u n d  glass h o m o gen izers. T h e  co m p lete  p re p a ra tiv e  p ro ced u re  requ ired  

a b o u t 2-5 hr.
E lectron  m icroscopy. S am p les o f  in ta c t h y p h a e , o f  the cru d e m ito ch o n d ria l fractio n s 

an d  o f  a ll fra c tio n s  sep arated  b y  d en sity  gra d ie n t c en trifu g a tio n  w ere  fixed  w ith  o-6 %  

a q u e o u s K M n 0 4 a n d  ‘ p o st-fix e d ’ w ith  5 %  u ran yl a cetate  (N o rth , 1961). T h e  fixed  

pellets w ere  d eh y d rate d  b y  ra p id  p a ssa ge  th ro u g h  a c o ld  ( - 1 0 ° )  e th an o l series and  

em b ed d ed  in  E p o n  812 b y  th e  m eth o d  o f  L u ft  (19 6 1). T h in  sectio n s w ere c u t o n  a 

P o rte r -B lu m  o r a n  L K B  m icro to m e. S ectio n s w ere n o t po st-stain ed .

Sam p les o f  fra c tio n s  o b ta in ed  a t d ifferen t stages d u rin g  th e  p rep a ra tio n  o f  m ito 

ch o n d ria  w ere n eg a tiv e ly  sta in ed  w ith  1 %  p o ta ssiu m  p h o sp h o tu n g sta te  ( P T A , p H  6 -5-
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6 .8 )  to  determ in e w h eth er the m ito ch o n d ria  w ere  gro ssly  co n tam in ated  w ith  o th er 

c e llu la r  co m p o n en ts. S ection s a n d  n eg a tiv e ly  stain ed  p rep ara tio n s w ere o b served  

in  S iem ens E lm isk o p  i d o u b le-co n d en ser e lectro n  m icro sco p e  o p erated  a t 80 k V . 

w ith  50 ¡i  o b jective  apertures.

B ioch em ica l assays. O x id a tiv e  p h o sp h o ry la tio n  w a s ca lcu la te d  b y  m ea su rin g  the 

resp iratio n  m a n o m e trica lly  a t 250 (usin g 5 m l. o r  15 m l. vessels) a cco rd in g  to  S late r  &  

H o lto n  (1954) a n d  b y  d eterm in in g the a m o u n t o f  in o rg a n ic  p h o sp h a te  (P i) esterifled  

(G o m o r i 1942). A l l  rea ctio n  m ed ia  u sed  fo r  b io ch e m ica l assays w ere  a t  p H  6-9.

R e sp ira to ry  c o n tro l a t  250 w a s estim ated  b y  th e  m eth o d  o f  C h a n c e  &  W illia m s 

(1955) w ith  a  C la r k  o x y g e n  electrod e.

D ifferen ce  sp ectra , fro m  w h ich  the co n ten t o f  the cyto ch ro m e s in  the m ito ch o n d ria  

w as estim ated , w ere o b ta in ed  b y  the p ro ced u re  o f  K in g , N ic k e l &  Jensen (1964) b y  

u sin g  a  B eck m a n  D K  R e co rd in g  S p ectro p h o to m e ter.

C o n tin u o u s  su cro se d en sity  grad ien ts (20 -65 %> w /v; 0-58-1-9 m) w ere p rep ared  w ith  

a  B u ch ler D en sig ra d  a p p a ratu s  (B u ch ler In stru m en ts, F o r t  L ee, N e w  Jersey, U .S .A .)  

b y  th e  p ro ced u re  o f  L u c k  (1963) fo llo w in g  B ritten  &  R o b e rts  (i96 0 ). T h e  sam e a p p a 

ratu s w a s used  to  c o lle ct fra c tio n s  fro m  th e  grad ien t. A  sam p le o f  th e  m ito ch o n d ria l 

p rep a ra tio n  (o-5~o-9 m l.) w as lay e red  o n  the to p  o f  a  4-6 m l. gra d ien t a n d  cen trifu g ed  

fo r  1 h r  a t  40,000 rev./m in. in a  S p in co  cen trifu ge.

T h e  m ito ch o n d ria l ad en o sin e  tr ip h o sp h a ta se  (A T P a se )  a ctiv ity  w as d eterm in ed  b y  

the release o f  in o rg a n ic  p h o sp h a te  (C o o p e r  &  L eh n in ge r, 19 5 7); the ad en o sin e  tri

p h o sp h a te -in o rg a n ic  p h o sp h a te  ( A T P - 32Pi) ex ch a n g e rea ctio n  b y  th e  fo rm a tio n  o f  

A T 32P  (W a d k in s  &  L eh n in ger, 1963); ca lc iu m  a ccu m u latio n  b y  the d isa p p earan ce  o f  

45C a 2+ fro m  the re a ctio n  m ed iu m  (R o ssi &  L eh n in ger, 1963); the ad en o sin e tr i

p h o sp h a te-ad en o sin e  d ip h o sp h a te  ( A T P - A D P )  ex ch a n g e b y  the in co rp o ra tio n  o f  

A D P - i- 14C  in to  A T P  (W a d k in s  &  L eh n in ger, 1963). T h e  u p ta k e  o f  le u c in e -i-14C  

b y  m ito ch o n d ria  p rep a ra tio n s  w a s estim ated  b y  the m eth o d  o f  T ru m a n  &  K o r n e r  

(1962).

P ro te in  w a s estim ated  u su a lly  b y  the m icro b iu re t m eth o d  o f  G o a  (1953), b u t  w h en  

the h igh  su cro se co n cen tra tio n  in  fra ctio n s  fro m  th e  d en sity  gra d ie n t w a s fo u n d  to  

interfere, the m eth o d  o f  L o w ry , R o se b ro u g h , F a rr  &  R a n d a ll (19 5 1) w as used. C ry s ta l

line b o v in e  serum  a lb u m in  served as a  sta n d a rd  in  these determ in atio n s.

422

RESULTS

E lectron  m icroscopy

M ito ch o n d ria  w ere easily  reco g n ized  in  th in  sectio n s o f  h y p h a e  o f  N eurospora crassa  

fixed  w ith  K M n 0 4 +  u ra n y l a cetate  (PI. 1, fig. 1); the cristae  w ere d istin ct a n d  the b asic  

stru ctu ra l a p p eara n ce  w a s sim ilar to  th a t ty p ic a l o f  m ito ch o n d ria  fro m  o th er cells. 

T h e  m ito ch o n d ria l m atrices ap p e ared  to  h a ve  a b o u t the sam e o p a c ity  as the cyto p la sm , 

an d  the cells in  gen era l h a d  th e  d ilu ted  a p p eara n ce  ch ara cteristic  o f  m a n y  cells a n d  

tissues fixed  w ith  K M n 0 4. R ib o so m e s co u ld  n o t be d istin gu ish ed, p ro b a b ly  b ecau se  

the sectio n s w ere n o t stain ed  an d  the co n tra st w as re lativ e ly  lo w .

T h e  m ito ch o n d ria l p re p a ra tio n  o b ta in ed  b y  d ifferen tia l c en trifu g a tio n  betw een  

150 0 g an d  8 o o o g  co n ta in ed  som e co n ta m in a tin g  ce llu la r structures b u t w a s p r im a rily  

co m p o sed  o f  m ito ch o n d ria  (PI. I , fig. 2). M u c h  o f  the co n tam in atio n  w a s  ce ll w a ll 

m a teria l w h ich  w as rea d ily  iden tified  in  n ega tiv e ly  stain ed  p rep ara tio n s b y  its d is-
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tin ctiv e  fib ro u s a p p e a ra n ce  (PI. 2, fig . 3). M o s t  m a jo r  co n ta m in a tio n  d etectab le  in  the 

e lectro n  m icro sco p e , h o w e ver, w a s rem o v ed  b y  cen trifu g atio n  o n  the su cro se d en sity  

grad ien ts ; th is p u rifica tio n  o f  m ito ch o n d ria  w a s a lso  in d icated  b y  th e  in creased  rate  o f  

o x id a tio n  o f  su ccin ate  (F ig . 1).

T h re e  m ito ch o n d ria l p ro files  w ere seen in  a b o u t eq u a l n u m bers in  th in  sections o f  the 

u n fra ctio n a te d  m ito ch o n d ria l p rep a ra tio n  (PI. 1, fig. 2, m i ,  m 2 , m 3 ) a n d  a lso  in  the 

pu rified  m ito ch o n d ria l fra c tio n  co lle cted  fro m  su cro se grad ien ts. T h is  h etero ge n e ity  

in  m ito ch o n d ria l a p p e a ra n ce  p r o b a b ly  w a s du e, in  p a rt, to  d a m a g e  in cu rred  d u rin g  

p rep ara tio n . T h is  in terp reta tio n  is su p p o rted  b y  the re la tiv e ly  lo w  re sp ira to ry  c o n tro l 

ratio s (co m p a re d  w ith  in ta ct ra t  liver m ito ch o n d ria ) a n d  h igh  M g -A T P a s e  a c tiv ity  o f  

m ito ch o n d ria  fro m  Neurospora crassa (T a b les 3, 4). T h e  stru ctu re o f  m ito ch o n d ria  

fro m  h y p h a l cells a p p eared  in d istin gu ish ab le  fro m  m ito ch o n d ria  iso la ted  fro m  

co n id ia  o r  g e rm in atin g  co n id ia  b y  the grin d in g  p ro ced u re  used.

Iso la te d  m ito ch o n d ria  o f  Neurospora crassa, n e g a tiv e ly  stained  w ith  P T A , co n ta in ed  

sm a ll p a rtic les  (80-90 Â  d iam eter) a p p a ren tly  a sso ciated  w ith  the in n er m ito ch o n d ria l 

m em b ran es ; the o u ter m em b ran e, a t lea st in  som e p rofiles, ap p e ared  re la tiv e ly  sm o o th  

(PI. 2, fig . 4). T h is  o b serv a tio n  agrees w ith  th a t rep o rted  p re v io u sly  b y  S to eck en iu s

(1963). H o w e v e r, th in  stran ds o f  m em b ran es w ith  a tta ch ed  p a rticles  w ere seen m u ch  

less fre q u e n tly  th a n  in  n e g a tiv e ly  sta in ed  p rep ara tio n s  o f  ra t  liv er  m ito ch o n d ria  

(u n p u b lish ed  o b serva tio n s). It  is p o ssib le  th a t m ito ch o n d ria  o f  N. crasse are less 

su scep tib le  to  d isru p tio n  d u rin g  n ega tiv e  sta in in g  th a n  are ra t liver m ito ch o n d ria ; 

d isru p tio n  o f  th e  m em b ran e m a y  b e  n ecessary  fo r  th e  p a rticles  to  b e  v isib le  in  the 

e lectro n  m icro sco p e  (S jo stran d , A n d ersso n -C e d erg re n  &  K a rlsso n , 1964).

T a b le  1. Requirements for oxidative phosphorylation*
T h e  complete reaction mixture contained 10 mM-succinate, 125 mM-sucrose, 10 m M -M gC l2,

10 m M -potassium  p h o sp h a te  (p H  6-9), 1-5 m M -E D TA , 1 m M -A D P, 20 m M -glucose, i f o  k .m. 
u n its  h ex o k in ase /m l., 3-15 m g. m ito c h o n d ria l p ro te in . F in a l v o lum e 2-0 m l. O m ission  o f  
sucrose, b o v in e  se ru m  a lb u m in  o r  E D T A  w as n o t com p le te  since c o n cen tra tio n s  o f  25 mM,
0-15 m g ./m l. a n d  0-5 mM, respectively , re su lted  f ro m  th e ir  a d d itio n  w ith  th e  m ito ch o n d ria l 
p re p a ra tio n  (0-2 m l.). U p ta k e  o f  0 2 w as m easu red  m an o m etrica lly  a t  250 fo r  20 m in .

U p tak e /m g . p ro te in /h r
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A ssay  system /¿m oles Pi /(a to m s 0 2 P : 0  n

C o m p le te 6-2 5-0 i *3
— sucrose 6-4 5-8 i * i

—B SA 6-5 7-2 0*9
- E D T A 7 . 9 6-8 1*2
— M g ++ 0-9 5-7 0*2
- A D P 0 4’4 C
- P i 0 2-3 C
—hex ok inase  a n d  g lucose 2*2 6 9 o *3
—succinate 0 0 0
— m ito ch o n d ria 0 0 0

* S uccinate  w as used  as su b stra te .

Biochemical properties o f Neurospora mitochondria 
Oxidative phosphorylation. T a b le  1 sh o w s th a t m ito ch o n d ria  iso la ted  fr o m  Neuro

spora crassa b y  th e  p ro ced u re  o u tlin ed  h ere co u p le d  th e  p h o sp h o ry la tio n  o f  A D P  to  

A T P  to  th e  o x id a tio n  o f  su ccin ate. T h e  d a ta  in d icate  th a t a d d itio n s o f  su bstrate, M g 2+
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A D P , P i, h ex o k in ase  a n d  g lu co se  to  th e  rea ctio n  m ed iu m  w ere essen tial fo r  th is a ctiv ity . 

In  resp ect o f  these requ irem en ts, m ito ch o n d ria  fro m  N. crassa are sim ilar  to  m ito 

ch o n d ria  fro m  m a m m a lian  tissues. T h e  a u th o rs  d isco ve red  in  p relim in a ry  exp erim en ts 

th a t su cro se — b o v in e  seru m  a lb u m in +  E D T A  in  th e  p rep ara tio n  m ed iu m  fa c ilita te d  

the iso la tio n  o f  b io ch e m ica lly  a ctiv e  m ito ch o n d ria  fro m  N. crassa. T h ese  c o m p o u n d s  

w ere th erefo re  used  in  th e  m ed iu m  in  w h ich  th e  m ito ch o n d ria  w ere susp en ded  a n d  w ere 

ad d e d  as p a rt o f  th e  m ito ch o n d ria l su sp en sio n  to  th e  o x id a tiv e  p h o sp h o ry la tio n  re

a ctio n  m ixtu re. A s  a  resu lt, fa ilu re  to  m a k e fu rth er a d d itio n s o f  th ese co m p o u n d s 

a ffected  o x id a tive  p h o sp h o ry la tio n  o n ly  slig h tly  (see T a b le  i) . T h e  P  : O  ra tio s  o b ta in ed  

in  d ifferen t exp erim ents w ith  su ccin ate  as su b strate  ran ged  fro m  a b o u t 0 7  to  1-3.

T a b le  2. Effect o f respiratory inhibitors and uncouplers 
on oxidative phosphorylation*

R e ac tio n  m ix tu re  w as th a t  g iven in  T ab le  1 b u t  th e  final vo lum e w as 1 m l. a n d  th e  fo llow 
ing ad d itio n s  w ere m ad e  w here  in d ica ted : D N P , 0 -4 mM; an tim y cin  A , 0 '5 / ig ./m l.;  
o ligom ycin , 5 //g ./m l.;  K C N , 1 mM; m alo n a te , 20 mM; o leate , 0 1  mM; a trac ty la te , 0 1  mM; 
p -F 3M eO C C P , I ¡m  ; /n -C l-C C P , 2-5 /i m ; g ram icid in , 6 /m . B etw een 3 a n d  4 m g. m ito 
ch o n d ria l p ro te in  w ere a d d ed  in  each  experim en t, w hich  w ere ru n  fo r  2 0 -40  m in . a t  250, w ith
5 m l. vo lum e m a n o m etric  vessels.

U p tak e /m g . p ro te in /h r

A ssay  system /¿moles Pi /¿atom s 0 2 P : 0  ra tio

C o n tro l— n o  ad d itio n s 5 '9 7 '2

C-l
C

OÖ

+  A n tim y cin  A 0 0 0

+  K C N 0 0 0

+  M a lo n a te 0 0 0

+  O ligom ycin 0 5-8 0

+  D N P 0 2 - 4 0

+  O leate 0 1-5 0

+  A trac ty la te 0 5 0 0

+ p -F jO -C C P i - 8 4-8 0-37
+  W -C1-C C P 0-5 2 - 4 0 - 2 1

+  G ram ic id in  0 - 9  3 7  

* S uccinate  w as used  a s  su b stra te .

0 - 2 5

A  n u m b er o f  co m p o u n d s, a t  co n cen tratio n s w h ic h  co m m o n ly  u n co u p le  o r  in h ib it 

o x id a tiv e  p h o sp h o ry la tio n  in  m a m m a lian  m ito ch o n d ria , a lso  d ep ressed  the P  : O  ratio s 

o b ta in ed  w ith  m ito ch o n d ria  fro m  Neurospora crassa w h en  su ccin a te  w a s th e  su b strate  

(T a b le  2). In  the presence o f  a n tim ycin  A ,  K C N  o r m a lo n a te , n o  o x y g e n  u p ta k e  o r  

p h o sp h o ry la tio n  w a s o b served . O lig o m y cin , 2 ,4 -d in itro p h en o l (D N P ), o lea te  a n d  

a tra cty la te  w ere  effective  u n co u p lers  o f  the p h o sp h o ry la tio n  o f  A D P  to  A T P  a n d  

o x y g e n  co n su m p tio n  w a s decreased  b y  v a r io u s  degrees w ith  these reagen ts. W ith  

gram icid in , c a rb o n y l cya n id e -m -ch lo ro p h e n y lh y d ra zo n e  (m -C l-C C P ), a n d  c a r b o n y l 

cyan id e -p -triflu o ro m e th o x y p h e n y lh y d ra zo n e  ( p - C F 30 -C C P )  in  the rea ctio n  m ed iu m , 

the P  ; O  ratio s w ere decreased .

T a b le  3 she w s th a t m ito ch o n d ria  o f  Neurospora crassa iso la ted  fro m  2-d ay h y p h a e  

b y  th e  grin d in g  p ro ced u re  o u tlin ed  here, co u p le d  p h o sp h o ry la tio n  to  th e  o x id a tio n  o f  

the seven substrates w h ich  w ere tested. In  som e cases, the P ; 0  ra tio s w ere so m e w h at 

less th a n  th e o retica l va lu es ; h o w e ver, to  o u r k n o w le d g e  these d a ta  rep resen t th e  first 

d eta iled  stu d y  o f  m ito ch o n d ria  c a p a b le  o f  ca rry in g  o u t o x id a tiv e  p h o sp h o ry la tio n  

fro m  fu n g a l cells o th er th an  yeasts. T a b le  3 sh o w s a lso  th at som e resp irato ry  c o n tro l w as



o b serve d  w ith  the iso la ted  m ito ch o n d ria  o f  N . crassa. T h e  resp irato ry  c o n tro l ratio s 

w ere m u ch  lo w e r  th a n  th o se  rep o rte d  fo r  m a m m a lian  m ito ch o n d ria  w h ere ra tio s  o f  

4 -1 0  are n o t u n co m m o n . A ls o  the resp ira to ry  c o n tro l ratio s o b ta in ed  fo r  m ito 

ch o n d ria  fro m  N . crassa  w ere  in  gen eral so m e w h at lo w er th a n  th o se rep o rted  fo r  yea st 

m ito ch o n d ria  (O hn ishi, et a l ,  1966). T h e  m ito ch o n d ria  o f  N . crassa  resp o n d ed  to  the 

a d d itio n  o f  th e  A D P  to  a b o u t th e  sam e ex ten t as ‘ lo o se ly  c o u p le d ’ m a m m a lian  

m ito ch o n d ria .

C ytochrom e content. F ig u re  2 sh o w s th e  d ifferen ce sp ectru m  (red u ced -o xid ized ) o f  

the cy to ch ro m e  in  m ito ch o n d ria  fro m  2 -d ay  h yp h a e. C h a ra cte ristic  p e ak s a t  605, 445, 

562 a n d  a sh o u ld er a t 553 m//, in d icated  th e  presen ce o f  cyto ch ro m e s a1, a3, b a n d  c, 

respectively . Q u a n tita tiv e ly  these cyto ch ro m e s w ere in  the ra tio  a b o u t 1 : 1 : 1 : 1  

a lth o u g h  c y to ch ro m e  c  w a s sligh tly  lo w e r  th a n  the others.
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T a b le  3. O xidativ e phosphorylation and respiratory control o f  

N eurospora m itochondria using various substrates

A . O x idative  p h o sp h o ry la tio n . T h e  reac tio n  m ix tu res w ere as in  T ab le  I w ith  th e  su b 
s tra te s  v a ried  as fo llow s: 10 m M -succinate; 10 m M -citrate, -isocitra te , -a -k e to g lu ta ra te , 
-p y ru v a te + 2 -5  m M -m alate(all p lu s 1 m M -N A D );io  m M -N A D H 2;25  m M -asco rb a te+ o -3  mM- 
T M P D . B etw een  3 a n d  7 m g. m ito c h o n d ria l p ro te in  w ere ad d e d  in  each  ex p erim en t w hich 
w as ru n  fo r  10-80 m in . (d epend ing  o n  su b s tra te )  a t  250.

B. R e sp ira to ry  c o n tro l. T h e  reac tio n  m ix tu res c o n ta in ed , in  a  to ta l v o lum e o f  z m l.: 
sucrose , !2 5 m M (o r 106-3 i u m ) ;  b ov ine  se rum  a lb u m in , 3 -i5 m g ./m l. (o r  3 -04m g./m l.); E D T A , 
0-5 h i m  (o r  0-13 mM); M g C l2, 2 m in; A D P  o-i mM; p o ta ss iu m  p h o sp h a te  (p H  6-9), 5 i u m ; 
succinate , 10 m M ; c itra te , iso c itra te , a -k e to g lu ta ra te  o r  p y ru v a te + 2 -5  mM m ala te , 10 mv: each , 
a l l -1-1  m M -N A D ; N A D H 2, 10 mM; asco rb a te , 25 mM. +  T M P D , 0-3 mM. T h e  figures in  b ra c 
kets reflec t th e  low er q u an titie s  o f  m ito c h o n d ria  ad d e d  in  th e  case o f  a s c o rb a te  a n d  N A D H 2 
o x id a tio n . B etw een  1 a n d  8 m g. m ito c h o n d ria l p ro te in  (d epend ing  o n  su b s tra te )  w ere 
ad d ed . R a te  o f  0 2 u p ta k e  w as m easu red  p o la ro g rap h ica lly  (C la rk  oxygen e lec trode) a n d  a t  
250 ca lcu la ted  as m /ia to m s 0 2 ta k e n  up /m g . p ro te in /m in .

U p ta k e  per/m g . p ro te in /h r

S u b stra te /(m oles Pi /(a to m s 0 2
P : 0
ra tio

R .C .
ra tio *

A s c o rb a te + T  M P D 5-2 8-4 0-6 :-36
N A D H 2 5-8 6-9 0-8 I *15
Succinate T 5 5-0 1-5 1*70
P y ru v a te  (m alate) 0-8 0-4 1-9 2-30
C itra te 7-6 2-6 3-0 2-00
Iso c itra te 2-4 1-5 1-6 1*70
a -K e to g lu ta ra te 4 '7 1-4 3'3 2*00

‘ R e sp ira to ry  c o n tro l ra tio
ra te  o f  0 2 u p ta k e  in  p resence  o f  a d d ed  A D P  
ra te  o f  0 2 u p ta k e  in  absence  o f  ad d ed  A D P  '

A ctiv ities related  to oxidative phosphorylation. A  n u m b er o f  en zy m ic  a ctiv ities a sso c i

a ted  w ith  th e  o x id a tiv e  p h o sp h o ry la tio n  rea ctio n s o f  m a m m a lia n  m ito ch o n d ria  w ere 

a ssa yed  to  d eterm in e w h eth er these c o u ld  be d etected  in  m ito ch o n d ria  fr o m  N eu ro

spora crassa. T h e  ‘ p a rtia l rea ctio n s ’ o f  o x id a tiv e  p h o sp h o ry la tio n  w h ich  w ere su rveyed  

in clu d ed  M g 2+- a n d  D N P -stim u la te d  A T P a s e , A D P - P i  exch an g e a ctiv ity , a n d  io n  

a ccu m u la tio n . M ito c h o n d ria  iso la ted  fro m  2-d ay h y p h a e  w ere used  in  these studies. 

T a b le  4  sh o w s th a t A T P a s e , A T P -P i ex ch a n g e  an d  io n  a ccu m u la tio n  a ctiv ities c o u ld  be 

m easured  in  m ito ch o n d ria  fro m  N . crassa. T h e  rath er lo w  A T P a s e  a c tiv ity  w a s stim u 

lated  b y  M g 2+ b u t n o t b y  D N P , an d  w as in h ib ited  b y  o lig o m ycin . R e su lts  fro m  o th er
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exp erim en ts sh o w ed  th a t th e  M g 2+-stim u lated  A T P a s e  in  m ito ch o n d ria  fro m  co n id ia  

a n d  germ in atin g  co n id ia  w as 4 -5  tim es h igh er th a n  th a t rep o rted  here. T h e  A T P -P i 

exch an ge a ctiv ity  w a s sen sitive to  D N P  a n d  to  o lig o m ic in  (T a b le  4) su ggestin g  th a t 

th is a c tiv ity  w a s re lated  to  o x id a tiv e  p h o sp h o ry la tio n . A c c u m u la tio n  o f  45C a 2+ b y

N. crassa m ito ch o n d ria  w as su p p o rted  b y  su b strate  o x id a tio n , b u t the rate  o f  u p ta k e  

w a s co n sid e ra b ly  slo w er th a n  th a t o b served  w ith  in ta ct ra t  liver m ito ch o n d ria  (L eh n - 

in ger, R o ssi &  G re e n a w a lt, 196 3; R o ssi &  L eh n in ger, 1963). T h is  a ctiv ity , as in  rat 

liver m ito ch o n d ria , ap p e ared  to  b e  resp iratio n -d ep en d en t sin ce K C N  in h ib ited  the 

rea ctio n  (T a b le  4). A  s lo w  rate  o f  C a 2+ a ccu m u la tio n  w a s su p p o rted  b y  A T P ;  th is 

ap p eared  to  be in sen sitive to  K C N  an d  to  o ligo m ycin . T h e  m ito ch o n d ria  fro m  N. crassa

T a b le  4. Activities related to oxidative phosphorylation
A . A T P ase  ac tiv ity  o f  iso la ted  m ito c h o n d ria . T h e  re a c tio n  m ix tu res co n ta in ed , in  a  to ta l 

vo lum e o f  1 m l., th e  fo llow ing : 15 m M -A TP, (p H  7 ); t-2 -2 -6  m g. m ito ch o n d ria l p ro te in ; an d , 
as in d ica ted : 0-4 m M -D N P; 3 m M -M gC l2; 10 /¿g. o ligom ycin /m l. T h e  reac tio n s w ere ru n  fo r  
15 m in . (M g2+) o r  30 m in . (D N P ) a t  250.

B. A T P -32P i exchange ac tiv ity  o f  iso la ted  m ito ch o n d ria . T h e  reac tio n  m ix tu res co n ta in ed , 
in  a  final vo lum e o f  1 m l., th e  fo llo w in g : 15 m M -ATP, (p H  7); 1 m M -M gC l2; 10 m M -potas- 
sium  p h o sp h a te , 32P  (p H  6-9); 1-2-2-6 m g. m ito ch o n d ria l p ro te in ; an d , as in d ica ted : 
0-4 m M -D N P ; 10 /¿g-oligom ycin/m l. T h e  reac tio n s w ere ru n  fo r  30 m in . a t  250.

C . U p ta k e  o f  C a2+ by iso la ted  m ito ch o n d ria . T h e  reac tio n  m ix tu res co n ta in ed , in  a  final 
v o lum e o f  5 m l., th e  fo llow ing : 10 m M -tris-H C l (p H  7); 80 m M -N aC l; 10 m M -M gC l2; 4  mM- 
p o ta ssiu m  p h o sp h a te  (p H  7 ); 3m M -45C a C l2; 3 m M -A TP (su cc in a te -su p p o rted  u p tak e ) 
o r  15 m M -A TP (A T P -su p p o rted  u p ta k e ) ; 4 -8  m g. m ito ch o n d ria l p ro te in ; an d  th e  fo llow ing, 
w here  ind ica ted  : 10 m M -succinate; m M -K C N ; 10 fig. o ligom ycin /5  m l. T h e  reac tio n s w ere ru n  
fo r  20 m in . a t  30°.

A T P ase A T P -32P i E xchange C a ++ accu m u la tio n

Spec. Spec. Spec.
System act.* System A c t.f System A ct.*

1. C o n tro l 0*07 1. C om p le te 154 A. su b s tra te -su p p o rted
2. + D N P 0-05 2. + D N P 0 1. com plete  (succinate) r o
3. -f D N P  +  o ligom ycin 0-02 3. +  O ligom ycin 0 2. + K C N o -3
4. +  M g 2* 1-66 3. +  O ligom ycin 0-9
5. +  M g2 *- +  o ligom ycin 0-29 B. A T P -su p p o rted

1. C o m p le te  (A T P ) o -4
2. -f K C N o -4
3. +  O ligom ycin o -4

* /¿m oles P i/m g. p ro te in /h r . 
t  /¿m oles A T 32P /m g. p ro te in /h r . 
{ /¿m oles C a 2+/m g. p ro te in /h r .

sh o w ed  n o  ca p a c ity  to  a ccu m u late  eith er M g 2+ o r  S r2+, w h ich  are rea d ily  ta k en  u p  b y  

m a m m a lian  m ito ch o n d ria  (B rierley , B a ch m a n n  &  G reen , 1962: C a ra fo li, W eila n d  &  

L eh n in ger, 1965). In  a d d itio n  to  th ese reactio n s, som e A T P - A D P  ex ch a n g e a ctiv ity  

a n d  a slo w  rate  o f  in co rp o ra tio n  o f  leucin e-14C  b y  th e  m ito ch o n d ria  w ere  detected .

Density gradient fractionation. It is c le ar  th a t m ito ch o n d ria  iso la ted  fro m  2-day 

h y p h a e  o f  Neurospora crassa b y  th e  p ro ced u re  d escrib ed , w ere  ca p a b le  o f  ca rry in g  o u t 

b io ch em ica l rea ctio n s ty p ica l c f  m a m m a lian  m ito ch o n d ria . H o w eve r, the lo w  resp ira 

to r y  c o n tro l ratio s, the p resen ce o f  M g 2+ -A T P ase  an d  absen ce o f  D N P -A T P a s e , and  

the v a r ia tio n  in  m ito ch o n d ria l p rofiles seen in  the e lectro n  m icro sco p e  (PI. 1, fig . 2) 

su ggested  th a t th e  m ito ch o n d ria  w ere  d a m a g ed  to  som e exten t d u rin g  p re p a ra tio n . 

F u rth erm o re , it  w as a p p a ren t fro m  electron  m icro sco p ic  ex a m in a tio n  th a t th e  cru d e
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m ito ch o n d ria l p re p a ra tio n  w a s co n ta m in a ted  w ith  o th er su b ce llu la r  m ateria l, esp eci

a lly  ce ll w a ll fragm en ts. I t  w a s o f  in terest, th erefo re , to  d eterm in e w h eth er a  m o re  

h o m o g en o u s m ito ch o n d ria l fra c tio n  m igh t b e  sep a ra ted  o n  su cro se d en sity  grad ien ts.

C e n trifu g a tio n  o f  th e  cru d e  m ito ch o n d ria l p re p a ra tio n  o n  a  lin ear su cro se d en sity  

gra d ie n t p ro d u ce d  fo u r  fra c tio n s. T w o  m a jo r  b an d s w ere ob served  o n  th e  gra d ie n t, a  

d istin ct, o ran g e  ‘ m ito c h o n d ria l’ fra c tio n  a n d  ligh ter, m o re  d iffu se ‘ su b m ito c h o n d ria l’ 

fra c tio n . A  th ird , v e ry  fa in t b a n d  w h ich  co n ta in ed  v e ry  little  o f  the to ta l p ro te in  p la ce d  

o n  th e  g ra d ie n t fo rm ed  a b o v e  th e  su b -m ito ch o n d ria l fra c tio n . T h e  fo u rth  fra c tio n  

sedim ented  as a  p e lle t a t  th e  b o tto m  o f  th e  tu b e. T h e  b a n d s w ere co lle cted  c ro p w is e  

fro m  th e  tu b es in  2 5 -d ro p  fra ctio n s  an d  assa yed  fo r  en zy m ic  a ctiv ities  a n d  fo r  c y to 

ch ro m es. D ifferen ce  sp ectra  sh o w ed  th a t b o th  th e  m ito ch o n d ria l a n d  su b m ito ch o n d ria l
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Fig . 1. D is tr ib u tio n  o f  th e  succinox idase  ac tiv ity  in  th e  m ito ch o n d ria l f rac tio n s  o b ta in e d  
fro m  th e  su crose  d ensity  g rad ien ts . R a te  o f  0 2 u p ta k e  w as d e te rm in ed  p o la ro g rap h ica lly  as 
d escribed  in  legend  fo r  T ab le  3. T h e  ra te  o f  o x id a tio n  o f  succinate  b y  th e  u n fra c tio n a te d  
m ito c h o n d ria l p re p a ra tio n  is in d ica ted  by  th e  h o r iz o n ta l line.
F ig . 2. D ifference sp e c tra  (red u ced  m in u s ox id ized) o f  Neurospora crassa m ito ch o n d ria . 
M ito c h o n d ria  (27 m g. p ro te in )  w ere ad d e d  to  each  o f  tw o  cuvettes in  a  final vo lum e o f  3 m l.
T h e  red u ced  sp e c tru m  w as o b ta in e d  by  ad d in g  excess N a 2S20 4 to  o n e  cu v e tte  fo llow ing  th e  
m e th o d  o f  K in g  et al. (1964).

fra c tio n s  co n ta in ed  cy to ch ro m e s  an d  th a t b o th  w ere  c a p a b le  o f  o x id iz in g  su ccin ate, 

N A D H  a n d  a s c o r b a t e + T M P D . T h e  su b m ito ch o n d ria l fra c tio n  o x id ized  N A D H  

m o re  ra p id ly  th a n  th e  m ito ch o n d ria l fra c tio n  b u t th e  reverse w a s tru e  w ith  su ccin ate  

as su b strate. T h e  re lativ e  rates o f  su ccin ate  o x id a tio n  b y  the m ito ch o n d ria l fra c tio n  

(co lle cted  in  tu b es 3 a n d  4) a n d  the su b m ito ch o n d ria l fra c tio n  (tubes 5 a n d  6) are 

sh o w n  in  F ig . 2. A s c o r b a t e + T M P D  w a s o x id ized  b y  b o th  fra c tio n s  a t  rates in ter

m ed ia te  to  th e  o x id a tio n  o f  N A D H  a n d  su ccin ate. R e sp ira to ry  c o n tro l, a lth o u g h  

lo w , w a s p resen t o n ly  in  th e  m ito ch o n d ria l fra c tio n .
T h e  p ellet, m ito ch o n d ria l an d  su b m ito ch o n d ria l fra c tio n s  w ere  n eg a tiv e ly  stained 

w ith  P T A  a n d  exam in ed  in  th e  e lectro n  m icro sco p e . T h e  p e lle t co n ta in ed  la rg e  fr a g 
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m en ts o f  cell w a ll, som e m ito ch o n d ria , an d  u n id en tified  ce llu la r  m ateria l. M o s tly  

in ta c t m ito ch o n d ria  w ere p resen t in  th e  m ito ch o n d ria l b a n d  an d  the su b m ito ch o n d ria l 

fra c tio n  co n ta in ed  m em b ra n o u s profiles, m a n y  o f  w h ich  resem b led  m ito ch o n d ria l 

fragm en ts. O n ly  lim ited  m ateria l fro m  th e  u p p erm o st b an d  w a s a v a ila b le  fo r  ex a m in a 

tio n  b u t th is fra c tio n  a p p eared  to  co n ta in  p r im a rily  sm all m em b ra n o u s vesicles 

(p o ssib ly  m icro so m al m em bran es) a n d  v e ry  sm all p ieces o f  cell w all.

DISCUSSION

S p ecific  co n d itio n s  w ere fo u n d  to  be requ ired  to  iso la te  b io ch e m ica lly  co m p e ten t 

m ito ch o n d ria  fro m  h y p h a e  o f  Neurospora crassa. T h e  in c lu sio n  o f  b o v in e  serum  

a lb u m in  an d  the o m isio n  o f  p h o sp h a te  (w h ich  m a y  p reclu d e m ito ch o n d ria l sw ellin g  

an d  the u n co u p lin g  o f  p h o sp h o ry la tio n ) in  the iso la tio n  m ed iu m  en a b led  the iso la tio n  

o f  a  m ito ch o n d ria l fra c tio n  fro m  N. crassa w h ic h  w as ca p a b le  o f  p e rfo rm in g  o x id a tiv e  

p h o sp h o ry la tio n . B o v in e  serum  a lb u m in  w as sh o w n  b y  W o jtc z a k  &  W o jtc z a k  (i9 6 0 ) 

to  be ben eficia l in  th e  is c la t io n  o f  fu n ctio n a l m ito ch o n d ria  fro m  insects, a n d  they 

sh o w ed  th a t it  rem o v ed  fa tty  a cid s w h ich  u n co u p led  o x id a tiv e  p h o sp h o ry la tio n  ; it is 

p o ssib le  th a t th e  a lb u m in  p e rfo rm s th e  sam e fu n ctio n  in  th e  p rep ara tio n s  o f  m ito 

ch o n d ria  fro m  N. crassa d escrib ed  here. D u rin g  the p resent w o rk  it w as o b served  

th a t the first c ru d e  m ito ch o n d ria l fra c tio n , i.e. the m ito ch o n d ria  in  the su p ern a tan t 

flu id  o f  th e  first c en trifu g a tio n  a t 150 0 g, w a s u n a b le  to  fo rm  A T P  a lth o u g h  su b strates 

w ere o x id ized . H o w e v e r, w h en  th e  m ito ch o n d ria  w ere su b seq u en tly  cen trifu g ed  fro m  

the cru d e su p ern a tan t flu id  (at 8 ooog) th e y  d id  p h o sp h o ry la te  A D P  to  A T P , even 

w h en  the su p ern atan t flu id  fro m  th e  8 o o o g cen trifu g atio n  w a s ad d e d  b a c k  to  the 

m ito ch o n d ria . A p p a re n tly  an  u n co u p lin g  p h en o m en o n  o ccu rred  b efo re  the p h ysica l 

sep a ra tio n  o f  th e  m ito ch o n d ria  fro m  the su p ern a tan t flu id  fra c tio n . T h is  u n co u p lin g  

a ctio n  o f  the cru d e su p ern a tan t flu id  fra c tio n  w a s n o t in vestigated  fu rth er, it  m a y  be 

related  to  the requ irem en t fo r  serum  a lb u m in  in the p rep a ra tio n  m edium .

F ro m  T a b le s  1 an d  2 it  is ev id en t th a t th e  o x id a tio n  o f  su ccin ate  b y  th e  m ito ch o n d ria l 

fra c tio n  iso la ted  fro m  Neurospora crassa w as lin k ed  to  p h o sp h o ry la tio n  w ith  ch a ra cte r

istics sim ilar to  th o se sh o w n  b y  m ito ch o n d ria  iso la ted  fro m  m a n y  o th er o rgan ism s. 

T h e  d a ta  in  T a b le s  3 an d  4  sh o w  th a t N. crassa m ito ch o n d ria  co u p led  p h o sp h o ry la 

tio n  to  the o x id a tio n  o f  a  n u m ber o f  substrates, ex h ib ited  som e resp irato ry  co n tro l, 

a n d  carried  o u t a  n u m ber o f  en zy m ic  a ctiv ities lin k ed  en ergetica lly  to  o x id ative  p h o s

p h o ry latio n .

B io ch em ica l an d  u ltrastru ctu ra l evid en ce su ggest th a t the m ito ch o n d ria  in  the 

cru d e p rep a ra tio n  w ere  d a m a g ed  to  som e ex ten t in  th e  iso la tio n  p ro ced u re. H o w e v e r, 

it  is p o ssib le  th a t th e  u n co u p lin g  p h en o m en o n  m en tio n ed  a b o v e  is n o t co m p le te ly  

reversib le  an d  affects the b io ch em ica l a ctiv ities o f  th e  m ito ch o n d ria  in  th e  cru d e 

p rep a ra tio n . T h e  resp ira to ry  c o n tro l ratio s reco rd e d  fo r  Neurospora crassa m ito 

c h o n d ria  w ere  lo w  as co m p a re d  w ith  th o se o f  m a m m a lian  m ito ch o n d ria , b u t w ere 

co m p a ra b le  w ith  th o se  rep o rte d  fo r  y ea st m ito ch o n d ria  (O h n ish i et al. 1966). M ito 

c h o n d ria  h a v e  been  iso la ted  fro m  N. crassa b y  m ilder treatm en t (G re e n a w a lt, H a ll, 

&  W a llis , 1967) w ith  o n ly  a  s lig h t in crease in  resp ira to ry  c o n tro l ratio s.

F ra c tio n a tio n  o f  th e  m ito ch o n d ria l p rep a ra tio n  on  su cro se d en sity  grad ien ts  en a b led  

the c o lle ctio n  o f  a  p u rer m ito ch o n d ria l fra c tio n  since ce ll w a ll co n ta m in a tio n  a n d  

frag m en ted  m ito ch o n d ria  w ere sep arated  fro m  the m a jo r  m ito ch o n d ria l b an d . T h e  

presen ce o f  cyto ch ro m e s a + a 3, b and c in d icated  th a t th e  su b m ito ch o n d ria l fra c tio n
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w a s m o st lik e ly  d erived  fr o m  th e  m ito ch o n d ria . R e sp ira to ry  c o n tro l ratio s w ere 

reco rd ed  o n ly  w ith  th e  m ito ch o n d ria l fra c tio n .
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T h e  a u th o rs  are  in d eb ted  to  M r  G . D e c k e r  a n d  M iss  P a u la  C a rr ic o  fo r  exp ert 

tech n ica l assistan ce. T h e  au th o rs a lso  w ish  to  th a n k  D r  A .  L . L eh n in g e r fo r  critica lly  

rea d in g  th e  m a n u scrip t. T h is  w o r k  w a s su p p o rted  in  p a rt b y  R e sea rch  G r a n t G M -1 2 1 2 5  

fr o m  th e  N a tio n a l In stitutes o f  H e a lth , U n ite d  S tates P u b lic  H e alth  Service.
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E X P L A N A T IO N  O F  P L A T E S  

Plate i

F ig . 1. T h in  sec tio n  o f  a  2-day h y p h a  o f  Neurospora crassa. N ucle i (N ) a n d  m ito c h o n d ria  (m ) 
inc lu d in g  th e  c ris tae  a re  clearly  visible. T h e  cell w all (C W ) is on ly  ligh tly  s ta ined . F ix ed  w ith  
K M n 0 4 a n d  u ran y l ace ta te . U n s ta in ed , x  26,000.

F ig . 2. M ito c h o n d ria  iso la ted  f ro m  2-day h y p h ae  o f  Neurospora crassa. T h ree  profiles 
(m i, m 2, m 3) c a n  b e  seen. F ix ed  w ith  K M n 0 4+ u r a n y l  ace ta te . U n s ta in ed , x 20,000.

Plate 2

F ig . 3. A  larg e  frag m en t o f  cell w all c o n ta m in a tin g  th e  c ru d e  m ito c h o n d ria l frac tio n . T h e  
d istin c t f ib rous a p p ea ran ce  o f  th is  m a te ria l c a n  be  seen. N egative ly -sta ined  w ith  p o ta ssiu m  
p h o sp h o tu n g s ta te  (PT A ), p H  6-5. x  60,000.

F ig . 4. Iso la ted  m ito c h o n d rio n  negatively  s ta in e d  w ith  P T A , p H  6 5. T h e  relatively  sm o o th  
o u te r  m em b ran e  (O M ) is p a r tly  d isru p ted  a n d  to m  aw ay  fro m  th e  m ito ch o n d rio n . T h e  in n e r 
m em b ran e  (IM ) p ro tru d e s  (left-cen tre  o f  th e  m ic ro g rap h ) a n d  h as sm all (90 A) p ro jec tin g  
partic les  a sso c ia ted  w ith  it. x 65,000. In se t:  en la rg em en t o f  p o r tio n  o f  in n e r  m em b ran e  o u t
lined  by in re d  lines. T h e  90 A partic les  a re  clearly  seen, x 140,000.
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Leuconostoc oenos sp.nov.

B y  E L L E N  I. G A R V I E

N ation al In stitute f o r  R esearch in D airying, Shinfield, R eading  

(A ccep ted  f o r  publication  24 M a rch  1967)

SUMMARY

N in eteen  strain s o f  G ra m -p o sitiv e  c o c c i iso la ted  fro m  w in e a n d  b e lo n g in g  
to  th e  gen us L eu co n o sto c  w ere  ex a m in ed  a n d  a re  co n sid ered  to  fo rm  a  new  
species w h ich  is n am ed  L eu co n o sto c oenos. T h ese  strain s d iffer fro m  o th er 
le u co n o sto cs  b ecau se  th e y  g ro w  b etter in a  m ed iu m  co n ta in in g  to m a to  ju ic e  
th a n  in  y ea st g lu co se  c itra te  b ro th  n o rm a lly  u sed  in  th is la b o r a to ry  fo r  the 
genus. F u rth erm o re , th e y  g ro w  w e ll in  m ed ia  in  w h ich  th e  p H  v a lu e  is to o  
a c id  fo r  o th er L e u c o n o s to c  species to  in itia te  g ro w th . T h e  cu ltu res o f  L . oenos 
d o  n o t  fo r m  d ex tran  fr o m  sucro se. T h e y  fo rm  a cid  fro m  fru cto se , g lu co se , 
treh a lo se  an d  aescu lin , g e n e ra lly  fr o m  m elib io se  a n d  salicin . T h e y  m a y  fo rm  
a cid  fro m  a ra b in o se , x y lo se , g a la cto se , m a n n o se  a n d  ce llo b io se , b u t n o t fro m  
lacto se , m a lto se , su cro se, raffm ose, d extrin , g ly ce ro l, m a n n ito l o r  so rb ito l.

INTRO DUC TIO N

G ra m -p o sitiv e  c o c c i b e lo n g in g  to  the gen us L eu co n o sto c  o ccu r in  w in e as p a r t  o f  

th e  n o rm a l b a c te r io lo g ica l flo ra  (B id a n , 19 5 6 ; R a d le r , 1958; In g ra h a m , V a u g h n  

&  C o o k e , i9 6 0 ; P e y n a u d  &  D o m e rc q , 196 1), b u t  n o n e o f  these rep o rts  sa tis fa cto rily  

iden tifies th e  L e u c o n o s to c  species w h ic h  th e y  d escrib ed . C u ltu re s  o b ta in ed  fro m  

D rs  R a d le r, P e y n a u d  a n d  In g ra h a m  w ere th e re fo re  exam in ed  a n d  co m p a re d  w ith  

strain s o f  o th er species o f  th e  gen u s L eu co n o sto c  h e ld  in  th e  N a tio n a l C o lle c tio n  o f  

D a ir y  O rga n ism s (Shin field) a n d  d escrib ed  b y  G a rv ie  (i96 0 ).

METHODS

Cultures. T h e  strain s o f  w in e  leu co n o sto cs  ex a m in ed  are listed  in  T a b le  1. T h e y  w ere 

fo u n d  to  req u ire  co n d itio n s  o f  g ro w th  d ifferen t fr o m  th o se  req u ired  b y  o th er species 

o f  th e  sam e genus. T h e  m ed ia  an d  m eth o d s u sed  h a d  th erefo re  to  b e  m o d ified  to  suit 

th e  w in e  strains.

G en eral m edia fo r , and cultivation of, wine leuconostocs. T h e  cu ltu res w ere  g ro w n  in  

a c id ic  to m a to  b ro th  ( A T B )  co n sis tin g  o f  (w /v): E v a n s p ep to n e , i - o % ;  Y e a s tre l, 

0 -5 %; g lu co se , i - o % ;  M g S 0 4.7 H 20 ,  0-0 2 %; M n S 0 4.4 H 20 ,  0 -0 0 5 %; a n d  (v/v): 

to m a to  ju ic e , 2 5  % ; p H  4-8; a u to c la v e d  a t 1 2 1 0 fo r  15  m in .; b e fo re  in o cu la tio n  0-5 m l. 

o f  i-o  %  (w /v) so lu tio n  o f  cyste in e  h y d ro ch lo rid e  sterilized  b y  filtra tio n  w a s ad d e d  

to  ea ch  10  m l. o f  m ed ia . T h e  cu ltu res w ere  in cu b a ted  a t 22° fo r  3 -4  days.

S to c k  cultures. A g a r  stabs w ere  p rep ared  b y  a d d in g  1 - 5 %  a g a r  to  A T B . A fte r  

in o cu la tio n  these w ere  in cu b a te d  in  a n a e ro b ic  ja r s , ev a cu a te d  th en  filled  w ith  H 2+ C 0 2 

(9 0 :10 , v/v). T h e  cu ltu res w ere  th en  k e p t in  c o ld  sto re  fo r  several m on th s.

G eneral m edia fo r , and cultivation o f, non-wine leuconostocs. T h e se  strain s w ere

28-2
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g ro w n  in y ea st g lu co se  c itra te  b ro th  ( Y G C B )  co n sistin g  o f  (w /v): E va n s p ep to n e, 

i - o % :  L e m co , i-o  % ; Y e a s tre l, 0-5 % ;  g lu co se , i-o  % ;  tr iam m o n iu m  citra te , 0-5 % ;  

so d iu m  a cetate , 0 -2 % ; M g S 0 4.7 H 20 ,  0 -0 2 % ; M n S 0 4.4 H 20 ,  0 -0 0 5 % ; an d  (v/v): 

T w e e n  80, o -i % ;  p H  6-7; a u to c la v e d  1 2 1 0 fo r  15  m in.

432

T a b le  1. Source o f cultures o f Leuconostoc examined

NCDO no . D es ig n a tio n  w h en  received D o n o r

1668 P lince  3 1
l66ç S t C a p ra is  105
167c D u c ru  B eaucailion  6
1671 B ran e  33
1672 F c u r te t  1 E . P ey n au d ,
1673 P eyreau  1 S ta tio n  A g ro n o m iq u e
1674 B au d ry  I e t O enolog ique,
IÔ75 S t C a p ra is  133 B ordeaux ,
1705 F o u rte t  2 F ra n ce
1706 G ra n d  P uy  3
1707 P alm er 6
170& S t C a p ra is  131
1700 St C a p ra is  122

1694 12 A F . R ad ie r,
169; 16 A [ C .S .I.R .O .,
1696 45 b M erbein , A u s tra lia

1821 ML 25 R . E . K u n k ee ,
1822 ML 27 - U niversity  o f
1823 ml 34 C a lifo rn ia

C yste in e  h y d ro ch lo rid e  w as a d d e d  b e fo re  in o cu la tio n  w ith  Leuconostoc crernoris 
(Betacoccus crernoris, K n u d se n  &  S o ren sen , 1929) an d  cu ltu res o f  strain s o f  this 

species w ere in cu b ated  a t 220 fo r  48 hr. T h e  sam e co n d itio n s  o f  g ro w th  w ere u sed  fo r  

a  fe w  g ro u p  III strain s (G a rv ie , i960). A l l  o th er strain s w ere in cu b ated  a t 30° fo r  

24 hr (w ith o u t cystein e h y d ro ch lo rid e).

The turbidity (extinction) of cultures w as m easu red  in  A T B  o r Y G C B  w ith  a  

L u m etro n  co lo rim e ter  m o d el 400 A  (P h o to v o lt  C o rp o ra tio n , N .Y .)  an d  an  o ra n g e  

(580 m/i) filter.

Growth at p H  3-7 w a s tested  in  c itric  +  m a lic  acid  b ro th  (C M B ) w h ich  co n sisted  o f  

(w /v): E va n s p ep to n e, 1 -0 % ; Y e a s tre l, 0 - 5 % ; g lu co se , 1 - 0 % ; c itric  a cid , 0 -2 5 % ; 

D L-m alic acid . 0 -2 5 % ; K H 2P 0 4, 0 -2 5 % ; M g S 0 4. 7 H 20 , 0-02% ; M n S 0 4. 4 H 20 , 0-005% i 

a n d  (v/v): T w ee n  80, 0 -1 % ; to m a to  ju ice , 5-0 % . T h e  m ed iu m  w a s d iv id ed  a n d  p o rtio n s  

ad ju sted  to  p H  6-7, 4-7 o r  3-7, tu b ed  in  5 m l. q u an tities, an d  sterilized  b y  a u to c la v in g  

a t  1 2 1 0 fo r  15 m in. (T h e  p H  va lu e  o f  the m ed ia  d id  n o t ch an ge o n  ste rilizatio n .) 

C yste in e  h y d ro ch lo rid e  w as ad d ed  fo r  the strains o f  Leuconostoc oenos a n d  L. 
crernoris an d  tu bes w ere in o cu la ted  w ith  o n e d ro p  o f  a  cu ltu re  in  A T B  o r Y G C B .  A l l  

cu ltu res w ere seeded in to  C M B  a t p H  3-7. C o n tro l cu ltu res o f  L. oenos w ere g ro w n  

in  C M B  a t p H  4-7 an d  fo r  c o n tro l cu ltu res o f  o th er strain s in  C M B  a t p H  6-7.

Growth in the presence o f 10 %  (v/v) ethanol. C M B  w as p rep ared  a t d o u b le  stren gth  

a n d  ad ju sted  to  p H  4-7 fo r  Leuconostoc oenos, an d p H  6-7 fo r  o th er species. T h e  

m ed iu m  w as tu b ed  in  2-5 m l. q u an tities an d  w a ter  ad d ed  to  b rin g  the v o lu m e  to  

4-5 m l. (0-25 m l. less fo r  th o se strains to  w h ich  cystein e h y d ro ch lo rid e  w a s ad d ed ). 

T h e  m ed iu m  w a s a u to c la v e d  a t 1 2 1 0 fo r  15 m in ., c o o le d  an d  0-5 m l. a b so lu te  e th a n o l



th en  a d d e d . T u b e s  w ere  in o cu la te d  w ith  a  d ro p  o f  cu ltu re , c lo sed  w ith  a  sterile  ru b b er 

b u n g  a n d  in cu b a ted  fo r  4  d a ys  fo r  L . oenos  o r  1 - 2  d a y s  fo r  o th er species.

Grow th in litm us m ilk  (L M ) and y ea st g lu cose litm us m ilk  ( Y G L M ). C u ltu re s  w ere 

in cu b a te d  a t 220 fo r  7  d a ys.

Growth tem peratures. G r o w th  w as o b serve d  in  A T B  (w ith  cyste in e  h y d ro ch lo rid e  

a d d ed ) a fter  in cu b a tio n  fo r  3 d a y s  a t  37-5° a n d  7  d a y s  a t  io ° .

P roduction o f  am m onia fr o m  arginine. C u ltu re s  w ere  g ro w n  a t 220 fo r  7  d a ys  in  the 

m ed iu m  u sed  b y  G a r v ie  (i9 6 0 ) a n d  in  M R S B  (de M a n , R o g o s a  &  S h arp e , i960) 

p rep ared  w ith o u t a m m o n iu m  citra te  b u t w ith  0-3 %  a rg in in e  h y d ro ch lo rid e . N essler ’ s 

so lu tio n  w a s u sed  to  test fo r  th e  p ro d u c tio n  o f  a m m o n ia .

P roduction  o f  dextran fr o m  sucrose. O n e  m l. o f  a  50 %  (w /v) so lu tio n  o f  sucro se, 

sterilized  b y  a u to c la v in g  a t 1 2 1 0 fo r  15 m in ., w a s ad d e d  to  10 m l. A T B  a g a r  a n d  p la tes 

p o u re d  a n d  streak ed . S in ce  th e  w in e le u co n o sto cs  d o  n o t  g ro w  a e ro b ic a lly  th e  p lates 

w ere in c u b a te d  as a lre a d y  d escrib ed  in  a n  atm o sp h ere  o f  H 2+ C O a fo r  14 d ays.

U tilization  o f  citrate. O n e  m l. o f  a  10 %  (w /v) so lu tio n  o f  tr iam m o n iu m  citra te  

w a s ad d e d  to  10 m l. A T B ,  cyste in e  a d d e d  a n d  th e  tu b es in o cu la ted . A fte r  3 d a y s ’ 

in cu b a tio n  a t 220 th e  resid u al c itra te  w a s a ssa yed  b y  u sin g  Strep tococcu s lactis  va r. 

diacetilactis  n c d o  1007 (G a rv ie , 1967 a).

Type o f  lactic  a cid  fo rm ed . T h e  cu ltu res w ere  in cu b a ted  fo r  3 d a ys  in  d ilu te  to m a to  

b ro th  (G a rv ie , 1967 A). T h e  ty p e  o f  la c tic  a cid  fo rm e d  w a s estim ated  b y  u sin g  a  D P N  

m eth o d  fo r  L (+ )- la c ta te  a n d  a  m o d ifica tio n  o f  th e  m eth o d  o f  v a n  d en  H a m er &  E lias 

(1958) fo r  d ( —)-la cta te  (G a rv ie , 1967 b).

‘ C arbohydrate ’ ferm entation. T h e  b a sa l m ed iu m  co n sisted  o f  (w /v): E v a n s p ep to n e, 

1-5 % ;  Y e a s tre l, o-6 % ; N a C l,  0-5 % ; a g a r, 0-5 % ; b ro m creso l green , 0-004 % ', p H  5 ’2. 

T h e  m ed iu m  w a s  p rep ared  in  5 m l. q u an tities  in  6 in . x  f  in . test tu b es a n d  a u to c la v e d  

a t 1 2 1 0 fo r  15  m in. T h e  tu b es w ere  p la ce d  in  b o ilin g  w a te r  to  m elt the a g a r, co o le d  to  

4 5 0 a n d  0-5 m l. o f  2 %  (w /v) S e itz  filtered  ‘ C a r b o h y d r a te ’ a d d ed . T h e  tu b es  w ere 

in o cu la ted  w ith  0-2 m l. o f  a  3 -d ay  cu ltu re , a llo w e d  to  set an d  in cu b a te d  fo r  21 d a ys  

a t  2 2 0.

T he p roduction o f  gas fr o m  glucose. T h e  m eth o d  o f  A b d -e l-M a le k  &  G ib s o n  (1948) 

w as used.

C atalase  w a s d etected  b y  em u lsify in g  th e  g ro w th  fro m  a g a r  in  a  d ro p  o f  H 20 2 

(20 v o l.)  an d  o b se rv in g  gas fo rm a tio n .

RESULTS

A ll  th e  n in eteen  strain s o f  w in e  leu co n sto cs  w ere  G ra m -p o sitiv e , c a ta la se  n egative , 

a n d  fo rm e d  p a irs  o f  ch ain s o f  co cc i. T h e y  fo rm e d  g a s fro m  g lu co se , d id  n o t fo rm  

a m m o n ia  fr o m  a rg in in e  a n d  d id  n o t ch a n g e  litm u s m ilk . T h e y  fo rm e d  d ( —)-lactic  

acid . T h e se  p ro p erties  a re  ch a ra cte ristic  o f  b a cte r ia  w h ich  b e lo n g  to  th e  gen u s 

L euconostoc.
Growth conditions f o r  wine leuconostoc

Y G C B  d id  n o t su p p o rt th e  g ro w th  o f  five  o f  th e  w in e leu c o n o sto c  strains (G a rv ie  

&  M a b b itt , 1967). A l l  n in eteen  strain s g re w  in  A T B ,  b u t m a xim u m  tu rb id ity  w a s 

o b ta in ed  o n ly  a fter  several d a ys  o f  in cu b a tio n . A  c o m p a riso n  w a s m a d e b etw een  th e  

g ro w th  o f  th e  w in e  c o c c i a n d  th irty -tw o  o th er le u co n o sto cs , in  b o th  Y G C B  a n d  A T B . 

B o th  m ed ia  w ere  p rep ared  a t p H  va lu es  o f  6-7, 6-o, 5-5 a n d  4-8. (It w a s fo u n d , as w ith  

C M B , th a t th e  p H  va lu es  o f  Y G C B  a n d  A T B  d id  n o t ch a n g e  o n  sterilizatio n .)

Leuconostoc oenos (sp. nov.) 433
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T h e  results are  su m m arized  in  T a b le  2.

O f  th e  n o n -w in e leu co n o sto cs  (gro u p s I - I V )  o n ly  three strains (Leuconostoc 
paramesenteroides; G a rv ie , 1967 c) grew  w ell in  Y G C B  sta rtin g  a t  p H  4-8, an d  o f  th ese 

o n ly  tw o  grew  in  A T B  sta rtin g  a t  th e  sam e p H  v a lu e . T h e  o th er tw en ty-n in e cu ltu res 

d id  n o t g ro w  in  m ed ia  a t  p H  4-8 b u t th e y  grew  in  b o th  m ed ia  sta rtin g  a t  p H  6 7 ,  

g iv in g  a  h igh er ex tin ctio n  in  Y G C B  th a n  A T B . M a x im u m  tu rb id ity  w a s  re a ch e d  in  

24 h r  fo r  m o st strain s, b u t 48 h r  w ere  req u ired  fo r  L. cremoris a n d  o th er strain s w h ich  

g ro w  b est a t  220. N o n e  o f  the strains w h ich  grew  in  A T B  a t in itia l p H  4-8 grew  in

T a b le  2. Range o f turbidity (extinction) readings obtained on cultures o f Leuconos
tocs grown in yeast glucose citrate broth (YGCB) and acidic tomato broth (ATB)

M ed iu m

Y G C B  A TB
In itia l p H  value

N o . o f (---------- ----------- , ,-----------
stra in s p H  6 7 p H  4-8 p H  6-7 p H  4-8

exa- L u m e tro n  read ings
Species* m ined A<

G ro u p  I. L. cremoris 6 3 1 -1 -6 o -6 -o -o 2-0-1-15 0-0
G ro u p  I I . L. lactis 3 3 -5—2-2 0-65-0-4 2-7-1-4 1*1-00
G ro u p  III . L. paramesenteroides 6 5'i-3-2 5-1 -0 -o 5 -8 -0 7 37-Q-5

G ro u p  dextranicum 3 3-1-2-7 0 7 -0 -2 2-6-I-9 0-5-0-25
4 4*0-2-1 1-3-0-0 3 -6 -1 7 07-0*2

G ro u p  V I. L. mesenteroides 10 4'9-3'6 2-0-0-O 3'8-2-5 1 -8-0-7
G ro u p  V II a )  ,,, ^ TrrT , Y L. oenos 
G ro u p  V H  b j

5 1-2-0-3 2 -4- 0-8 4'8-3'5 37-2-6
14 4*0-2-0 4-2-1-7 5'4-3-0 47-2-2

* L eu co n o sto c  species n a m e d  acco rd in g  to  G arv ie  (1967c).

C M B  a t in itia l p H  4-2 o r  3 7 .  O n  th e  o th er h a n d , th e  w in e strains grew  w ell in  A T B  

(in itia l p H  4-8) a n d  o f  these 14 a lso  grew  in  Y G C B  sta rtin g  a t  b o th  p H  6 7  a n d  4-8 b u t 

n o t  as w ell as in  A T B . G r o w th  w a s  s lo w  w ith  a ll strain s a n d  in cu b a tio n  w a s th e re

fo re  co n tin u ed  fo r  3 d ays. A l l  strain s grew  in  C M B  a t in itia l p H  3 7  b u t g ro w th  w a s 

n o t as g o o d  as a t  p H  4-2 o r  4 7 .  A  fe w  strain s g a v e  s ligh t g ro w th  in  C M B  ad ju sted  

to  p H  3-2. T h e  a b ility  to  g r o w  w ell in  C M B  (in itia l p H  4-2) is u sed  to  sep arate  Leu
conostoc oenos fro m  o th er species o f  th e  genus, fo r  th ese d o  n o t g ro w  in  th is m ed iu m . 

T h e  a d d itio n  o f  cystein e to  th e  m ed iu m  h a d  a  greater e ffect o n  th o se  strain s o f  L. oenos 
w h ich  d id  n o t  g ro w  in  Y G C B  th a n  o n  th o se  w h ich  grew  in  th is m ed iu m . T h e  gro w th  

o f  m o st strain s w a s  im p ro v e d  b y  th e  a d d itio n  o f  cyste in e; fo r  five  strain s it  w a s  

essential.

Characteristics o f the wine leuconostocs
T a b le  3 gives th e  results o b ta in ed  w ith  th e  w in e leu co n o sto cs  an d  co m p a re s th em  

w ith  th e  ch ara cteristics  o f  o th er species (G a rv ie , i960).

In  th e  earlier w o r k  th e  ferm en ta tive  p ro p erties  o f  strains w ere ex a m in ed  in  a  

m ed iu m  ad ju sted  to  p H  6 7  a n d  w ith  b ro m cre so l p u rp le  (B C P ) as in d ica to r, b u t since 

th e  w in e  strain s grew  b ette r  in  m ed ia  a d ju sted  to  a  m o re  a cid  p H  v a lu e  th e y  w ere  

ex a m in ed  in  a  d ifferen t m ed iu m  ad ju sted  to  p H  5-2 a n d  w ith  b ro m creso l gree n  as 

in d ica to r. H o w e v e r, 12 strain s (tw o  o f  ea ch  species) p re v io u s ly  ex a m in ed  in  B C P  

m ed iu m  w ere  tested  in  th e  lo w  p H  m ed iu m ; th e  ferm en ta tio n  p a ttern  w as fo u n d  to  b e
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u n affected  b y  the ch an ge o f  m ed iu m . T h e  su b stan ces ferm en ted  are sh o w n  in  T a b le  3. 

A lth o u g h  th ere w a s n o  to m a to  ju ic e  in  th e  m ed iu m  results w ere o b ta in ed  w ith  a ll 

strain s o f  L eu con ostoc oenos  b y  u sin g  the tech n iqu es d escrib ed . O n  a few  o ccasio n s  a 

sm aller in o cu lu m  o r  w ash ed  o rga n ism s w ere  tried  b u t a cid  w as n o t fo rm e d  from  
a n y  substrate.

T a b le  3. T he characters o f  the species o f  the genus L eu con ostoc

F ig u re s in  p aren th ese s  a re  th e  n u m b ers  o f  s tra in s  exam in ed  in  th a t  p a r tic u la r  test. W h ere  n o  figures 
in  p aren th ese s a re  g iven all s tra in s  w ere exam ined . O th e r  figures give th e  n u m b e r  o f  s tra in s  giving a  positive  
reaction .

L. para-

Leoconostoc oenos (sp. nov.)

L.
cremoris 
Group I

L. lactis 
Group II

mesen- L. dextranicum
L. oenos teroides ,---------*-------- ,

Group VII Group III Group IV Group V

L. mesen- 
teroides 

Group VI

No. of strains examined . .. 10 9 19 17 5 l 6 31
Growth in YGCB* + (6) + (3) 14 + (6) + (3) + (4) + (10)
Growth in ATB* better than -  (6) -  (3) + -  (6) -  (3) -  (4) - d o )

YGCB
Growth in 10 % (v/v) -  (2) -  (2) + -  (2) -  (2) -  (2) -  (2)

ethanol in CMB*
Growth at pH 4 8 in CMB -  (6) -  (3) 4- 2(6) -  (2) -  (4) Slight (10)
Growth at pH 3 7 in CMB -  (2) -  (2) + -  (2) t -  (2) -  (2) -  (2)
Growth at 37-5° — + 15 14 4 + 28
YGLM * reaction acid + + 10 17 + + +

clot 4 2 - 10 + 15 27
reduction I 2 (slight) 2 2 + 12 26
gas I — — 2 I 7 14

Dextran synthesis — — — — + + +
Dissimilation of citrate + (6) 1 (5) 18 i (8) 1 (13) 2 ( n )
Acid from arabinose — I 9 l 6 - — +

xylose - -  * 3 5 - + 24
fructose — 7 + l6 + 14 30
glucose + + + + + + +
galactose + + 4 + 3 13 29
mannose — 8 I I + + 15 30
cellobiose — — 13 7 - 3 19
lactose + + — 5 2 10 l 6
maltose - + - l 6 3 + 29
sucrose — 8 — 15 4 + +
trehalose — I + + + + +
melibiose — 8 14 + - 15 25
rafnnose — 3 — 7 — 9 l 6
dextrin — — 6 — — —
aesculin — - + 7 — 8 29

salicin — — 14 — — 3 24
mannitol - - — 7 - 3 I I

t  T h e  tw o  s tra in s  w h ich  g ro w  a t  p H  4  8.
* Y G C B  =  yeast g lucose c itra te  b ro th  ; A T B  =  ac id ic  to m a to  b ro th ;  C M B  =  c itric -m alic  ac id  b ro th ;  Y G L M  =  

yeast g lucose litm u s m ilk .

DISCUSSION

It  is su ggested  th a t the w in e leu co n o sto cs  sh o u ld  b e  sep arated  fro m  o th er species o f  

the sam e gen u s b ecau se  th e  w in e strain s g r o w  in  m ed ia  w ith  a  lo w  in itia l p H  va lu e  

(i.e. 3 7 )  a n d  g ro w  w e ll a t  p H  4-2, w h ile  o th er le u co n o sto cs  w ill n o t g ro w  in  m ed ia  

w ith  an  in itia l p H  v a lu e  o f  4-2 o r  less. A c id  to le ra n ce  is n o t the o n ly  p ro p e rty  w h ich
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sep arates the w in e strain s fro m  a ll th e  o th er species. F a ilu re  to  ferm en t su cro se and 

m a lto se  exclu des th em  fro m  a ll species ex cep t Leuconostoc cremoris w h ile  fa ilu re  to  

ferm en t la c to se  an d  (u su ally) g a la cto se  to g eth er w ith  the a b ility  to  fo rm  a cid  fro m  

fru cto se , a escu lin  and  (u su ally) sa licin  an d  m elib io se  exclu des them  fro m  L. cremoris. 
F o r  reason s g iven  elsew here (G a rv ie , 1967 c) L. dextranicum an d  L. mesenteroides are 

co n sid ered  to  in c lu d e o n ly  strain s w h ich  fo rm  d extran  fro m  sucrose. T h e  n o n -slim e 

fo rm in g  strains p re v io u sly  in c lu d ed  in  L. mesenteroides are p la ce d  in a  n ew  species L. 
paramesentercides. T h e  w in e cu ltu res d o  n o t fo rm  slim e, a n d  are th e re fo re  exclu ded  

fro m  L. dextranicum an d  L. mesenteroides. L. paramesenteroides is m o st lik e ly  to  be 

co n fu sed  w ith  th e  w in e strain s b u t acid  p ro d u ctio n  fro m  m a lto se, sucro se, sa licin  and  

aescu lin  sh o u ld  p u t the m a jo rity  o f  strain s in the co rrect species.

T a b le  4. The separation o f six proposed species o f Leuconostoc

L. mesen
teroides

L. dextra
nicum

L. para
mesen
teroides L. lad is

L.
cremoris L. oenos

Production of slime from sucrose + + - - - -
Acid formed from arabinose + — u + u — — +

lactose ± (slow) ± (slow) ± (slow) + + -
maltose u+ u + u + + — —
sucrose + u + u + u + — —
trehalose + + + u — - +

Hydrolysis of aesculin u + u — ± — — +
salicin u + u — - - - 11 +

Growth at pH 4-8 — or slight — or slight ± - - _1_

4-2 — — - — — +
3.7 - - - - - +

u + = most strains + , occasional strains only found to be — ; 
u — = most strains —, occasional strains only found to be + . 

± = some strains + , some strains negative

W h en  strains o f  Leuconostocs oenos w ere first cu ltu red  in this la b o ra to ry  g ro w th  w as 

p o o r. W h en  s:rain s o f  o th er L e u c o n o sto c  species h a d  been d ifficu lt to  g ro w  the a d d i

tio n  o f  cystein e h y d ro ch lo rid e  to  the m ed iu m  grea tly  im p ro ve d  g ro w th . T h is  w as 

th erefo re  tried  w ith  L. oenos an d  w a s successfu l. T h e  L e u c o n o s to c  strain s en co u ra ged  

b y  cystein e h a d  a lso  been  fo u n d  to  g ro w  w ell on  a g a r  m ed ia  w h en  in cu b a ted  in 

a n a e ro b ic  ja r s  ev acu a ted  an d  filled  w ith  a  m ix tu re  o f  h y d ro g en  a n d  c a rb o n  d io x id e , 

w h ile  g ro w th  o f  these strain s on  n u trien t a g a r  w h en  in cu b ated  a e ro b ica lly  is u n 

reliab le. S im ila rly , L. oenos does n o t g ro w  a e ro b ica lly  on  a g a r  m ed ia. T h e  a d d itio n  o f  

cystein e to  b ro th  m ed ia  an d  in cu b a tio n  o f  p la tes in an  atm o sp h ere o f  h y d r o g e n +  

ca rb o n  d io x id e  h as n o t been fo u n d  to  in h ib it th e  g ro w th  o f  a n y  leu co n o sto cs  a n d  is 

u sefu l fo r  g ro w in g  all strains o f  L. cremoris, strain s received  fro m  D r  W h itte n b u ry  as 

rep resen tative o f  his g ro u p  1 (W h itten b u ry , 1966) an d  a lso  fo r  a  few  o th er strain s o f  

L. paramesenteroides an d  a  few  o f  L. dextranicum.
F o rn a ch o n  (1964) an d  M a la n , O z in o  &  G a n d in i (1965) rep o rted  su cro se ferm en ta 

tio n  b y  strains o f  leu co n o sto cs  th e y  iso la ted  fro m  w in e. A lth o u g h  in  b o th  th ese p ap ers 

the cu ltu res w ere  rega rd ed  as b e lo n g in g  eith er to  Leuconostoc mesenteroides o r  L. 
dextranicum the p H  va lu e  o f  th e  m ed ia  used  m akes this classificatio n  a p p e a r u n lik e ly  

an d  the cu ltu res d escrib ed  a p p e a r  to  b e  L. oenos. It  is p o ssib le  th a t so m e strain s o r  

u n d er som e co n d itio n s  a c id o p h ilic  leu co n o sto cs  ferm en t su cro se (see b elo w ). A s
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m igh t b e  ex p ected  w in e le u co n o sto cs  a re  m o re  to le ra n t to  eth a n o l th a n  are o th e r  

leu co n o sto cs . I t  is p ro p o se d  to  ca ll th e  w in e  strain s L. oenos. A  su ggested  d ifferen tia l 

k e y  is g iv en  in  T a b le  4 : o th er d ifferen ces b etw een  the species are  sh o w n  in  T a b le  3.

D ifficu ltie s  in  n am in g  leu co n o sto cs  fo u n d  in  w in e h a v e  been  rep o rte d  p rev io u sly . 

B id a n  (1956) w a s  u n a b le  to  g iv e  a  species n am e to  o n e o f  his strain s, th e  o th er he 

ca lled  Leuconostoc gracile. T h is  n am e w as ch o sen  b ecau se  P ed ersen  (Bergey's Manual, 
1948) h a d  fo u n d  th a t on e strain  o f  ‘'Bacterium gracile’ (M u lle r-T h u rg a u  &  O ster- 

w a ld e r, 19 13 , 1918 ) w h ich  he received  fr o m  D r  A .  O ste rw a ld er w a s p ro b a b ly  a  le u c o 

n o sto c. N e ith e r  th is strain  n o r  a n y  o f  th e  o rig in als  a re  n o w  a v a ila b le  a n d  it  is n o t 

p o ssib le  to  b e  su re th a t th e  o rig in a l d escrip tio n  o f  ‘ B. gracile’ referred  to  a  le u co n o s

to c. S in ce B id a n ’ s cu ltu re  ferm en ted  la c to se  a n d  raffin o se it  is d o u b tfu l w h eth er it  w as 

the sam e as th e  p resen t w in e strain s. R a d ie r  (1958) co n c lu d ed  h is cu ltu res w ere  lik e , 

b u t n o t id en tica l w ith , L. citrovorum, a n d  P ilo n e  &  K u n k e e  (196 5) use th e  n am e 

L. citrovorum fo r  m l  34 (n c d o  1823). R a d le r ’ s strain s a n d  stra in  m l  34 a re  in c lu d ed  

in  th e  p resen t w o r k  a n d  a re  ty p ic a l o f  L. oenos. F o rn a c h o n  (1964) d escrib ed  a c id o 

p h ilic  co c c i fo u n d  in  A u s tra lia n  w in e an d  co n clu d ed  th a t th e y  w ere  n o n -d ex tra n  

fo rm in g  varieties o f  L. mesenteroides. T w o  strain s received  fro m  D r  J. C . M . F o rn a ch o n  

w h ile  th is p a p e r  w a s in  p re p a ra tio n  w ere  fo u n d  to  be L. oenos. S im ila rly , o f  six  strain s 

received  fr o m  P ro fe sso r  C . E . M a la n  as L. mesenteroides, L. dextranicum a n d  L. citro
vorum, five  are  L. oenos an d  o n e h as n o t been  sa tis fa cto rily  id en tified . U s in g  the 

m eth o d s g iven  n o n e o f  these e ig h t strain s fo rm e d  a cid  fro m  sucrose.

T h e  ga s-fo rm in g  c o c c i iso la ted  fro m  w in e  a n d  g a s-fo rm in g  co cc i iso la ted  fro m  o th er 

sou rces h a v e  n o t a lw a y s  b een  seen to  be d ifferen t, p a rtly  p erh a p s b ecau se leu co n o sto cs  

h a ve  b een  co n fu sed  a m o n g st th em selves a n d  a lso  w ith  o rga n ism s o f  o th er gen era. 

Leuconostoc cremoris seem s to  b e  fo u n d  o n ly  in  the fie ld  o f  d a iry  b a c te r io lo g y , b u t 

o th er species a re  m o re  w id e ly  d istribu ted . A t  th is tim e th e  tru e ta x o n o m ic  sign ifican ce 

o f  th e  a b ility  to  to le ra te  a n d  g ro w  a t a cid  pFI va lu es ca n n o t b e  assessed, b u t  sin ce th is 

p ro p e rty  is fin k ed  w ith  d ifferen ces w h ich  h a ve  c la ssica lly  been  u sed  as a  m ean s o f  

sep a ra tio n  a m o n g  th e  la ctic-a c id  b a cte r ia , a cid  to le ra n ce  is an  a d d itio n a l a rg u m en t 

fo r  d efin in g  a  n ew  species.

Leuconostoc oenos is n o t a  h o m o g en o u s g ro u p  an d  so m e strain s a re  co n s id e ra b ly  

easier to  g ro w  th a n  oth ers. It  is d ifficu lt to  select a  ty p e  strain , h o w e ver, n c d o  1674 is 

p ro p o sed .
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SUMMARY

T h e  vitam in  requ irem en ts o f  63 strain s a n d  th e  a m in o  a c id  requ irem en ts 
o f  40 strain s b e lo n g in g  to  th e  gen u s Leuconostoc h a v e  b een  d eterm in ed. T h e  
a m in o a c id  requ irem en ts sep arate  th e  gen us in to  d ex tran  a n d  n o n -d ex tra n  fo r 
m ers a n d  in  p a rticu la r  in d ica te d  th a t n o n -d ex tra n  fo rm ers sh o u ld  b e  ex
clu d e d  fro m  Leuconostoc mesenteroides. T h e  g ro w th  fa c to r  requ irem en ts 
su p p o rt th e  d iv is io n  o f  th e  leu co n o sto cs  b y  o th er m eth o d s in to  six  sp e c ie s: 
Leuconostoc mesenteroides, L. dextranicum, L. paramesenteroides, L. lactis,
L. cremoris a n d  L. oenos.

IN T ROD UC TIO N

N o  p re v io u s  studies o f  th e  v itam in  a n d  a m in o  a cid  requirem en ts o f  le u c o n o sto c  

strain s h a s in c lu d ed  rep resen tatives fr o m  a ll th e  species o f  th e  genus, b u t rep o rts  h a v e  

b een  co n fin ed  to  strain s selected  eith er b y  h a b ita t o r  species. D u n n , S h a n k m a n , 

C a m ie n  &  B lo c k  (19 4 7) a n d  S h a n k m a n  et al. (194 7) ex a m in ed  a  v a r ie ty  o f  la c tic  a cid  

b a cte r ia  w h ic h  in c lu d ed  e ig h t leu co n o sto cs , a ll d ex tran  fo rm ers (a lth o u g h  som e w ere  

d esig n a ted  Leuconostoc citrovorum), a n d  W h ite s id e -C a rls o n  &  C a r ls o n  (1949) a n d  

W h ite s id e -C a rls o n  &  R o s a n o  (19 5 1) w o rk e d  o n ly  w ith  strain s w h ich  m a d e  d ex tran . In  

th e  d a iry  fie ld , P ro u ty  (19 6 1) ex a m in ed  cu ltu res o f  L. dextranicum a n d  L. citrovorum 
iso la ted  fr o m  starters. R a d le r  (1958) stu d ied  th ree strain s iso la ted  fr o m  w in e a n d  

P e y n a u d , L a fo n -L a fo u r c a d e  &  D o m e rc q  (1965) in c lu d ed  37 h etero ferm en tative  co c c i 

in  th e ir  s tu d y  o f  th e  n u tritio n  o f  la c tic  a cid  b a cte r ia  fro m  w in e . T h e  m ed ia  a n d  

m eth o d s u sed  in  a ll these exp erim en ts d iffered  co n s id e ra b ly  an d  it  is n o t ea sy  th e re fo re  

to  co m p a re  th e  requ irem en ts o f  th e  d ifferen t species.

In  th e  p resen t w o r k  strain s o f  a ll th e  k n o w n  species o f  le u c o n o sto c  h a v e  b een  u sed , 

i.e. rep resen tatives fr o m  the six g ro u p s rep o rte d  b y  G a rv ie  (i96 0 ) an d  a lso  fro m  th e  

a c id o p h ilic  strain s fo u n d  in  w in e (G a rv ie , 1967).

METHODS

Strains. T h e  strain s w ere  a ll fr o m  th e  N a tio n a l C o lle c tio n  o f  D a ir y  O rga n ism s 

( N C D O ) , Sh in fie ld , a n d  th e  N C D O  accessio n  n u m bers o f  th o se  used  a re  g iv en  in  

T a b le  1. M a n y  o f  th e  strain s w ere  in c lu d ed  in  earlier w o r k  (G a rv ie , i960) b u t o th ers 

h a v e  b een  d ep o sited  in  th e  N C D O  sin ce th e  co m p letio n  o f  th a t w o r k , n am ely  strain s 

n c d o  15 8 3 -15 9 8  b y  th e  N a tio n a l C o lle c tio n  o f  In d u stria l B a cte r ia  ( N C I B ;  T o r r y
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R e sea rch  S ta tio n , A b e rd e e n ); n c d o  1563, 1568 a n d  1659 b y  D r  R . W h itte n b u ry  (E ast 

o f  S co tla n d  A g ric u ltu ra l C o lle g e , E d in b u r g h ); n c d o  1656 b y  D r  C . J. A .  v a n  d en  H a m er 

(U tre ch t, H o lla n d ); n c d o  16 6 8 -16 7 5  b y  D r  E . P e y n a u d  (S ta tio n  A g ro n o m iq u e  et 

O e n o lo g iq u e  de B o rd e a u x ); n c d o  16 9 4 -16 9 6  b y  D r  F . R a d le r  (M e rb ein , V ic to r ia , 

A u s tra lia ); an d  n c d o  1389 b y  D r  P . R . E llik e r  (O rego n , U .S .A .) .

T a b le  1. L eu con ostoc strains exam in ed  f o r  growth fa c to r  and  

am ino acid  requirem ent

N C D O  n u m b ers o f  th e  s tra in s 
exam in ed  fo r
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G ro u p Species
G ro w th  fa c to r  an d  

am in o  ac id  req u irem en t
G ro w th  fac to r  re 

q u irem en t only
S tra in s exam in ed  by 

o th e r  w o rkers

I L. cremoris 543, 705, 1033, 
1071, 1389

828

II L. lactis 532, 533, 546 549, 956, 959
III L. paramesenteroides 803, 871, 1563, 

1568, 1569, 1590
870, 883, 955, 957, 

958, 1589, 1656

IV L. dextranicum 517, 824, 1591 529, 531, 862 824

V L. dextranicum 183, 516, 550, 
1582

537, 812, 861,
880, 1592, 1598

516

VI L. mesenteroides 518, 519, 522, 523, 
551, 768, 1583, 
1584, 1585, 1587

527, 538, 5 4 i,
797, 807, 876, 
1588, 1593, 1594

518, 519, 522, 
5 5 i ,  523

V II L. oenos 1668, 1669, 1671, 
1672, 1673, 1674, 
1675, 1694, 1695

1696 1694, 1695, 1696

N C D O  =  N a tio n a l C o llec tio n  o f  D a iry  O rgan ism s, N IR D , Shinfield , B erkshire.

M ed ia  fo r  m aintaining cultures. T h e  cu ltu res w ere g ro w n  in  the m ed ia  used  b y  

G a r v ie  (196 7), y ea st g lu co se  c itra te  b ro th  ( Y G C B )  fo r  g ro u p s I - V I  a n d  a cid ic  to m a to  

b ro th  ( A T B )  fo r  g ro u p  V II . A  1 %  (w /v) so lu tio n  o f  cyste in e  h y d ro ch lo rid e  w a s 

sterilized  b y  S eitz  filtra tio n  an d  0-5 m l. added/10  m l. m ed ia  fo r  strain s o f  g ro u p  I 

{Leucon ostoc crem oris; B etaco ccu s crem oris K n u d se n  &  Soren sen  (1929)) a n d  g ro u p  

V I I  (L . oenos). T h ese  species w ere in cu b ated  a t 220, m o st stra in s o f  o th er species w ere  

in cu b ated  a t 30°, b u t a  fe w  strains o f  g ro u p s II I  an d  I V  grew  b ette r  a t 22° a n d  th e  

g ro w th  o f  these w a s  h elp ed  b y  the a d d itio n  o f  cyste in e  h y d ro ch lo rid e . In cu b a tio n  w a s 

ge n e ra lly  fo r  24 h r  b u t som e cu ltu res, p a rticu la rly  th o se a t 220, requ ired  48 h r o r  
lo n ger.

M ed ia  fo r  determ ining requirem ent f o r  amino acids and vitamins. T h e  a m in o  a c id  

requirem en ts w ere  estim ated  in  m ed iu m  A  (T a b le  2) fro m  w h ich  ea ch  a m in o  a c id  w a s 

o m itted  in  tu rn . T h is  m ed iu m  w a s  sim ilar  to  th a t used b y  R e iter  &  O ra m  (1962) a n d  is 

b ased  o n  the a m in o  a cid  an a lysis  o f  m ilk . I t  w a s used, b ecau se  b efo re  d ev isin g  Y G C B  

i t  h a d  b een  ob served  th a t som e strain s o f  L eu con ostoc crem oris g rew  m o re  rea d ily  in 

m ilk  su p p lem en ted  w ith  Y e a s tre l a n d  g lu co se  th a n  in  the b ro th  m ed iu m  u sed  a t th a t 
tim e.

T h e  v ita m in  requ irem en ts w ere assessed in  m ed iu m  B (T a b le  2) fro m  w h ich  ea ch  

g ro w th  fa c to r  w a s o m itted  in  tu rn  a n d  in  w h ich  v itam in -free  a cid -h y d ro ly sed  case in  

a n d  vitam in -free e n zy m ic  d igest o f  casein  w ere  su b stitu ted  fo r  the a m in o  a cid  m ix  o f
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m ed iu m  A .  T h e  a cid -h y d ro ly sed  casein  w a s p rep ared  b y  th e  m eth o d  o f  F c r d , P e rry  

&  B rig gs (1958) b u t w ith  an  a d d itio n a l 200 m g. cystin e  a d d e d  to  th e  filtra te  fr o m  50 g. 

casein . T h e  e n zy m ic  d ige st o f  case in  w a s p rep ared  a cc o rd in g  to  R o b e rts  &  Sn ell 

(1946). M e d ia  A  a n d  B  w ere  d isp en sed  in  5 m l. q u an tities  in  6 in . x  §  in . test tu b es, 

c lo sed  w ith  m eta l cap s a n d  sterilized  b y  a u to c la v in g  a t  1 1 5 0 fo r  10 m in . a n d  c o o le d  

im m ed iate ly  in  c o ld  w ater.

T a b le  2. Composition o f media for examining amino acid and growth 
factor requirements o f strains o f leuconostocs

A ll m ed ia  w ere p re p a re d  a t  p H  5-0 fo r  Leuconostoc oenos a n d  p H  6-7 fo r  o th e r  species.

In  m ed ia  A , B  a n d  C  (basa l co m p o n en ts) M e d iu m  A  (am ino  acids)

G lu co se 10 g. L -A lanine 300 m g.
S o d iu m  ace ta te  0 H 2O) 2 g - L -A rginine 400 m g.
T riam m o n iu m  c itra te 2 g . L -A spartic  ac id 750 m g.

K 2H P 0 4 2 g . L -C ystine 200 m g.
k h 2p o 4 2 g* L -G lu tam ic  ac id 750 m g.
M g S 0 4. 7H 20 0-2 g. G lycine 200 m g.
M n S 0 4. 4 H 20 0-05 g. L -H istid ine 500 m g.
F e S 0 4.7 H 20 0 0 5  g. D L-Isoleucine 200 m g.

T w een  80 x ml. L -Leucine 200 m g.
L-Lysine 800 m g.
D L -M ethionine 150 m g.

G u a n in e 5 m g. D L -Phenylalanine 200 m g.
A den ine 5 m g. D Pro line 500 m g.
U racil 5 m g. DL-Serine 400 m g.
X an th in e 5 m g. D L -T hreonine 200 m g.
P yrid o x a l 2 m g. L -T ry p to p h an 200 m g.
N ico tin ic  ac id I m g. L -Tyrosine 100 m g.
C a lc iu m -D -p an to th en a te I m g. L-Valine 300 m g.

R iboflav in I m g. o r  m ed iu m  B , am ino-acid
T h ia m in e I m g. so u rces , case in  hy d ro ly sa te
V itam in  B 12 (cobalam ln ) I /»g. 100 m l.+ enzym ic  d igest o f
B io tin 10 pg. casein, 100 m l.

p -A m in o  b enzo ic  ac id 5 i“ g- o r  m ed iu m  C , am in o -ac id
F o lic  ac id 1 0 /ig. sou rce , try p to n e , 4  g-
T o ta l vo lum e 1000 m l.

Determination o f amino acid requirements. C u ltu re s  w ere  tran sferred  fr o m  Y G C B  o r 

A T B  to  a  try p to n e  b ro th  (m ed iu m  C , T a b le  2), o f  th e  a p p ro p ria te  in itia l p H  v a lu e  a n d  

w ith  th e  a d d itio n  o f  cyste in e  h y d ro ch lo rid e  fo r  strain s o f  g ro u p s I a n d  V I I . C u ltu re s  

o f  stra in s fro m  g ro u p s I  a n d  V I I  req u ired  several tran sfers th ro u g h  m ed iu m  C  b e fo re  

ra p id  g ro w th  w a s o b ta in ed . S train s o f  o th er g ro u p s w ere  tran sferred  tw ice . O n e  d ro p  

o f  a  cu ltu re  in  m ed iu m  C  w a s  in o cu la te d  in to  ea ch  o f  th e  a m in o  a cid  test m e d ia  

(m ed ia  A )  a n d  the tu b es in cu b a te d  a t th e  a p p ro p ria te  tem p eratu re. I t  w a s n ecessa ry  

to  a d d  cyste in e  to  m ed iu m  A  w h en  te stin g  g ro u p s I a n d  V I I  strain s b u t n o t fo r  strain s 

o f  o th e r  g ro u p s. C yste in e  w a s o m itted  w h e n  a req u irem en t fo r  cystin e  w a s b e in g  

exam in ed .
T h e  tim e o f  in cu b a tio n  c o u ld  n o t b e  sta n d a rd ized  b ecau se  th e  d ifferen ces in  g ro w th  

rate  b etw een  th e  cu ltu res w a s even  grea te r  th a n  in  th e  gen era l m ed ia . In c u b a tio n  w a s  

co n tin u ed  u n til th e  co m p lete  m ed iu m  sh o w e d  g o o d  gro w th . W ith  m a n y  strain s 24 h r 

w as ad equ ate , b u t  w ith  o th ers in cu b a tio n  w a s  p ro lo n g e d  to  7 - 1 0  d a y s. G r o w th  w a s
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estim ated  p h o to m e tr ic a lly  as th e  ex tin ctio n  a t 580 m ¡1 w ith  a  H ilg er  B io ch em  ab- 

so rp tio m eter.

Determination o f growth factor requirements. O n e d ro p  o f  a  cu ltu re  :n  Y G C B  or 

A T B  w a s in o cu la ted  in to  a  series o f  tu bes o f  m ed iu m  B , ea ch  deficien t in  o n e g ro w th  

fa c to r  a n d  in to  th e  co m p lete  m ed iu m . T h e  in o cu la te d  tu b es w ere  in cu b a te d  a t th e  

a p p ro p ria te  tem p eratu re  u n til g o o d  g ro w th  in  th e  co m p lete  m ed iu m  w a s  o b served . 

T h e  cu ltu res w ere  tran sferred  tw ice  m o re  th ro u g h  m ed iu m  B  o f  th e  sam e c o m p o sitio n  

a n d  the req u irem en t fo r  a  p a rticu la r  g ro w th  fa c to r  assessed b y  th e  p resen ce  o r  absen ce 

o f  g ro w th  in  th e  th ird  su b cu ltu re. A s  b efo re , cystein e w as ad d e d  to  cu ltu res o f  g ro u p s I 

a n d  V II .

Determination o f a biotin requirement. A  req u irem en t fo r  b io tin  w a s estim ated  in  the 

sam e w a y  as fo r  th e  o th er v itam in s b u t u sin g m ed iu m  to  w h ich  0-002 m l. eg g  w hite/m l. 

h a d  been  ad d e d  to  b in d  a n y  traces o f  b io tin  in  the m ed iu m  (B ro q u ist &  S n ell, 1948). 

B ro q u ist &  Sn ell (19 5 1) rep o rte d  a  re latio n sh ip  b etw een  a req u irem en t fo r  o leate  a n d  

b io tin  in  som e la c tic  a cid  b acteria . In  the p resen t exp erim en ts a  req u irem en t fo r  on e 

o f  th ese su b stan ces w a s d eterm in ed  in  th e  presen ce o f  th e  oth er.
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RESULTS

P attern s o f  v ita m in  requ irem en ts o f  species h a v e  p ro v e d  u sefu l in  su p p o rtin g  th e  

c la ssificatio n  o f  th e  la c to b a c illi b y  o th er criteria  (R o g o s a  &  S h arp e , 1959), a n d  th is 

s tu d y  o f  th e  v ita m in  an d  a m in o  a cid  requ irem en ts o f  th e  leu co n o sto cs  w a s m a d e  to  see 

w h eth er in  th is gen u s a lso  th e  results w o u ld  assist in  th e  defin ition  o f  species.

Amino acid requirements
T h e  a m in o  a cid  requ irem en ts o b served  are su m m a rized  in  T a b le  3. A s  w ith  m a n y  

o th er p ro p erties  o f  th e  leu c o n o sto c s  th e  am in o  a c id  requ irem en ts w ere  fo u n d  to  b e  

v a r ia b le  b etw een  d ifferen t strain s o f  a n y  species. O n ly  va lin e  a n d  g lu ta m ic  a c id  w ere  

req u ired  b y  a ll strain s, a n d  m eth io n in e  w a s m a rk e d ly  stim u la to ry  fo r  m ost. N o  re

q u irem en t fo r  a lan in e  w a s o b served  fo r  a n y  strain . E a c h  o f  the o th er 14  a m in o  acid s 

w ere in d iv id u a lly  req u ired  b y , o r  stim u la to ry  to , som e strains.

T a b le  4  gives th e  n u m bers o f  a m in o  a cid s req u ired  b y  strains. It  sh ew s th a t the 

gen us ca n  be d iv id ed  in to  tw o  g ro u p s: (1) th e  d ex tran -fo rm in g  strains o f  g ro u p s I V , 

V  a n d  V I , w h ere  ea ch  strain  requ ires a  fe w  (u p  to  8) a m in o  a cid s; (2) strain s n o t 

fo rm in g  d extran  w h ere  ea ch  strain  requ ires a  la rg e r  n u m b er ( >  8) o f  a m in o  a cid s. O n  

th e  b asis o f  the n u m bers o f  a m in o  a cid s n eed ed  b y  ea ch  strain , g ro u p s V I  a n d  III  are 

d ifferen t. P re v io u s ly  th e y  h a v e  b een  p u t  to g e th e r  in  on e species b u t th e y  ca n  b e  

sep a ra ted  on  th e  b asis o f  th e ir  am in o  a cid  requirem en ts.

C u ltu re s  o f  g ro u p s I a n d  V I I  w ere  slo w  to  g ro w  in  th e  m ed iu m  u sed  a n d  th e  fin al 

tu rb id ity  w a s  lo w  in  som e in stan ces, even  a fter  p ro lo n g e d  in cu b a tio n  (7 -1 0  days).

Growth factor requirements
T h e  g ro w th  fa c to r  requ irem en ts a re  sh o w n  in  T a b le  5. O n ly  five  g ro u p  V I I  strain s 

a re  in c lu d ed  b ecau se  th e  o th er 11 strains ex a m in ed  d id  n o t g ro w . T h e  g ro u p  V I I  

stra in s fo r  w h ich  resu lts are  g iv en  w ere s lo w  to  g ro w  in  th e  m ed iu m  B ; w h y  m o re  

strain s grew  in  m ed iu m  A  th a n  in  m ed iu m  B  is  n o t c le ar, sin ce m ed iu m  A  c o n ta in e d  

a m in o  a cid s w h ereas m ed iu m  B  co n ta in ed  en zy m ic  d igest a n d  a cid -h y d ro ly sed  casein



as n itro g en  so u rce  a n d  cu ltu res w o u ld  b e  exp ected  to  g ro w  b etter in  th e  la tter  m ed iu m . 

M e d ia  A  a n d  B  w ere n o t sa tis fa cto ry  fo r  th is g ro u p  o f  le u c o n o sto c s ; fu rth er w o rk  

o n  the n u tritio n  o f  species is rep o rted  elsew h ere (G a r v ie  &  M a b b itt , 1967).

T a b le  3. A m ino a cid  requirem ents o f  strains o f  Leuconostocs.

M edium  A  was used and amino acids om itted  singly.

L. para-
L. L. mesen- L. dextranicum L. mesen-

cremoris lactis teroides ,------------ ----------, teroides L. oenos
G ro u p  I  G ro u p  I I  G ro u p  I I I  G ro u p  IV  G ro u p  V  G ro u p  V I G ro u p  V II

A m in o  ac id  N o . o f  s tra in s show ing  a  req u irem en t
o m itted  ,------------------------------------------------------ *------------------------------------------------------ ,
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Alanine — — — — — _ —
Arginine 3 (2) + 3 (3) (1) — — +
Aspartic acid I - 1 (3) - — (3)
Cystine 2 (I) + 4 (i) 1 — 5 d) +
Glutamic acid + + + + + + +
Glycine - — (4) - (1) — 2 to
Histidine — 1(2) 3 (2) 1 (1) 1 a ) 2 to 6(3)
Isoleucine + + + 1 (2) 2 (1) 5 (2) +
Leucine 1 (1) (3) (1) in (2) 1 (3)
Lysine 3 (1) — — (1) 1 — —
Methionine 3 (2) 1 (2) (6) (3) 1 (3) (9) 4 (5)
Phenylalanine (2) 1 (2) 2 (2) — a ) — 7 (2)
Proline — (2) (1) (I) — - —
Serine — — 2 (3) I - — 2 (5)
Threonine (2) - 4 ( 0 — — — 1 a )
Tryptophan 2 (1) (3) 3 (3) - 2 (1) (7) 7 (2)
Tyrosone (2) — (3) (I) (2) — +
Valine + + + + + + +
No. of strains 

examined
5 3 6 3 4 10 9

—, n o  stra in s  re q u ire  c o m p o u n d ; + ,  a ll s tra in s  re q u ire  co m p o u n d .
* F ig u res in  p aren th ese s a re  th e  n u m b e r  o f  s tra in s  to  w h ich  th e  c o m p o u n d  w as s tim u la to ry ; 

figures n o t  in  p aren th ese s th e  n u m b e r  w hich  re q u ire d  th e  co m p o u n d .

T a b le  4. N um bers o f  am ino acids essentia l or m arkedly stim ulatory  

to culture (basal m edium  A )

N o . o f  N o . o f  am in o  ac id s re q u ire d  by  s tra in s
s tra in s  ,----------------------------------------A----------------------------------------- >

Species exam ined  1 2 3 4 5 6 7 8  9 10 11 12 13 14 16-18

L. mesenteroides, Group VI 10  . 3 1 1 2 1 2 ..............................
L. dextranicum, Group V 4  . . . i l l . .  1

Group IV 3 . . . .  1 . 1 . 1 ............................

L. paramesenteroides 6 ....................................1 . . . 1 1 2
Group III

L. lactis, Group II 3 ..................................................1 1 1 .
L. cremoris, Group I 5 ........................1 1 . 1 1 1
L. oenos, Group VII 9 ................................................. 1 3 2 3 .

T h e  g ro w th  fa c to r  requ irem en ts d o  n o t g iv e  a  c le ar-cu t d iv is io n  in to  g ro u p s; 

h o w e ver, the results d o  su p p o rt th e  c la ssificatio n  b ased  o n  o th er ch aracteristics. O n ly  a  

few  strain s o f  g ro u p  V I , b u t m o st strain s o f  g ro u p s I V  an d  V , requ ire  r ib o fla v in , w h ic h  

w a s  a lso  req u ired  b y  a ll th e  strain s w h ich  d o  n o t fo r m  d extran . G r o u p s  II  a n d  III  are
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sep arated  b y  their requ irem en t fo r  fo lic  a c id . G r o u p  I requires m o re  v itam in s th an  

a n y  o th er species. In  c o m m o n  w ith  g ro u p  V II , g ro u p  I strains d id  n o t g ro w  w hen  

a d en in e, gu an in e, x an th in e  a n d  u ra c il w ere  o m itted  to g eth er fro m  the m ed iu m .

T a b le  5. The influence o f vitamins, purines, uracil and oleate on 
the growth o f leuconostocs

M ed iu m  B  w as used  a n d  v ario u s co m p o n en ts  o m itted . N o  s tra in s show ed  a  re q u irem en t fo r 
guan ine , ad en in e  o r  x a n th in e  w h en  these  w ere o m itted  separa te ly . N o  stra in s  req u ired  
v itam in  B 12 (cobalam in ) o r  p -am in o b en zo ic  ac id . A ll s tra in s  req u ired  n ico tin ic  ac id  +  
th iam in e  +  p an to th e tn ic  a c id + bio tin .

F igu res in  p aran th ese s  give th e  n u m b ers  o f  s tra in s w hich  show ed  slight g ro w th  only . 
F ig u res n o t  in  paren th eses give th e  n u m b e r  o f  s tra in s w hich  show ed  a  req u irem en t fo r  th e  
given co m p o u n d .

L.
cremoris 
G ro u p  I

L. para
la. mesen-

lactis teroides
G ro u p  I I  G ro u p  I I I

L. dextra- 
nicum

______1_A________ _
G ro u p  IV  G ro u p  V

L. mesen-
teroides L. oenos 

G ro u p  V I G ro u p  V II

S ubstances N o . o f  s tra in s  show ing  g ro w th  req u irem en t

U rac il

r

+ (2) I I
G u an in e  + + 6 (1 ) I I — +

a d e n in e + x an 
th in e  +  u racil

R iboflav in + ~b + 4 8 3 +
P yridoxa l + 4 (U 3 6 (2 ) 4 (3) -
F o lic  acid + + 3 8 9 +
T w een 80 1 (3) 1 4 I 3 2 3
N o . o f  s tra in s

exam ined 6 6 13 5 II 19 5
+  , all s tra in s req u ired  co m p o u n d ; —, n o  s tra in s  req u ired co m p o u n d .

T a b le  6. The growth o f Leuconostoc dextranicum n c d o  5 1 7  in basal medium B  minus 
adenine, guanine, xanthine and uracil and with these bases added in various admixtures

C o n c e n tra tio n  o f  each  base 5 p-g./ml. m edium
S ubstances ad d ed  G ro w th *

M edium  B m in u s 4 bases +  +  +  +
G u a n in e  —
A d en in e  +  +  +
U racil +  +  +  +
X a n th in e  +  +
G u a n in e + uracil +
G u a n in e + ad en in e  +
G u a n in e + x an th in e  ±
A d e n in e + x an th in e  +  +  +
U rac il +  x an th in e  +  +  +  +
A d e n in e + u rac il +  x an th in e  +  +  +  +
G u a n in e  +  u ra c il+ x an th in e  +
G u a n in e + a d e n in e + x a n th in e  +
G u a n in e  +  ad en in e  +  u rac il +  +  +  +
G u a n in e  +  ad en in e  +  u rac il +  x an th  ine +  +  +  +

i.e. com p le te  m ed iu m  B

* G ro w th . -  , n o  g ro w th ; ±  , very s ligh t g ro w th ; +  , +  + , +  +  + , +  +  +  + ,  in creasing  tu rb id ity  
in  th e  cu ltu re .



T he purine and p yrim idine requirem ents o f  L eu con ostoc dextranicum  ncdo  517 
L eu con ostoc dextranicum  n c d o  5 1 7  grew  w h en  ad en in e, gu an in e, xan th in e  a n d  

u racil w ere a ll o m itted  to g eth er fro m  th e  m ed iu m . W h e n  ea ch  su b stan ce w as o m itted  

sin gly  g ro w th  fa ile d  w h en  eith er ad en in e o r  u ra c il w a s absent. M e d ia  w ere p rep ared  

w ith o u t a n y  o f  these bases an d  the effect o f  a d d in g  th e m  sep a ra tely  an d  in  d ifferen t 

m ixtu res is sh o w n  in  T a b le  6. A t  th e  co n cen tratio n s  used, gu an in e, a n d  tc  a  lesser 

ex ten t xan th in e, w ere in h ib ito ry . T h e  in h ib itio n  w a s  o v erco m e b y  th e  a d d itio n  o f  

u r a c i l+ ad en in e. O f  the o th er strain s exam in ed , th o se  w h ich  fa ile d  to  g ro w  w h en  

u racil a lo n e  w as ab sen t fro m  th e  m ed iu m  d id  n o t g ro w  w h en  aden in e, gu an in e a n d  

x an th in e  w ere  a lso  o m itted .
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DISCUSSION

T h e  p resen t results a n d  th o se  p re v io u sly  rep o rte d  in  the literatu re  d o  n o t sh o w  w id e  

differen ces, a n d  th o se  th ere  a re  m a y  w ell b e  d u e to  v a r ia tio n s  in  tech n iqu e. T h e  results 

rep o rte d  b y  P ro u ty  (19 6 1) sh o w  th e  greatest d ifferen ces fro m  th e  p resen t o b serva tio n s. 

H e  stu d ied  strains o f  L eu co n o sto c citrovorum  a n d  L . dextranicum  iso la ted  fro m  d a iry  

starter a n d  cu ltu re d  b u tter-m ilk , a n d  fo u n d  th a t the n u m b er o f  a m in o  acid s req u ired  

fo r  b o th  species v a ried  fro m  7 to  15. L . dextranicum  fo rm s d ex tra n  a n d  P r o u ty ’s 

results, i f  co m p a re d  w ith  T a b le  4, a re  m o re  in  k eep in g  w ith  a  n o n -d ex tra n  fo rm e r  

th a n  w ith  a  d ex tran  fo rm er. P ro u ty  p o in te d  o u t the d iscrep an cy  b etw een  th e  n u m bers 

o f  a m in o  acid s requ ired  and  th e  n u m bers req u ired  b y  strain s stu d ied  earlier b y  D u n n  

et al. (19 4 7). W h ile  D u n n  et al. (194 7) ca lled  th ree o f  their strain s L . citrovorum  i t  is 

d o u b tfu l w h eth er a n y  o f  th e  leu co n o sto cs  used  w ere u n a b le  to  fo rm  d ex tran . O f  th o se 

ca lled  L . citrovorum , stra in  atcc  8081 is a  p e d io co cc u s  a n d  tw o , atcc  79 7 (n c d o  824) 

a n d  atcc  8082 (ncdo  812), b o th  fo r m  d extran . T h e  fo u rth  strain  atcc  70 13  is n o t in  

the N C D O , b u t  C a m ie n  et al. (194 7) p o in te d  o u t  th a t a tcc  70 13 , to g eth er w ith  atcc  
797 a n d  atcc  8358 (L . dextranicum ), h a v e  su g a r ferm en ta tio n  p attern s ch a ra cte ri

stic o f  L . m esenteroides.

G a rv ie  (i9 6 0 ) d iv id ed  the gen u s L eu con ostoc  in to  six  g ro u p s a n d  these d iv isio n s are  

su p p o rted  b y  th e  presen t results o n  th e  a m in o  a cid  a n d  g ro w th  fa c to r  requ irem en ts. 

T h ese  six  g ro u p s w ere  p la ce d  in  fo u r  species d esig n ated  L eu con ostoc crem oris  (g ro u p  I), 

L . lactis  (g ro u p  II), L . dextranicum  (gro u p  IV )  a n d  L . m esenteroides  (gro u p s III, V  a n d  

V I). T h e  a d d itio n a l in fo rm a tio n  n o w  a v a ila b le  in d icates th a t th e  d em a rca tio n  in to  

species can  b e  im p ro ve d , a n d  it  is su ggested  th a t the gen us be d iv id ed  in to  six  sp ecies, 

th e  fo u r  n am ed  a b o v e  a n d  tw o  a d d itio n a l ones fo r  w h ich  the n am es L .param esenteroides  

an d  L . oenos  are  p ro p o sed .

L eu con ostoc crem oris (g ro u p  I) rem ain s u n altered . W h itten b u ry  (1966) fo u n d  th a t 

som e strain s in c lu d ed  in  th is species g a v e  rise to  ‘ su cro se-ferm en tin g  m u ta n ts ’ , b u t 

these m u tan ts w ere  in  o th er resp ects id en tica l w ith  the p a ren t cu ltu re . H e  go es o n  to  

state  th a t ‘ th e  su cro se-ferm en tin g  m u tan ts co u ld  b e  regard ed  as n o n -d ex tra n  fo rm in g  

v a rian ts  o f  L . dextranicum ’ . H o w e v e r, th ere  are  o th er d ifferen ces b etw een  L . crem oris 

an d  L . dextranicum  th a n  th e  a b ility  to  ferm en t su cro se a n d  to  fo rm  d extran . T h e  

‘ su cro se-fo rm in g  m u ta n ts ’ o f  L . crem oris  w o u ld  o n ly  b e  co n fu sed  w ith  L . dextranicum  

i f  the d iv is io n  in to  species w ere b ased  o n  th e  m in im a l tests su ggested  b y  H u ck e r  

&  P ed erso n  (19 3 1), i.e. the ferm en ta tio n  o f  ara b in o se , x y lo se  a n d  sucrose.

L eu con ostoc lactis  (g ro u p  II). T h is  g ro u p , a lso , rem ain s u n altered . W h itte n b u ry

(1966) fo u n d  th is species to  be s lo w  gro w in g . H o w eve r, in  th is la b o ra to ry  L . lactis
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h a s  n o t been  o b served  to  b e  slo w  g ro w in g  an d  is m o re  a ctiv e  th a n  eith er L. cremoris 
o r L. oenos.

Leuconostoc paramesenteroides (gro u p  III). P re v io u s ly  th is g ro u p  w as regard ed  as a 

n o n -d ex tra n  fo rm in g  v a r ia n t o f  L. mesenteroides. T h e  differen ces in  c a rb o h y d ra te  

ferm en ta tio n  w ere n o t co n sid ered  sign ifican t in  v ie w  o f  the cla im s th a t d ex tran  fo r m a 

tio n  w a s a  v a r ia b le  ch ara cte ristic  (P ed erso n  &  A lb u r y , 1955). O th er w o rk e rs  h a v e  been  

u n a b le  to  co n firm  th ese o b serva tio n s (W h itten b u ry , 1966). T h e  d ifferen ces in  the 

n u m bers o f  a m in o  a cid s req u ired  b y  d ex tran  a n d  n o n -d extran  fo rm ers, to g e th e r  w ith  

th e  d ifferen ce in  rib o fla v in  an d  fo lic  acid  d ep en den ce, su ggest th a t g ro u p  III  is n o t a  

v a r ia n t o f  the d ex tra n -fo rm in g  L. mesenteroides. W ith  th is in fo rm a tio n  a v a ila b le , o th er 

d ifferen ces b etw een  g ro u p s II I  a n d  V I  b eco m e m o re  significan t. G e n e r a lly  the d ex tran - 

fo rm in g  strains g iv e  a  g a ssy  acid  c lo t in  y e a st g lu co se  litm u s m ilk  w h ile  the n o n -d ex tra n  

fo rm ers o ften  fa il to  c lo t  th e  m ilk  a n d  i f  th e y  d o  it  is seld o m  gassy, in d ica tin g  less 

v ig o ro u s  gro w th . T h e  n o n -d ex tra n  fo rm ers fa il to  h y d ro ly se  sa lic in  a n d  ge n e ra lly  

fa il to  h y d ro ly se  aesculin , w h ile  the d ex tran  fo rm ers g en era lly  h y d ro ly se  b o th  g lu co - 

sides. A  n ew  species is p ro p o sed  o n  the ev id en ce  n o w  a v a ila b le , w ith  n c d o  803 as 

ty p e  stra in . D e ta ils  o f  p ro p erties  o f  17  strain s o f  th is species (o th er th a n  am in o  a cid  

a n d  g ro w th  fa c to r  requirem en ts) w ere  g iven  ea rlie r  (G a rv ie , i960).

Leuconostoc dextranicum (gro u p s I V  a n d  V ). E arlie r  G a rv ie  (i9 6 0 ) su ggested  th a t 

g ro u p  V  sh o u ld  b e  p la ce d  w ith  L. mesenteroides rath er th a n  L. dextranicum, fo llo w in g  

th e  c la ssificatio n  o f  H u c k e r  &  P ed erso n  th a t o n ly  strains fa ilin g  to  ferm en t a ra b in o se  

a n d  x y lo se  w ere p la ce d  in  L. dextranicum. T h e  species d escrib ed  in  Bergeÿs Manual 
(19 5 7) d o  n o t in c lu d e strain s w h ich  fo rm  d ex tran  a n d  w h ich  ferm en t x y lo se  b u t n o t 

a ra b in o se . 0 rla-Jensen  (1942) in c lu d ed  su ch  strain s in  Betacoccus bovis a n d  ex clu d ed  

th em  fro m  B. arabinosaceus. T h e  vitam in  a n d  am in o  a c id  requ irem en ts o f  the cu ltu res 

su ggest th a t th is is a  m o re  sa tis fa cto ry  d iv isio n , a n d  th e re fo re  th a t the 0 rla-Jensen 

c la ssificatio n  sh o u ld  b e  retain ed.

Leuconostocs mesenteroides (g ro u p  V I) . T h is  species p rev io u sly  in c lu d ed  strain s 

w ith  d iverse p ro p erties a n d  i f  b o th  g ro u p s V  a n d  III  are  p la ce d  elsew h ere a  m o re  

c le a r ly  defin ed  species is left.

Leuconostoc oenos. T h is  species is d escrib ed  b y  G a rv ie  (196 7). I t  is co n sid ered  th a t 

it  resem bles m o st c lo se ly  L. paramesenteroides, b u t the differen ces sep a ra tin g  th e  

species are co n sid ered  sign ifican t an d  b o th  species sh o u ld  b e  reco gn ized .

T h e  a u th o r  w ish es to  th a n k  M r  B . A .  P h illip s fo r  v a lu a b le  tech n ica l assistan ce.
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SUMMARY

C e p h a lo rid in e  h as a  b ro a d  sp ectru m  o f  a n tib a cte ria l a ctiv ity , b u t  certain  
G ra m -n e g a tiv e  o rgan ism s (e.g. Aerobacter aerogenes, Proteus morgani) are  
resistan t b y  reason  o f  th e ir  a b ility  to  d estro y  the a n tib io tic . M e th ic illin  an d  
c lo x a c illin  d o  n o t in h ib it G ra m -n e g a tiv e  o rgan ism s b u t are  resistan t to  the / -  
lacta m ases w h ich  som e strains p ro d u ce  a n d  ca n  p ro te ct cep h alo rid in e  fro m  
d estru ctio n  b y  such en zym es. T h is  p ro te ctio n  effect to w a rd s  cep h alo rid in e  h as 
been  d em o n strated  in vitro a n d  on  ex p erim e n ta lly  in fected  m ice. In vitro, a 
re lativ e ly  sm all p ro p o rtio n  o f  the p e n ic illin  exerted  a  m a xim a l p ro te ctin g  effect 
to w a rd s  cep h a lo sp o rin  an d  e n h a n ced  its b acteric id a l a ctio n  a ga in st th e  G r a m 
n ega tiv e  o rgan ism s w h ich  p ro d u ce  /(-lactam ase. T h e  c lin ica l use o f  a  c o m 
b in a tio n  o f  c lo x a c illin  o r  m eth icillin  w ith  cep h alo rid in e  fo r  the treatm en t o f  
in tra cta b le  system ic in fectio n s w ith  / ’- lacta m ase -p ro d u cin g  G ra m -n eg a tiv e  
o rgan ism s is suggested , even  th o u g h  la b o r a to ry  tests m a y  sh o w  th e  o rg a 
nism s to  b e  resistan t to  b o th  cep h alo rid in e  an d  the p en icillin s w h en  th e y  are 
tested  sep arately .

INTRODUCTION

C e rta in  G ra m -n e g a tiv e  o rgan ism s su ch  as strain s o f  Aerobacter aerogenes an d  

Proteus morgani (M u g g le to n , O ’C a lla g h a n  &  Steven s, 1964) are  n o t su scep tib le  to  th e  

a n tib a cte ria l a c t io n  o f  cep h alo rid in e  (C e p o rin ; G la x o  L a b o ra to rie s , L td .). F u rth e r  

in v estig a tio n  h as sh o w n  th a t m a n y  o f  these o rga n ism s are ab le  to  d eco m p o se  c e p h a lo 

rid in e  to  a  su b stan ce  w h ich  h a s n o  a n tib a cte ria l a ctiv ity , d u e to  d estru ctio n  o f  the 

/9-lacta m  rin g . F lem in g , G o ld n e r  &  G la s s  (1963) d escrib ed  a  cep h alo sp o rin a se  ab le  to  

d eco m p o se  cep h a lo sp o rin  C ;  th e y  su ggested  th a t th is w a s a  /(-lactam ase, ca p a b le  o f  

o p en in g  th e  4-m em bered  rin g. A y liffe  (19 6 5), H a m ilto n -M ille r , S m ith  &  K n o x  (1965) 

a n d  S ab a th , J ag o  &  A b r a h a m  (1965) d escrib ed  cep h alo sp o rin a ses fro m  several G r a m 

n ega tiv e  species. T h ese  /(-lactam ases fro m  G ra m -n e g a tiv e  organ ism s can  d eco m p o se  

so m e p en icillin s, su ch  as b en zylp e n ic illin  a n d  a m p ic illin  b u t n o t  oth ers, su ch  as 

c lo x a c illin  o r  m eth icillin . C lo x a c illin  an d  m eth icillin  h a ve  n o  a c tiv ity  a g a in st the 

^ -la cta m a se -p ro d u cin g  G ra m -n e g a tiv e  o rgan ism s b u t p ro te ct o th er pen icillin s a ga in st 

d e co m p o sitio n  b y  th e  en zym es (H a m ilto n -M ille r , S m ith  &  K n o x , 1964; S u th e rlan d  

&  B a tc h e lo r, 1964). H a m ilto n -M ille r  et al. (196 5) a n d  S a b a th , et al. (1965) exten d ed  

th is o b se rv a tio n  b y  sh o w in g  th a t the presen ce o f  a  n o n -su scep tib le  p e n ic illin  w o u ld  

p ro te ct su scep tib le  pen icillin s a n d  cep h alo rid in e  fro m  d estru ctio n  b y  / ’-lactam ases.

T h e  a ctiv ity  o f  an  a n tib io tic  a g a in st an  o rg a n ism  in trin sica lly  sen sitive to  it  w ill b e  

d ecreased  w h en  th e  o rga n ism  is ab le  to  d estro y  th e  su b stan ce. W h e n  d estru ctio n  is
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ra p id , co m p lete  in sen sitiv ity  w ill resu lt. In h ib itio n  o f  th e  d estru ctive  a b ility  o f  the o rg a n 

ism  m a y  ren d er it  sen sitive a n d  trea tm en t w ith  th e  a n tib io tic  m a y  th en  b e  effective.

W e  h a ve  in v estig a ted  the a b ility  o f  c lo x a c illin  a n d  m eth icillin  to  p ro te ct c ep h a lo ri-  

d in e  a ga in st the d estru ctive a ctio n  o f  G ra m -n e g a tiv e  b a cteria l strain s w h ich  p ro d u ce  

/M actam ase. O u r  exp erim en ts w ere  m a d e w ith  su sp en sion s o f  liv in g  o rgan ism s rath er 

th a n  w ith  k ille d  o rga n ism s o r  iso la ted  en zym e system s sin ce w e w ish ed  to  rep ro d u ce  

th e  co n d itio n s  w h ich  m igh t a p p ly  in vivo. T h u s  en zym e in d u ctio n  c o u ld  ta k e  p la ce  in  

o u r  test system  a n d  m u ltip lica tio n  o f  o rgan ism s w o u ld  o ccu r  a t  a n tib io tic  co n ce n tra 

tio n s b e lo w  th e  m in im u m  in h ib ito ry  co n cen tratio n , as th e y  w o u ld  in  a n  in fected  

a n im al. In  th is w a y  th e  fe a sib ility  o f  im p ro v in g  the treatm en t o f  in fe ctio n s d u e to  

/?-lactam ase-p roducing G ra m -n e g a tiv e  organ ism s w ith  cep h a lo rid in e  co u ld  be 

assessed.

METHODS

A ssay  m ethods. T h e  a n tib io tic  a c tiv ity  o f  cep h alo rid in e, a lo n e  o r  in  th e  presen ce o f  

c lo x a c illin  or m eth icillin , w a s d eterm in ed  b y  large  p la te  b io a s sa y  w ith  E scherichia  

co li  573 as test o rgan ism . T h is  o rga n ism  is in sen sitive  to  the tw o  pen icillin s u sed. D ifc o  

try p to se  a g a r  (w ith  th e  a d d itio n  o f  a  1-25 %  w /v, so lu tio n  o f  te tra zo liu m  ch lo rid e) 

w a s seeded w ith  o -o i %  (v/v) o f  an  o v ern ig h t b ro th  cu ltu re . C lo x a c illin  a n d  m eth icillin  

w ere assa yed  w ith  Staphylococcus aureus n c tc  7447 in  the sam e m ed iu m ; th is 

o rga n ism  is sen sitive to  cep h alo rid in e, so  th a t the pen icillin s c o u ld  n o t b e  a ssa ye d  

w h en  m ixed  w ith  cep h alo rid in e.

E stim ation o f  cephaloridine-inactivating activity. W e  co m p a re d  the a b ilities  o f  a  

la rg e  n u m b er o f  o rgan ism s to  d e stro y  th e  a n tib a cte ria l a c t iv ity  o f  cep h alo rid in e  a t  a 

co n cen tra tio n  250 /ig./m l. O rga n ism s fro m  sta tic  b ro th  cu ltu res o f  v a rio u s  o rgan ism s 

g ro w n  a t 3 70 fo r  48 h r  w ere  co lle cted  b y  c en trifu g a tio n  an d  th en  resu sp en d ed  in 

on e-ten th  o f  th e ir  o r ig in a l vo lu m e  o f  fresh  n u trien t b ro th . T h e  susp en sion s w ere  

d ilu ted  in  d o u b lin g  series in  2 m l. n u trien t b ro th  in  tu b e s ; to  each  tu b e  w a s 

ad d e d  2 m l. a n tib io tic  so lu tio n , co n sistin g  o f  cep h alo rid in e  a lo n e o r  w ith  ce p h a lo r i

d in e +  in h ib ito r  u n d er test, so  th a t ea ch  tu b e  in  a  series co n ta in ed  4 m l. orga n ism  

su sp en sion  a t a  d ilu tio n  u p  to  1/400,000, to g eth er w ith  250 /ig./m l. o f  ea ch  su b stan ce 

b e in g  tested . E x ce p t w h ere o th erw ise  stated , the an tib io tics  w ere k e p t a t  these c o n 

cen tratio n s. A  fin a l tu b e  in  a n y  series co n ta in ed  the test so lu tio n  o n ly  w ith o u t o r g a 

n ism s. T h e  tu b es w ere in cu b ated  a t 3 70 fo r  2 h r  a n d  th e  resid u al cep h alo rid in e  w as 

estim ated  b y  p la te  b io a s sa y . F ro m  th e  assay  results w e  ca lcu late d  th e  d ilu tio n  o f  

o rgan ism  su sp en sion  w h ich  d estro yed  50 %  (u su a lly  125 /ig/ml.) o f  the cep h alo rid in e. 

W e  th en  ca lcu late d  th e  a m o u n t o f  a n tib io tic  th a t w o u ld  th e o retica lly  h a ve  been  d estro y ed  

b y  1 m l. o f  th e  u n d ilu ted  su sp en sion  o f  organ ism s. T h e  results (T a b les  1, 2, 3 a n d  5) 

are  exp ressed  in  these term s. T h e  m eth o d  is s im ilar to  th a t u sed  b y  C h a n g  &  W ein ste in  

(1963), b u t is m o re  q u an tita tive .

M o s t  o f  the w o r k  w as d o n e  w ith  tw o  o rg a n is m s ; o n e c a lle d  A erobacter aerogenes 

P99 h as b een  su b seq u en tly  id en tified  b y  the S a lm o n e lla  R e feren ce  L a b o r a to ry , 

C e n tra l P u b lic  H e a lth  L a b o r a to ry , C o lin d a le , as E nterobacter cloacae  an d  w a s g iven  

to  us b y  D r  P . C . F le m in g  (H o sp ita l fo r  S ick  C h ild ren , T o r o n to ) ;  th e  o th er w a s a  

strain  o f  P ro teu s m organi, n c tc  235. A  48 h r  cu ltu re  o f  P . m organi co n ta in ed  

a b o u t 5 x  io 9 v ia b le  o rgan ism s a n d  the A . aerogenes a b o u t 2 x  io 10 v ia b le  o rgan ism s. 

B o th  o rgan ism s ten d ed  to  v a r y  fr o m  d a y  to  d a y  b o th  in  sen sitiv ity  to  ce p h a lo rid in e



an d  in  a b ility  to  d e stro y  it ;  th e re fo re  th e  a ctiv ity  o f  a n y  b a cteria l su sp en sion  a ga in st 

a n y  su b strate  w a s a lw a y s  co m p a re d  w ith  its a c tiv ity  a g a in st cep h alo rid in e  in  th e  sam e 

exp erim en t. A c c u ra te  q u a n tita tiv e  co m p a riso n s b etw e en  d ifferen t o rgan ism s w ere 

d ifficu lt u n d e r th e  test co n d itio n s  u sed  b ecau se , fo r  exam p le, A . aerogenes  g rew  fa ster  

than  P . m organi d u rin g  th e  2 h r  p e rio d  o f  in cu b atio n .

M easurem ent o f  m inim um  inhibitory concentrations. T u b e  d ilu tio n  tests (d o u b lin g  

d ilu tio n s) in  n u trien t b ro th  in o cu la te d  w ith  0-05 m l. o f  a  1/100 d ilu tio n  o f  an  o v e r

n ig h t b ro th  cu ltu re  o f  the test o rga n ism s w ere  used. T ests  w ere  read  a fter  in cu b a tio n  
fo r  24 h r a t  3 7 0.

E stim ation o f  bactericidal action. T u b e s  o f  n u trien t b ro th  c o n ta in in g  a n tib io tic  

m ixtu res w ere  in o cu la ted  w ith  1 %  (v/v) o f  a  1/100 d ilu tio n  o f  an  o v ern ig h t b ro th  

cu ltu re  o f  A eroba cter aerogenes o r  P ro teu s m organi. T h e  tu b es w ere  in cu b ated  a t 3 7 0 

an d  sm a ll sam p les w ere w ith d ra w n  a t in terva ls . T e n fo ld  serial d ilu tio n s  o f  th e  sam ples 

w ere  p la ted  in  n u trien t o n  a g a r  in  P etri d ishes w h ic h  w ere  th en  in cu b a ted  o v ern ig h t 

a t  3 7 0. F ro m  th e  c o lo n y  co u n ts a fter  in cu b a tio n , the p e rcen ta ge  k ill o f  th e  o rga n ism s 

w a s ca lcu la te d  fo r  ea ch  tim e o f  sam p lin g , b ase d  o n  th e  v ia b le  co u n t a t  ‘ O m in .

E stim ation o f  serum  binding. T h e  ex te n t to  w h ich  th e  a n tib io tic  su b stan ces w ere  

serum  b o u n d  w a s estim ated  b y  an  u ltra filtra tio n  m eth o d . S o lu tio n s  o f  a n tib io tic  

(50 /tg./m l.) w ere p rep ared  in  u n d ilu te d  h o rse  serum  (B u rro u g h s W e llco m e , n o . 2). 

P a rt o f  ea ch  so lu tio n  w a s u ltrafiltered  u n d er 10 lb./sq. in. pressure th ro u g h  V is k in g  

tu b in g . T h e  filtra te  co lle cted  w a s a ssa yed  a n d  th e  a m o u n t w h ich  rem ain ed  b o u n d  to  the 

serum  p ro te in  th u s ca lcu late d .

P rotection  tests on experim entally  in fected  m ice. G r o u p s  o f  5 to  8 m ice  w ere ch allen ge d  

w ith  5 x io 8 o rgan ism s o f  P ro teu s m organi n c tc  235 in  salin e su sp en sion  p rep ared  fro m  

o v ern ig h t n u trien t a g a r  cu ltu res. T h e  g ro u p s w ere  trea ted  w ith  serial d o u b lin g  d ilu tio n s 

o f  cep h alo rid in e , m eth icillin  o r  c lo x a c ilh n  b y  su b cu tan eo u s in jectio n  in  0-2 m l. o f  sa lin e 

so lu tio n  e a c h  an im a l b ein g  trea ted  a t  0-5, 4, 8, 24 a n d  32 h r  a fter  ch a llen g e ; ;h e  h igh est 

d o se  w a s 400 m g./kg . C e p h a lo rid in e  w a s  a lso  g iv en  w ith  c lo x a c illin  o r  m eth icillin  

a t  200 m g./kg. d o se  o f  each , o r  400 m g./kg. d o se  o f  to ta l a n tib io tic . A  sim ilar  ex p eri

m en t w as d o n e  w ith  a n o th er v iru len t stra in  o f  P . m organi, P 4 7. F ro m  th e  n u m b ers 

o f  m ice th a t su rv iv ed  o n  th e  fifth  p o st-ch allen ge  d a y , th e  m ed ia n  e ffective  d oses 

( E D  50) w ere  ca lcu la te d . I t  w a s n o t p o ssib le  to  d o  p ro te ctio n  tests w ith  A erobacter  

aerogenes P99 sin ce th is strain  w a s n o t v iru len t to  m ice.

RESULTS

A b ility  o f  the test organism s to destroy different substrates

S u sp en sio n s o f  A ero ba cter  aerogenes P99 a n d  P ro teu s m organi nctc  235 w ere  in 

cu b a te d  w ith  d ifferen t pen icillin s a n d  c e p h a lo sp o rin s; the results (T a b le  1) in d icated  

th a t these o rgan ism s w ere  m u ch  m o re  a b le  to  d estro y  th e  a n tib a cte ria l a ctiv ity  o f  the 

cep h alo sp o rin s th a n  o f  the pen icillin s, th e  A . aerogenes stra in  b e in g  m u ch  m o re  a ctiv e  

th an  the P . m organi strain .

E ffect o f  cloxa cillin  or m ethicillin  with cephaloridine in vitro

T h e  p ro p o rtio n  o f  c lo x a c illin  o r  m eth icillin  req u ired  to  p ro te ct cep h alo rid in e  

250 /«g./ml. w a s d eterm in ed . W e  estim ated  th e  a m o u n t o f  in a ctiv a tio n  o f  cep h alo rid in e  

w h ich  o ccu rred  w h en  va rio u s  a m o u n ts o f  th e  pen icillin s fro m  250 fig. to  4 /tg./ml. w ere  

m ixed  w ith  cep h alo rid in e  250 /tg./ml. T h e  tests w ere m a d e in  o -o i M -phosphate b u ffe r
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(p H  7-0) and  in  w h o le  h orse serum  w ith  Aerobacter aerogenes p 99. T h e  results (T a b le  2) 

in d icated  th a t m eth icillin  and  clo xa cillin  h a d  a  stro n g  p ro tective  effect on  the cep h a lo - 

rid in e. C lo x a c illin  w as m o re  effective  in  p h o sp h a te  buffer. W h e n  tested  in  serum , 

h o w e ver, m eth icillin  a n d  c lo x a c illin  w ere  a lm o st eq u a l in  effect, a  p ro b a b le  resu lt o f  

th e  greater d egree o f  seru m -p rotein  b in d in g  o f  th e  c lo x a c illin . In  exp erim en ts o n  the 

seru m  b in d in g  o f  the p en icillin s, w e fo u n d  th a t o f  a  50/tg./m l. so lu tio n  in  w h o le  

seru m , 51 %  o f  c lo x a c illin , b u t o n ly  5-4 %  o f  m eth icillin , w as b o u n d .

T a b le  1. Destruction o f penicillins and cephalosporins by Aerobacter 
aerogenes and Proteus morgani

Amount fug.) destroyed in 2 hr by 1 ml. of 
suspension of

4 5 2  C . H .  O ’C A L L A G H A N  A N D  P .  W .  M U G G L E T O N

Substrate A. aerogenes P99
P. morgani 
NCTC2 3 5

Penicillin G 33 ,300 25 ,400
Ampicillin 2,300 Nil
Cloxacillin Nil Nil
Methicillin Nil Nil
Cephalosporin C > 1 ,000,000 104,500

Cephalothin 500,000 40,000

Cephaloridine > 1 ,000,000 74,200

T a b le  2. Effect o f concentrations o f cloxacillin or methicillin on the inactivation o f 
cephaloridine by Aerobacter aerogenes in phosphate buffer (pH  7-0) or in horse serum

Cephaloridine destroyed (gg.) in 2 hr by 
Concentrations of antibiotics 1 ml. of suspension of A. aerogenes

Og./ml.)
_______________________ A__

Cephaloridine Cloxacillin
in pH 7-0 buffer in horse serum

250 — 5 ,324,800 1 ,600,000
250 250 984 1 1 ,864
250 62 1 ,2 5 2 7 7 ,3 1 2
250 31 3 ,58 4 150 ,528
250 l 6 3 9,424 Not tested
250 8 7 7 ,3 1 2 149,50 4
250 4

Methicillin
i n ,  6 16 589,824

250 250 36,8 64 14,6 46
250 62 7 1 ,1 6 8 76,800
250 31 63,23 2 256,000
250 l 6 2 74 ,4 3 2 Not tested
250 8 13 1,0 7 2 424,960
250 4 3 0 5 ,15 2 2 1 9 ,4 7 7

A  sim ilar exp erim en t w a s d o n e  in  p h o sp h a te  b u ffer o n ly  w ith  Proteus morgani 
n c tc  235. T h is  o rgan ism  w a s m u ch  w e a k e r  th a n  Aerobacter aerogenes P99 in its 

in a ctiva tin g  a ctio n  (T a b le  1). O n ly  a  v e ry  sm all p ro p o rtio n  o f  c lo x a c illin  o r  m eth icillin  

w a s requ ired  to  p ro te ct the cep h a lo rid in e; c lo x a c illin , 5 fig./ml. w a s ab le  co m p lete ly  

to  p ro te ct cep h alo rid in e  250 ¡ig./m l. fro m  d estru ctio n  b y  P. morgani. W ith o u t c lo x a c il

lin , 96,000 fig. o f  cep h alo rid in e  w ere d estro y ed  un der the sam e test co n d itio n s.

In fra red  sp ectro sco p y  o f  sam ples o f  cep h alo rid in e  a fter  in a ctiv a tio n  sh o w e d  n o  

ev id en ce o f  a  /hi a ct am  rin g. Sam p les w ere  cen trifu ged  an d  freeze dried  fo r  th is  test.
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N u c le a r  m a gn etic  reso n an ce m easurem en ts a greed  w ith  th is and  the loss o f  a n ti

b a cte r ia l a ctiv ity  w a s  th o u g h t to  be d u e m o st lik e ly  to  the a ctio n  o f  a  /^-lactamase 

w h ich  o p en ed  the //-lactam  ring.

E xp erim en ts w ith  o th er o rgan ism s, m a in ly  strain s o f  A e ro b a c te r  an d  P ro teu s fresh ly  

iso la ted  fr o m  h o s p ita l p atien ts, sh o w ed  th a t organ ism s w h ich  w ere resistan t to  ce p h a 

lo rid in e  w ere, in  gen era l, ab le  to  in a ctiv a te  cep h alo rid in e  rap id ly , a lth o u g h  there are  

excep tio n s. S en sitive strain s o f  Escherichia coli an d  Proteus sp. w ere u n ab le , u n d er the 

co n d itio n s  o f  the test, to  in a ctiva te  cep h alo rid in e. E xa m p les are g iven  in  T a b le  3.

T a b le  3. Ability o f various strains o f Gram-negative organisms to dest roy 
cephaloridine and the effect o f cloxacillin

Cephaloridine (/tg./ml.) de
stroyed by i ml. suspension 

when treated
Cephalo- t------------- —*•----------------,

ridine in presence of
Strain (m.i.c. cloxacillin

Organism code /¿g./ml.) alone (1:1)
Aerobacter aerogenes P 99 > 500 l,34 4 ,ooo 8,830

30* 250 9 ,0 9 0 Nil
44* 250 655,400 25,408

Proteus morgani NCTC 235 250 33 ,790 Nil
4 7 t+ 500 2 5 0 ,7 7 0 Nil

i t t 125 37 ,630 Nil
2 TÎ 125 39 ,930 Nil
3 *t 125 79 ,870 Nil

P. vulgaris 43*t 250 2 53 ,950 5,630
P. rettgeri I9*t 250 327,680 2 9 ,950

Escherichia coli 573 8 Nil Nil
P. mirabilis 43IÎ l6 Nil Nil

2*t 8 Nil Nil
I4*î 8 Nil Nil

Klebsiella pneumoniae LAUSANNE 250 Nil Nil
P. pyocyanea (aeruginosa) NCTC 8203 > 4,000 Nil Nil

* Given by Dr K. B. Rogers, (Birmingham), 
t  Given by the late Professor Mary Barber, 
t  Identified for us by the late Professor Mary Barber.

In vitro antibacterial activity o f cephaloridine alone and with cloxacillin or methicillin
M in im u m  in h ib ito ry  co n cen tratio n s (m .i.c .) o f  c ep h alo rid in e  in  v a r io u s  p ro p o rtio n s  

w ith  c lo x a c illin  o r  m eth icillin  w ere m easu red  fo r  several strain s o f  Aerobacter 
aerogenes, Proteus morgani a n d  o n e strain  o f  Klebsiella pneumoniae. T h e  results 

(T a b le  4), in d icated  th a t c lo x a c illin  o r  m eth icillin , ad d e d  to  cep h alo rid in e , co n sid e ra b ly  
in creased  its a c tiv ity  a g a in st //-lactam ase-producin g G ra m -n eg a tiv e  o rgan ism s. C lo x a 

c illin  w a s m o re  effective  th a n  m eth icillin . W ith  Klebsiella pneumoniae (lausanne), 
c lo x a c illin  w ith  cep h alo rid in e  w as n o t m ore in h ib ito ry  th a n  cep h alo rid in e  a lo n e . T h is  

strain  d o es n o t d estro y  cep h alo rid in e  (T a b le  3) a n d  m u st th erefo re  be re la tiv e ly  resis

ta n t to  it b y  so m e o th er m ech an ism .

The bactericidal action o f cephaloridine with cloxacillin or methicillin
C ep h a lo rid in e  is b a cter ic id a l to  m a n y  o rgan ism s a t co n cen tratio n s v e ry  c lo se  to  the 

m .i.c . va lu e  (O ’ C a lla g h a n  &  M a rsh a ll, 1965). W e  tested  the b a cter ic id a l a c tio n  o f
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cep h alo rid in e  a lo n e a n d  in  i  +  i  m ixtu res w ith  c lo x a c illin  a n d  m eth icillin  a ga in st 

Aerobacter aerogenes? 99 a n d  Proteus morgani nctc  235. T h e  results (F ig s . 1 ,2 )  sh o w ed  

th a t, w h ilst n o n e o f  th e  an tib io tics  w a s b acteric id a l a t  th e  co n cen tratio n s tested  w h en  

used  a lo n e , a  m ixtu re  o f  cep h alo rid in e  w ith  eith er c lo x a c illin  o r  m eth icillin  k ille d  th e

T a b le  4. Effects o f cloxacillin or methicillin on the minimum inhibitory concen
trations o f cephaloridine against f-lactamase-producing Gram-negative bacteria

Minimum inhibitory concentration of cephaloridine 
(/ig./ml.) in mixtures

Proportion of cephaloridine:cloxacillin

Test organism 8 :8 8 :4 8:2 8 :1 8 :0

Proteus morgani 63/63 l 6 32 62 125 500

P. morgani 48 7 32 32 125 125 1000

P. morgani nctc 235 l 6 l 6 32 61 500

Aerobacter aerogenes p  99 125 12 5 125 250 1000

A. aerogenes 30 8 8 l 6 16 62

Klebsiella pneumoniae 125 nt nt nt 125
(LAUSANNE)*

Proportion of cephaloridine to methicillin

8 :8 8 :4 8 :2 8 :1 8 :0  '
P. morgani 63/63 62 12 5 125 12 5 500
P. morgani 48 7 12 5 250 250 250 1000
A. aerogenes P 99 250 500 500 2000 2000

A. aerogenes 30 62 62 125 125 250

nt =  not tested, * =  non-/?-lactamase producing organism.

o rga n ism s ra p id ly . T h u s, fo r  exam p le, th e  m .i.c . fo r  P. morgani w a s 500 /tg./ml. w ith

cep h alo rid in e  a n d  1000 /tg./ml. w ith  c lo x a c illin  a n d  th e  cu ltu res grew  u n im p ed ed  w ith  

e ith er a t  31 /tg./ml. b u t  a  m ix tu re  o f  b o th  a t  1 6 /tg./ml. k illed  m o re  th a n  90 %  o f  

th e  organ ism s in  3 h r ; th ere w as n o  re co v e ry  a t  24 hr. W ith  th e  h ig h ly  resistan t strain  

o f  A. aerogenes, th e  effect w a s even  m o re  m a rk ed . T h e  cu ltu re  grew  n o rm a lly  in  

250 /ig./ml. o f  e ith er c lo x a c illin  o r  c e p h a lo rid in e  a lo n e , b u t to g eth er a t  125 /ig./m l. o f  

ea ch  there w a s a  ra p id  k ill w ith o u t a n y  re c o v e ry  a t  24 hr. S im ila r  results w ere  o b 

ta in ed  w ith  m eth icillin  in  p la ce  o f  c lo x a c illin , b u t th e  ra te  o f  k ill w a s so m e w h at slo w er 

w ith  these m ixtu res th a n  w ith  cep h alo rid in e  +  c lo xa cillin .

Effect o f cloxacillin and methicillin on the /3-lactamase production 
o f Gram-negative bacteria

Aerobacter aerogenes P 9 9  a n d  Proteus morgani n c tc  235 w ere g ro w n  fo r  fo u r  seria l 

tran sfers in  b ro th  co n ta in in g  c lo x a c illin  2 5 0 /tg./ml. A b o u t  h a lf  th e  c lo x a c illin  r e 

m ain ed  a fter  24 h r  in cu b a tio n  in  th e  su p ern a tan t b ro th  ; th is w a s sep a ra ted  fr o m  the 

o rgan ism s b y  cen trifu g in g . O rga n ism s fro m  th e  cu ltu res a t  ea ch  tran sfer w ere tested  

fo r  a b ility  to  d estro y  cep h alo rid in e  as d escrib ed  b efo re . O rgan ism s fr o m  p a ra lle l 

cu ltu res g ro w n  in  th e  ab sen ce  o f  c lo x a c illin  w ere tested  as co n tro ls. N o  c lo x a c illin  

w a s ad d e d  w h en  th e  o rgan ism s w ere  tested . T h e  A. aerogenes o rgan ism s g ro w n  in  th e  

presen ce o f  c lo x a c illin  w ere  m u ch  less ab le  to  d e stro y  cep h alo rid in e  th a n  w e re  th e  

c o n tro l o rgan ism s g ro w n  w ith o u t it. T h e  decrease in  a c tiv ity  w a s 10- to  50 -fo ld , w h ich



w a s w ell o u tsid e  th e  ran g e  o f  th e  v a r ia tio n  o f  th e  co n tro ls  a lth o u g h  w e  c o u ld  n o t ru le  

o u t  th e  p o ssib ility  th a t som e rem ain in g  c lo x a c illin  w a s  b e in g  tran sferred  w ith  th e  

o rgan ism s. Aerobacter aerogenes o rgan ism s w ere, h o w e ver, still c a p a b le  o f  p ro d u c in g  

^ -lacta m ase a fter  fo u r  serial su b cu ltu res in  th e  p resen ce o f  m eth icillin  (T a b le  5).
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Fig. i. Bactericidal effects of cephaloridine and cloxacillin, separately and combined; 
(a) P. morgani n c t c  235; (b) A. aerogenes P 99.
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Fig. 2 . Bactericidal effects of cephaloridine and methicillin, separately and combined; 
(a) P. morgani n c t c  2 3 5 ; (6) A. aerogenes P9 9 .

Proteus morgani o rga n ism s g ro w n  in  seria l su b cu ltu re  in  m ed iu m  co n ta in in g  

c lo x a c illin  250 /¿g./ml. w ere  a lso  a lm o st en tire ly  u n a b le  to  d estro y  cep h alo rid in e , 

w ith  a  d ecrease  o f  o v e r  500-fold in  /'(-lactom ase a c tiv ity  o v er  th e  co n tro ls . T h e ir  

d estru ctive  a b ility  w a s  resto red  in  fu ll b y  o n e  fu rth e r  su b cu ltu re  in  th e  absen ce o f  the 

p en icillin . A  sim ilar ex p erim en t w ith  m eth icillin  w a s n o t  p o ssib le  w ith  th is strain  

sin ce it  d id  n o t g ro w  in  th e  p resen ce o f  m eth icillin  a t co n cen tratio n s a b o v e  32 /¿g./ml.

Resistance development
Proteus morgani n c t c  235 w a s seria lly  su b cu ltiv ated  in  cep h alo rid in e  a lo n e  o r  in  

1 +  1 m ix tu re  w ith  c lo x a c illin  (T a b le  6). T h e  strain  o f  P. morgani u sed  w a s m o re  

sen sitive  (m .i.c . 31 /¿g./ml.) to  c ep h a lo rid in e  th a n  w e  h a d  seen p rev io u sly . O v e r  

sixteen  tran sfers in  th e  p resen ce  o f  cep h alo rid in e  a lo n e , it  in creased  s lo w ly  in  resis

ta n ce  to  an  m .i.c . o f  1000 /¿g./ml. In  th e  p a ra lle l exp erim en t w ith  a  1 + 1  m ix tu re  o f  

ce p h a lo r id in e + c lo x a c illin , th e  strain  w a s in itia lly  sen sitive to  cep h alo rid in e  2 /¿g./ml. 

(in  the p resen ce o f  2 /¿g./ml. a lso  o f  c lo x a c illin ). D u r in g  su b cu ltiv a tio n , resistan ce in 
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creased  slo w ly  in  stepw ise a m o u n ts a t  a  rate  sim ilar to  th a t w ith  cep h a lo rid in e  a lo n e . 

A ft e r  th e  sixteen  su b cu ltiv atio n s in  th e  m ixtu re  th e  cu ltu re  w a s still sixteen  tim es m o re  

sen sitive  to  cep h alo rid in e  in  the i + 1 m ixtu re  w ith  c lo x a c illin  th a n  it  w a s w h en  it  

h a d  b een  su b cu ltiv ated  in  cep h alo rid in e  a lo n e . I t  thus ap p e ared  th a t w h ereas th e  

resistan ce  o f  th e  cu ltu re  h a d  in creased  d u rin g  su b cu ltiv a tio n  in  the c ep h a lo rid in e  +  

c lo x a c illin  m ixtu re, the cep h alo rid in e-d estro y in g  en zym e co u ld  still b e  in h ib ited  w ith  

c lo x a cillin .

T a b le  5. Comparison o f f-lactamase produced by organisms grown in the 
presence or absence o f cloxacillin

Amount of cephaloridine in fig. destroyed in 2 hr by 1 ml. suspension of
_________________________________________________A __________________________________________

Aerobacter aerogenes P 99 Proteus morgani n c t c  235

Transfer Cloxacillin Normal Cloxacillin Normal
no. culture culture culture culture

1 160,800 3 ,584,000 Nil 92,200
2 138,200 7 ,680,000 Nil 2 15,0 0 0

3 56,300 6 ,4 5 1,0 0 0 500 28 6,700

4 256,000 7 ,885,000 Nil 770,000

Subculturing continued but no cloxacillin now added
5 > 2 ,000,000 1 3 ,517 ,0 0 0 778 ,2 0 0 635,400
6 > 2 ,000,000 9 ,523,000 491,520 573,400

Methicillin Normal Methicillin Normal
culture culture culture culture

1 1 ,254,400 1 ,984,000 — —

2 6 ,225,900 5 ,78 5,60 0 - -
3 1 ,939,200 800,000 — —
4 1 ,984,000 729,60 0 - -

Subculturing continued but no methicillin now added
5 I , 8 l 7,600 3 ,174 ,4 0 0 - -
6 1 ,299,200 1 ,049,600 — —

— = not tested

T a b le  6. Resistance development o f Proteus morgani n c t c  233 to cephaloridine 
and to cephaloridine + cloxacillin, 1+1

M.i.c. Og./ml.) at transfer

Antibiotic 1 4 8 12 l 6

Cephaloridine 3i 62 125 125 IOOO
Cephaloridine-)- 4 8 3i 3i 62

cloxacillin, 1 +  1 (total wt.)

Protection tests on experimentally infected mice 
W ith  Proteus morgani n c t c  235, the m in im u m  leth a l d ose w as a b o u t 1 x  i o 8 o r

gan ism s w h en  given  in tra p erito n ea lly . A  ch allen ge o f  5 x  io 8 organ ism s k illed  the m ice 

in  24 hr, b e fo re  w h ich  tim e large  n u m bers o f  organ ism s w ere reco ve red  fro m  th e  h ea rt 

b lo o d . S eru m  ta k en  fro m  such  m ice  6 h r a fter  g iv in g  the ch allen ge d o se  ra p id ly  in 

a ctiv a ted  su b stan tia l am o u n ts o f  cep h alo rid in e. T h e  results fro m  d ifferen t p ro te ctio n  

tests w ith  th e  cep h alo rid in e  +  c lo x a c illin  o r  + m e th ic illin  m ixtures va ried  fr o m  ex p eri-



m en t to  exp erim en t, p o ssib ly  b ecau se  the am o u n ts o f  /?-lactam ase p ro d u ce d  b y  the 

ch allen ge  o rgan ism s in vivo d iffered  fro m  test to  test. N everth eless , th e  m ixtu res o f  

cep h alo rid in e  w ith  eith er m eth icillin  o r  c lo x a c illin  w ere  m u ch  m o re  effective  in  p r o 

te ctin g  th e  m ice  th a n  co u ld  be exp la in ed  b y  a  sim ple a d d itiv e  effect. T y p ic a l results are  

sh o w n  in  T a b le  7. S ta tistica l an a lysis  o f  the results fro m  th e  exp erim en t su m m a rized  

in  T a b le  7, u sin g  lo g it  tra n sfo rm a tio n , sh o w ed  th a t w ith  P. morgani n c t c  235, the 

E D  50 d o se  o f  30-5 m g./kg . o f  c ep h alo rid in e  : c lo x a c illin  h a d  95 %  co n fid en ce  E m its o f  

14 -5 8  w h ile  th e  E D  50 o f  24-5 fo r  th e  cep h alo rid in e  +  m eth icillin  h a d  lim its o f  12-0 - 

48-5. T h e  im p ro vem en ts in  p e rfo rm a n ce  o v e r  th e  a n tib io tic  co m p o n en ts  tested  

sep a ra te ly  w a s th u s h ig h ly  significan t.

T a b le  7. Tests on experimentally infected mice with cephaloridine alone and 
with cloxacillin or methicillin

ED 5 0  dose of total antibiotic in mg./kg.
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r
Proteus morgani P. morgani

Treatment NCTC 235 p 47
Cephaloridine alone > 400 About 150
Cloxacillin alone > 400 > 400
Cephaloridine+ cloxacillin 30'5 About 44

(1 + 1)
Cephaloridine alone > 400 About 150
Methicillin alone > 400 > 400
Cephaloridine +  methicillin 24-5 About 65

(1 + 1)

T a b le  8. Protection tests with Proteus morgani n c t c  235

The effect of varying the proportions of the antibiotic mixtures
ED 50  dose (mg./kg.)

Treatment Total antibiotic Cephaloridine
Cephaloridine alone 100 100

Cloxacillin alone > 100 —
Cephaloridine+ cloxacillin (1 + 1) i 6-6 8-8
Cephaloridine+ cloxacillin (1 + 4) 15-0 3-0

Cephaloridine alone 35 35
Methicillin alone 44 —
Cephaloridine+ methicillin (2 + 1) 14-4 9-6
Cephaloridine+ methicillin (i + 1) > 12-5 > 6 -o
Cephaloridine+ methicillin (1 + 2) I5 '0 3-0

{Note. The two parts of the experiment, with cloxacillin and methicillin, respectively, in the above 
table were done on different occasions.)

It was possible that a 1 + 1 mixture of cephaloridine with cloxacillin was not 
optimal for protecting the animals. An experiment with the same conditions as before, 
to compare various proportions of the antibiotics, was done with groups of eight 
mice. The results are given in Table 8. The results showed that whilst variation of the 
proportions of cephaloridine to cloxacillin from 1 +  1 to 1 +  4 affected the amount of 
cephaloridine needed to protect the animals, the total weight of antibiotic mixture 
required remained constant. A similar effect was seen with cephaloridine +  methicillin 
mixtures. The proportions of the components of the mixture thus did not appear to be 
critical.
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D I S C U S S I O N

C e p h a lo rid in e  has a  b ro a d  sp ectru m  o f  a n tib a cte ria l a ctiv ity  a n d  m a n y  c o m m o n  

G ra m -n eg a tiv e  b a cteria  are  sensitive to  it. S o m e h o w e ver are  resistant, an d  in  m a n y  

in stan ces th is can  b e  re lated  to  the a b ility  o f  th e  organ ism s to  in a ctiva te  the a n tib io tic . 

T h ere  seem s little  d o u b t th a t the m ech an ism  o f  in a ctiv a tio n  is th e  d estru ctio n  o f  the 

/?-lacta m  rin g  b y  a  /?-lactam ase. T h is  su p p o sitio n  is con sisten t w ith  o u r  o b serva tio n s 

in  w h ich  w e h a ve  seen  a lteratio n s in  the in frared  sp ectru m  an d  n u clear m a gn etic  

reso n an ce o f  the in a ctiva ted  an tib io tic , w h ich  are in d icative  o f  d estru ctio n  o f  the 

/j-lactam  rin g, a n d  a lso  w ith  the o b serva tio n s o f  o th er w o rkers referred  to  earlier.

C lo x a c illin  a n d  m eth icillin  are  k n o w n  to  possess a  greater affin ity  fo r  //-lactam ase 

fro m  G ra m -n e g a tiv e  o rgan ism s th a n  o th er p en icillin s an d  cep h alo sp o rin s. T h e se  

co m p o u n d s are n o t in a ctiv a ted  b y  th e  en zym e, d esp ite w h ich  th e y  h a v e  n o  a ctiv ity  

a ga in st the o rgan ism s w h ich  p ro d u ce  it. In  o u r  w o rk , w e h a v e  fo u n d  th a t m ixtu res o f  

m eth icillin  o r  c lo x a c illin  w ith  cep h alo rid in e  are a b le  to  p ro te ct the cep h a lo sp o rin  fro m  

in a ctiv a tio n  b y  //-lactam ase-producin g G ra m -n e g a tiv e  organ ism s a n d  th e  m ixtu res are  

th en  a ctiv e  in h ib ito rs  o f  th e  b acteria . In  co n tra st, w e h a ve  fo u n d  th a t the a d d itio n  o f  

m eth icillin  o r  c lo x a c illin  d oes n o t in crease th e  a ctiv ity  o f  cep h alo rid in e  a ga in st 

G ra m -n eg a tiv e  o rgan ism s w h ich  d o  n o t p ro d u ce  //-lactam ase, a  fin d in g w h ich  a d d s 

su p p o rt to  the en zy m e in h ib itio n  h yp o th esis. O u r  in vitro studies sh o w ed  th a t w h en  

cep h alo rid in e  w a s  p ro te cted  fro m  en zym e a tta c k  b y  a d m ix tu re  w ith  the p en icillin s, 

it  w as b acteric id a l. O rga n ism s such  as P ro teu s m organi w h ich  w ere  n o t k illed  b y  e ith er 

th e  p en ic illin s o r  b y  cep h alo rid in e  w ere  k illed  ra p id ly  b y  co n cen tratio n s o f  th e  tw o  

su b stan ces to g e th e r  w h ich  c o u ld  b e  reach ed  in vivo a t a  site o f  in fectio n .

In  o u r  in vitro tests, w e fo u n d  th a t the cep h alo rid in e  +  m eth icillin  m ixtu res w ere 

rath er less a ctiv e  th a n  th e  c e p h a lo r id in e + clo x a c illin  on es w h en  th ese w ere tested  in 

b ro th . W h e n  tested  in  serum , h o w e ver, c lo x a c illin  w a s s ligh tly  less efficien t in  its 

p ro te ctive  a c tiv ity  so  th a t m eth icillin  b ecam e e q u a lly  effective. W e  b elieve  th is to  b e  

d u e to  the fa c t  th a t c lo x a c illin  is m o re  h ig h ly  seru m -bo u n d  th a n  is m eth icillin ; w h en  

th e  m ixtu res w ere  tested  in vivo th is h yp o th esis  w as u p h eld  b y  the fin d in g th a t the 

tw o  p en icillin s w ere o f  a p p ro x im a te ly  eq u a l effect.

D esp ite  th e  p ro m isin g  fin d in gs fro m  o u r in vitro exp erim en ts, the p o ssib ility  re

m a in ed  th a t the p ro te ctive  p h en o m en o n  w o u ld  n o t w o rk  in  in fected  anim als. A p p r o 

p riate  co n cen tratio n s o f  cep h alo rid in e  +  th e  p ro te ctiv e  p en icillin  w o u ld  h a v e  to  be 

p resen t a t the in fe ctio n  site a t  th e  sam e tim e a n d  th is m a y  b e  d ifficu lt to  ach ieve. O u r  

tests o n  ex p erim en ta lly  in fected  m ice  h a ve  sh o w n , h o w e ver, th a t in  th e  ty p e  o f  in 

fectio n  w e  u sed, cep h alo rid in e  w a s  m a d e effective  b y  th e  co n cu rre n t ad m in istratio n  o f  

th e  //-lactam ase-inhibiting p en icillin . M o re o v e r, th e  p ro p o rtio n s  o f  the cep h alo rid in e  

a n d  in h ib ito r  a d m in istered  w ere n o t v e ry  critical.

R e p ea te d  d a ily  tran sfers in  b ro th  co n ta in in g  ju s t  su b in h ib ito ry  co n cen tratio n s  o f  

cep h alo rid in e  a lo n e o r  o f  cep h alo rid in e  +  p en icillin  m ixtu res resu lted  in  th e  d e v e lo p 

m en t o f  som e in trin sic  resistan ce to  th e  cep h alo rid in e. T h is  w as a p p a ren tly  n o t d u e 

to  in creased  p ro d u ctio n  o f  //-lactam ase, since th e  effect o f  c lo x a c illin  o n  th e  m in im u m  

in h ib ito ry  c o n cen tratio n  o f  cep h alo rid in e  rem ain ed  in  th e  sam e p ro p o rtio n  a fter  sixteen  

su b cu ltu res as it  h a d  b een  a t the first su b cu ltu re. T h is  is in  agreem en t w ith  th e  resu lts 

o f  B a rb e r  &  W a te rw o rth  (1964) w h o  sh o w ed  th a t w h en  strain s o f  P ro teu s m irabilis  

sen sitive to  cep h alo rid in e  w ere  ex p o sed  to  th is a n tib io tic  in  seria l su b cu ltu re , a  s lo w



step w ise in crease  in  resistan ce o ccu rred . T h ese  organ ism s h a d  n o t, h o w e ver, a cq u ire d  

resistan ce b y  d ev e lo p in g  an  en zym e a b le  to  d estro y  cep h alo rid in e.

W ith  Pseudomonas pyocyanea (aeruginosa), a n  o rga n ism  resistan t to  cep h alo rid in e , 

S ab a th , J ag o  &  A b r a h a m  (1965) sh o w ed  th a t strain  n c tc  8203 p ro d u ce d  a  ce ll-b o u n d  

in d u cib le  //-lactam ase w h ich  w as in h ib ited  b y  m eth icillin  an d  c lo x a c illin . In  ex p eri

m ents in  o u r la b o ra to ry  w ith  45 strains o f  P. pyocyanea iso la te d  fro m  c lin ica l cases, w e 

h a v e  fo u n d  b y  o u r  in vitro m eth o d  th a t o rgan ism s o f  these strains o n ly  s lo w ly  in a cti

v a te  v e ry  sm all a m o u n ts o f  cep h alo rid in e, p a rticu la rly  w h en  th e y  h a ve  n o t p re v io u s ly  

been  ex p o sed  to  a  su b stan ce  su ch  as a  pen icillin  w h ich  co u ld  cau se  ^ -lactam ase 

in d u c t io n . It th e re fo re  seem s to  us th a t th e  m ech an ism  o f  resistan ce in  th is case  is 

m u ch  less d ep en d en t on  a  //-lactam ase, a n d  th a t th e  organ ism s th em selves are  

in trin sica lly  fa r  m o re  resistan t. It  is p o ssib le , h o w e ver, th a t in  co n d itio n s  w h ere 

v e ry  h ig h  co n cen tratio n s o f  a n tib io tics  ca n  b e  a ch ie ved , e .g . in  th e  u rin e, trea tm en t 

o f  P. pyocyanea in fe ctio n s  w ith  such  syn erg istic  m ixtu res m a y  b e  successfu l. O n e  

case h as b een  rep o rte d  b y  S h irley  &  M o o r e  (1965) u sin g  a  m ixtu re  o f  b en zylp en icillin  

an d  m eth icillin . S ab a th , E ld e r, M c C a ll ,  S te ig b ig el &  F in la n d  (1966) h a ve  rep o rte d  

th e  su ccessfu l trea tm en t o f  h u m a n  u rin a ry  tra c t in fectio n s d u e to  P. pyocyanea, an d  

a lso  to  a  P ro teu s  species a n d  Escherichia coli, b y  u sin g  m ixtu res o f  c lo x a c illin  a n d  

a m p ic illin . C lo x a c illin  exerts a  sim ilar p ro te ctiv e  effect w ith  a m p ic illin  as it  d o es w ith  

cep h alo rid in e. T h e  p ro te ctiv e  effects o f  c lo x a c illin  a n d  m eth icillin  a p p ly  o n ly  to  

//-lactam ase-producin g G ra m -n e g a tiv e  o rgan ism s. T h e  a ctio n  o f  //-lactam ase p ro d u ce d  

b y  p en icillin -resistan t Staphylococcus aureus is u n im p aired  b y  eith er c lo x a c illin  o r  

m eth icillin , desp ite  th e  resistan ce o f  th ese p en icillin s th em selves to  th e  a ctio n  o f  th e  

en zym e.

T h e  a u th o rs  th a n k  M r s  W . B . B a rb e r, M r  M . J. B a sk er, M iss  J. G re e n , M iss  

S. M . K ir b y , M iss  P . N a s h  a n d  M r  D . M . R y a n  fo r  te ch n ica l assistan ce w ith  th e  

in v estig a tio n  rep o rte d  here. T h e  au th o rs a re  g ra te fu l to  D r  P . C . F le m in g  (C h ild re n ’ s 

H o sp ita l, T o r o n to ), P ro fe sso r  S. L a m b in  (S ch o o l o f  P h a rm a c y , U n iv e rs ity  o f  P aris), 

D r  K .  B . R o g e rs  (T h e  C h ild re n ’s H o sp ita l, B irm in g h a m ) a n d  M iss  P . W a te rw o rth  

(R o y a l P o stg ra d u a te  M e d ic a l S ch o o l, L o n d o n ) fo r  b a cteria l cu ltures.
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