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i. 

ABSTRACT 

The endogen ous metabolism of the soil microor ganism N. corallina 

has been studied with special reference to physiological and structural 

changes in starvation cond iti ons. 

When N .  corallina was grown on the surface of nutrient agar growth 

was characterised by the development of branched hyphae 8-12 f. long, 

while in liGuid medium bacilli approximately � f. long were produced. 

Clumping of cells in liquid medium ,Jas reduced by growinG the organism 

in cleated flasks on a rotary shaker. 

For studies of endogenous metabolism and survival , suspensions of 

N .  corallina were prepared from cul tur es harvested at full growth and 

resusDended in phosphate buffer containing magnesium ions . Analyse s of 

total and viable cell counts were affected by cluEte rin g of cells and 

detergents were used to reduce the size of clusters. The cell viability , 

was estimated using formulae , from the cluster viability and cluster size 

distribution which were determined using the slide culture technique. 

The via bility of st arved cells fell from 99% to 90% over a period of 

7 days and subsequently to 50% after a further period of 13 days. 

A rise in total cell count of 1;.% was recorded over a 5 day period 

of starvation. During the first 48 hr. of starvation the bacterial 

dry wt. fell by 30-ttO%, and at the same time the initial QO of 
2 

approximately 10 fell to e value of appro�imately one. T:"e initial 

fall in dry wt. was due largely to a decrease in the level of cell 

polysacchari2e from 25% to 5-10% of the cell dry wt. Fol lowing this 

drop in polysaccharide, ammonia was released at a r el atively constant 

rat e  and at the same time th ere was a f all in the level of cell protein. 
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Ther e  was a fall  i n  the  l evels  o f  intrac ellular free  ni t rog enous c ompo und s 

at th e ons e t  o f  st arvation but no correE�onding rel eas� o f  these  sub stanc es 

into the  sup ernatant occ urred . Ribonu c l ei c  acid  appear ed to b e  b roken 

do�n during starvation. The cont ribution o f  the  indi vidual c ell fractions 

to the  t o t al fall i n  dry wt . on prolonged starvat ion were; polysaccharid e ,  

ltO%; pro t ein, 25%; RNA, 6% and total fatty acid s ,  'J% . The d ecrease in 

viability of starved o rganisms coul d  not be directly c or relat ed  with the  

utilization o f  any of  th ese  c ellul ar c omponent s. 

Hydrolysis o f  t h e  total unbound lipid which constitut ed 15% o f  t h e  

c el l  dry wt . yi elded  t rehalos e ,  manno s e , inosi t ol and gly c erol a s  t h e  

wat er solub l e  c omponents. Tri glyc eri d e s  were isolat ed from the  total 

lipids by sili c ic acid column and thin-layer  chrom atogr aphy . Evi d enc e 

from thin-l ayer chromatograms indicat ed that t ri glyc erides were not  major  

c onsti tuents o f  the  to t al lipid s .  Incub ation o f  N .  corallina wi t h  

u- 14C-palmit at e  r esul t e d  in a l arg e propo rtion o f  t h e  radio activity 

being inc orporated  into  t h e  t ri glyc eri d e s . 

Total f atty acid s  const i tu t ed approximat ely 12% o f  th e cell d ry wt. 

and c on t ained  3 frac tions: (a) C10-C20 fat ty acids , ( b) nocardic acids  

and ( c )  a minor  unid enti fi ed fraction whi c h  was mo r e  polar than t h e  

n ocardic acids. Trimethylsilyl d eri vati ves o f  the m e thyl noc ardat e s  

w e r e  separa t ed by gas c hromat ography on t h e  basis o f  mol e c ul ar wt . 

Mass spectromet ry o f  methyl n o c ardates and TMS d eri vati ves , indicat ed 

t hat the s t ructures  of the nocardic acids could vary in 3 ways : in 

c arbon numb er from"C}CC48 ' in d e gr ee o f  saturation ( saturat ed , mono­

unsaturat ed and diunsaturat ed acid s  occ u r r e d ) ,  and in th eir i som eri c 

configurations . 
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Studi e s  on N. corallina using b o th ligh t  and el ec t ron micro scopy 

showed clearly the  pl eomorphic natur e o f  t he o rganism . Par t s  o f  the  

c ell surfac e were covered with fibrous ma t erial which app eared t o  be  

di sti nc t  from the  c ell wall .  C ell division  occurred by the  f o rmati on 

of septa which were  g en erally  associ a t ed wi t h  ext ensi v e  cyt oplasmic 

m embrane syst ems . Polyphospha t e  granul e s , ribo somes  and ei ther  poly-

ribosom es o r  glycogen granul es app e ared  in t h e  cytoplasm during gr?wth . 

U s e  o f  t h e  f r e e z e- e tch t echnique illu s t rat ed the  granular nature o f  t h e  

cytoplasm , cell wal l  and m embrane surfaces . S tarva tion o f  the  cells 

app eared to be associ a t ed wit h  ( a ) a thickening of the c ell wall , 

(b) an increas e o f  t h e  amount o f  figrous mat erial per  cell , C c ) an 

increase  i n  the si z e  o f  t h e  polypbosph a t e  granul e s  and ( d ) the di sapp earanc e 

o f  large cyt oplasmic granul es . 

Possibl e implications o f  t h e  presen t findings hav e be en con sid ered  

in relati on t o  previous inves tiga tions wi th t his o rgani sm and t o  s t ud i es 

o f  t h e  endo genous m e t a bolism and survival chC'.rac t eri s tics o f  o t h er 

microbial sp eci es . 
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INTRODUCTION 



CHAP'rER 1 

INTRODUCTION 

Endogenous Metabolism of iVlicroorganisms wi th Special Referenc e t o  

Nocardi a c orallina 

Endogenous  metabolism ha s been defined as  the total me tabolic 

reactions that o c cur  in a living c ell wh en it  is held in the  absence  

of  c ompounds or el ements which  may serve as specific exogenous sub stra t es 

( Dawes and Ribbons , 196� ) . The present  s tudy o f  endogenous metabolism 

and survival of th e soil mi croorf,anism N .  c orallina was und ertaken as 

an extension o f  previous investigations whi ch were ini tiat ed in 1 95 1  by 

Batt and Woods as a study o f  mi crobial pyrimidine cataboli sm . Subsequently , 

s tudies were carri ed out  wi th this organism involving growth requirements  

and propionic acid oxidation (Martin and Bat t ,  1 957a , 1 957b ) , endogenous 

respiration and oxidati ve assimilation ( Midwinter and Batt , 1 960 ) , 

induc tion o f  en zymes for pyrimidine cat abolism ( B at t ,  196 1 ) , and polyol 

oxid ations (Haurer and Bat t , 1962 ) .  In 1962 , d.dwint er , in a further 

s tudy , examined  some aspects  o f  ·metabolic v ersati lity and endogenous 

me tabolism in N . corallina and concluded that b oth  lipids and prot eins 

were  degrad ed during peri ods  o f  starvation . Rob ertson ( 1 96� )  ext ended 

t he lipid studies by examining oxidati ve  assimila tion o f  long chain 

fatty acids , d e t ecting 10-methylsteari c acid as a c ellular cons ti tuent 

and d efining aspec t s  conc erning the bi o synthesis  o f  this acid . Although 

no t ests  for survi val pot ential were carri ed out , the impression was 

gained that this  organism was remarkably stabl e .  W ebb and Clark ( 19S7 )  
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also working wi th N. corallina made a simil �r ob servation . For the  

present study it  was propo� ed to  examine th e survival pot ential o f. 

the o rganism wi th special referen c e  to  the po ssible role o f  lipide as 

endogenous reserves . 

The importan c e  o f  high survival capaci ty und er natural conditions 

was also to b e  con sidered . N .  corallina is  typical o f  the aut ochthonous 

or secondary group of  soil microorgani sms ( Alexand er, 1 964 ; Conn , 1 948 ; 

Clark , 1967 ) .  Charact eristi cally this group includ es o rgani sms whi ch 

grow  relatively slowly and appear at a lat e stag e  in the  ecological 

succ ession which  occurs during the  decomposition of plant residues 

( Al exander , 1964 ) .  The autochthonous group includ es speci es o f  

ac tinomyc etes ( Al exan d er , 1 964; Conn , 1 948; Waksman , 1 959 ) some o f  

which show exc eptional catabolic abiliti es b y  degrading a wid e  range 

of  complex mat eri als  typical of  those produc ed during animal or plant 

decay .  The auto chthonous group o f  soil microorganisms complem en t s  

t h e  zymogenous or primary soil mi croorganisms ( Ba cillus , Ps eudomonas 

and fast growing sp eci es o f  fungi, Alexander, 1 964 ) which grow  rapidly 

following the addition of  fresh plan t  mat eri al to the soil . Zymogenous 

organisms show large fluc tuations in numb ers in soil disarpearing 

rapidly aft er d epletion of readily avai �abl e nu tri ent  ( Clark , 1 967 ) . 

By contrast the  numb ers o f  autochthonous organisms, inc luding  many 

species  of  ac tinomycet es, show comparatively small variations . Although 

Clark ( 1 967 ) consid ers that the  t erms autochthonous and zymogenous do not  

have a stric� taxonomic basis i t  is  qui t e  possible that there is  a 

relationship b etween the  filamentous habi t of the autochthonous group 

( whi ch is also the t axonomic parameter ) and their lat e  developmen t in 

the  ecologi c al suc c ession ( Alexander , 1 964) . 



Periodically , soil microorgani sms will b e  fac ed , in their  natural 

envi ronment , wi t h  nut ri ent d e ficiencies  and the survi val o f  the  speci es 

could depend on the  coloni sation o f  a new ecologicp.l ni che . Brock , 

( 1 966) has l i s t ed "resistan c e  to starvation in dilute m edium" as one 

possible morphological or physiological adaption which may have evolved 

to  aid dispersal . Clark ( 1 967) has sugges t ed that many c ells occur 

in the  soil in a resting or dormant  c ondition and i t  i s  possible that 

they survive  by utilizing endogenous reserves (Dawes and' Ribbons , 1 962 ; 

Lamanna , 1 9 6 3 ) . However , apart from an increased survi val c apacity in 

soil , which  c an b e  r elat ed to  sporogenesis ( Sneath , 1962) or possibly to 

desi c c ation o r  l ow t emperature (Erock , 1 966) , there is  li t tl e  di rect  

evi d en c e  to  support the suggestion that soil bacteri a  can exi st  for  long 

periods in  a resting stat e ,  ( Park , 1 965) even although approximat ely 75% 

o f  soil bac t eria ( excluding the ac tinomycet e s) are non- spore formers 

( Clark , 1 967 ) . Early studi es with  pat hogeni c bacteria showed that 

unless these  organisms grew ( Clostridium t et anii , Bacillus anthracis )  

they di ed out very quickly aft er being added t o  soil , whi ch was therefore 

not  consid ered to  b e  a continuing sourc e of infec tion (Waksman , 1 947) . 

Many work ers c onsider that vegetative bac t eri al c ells do not have a 

"resting state"  and that the t erm "resting c ell" used by Quastel and 

Whetham ( 1 924) to dis tinguish spores from non growing c ells  presents  

an  incorrect  iwplication ( Dawes , 1 963 ;  Dawes and Ribbons , 1 964 ; Clifton , 

1 966a) . There have b een only a small numb er o f  s tudi es of the  survival 

capacity  o f  mic roQrg anisms reported and v ery few of these  have b een 

concerned with organisms whi ch could b e  d escribed as members of the  

autochthonous group . In t hi s  connec tion a rec ent s tudy by Zevenhuizen 

( 1966) wi th Arthrobac t er speci es which  may b e  consid ered as auto chthonous 



( Conn, 1 948 ) sugg es t ed that these  organisms  may in  fac t have  a hieher 

survival capacity than most  organisms examined ( Table  1 ) .  The presen t 

s tu dy was planned as an investigation o f  the  survival capacity o f  a 

typical autochthonous, non-sporulating mi croorganism with the aim o f  

d e fining mor e  clearly the  nature o f  the  endog enous metabolism during 

p eriods of prolonged starvati on.  

The Genus Nocard ia 

The genus Nocardia ( Breed, �urray and Smi th, 1 9�7 ; McClung, 1 956 ) 

o ccurs in the  o rd er Ac tinomycetal es which is  d escri b ed a s  a transi tional 

group b etween true bac t eria ( Eubac t eriales ) and fungi, ( B essey, 1 96 1 ; 

Lec hevali er and Lechevali er, 1 967; Waksman, 1 959 ) . The Ord er includ es 

those  organisms with a t endency  t o  form a myc elium of  branched hyphae 

(0. 5-1.0 p. in diam e t er ) and spor es .  The  myc elium may b e  rudimentary 

wi th no spor es formed or well developed with  th e formation o f  segmentation 

spores formed by tran sverse divi sion o f  th e hyphae ( Bre ed, Murray and 

Smith, 1957 ) .  The Order has been di vid ed into  four families  Mycobac teri ac ea e, 

Ac tinomycetac eae, S treptomy� etac e a e  and Ac tinoplanaceae between which only 

broad distinc tions  can be  mad e, based on the d egree  o f  hyphal formati on 

and fragment ation and th e formation of spores . Classi fication o f  

ac tinomyc e t es i s  mad e  di fficult  b y  t h e  extreme  variability o f  their 

morphologi c al and physiological characteristi c s  ( McClung, 19�9 , 1 954 ,  1 955 ) . 

N ew methods based on fac tors o ther than morphology are b eing used to 

facili t ate c lassi fi-cation (Lechevalier  and Lechavali er, 1 967 ) . The 

taxonomic position of the Nocardia in the  family Ac t inomyc etac eae, based 

on the formation of  myc elium which subs equently fragments into  coccoid  

and bacillary el e� en t s, has  b e en contested  ( Gordon, 1966 ; Lech evalier  and 

') / 



Table 1 

Survival Characteristics of Bacteria 

-:-Carbon Source of cells Time inte:r:val Change· in 
Organism growth for starvation for change in viability 

Reference substrate experiments viability following 
(hr. ) resuspension 

(%) 
Aerobacter glycerol chemostat 0-10 100-20 Postgate B.nd 
aerogenes limiting Hunter (1962) 

Arthrobacter glucose late log phase 
(strains) cells susEended in 

1 ) phosphate buffer 0-5 (days ) 100-85 Zevenhuizen 
5-19 " 85-70 (1966) 

2) phosphate buffer 0-3 It 100-130 
containing N H;: 3-13 It 130-10 

Azotobac·ter glucose lOK phase 0-72 100-30 
Sobek, Charba and 

agilis succinate 11 0-,+8 100-5 
glucoee stationary phase 0-2/t 100-100 Foust (1966) 

2/t-72 100-85 
succinate " O-L+� 100-100 

48-72 100-80 

Escherichia glucose stationary phase 0-12 100-100 Dawes and Ribbons 
coli 12-48 100-15 (1965) --

Sarcina lutea peptone stationary phase 0-30 100-85 Burleigh and 
30-96 85-15 Dawes (1967) 

peptone mid log phase 0-22 100-60 
glucose 

Strentococcus lactose late log phase 0-20 100-95 Thomas and 
lactis 20-30 95-40 Batt (1968) 

·Change in viability in given time interval was approximately linear. 
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Lechevali er , 19 67 ) .  Gordon and Mihm ( 19 5 7 )  suggest ed that aerobic 

actinomycet es, which form a myc elium capabl e o f  fragmentat i on into 

coccoid and bacillary element s  but which  do not pr�duc e aerial hyphae 

should b e  included in one genus Myc obac t erium rhodoch�ou s .  Gordon ( 1966 ) 

refers t o  the  Nocardia as a catch  all genus but beli eves that any generic 

assignment o f  the  sp eci es, Mycobact erium rhodo chrous , should only be  

mad e following cl earer delin eation of the  genera Coryn ebac t erium, 

Mycobac t eriu�, Nocardia and Arthrobac t er .  

Nocardia speci es oc cur wid ely in soils ( Breed, Murray and Smith, 

1957 ; Lechevali er and Lechevali er , 1967 ; Waksman, 1959 ; Gordon, 1967 ) 

although numerically they do not appear to b e  as common as the  S treptomyc es 

( Lechevali er, 1964 ; Kuster , 1 967 ; Waksman, 19 59 ) .  However the  close  

morphological similarities of  species  of  Nocardi a wi th  sp eci es o f  

Coryn ebac t erium and Arthrobac t er ,  which also c ommonly oc cur in soils 

(Conn, 1948 ; Gordon, 1967 ) make estimations of  the numerical importanc e 

o f  soil Nocardia speci es d if fi cult . 

Members o f  the  genus Nocardia ar e capable  of  metaboli sing a wide  

range of  carbon compounds including ; c ellulos e, prot eins, flavones , 

phenols and polyphenols , lipids  and hydrocarbons (Waksman, 1959 ) .  

Presumably these  substrates also supply nutri ent for these  organisms 

in their natural environment .  Some o f  the s e  compounds are typical o f  

. the mat erial remaining after the  ini tial bac t eri al explosion (Clark, ° 1967 ) 

which occurs following the addi tion o f  plant  or animal mat t er to the soil . 

The nature o f  these  compounds together with  t h eir  oc curr enc e  in the  soil 

at l evels which  do  not  fluc tuate  �nd ely ov er  long peri od s, may perhaps 

be relat ed t o  the autochthonous nature of microorganisms such as N . corallina. 
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There have b e en few studies on starvat ion resistan c e  with myc elia 

of ac tinomycetes  (Waksman ,  1 959 j Erikson , 1 9,+9 ) .  M any Noc ardia speci es 

do  not form spores comparable with  those  produc ed by th e Streptomyce s .  

However th e coc coid bodi es t h a t  a r e  formed by fragmenta tion o f  Nocardia 

myc elia c ould conc eivably have durable properties and have been referred 

to  as s egmentation spores by Breed , Murray and Smi th ( 1 9 57 ) . Hagedorn 

t 1 959a.} has d escribed small c o ccoid c ells  o f  N . c oralliina as "durabl e" 

but no physiologi c al eviden c e  was presen t ed to suggest any special 

resistanc e property . The c o c coid c ells which  oc cur in old  c ul tures o f  

Nocardia speci es resembl e  the so-call ed " arthrospores" o f  Arthrobacter 

sp eci es but th�re appear to  b e  no r eports showing that these  enti ti es 

have charac t eristic  spore like  properti es  ( Breed , Hurray and Smith , 1 957 ) . 

In  a rec ent s tudy on t h e  survi val o f  Arthrobac t er speci es , Zevenhuiz en 

( 1 966 ) reported  that under some condi tions these  organi sms  have � 

resistanc e to starvation which  appears t o  b e  greater than that for mos t  

organisms s o  f ar studi ed ( Tabl e 1 ) .  

The Speci es N. corallina 

Nocardia cora.l lina is  d es cribed ( Breed , �1urray an d Smith , 1957 ) as 

a soil microorganism producing branching rods 1 . 0- 1 . 5  p. by 10 p. in 

young cul tures grown on the  surface  of agar and charac t eri sed by the  

presenc e o f  short rods and cocci in old  c ultur e s .  The organism is  

non-motil e ,  non-acid  fast , gram posi ti ve  and does  not form spores  or 

aerial hyphae . o I t  has an optimum growth t emperature o f  22-25 • 

Colonies on agar are generally coral pink in colour and ei ther shiny 

or matt in t exture with filamentous edges . The moisture content  o f  



the solid m edium influen c es colony rlorphology t o  a c onsid erable  ext ent 

(Webb and Clark , 1 957 ) . When gro1;m on nut ri ent agar a t  28 -290 over a 

period o f  �O hr .  N. corallina produc ed  c o enoc y ti c  hyphae which  subsequ ently 

fragm ented . The coc coidal c ells so formed grew by sw elling followed by 

the formation of  an out growth from one or b o th ends o t each c ell, (Webb 

and Clark , 1 957 ) .  Hyphal elongation s e emed t o  o c cur by  insertion of  

n ew mat erial a t  hyphal tips and not  by  int ercal ary gro wth exc ept  at 

branching points ( Brown and Clark , 1 966 ) .  Nucl ear di visi on accompani ed 

hyphal elongation and gave rise  to nuclei spac ed regularly along the 

hyphae (Webb and Clark , 1 957 ) .  vlith  c ells grown on agar t h e  fragmentation 

proc ess is sai d  by Brown and Clark ( 1966 )  to  be initiated by ag en ts  which  

accumulat e in broth c ultures towards the  end of  gro wth and subsequently 

disappear . These authors have claimed that when c el l s  were grown in  

close  proximi ty on  membran e  filt ers , fragment ation o f  hyphae o c c urred 

earli er which  sugges t ed the exi s t enc e of a di ffusibl e fragm entation 

ini tiator .  A s tudy of  fragment ation wi th N .  c orallina grown i n  liquid  

medium (W ebb and Clark , 1 957 ) showed that c o c c oid  c ells d eveloped to 

form c o enocyti c hyphae 1 2 - 16 p. in length which  fragm en t ed aft er 1 5-20 hr . 

to yi eld binucl eat e bacillary c ells . After a further 1 0 - 1 5  hr . c o c coi dal 

c ells were formed .  Webb and Clark ( 1 957 ) have. emphasis ed the n eed for 

using standardised  inocula sinc e fragm entation was d elay ed and hyphae 

were  much long er wh en a very small inoculum was used . In  this connecti on 

the amoun t  o f  aeration was also very  important  in liquid cultures , sinc e 

the  fragm entation pro c ess could b e  greatly d elayed or  even absen t  with 

reduced oxygen t ensions . The addition o f  fruc tose  o r  glucose  to  the 

medium has been shown to reduc e the  hyphal s tag e  by short ening the  average 

) 
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l ength o f  t he hyphae form ed (Webb and Clark , 1 957 ).  Clark and Frady 

( 1 95 7 )  and W eb b  and Clark ( 1 957 ) have report ed  t ha t  t h e  di visi on o f  

c o c c oidal cells in liquid culture  c o uld  c o ntinue without  hyphal formati on 

in a manner similar to  binary fissi on . The  transf er o f  ac t i v ely dividing 

co c c i to fresh media or  even distilled water c aus e d  the pro du c ti on o f  

hyphae . The growth o f  c o c c oids on t h e  surfac e  o f  nutri e n t  agar using 

plat e count  methods ( N eb b  and Cl ark , 1 957 ) was shown to approach 1 00% 

even from cultures whi c h  were s everal weeks o l d . 

Webb and Clark (1957) and Clark ( 1 9 58 )  r ep ort ed that  suspensions o f  

N .  c orallina former l arge tenacious c lumps whi c h  were c onsid ered  to b e  

c aused  b y  a s e cr etion o r  slime l ayer  o n  t he o utsid es o f  th e c el ls . 

This could b e  r emoved  in p art b y  washing with distilled wat er although 

various s al t  soluti ons , dilute  acids , b ases and orgeni c  solv ents were 

i n e ffectual in this resp ec t .  Th e t e c hnic al problems o f  c l umping could 

be  p artially o vercome by shaking sus p ensi ons with glass b eads and r emo ving 

c lumps b y  low sp e ed c entri fugation to pro vi d e  susp ensi ons whi c h  contai n ed 

at l e ast  90% o f  the c ells as singl es . 

S tudi es on t h e  ul t rastru c tur e o f  N. c o rallina have b e en r eport ed by 

H agedorn ( 1 959a , 1 95 9b ) and t h es e  hav e  b een discussed in  more  d e t ai l  in 

a later s ec tion  o f  the th esis . The gen eral morphology o f  the organism 

as r eport ed by Hagedorn \'las similar to that cl es c ri b ed by C lark et a1. 

N .  c oral lina shows a h i gh d egre e  o f  b i o c h emi c al versati l i ty in the rang e 

of organic  c ompounds which  it c an oxidise as subs t rat es und er manometri c  

c onditions (Midwin t er ,  1 962 ) . T eppe r  and Karyagina ( 1966 ) hav e  grown 

this organism on abi eti c aci d ,  humi c acid , lignin , vanillin , querc etin 

and querc etrin whi c h  are p r es en t  in soils containing d ec aying plan t  and 

animal matt er . 



The  Chemical Composi tion o f  Nocardia Species 

A d e tailed chemical examination o f  the  c el lular c onstituents  of  

Nocardia species  has not b e en rerort e d .  Mos t  ru1alytical studies  have 

b e en relat0d ei t h er to taxonomy or were conc ern ed with the i solation and 

analysi s o f  the  c ellular lipids .  These  inves tigations have b e en revi ewed 

in d e tail ( Lech evalier and L echevali e r ,  1 967 ; As selineau, 1 966 , Salton, 

1 964- ) • 

The c ell walls o f  ac tinomyc e t e  species r epresent ap9roximat ely  25% 

o f  the  c ellular dry wt . (Work , 1957 ) .  Th e basic unit which confers 

rigidity to  the  c ell wall consi s t s  of a glycoaminopep ti d e  ( mucopeptide) 

made up from a small numb er o f  amino acid s ,  amino sugCi-rs and o ther sugar 

components  ( Salton , 1 964- ) . In Nocardia sp ecies  these  includ e  charact er-

istically ; glucosamine, muramic acid, alanine, glutamic acid , meso­

diaminopimelic a cid  and the  following monosaccharid es; arabino se, glu c o s e ,  

galac tose and mannos e  (Lechevali er ruld Lechevali er, 1 967 ) . Wi th a large 

numb er o f  gram-posi tive organisms the muc opeptide  may represent  most o f  

t h e  c ell wall mat erial ( Salton , 1 964 ) . However in actinomyc et e species  

( which are  alEO gram-posi ti ve)  lipid has b een shoym to  account  for  up to  

60% o f  the dry wt . of c ell \<!alls (Kotani , Kitura , Hirano and Tanaka, 1959). 

Total lipids isolat ed from N . ast eroides  have b e en studied  by Michel , 

( reported by Ass elineau , 1 966) who found that lipid represen t ed 43% of  

the dry c ell wt . and contained a high proporti on of  fats.  Total lipids 

from the r elat ed speci es o f  Mycobac t erium , c ommonly contain glyc erides , 

e s ters o f  trehalos e, fat ty  acids and phospha tidylinositolpolymannosid es  



1 0 . 

(Asselineau , 1 966 ) . Total lipid content  fi gures o f  10% have b een 

obtained for N. opaca (\'J ebl ey , Du ff  and And erson , 1962 ) and 15% for 

N .  corallina (Midwint er ,  1 962 ) . I t  is  not eworthy that wh en N. corallina 

viaS grown in an acetate  medium that the lipid con t ent  inc r e as ed to  30% of  

th e dry c ell wt . (Midwint er and Bat t , 1 960 ) . Webb and Clark ( 1 9)7 ) 

found that glyc erol increased fat formation in N. coral lina . Michel , 

Bord et and Led erer ( 1 960 ) isolat ed an unsaturated hydroxy acid o f  

empirical formulae  C 50H960 3 (!CH2 ) from lipid frac tions o f  N. ast eroid es 

and identi cal or closely relat ed nocardomycolic  acids  ( no c ardic acids )  

have b een isolat ed from N. pell egrino , M . rhodochrous and two strains o f  

N. asteroides ( Laneel e ,  Asselineau and Cast elnuovo , 1 965 ) . N .  asteroides 

was found to c ontain a hig;h proportion of a di-unsaturated branched chain 

alcohol , ( no c ardol ) of mol ecular formulae C49H960 (!CH2 ) �i chel  and 

Lederer , 1 962 ) . I t  has b e en pointed out by Etamadi ( 1 96� , 1 967 ) and 

L ech evalier  and L e ch evalier ( 1 967 ) that  di f f er enc es in mol ecular wt . o f  

t�1 e mycolic acids could b e  o f  assistanc e in  microbial classi fi c ation . 

Characteristically, lipi d skeletons o f  about  80 c arbon atoms ( mycolic  

acids ) are found in Hycobacterium sp eci es wher eas in speci e s  of Nocardia 

the carbon skel eton contains approxima t ely 50 c arbon atoms ( nocardic or  

nocardomycolic acid s )  and for  Corynebac t erium species  chain skeletons 

c on t aining about 32 c arbon atoms are found . 

The c omposition o f  the C 10-C20 fatty  acid s of s everal Nocardia 

species h as b e en det ermin ed loy gas chromatographic analysis ( Bordet and 

Hich el ,  1963 ) . S traight c hain satura t ed , monounsaturated , iso  and 

ant eiso a cids  in addit ion t o  10-methylstearic acid  were d e t ec t ed .  Similar 

results were also ob tained for N .  corallina (Midwinter , 1962 ; Rob ert son , 

1 96tt) . Raymond and Davis ( 1960 ) end Davis ( 1 964 ) hav e  report ed tha t a 

species o f  Noc ardi a , grown on long chain n- alkanes  acc umulated aliphatic waxeB . 
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v/hen the organi sm was grown on  propan e , infrared  e vid ence suggested 

the formation o f  poly-�- h ydro xybutyrate an d when gro wn on n-butane 

a copolymer o f  �-hydroxybutyric and p-hyd roxybuten9i c acids was formed . 

These polymers repr esented approxi mately 10% o f  the csl l dry wt. whil e  

the remainder o f  th e lipid mad e u p  almo st 40% o f  the cell d ry wt. and 

primari ly co nsi sted o f  glyceri d e s . The pres ence o f  glyceri d e s  in 

M. rhodochrous  has  been d emonstrated by Lan e ele,  Asselineau and 

Castelnuo vo ( 196 5 ) . Midwinter ( 1962) was unable to d e tect poly-�-

bydroxybutyric acid  in N .  cora llina . Th er e have been few r eports on 

consti tuents , other than lipids in sp eci e s  of Nocardi a. Webl ey, Duf f  

and And e rson ( 1 962 ) reported that N. opaca was capabl e o f  s toring a 

·re s erve  carbohydrate, pro bably gly co gen, in amounts ran ging fro m )-40% 

o f  the cell dry wt. The RNA and DNA contents o f  this organi sm wer e  each 

o f  tbe ord er o f  4% o f  th e cel l dry wt. Protei n ,  d etermined as total 

nitrogen, ranged between 30-70% o f  th e cell  dry wt. depending on wh eth er 

car�o hydrate contents were low o r  high resp ecti vely . Pol ypho sphate 

granul e s  have b een frequently o bs erved in spe ci es of actinomycetes . 

Arai, Kurod a  and Koyama ( 1 96 1 ) isolated granule s  from cells  o f  N. l ei sh manii 

and characteris ed th em as mixtures o f  polyphosphate and nucl ei c  a ci d .  

Such granules have also be en shown to o ccur regularly in th e tips o f  

bacillary cell s  o f  N .  rubra, ( Adams and McClung, 1962). 

Endogeno us Metaboli sm and Bacterial Survival 

Studi es, of endo gen ous metabolism and survi vel ""i th mi croorgani sms 

h ave been r evi ewed repeatedly (Dawes and Ri bbons,  1 962 ; Dawes and Ribbons , 

1964; Duguid and Wilkinson, 1961; Herbert, 196 1 ; Neidhart, 1 963; Po stgate ,  

1 967; Wilkinson, 1 9 58 ,  1 959 ; Wilkin son and Duguid, 1 960 ) . The investi -

ga tions may be divi d ed into four categori e s, n amely:  ( a) th e effect o f  the 
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environment o n  the  c h emical c omposi tion o f  mi c ro organi sms , ( b ) s t ud i es 

relating end o g enous metabolism t o  survi val c apaci ty , ( c ) factors a f f e c ting 

the survi val of mi c roo rgcmi sms and ( d ) the fun c ti onal si e:nifi canc e o f  

endo genous m e t abolism . 

( a ) The  e f f e c t  o f  th e environment on the  c h emi c a l  compo sition  o f  

mic roorgani sms . Studi es on t h e  c hemic a l  composition o f  mic ro organi sms 

have shown marked di f l erenc es in t h e  l e v el s  of  di f ferent c ellular 

constituents  d ep ending on the  co ndi ti ons o f  growth and the  time o f  

harvest  ( Herb ert , 1 96 1 ) .  S t udi es on  t h e  l e vels  o f  pro t ein , RNA and DNA , 

and on c ell si z e  suggest  that t h e  c h emic al c o mpo si t i on o f  a c ell  i s  

primarily d ependent on the  rat e at  whic h  i t  i s  growing , and is affec t ed 

by the  c h emic al c ompo s i t i on o f  the  medium only so  far as i t  e f f e c t s  t h e  

growth rat e ( Herb ert , 1 96 1 ; N eidhard t ,  1 963 ) . During t h e  growth o f  

b a c t eria in batch  cultUre there  i s  a rapid  i n c r e a s e  i n  indivi dual c ell  

mass  and in the  perc en t age c on t ent of  ribo somal RNA ( Ecke r  and  S chaech t er ,  

The DNA p erc en t age c o n t en t  o f  each c ell  d e c r e as e s  al though th e 

absolut e  amount in each c ell inc reases tvlO o r  thre e fold . During th e log  

phase  o f  growth RNA and DNA p erc entage c o n t ent s ,  and c ell  mass r emain 

r elati v ely constant but towards the end o f  t h e  log phase  wh en the growth 

rat e d ecreas e s , the c ell  mass and th e RNA perc entage co n t en t  fall and t h e  

DNA perc en t age c on t ent rises t o  the  pre log phase l ev el ( Herb ert , 1 96 1 ; 

strange , Dark and Ness , 1 96 1 ) . Changes in t h e  per c en t B.ge composi tion 

o f  pro t ein , RNA and DNA in the  or gani sms Salmonella typhimurium , Aerobac t er 

aerogenes and Ba�i llus m egat erium grown in continuous c ul t ure  at inc r easing 

growth rat e l e v el s  were of the  o rd er o f :  prot ein , 6 "5- 7 5% ,  RNA , 7-20% and 

DNA , 5-3% ( Herb ert , 196 1 ; l'!IaaljZi'e ,  1 960 ) . An examination o f  changes in 

morpholo gy or c hemi c al c ompo si tion relativ e t o  growth for Nocardia s p e c i e s  

h a s  not  b e en r eport ed . Webl ey , Duff and And erson ( 1962 )  have gi v en an 
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RNA c ont ent  figure for N .  opaca of  3-4% , estimated towards the end o f  

growth . 

Compounds \.-,hich  are c ommonly found in bact erial sp eci es and referred 

to as reserves , include lipids , polysac chari d es and v�lutin (Wilkinson , 

1 9 59 ) . Evi d en c e  suggesting that these  c ompounds are t ruly res erves in 

that they prolong survival of starving c ells t en ds to be inconclusive 

(Wilkinson and Munro , 1 967) . Intracellular polysac chari d e , ( st arch or  

glycogen ) and poly-�-hydroxybutyrate  generally ac c umulat e in  c ells under 

c ondi tions in whic h  phosphorus , ni t ro gen , potassium or  sulphur ar'e the  

growth rate limi ting nutri ents .  Poly-�-hydroxybutyrat e may accumula t e  

under condi tions i n  which  a c arbon c ompound i s  limiting growth and th ere­

fore may have some specific  function in some c ells (Wilkinson and Munro , 

The amount s  o f  the carbon polymer s  which acc umulat e under any 

particular c ondi tion appears t o  b e  relat ed in a c omplex way to the  rat e 

o f  growth and th e growth limi ting nutri ent . In gen eral there is  a 

t endency  for the proportion o f  the polymers to  b e  high at low  growth 

rat es  (Wilkinson and Munro , 1 967 ; Herb ert , 1 96 1 ) . Polyphosphat e ( volutin ) 

generally ac c umulat es with nitrogen o r  sulphur defi c i ency or  und er acid 

c ondi tions (Wilkinson and Hunro , 1 967 ;  Wilkin sol1 and Duguid , 1 960 ) . 

Whereas iptrac ellular polysa c charides  are generally degrad ed and 

reutili z ed und er s tarvation conditions , extrac ellular polysac c harides  

are not (Wilkinso n ,  1 958 ) . As exceptions some strains  o f  strepto c o c ci 

c an hyd rolyse the  hyaluronic acid capsules by producing extrac ellular 

hyaluronidase (MacLennan , 1 9 56 )  and c ells o f  Sarcina lut ea have been 

found incapable  o f  utili zing intracell ular polysac charides (Dawes and 

Holms , 1 9 58 ) . Wilkinson and Duguid ( 1 960 ) have revi e wed e viden c e  
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suggesting that polysoc chari d e  proQuc tion in aerobes may b e  a f fec t ed 

by oxygen t en sion , pH and the  t empera ture of  the medium . Dagely and 

Johnson ( 1 9 5 3 ) , Horking wi th E .  coli showed that the nature o f  th e 

substrat e influen c e d  the nature o f  the  polymer accumulat ed : e . g . acetate  

stimulated PHB synthesis  whereas gluc ose  promo t ed polysac chari d e  synthesi s .  

I n  s tud ies  o n  the  metaboli sm of  ir on , zinc and manganese  d e ficient N . opaca 

(Webl ey , Duff  and Anderson ,  1 962 ) it was shown that glyco gen ac c umulat ed 

in c ells ( 35% o f  the  c ell  dry wt . )  towards the  end of  growth ;  with c ells  

d eprived of  zinc , glycogen ac cumulated  earli er  and di sapp eared  lat er . 

Poly-�-hydroxybutyrat e o c curs in a lar ge numb er o f  bac t eria in the  

form of  intrac ellular granule s  which  may represent  up to 40% o f  the  

c ell dry wt . (Wilkinson and Duguid ,  1 960 ; Stockdal e ,  Ribbons and Dawes , 

1 968 ) • Like glycogen ,  PHB may be  found in large amoun ts in c ells suppli ed 

with glucose  or  substrat es such as pyruva t e ,  ac etat e or butyrat e ,  in th e 

abs ence  o f  a nit ro gen source  (Macrae and l'hlkinson , 1 9'58 ; Doudoro ff  and 

Stanier , 1 9 3 9 ) . I t  is well established that FHB is b roken down rapidly 

in s tationary phase c ells (Norris  and Greenstreet , 1 958 ; Macrae and 

Wilkinson , 1 958 ) . Although glycerid es are commonly found in the  lipids  

o f  Mycobac t erium species  ( Asselineau , 1 9 66 ) , fac tors which might affect  

the  levels of  these  c ompounds specifically do  not app ear to  have b e en 

r epor t e d .  Asselineau ( 1966 )  has revi ewed evid enc e  showing that glycerol 
... 

by c omparison wi th glucose  s tim�lat es the deposition of  to tal lipid in 

Myc obac terium spe c i e s .  The e ffec t o f  ac e t a t e  o n  t h e  d e�o6ition o f  

lipid vari es wid ely even v>!i t h  indi vidual s trains o f  Nycob a c t erium . 

Schaefer and Lewis ( 1 965 ) have provided - evid en ce , based on an el ectron 

microscopy study , for  the Cl.ccumu� ation of  " fat" by M . kansasii incubat ed 

wi th  olei c  acid or  Tween 80 . 
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( b ) S tud i es relating endogenous metabolism to survival capacity.  

Normally studies  on endogenous metaboli sm involve  the harvesting of  

b a c t erial c ells fol l owed by resusp ensi on in non-nutri ent buffer sys t ems . 

The patt ern of  metabol i sm obtained und er such  conditions i s  generally 

similar to that obs erved where c el l s  are left  to incubate  in spent 

medium after r eaching full growth .  I n  a s tudy o f  endogenous metabolism 

wit h  E .  c oli ( Dawes and Ribbons , 1 965 ) i t  was found that glyco gen 

accumulat ed  in the  later  s t ages o f  growth and wa.s d egrad ed in 1 to 2 h r .  

when c ell s were r esus�ended i n  a buffer solution . The fall in glycogen 

c ontent corresponded t o  a fall in �O • 
2 

Prot ein turnover was found to  

c ontinue at  a linear rat e throughout  the  period o f  glycogen utilization 

and then ammonia was released from the c ells . Dawes and Ribbons ( 1 965 ) 

c onclud ed that glycogen utilisation preven t ed the net  d egrad ation o f  

nitro genous  mat erial but n o t  pro t ein turnover .  Clifton ( 1 966b ) also  

working with  E .  coli reached a similar c onclusion . Zevenhuiz en ( 1 966 )  

using strains o f  Arthrobac t er showed that intrac ellular glycogen was 

u tilized as a s ourc e o f  carbon for pro t ein  synthesi s during endogenous 

respiration . In addition t h e  Arthrobac t er s trains  were found to  

ac cumulate  both extra and intrac ellular polysaccharide  although only 

the intrac ellular glycogen was d egraded  during endogenous metabolism . 

Zevenhuiz en ( 1966 ) has claimed that  the presenc e o f  intrac ellular glycogen 

promot ed c ell viability during endogenous respiration and that if ammonium 

i ons were added to  the  incubati on sys t em the  glycogen was utilized fast er 

and via.bili ty d ecreased more rapidly ( Table 1) . Dawes and Ribbons ( 1 965 ) 

have not claimed any direc t relationship b etween c ell viability and 

changes in the levels o f  c ellular constituent s in their study o f  the  

endogenous metaboli sm o f  E .  coli . From a study o f  the  endogenous 
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m e t abolism o f  Azo t obac t er agi lis � Sob ek � Charb a and Foust ( 1 966 ) 

sugges t e d  a t i me relationship b e twe en t h e  c ompl e t e  u tili zation o f  PHB 

and the  ons e t  o f  c ell  d e at h, whil e  Burl ei gh and Dawes ( 1 967 ) working 

wi t h  s t arved  suspensions of  Sarcina l u t e a  found that c ells c on t ai ning 

a high prop o r tion o f  polyglucos e  d epl e t ed t his consti tuent  during 

s t arvation and d i e d  more r apidly than c ells whi ch  di d not contain the  

pol yglu c o s e . Pos t gat e and H un t er ( 1 962 ) i n  a s tudy o f  A .  a erogen es , 

r epor t ed that t h e  d eath o f  c el ls in t h e  popul ation b e gan immediat ely 

aft er r esuspeL si on ( Tabl e  1 ) and that c ells c at abolis ed RNA and to a 

l ess e r  ext ent  polysac c h ari d e  and pro t ei n .  I n  1 960 ,. Midwint er and Bat t 

concl ud e d  t h at c arbohydrat e c o ul d  ac t as an endo genous r es erve  in 

suspensi ons o f  N. c o r allina respiring en dogenously in phosphat e bu f f er . 

However lVlid wi n t e r  in a later  s tudy r eport ed t hat c arbohydrat e was not 

a major  r e � er v e  c ons ti tuen t .  Ins t e ad lipids and pro t eins w e r e  c onsid ered 

t o  h e  utili z e d  und er  c ondi ti ons o f  end o genous respirati on .  S t ephenson 

and Whetham ( 1 922 , 1 924 ) have r epor t e d  that non-phosphatidi c lipids 

ac ted  as endo genous r es erves in M .  phl ei. By c ontrast  Frouin and 

Guillaumi e ( 1 9 28 ) and C assagn e  ( 1 939 ) repo r t ed that th e p erc ent age lipid 

of  tub erc l e  and dipth eri a bacilli i n c r eased  wi th age .  Wi th N .  rugosa , 

l oss o f  pro t ei n  was s aid to a c c o unt for most o f  the  d ry wt .  lo ss durin g  

end o genous r espirati on ( Bardi and B o r e t  ti , 1 9 ')8 ) while  lipid , RN A  and 

DNA were not  utili z ed . However for o ther  syst ems th e breakdolrm o f  HNA 

duri ng s t arvat ion o f  b ac t eria has b e en well do cumen t ed . HNA is broken 

d o �� almost imm ed�at ely following r es uspensi on o f  E .  c o li � Daw e s  and 

Hibbons , 1 965 ) and for S .  l u t e a  (Burl eigh and Dawes , 1 967 ) grown on 

p eptone  salts , the  c ellular c o n t en t  o f  P.NA f al ls during t h e  d e c line i n  

growth r a t e  that  o c curs towards the  en d o f  the  log  phas e .  RNA was also 
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d egrad ed under c oriditions o f  resusnension in buffer . Strange , Dark 

and Ness , ( 1 96 1 )  have reported  that RNA was broken down in starved 

suspensions o f  A. a erogenes and a similar r eport  has b e en made v.ri th 

resp e c t  to  Pseudomonas aeroginosa by Gronlund and Campb ell ( 1 965 ) . 

In several o f  these  report s the  breakdown o f  RNA was shown to b e  

accompani ed by  the  rel ease o f  p entose  and  ultraviolet  mat erial into the  

supernatant and in  some c ases , am�onia was produc ed in amounts great er 

than what was expec t ed from the breakdown o f  prot eins or amino acids 

alone (Dawes and Ribbons , 1 965 ; Burlei gh and Dawes , 1 967 ; Sobek , 

Charba and Foust , 1 966 ) . Starved c ells  may also  rel ease  amino acids 

into  the extrac ellular fluid ( Dawes and Ribbons ,  1965 ) . Burl eigh and 

Dawes ( 1 967 ) showed that the  l evel o f  the  free  intrac ellular amino acid 

pool  f ell when S .  lut ea was s tarved and there  was a c oncomitant  rel ease 

o f  ammonia . In addition Bardi and Boretti  ( 1 958 ) have no t ed that amino 

acics  were utilized by N .  rugo sa under s tar vation c onditions . 

( c )  Fac tors e ffec ting the survival o f  mi croorganisms .  In addi tion 

t o  the  possibility that the  utiliza tion of  intrac ellular reserves may 

promo t e  c ell  survivel a numb er o f  other  fac to rs have b e en shown to have 

mark ed e ffec ts  on the viability of starving c ells . These effec t s  have 

b een revi ewed by  Postgat e ( 1 967 ) .  The survival c apaci ty o f  s tarving 

c ells  of A. aerogenes has b e en shown to be  r elat ed t o  the growth rat e  at  

the time of  harvestin� for the  starvation eXferiment s . C ells  grown in 
,. 

continuous cul ture a t  rapid growth rat es di ed more slowly than those  

harv ested from continuous cul tures in  whic h  growth rat e  was slow .  The  

e f f e c t  on  A .  aerogenes of low t emperatur e during harvesting has b e en 

examined by  strange and Dark ( 1 962 )  who found that c ells sub j ec t ed to  

o 
t emperatures  o f  0 lost  viability during the  subsequen t p eriod o f  

r esusp ension more rapidly than those  held  a t  20° . This effec t  has b e en 

referred to as cold  shock and may b e  partly due  t o  int erferenc e wi th a 



1 8 .  

p ermeability control mechani sm . Fos tgat e and Hunter  ( 1 962 ) found 

t�at A. aerogenes  had an optimal survival t emperature o f  200 und er 

c onditions o f  resuspension while  Thomas and Bat t ( 1 968 ) reported  that 

o survi val o f  S .  lac tis was ext end ed  ".,ri th  t emperatures down to  3 . 

Tris-saline and phosphat e  buffers prepare d  from highly puri fied 

reagents  may contain impurities  which permit  limi t ed growth ( Postgat e 

and Hunt er , 1 962 ; Strange , Dark and Ness , 1 9 6 1 ; Garvi e ,  1 9 � 5 )  and 

during s tarvati on non-viable  organi sms can loose mat erial into the  

supernatant which may be  sub sequently utili zed  for �rowth by viable  

organisms ; an effect  known as c ryptic  growth ( Postgat e ,  1 967 ) .  Cli fton 

and Cherry ( 1 966 ) have also poin t ed out  t hat viable  organisms may l eak 

substances  which  c o uld  be  reutili"zed . By contrast laboratory glassw�re , 

re agen t s  and d istilled wat er may contain mat erials which  are actively 

t oxi c  to  bac t eria .  Postgat e and Hun t er ( 1 962 ) found that some batches 

o f  buf fer contained  appreciable amounts  o f  c opper at toxi c levels . 

Inclusion  o f  EDTA removed the  t oxic effec t but an exc ess o f  h�TA c an 

i tsel f  b ecome  t oxic to c ells  ( Thomas and Bat t ,  1 968 ) . The inclusion 

of magnesium in  buffer used for experiments  with starved c ells  prolongs 

survival , an effec t which may be due to a s tabilizing action on  either , 

bact erial ribosomes or  on permeability ( Strange and Hun t er ,  1 967 ) .  The 

c on c entration  at whi ch c ells  of A. aerogenes were resuspended  affec t ed 

their viabiliti es  and Harrison ( 1960 ) has shown that, there was an optimum 

conc en t rati on for  survival o f  c ells  in suspension . Thomas and Bat t ,  

( 1 968 ) working with S .  lac ti s  have suggest ed that the effect  o f  c ell 

c oncen tration , known as the  popul a ti on e ffect , ( Postgat e an d Hun t er ,  

1962 ) may b e  due  t o  the  l eakaF.'e o f  magnesium from the c ells t o  a l evel 

which  subsequen tly affords pro t ec tion against  loss of viabili ty . 
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( d ) The  fun c tiom·l importanc e o f  end ogenous met�bolism . 

The two extremes rega rding the possible  signi fic anc e of  endogenous 

metabolism have b een outlin ed by Dawes and Ribbons ( 1 964 ) I IEndogenous 

metabolism o c c urs either because the  organi sm c annot help it and it 

therefore b ears no  relation ship to survival , or survival charac teristi c s  

a r e  relat ed direc tly to  t h e  endogenous metabolic  ac tivi ti es o f  t h e  c ells . "  

Dawes an d Ribbons  ( 1 964 ) suggest ed that the  truth lay somewhere be tween 

these  ext remes " some reac tions may o c cur b ecaus e they are essen ti al to 

the viability of th e c ell and others may oc cur simply bec ause  substrate  

and enzymes are in  contac t . " Lamanna ( 1 963 )  postulat ed that  e ndogenous 

metabolism was indic ative of a maint en anc e en ergy 01all ett e ,  1 963 ;  NcGrew 

and j\ allet t e ,  1 962 ) that existed  at all times fo r sustaining viability . 

Marr ,  Nilson and Clark ( 1 9 6 3 )  in d eveloping the c onc ept o f  a maint enanc e 

energy requirement in  E .  c oli postulat ed that the metabolism o f  a carbon  

sour c e  pro vides  en ergy for various pro c esses  which o c cur ind epend en tly of  

growth . Such pro c esses might includ e motility , solute  ac c umulati on , 

main ten anc e o f  higher intrac ellular to  extrac ellular con c en trations of 

some c ell constitu en t s , and prot ein and RNA turno ver . Marr , Nilson and 

Clark ( 1 963 ) have d e fined the  specifi c  maint enanc e as a measure of the 

c arbon and energy diver t ed for purposes  o th er than growth . Claims for  

the d emonstration o f  speci fi c  maint enan c e  have b e en made from studi es 

wi th continuous cultUres . Wh en the  infusion  rat e of  fllucose  was 

d e c r eas ed the  yi eld o f  c el l s  from a d e fined  amoun t o f  glucose  was 

d ecreased . Postgate  ( 1 967 ) has cri ti si s ed these  experimen t s  ?nd oth ers 

on  main tenan c e  ( Bohinski and Mall e t t e ,  1 9 65; Mall ett e ,  Cowan and 

Campbell , 1 964; �cGrew and Mall et t e ,  1 96 5 )  on the  ground s  that c ryptic  



- - --- -------

20 .  

growth might have o c curred . However it  seems that the  c onc ept  o f  a 

"maint enanc e energy"  is  now generally acc ep t e d  although yet  t o  b e  

experimentally c onfirmed ( Pos t gat e ,  1 967 ) . 

I t  was men tioned earlier in this discussion that some authors d o  

n o t  recognise  a "resting state"  for vegetative c ells  (Dawes and Ribbons , 

1 96 3 ;  Dawes , 1 96 3 ;  Cli fton , 1 966a ) . From the  su��ary o f  resul t s  on 

c ell survival repor t ed in the  lit erature ( Tabl e 1 )  it is  cl ear that 

bact eria do no t survive  for very long . Rather than a "resting stat e" 

the  starving vegetati ve c ell is  c onsidered  t o  b e  in a state  o f  negati ve 

growth or growth rate  d ecline lea.ding to a finit e  minimum b elow which 

c ells  do  not  survive ( Ecker and Schaecht er , 1 963 ) . Tempest ,  H erbert 

and Phipps ( 1 967 ) have investiga t ed the c onc ept of a finit e  minimum 

growth rat e  for A .  aerogenes grown in continuous cul ture and have sho�� 

that the doubling time o f  viable organis�s t ended to a maximum value o f  

about  8 0  hr . wh ere growth was limited  b y  glyc erol . When gro\�th was 

+ limi ted by levels o f  NH , the  maximum doubling time for the  organism If 
was about 100 hr . When the  growth t emperature was d ecreased the yi eld 

of c ells was increas ed suggesting that the minimum growth rate may b e  

lowered b y  lowering t h e  t emperature . 
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CHAPTER 2 

THE AIM OF THE PRESENT I N VES T I GATION 

Following a s tudy o f  the endo genous  metabolism o f  N �  c orallina ,  

Midwinter ( 1 962 )  c onc lud ed that t h e  c a tabolism o f  lipid and prot ein 

c omponen t s  provided  energy for c ell maint enan c e  in the  absen c e  o f  

exogenous sub s t rate . Li t t l e  information was ob tain ed on either t h e  

nature or  t h e  turnover o f  the  c ellular �ipi d s  and this aspec t was taken 

up for further s t ud y . I t  was also proposed  t o  investiga t e  the  survival 

c apacity o f  N .  c orallina in relation to  the  d epletion o f  c ellular  lipids . 

Earlier  studie s  ( Bat t ,  unpublished results ; Robert son , 1 96� ) had 

d emonstrated that when c ells o f  N .  c orallina were incubated wit h  the 

potassium sal t s  of either palmi tic , st earic or oleic  acid , approximately 

14 
80% o f  the exogenous C-labelled  fat ty acid was oxidatively assimilated . 

A large proportion o f  the  assimilated fatty  acid was incorporat ed into a 

neutral lipid fra c tion a s sumed  t o  b e  t ri glyc eride .  Ac cord ingly i t  was 

proposed  to p o si tively identi fy the  triglyc eride  frac t ion in lipids 

i sola ted  from N.  c orallina c ells , t o  label thi s  frac t ion by oxidative  

" " I  t "  f 14C 1 " t " " d  d t d t " t h  b t t ass�m� a �on rom - p a  m� � c  ac� an 0 e ermln e e su  sequen ra  e 

o f  t u rn o v e r  o f  t h e  fra c tion in c ells incubated und er s tarvation c ondi tions . 

The abili ty o f  N .  c orallina to  inc o rporat e fatty  acids  almost  

quanti tatively into  c ellular lipid s preskn t ed the  possibility o f  localising 

the "reserve triglyc eride pool" by m eans of autoradiography and elec tron 
I 

mic rosc opy . However as a preliminary study  i t  wa s necessary t o  obtain 

information on the ultrastruc ture  of the organism during growth and also 

under  c ondi tions o f  starvation . 

The conditions fo r growth and incubation o f  N .  corallin a had b e en 
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s elec t ed previously from a limi t ed amount o f  experimental  information . 

To c arry out effec tive s tudi es wi th suspensions o f  s t arved c ells i t  was 

recognised that experimental conditions would h ave to b e  carefully 

controlled and initially the investigation was directed to a s tudy o f  

d efined physiolo gical conditions for growth and survival . I t  was clear 

that condi tions should b e  sought  which  preven t ed the c ells clumping ,  

sinc e t o tal and viable  c ell c ount s  would b e  used  for estimating 

survival potential .  Although the  resul ts reported by Hidwinter ( 1962 )  

gave a general pic ture of  metabolic changes during starvation , the  

levels o f  intrac ellular constituents were re-exa�in ed , spec i fi c ally in 

relation to  viability estimat e s .  

From t h e  vari ety o f  possible experimen tal approaches  to  this s tudy 

o f  c ell survival , the  investigation d eveloped  a s  a more  d e t ai l ed 

re-examination o f  c ellular changes under  growth and starvation c onditions 

with concurrent investigations into the  ultra s truc ture of the c ells and 

struc tural analysis o f  fatty acids .  

Although turnover s tudi es are s till consid ered es sential for b e t t er 

understanding o f  the metabolic changes which o c cur  during endogenous 

metabolism , emphasis should perhaps be  dire c t ed more to pro t ein rather 

than lipid constituents , in the light of the findings from the present  

study . 



SECTION 1 1  

EXPERIMENTAL 

I 
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CHAPTEf 1 

]''iETHODS 

Bac t eriologi c al Proc edures 

Organism 

The strain of N . c orallina us ed in the pres ent  investigation 

was isolated  by Bat t  and Woods  ( 1 95 1 ) .  Throughout the  investi gation 

o the organism W5 S maint ained at 2 on gluco s e  y east- extrac t ,  agar 

slopes ( Appendix 1 ) .  Slopes were subcultured  a t  monthl y int ervals 

on to  fresh slopes which were incubat ed a t  300 for 48 hr . and then 

o stored at  2 • 

The original isolat e was �enti fi ed by Pro fessor J ensen as a 

strain o f  N .  c orallina ( Bat t and �oods , 196 1 ) .  In 1965 the  organism 

was examined  by Dr .  Ru t h  Gordon who d escribed  it  as Hycobac t erium 

rhodochrous . However Dr .  Gordon pointed  out that i t  was qui t e  

reasonable to  retain the name N . corallina until the t axonomi c  probl ems 

associated with  the species  are settled  ( p ers . comm . ) . 

Growth in Liquid Medium 

Cells from a slope which had b een s to re d  for no longer than 2 d ays  

v/ere transferred , using a s t eril e  loop , into 300 ml . o f  liquid medium 

held  in a cleated c oni cal  flask ( 1L . ) or a E tandard coni c al fl ask ( 1L . ) .  

The 0 . 1M phosphate buffer medium (Appendix 1 )  cont ain ed per L . : 

1 3 . 6  g . ; ad j us ted to pH 7 . 00 ! O . O � by addit i on o f  5N NaOR . Gluc o s e  

( 0 . 7 ;% final conc . ) was add ed aft er autocl aving . 



The flask contai ning the  inoculat ed medium ( referred to  as the  

primary flask ) was incubat ed at  300 wi th shaking at 1�0 rev . /min . 

on  a N ew Brunswi ck gyrot ary shaker ( Model G-25 ) . Af,ter a period o f  

approximat ely �O hr. , growth of  t h e  primary culture had r each ed the  

mid log phase as  d e fined by the  OD  measurem ent  at  660 mp . Ali quot s  

( 10 . 0  ml .) were then transferred t o  second ary flasks after c arrying 

out a bri ef examination of the morphology of the  organisms in the  

primary culture using lignt microscopy and Gram s taining.  The 

s econdary flasks contained 300 ml . o f  the  same  medium as the  primary 

flasks and were incubated under  identi c al condi tions . Full gro wt h , 

as d emonstrat ed by the establishment o f  maximum OD at 660 n� , o ccurred 

in the  s econdary flasks after a period of approximately 50 hr . 

All experiments  d escribed in the  subsequ en t  sec tions of  this 

report were carried out on cultures grown in s ec ondary flasks . 

Special Growth Flasks 

Cul tures were grown in s t andard c onical flasks ( 1L . ) or cleated 

c onic al flasks ( 1L . ) .  The cleated c onical flasks were s t andard 

conical flasks inden t ed on the lower part of the wall with 6 

equidistant cleats  approximat ely 1�1I hi gh and �tI d e ep . The mouths 

of flasks were plugged with muslin coated  cot ton woo l  or  c overed 

with 2 milk filt ers  ( "Cestral! embossed , 10 1/�" D . ) folded  in quart ers 

and held around the neck o f a flask by a rubb er band . Cleated flasks 

and milk filt ers were used to improve th e aeration e f ficiency o f  

culture syst ems ( Corman et . al . 1 9 57 ) . In c ases  where milk filt ers 

were used the flasks also had a side  a rm ( 1 . 5  cm . I . D . ) ,  which was 

plugged with muslin coated cot t on woo l .  
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Preparation and Incubation of  C ell Suspensions 

In a typical exp eriment requiring the in cubation of sus�ensions 

c ells were harvested from sec ondary culture s  by c entri fugation 

( S ervall , Model RC- 2 )  at 2000 g .  for 7 min . at 20 in screw-capped 

polypropyl ene cups ( 250 ml . Nalgene )  which had b een s t erilised by 

autoclaving ( 1 5 min . , 1 2 1 0 ) .  The supernat an t fluid  was discarded 

and the pellets  washed twice  by resusp ensi on and recentri fuga ti on 

in 100 ml . ( p er wash ) o f  st eril e ,  i c ecold , sodium potassium phosphate  

buffer ( 0 . 1M pH 7 . 00 : 0 . 0 5 )  c ontainin� MgSO� ( �x10-�M) hereafter 

referred t o  as phosphat e buffer .  Although comple t e  r esusp ension of  

the pellets  was di ffi cult , disp ersion was obtained if  p ellets  were 

agi tated in approximately 15 ml . of phosphat e  buffer , using a cyclo­

mixer , ( Clay Adams Inc . ) before the  main portion of  the buffer was 

added . Pellets  from the same s ec ondary flask were combined during 

the first wash so t hat the c ellul ar conten t s  of each flask were 

contained in s eparate c entri f uge cup s .  The pellets  from individual 

secondary flasks were finally resuspended in a t o t al volume of 300 ml . 

o f  phosphat e buffer ( room t empera tur e ) , in  aut oclaved , s tandard or 

cleat ed coni c al flasks ( 1L . ) .  Mouths of  flasks were clo sed wi th 

muslin coat ed cotton wool or  milk fil ters . Where milk filters were 

used the  sus�ensions were introduc ed t o  the  flasks through t h e  sid e  

arm . Finally , all flasks were weighed and then incubat ed a t  30° 

wi th  shaking at 1,+0 rev . /min . on the gyro t ary shak er ( N ew Brunswi ck ) . 

Samples were wi thdrawn as eptically as required . 

During prolo�ged incubation loss o f  wat er o f  approximately 2ml . /  

day oc curred by evaporation . This was correc t ed for by wei ghing the  

flasks at intervals  and adding s t eril e ,  glass-distilled water . 
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Total C ell  Counts 

Total c ell coun t s  were made using a Thoma bact eri ological 

C01J n ting c hamber (Hawksley , England ) and op tically.-plane c overslips . 

Samples ( O . � ml . )  o f  fl as� cul tures containing approxima t ely 4 . 0 X 

10
9 c ells/ml . were dilut ed to 10 . 0  ml . wi th phosphate  buf fer containing 

0. 5% Teepol . Th e dilut ed suspension was shaken for 30 sec . on  the  

cyclomixer before  assembling the chamb er and ob serving the  grid und er 

brigh t  fi eld illumination at a to tal magni fication of  x 500 . C ells 

in  the  same four groups o f  quintets  ( five  0 . 05 mm .  s quares ) were 

coun t e d  each time the chamb er ( d epth , 0 . 02 mm . ) was assembled . The 

chamb er was fill ed and c ount ed 8 time s for e ach dilut ed sample . Cells  

o f t en occurred in  clust ers c on t aining two , three and four c ells , however 

the number in each clust er could usually be d et ermin ed �Qthout  difficulty . 

Viabl e Count s 

The vi ability of  resuspend ed cul tures wes  estima ted by the  

slid e  cul ture method of  Pos tgat e ,  Crumpton and Hunter ( 19 6 1 ) .  

Aliquots  (0 . 5  ml . ) o f  c ell suspensions were dilut ed t o  1 0  ml . wi th 

s t eril e phosphate  buffer containing 0 . 5% Tween 80 . Following 

vigorous mixing on a cyclomixer ( Cl ay-Adams Inc . ) 0 . 5  ml . of t h e  

first dilution were dilut ed t o  5 ml . with  the  same  buffer containing 

0 . 5% Tween 80 . This too  was mixed vigorously . Drops of  the  second 

dilution were spread  on nutrient a gar held in s tainl ess s t e el rings 

( 1 . 5  mm.  x 20 mm . ( I . D . ) x 22 mm . ( O .D . ) )  on microscope  slides , 

(2 rings/slid e ) , ac c ording to the  meth ods  o f  Postga t e ,  Crumpton and 

Hunter ( 1 96 1 ) .  

Agar media for the slide cul t ur es (Appen dix 1 )  was prepared in 
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t es t  tubes  ( 1 2 cm .  x 1 . 5  cm . ) tightly plugged wi th muslin coated  

co t ton wool . Immediately aft er autoclaving,  the t es t  tubes 

containing the  mol t en agar , were spun at  2 , 500g for 15  min . in an 

angle head b ench  mod el c entri fuge ( tviSE) in which  the ' metal cup 

hold ers had been heat ed t o  800 just  b e fore c entri fugation.  

Although agar media sub j e c t ed to  this treatment was no t enti rely 

free  from particulate  mat erial , i t  provided an adequate  layer on 

whic h  c ells of N .  corallina c ould be recognised , unambiguousl y ,  

under t h e  micro scope . 

Duplic at e slides were inoculated from each suspension for 

which a viable estimat e was required . One slide  was incubated at  

o 0 30 and t h e  o ther at 0 • Coverslips were not us ed t o  cover the  

agar held in the  rings , drying b eing avoided  during incubation at  

300 by placing Petri dishes  holding the  slides  in a large filt er 

pap er lined desi c c ator , with an inch of water in the bo ttom .  The 

d esi ccator was held in a 300 warm room and the slides  were incub at ed 

for 16 t o  20 hr .  They were then examined to  det ermine numbers o f  

live and d ead clus t ers . Slides stored at  00 were examined to  

d e t ermine the  proportion of  clus t ers o f  di fferent sizes .  Slides 

wer e  examined  wi th a Lei t z  Ortholux mi cro scope under phase contrast  

o r  bri ght field illumination at a magnifi cation of  x 500 . An eye 

pi ec e graticule ruled in 100 one mm . squares was used to  facilitat e 

counting. All c ells appearing within the grid were c ount ed ; the  

on the  agar �hic h  appeared  in  the  grid was 0 . 0,+ 
2 area mm • •  

With slide  cultures prepared from dilutions o f  suspensions 

10
9 -

containing '+ x c ells per ml . ,  20 to ,+0 c ells or c lusters o f  c ells  

occurred in  each gri d .  Dead c ells o f  clus ters o f  cells could easily 

be distinguished from live clust ers af t e r  a p eriod  of incubation at 
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300 • D ead clust ers were observed as s everal coc ci 2 to � y in l ength 

and 0 .5 to 1 .0 P in width ,  adhering to each o ther in a random arrange-

ment . Clust ers which had developed by growth from a live c el l  

consi s t ed o f  c ells  8 to  1 2  p in length grouped o n  th e surfac e o f  the 

plate in a typic al patt ern o f  branching hyphae . 

Formulae for Estimating Cell Viability from Cluster Viabili ty 

The c ell viability was estimated  from the clus t er viability and 

cluster size distribution using the following formulae ( s ee  Appendix 

2 for derivation ) .  

Where 

1 - P 

P = 

p = 

j = 

n . ( 1  - p ) j 
- ( 1  - p) 

J 
• • • • • • • • •  ( 1 ) 

• • • • • • • • •  ( 2 ) 

The cluster viability ( numb er of live clus ters/number 

of live clusters plus number of d ead clusters ) .  

The c ell viability (numb er of  live c ells/number of live 

c ells plus number of  dead c ells ) • 

The c luster size , d etermined by the  number of  c ells in a 

cluster . 

n .  = The number  o f  clusters o f  size  j expressed as a proportion J 
o f  the  to tal numb er o f  clusters o f  all siz e s .  

C = A common t erm d ependent o n  p ,  which includ es all t erms 

for clusters containing thre e or more c e lls . 
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The c ell vi abili ty was det ermined by : -

( 1 )  Assuming an approximat e initial value P 1 fo r p ,  by  set ting 

P 1 equal to  P ,  and substituting P 1 for p in equation ( 1 )  gi ving C 1 • 

( 2 )  Substi tuting C 1 into equation ( 2 )  giving P2 th e s ec ond 

approximati on for p .  

( 3 ) Substituting P2 for p in equation ( 1 )  giving C2 which in 

turn was substituted into equation ( 2 ) . This pro c ess  o f  i t eration 

was r ep eat ed until succ essive value s ,  p and p 1 were id enti c al . n n+ 

An example o f  the d et ermination of the  c ell viability from the  

clus t er viability  and cluster size  distribution is  presen t ed in 

App endix 2 .  

Pho tography o f  C ells  on Agar Slides 

Photographs of c ells  on agar slides  were t�ken und er bri ght 

field illuminati on (x 340 ) on Agfa L. Agepan FF film using a Leica 

c amera and a Leitz  Mikas attac hment and ext ension tube on the Leitz  

microscop e .  A " neutral d ensity heat fil ter was plac ed between light 

sourc e and c ondenser . 

Analytical Methods  

Spec tropho tometric Equipment 

C olorimetric estimations were carri ed  out using a Beckman DU 

Spectrophotomet e r .  Ul traviolet  and In frared Spectra were s tudi ed  

in  a Unicam SP  800 Ultraviolet  Spectropho tometer ,  and a Perkin-Elmer 

1 37 Sodium Chloride Spec trophotomet er respectively . 

Dry Weight 

The d ry wei ght  content o f  c ell suspensions was det er�ined from a 
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s t andard c urve calibrated in t erms o f  dry weight against optical 

d ensi ty ( OD )  at 660 mp . The standard curve was construct ed using 

log and stationary phase ( 3  days after full growth )  c ells  o f  

N .  c orallina cultured in glucose  media and harvested . s eparately by 

c entri fugation t 2000 g , 7 min . ) .  The p ellets  were washed twice  

with glass distilled wat er and finally resuspended in glass distilled 

water using a 1 0  ml . T eflon Pestle tissue homogeniser to ensure 

complete  disp ersion . Aliquo ts  o f  the  final suspension o f  both log 

and sta tionary phase c ells  were dri ed to constant  weight in preheat ed 

( 1 200 ) prewei ghed aluminium milk bot tle  caps ( 0 . 330 g .  ap�rox . ) .  

Drying was c arried out by heating at  105
0 in an electri c  o ven and 

cooling over P
2

0
5 

b efore weighing . 

Aliquot s  o f  the same suspensions were · di lut ed to  10 ml . or 50 ml . 

wi th glass distilled water for OD determinations at 660 mp using a 

Bausch and Lomb Spec trophotomet er ( Spectronic 20 ) .  The graph o f  OD 

against dry weight was linear up to a maximum OD of O . �  and there 

was no d e t e c t able  differenc e in the slopes of graphs ob tained for log  

and s tationary phase c ells . The slope o f  the graph and s tandard 

error for combined resul t s  was 0 . �263 ! 0 . 0035 . Throughout the  

experimental work the following relationship was used . 

Dry wt . ( mg . /ml . o f  solution in th e Bausch and Lomb tub e )  = 

( 0 . �3 ) x ( OD at  660 mf . )  

For routine dry weight estimations ali quots  o f  cultures or c ell 

suspensions were diluted to  10 ml . or  50 ml . with glass  distilled 

wat er and thoroughly dispersed using the tissue homogeniser 

( A . H .  Thomas Ltd . ) .  The dry weight was de t ermined from the standard 

curve after m easuring the optical d ensi ty at 660 mp in the Bausch and 

Lomb Spec trophotometer .  
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Respiratory Quo tients 

Respiratory Quo tients  were det ermined by direct  Warburg 

respirometry using Braun mano�et ers and singl e side arm flasks 

( Umbrei t , Burris  and S tauf fer , 1 96� ) . Each flask ( vol . fluid 2 . 2  ml . 

vol . gas 1 5  ml . ) contained 2 . 0  ml . o f  bact erial suspension and either 

0 . 2  m1 . of  20% KOH in the centre well or 0 . 2  1111 .  3N H2S0't in the sid e  

arm . A piec e of  fold ed  vfuatman no . 1 fil t er paper was plac ed in the  

c entre  well  o f  all  f l asks .  All manometry was carri ed o u t  a t  300 • 

Oxygen Partial Pressure Estimations 

Partial  pressures o f  oxygen in li quid and gas phases were 

d e t ermined using an oxygen analyser (Bekman Mod el 777 ) coupled to a 

chart recorder ( Sargeant  Model SR) . For gas phase estimations the 

analyser was set at  100% in air and 0% in oxygen free nitrogen ( N . Z .  

Industrial Gases ) . For liquid phase e s timations the  s e t tings were 

100% in phosphat e  buffer equilibrated with air and 0% in buffer 

equilibrated with oxygen-free nitro gen . During estimations o f  

oxygen l evels i n  liquid and gas phases in cul ture flasks, th e analyse r  

probe  was bound to  a s t ainless s t eel rod ( 3  mm . D . ) fi t t ed into the 

main aperture  of the  flask and s t e adied wi th a curved metal collar 

around the neck o f  the flask . The arrangement was such that  milk 

filters could still b e  plac ed over the  flask opening;  rubber bands 

held both filt ers and metal collar in plac e .  A splash guard whi ch 

did not  prevent  free  gaseous di ffusion was placed over the  elec trode 

during gas phase d et erminations .  

Aeration e ffi ciency  rat es were determined  for flasks  wi th 

various combinations of smo o th or cleated wa lls and cotton wool bungs 

or mi lk fi 1 t er s • Each  flask contained 300 ml . o f  phosphat e buffer 

and was incubated at 300 wi th shaking at  1,+0 rev . lwin . on th e N ew 
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Brunswi ck gyrotary shaker . The flasks were flushed with  oxygen-free 

nitrogen through the  side arm until a z ero o xygen partial pressure 

was obt ained . The nitrogen supply was then disconnec t ed ,  the  sid e  

arm stoppered as required and t h e  rate o f  dif fusion o f  air into the  

flask d e t ermined by recording the  increase wit h  time in the  partial 

pressure o f  oxygen . 

To tal Unbound Lipids  

Tot al unbound lipids were isolated from freeze dri ed c ells 

( dri ed to  constant weight over silica gel ) by extrac ting three times 

wi th chloro form m ethanol  ( 2 : 1 v/v )  over a peri od of three days at 

room temperature . The lipid extract was drawn off  from the  residue 

and fil t ered t hrough Whatman paper (no . 5�2 ) which had b een refluxed 

wi th chloro form : methanol ( 2 : 1 v/v )  in a Soxhlet extrac tor .  The 

filt ered unwashed extract was dried by rotary evaporation at 250 in 

a pre-weighed  round-bo ttom flask and then d ri ed to constant weight 

over silic a  gel in a vacuum desiccator .  

Triglyc erides 

Triglyc erid es , isolated from thin layer  plates after frac tion­

ation of the neutral lipid frac tion from silicic acid columns , were 

analysed for the presenc e of esters and glyc erol . 

Ester  D e termination was carried out in glass Servall c entrifuge 

tubes ( 1 5 ml . )  according to  the method o f  Vio que and Holman ( 1 962 ) . 

The t ubes were c en tri fuged at � , 500 g for 10  min .  at room temperature 

just  before m e asuring the absorbanc e .  Methyl palmitate  ( Sigma 99+�) 

was used as a standard . 

Glyc erol Determination was carri ed out by the  method of Van 

Handel and Zilversmit ( 1 9 )7 ) . Tripalmi tin ( Eastman Organic Chemicals ) 
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was used as the  standard and rulalyses were  carri ed out in 1 5  ml . glass 

s toppered Quickfit test  tub es .  

Alkaline Hydrolysis : samples o f  tri glyc erides were hydrolysed by 

the KOH isopropanol method  o f  NolI and Bloch  ( 1 9 5 5 ) . Aft er re fluxing 

for 1 hr . the  solution was cooled , neutrali sed wi th 1N HCL and the 

organic  soluble  components exhaustively extract ed wi th di ethyl ether . 

Components o f  the e th er solubl e frac tion were analysed by gas c hromoto-

graphy . The wat er soluble frac tion was analysed �fter desal ting) by 

pap er chromotography . 

To tal Fat ty Acids 

Alkaline Hydrolysis o f  Total C ells  - Tot al fatty acids were 

extrac t ed from freeze  dri ed or wet c ells  by refluxing for 3 hr . with 

10% KOH in 50% aqueous methanol ( Hulanicka , Erwin and Bloch , 1 964 ) . 

After acidification with 5N HCL and dilution with glass distill ed 

water , the ·fa t  ty acids were exhausti vely extrac t ed wi th redistill ed  

di- ethyl e ther . The e ther extrac t , e ven after  washing wi th dis tilled 

wat er , always showed some sli ght  opal esc enc e .  

Acid Hydrolysi s  o f  Total Cell s .  A s  an alt ernative proc edure to 

the one described above , wet  c ells were hydrolysed in 6N ECL in s eal ed 

glass · t ubes  at  1000 for 6 hr . ( Salton , 1 9 5 3 ;  Midwin t er , 1962 ) . The 

di- ethyl e ther extrac t o f  the  acid hydrolysate  was washed with glass 

distilled wat er to yi eld a perfec tly c l ear solution . For quantitative 

analysis of levels o f  total fat ty acids in c ells the washed e ther 

extract was dri ed by ro tary evaporation and mad e  up t o  25  ml . wi th 

redistilled di-ethyl ether . Ali quot s  o f  this solution were taken 

for t o t al carbon analysis by the  chromat e metho d .  

Estimation by Weight . Tot al fatty acids  obtained after 

hydrolysis of t o t al c ells were d e t ermined by drying down the washed 
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ether extrac t  in preweighed  round bottom flasks on a rotary evaporator 

( Buchi ) . The  weight  o f  t o t al fatty acids  was d et ermined by drying 

the  flask to constant weight o ver silica  gel in a . vacuum d esic c ator . 

Estimation by Chromate Oxidation . Quantit ative analysis o f  

total fatty acids i n  ether extract s  was c arri ed out using chromate 

reagent ( Amenta , 1 964 ) . Aliquots  o f  the  ethereal solutions were 

dri ed under partial vacuum in a d esic c ator plac ed under a heat l amp . 

Further drying was carried out by o vernight heating at 30
0 under 

high vacuum in a d esic c ator .  Beakers containing fresh chromic acid 

solution ( Vogel , 1 96� ) and KOH pellets  were includ ed in the desiccator . 

After the  addition o f  c hromat e reagent ( 2  ml . )  each tube was incubated 

at 1000 for 45  min s .  T h e  c on t ents  o f  t h e  tubes were each diluted to 

50 ml . wit h  glass  distil l ed wat er and read at 350 mp. using distilled 

water blanks . Palmitic acid ( Sigma 99+%) was used as the s tandard . 

Total Nitrogen 

The t o tal Nitro gen content o f  c ells  or  phosphat e buf f er sup er-

natants Vias det ermined by the micro-K j eldahl pro c edure . Ni trogenous 

mat erial was digested overnigh t  with  conc . H2S0
4 

and a c at alyst 

consi sting of a mixture of CuS04 ; K2S04 ; S e02 ; 1 : 8 : 0 . 1 ( w/w/w) 

( Bryant , A . , p ers . c omm . ) .  The total digest was washed  into a st eam 

distillation apparatus ( Markham , 1 942 ) and the  ammonia liberated with 

N aOH . The  ammonia was trapped in a boric acid solution ( 2%) 

containing a f ew drops o f  a methyl red-methyl ene blue indic ator 

01cKenzie and Wall ac e ,  1 954 ) , and titrat ed with  0 . 0 1N HCL . 

Protein 

Cellular Prot ei n .  Total c ellular pro t ein was det ermined b y  the 
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Biuret pro c ed ure described b y  Sti ckland ( 1 95 1 ) .  Times  required for 

the comple t e  extrac tion of c ellular prot ein were examined . With 

c ells susp end ed in glass distilled  wat er and heat ed at 1000 under 

alkaline c ondition s ,  compl ete  extraction took �O min . \ffien c ells  

were suspended in  phosphat e buf f er the  tirr' e  for comple t e  prot ein 

extrac tion was 60 min . I f  prot ein estimations were c arried out in 

glass t est  tub es the  alkali s eemed to extrac t some component from the 

glass which  cOlllplexed with CuSO,* and gave rise to a high and variabl e 

blank . To overcome this  problem t otal c ellular pro t ein estimations 

were routinely carri ed out in thih wal l ed polypropylen e  c entri fuge 

tubes ( 20 ml . ) .  C ell  suspensions ( 3 . 3 ml . )  were mixed with 20% 

NaOH ( 0 . 6  ml . )  in the  tubes  which  were covered by glass marbles and 

incubat ed for 60 min . at 100° . Th e contents  o f  the tubes af t er 

cooling were mixed wi th 0 . 1 ml . o f  a solution o f  25% C uSO�5H20 ( w/v ) . 

After 20 min .  the  reac tion syst em was c entri fuged at � , �OO g .  for 10 min .  

at room t emperature ( S ervall Mod el S8-3 ) , I f  the tub es were c entri­

fuged at  20 a fine suspension , possibly caused by  sal t s  o f  fatty acids ,  

appe ared and this interfered wi th the sub s e quent es timation.  

Standards  containing crystalline bovine plasma albumin CA grade 

Calbiochem ), dissolved in either distilled wat er or phosphate buf f er, 

were carri ed through all extrac ti on and estimation proc edures . The  

standards showed a decrease in c olour r esponse of  5 to 10% when th ey 

were heat ed at 1000 in alkali for an hour . 

Prot ein in Solution .  Soluble  prot ein , in supernatants  and in  

HClO� extrac t s  o f  c ells , was d e t ermined by  the  Folin m e tnod o f  Lowry , 

Rosebrough , Farr and Rand. all ( 1 9 5 1 ) .  'l'h e  Folin reagent ( BDH ) gave 

a whi t e  precipitate  if samples containing more than 0 . 1 ml . of O . 1M 

phosphate buffer were used in the estimati ons . 
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Amin o  Ac i d s  

Es t i ma ti o n . Th� m e thod o f  Ros en ( 1 977 ) a s  mod i f i ed by 

Kri shna swamy et al ( 1 96 5 )  was us ed to d e t e rmi n e  l e vels of aM ino a c i d s  

i n  di s t i l l ed wa t er or  0 . 2N HCI04 ext rac t s  o f  c el l s  and in pho sr;l;a t e  

b u f f er suy ernatan t s  from c el l  s uspensi ons . Am�oni a s t an d ard s were  

, 

n o t  i n c l u d ed in ami n o  acid an al y s e s , however , c o r r e c t i o n s  were mad e 

f o r  ammonia wh er e i t  had b e en s hown to b e  p r e s en t  b y  i n d e p en d en t  

anal y s e s  us ing n e s sl e ri s ati on . The  c o l o ri m e t ri c r e spon s e  o f  amwonia 

i n  the ami n o  acid e s t imation u r o c edure �as fou n d  t o  be �6% o f  that 

f o r  gly c i n e  on a mo l ar b a si s . Ro s en ( 1 9 7 7 ) q u o t ed t h e  molar r espo n s e  

o f  amm o n i a  c omp ared wi th glyc i n e  at approxi mat ely 60% . 

Ex t r ac t i o n  o f  In trac ellular Amino Acid s .  Int rac ellular f r e e  

amino a c i d s  c an b e  ext rac t ed f r o m  b a c t eri a wi th boiling wa t er 

( Ho l d en , 1 962 ) . Wh en t rli s  p ro c ed u r e  waE. examined ... ri th N . c o rallina 

c el l s  i t  was found that the  r e l e a s e  of ninhydrin-po si t i v e  ma t er i al , 

d e t ermin ed b y  t h e  Ro s en ( 1 9 7 )  me thod , r e a c h e d  a maximum a f t er 1 7  min . 

'Th e  r el eas e o f  m a t erial absorbing at 260 mp al so reach ed a maxi mum 

a f t e r 1 7  min . It was apparent t hat pro t einac e o u s  ma t erial was b eing 

extrac t ed by l o n g e r  b o i ling t i m e s  s inc e at 1 5  min . th e 260/230 and 

260/260 wa v e l en g t h  rati o s  were 1 . 76 and 2 . 74 r e sp ec ti v ely wh ereas 

a f t er 1 hr . h ea t i ng t n e  r at i o s  were 1 . 52 an d 2 . 53 .  

For r o u t i n e  es tima t i on s  o f  intrac ellular amino a c i d  l e v el s  

) ml . s ampl e s  ( from r esuspen d ed c u l ture s ) i n  15 ml . polY Dro )yl e n e  

t u b e s  were  c en t ri fuged a t  1 2 , 000 g for 7 min . a t  20 ( S erval l  RC- 2 

C en t ri fuge ) . T h e  p el l e t  wa� wa s h e d  t wi c e  by r e suspension i n  7 ml . 

gl a ss di s t il l ed wat er . Air c ond ensers were i n s ert e d  i n  t h e  c en tri fug e 

tub es  whi c h  w e r e  p l a c ed i n  a b oi ling wa t er b a th for 1 S  min . , r emo v ed , 

c o o l ed and c en tri fu ged at 1 2 , 000 g f o r  1 0  min . Sup ernat an t s  were 

s t o r e d  a t  _ 2 50 p ending amin o  acid anal y s e s . 
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Ammoni a 

In early exp e rimen ts ammonia analyses were  carri ed out  a c c o rding 

to the mi crodi ffusion method of  Conway ( 1 9�7 ) . In l a t e r  exp erimen t s ,  

s ampl e s  containing dissolved armr.oni a were  pip et t ed into t h e  o u t er 

chamb er o f  20 ml . c en t re well flaskE  c o n t aining O . � ml . of  1N  H2S0
� 

in the c entre  well . Th e opening o f  each flask was plugged by  a 

Suba S eal ( no .  � 1 )  and 0 . 2 ml . o f  saturat ed p o tassium c arbona t e  

solution ( Conway , 1 9�7 ) was in j ec t ed ,  through th e s e al and into th e 

outer  ch amb e r, using a long hypod ermic n e edl e and syringe . Flasks 

were shak en gently at 300 o vernigh t . The c en tr e  well cont en t s  were 

transferred wi th 1 . 5 ml . o f  gl ass di stilled  wat er int o  test  tub e s  and 

the ammonia conc entrati ons estimat ed by nessl erisation ( Johnson , 1 9� 1 ) 

as d escribed by Umbrei t ,  Burris and S t auffer  ( 1 964 ) . 

Total Carbohydrat es 

To t al h exos e  c on t ent  o f  c ells and superna t ants  was d e t ermin ed 

by direc t  analysi s of aliquo t s  using t h e  an throne m e t hod  ( Dreywood , 

1 9�6 ) . Samples ( 0 . 1 ml . )  were dilu t ed to 1 ml . wit h  glass  distill ed 

wat er in  l arge test tubes ( 2  c m . x 20 cm . ) .  The tub es were plac ed 

in a wat er b ath at 1 - 20 and agi tated  during the addi tion  of t h e  

anthrone reagent . Air c on d ensers were at t ac h ed t o  the  t u b e s  whi c h  

were heated at 1000 f o r  exac tly 7 min . A f t er  c o oling ( 20 min . ) t h e  

c olour absorntion at 6 2 5  m? was m e asur ed . Gluc o s e  ( H  and W Analy­

t i c al Reagent ) dissolved in pho sphate  buffer  was us ed as t he s t an dard . 

Total reducing sugars were e s tima t ed on acid hydroly s ed srunpl es 

by t h e  me thod o f  Nelson ( 1 9�� ) .  An examination o f  t h e  r a t e  o f  

r el eas e o f  reducing sugars from c ellular polysac charid e s  b y  hyd rolysis  

in 1N H2S0� showed that compl e t e  libera t i on o c curred wi thin 2 hr . 

For the  ro utine analysis o f  polysac charid es as t o t al r e'1ucing  sugars , 



5 ml . aliQ uo t s  o f  c ell  suspensions were c en t r i fuged a t  � , 500 g 

for 7 min . in gl a s s  c en t ri fuge t ub eE ( 1 5  ml . S e r vall ) . T h e  super-

n a t an t  was d i s c a rd ed , 5 ml . o f  1 �  H
2

S0
4 

wa s add ed , t h e  tub es  were  

then fi t t ed wi t h  an air  co nd en s er an d  h e a t ed in a boiling wa t e r  

b e< t : for 2 hr . Th e a c id d i ee s t s  we re  sub s e q u en t ly wc-shed in t o  50 ml . 

polypropy l e n e  c en t ri fuge  t ub e s , n eu trali E ed wi. t h  solid E <1C03 and 

c en t ri fuged ( 3 , 000 g , 7 min . ) .  Th e E upernatan t  was pou r ed o f f  and 

t h e  p � l l e t  r e susp end ed in d i s t i l l ed wat e r  and r e c en tri fuged a t  

1 2 , 000 g f o r  7 min . T h e  combined sup erna t an t s  we r e  mad e up to  

20 m l . in  a volum e t ri c  flask . The sol u t i o n  was typi c ally t urbid and 

r ea ui r e d  fi l t e ri n g  t hrough a membrane fi l t er ( c . 8 p HA �i IJ i por e )  

b efo :::, e  aliquo t s  were t aken for red uc ini:; sugar analy.si s .  Ad di ti on  

o f  N el son Reagen t to t eEt  s amp l e s  gave a light  whi t e  p r e c ipi t at e 

( probably BaS0
4

) whi ch was r e�o v ed by c e n t ri fuga t i on ( 1 2 , 000 g , 7 min . ) . 

S tandard solu tions  were  not  af f e c t ed b y  t h e  formation and t u b s equent  

remo v al o f  t h e  whi t e  p r ecipi t a t e . 

Th e u s e  o f  BaC 3 to  n eut rali s e  s a�pl e s  a f t er aci d hydro ly s i s  

provi d e d  a c c n v e ni ent  m e t h o d  o f  d es al ting s am p l e s  whi c h would a l s o  

L e  u s e d  in p aper  c hromato gr�phic  s ep ara t i on s . 

Rib o s e  

Pen t o E e  e s timations u sing rib o s e ( Calbio c h em . A grad e )  a s  t h e  

s t and ard w e r e  c arri e d  o u t  b y  t he orcinol m e t h o d  o f  K e r r  and S e raid ari an 

( 1 94 5 )  wit h  a h ea ting tim e for co lour d e v e l o pm e n t of  30 min . ( kun ro , 

Hut c hi so n , Ramaiah and N ei l son , 1 96 2 ) . Wh en t h e s e  e c tima t i o n s  w e r e  

c arri ed out  o n  supern a t an t  from c ell s u sDe nsi ons i T: pho spha t e  b u f f e r  

a fin e  d e ep purple p r e c ipi t a t e  o f t en form e d  during c olour d evel op -

m en t . This preci pi t a t e  wa s po ssibly c au s ed by t h e pre s en c e  o f  
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peptides and could  be  removed by filtration  through a membrane filter 

(0 . '+5 P HA I'lillipore ) . 

Deoxyribose  

The diphenylamine method o f  Burton ( 1 956 )  was used to d e tec t  

d eoxyribose  in HC10,+ ( 0 . 1 and 0 . 2N )  extrac ts  o f  c ells using d eoxyribose  

( Calbiochem .  A grad e ) as  standard . 

Rt'JA 

Intrac ellular RNA was estima t ed by the  method of Munro and Fleck 

( 1 966 ) . C ell suspensions ( 10 ml . ) o f  N .  corallina containing 

approximately 2 mg . dry wt . of c el l s  per ml . were c entri fuged at 

'+ , 500 g for 7 min . in S ervall glass c entri fuge tubes ( 1 5 ml . ) . 

The phosnhat e buf f ered sup ernatants  were  transferred t o  t est  tub es and 

o 
frozen at -25  • Pellets  were suspend ed in 5 ml . i c e  cold  0 . 2N 

HC10,+ for 10 min . c entri fuged ( � , 500 g , 7 min . ) and washed twice  more 

by resusp ension in 0 . 2N HC10 . '+ All o f  the washing solutions from a 

single pellet  wer combined to  yield the 0 . 2N HC10� wash frac tion 

which was s tored at  _250 for subsequent examination of the UV 

absorban c e .  

The washed pell et  was incubat ed for 2 h r .  a t  37° wi th 3N KOH and 

the so call ed RNA frac tion containing the produc ts o f  RNA hydrolysis 

in  100 ml . of 0 . 1N HC10� was prepared by the  method of Munro and 

Fl eck ( 1 966 ) with one  modi fication . Combined supernatants  and 

washes containing the  produ c t s  o f  RNA hydrolysi� were filt ered 

through a m embran e fil ter ( O . �? p HA Millipore ) at 2° into  a test  

tube ( 50 ml . ) held in a Buchner flask . Filtration o f  the  extract 

through a membrane filt er was required for two reasons . Firstly , 
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a f t e r  2 h r . i n c ub a t i o n  wi th 0 . 3N KOB a t  370 t h e  fi nal 0 . 1N HCIO Lt 

e x t ra c t  a ]  way s sho wed a fain t p i n l:i s h  o p a l e s c e n c -= . On s t sn d i r g  

o v e rn i gh t  a t  2 0  t h i s t e� d ed t o  a ggr ega t e . S ec on dly , a f t e r c en t ri -

fugi n g  t h e  1 3  � l . pl a � s  c en t ri f u � e tu b e s , a whi t e pr e c i p i t a t e  

c o l l e c t ed a t  t h e  s u r f a c e  o f  t h e  supern a t an t  a t  t h e  end o f  th e 2 hr . 

i n c ub a t i o n  p e ri od . Bo t �  p i nk opal esc en c e  and whi t e  prec ipi t a t e 

( po ssibly l i p i d ) were removed by r " l t r a t i o n t o  y i el d  a p er f e c tly 

c l e a r  sol u t i on . T h e  fi l t e r  wa s wash ed wi t h  0 . 6N ll CIO and t h e  4-

f i l t ra t e  waE t ran s f e rr ed t o  a 1 00 ml . vol u m e t r i c  f l ask an d m d e up 

t o  t h e  mark wi t h  d i s t i l l ed \vat er . 

The ab s o rbanc e o f  t h e  pto spha t e  b u f f e red supernatant from t h e  

o r i ginal c el l  s u s o en s i on , t h e  0 . 2N HCIO wash and t h e  0 . 1 i hClO, 
4- 4-

solution  c on t ai n i n g  t h e  p ro d uc t s  o f  alkal in e hydrolysi s o f  ill:A , was 

measured  a t  260 mr . usint; t h e  B eckman D . U . .s p e c t ropho t om e t er o r  

b e t we e n  20( : an d 400 mp . using a Ur,i c am sp-800 Ul travi o l e t  Sp e c t rome t er . 

Preps r a t i ve M e t h o d s  

Fr e e z e  Dri ed C el l s  

C el l s w e r e  f r e e z e  dri ed ( Vi r t i s  fre e z e  d ry app ara t u s )  as thi ck 

s u sp ensions ( 5- 10 gm . wet wt . ) spre a d  o v er t h e  i n si d e  o f  a ,00 ml . 

f r e e z e  dry fl ask . Drying wa s c o n s� d e r ed t o  b e  co mpl e t e  wh en i c e 

c o ul d  n o  l o nger b e  ob s erved  i n  t h e fl ask ( 10 h r . ,  app rox . ) . 

O rgani c  S o l v en t s  

A l l  o r gan i c  sol ven t s  u s ed w e r e  e i t h er ana l y t i c al gr ad e o r  

p uri f i e d  and r edi s t i l l ed a c c o r d i n g  to  t h e  m e t h o d s  o f  Vogel ( 1 964 ) . 
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Potassium Palmitat e  Solutions 

Palmitate  solutions were prepared by neutralising palmitic acid  

dissolved  in ethanol wi th 1N  KOH . After removal o f  the ethanol by 

ro tary evaporation ( Buchi Hot ava-por )  the po tassim palmi t a t e  was 

dissolved by warming in phosphat e buffer . Aliquo ts o f  the warm 

solution were transferred to manometer fl asks for R . Q . estimation s .  

Where experiments were carri ed o u t  wi th 1�C-lab elled palmi tic 

acid , aliquo ts of [ U- 1�C ] palmitic acid ( 100 pc/pmol e ,  Amersham ) were 

add ed to the e thanolic solution o f  carri er fatty aci d . The solution 

was then neutralised , taken to dryness and dissolved in phosphate 

buffer as d escribed abo ve . 

Methylation of Fatty Acids  

Methyl esters were prepared either by  refluxing the  free  acids 

for 2 hr . in 1% H
2

S0� in sup er d ry methanol ( Vogel , 1 964 ) or  more 

commonly by the method of Schl enk and Gell erman ( 1 960 ) using diazo-

methane  generat ed from N-Hethyl-N-nitroso-p-toluenesul fonamid e  

( Diazal d . Aldrich Chemical Co . ) .  In bo th cases exc ell ent  conversions 

of  ac i ds to est ers were obtained but the diazome thane was much more 

rapid and conveni ent .  

Silylation of Hydroxy Esters 

Silylation of  hydroxy esters 'vas carri ed out using TRI-SIL DMF 

( Pierc e Chemical Co . ) .  Methyl est ers o f  hydroxy acids , dissolved 

in diethyl e ther , were taken to  d ryness  in 10 ml . ro tary evaporator 

tubes . A small volume ( 0 . 5  ml . )  o f  a mixture o f  TRI - S IL 1 and 

TRI-SIL 2 ( 1 : 1  v/v ) was prepared and added . 

Trimethylsilyl e thers were i solated from the reac tion mixture 

after addi tion o f  distilled water  by extrac tion with diethyl eth er . 
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Ch roma t Os" r � r' hy 

Paper C h ro�a t O[r E r hy o f  F o lyo l s  a n d  Suge r s  

Pr epara t i on o f  S ampl es . T h e  wa t er so l ubl e fra c t i on ob t ai ned  

a f t er alkali n e  hyd rol ysi s  of  t ri gl yc ericl es was  d esa l t ed , by passing 

t hro u gh a c o l umn ( 1 . 5  c m . x 10  c m . ) o f  a �i xed  b ed resi n ( Bi o -

d eminroli t e , Hopkin and � i l liams L t d . ) wh i ch had b e en thoro ughly 

washed wi th di s t il l ed  wa t er . Th e eluat e was c o n c en t rated  by ro t ary 

o 
e vapo ration  at  30 • Ali quo t s  o f  this  s o l u t i on w er e appli ed d i r e c t l y  

t o  pap er c hroma t o grams . 

An alysi s  o f  Sugars in Perchlori c  Acid S o l � tions  Ob t ai n ed D u ri ng 

RNA Esti ma t i ons . The RC I 04 so lutions were n e u t rali s ed wi th  1 1  KOR , 

c o o l e d  t o  2 0 , fil t er e d  through a memb rane fil t er ( 0 . 4 ;  p EA Mi llipo r e )  

a t  20 , r ed uc ed i n  volume b y  r o t ary evaporati on a t  300 and finally 

a c i d i fi ed  to  gi ve  a 1 H2504 s ol u t i o n . Thi s solu t i on was r e fluxed 

o 
f o r  2 h r . a t  1 00 , c o o l ed , t rans ferred t o  a 50 ml . poly propyl en e 

c en tri fuge t ub e and neut rali s ed wi t h  soli d B aCO }. A f t e r  c ent ri fugi n g  

a t  1 2 , 090 g f o r  1 0  min . the  supernatant wa s p a s s ed di rec tly t hrough 

a d e-i oni si ng c o l umn o f  Biod eITinrolit e . The el uat e ... !as t a.1{ en almos t  

t o  d ry n e s s  a t  300 an d  t h en t h e  conc en t ra t e  was mad e t o 5 ml . wi t h  glass 

d i s ti l l e d  wa t e r . Ali quo t s  were apol i e d  di r ec tly to  pap er c hro ma t o erams . 

S o l vent  Sys t ems  and D e t ec tion of  Compo n en t s . S a mpl es  co nt ai nin g 

s ugars were  c hroma t o graph ed on Whatman no . 1 p a r e r by d e sc ending 

c hroma t o graphy i n  ei t h er , e t hyl ac e t A t e ,  ac e ti c. a c i d , fe rr ic  aci d , 

wa t er , 1 8 : 3 : 1 : 4 ,  o r  e thyl ac e t at e ,  pyridin e ,  wat er , 2 : 1 : 2 ( upper phas e 

i n  t rough , lower phas e in tank ) . Pap e rs were d eveloped by d ipping 

in t h e  sil v er n i t r a t e  r e agen t o �  Smi th ( 1 9E O ) . Quan ti t ati ve 

a naly si s of the s ugars on p a p e r  c h r c � a t o g r a � s  was c ar r i e d  out b y  t h e  



� e t ho d  o f  � i l so n  ( 1 9 3 9 ) . Pap e r s  w e r e  s p r a y e d  wi t h  ph th a l a t e r ea g en t 

and t h e  ab s o rb � n c e o f  t h e  e l u t ed s �o t E m ea s ur e d at 3�0 �y . for n en t o e e s  

and 3 90 �� . f o r  h exo s e s .  

S i li c i c  Acid C c l umn Ch romatography 

To tal U n b o un d  Li pi d s . T o t al c hl o r o f o rm m e t h an o l  ( 2 : 1  v/v )  

s o l u b l e l i p i ds d i e s o l  ved i n  Jj ml . o f  c h l o r o f o rm m e t h an o l  2 :  1 were  run 

o n t o  a c o l umn o f  1 0 0  m e s h  Mall i n c r o d t si l i c i c a c i d  s l u r ri e d  i n  

c hl o ro form . T h e  si l i c i c  a c i d  h a d  b e en pr e vi o usl y ac t i v a t ed a t  1 100 

f or '5 h r .  T h e  n e u t ral lipi d ·  f r a c t i on was el u t e d  wi t h  200 ml . 

c h l o r o f o rm an d  t h e  pol ar l i p i d e  wi t h  200 m l . m e t h an o l . 

T o t al Fat ty A c ids . S i l i c i c  a c id c o l umns u s i n g  32 5 m e s h  s il i c i c 

a c i d  p r ep ar e d by Bi o -Rad l aboratories  a c c o rdi ng t o  t h e me thod o f  

Hi r s ch and Ahr ene ( 1 9S8 ) w e r e u s ed to s ep ar at e c l a s s e s  o f  f a t t y  acids . 

T h e  s i z e  o f  c o l umn r equired for a�y par t i c ul ar s eparation was 

"e s tima t e d u s i ng t h e  r a t i o  1 00 gm . o f  s i l i c i c ac i d t o  1 grB . o f  fa t ty 

a c i d  ( Cashmo r e A . R . ,  p e r s . c omm . ) .  A sl urry o f  s i l i c i c  ac i d in 

l i gh t  p e t rol eurr. ( 57
0

_ '59
0

) was po u r e d  i n t o  a glass c o lumn fi t t ed wi th 

a t e flon t ap and a hydrophobi c p o l y e t hy l en e  si n t e r ( B e l - Ar t Pro d uc t s ) 

to  s u pp o r t  t h e  p ac ki n g . Ab o u t  1 c� . ( d ep t h ) o f  C eli t e  '54 5 wa s 

pl ac ed on t h e  si n t e r b e fo r e p o uring i n  t h e  s l u rry o f  a c i d . 

t a);:en to  p r e v e n t  t he p a c king from runnin g  dry a t  an y s t a g e . 

C ar e was 

Fat ty acid  samp l es were dis s olv ed in r e d i s ti l l e d  d i e t hyl e t h er 

and a d d e d  e l o wly t o  a f ew gr ams o f  s i l i c i c ac i d  i n  a b e ak e r , s o  tha t  

t h e  e t h er e vaporat ed b e tw e e n  e ac h addi t i o n . T h e  mi x tu r e  o f  f a t t y  

a c i d s  and th e s i l i c i c  a c i d  wa E s p r e a d  o n  a l a r g e  wa t c h glass , plac ed 

und er vacuum i n a d e s i c c a t o r  fo r 1 �  mi n . a n d  f i n a l l y  p o ur ed a s  a very 

fine s t r e a� i n t o  t h e  l i gh t  p e t ro l etm a t  t h e  t o p  o f  t h e  si l i c i c  ac i d  
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c olumn . When t h e  add ed materi al had s e t tl ed , an addi tional 1 gm . 

o f  silicic  ac i d  was add ed , followed by a c i rc l e  o f  c hloro form 

methano l  ( 2 : 1 )  ext rac t ed fil t er pap er . Di f ferent c la s s e s  o f  fatty 

acids  were elu t ed a t  a flow rat e o f  2 . � ml . /min . ,  using mixtures o f  

light p e t rol eum ( "i7° _ 590 ) and d i e t hyl ethe r . Frac tions ( 50 ml . )  

were c ol l e c t ed manually o r  wi th a Gi lson Frac tion collec tnr and th e 

solvent  r emoved b y  ro tary evaporation in p r eweighed round bot tom 

flasks . 

Thin Layer Chromatography 

Preparation o f  Thin Layer Pl at es . Analytical ( 250 p thi ck )  

and preparative  ( 7 50 p thi c k )  thin l ayer pla t e s  were prepared wi th 

Adsorbosil 1 ( Applied S c i en c e  Labs . )  slurri ed in glass di stilled 

wat er , using a Shandon Unoplan thin l ayer appli c a tor . The plat e s  

w e r e  allowed t o  d ry at  room t emperature f o r  at  least 1 2  hr.  b e fore  

running s ol vent mixture thro u gh t h e  thin layer  a s  a washing pro c ed ure . 

T h e  washing pro c edure involved placing th e plat es in a t ank c ontaining 

an appropri a t e  s o lven t , for 2 to 3 hr . during which  time the  solvent 

moved up the plat e and was absorb ed by a l ayer of Whatman no . 3 

fil t er paper ( 2  cm . x 0 . 5 cm . x the wid th o f  t h e  plat e )  at t a c h ed t o  t h e  

t o p . Pla t e s  were generally washed in t h e  s am e  s o l v e n t  used in t h e  

sub s equent chromatog-raphic s ep arati on ,  altho u gh washing in mo r e  polar 

solven ts  was d esirable  when small amounts of compounds were b eing 

puri fi ed prior  to Mass  Sp e c t rom e t ry . Aft er washin g ,  plates  w e r e  

d ri ed for ap nro ximat ely 1 5 min . at room t emp erature b e fo r e  t h e  

anpli c ation of the sample s .  

Analytical  s i l v er nitra t e  plat es wer e p repared  using Adsorbo sil 1 

mixed wi th 7% ( w/v.! )  silver ni trat e .  The s e  plates  w e r e d ri e d  a t  
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room t emperature in t h e  dark , ac tivated a t  1 100 for 1 hr . c ooled t o  

room t emu erature and  the  samples  El r nlied wi thout prior  washin g . 

Appli c a tion o f  Samples . S ampl es di ssolved in an organic 

so l ve nt were a � p li ed wi th mi cro pip e ttes  o r  c 2 pill ary tub e s . The 

b e e t  r e solutions were obtained i f  sampl es were  appli ed using dispo sabl e 

ap pl i c at o r s  si mil a r in b asi c d esi gn to th e appli c ator d es c ri b ed b y  

Ivlont eiro ( 1 96'5 ) . A draught o f  air from a fan We S u s ed to  evaI,orat e 

solvents  during sampl e applic ation to  th e plates whi c h  were n ever 

Solvent Syst ems . Solvent sys t em s  uE ed for s eparating neutral 

1 ·  · d  f t ·  . t f t 1 t h  ( 570 -590 ) , d'; e thyl �p� rac lons were m�x ures 0 pe  ro eum e er � 

ether and ac e ti c a cid . For more po lar lipids mixtur es o f  chloro form ,  

m e th anol and ac e t i c  acid were u s ed . 

Id enti fi c a tion and Isola tion o f  Componen ts . Thin l ayer plat es 

we,re d evel o p ed t o  a h eight o f  apnro ximat ely 10  c m . a.nd c omponents 

were identified  by spraying wi th an et hanoli c solution of  pho s 'ho-

mo lybdi c  ac i d ,  ( 1 '5% w/v ) follewe d  by  h ea ting ( 1 500 1 '5  min . ) and 

subsequ ent  exposure o f  the c o ol ed pla t es t o  0 . 880 ammonia vapour . 

To localise  c omponents  on preparati ve pla t es the  c entre  was 

covered and the edges were spray ed wi th a solution o f  phos rhomolybdic 

acid . Gentle  heating o f  the  spray ed areas  usin g a fi Eh t ail b urn er 

effec tively reveal ed the posi tions o f  th e c omponents  wi thout heating 

the 'tThol e plat e .  Compon en t s  in t h e  unspra y ed sec tion were removed 

from the plate  usin g  a s quar e , hollow,  stainless s t e el rod ( 6 . � cm . x 

0 . 7 c m .  x 0 . 7 cr . • ) . The insid e edges a t  one  end were sh arpen ed and 

by pushing  th e rod a c ross  a plat e ,  held  almos t  vertically , a very 

c l e an r emoval o f  a b and into the  hollow rod was effec t ed .  IvJat eri al 



from t h e  p l a t e  f e l l  t hr o u ch t h e  rod i n t o  a t e s t  t u b e  h e l d  und e r t h e 

l o w e r  end . 

A ri t o rad i ogr s phy o f  Thin L ayer Pl a t e � . Pri o r  � o  a u t c radi o -

e':r aphy , thin l a y e r  p l a t e s  wh i c h  h ad b e en d e v el o p ed t o  s epara t e  

rad i o o.c t i  v e  c o n' po u n d s , wer e d ri e d  f; t r o o m  t em p e ra i.. ur e f o r  s e v e r a l  

hours a n d  t h e n l i g h t ly spra y ed wi t h  1% c o l l o di o n ( w/ v )  d i s s o l v e d  i n  

a m y l  a c e t a t e :  ac e t on e ( 1 : 1  w/v )  t o  h ar e en t h e E u r fa c e .  T h e  d ri ed 

p l a t e s  w e r e  pl a c � d in c l o s e  c o n t ac t wi t h  X - r a y  f i lm ( K o d ak Ro yal 

B l u e  1"J edi c C'.'.1 X- ray fi l m )  and l e f t  i n  th e d ark for 2 to 3 w e ek s .  

T h e  f i lm wa.,. d e v el o p ed c.nd th e pl a t e s i'ie r e  s p r a y e d  wi t h  1 5% 

p h o sphom o l yb d a t e  � n d h e a t e d . Th e p r e s e n c e o f  c c l l o d i o n o n  t h e  

p l a t e s  i n c r e C:' s ed b ac k groun d s t ai n i n g b u t  t h e  con:p o n en t s e r e  s t i l l  

vi s i u l e .  

G as C h r o m a t ogr aphy 

G a s  Chrom a t ography o f  M e t hyl Es t e r s  o f  Fa t ty Ac i d s  D e ri v e d  from 

T r i  gly c e r i d e .  T h e  m e t h y l  e s t ers o f  f a t t y a c i d s  d e r i v e d  f r om 

t r i �l y c e rid e s  w e r e  c h r om a t o gr ap h e d  u s i n g  a Gas  C h roma t o gr aph ( P a c k a r d  

S er i e s  800 ) fi t t ed wi th a t ri t i u m  f o j l i oni . a t i o n  d e t e c t o r . A 't f t . 

gl a s s  c o lumn ( Lt  mm . 1 . D . ) pad e d  wi t !:  1 5% ,· p i e z o n  L on . J" lDS G a s  

o 
C h r oruo s o rb W wa s m a i n t ai n ed at 200 and a r gon ( h . Z . I n d u s t r i al G a s e s ) 

was u s e d  as t h e  c arri er gas a t  a flow r a t e  o f  'to rul . /min . 

S i l yl o xy D e r i va t i v e s  o f  M e t hyl N o c 8 r ri a t e s .  Gas c h r o m a t o graphy 

of t h e  s i l y l o xy d e ri v at i v e E of m e t hyl n o c a rd a L e s  W2 S c arri ed o u t  

u s j n g  a n  A e ro graph l"1o d el 660 g a s  c h rc m a t o gr ar.., h ,>"i  t h  a hyd ro gen f l o w  

i oni s a t i on d e t e c t o r .  C o l umn a n rl  t e�� e r b t u r e  c o n d i t i o n s  w e r e  s i mi l a r  

t o  t h o s e  r e po r t e d by Kuk s i s and B r e c k e n r � d ge ( 1 966 ) f o r  t h e  s ep ar a t i o n  

o f  t ri pl yc e ri d e s . T h e  i n j e c t o r b l o c k  t e� p e r a t u r e  w a s  m e in t a i n ed at 
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t �le  d e t ec tor  and ga s outlet  at  3000 and th e c olumn t emner-

o 0 a.ture wa s manually pro grammed from 2 50 t o  300 • An 80 C lo . 

stainl ess s t e e l  c olumn ( O . �  cm . I . D .  0 . 6  cm . O . D . � the  insi d e  

sur fa c e  o f  whi c h  h a d  b e c n  d eac ti vat ed v.Q th HMDS , was filled wi th 

3 . 6 5 g . of HIVlDS Chromo sorb W ( Wilkens ) c o a t ed wi th  2% S E- 30 ( Wilk en s ) . 

After c ondi ti oning the  c olumn for 2 d ays at 2800 using ni trogen as a 

carri er gas i t  w� s c onn ec t ed t o  the fl�� e  ionisation d e t e c tor by a 

1 to � s t ream spli t t er .  The column wa s c on sid ered  well  condi tioned 

when no bas e line ri s e  could b e  d et ec t ed on pro gramming t o  t emper-

atures up to 300
0

• The ni t ro gen fl ow t h ro u gh th e c olumn was ad just ed 

to 1 20 ml . /min . and the  flow through the flow ioni sa ti c·n d et ec tor 

( 2� ml . /min . )  balan c ed 1 t o  1 �� th the flow o f  hydro gen from a 

hydrogen generator ( Aerograph Mod el 6 50 ) . 

Fractions corresponding  to peaks  d e t ec t ed by th e flame ioni sation 

d e t e c tor  were c ut at  the major gas outlet  using sec t i ons  o f  gl ass 

tubing . The silyloxy d eri vati ves c o n d ensed  o n  t h e  surfac e o f  th e 

glass wi thin a f ew c entimet ers o f  the  heated outlet . 

Pyrolysi s o f  Methyl N o c ard a t e s . Pyrolysi s was c arri ed out  

using an  unmo d i fi ed Aerograph 6�0 gas- chromato graph . Using the sam e  

col umn and d e t ec tion syst em a s  d esc rib ed for s eparating silyloxy 

d eri vatives ( no stream spli t t er ) and a column gas flow rat e o f  

25ml . /min . the inj ec tor t emp erature w&s a d j us t ed t o  2800 and t h e  

o c o lumn t emperature to  90 • The c olumn gas flow wa s turned o f f  using 

the fine control and the methyl e s t ers  of the  nocardic acids in j ec t ed .  

After 1 2  min . a gas flow o f  2 5  ml . was re- est ab lish ed and th e  nroduc t s 

o f  pyrolysis were s epara t ed with t emper& ture  pro grammin g  o f  the c olumn 

from 900 to 2&00 on t h e  SE- 30 c olumn . Compon en t s in t h e  e f fluent gas 

s t r e am were  d et ec t ed by a hydro gen fl ame i oni sati on sys t em . 
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CHAFTER 2 

GROWTH CHARAC'l'ERI STICS OF N .  CORALLIN A 

D e Velopment of a D e fin ed Medium 

In previous inv estigations with N .  c o rallina (Rob ertson , 1 964 ) , 

th e o rganism was grovm in a liquid medium containing : - glu c o s e  ( 0 . 7 5%) , 

y eas t extrac t ,  thiamin e ,  (NH4 ) 2S04 ' phosphat e b u f f er ( 0 . 1M  approx . )  

and s al ts (MgS04 , C aCl2 and N aCI ) .  The  reacti on o f  t h e  final medium 

was pH 6 ;8 .  The preparation o f  the med ium involved both  h eating and 

filtra tion s t eps which  changed the final salt c onc en t ra tions . Nid "rin t er 

(1962 ) c ul tured N .  c orallina in a similar med ium but yeast  extra c t  was 

n o t  includ e d . 

Exp eriments were c arri ed out  t o  produc e a d efin ed medium capabl e 

o f  ( a )  producing a high yi eld o f  c ells and (b ) maint aining a cons t an t  

pH during growth . Th e m edium finally adop t ed (App end i x  1 )  con t ain ed 

Tte medium was ad j us t ed to pH 7 . 00 ! 0 . 0 5 by addi tion 

of  '5 N  N aOH . Glu c o s e  ( 0 . 75% fin al c on c . )  was add ed a f t er aut o c l aving .  

'l'h e  yield  o f  c ells a t  full srowth (approx .  50 hr . af t er inoCUlati on ) 

from 300 ml . o f  this medium (contained in a c l ea t ed flask fi t t ed wit h  a 

milk filt er ) was approximat ely 0 . 90 g .  dry wt . 

f rom pH 7 . 0  t o  6 . 7  was r ec ord ed during growth . 

Aeration Effici ency o f  Culture Flasks 

A chan ge o f  reac t i on 

Consi d erab l e  variation was observed in t h e  yield o f  c ells and rat e 

o f  floc culation on s t anding , wi th cuI tureE grown in s t an d ard fl asks 

( c oni c al 1 L )  plugged wi t h  c o t ton wool . As a possibl e explanation 
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for these  vari � tions i t  wa s considered that  th e cul tures migh t  no t b e  

ad e q u a t ely aera t ed d uring growth . An inv e s t i gation WaS c arri ed out  

using the sulphi t e  m e thod ( Co rman et . al . ,  1957 ; Ecker  an d Lo ckhart , 

1 959)  for d e t ermining th e rate  oxygen supply t o  s t andard flasks fi t t ed 

wi th c o t ton woo l  plugs . The results  suggest ed that t h e  maximum rate  

of  nxygen diffusion into the  solution c on t ained in th e flasks was l ess  

than the  maximum rat e o f  oxygen u p t ak e  ( d e t ermi n ed manomet ri cally ) in 

l at e log  phas e cultur es . Sparging as a me thod for  improving aera tion 

p r e s en t ed d i f ficulti es b e c ause  of fo arting and t h e  adh erenc e of clumps 

to the spa rger . Th e method o f  Corman e t . al . ( 1 977 ) using c l e a t ed 

fl asks and mi lk fil t ers t o  provi d e  raDid and r eproducible  rat es o f  

a eration was t es t ed . S t andard flasks ( c oni c al 1 L . ) \-le1'e indented in 

the  lower part of the  wall wit h  six equidi s tant cleats apnroximately 

1-t" high and i" d eep . Tests  wi th t h e s e  flasks showed that  for  c o n t e n t s  

o f  300 ml . a shaking rat e  o f  1�0 rev . /min . on t h e  N ew Brunswi ck gyro tary 

shak e r  could no t be exc e ed ed wi thout spl ashing . 

A c ompara tive s tudy o f  a e ration e f fi c i en c i es in stand ard and 

c l e a t e d  flasks was c arri ed out using an oxy gen el e c t rod e .  Al though 

the  results ( Tabl e 2 )  showed that  t h e  c l e a t s  i n c re as ed the  rat e o f  

solution o f  oxygen , the  maj o r  f a c t o r  whi ch a f f e c t e d  the  e ffi ciency o f  

aeration was t h e  type o f  plug u s ed . C o tton  wool plu gs , c ompared wit h  

milk fi l t ers d e c reas ed t h e  rat e o f  oxygen dif fusion into  flasks thre e fol d . 

Oxygen D emand in Li quid Cultures 

Measurement of p02 values  in fla sk cultu r es was made by ins erting 

an o xygen el e c t ro d e  direc tly into ac tively growin g cultures . JVieaningful 

p02 values  c ould only b e  obtained over  short  p eriods ( 2- 3 hr . ) sin c e  t h e  

e l e c trod e memb ran e  b e c a m e  c o a t ed wi th o r gani sms , and f r e q u en t  washing 
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Table 2 

Rat e s  o f  Diffusion o f  O xygen int o Gas and Li q uid Pha s e s  

o f  C l ea t ed and S t an dard Fl asks . 

Time ( min . ) for p02 to  reach 

Fl ask· . 50% from 0% o f  sat uration . • •  

Li q uid phas e Gas phas e 

C l eat ed ; milk fil t e r ;  
c o t ton wool plug i n  8 5 
sid e arm . 

S t and ard ; milk fi l t er ; 
c o t ton wo ol p l ug in 1 1  5 
sid e arm . 

C l ea t e d ; c o t t o n  wool 
plu g ;  c o t to n  'wool  plug 23 1 9 
in sid e arm . 

S t andard ; c o t ton wo o l  
plug ; c o t ton wo o l  plug 30 22 
in sid e arm . 

C l e a t ed ; mi lk fil t e r ;  
ai r p umped into side 1 0 . 5 
arm ( 1 . 5  L . /min . ) .  

S t andard ; milk fi l t er ; 
ai r pump ed into  si d e  3 0 . 5 
arm ( 1 . 5  L . /min . ) .  

Flasks ( c oni c al 1 L . ) contai ning phosphat e bu f f e r  ( 300 ml . )  

\>lere inc ubat ed at 300 wi th shaking a t  140 rev . /min . 

were s toppered as d e s c ri b e d  in the  l e f t  hand c ol umn • 

Flasks 

• •  Th e r e spon s e  o f  the o xygen analys er was very n early l i n e ar 

b e t w e en 0 and 50% o f  s a turatio n . 
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o f  t h e  el ec t r o d e  followed by r eins erti on into t h e  s am e  fla sk greatly 

increased the  po s sibili ti e s  for cont aminati on . To some ext ent thi s 

probl em could b e  o v ercome b y  tran s f erring the  el e c trod e ,  washed by a 

j e t o f  s t e ri l e  d i s t i l l e d  wat er from a wash b o t t l e ,  into a n ew culture  

fl ask af t e r an  inte rval o f  s ev eral hour s . The r e sul t s  o f  an exp e rimen t 

i n  whi ch t h e  el e c t rod e was t r an s f erred from fla sk t o  flask a s  gro wth 

pro gr e s s e d  ar e shown diagrama t i c ally in Fi g .  1 .  Two p02 d e t ermina tions 

were o b t ained  for  each o f  the 6 c l e a t ed fl a sk c ul tures whi c h  h ad all b e en 

i n o c ulat ed at  t h e  s am e  time from t h e  same p rimary flask ( s e e  Me th od s ) . 

O p ti c al d ensi ty es timations were also c arri ed o u t  on t h e  c on t en t s  o f  

t h e  flask s  Quring t h e  exp erim ent . Th e re sul t s  showed that  t h e  02 d em and 

was great e s t  in the  l a t e  l o g  phase  and that t h e  n a rtial pressur e  o f  

o xygen in s o l u tion c o ul d  f al l  t o  35-�0% o f  sa turation . 

The r e spiratory rat e-limi ting p02 for a phosph a t e  b u f f e r  s u sp ension 

o f  c ells ( 3 . 0  mg. /ml . )  inc ubated wi th gl u c o s e  (0 • . ) mg . /ml . ) at 300 was 

d e t ermin e d  using the  o xygen el ec trod e . A f t e r  fl ushing t h e  suspension 

wi th ai r ,  inl e t s  and outl e t s  were  s e a l e d  o f f  and the o xygen up t ake 

rec orded . The c onsump tion b e c a'l1 e  d e pendent on t h e  rat e o f  o xygen 

supply ( as d et e rmin ed b y  t h e  p02 at whi c h  the  o xy gen up t ake curve b ec ame 

n on lin ear ) at  a p02 of 1 5-20% of sa turation . It  s e em e d  r easonab l e  to  

c on c l ud e that  sin c e  t h e  p02 of growing cul t ur e s  f el l  t o  3) -�0% o f  

saturati o n  t h e s e  cultures  were  n o t  s e ri ously r e s t ri c t e d b y  d e fi c i ency 

of o xy gen although t h ere was a p o s sibility that  t h e  rate of con sump tion 

c ould a p� ro a c h  th e rate  o f  sup ply in the late log phas e .  

The o b � ervation that gro wth curves  were i d en t i c al , for cultures 

gro wn in c l e a t ed fl asks wi th milk fi l t e r s  wi th or vn thout humi d i fi ed ai r 
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Change i n  Oxygen Pa r t i a l  Pressure  in Cul t ur e s  o f  � . c or a l l i n a  G rown 

in Li o ui d  Med i um . 
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. C ul t u r e s  were grown in c l e a t ed flasks  ( c onic � l  1 L , fi t t e d  wi t h  � i lk 

fi l t ers ) c on ta i ni n g  300 ml . o f  glu c o s e  � e d ium , by  i n cul a t i n g  a t  30 0 

wi t h  shaking a t  1 4 0  r e v . /min . A f t er t wo P02 v al u e s  h a d  b e e n  o b t & i n ed 

f o r  t h e  c o n t en t s  �f a singl e  fl a sk th e o XYfen e l e c t r o d e W h S  r e m o v e d  

and i n s e r t ed i n t o  a f r e s h  fla sk . 

O p t i c al d ensi  t y  e s ti ma t i o n s , c o rrec  t ed for  d i lu  ti on , ',: e r e  n o t  c ar :'i ed 

o u t  on fla cks a f t er t h ey  had  b e e n  used fo r m o r e  t han two p02 

e s tima t i on s . 
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p ump ed i n t o  t h e  side  arm , also indi c at ed tha t oxygen was not  limi ting 

growth in t hi s  sys t em .  

C l umping o f  C u l t u r e s  

C omp ara t i v E' s t ud i e s  o f  t h e  rates  o f  grow t h  o f  N . c o rallina in 

s t and ard and c l e a t ed fl a.sks fi t t ed wi t h  milk fi l t ers showed marked 

d i f f er enc e s . Firs t ly , t h e  growth ra t e  o f  cultures  i n  c l eat ed fla sks 

always app eared mo r e  rapid t han in s t and ard flasks , an d s e c ondly , a 

fall  in o p t i c al d en s i t y  always o c curred a f t e r  f ul l  growth h a d  b e en 

r e ached in c l e a t ed f l ask c u l t ur e s , wh ereas no , o r  only a small d e c rease  

was  o b s erved wi th c ul t u r e s  in s t anuard flasks ( Fi g . 2 ) . Di f f er en c es 

were al s o  o b s erved in t h e  s hap e o f  growth c u rv e s  o f  cultures  grown in 

c l e a t ed flasks possibly b e c aus e the  c l e a t s  w e r e  n o t  uni form.  Wh e r e  

c l e a t s w e r e  sharp a n d  d e ep , c ul t ur e s  were  evenly susp end ed . Wh e r e  c l e a t s  

were s h allow a n d  roun d ed t h e  c el l s  t ended  t o  stick t o gether  i n  c l umps o f  

u p  t o  2 70 ? i n  d i am e t er .  Th e s e  c lump s f l o c c ul � t ed rapidly o n  s t andi n g .  

T h e  e f f e c t  on t h e  opti c a l  d ensi t y  e s t i m a ti on s  o f  homo geni sing 

s ampl e s  t ak en from c u l t u r e s  grovm i n  s t an d ard fl a sks was exami n ed ( Fi g .  2 ) . 

I f  s am,l e s  were  homo g en i s e d  pri o r  t o  r e ading a t  660 m� t h e  resul ting 

growth curve was found t o  b e  i d en t i c a l  wi th t ha t  o b s erved in sh arpl y  

c l e a t e d  flasks . A fall in opti cal d en s i t y  was al so o b served in s t and ard 

fl ask c ul t ur e s  foll owing full growth pro viding sampl e s  vJere t horou ghly 

h om o geni s ed ( Fi g .  2 ) . 

C u l t u r e  Pigm en t a ti o n  

C u l t u r e s  grown in s t andard flask s  wi th c o t ton w o o l  plugs showed 

a. c o n si d erab l e  vari a t ion in c ul tu r e  pigmen t at i on . Some c u l t ur e G  were 

d e ep pink at  the  end o f  growth wh er e a s  o t h e rs w e r e  c r e am o r  y el low in 
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C u l t u r e s  w e r e  grown i n  c l ea t ed and s t an d ard  f la sk s ( fi t t ed wi th milk 

fil t er s )  c o n t ai ni n g  300 ml . o f  m ed i um , by i n c uba ti n g  a t  300 wi t h  

s h a ki n g  a t  1 � 0  r e v . /min . I n  t hi s  exp erimen t full  grow t h  wa s n o t  r e a c h ed 

f or  a period  o f  60 h r .  a f t e r  i n o c u l a ti on  b e c a us e  t h e primary c u l t ur e  

u s ed t o  ino cu l a t e  the med i um i n  t h e  s e c o n d a ry f l a sk s  h a d  no t r e a c h e d  

t h e  mi d - l o g  s ta ge b e fo re  th e E e c o nd A ry f l a sks  w e r e  i no c u la t e d . ( s e e  

Jl;l e t h od s )  

e :  O n t i c a l d ens i t y  o f  sampl e s  from 2 s t a n d a r d  fl a sk s . S a mpl e s  

w e r e  n o t  h om o ge ni s ed  pri or t o  o p t i c a l  de n s i  t y  e s tir:Ja t i o n s . 

0 :  O n t i c a l  d e n s i t y  o f  s a m p l e s  from t h e  same  s t an dard fl a sk 

c ul t u res . Samnles  wer e horrogenis ed pri o r  t o  o p t i c al d ensi ty e s t ima t i ons . 

� :  O p t i c al d e n s i ty o f  sampl e s  fram a si ngle c l e a t ed fl a sk c u l ture . 

S ampl E:.s were  n o t  homo g e r i s e d  pri o r  t o  opti c al . d en si t y  e s t i m � · ti o n s . 
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c olour . Althou gh p e l l e t s  o b t ained a f t e r  c en t ri fu ging ind i c at ed t h a t  

c el l s  from l a t e  s tati onary phas e c ul tures  w e r e  a d eeper pink th an tho E' e  

from l o g  phase  c ul t u r es , t h e  d i f f e r enc es i n  c ul t ure p i gmentation ","ere  

l argely d u e  to  an  o p t i c al e f f e c t  rel a t e d  t o  the  conc en tration o f  o r gan i sm s  

i n  li quid c u l tur e s .  A t  l o w  c onc en t rati ons t h e  cul tures app e ared c r e am ,  

at  hi gh conc entrations they were pink . Wh ere cul tures were grown in 

c l ea t ed f lasks wi t h  mi lk fi l t ers the c o lour chE'nge froIn c r e am to c oral 

pink durin g  growth was c on si s t ently repro d u c ibl e .  Pel l e t s  o bt ain e d  from 

c ul t ur e s  grown in a poorly b u f f ered a c e t a t e media ( pH ro s e  t o  8 . 0 during 

growth ) showed a p ea c h  c olourat ion . 

Va riations in the  Si z e  o f  Indi vidual C e l l s  

Al though c e lls  w e r e  routinely c u l tured in c l e a t ed flasks wi t h  mi lk 

fil ters , it was obs erved t h a t  som e b at c h e s  t end ed to flo c c ulat e more  

r apidly t han o th ers ; Al though this was partly d u e  to  c l eat  variati on s 

i n  di f f eren t flasks , i t  was al so n o t  ed t ha.t t h e r e  were varip, tions in 

the  l ength of c ell s .  Cultures c o n t ai ni n g  a hi gh prop ortion o f  c ells , 

�-8 P in length t end ed to fl oc c u l a t e  more  rapi dly on s t anding t han t ho s e  

c on t aining c el l s  predominan tly 2-4 p in l en gth . C el l  l e n gt h  was 

d e t ermined  mic rosc o f,ic ally a f t er Gram s t aining . Reasons for di f f er en c es 

in c el l  lengths have no t b e en explai n ed but t h ey c ould b e  r e l a t ed t o  

t h e  abi lity of  N . c o ral lina to  g r o w  in hyp ha e , whi c h  su b s e q u en t ly fragmen t 

into  c o c c i , 2-4 p in l ength . I t  was possible  that  t h e  c l eats nromo t ed 

fragm en t ation . Th e r e  als o  s e emed t o  b e  a r el a t i onship b e tw e en th e age  

of  t h e  slope used  t o  inocula t e  t h e  p rim ary culture and t h e  average l ength 

of c ells  i n  the s e c on d ary c ul tur es . C u l t ur e s grown from fresh s l o p e s  

whi c h  had b e en s t o r e d  for no lonfer than 2 d ay s  a t  20 , gen eral ] y c on t ai n e d  

c el l s  2-4 P in l en gth . All c el l s  were b e t w e en 0 . 8 - 1 . 2  p i n  wi d th . 



Clus t e rs i n  Suspen sions o f  N.  c o r allina . T h e i r  Ef f e c t o n  T o t al and 

Vi abl e C el l  C o un t s  

A s t u d y  o f  a sample o f  a s u s p e n s i on o f  N . c o rallina i n  pho spha t e  

b u f f e r  ( c o n t ai n e d  in a c l e a t ed fl ask ) usi n g  th e L ei t z  mi c ro s c o p e  and 

Thoma c o un ting c hamb e r , showed t hat al though l ar g e  c l ump s w e r e  n o t  

p r e s en t , c l u s t ers o c c urred . Some o f  t h e s e  c o n si s t ed o f  aggre ga t i o n s  

o f  s e v eral hund r ed c el l s  s t i cking t o g e t h e r  i n  wh at app e a r e d  t o  b e  a 

r an d om f ashion . Many o f  t h e s e  c l u s t e r s  ad h er e d  t o  t h e  gl a s s  wal l s  

o f  t h e  c o un t i n g  chamb er makin g  t o t al c ell c o un t s  v e ry d i f fi c ul t . I t  

h a d  b e en n o t ed p r e vi o usly that wh e r e  c ell s u s p en s i o n s  w e r e  s p r e ad on 

o 
a gar c o n t ain ed in P e t ri d i s.h e s  and sub s e qu en t l y  in c ub a t ed a t  30 that 

some c oloni e s  app e ar e d  as pin point c o l o ni es a f t er 2 d ay s  wh e r e as o th er s  

w e r e  a s  l arge a s  2 mm . i n  d i am e t er . Th e s e  v ari a t i on s  c ould b e  d u e  t o  

the pr e s en c e  o f  d i f f e r e n t  s i z e s  o f  c l u s t ers in t h e  ino c u lum . 

The Eff e c t  o f  D e t e rgen t s  o n  Clus t e r S i z e  

T h e  e f f ec t o f  d e t e rgen t s  on t h e  d i sp e r si o n  o f  c lus t er s  w a s  exami n ed 

b y  t h e  m e t h o d  for t o t al c el l  c o un t s .  T h e  d i s tribut ion o f  c el l s  wi thin 

c lu s t ers of d i f f e r en t  s i z e s  was d et ermin ed f o r  a phosphat e b u f f er suspen s i o n  

o f  N . c o rallina c on t aining approxima t el y  � x 108 c ell s/ml . i n  t h e  p r e s en c e 

and ab s enc e o f  d e t ergent . Approxima t el y  300 c el l s  we r e  c o un t ed i n  e ac h  

d e t e rmin ation . I t  was found th at b o t h  T e ep o l  and Twe en 80 facili t a t e d  

t h e  d i s p ersi o n  o f  t h e  larger c l u s t e r s  a n d  p r e v e n t ed c el l s  s ti cking t o  

t h e  glasb sur fac e o f  t h e  c o un ting c h amb er .  



Distribution o f  c ell s ( % )  in  clust ers o f  
differen t sizes in phosphat e buffer 
sus�ensions o f  N . c o rallina . 

Det ergent C ells per  c luster  

1 2 3 4 � 
- T e epol 24 3'5  1,+  27 

.,. Teepol 59 34 3 Lt 

- T",leen 80 2 3 21+ 1 2 4 1  

+ 'l\.., een 80 4 6  28 9 1 7  

T e epol seemed to  b e  slightly mor e  effi c i ent  than Tween 80 , but sin c e  

Teepol c ompl et ely inhibit ed the growth o f  c ells o n  agar slid es , Tween 80 

was used for  viable  counts and Teepol for t o tal c ounts . 

The effect  o f  the d e t ergents in both  decrea sing the  adher enc e  o f  

c ells  t o  glass , and facili tating the  disper�ion  o f  clust ers , mad e i t  

f easible to  u s e  t h e  c ounting chamber method f o r  t o t al c ell c ount 

e stimations . Some c lust ering  still existed but more drastic methods 

for disp ersion were no t used in case  extensi ve c ell damage oc curred . 

Ac cordingly , for vi able  c ounts , Tween 80 was B.de ed to suspensions and 

an estima t e  o f  the degree  o f  clust ering was mad e for each c ell viabili ty 

d et ermination . 

The me thod for determining c ell viability as d es cribed by Postgat e , 

C rumpton and Hunter ( 1 9(: 1 )  gave a rapid proc edure for d et ermining both 

c luster si ze  dis tribution and clus t er viabili ty . From these  val u es the  

c ell viability was d e t ermined using formula e  ( se e  Me thods ) . Using the  

formula e  on  results  ob tain ed from s u s n en sion s where th e rr a j ori ty o f  c ells  
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were in clust ers o f  ones , twos and threes , i t  was found that the c lus t er 

viabili ty c ould b e  up to  10% greater than the  c ell  viabili ty (App endix 2 ) . 

At high c lust er viabili ties  however the  e f fe c t  of  the  clust ering was 

small < 3-3% ) . 

Growth o f  N .  c orallina on Ag�r  Slides  

In  a s tudy o f  the  slide cul ture method o f  Postgat e ,  Crumpton and 

Hunter  ( 1 96 1 )  using suspensions o f  N, corallina in phosphat e buffer 

c ontaining 0 . 5% Twe en 80 a sequen c e  s tudy  o f  the  growth o f  a single  c ell 

on the surfac e of t h e  agar was mad e by examining and photographing the 

same c ell at  time int ervals und er bright fi eld  li ght  microsc opy ( Fig . 3 ) . 

The growth patt ern was similar t o  that d es crib ed for N . corallina by 

Brown and Clark ( 1 966 ) . Frag'm en tation into c o c c i  on agar slides was 

not  generally observed sin c e  the  hyphae formed a d ense  mat o ver the  

entire  surfac e of  the  agar . I f  sli d es , on whi c h  small non- fragmented 

o 
coloni es had d ev elop ed  aft er incubation for 18 hr . at 30 , were stored  

at  20 then fragmentation into  c o c ci , 2-4 p in l ength , did o c cur .  

Consid erable  variation was not ed  i n  the times t a�en for the 

initiation o f  growth o f  individual c ells on the  agar surfac e .  Th ese  

variati ons were  particularly pronounc ed  wit h  c ells whi ch had b e en 

resuspended  in phosphat e buffer for some d ays . 

Summary 

Cultures gro\vn in stand ard flasks ( conical  1L . )  plugged .. rith  cot ton 

wool , showed heavy clumping . Cultures grown in cl ea t ed flasks wi th milk 

fil t ers , were ev enly sus�end ed , showed reproducibl e growth rates  and were  

ade quately aerat ed throuF hout groKth . D e t ergerts were used t o  r educe  t h e  

si ze  o f  c el l  clus t erE  i n  susr, eDE:i ons for viab l e  and total c el l  counts . 

Growth o f  N . corallina in li qui d  m edium Kas c hare c t eri Eed  by division o f  

bacilli approximat ely � p .  long and g rowth o n  aGar was charact erised  by 

t h e  formation of Hypha e d - 1 2  p .  long . 
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:' i gu r e  3 

G r o w t h  o f  a S i n gl e  C o l o n y  ( or Clu� t er )  from a S i n gl e C ell o f  N . c o r a l l i n a  

o n  the S; lrfA c e  o f  an Agar S l i d e  

13';' hr . 

1 9-�' hr . 2 1i h r .  

T h e  agar sli d e  was i n c ub a t e d  a t  300 f o r  2 1i h r  a f t er i n o c ul a t i o n . 

l'h e  g r o w t il 0 f a s i n gl e  c ell was studi ed by p !lO t o gr a p hi n g  the  sam e  c el l  

a t  time i n t e r v a l s during t h e  i n c u b a t i o n  p eriod . S cal e . 1 cm . : 5 . � 8p .  
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CHAPTER 3 

TRIGLYCERIDES IN N .  COHALLIN A 

I n  1 962 Mi dwint er had shown t hat t o t al c ellular fat ty acids o f  

N . c orall i n a  d e c r ea s ed from approximat ely 1 7  to  14% o f  t h e  c el l  dry 

weigh t . Ivlidwi n t er ( 1 962 ) c on clud ed that thi s fall wo u l d  ac count for  

as  much  as 50% o f  t h e  t o t al o xy gen uptck e  b y  c ell suspen s i o n s  r e spiring 

end o gen o us ly . o t h e r  s t ud i es , ( Ba t t ,  unpub l i s h e d  r esul t s ; Rob e r t s o n , 

1 964 ) had shown that wh en c ells were i n c ub a t ed wi th t h e  po t assium sal t s  

o f  ei th e r  
14

C-lab e l l e d  p a lmi t i c , s t e aric o r  o l ei c  acid , t h e s e  acids 

wer e  rapidly i n c o rporat ed into  a n eu tral lipid frac tion , a s sumed t o  b e  

t ri gly c eri d e . Such findings l e d  t o  the  proposition tha t t ri gly c erid es 

mi gh t  b e  imp o r t an t  en do genous r e s erv es . I t  was t h e r e fo r e  d ec i d ed t o  

c on fi rm t h e  p r e s e n c e or ab s e n c e  o f  a t ri glyc erid e frac tion i n  the  to t al 

lipids ex t rac t ed from N .  c o ra l l i n a  and t o  d e t e rmin e wh e t h e r  
14

C-lab e l l e d  

p almi t i c  a c i d  was inc orpora t e d  into su c h  a frac tion . 

Extrac t i on and Frac tionation o f  To t al Lipi d s  

Earli e r  s tu d i e s  h a d  u s e d  ho t c h l o ro f o rm-me thanol ( 2 : 1 ) to  extrac t 

t o t al unbound lipid from c el l s  d r i e d  b y  r o t ary evapora t i on at 300 

( Rob e r t so n , 1 964 ) . Thi s method  had a n umb er o f  d i s a d van t ag e s . Fi r s t l y , 

t h e  extrac t ed lipid w a s  v ery di f fi c u l t  t o  wash by th e  Fol c h  method 

( Sp erry , 1 9 52 ) d u e  t o  t h e  forma tion of  s t abl e emul sions . S e c ondly , 

t h e  d ri ed lipid wo uld n o t  c ompl e t ely redi s s o l v e  in c old chloro form-

m e t hanol ( 2 :  1 ) .  Fur t h e r , i t  w a s  found t h a t  wh en tripalmi tin was r e flux ed 

with c hl o ro f o rm- �e t h a n o l  ( 2 : 1 ) for 4 h r . , a mi xtur e o f  p ro d u c t s  was 
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o b t ain ed i n c l u d i n p a c o mp o n e n t  whi c h  c hr cm a t o gT e 1' h e d  on t Jo in -l a y e r  

pl a t e s wi t h  m e t hy l  p a l mi t a t e . I t  s e em ed l i k e ly t h a t  s o m e  t r an s e s t e r i -

fi c a t i o n was o c c urring 2nd i t  w a s  found t t a t  t h i s  c ould b e  a v oi d ed i f  c el l s  

we r e  e x t r ac t ed wi t h  c o l d  c h l o r o f o rm-m e t h ano l ( 2 : 1 ) . Fo r t hi s  r e as o n , 

c o l d  s o l v en t  ext rac t i on s w e r e  u s e d  f o r  ro u t i n e e x t r a c t i on o f  t o t al 

u n b o u n d  c e l l u l ar l i pi d s .  Fra c t i o n a t i on o f  t o t al unbound l i p i d s  e x t ra c t ed 

wi t h  c o l d  c hl o r o f o rm-m e t h an o l ( 2 :  1 )  i n t o  n eu t ral and p o l a r  fra c t i o r, s  was 

c a rri e d  out using si l i c i c  a c i d  c o l umn c h ro m a t o graphy ( Bo r gs t ro m  and 

O l i v e c r on a ,  1 96 1 ) . N eu t r al l i pi d s  wer e e l u t e d wi t h  c h l o r o form and 

t h en p o l ar l i p i d s  wi t h  m e t h an o l . T h i s  p ro c e d u r e ,  u s e d  p r e v i o u sly b y  

Rob e r t s o n  ( 1 964 ) an d agai n in t h e  p r e s en t  i n v e s t i ga t i o n  p r e s e n t e d  

d i f fi c u l t i e s  t h r o ugh t h e  t en d en c y  o f  t h e  t o t a l  l i pid s ,  e x t r a c t ed from 

N . c o r a l l i n a  t o  f o rm a g e l  i n  c hl o r o fo rm . T h e  g e l  z o n e  that f o rm e d  

a t  t h e  t o p  o f  a si l i c i c  a c i d  c o l umn c au s e d  t h e  f l o w  r a t e t o  b e  v ery 

s l o w . I n  p a r t  thi s pro b l e m  c ou l d  b e  o v e rc o m e  b y  applying hi gh p r e s s u r e s  

t o  t h e  s o l v en t  a t  t h e  t op o f  t h e  c o l umn . I n  l a t e r s t u d i e s  i t  was 

o b s e r v e d  that t h e  g e l  f o rma t i o n  i n  b o t h  c h l o r o f o rm an d c arbon t e t r a c h l o ri d e  

s o l u t i o n s  was a pro p e r t y  o f  l o ng c h ain h yd r o xy a c i ds . 

f o u n d  in t h e  l i pi d s  o f  N . c o r a l l i n a . 

T h in- L aye r C h rom a t ogr a p hy o f  Li pi d s  o f  N . c o r al 1 i n a  

S u c h  a c i d s  w e r e  

As a n  a l t e rn a t i v e  pro c ed u r e  t o  c o l umn c h roma t o gra phy t o t al l i pi d s  

w e r e  f r a c t i o n a t ed b y  t hi n - l a y e r  c hroma t o gr a p hy . Thi s t e c hni q u e  was 

a l s o  u s ed t o  f r a c t i on at e t h e  n e u t ral l i pi d s  ob t ai n e d  a f t e r  sili c i c  a c i d  

c o l umn c h ro ma t o gr aphy o f  t o t al li p i d s . 

Ini t i al s epar a t i o n  o f  mon o , di and t ri gl y c e ri d e s  wa s c arri e d  o u t  

o n  si l i c a  g e l  p la t e s whi c h  h a d  b e en ac t i v a t ed f o r  2 hr . a t  90- Y5° , 

L e vin an d H e ad , 1 96 5 ) . S amp l e s  whi c h  h ad b e en a ppli ed t o  pl a t e s  
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were chromato graphed in pe trul eum e ther : d i e thyl e th er : ac e t i c  a c i d  

' mixtures and c omponent s w e r e  d e t ec t ed u 8 i n g  phosphomolybcia t e  spray 

r eagen t .  Usi ng  t h e s e  t echni q ue s ,  i t  was r e gularly no t ed that a dark 

i rregular line o c c urred a c ro s s  the  �la t es a�proxima � ely mi d -way b et w e en 

t h e  solvent front and the o ri gin . This dark Inn e was c onsid ered t o  b e  

c aused by impuri ti es i n  the sili c a  gel whi ch c o ll e c t e d  at a s e c ond ary 

solven t  front t !at d eveloped during c hr omato graphy . This problem 

c ould b e  avoid ed by pre-washin g t h e  plat es ... Ji th  appropri a t e  solvent 

mixtures for a p eriod of two to thre e  hours prior to  applying th e 

sampl e s . Wi th pre-w�shing , exc ellent s epa r at i on s  o f  glyc eri d e  c l a s s e s  

were o b t ained ( Fi g . 5 ) . 

I d en t i fi c ation o f  Triglyc eride s  in the  Lipid s  o f  N .  c o rallina 

Thin-layer chromato graphi c analys e s  o f  t o t al lipids using phospho ­

molybdic acid  spray reagent to  d e t e c t  c ompon en t s , indi c a t ed tha t t h e  

t rigly c erid e frac tion repr esent ed no  mor e  t h an 5% o f  th e t o t al lipid . 

Only in c as es  wh e r e  t o t a l  lipid sa�pl e s  wer e h eavily l o a d e d  onto pla t es 

c ould a c omponen t chro ma to graphing wi th t ri p almi t in b e  d e t e c t ed .  I f  

N . c o rallina c ells were incub a t ed wi th lon g chain fat ty a c i d s  prior to 

lipid ext rac tion , then an ,analysis of t ot al lipi d s  by thin-l ay er 

c hroma t o gr aphy did show the pr e s en c e  o f  a c omponent  running wi th t h e  

t ripalmi tin ( Fi g .  5 ) . The incub a t i on o f  c ells wi th fatty  aci d s  s e em e d  

to l e ad to a l arge inc r ease in  t h e  l evel  o f  t h e  trigly c erid e frac t i on i n  

t h e  c ells . 

Initial  t es t s  to  d e t erffii n e  the level  o f  glyc eri d e s  i n  to tal lipids 

were c arri ed out by  direc t an alysis for  gl y c E ro l  ( v1.,n H an d el and 

Zil v ersmi t , 1 957 ) . T e s t s  on to tal lipi d s extrc c t ed from c el l s  whi c h  

h ad not  b e en inc ubated wi th a long chain fa t ty a c i d  but  whi ch h ad b e en 
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} i ru r e  4 )  An e u t o r o d i o graph o f  t h e  t hin- l ay e r  s ep ar a ti o n  d e s c rib ed in Fi g .  5 .  

1Lt Fibure  =5) ':!.'uin- lay er f:', e�\ ;; re:. t i o n  o f  C -l ab ell ed t o t a l  u n ::, o un d  l i ui d s  ex t r ac t ed wi t �l c o ld c hlo ro form-

rn e t " J an o l  ( 2: 1 ) from 1-.) . c oral lina c ells pr e vi o usl y  i n c ub a t e d \'1i th u- 1 4-C p e lmi t a t e . Thin l ay e r  c hromat o g raphy 

o f  t h e lipi d e  w � s c ar ri e d  o u t  on Ad so rb o s il 1 usi n g t h e  s o l v e n t  sys t em ;  p e � . e t � er ( 5 7 - 5 9
0

) : d i e t hyl e t h er :  

a c e t i c  a c i d . ( 70/30/ 1 ) C om pon en t s  w e r e  d e t e c t e d  wi t h  pho sphomolybdic  a c i d s p ray r e a g en t f o l l owing 

au t o r a d i o graphy ( s e e  Fig . 4 ) � h e  l i n e  rul ed ac ros s  t h e  p l a t e m arks t h e  s o l v en t  fron t . 1 )  To t al unb ound 

li pi ds . 2A) n o n o s t e ar i n . 2B ) d i s t e a ri n . 2C ) S t e a ri c  a c i d . 2 )  T ri p a lmi t i n . 



f r e e z e  dri ed immedi a t ely a f t e r  harvesting from a l a t e  l o g  phas e c u l t ur e ,  

ga v e  r e sul t s  whi c h app e a r ed un r e a l i s ti c ally high ( 34  lu g . glyc Hol/me . 

t o t al unb ound lipid ) .  A s ub s e quent p ap er chromatogr aphi c analysi s 

( e thyl ac e t a t e :  pyridin e :  wat er , 2 : 1 : 2 ,  sil ver ni trat e dip ) o f  t h e  wat er 

soluble fr2 c ti o n  o b t ai n ed a f t er alkali n e  h ydrolysis ( NolI and Bloch , 

1 955 ) o f  a s ampl e o f  t o t al unbo un d  lipid ( 40 mg . ) showed fi v e  c ompon e n t s . 

Thr e e  ran wi th t h e  s t andard s ,  t r eh alo s e ,  i no s i t o l  an d gly c  erol , o n e  

c hromat o graph e d  j u s t  b ehind ino sit o l  and c ould have b e en mannos e  and 

t h e  fi f t h  r an v e ry slightly ah ead of gl uc o � e .  I t  s e emed lik ely 

t h e r e f o r e  that t h e  high gly c e rol anal y s e s  w e r e  partly c au s e d  b y  t h e  

pr e s en c e  o f  ino si t o l . 

Alkalin e hydro ly sis o f  a s runpl e o f  n eu t r al lipi d ( s ep arat e d  by 

sili c i c  acid c o l umn ch romat o graphy ) followed by pap e r  c hromato graphi c 

analysi s o f  t h e  wat er s ol ubl e frac tion showed t h e  p r e s enc e o f  t h r e e  

c ompo n en t s .  One c hrolnat o graphed wi t h  gly c erol and t h e  o t her two , 

whi c h  w e r e  only j u s t  d e t e c tabl e  wi th t h e  sil v e r  ni t rat e r e agen t , d i d  

n o t  mo v e  f a r  from t h e  origi n . T h e s e  t wo unkno wn s  did n o t  c hromat o graph 

wi t h  glu c o s e ,  t r eh al o s e  o r  in o si t o l . Al t h o u gh si l i c i c  a c i d  c olumn 

c hroma t o graphy pr e s en t ed d i f f i c ul t i e s  b ec aus e o f  gel f o rmation t h e  

pro c edur e c l e arly s ep ar a t ed a frac t i o n  c o n t ai ni n g  glyc e ri d e s from 

mor e  polar li pi d s . 

Fur t h e r  s eparat i o n  o f  t h e  n e u t r al lipid frac ti on wa s c arri ed o u t  

on p r ep ar a t i v e  thi n - l ay e r  plat e s .  T h e  comp o n en t  whi c h  r an wi th 

t ri palmi t i n  in the s o l v en t  sy s t em ,  p e t rol eum e t he r :  di e thyl e t h e r : 

a c e ti c  acid ( 90 : 10 : 1 , v/v/ v )  was i solat ed . The infrared spe c t rum ( CS2 ) 

o f  t h e i s o l a t ed ma t er i al was v ery simi l a r  t o  that o f  t rip alwi ti n . 

D e t ermi n a ti on o f  t h e  e s t e r  t o  gly c erol m o l a r  ratio by q u an ti t a ti v e  

an al y s i s  f o r  e s t ers b y  t h e  m e t h o d  o f  Vi o q u e  and Holman ( 1 962 ) and f o r  

gly c erol by t h e  m e thod o f  v a n  H an d e l  a n d  Zilv ersmi t ( 1 9 57 ) gav e r a t i o s  
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o f  2 . 8  and 3 . 3 .  Alkaline hyd rolysi s ( N o l I  an d Bloc h ,  1 95 5 )  followed 

b y  ext rac ti on o f  the  wa t er- sol ubl e c omponent s ,  and sub s e q u ent an alysi s 

by paper c hromat o graphy ( solven t s , ethyl a c e t at e :  pyri dine : wat e r , 2 : 1 : 2 

and ethyl ac e t at e :  a c etic acid : fo rmic a ci d : wa t er ,  1 8 : 3 : 1 : 4 )  yi eld e d  

only one c omponen t whi c h  ran wi th gl yc erol  in t h e  two s o lvent s .  T h e  

R val u e s  for the unknown and the  glyc erol s t andard were 1 . 52 i n  
gluc o s e  

th e pyridine solvent and 3 . 8 5 in t h e  acid s o l v en t . 

The in frared spectra ( CS2 ) o f  the  p e trol eum eth er so luble frac t i o n  

obtained  a f t er alkali n e  hydrolysis o f  the  mat eri al i s olat e d  from 

pr eparati v e  thin-layer pl at e s  and conEi d er e d  to be trigl y c e ri d e  was 

very similar to that of palmi ti c aci d .  Es t eri fi c ation o f  thi s frac tion 

using 1% H2S04 in methanol followed by gas c hromato graphy on 1 )% Api ezon L 

revealed a s p ec trum typi c al o f  f a t t y  aci d s  i s o lat ed fro m  N .  c o rallina 

I d en t i fi c ation of  the c o mpon ent s from r e t ention 

volumes relative to  methyl p almi t a t e  f o llowed by an e s t imation of t h e  

d i f f e rent e s t ers , revealed that t h e  C 1� - C 1 8 e s t ers c on s ti t u t ed o ver 

75% of th e trac e bTea and that the  rati o o f  s a t ur a t e d  to un saturat ed 

e s t ers in t hi s  group was v ery n e arly 2 : 1 .  Tub erculo s t eari c aci d , 

i d en t i f i e o  from i t s  r e t ention volum e , cons t i t u t ed only 2% o f  th e t o t al 

est ers . No t e s t s  wer e  c arri ed out  t o  d e t e rmine th e relative  response  

of  t h e  d e t e c t o r  t o  di f ferent e s t ers . 

The  Inc o rporation o f  U -
14C Palmi ti c Acid into the Triglyc eri d e  Frac t i o n  

Following the  d emon s t r ation tha t  t ri gl y c e ri d es w e r e  p r e s en t  in t h e  

lipid e o f  N .  c o rallina , i t  was prop o s e d  t o  d et e rmin e wh eth er th e 14C _ 

labell ed long ch ain fat ty acids were inc o rp o rat ed into t ri glyc eri d e s a s  

e arli er work h ad sugge s t e d  ( Bat t , unpubli sh ed r e s ul t s ; Rob ert s on , 1 964 ) . 
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A suspension o f  c ells ( 8 1  mg. dry wt . )  in  phosphate  buffer was 

incub at ed wit h  p o tassium U-
14C palmi t at e ( palmi t i c  acid , 10 m g . 5 pc . ) 

i n  a large manom e t er fl ask ( Vf .  1 6  ml . , Vg . 1 59 . � ml . ) .  Aft er ) hr . 

o a t  30 , by which  time the  rat e  o f  oxygen upt ak e  had d e c r e ased c onsider-

ably , t h e  c ells  were harves t ed by c en tri fugation , wash ed twi c e  wit h  

d i s tilled  wat er  and freeze  dri ed .  To t al unbound lipi ds  were extrac t ed 

wi th cold  c hloro form methanol ( 2 : 1 )  and ali quo ts  of the  ext rac t were 

appli ed to  thin-layer  plates  on which  t he lipids  were chromato graphed  

using the  solven t  syst ems , p e t roleum ether : d i e thyl ether : and ac e t i c  

acid  or  c hloro form : methano l :  ac etic  a c id .  Dri ed pl ates were auto-

radio graphed  and c o�ponents l o c at ed using phosph omolybdat e spray reagent . 

I n  e ach  c as e , a hi ghly ac tive componen t , d e t e c t ed by autoradiogranhy , 

ran wi th  t h e  tripalmi tin s t an d ard ( Fi g .  4 ,  5 ) . There was no hi gh 

ac tivi ty c omponent  in the  free  fatty acid r e gion suggesting ei ther 

C a ) that fatty  acid s o c curred in the  c ells as s al t s  whi c h  were not  

extra c t ed with  solven t , or  ( b )  that  the  level  o f  free  fa tty  acid s in 

the  c ell was low in c omparison wi th the  tri glyc erid es . 

Separation o f  th e lipids whi c h  remained at the ori gin wit h  t h e  

solvent p e troleum e ther : di e thyl e th er : ac etic  acid  ( 70 : 30 : 1 ) , using 

chloroform : me thanol : ac etic  acid ( 90 : 10 : 1 )  showe d that this  lipid 

c on si s t e d  of thr e e  o r  four hi ghly a c ti ve compon ent s  together wi th a 

simi lar numb er o f  c omponen t s  whi ch were  only j u s t  d e t e c t ab l e  on th e 

autoradio graph . None o f  t h e s e  c omponents  were inves t i gat ed fur t h er . 

S c anning thin-layer plat es ,  on whi ch separations o f  t o t al unbound 

14C-lab elled lipid h ad b e en c arri ed  out using a Packard ( Mo d el 7200 ) 

thin-layer chromato gr am s c anner , followed by tri a ngu l a t i on o f  t h e  p eak 

areas , r evealed t h a t  the  tri glyc eri d e s  contained approximat ely 60% o f  
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t h e  t o t al r a d i o a c t i vi t y on t h e  pla t e .  

Summary 

Th e s e e xp e r im e n t s showed that , 

1 )  Tri gl y c e ri d e s  w e r e  c o mpo n en t s o f  t h e  t o t al l i pi d e  o f  

N .  c o r a l l i na . 

2 )  L o n g  chai n fat t y  a c i d s  w e r e  i n c o rp o r a t ed i n t o  t h e  

t ri gl y c e ri d e  frac t i o n  d u ri n g  o xi d a ti v e  a s s i mil a t i o n . 



CHAP'I'ER 4 

FATTY ACIDS IN N .  CORALLINA 

The resul t s  o f  s tudi e s  d e s crib ed in Chap t e r  3 suggest ed that 

although a triglyceri d e  fraction  was pres en t  in  N .  co rallina it did 

n o t  consti t u t e  a maj o r  :portion of the t o t al unbound lipid . Since 

Midwint er ( 1 96 2 )  h ad s tudi ed changes iri the  l evels  o f  t o t al fatty aci d s  

in  s t arved cel l s  i t  was consid ered ad vis abl e ,  b e fore continuing Vv'i th  

s tudies on t riglycerid es , t o  d e t ermine wh ether  t o t al fa t ty acids were 

d egraded  when cell s ,  cul t ured  in  cl eat ed flasks , were subsequently 

s t arved . I t  was r e co gni s ed however , that  changes in th e amount s  o f  

m at erial ext ract ed with  die thyl e t her fol lowing acid o r  alkalin e 

hydrolysi s o f  t o t al cells ,  could l e ad to  erroneous con clusions as t o  

the  relati ve import an ce o f  f a t ty acids  a s  end o genous res erves . I t  was 

poss ible  t ha t  t he d i ethyl e t h er extra ct could con t ain many compon en t s  

n o t  all o f  whi ch would b e  C 10 - C 20 fat ty acids .  li..c cordingly , an 

analysi s o f  t h e  components  o f  the  di ethyl ether extract wa s carri ed 

out using t hin  l ayer chromat o graphy , gas chromato graphy and infrared 

and mass sp e ct romet ry .  Whi l e  this wo rk was progressing i t  b e came cl e ar 

from s tudi es r eported in  a sub s e quent ch apt e r  that th e f al l  in t o t al 

f a t ty acids  r epresented only a small propo r t ion o f  t h e  t ot al l o s s  in  

d ry wei gh t  during endo genous r espiration . However a c on s iderable body 

o f  i n format i on had accumulat ed o n  the  nature o f  the  f a t ty a cid 

componen t s  i n  the diethyl e t h e r  ext ract and this  i s  presen t ed .  



Bxtrac tion, Frac tionation and I d en ti fi c a t i on of Fatty Acids  from 

l'I .  c o rallina 

Total fatty  acids to gether wi th the non- s aponi fiable lipid 

c onsti tuen t s  ( approx . 12% of the dry wt . )  were i solated from N . c o rallina 

aft er alkaline hydro lysis o f  freeze  d ri e d  c ells by the method o f  

Hul anika , Erwin and Blo c h  ( 1 964 ) . The non-saponi fi abl e c ompounds were 

no t extrac t ed wi th petrol eum e th er pri or to acidi fi cation sin c e  it was 

found that the  p e trol eum ether extrac t contained an appr e ci able  

proportion o f  t h e  s al t s  of  fatty acids and t hese  wer e  extremely di ffi c ul t  

t o  r emove b y  shaking wi th wat er . 

Thin-layer c hromatographi c analysis ( Fi g . 6 )  o f  ali quo t s  o f  t h e  

d i e thyl - e th er extrac t o b t ained after  acidi fi c a tion o f  the  alkalin e  

hydrolysate  showed the  presen c e  o f  thr e e  maj or c ompon en t s .  O n  est er-

i fi c ation ( di azomethan e )  these  three  c omp o n en t s  di s appeared and thre e  

n ew c omponen t s  were observed ( Fi g .  6 ) . The l east p o l ar o f  these  

c ompon en t s  ran wi th methyl palmi t at e .  I t  was c onclud ed that the 

di e thyl ether extrac t c on t ained thr ee  c lass e s  o f  fat ty acids , one 

c orresponded t o  th e C 10 - C20 class previ o usl y studi ed by  gas chroma­

t o graphy ( Robertso n , 1 964 ) . The o th er t wo c l a sses were o f  unknown 

s truc ture . 

A sampl e ( 6 . 5 mg . ) o f  t h e  frac tion runnin g  immedi o t ely b ehind t h e  

C10 - C20 c lass o f  fat ty acids  ( Fi g .  6 )  was i sola t ed from preparative 

t hin-layer c hromat o grams . The  in frared sp e c t rum o f  t h e  i s ol a t ed 

mat erial was consi s t ent  wi th  the  c ompounds b eing fat ty  acids . Mass 

s p e c trom etri c analysis of the produc ts  o b tained a f t er est eri fic ation · 

( di azomethan e )  suggest ed that the i sola t ed mat erial was a mixture o f  
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Figur e 6 Thi n - l a y e r c � roma t o vrapty o f  t o t a l  f a t t y  acids  ( and 

c o rr e sponding  me thyl e s t ers ) o b t ained  by d i e t hyl e t h e r  ex t r ac t i on 

o f  an alka l i n e  hyo rolys a t e  o f  f r e e z e  dried c el l s . Chroma tography 

was c arri ed o u t  o n  Adsorbosil 1 u sing  t h e  s o l v e n t  sys t em ;  p e t . e t her ; 

d i e t hyl e t h er ; ac e t i c  a c id . ( 70 ; 30 ; 1 . )  Compon ent s  were de t ec t ed wi th 

phosphomolybdic  aci d  spray reagen t .  

1 )  S t earic a ci d  2 )  To t al fat ty acids extrac t ed from K . co rallina 

3)  Me t hyl e s t e r  of t o tal fat ty  acids 4 )  M e t hyl palmi t a t e  

Fi gure 7 Thin- laye r c �romat ography o f  t o t al fat t y  acid s ,  and frac tions 

from a sili c i c  a c i d  c ol umn s epar a ti on of the  t o t al fat ty acids , from 

N . c orallina . Conditions o f  t hi n  l ay er c hromat ograp hy we re  i d entical 

t o  t ho s e  descri b ed fo r Fig . 6 . 

F )  T o t a l  fat ty acid s .  1 - 28 )  Frac t io n s  from a sili c i c  acid  column 

s eparati on o f  t o tal f a t t y  ac i d s .  Frac t i o n s  1 1  t o  18  con t ai n ed t h e  

n o c ardic a c i d s . T h e  component a t  t he solvent fro n t  in frac tions 

1 8 - 28 was c a us ed by an impuri t y  in  a b a t c h  o f  di e thyl e t h er .  

Figur e 8 Thi n - l a y e r  c hromato graphy o f  m e t hyl e s t ers and t rim e t hyl silyl 

d e rivat i v e s  o f  met�yl nocarda t es The s eparati on was c arri e d  out on 

Adsorbo sil 1 usi n g  t h e  s o l v en t ; p e t r o l eum e t h e r ;  d i e t hyl e t b er . 1 00 ; 1 .  

C ompo n e n t s  w e r e  d e t e c t ed wi t h  pho sphomol ybdic acid  spray re agent . 

1 )  Methyl p almi t a t e  2 )  Methyl e s t ers o f  noc ardic  a c i d s  d erived from 

silicic  a c i d  c o l umn Frac t ion 1 1  ( s e e  Fi g. 7 ) 3) Di e t hyl e t h er extrac t 

o f  a s i l:l a � i on reac t ion mixtur e c o n t aining t he silyla tion produc t s  

o f  t h e  me t l1 yl e s t e r s  o f  si lic i c  ac id column Frac t ion 1 1 .  4 )  T h e  

d i e thyl e t h er E) :d ra c t  of  a silylati on mi xture  t o  whic h  no e � t ers  had  

b e en add ed . � )  Met hyl 1 2- hyd r o xy s t e p ra t e . 
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saturated and unsa turat ed acids  o f  carbon numb er C 37 - C4 5 containing 

thr e e  o xy g en atoms per molecule .  From corrpa ri sons wi th studi es  by the  

French wo rkers Et emadi , Led ere r ,  Asselineau e t .  al , i t  s e emed lik ely 

that th ese  c omnounds were nocardi c aci d s .  

Silicic  a c i d  column chromatography o f  1 30 mg. o f  t o t al fatty acids  

using the  solvent  sys t em ,  petrol eum ether : diethyl ether : ( 95 : 5 ) yi eld ed 

55 mg.  of th e C 10 - C20 fat ty acids and 60 mg. o f  putative n o c ardi c acid s .  

Ali quo ts  o f  the  fra c tions from the  si licic  acid column were assayed  by 

thin-layer chromatography (Fig .  7 ) using the  solvent sys t em ,  p etrol eum 

ether : di ethyl ether : ac etic acid ( 70 : 30 : 1 ) .  A slight  t end ency for 

frac tion 12  to run ahead of  frac tion 18  was o b s erved ( Fi g .  7)  indicating 

that  som e separation o f  compon en t s  within the fraction had b e en e ffec t ed .  

Fracti ons 1 1  to 18  ( frac tion 1 1  was id entical wi th frac tion 1 2  on t hin­

layer chromatograms ) were soluble  in warm p e trol eum ether ( 570 - 59
°

) 

but t end ed t o  precipi tate  on s t and ing . All frac tions wer e  very solub l e  

in  di e thyl ether . At c on c en t ra ti on s  o f  approxima t ely 10  rug . lml . 

frac tions 1 1  to  18 t end ed to form gels wi t h  both chloro form and c arbon 

t e t r a c h l o ri d e .  I t  was not ed tha t gel formation also oc curred wi th 

12  hydroxysteari c acid in chloro form or c arbon t etrachlori d e  solution s .  

The mass spec trum o f  the  methyl esters o f  frac tion 1 1  wa s consi s t en t  

with an identi fi c ation o f  the  c ompound s as methy l nocardat es . Th e two 

most  int ense  peaks ( o f  approxima t ely e qual i n t ensi ty )  wi th mle rati o s  o f  

6 58 and 630 had the  formulae  C
�5H8602 and C43H8202 respec tively . 

Besides th ese  two major peaks , there  were weaker on es at mle 676 and 648 

c o rresponding to C45H8803 and C�3H8403 ' I t  s e emed likely that the  p e aks 

at  6 s8 and 630 had ari sen from thos e at 676 and 648 by loss  of wat er and 

thi s  was confirmed by the pre s enc e o f  me t as t abl e p e ruc s . In addition 

there  were four o th er very in t ense  p eak s in th e spe c t rum at 299 , 27 1 ,  
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I f  the parent compound s  were methyl est ers o f  

n o c ardi c a c id s  o f  formulae C4 -5HoS0
3 

an d C4- 3H�/+0
3 

respec t i v ely , i t  was 

logi c al to supp o s e  that the fragment ions containing thr e e  oxygen a toms 

aros e  by c l e avag e ,  � to the  hydroxyl group . The empi ri cal formulae , 

t entative  s truc tural formula e  and mas s to  charge ratios o f  the  mol e c ular 

and fragm e n t  i o n s  are pres en t ed in 'I'abl e  3 . 

I f  t h e  ion radi c al '  a t  m/e 270 ( 242 )  ( Table  3 )  had ari sen from the  

mol e c ul ar i o n s  676  ( 648 ) by a McLafferty rearran gement ( Tabl e 3 ) 

i nvol ving t h e  migration o f  a hydrogen atom ( R  = H ) , t h en the s t ruc ture 

of the paren t c ompounds as � bran c h e d  � hydroxy acids would be c o n firmed . 

However , the me thyl e s t er o f  1 2  hydroxy s t e ari c acid yi elds ions a t  

m/e 200 [ CH
3 - ( CH2 )

9 
- COOCH3 J �  analogous  t o  tho s e  at  m/e 270 ( 24-2 ) . 

The c o rr espondin g ion  m/e 14-4 [ CH 3 - ( CH2 ) 5 - COOCH3 J �  also oc c urs in 

the  s p e c t rum for the  m ethyl e s t er o f  8 hydroxyst e ari c acid ( Ryhage and 

St enhagen , 1 960 ) .  The s e  r e sul ts  indi c a t e  t h at t h e  po si tion o f  t h e  

c arboxyl group i n  the  paren t acid d o es not  h a ve to b e  si t u a t ed � to t h e  

hydroxyl group for cleavage � to  t h e  hydroxyl group to  oc cur . 

The oc c urren c e  o f  mol ecular i on p eaks at  m/e 676 ( 648 ) and 

fragm en t ation p eaks at m/e 299 ( 27 1 )  indi c a t ed that nyrolysis o f  t h e  

mol etule  ( in t h e  mass spec trome t er )  b e t w e en the e s t er a n d  hydroxyl group 

to yi eld an e s t e r  and an ald ehyd e ( Et emadi , 1 964 ) had n o t  oc curred to  

any great extent . No signi fi c an t  peak s  c o r r e sponding to  al d ehyd es 

were d e t e c t ed .  

The  mas s  sp e c t rum o f  the m e thyl est ers from frac tion 18  from th e 

sili c i c  acid c olumn separa tion r e p r e s e n t ed in Fi g .  7 showed mol ecular 

i o n  p eaks at 792 and 56� c o rrespondi n g  to  the  mono unsaturat ed c ompounds 



Table 3 

S i gnifi c an t  Peaks in the Mass Sp e c t rum of  t h e M e t hyl Es t ers o f  
Noc ardi c Acids D e ri v ed from S i l i c i c  A c i d  C olumn Fra c tion 1 1 
( s ee  Fi g .  7 )  

mle 

I 676 ( 648 ) 
mol e cular 
ions 

299 ( 27 1 ) 
fragment 
ions 

270 ( 242 ) 
fragment 
ions 

I 

Emp i ri c al formul ae S t ru c t u ral fo rmulae ( T entat i v e ) 
OH COOCH 3 

C4 5 ( 't 3 ) H88 ( 84 ) 0 3 
I I 

T + [ CH3- ( CH 2 ) x-CH=CH- ( CH2 ) y-CH -CH- ( CH2 ) 1 3 ( 1 1 ) -CH3 J · 
x+y= 24 

yOOCH3 
C 18 ( 1 6 ) H 35 C 3 1 ) 03 H�=CH-CH- ( CH2 ) 1 3 ( 1 1 ) -CH 3 

?I-: 
C 1 7 ( 1 5 )H 34 C 30 ) 0 2 [ CH 3O-C=CH- C CH2 ) 1 3 C 1 1 ) -CH 3 J !  

McLa f f e r ty Rearrangemen t  

R 
O/� 0 
1"\ I 1"1 1  

CH3- C CH 2 ) -CH I 1 .�C -O CH3 x >CH 
I I I ( yH2 \ \ 

V CH3 

+­• 

OR 
I 

#C -OCH3 
CH 
I 

( CH2 ) 
I Y 
CH3 

.. 
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C H 60 C H 0 and at  S90 and 562 , c o r r e s r o n d i n g  t o  the  d i  
39 7 3 '  37 7 2 3 

-

u n s a t ur a t e d  c o m � o un d s  C 39E740 3 and C 37"700 3 ' T h e  r el a t i v e  i n t en s i t i e s  

o f  t h e  i o n s 5 9 2 , 56� , � 90 ,  562 w e r e  i n  t h �  r a t i o  4 : � : 1 : 1 .  

C o mpa r i s o n  o f  t h e  mo l . wt . o f  c o mp o n en t s  i n  frac t i o n s  1 1  a n d  1 8  

showed t h a t  t h e  l o wer m o l . wt . c ompounds were �o r e  f i rml y boun d  t o  

t h e  s i l i c i c  a c i d  c o l umn . 

S i lyl a t i on o f  M e t hyl N o c ard a t e s 

'l'h e evid en c e  s o  f a r  r e]: o r t e d  sugg e s t ed t h a t  t h e  c o  'poun d s  w e r e  

pos sibly C 36 -C44 b r a n c t e d , hydroxy a c i d s  i n  t h e  mol . w t . range 

')00 - 700 . R e a c t i o n  o f  t h e  m e t h yl e s t ers o f  t h e  a c i d s  ( �i l i c i c a c i d 

c o l umn fr a c t i on 1 2 ,  s e e  Fig . 7 )  wi t h  T r i - S i l  t o  form th e t ri m e t hy l s i l y l  

e t h e r s ga v e , o n  t h i n - l ay e r  c h ro m a t o grap h i c  an alysi s ( Fi g . 8)  produc t s  

whi c h  were l e s s  p o l a r  than m e t hy l  palmi t at e .  Ret en t i o n  v al u e s  f o r  

f a t ty acid and e s t e r s t andard s , n o c a rd i c  ac i d s  and e s t e r s ,  an d T is 

d e r i v at i v e �  a r e p r e s en t e d in T a b l e 4 . 

S am p l e s  ( approxima t ely 2 mg . ) o f  t h e  TXS d eri v a t i v e s  o f  m e thy l 

1 2  hyd ro xy s t e a r a t e  a n d  pu t � t i v e m e t h y l  n o c ar d a t e s  w e r e  i so l a t ed b y  

p r eparative t hin-l a y er c h ro� a t o trBph y  u s i n g  s o l v en t  sy s t em s  p e t ro l e um 

e t h e r : d i e thyl e t h e r  ( 100 : 2 . 5 ) an d p e t rol eurr. e t h e r :  d i e t hyl e t h e r 

( 97 . 5 : 2 . 5 )  r e s p e c t iv ely . 

G a s  C h roma t ogra rhy o f  t h e  T �S D e r i v a t i v e s  o f  M e t hyl N o c ar d a t e s  

T h e  m e t h o d  o f  Kuksi s and B r e ck en r i d ge ( 1 966 ) for s eparating t ri -

gly c eri d e s  by gas c troma t o graphy w a s  a d op t e d  a s  a o s s i b l e  m e t ho d  for 

f r a c t i o n a t i n g  t h e  ThS d eri va t i ve s . Ti ' e c a r aci t y o f  t h e  c o lumn t o  

f r a c t i on a t e  t r i .r-ly c (, r � d e s  was thoro ughly t es t ed wi t h  a wa t er wa s h e d , 

d i e t hy l  e t h e r e x t r a c t  o f  b u t t e r b e fore  t h e  TMS d e ri v a t i v e s  w e r e  



Table  4 

Relative Ret ention Value s ·  of  Aci d s , Es t ers  and Trimethysi lyl D eri vati v e s  

o f  Hyd ro xy Es ters  o n  Sili c a  Gel Thin-Layer Chromato gr�ns . 

I Sol v ent  

LIPID Petrol eum ether ( ">7° _ ">90 ) ; di ethyl ether ; ac e ti c  acid  

70 : 30 : 1 8 5 : 1 5 : 1  90 : 10 : 1 95 : 5 : 1  100 : 0 : , 1 97 . 5 : 2 . 5 : 0  1 00 : 2 . 5 : 0 

rvle thyl palmi tate  0 . 75 

S t e ari c acid 0 . 5 5 

Me thyl 

I 1 2-hydroxyst e arate  0 . 35 

1 2-hydroxyst eari c 
acid 0 . 1 7 

TMS d eri vative o f  
methyl 
1 2-hyd roxys t eara t e  

Frac tion 1 1  acid s "  
( N o c ardic acids ) 

Frac tion 1 1  
me thyl est ers 
( Me thyl noc ardat e s )  

Frac tion 1 1  TMS 
d eri vati ves  o f  
methyl  e s t ers 
( Jv1ethyl TJv1S 
n o c ardat es ) 

* Relative  retention value  

I 0 . 69 
I 

0 . 52 

0 . 18 0 . 03 

0 . 8 5  0 . 78 

0 . 1 0 

0 . 52 0 . 27 0 . 1 6 0 . 10 0 . 07 

0 . 80 0 . 78 0 . 73 0 . 7 1  0 . 4- 5  

= 
Di s t an c e  o f  compon ent from or�g�n  
Di stan c e  o f  solvent fron t from o ri gin 

* *  Frac tion 1 1  from sili cic  acid column s ep arati on of  to t al lipids 
( se e  Fi g.  7 ) 

0 . 02 

0 . 37 

I 
I 
i 

! 
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appli ed . Exc e l l e n t  s e p a r a t i on o f  t ri gly c e r i d e s  was o b t ain ed np t o. 

mol . wt . o f  b06 ( Tripal mi tin ) .  Chrom a t o grnphy o f  the TMS d eriva t i v e s  

o f  t h e  m e th y l  n o c ar d a t e s  showed t h e  p r e s en c e  o f  fi v e  c om p o n en t s  ( Fi g . 9 ) . 

Frac t ions w e r e  c o ll e c t ed at t h e c o l umn outl e t  and sub s e qu en tly an al y s e d  

b y  m a s s  s p e c t rom e t ry . 

�ass Spec t rom e t ry o f  t h e  TMS D eri va t i v e s  o f  M e t hyl Nocard a t e s 

The ma s s  s p e c t rum o f  th e gas c hroma t o gr a nh fra c ti on C ( Fi g .  9 ) 

i n d i c a t e d  t h a t  i t  was s t ill a mix tu r e . The mai n p e a� s  o f  m ass gr e a t e r  

than 200 i n  t h e  s p e c t rum o f  fra c t i on C t o ge t h e r wi t h  t h e i r  i n t ensi t i e s  

a r e  l i s t ed i n  Tabl e 5 .  An in t erpr e t ation o f  t h e  s p e c t rum wa s b as ed on 

the followi n g ;  

1 )  Th e frac t i o n  wa s assumed t o  b e  a mixtur e o f  homo l o gu e s .  

2 )  I n t en s e  fragm e n t  p e ak s  were assumed t o  a ri s e  from o n e  in t en s e 

mol ecular i o n  o f  ml e 7 20 . 

3 ) All ions l es s  than 5% as in t en s e  as th e b as e  p e ak were 

i gn o r ed . 

T h e  sp e c t rum c ould b e  ra tional i s e d  i f  frac tion C c o n t ained t h r e e  

i so m e r i c  c ompo un d s  ( I ,  11 , I l l , Tab l e  5 )  o f  empiri c al formulae 

'l'h e  i o n s  of  mass 705 , 68 9 ,  688 and 6 30 c o uld c l early 

a ri s e  from the mol e c ul ar ion by 1 0 6 s  of CH3 , CH30 ,  CH30H , ( CH 3 ) 3SiOH , 

r e s p e c ti v e l y . M e t as t abl e p e ak s  c onfirmed t h e  t r an si t i on s 7 20 - 689 

and 720 - 6 30 . The i o n s  o f  ma s s 4 � 1  and 37 1 were c o n si d e r e d  to ari s e  

b y  c l e a vage o f  I ;  � to th e trimethyl silyloxy group gi vin g  i on s  o f  

s t ru c t u r e s  I V  a n d  V ( Table 5 ) . Th e s e  p e ak s  d e fi n e d  t h e  posi tion o f  

t :l e  t rime t hy l silyl o xy group . The i on radi c a l  o f  ml e 34 2 c ould have 

a r i s en from the m o l e c ular i on by a � c L a f f e r t y  r e arrangem e n t  



j' i f' u r e  9 

S e p2ra t i o n  o f  T ri rn e L h y l r i l y l  D e rj v a t i v e s  o f  M 0 t h y l  N o c p rd a t e s  by 

G a s  C h r o m a t o rr a p h y . 

I­
Z 
W 
> 
-l o 
V> 

2 47 
M I N . 6 

c 

1 0  
2 68, 

I 
2 0  

E 

2 74 
I 3 0  

'l' ri rr e t h y l s i l y l  d e ri va t i v e s o f  rr. e t hyl n o c a ra a t e s  Vle r e  prep;; r ed fro fT! 

f r a c t ion  1 2  f r o m  � s i l i c i c  a c i d  c o lumn fra c t i o n a tion o f  t o t al fa t t y  

a c i d s  from N . c o r a lli na  ( s e e  Fi g .  7 �  S e pa ra t i o n  wa s a c hi e v e d  using 2% 

Sl- 30 on HMDS Ch rom � wi t h  ni t ro gen c a r ri e r  ga s ( 1 2S  m l . /m i n . ) , and  

o . 0 
wi t t, m a nua l t em p e ra t u r e  programming from 2 ')0 to  2dO . C o m p o n en t s  w e r e  

d e t e c t e d  wi 1. 1: a f l a m e  i o ni s Cl t i on  d e t ec t o r  a li d  frac t i on s ( A - E )  \,e r e  c u t. 

f r o �  t h e  m a j o r  gas o u t l e t  o f  a 1 : � s t r e a �  s p l i t t e r pla c ed b e t w e e n  t h e  

c o l umn a nd t h e  f l a m e  i oni s a t i o n  d e t e c t or�  



T ab l e  '5 

S i gn i f i c an t  P e ak s  i n  t h e  Mas s  S p e c t rum o f  G a s  C h rom a t o gr2m Fra c t i on C 
( s e e  Fi g .  9 ) c o n t a i ni n g  t h e  TMS D e r i v a t i v e s  o f  M e t hyl No c a r d a t e s  

I n t en s i t y  
m/ e (%  o f  b a s e  p e a k )  

720 7 ::' 

70 ') 8 1  
68 9 8 
688 1 3 
6 30 3 3  
')0 7 1 7 
4 7 9  36 
4 5 1  2't 
37 1 1 8 

}t 3 30 
34 2 7 ')  
3 1 ') 2 3  
3 1 4  100 
286 '54 

m/ e F r a gl'l" e n t  x +y z 

720 I 2 2 1 3  
7 20 I I  24 1 1  

12O 1 1 1  26 9 

4 7 1 I V  

3 7 1 V 

3't 2 VI 

Em ni ri c al J:i' o rJ'l' u l a e  

I 

C46H 920 3Si 
C,+ 5HS 90 3Si 
C4 '5H8902Si 
C4 '5Hc.8025i 

C4 3liS20 2  

C 2 9H '590 Si 
C 2 1 H -t3 0 3Si 

C20H't 202S i 

1 1  
C ,-+ b H920 3S i  
C L; =)H890 3Si 
C,+ SH890 2Si 
C4 7H�80 2Si 
C't 3HC' 2° 2 

C 3 1 H6 3OSi 

C 1 9H 3903Si 

C 1 SH 3S0 2Si 

� t ru c t u ral  F o r m u l a e 

I I I  
C Lt6H 92(J 3Si 
C4 '5HS 90 3Si 
C4 'JHS 90 2Si 
C4 ')H8 �0 2S i  

C'+ 3H b 20 2 
C 33H6 7O Si 

C 1 7H 3 70 3S i 

C 1 6H 3402 Si  

( T e n t a t i v e )  

[ OSH C H 3 )  3 r 
C H 3- ( CH 2 ) X- C H:c n - ( CH2 ) yJH- r U- COO C H 3 

( C R2 ) - C H -z ./ 

C 2 �H4 9-CH=� - S i ( C H3 ) 3 

C\ IO C H3 
C 1 H20- LH - CH:O - S i ( C H ' ) 3 4 / j [ OSH CH3 ) 3 1 + 

C 1 't H2 9- C H=LoCH3 
-

I 

I 



( Ta b l e  3 .  R=Si ( CH
3

)
3

) i n volving th e mi gra t ion o f  a t rime thyl silyl 

gro up yi eld i n g  fra gm en t  VI ( T abl e  � ) . I f  this were so , i t  would 

provi d e  con firma tion o f  the s t ru c t ur e s  of the p a r e n t  c ompounds as 

� b r an c h ed � hyd roxy ac i d s . H o � e v e r  m e t hyl 1 2 - t ri m e t h y l s i l yloxy s t earat e 

yi eld e d  analogous i on s  a t  ml e 2 7 2  [ ( CH3 ) 3 - Si - ( CH2 ) 1 0 - COOCH3 J !  

a nd a t  m/e 200 [ CH3 - ( CH2 ) � - COOCH3 ] : whi c h  d em o n s t ra t e d  tha t c l e avage 

� to the hydro xyl group could o c cur wi t h  t ran s f er either of t h e  

Si ( CH3 ) 3- group or by t ran s f er o f  a hyd ro gen a t o m  wi tho u t  t h e  n e c e ssi t y  

o f  a c arbonyl group i n  t h e  p o s i t i on � t o  t h e  si ly loxy group . 

The r e sul t s  from mass spe c t ro m e t ri c  anal ysis o f  t h e  o th er f r a c t i o n s  

o b t ain e d  from gas c hromato graphy o f  t h e  TMS d e ri va t i v e s  ( Fi g . 9)  a r e  

p r e s en t e d i n  Tabl e 6 as t h e  s t ru c tur e s  o f  t h e  p arent a c ids . Th e 

i n t e rp r e t a t ion o f  t h e  s p e c tra was b as e d  on t h e  s ame re asoning a s  fbr 

frac ti on C . The r es ul t s  showed t h a t  gas chroma t o graph y  b rought abo u t  

a s e paration o n  t h e  b as i s  o f  c arbon n umb er , t h e  r an g e  s ep ar a t ed b eing 

b e tween C38 - C�8 . Saturat ed , mono-unsat urat e d  and di -un s a tu rat e d  

c ompo n e n t s  were p r e s e n t  wi t h  a t en d en c y  for t h e  d e gr e e  o f  unss.t ura t i on 

t o  i n c  T e a s e  \"o/i th t h e  c h ain l ength . Wi t hi n  e a c h  f r a c t i on , isomers o f  

t h e  sam e  empi ri c al formul a e  b u t  di f f e rent sid e c hain l en gths o c c urr ed . 

The resul t s  also d emon s t rat e d  t h a t  t h e  ) r e d omin2nt ac i d s  c on t ain e d  e v en 

n umb ers o f  c arbon a t oms . 

Pyro lysi s  o f  N o c ardi c Aci d s  

Fur ther e v i d e n c e  f o r  t h e  s t ruc t u r e  o f  t h e  c ompon en t s  i so l a t ed 

from t h e  t o t a l  f a t t y  acid s o f  N . c o ral l i n a  a n d  t en t a t i v e l y  d e si gn a t e d  

n o c ardi c  ac i d s  was o b t ai n ed b y  pyro l y s i s  and sub s e o u e n t  gas c hroma-

t o graphy of t h e  p ro d u c t s . G a s  � hroma t o grams ( Fi g .  10A)  showed t h a t  
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'l'ab le 6 
N o c ardic Ac i d s  C orreEpondin( to t h e  Trime thylsilyl D erivat i ves of  th e 

Methyl Noc ard a t e s  S eparated  by Gas Chromatography ( s e e  Fi g .  9 ) 

Gen eral f ormul a e  o f  n o c ardi c acid 
--

Sa.tu ra t ed 

Nonounsaturat ed 

Diunsatur a t ed 

Gas chromato graphy 

frac tion  n umber 

( Fi g . 9 ) 

A 

B 

C 

D 

E 

C H 
m 2m+ 1 - CHOH -

C H P 2p- 1 
- CHOH -

C H -
q 2q - 3  

m + n 

37 � ( 100 ) .  
35 )  

CROH -

m n 

23  1 2 

2 1 1 4  

I 

CHCOOH - C H2 1 n n+ 

CHCOOH - C H 
n 2n+ 1 

CHCOOH - C H n 2n+ 1 

p + n p 

36 ( 3 )  
37 ( '1 )  

37 l 2 3  
( 100 ) 

37 2 5  

38 ( 1 5 )  

39 1 25 

39 1 00 2 7  

39 2 9  

39  ( 60 ) 

1;- 1  ( 100 ) 

It 3 � 2 9  
( 70 ) 

4 3  31 

I 

n q + n q 

11;-

1 2  

1 1;-

1 2  

10 

4 1 ( 90 ) 

14 

I;-

3 � 29 
( 100 ) 

1 2  4 3  3 1  

1;-,+ ( 1 5 ) 

45 ( 10 ) 

n. 

14 

1 2  

• Fi gur es  in bra ckets  r epresen t  t h e  relative  int ensi t i e s  o f  th e mol ec ular 

ion for any frac ti on . 



Figure  10  

S e p a r a L i o n  o f  t h e  Pro d u c t s  o f  Pyrolysis of  M e t h y l  N o c a rd a i es by 

GaE C h ro m a t o graphy . 

A 

f--- I z 1 W 
> I -..J I 0 
Vl 

I NJ ECT 

� 
��vLL\-l1A -

GAS tOFF Ot
N 

°c 9,0 9 0  1 4 5 I 29
4 

I 2 3 5 
1 I I I 26 I 

M I N . O 1 0  3 0  40 

B 

r-
Z 
W 
> 
-..J 
0 
Vl 

,! I 

C1 6 
, 

/ 1  
I !  
" ' I 
1 1  I l i  I : 1  I 1 

I 

I I ! I ,  
I ' I L-- ' 

C18 

'c 9f-+�8 
MI N .  10 

Fig. 10A Pyro lysis followed by ga s c hroma t o graphy o f  t h e  m e t hy l  e s t ers  

of  n o c ar d i c  a ci d s  d eri ved fro m  sili c i c  e ci d  column fra c t ion 1 2 . ( s e e  

Fi g .  7 )  Gas c hroma t o gra phy wa � c arri ed o u t  on  2% SE-30 ( HMDS Ch rom W) 

wi t h  n i t rogen a s  c a rr i er ga s ( 2 � ml . /min . ) . Th e ga s wp s swi t c h ed o f f  

p ri o r- t o  i n j ec t i o n  o f  t h e  e s t ers o n t o  th e co lumn whi c h  ext end ed i n t o  

t he h e a t ed ( 2800) i n j e c t o r  bl ock . Th e gas flow t o  th e c o l umn wa s 

t ur n ed on  1 2 mi n. a f t e r  t h e  i n j e c t i o n  o f  t he e s t ers and t h e c o l umn 
o 0 t emp e r a t u r e  wa s p ro grammed  manually from 90 - 2 �0 . T h e  pro � u c t B  o f  

pyro l y s i s  were d e t e c t ed using t h e  flame i o ni s a t i on d e t ec t or . 

Fig. 1 0B Se para tion  o f  t h e  m e thyl e s t e rs o f  p a lmi t i c  s t eari c a c i d s  

o n  2% SE- 30 ( HMDS C h ro m W)  using ni t r o gen ga s ( 2 �  m l . /� i n . ) a n d  m a n u a l  

o 0 t emp e r a t u r e  p ro gramming from 90 - 200 . 
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aft er heating for 1 2  min . ( no gas flowing )  wi th  subsequent  t emperature­

programmed chromatography , a seri es o f  peaks were ob tained which fell 

into two groups .  Al though further analysis o f  the  products  was not 

c arri ed out , gas chromatography under almost  identical condi tions of 

s tandards , me thyl palmitate  and methyl s t earat e ( Fig .  10B ) showed that 

these  c omponen t s  had approximately the same retention volumes  as the  

componen t s  in the  first group o f  peaks ( Fi g .  10A) . I t  was concluded 

in vi ew o f  the  resul t s  o f  the  mass spec trometri c analysis o f  the  TMS 

d erivatives ( Table 6 )  that th e first group o f  peaks ( Fig .  10A)  

c orresponded to  the  methyl est ers of the C 1 2 , C 1 4 and C 1 6  fat ty acids  

and the second group , correspond ed to  a range of  even carbon numbered 

ald ehyd es containing 22 to 32 c arbon atoms . This interpretation was 

c onsis t ant  wi th similar studies  on the  pyrolysis  o f  noc ardic acids 

report ed by Et emadi ( 1 96 4 )  and Laneell e ,  Asselineau and Cast elnuovo 

( 1 96 7 ) . 

Oxidation o f  Noc ardic Acids 

Nocardi c  acids were i solat ed by silicic  acid column chromatography 

from to t al fatty acids , which had b een ex trac ted  wi th diethyl ether 

after acid hydrolysis ( 6N HCl 1 000 ) o f  wet c ells  und er ni trogen . A 

sampl e  o f  the  putative nocardic  acids ( 5  mg . ) was dissolved in ac eton e ,  

and ti trated wi th chromate  reagent ( Bowers , Halsall , Jones and Lerrin , 

1 9 5 3 )  until the  solu tion showed a sligh t  orange tint . The reac tion 

mixture was dilut ed wi th wa t e r ,  extrac t ed wi th diethyl ether and the 

e ther extrac t washed wi th 1N  NaOH solution . Mass spec trometric 

analysis of the  e ther-soluble neutral �roduc ts  showed three  major 

peaks which were considered to  be  the  molecular ions C37H740 ,  C39H760 

and C4 1 HSOO . These s truc tures could c orre&pond to ketones  formed by 
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The C 37 c ompound wa s assumed t o  b e  a sa t urated  k e tone and this was 

c o n fi rmed by the presenc e in the spec trum o f  the frE gment  ions , 

Th ese  i on s  c ould b e  

form ed by a fi s sion G to  the c arbo nyl group i n  the  two possibl e 

isomeric struc tures C23H
�7COC 1 3H27 and C2 1H

43COC 1 5H31 . No prominent 

fragment ions c ould b e  ascri b ed to  th e two uns aturated k e t ones  C 39H760 

The e f f ec t  of the double bonds on t h e  fragmentation o f  

th ese  compounds i s  n o t  known . 

The facile  formation o f  ketones  by oxidation o f  t h e  parent acids 

was confirmat o ry evid en c e  that these  c ompounds were in fact � bran c h ed 

� hyd ro xy acids . 

Frac tionation o f  Methyl N o c ard at e s  on Silver Ni t rat e Impregna t ed Pla t e s  

Preliminary experiment s  i n  which the  m ethyl e s t er s  o f  the  n o c ardic 

acids  ( frac tion 1 3  from the sili cic  8 c i d  c olumn s ep aration represen t ed 

i n  Fig . 7 )  were chromato graph ed on silver ni t r a t e  imp r e gnat ed t hin-lay e r  

pla t es showed t h r e e  c omponent s  af t er 3 hr . c ontinuous c hroma t o graphin g . 

These componen t s  o c curred 3 . 3 cm . , 2 . 2 c m .  and 0 . 6  cm . from t h e  o ri gi n . 

Hydrogenation  o f  a s�lple  o f  t o tal e s t er s  using Adams c at alyst  

yielded only one  component whi ch ran  wi th the  fo remos t  o f  the  c ompon ents  

in the  non-hydrogen s t ed est ers . I t  wo uld app ear that the  e s t ers c onsi s t  

o f  three groups b a s ed o n  the d e gree  o f  saturation , one o f  whi c h  i s  fully 

sa turated . Thi s  r esul t i s  consi s t en t  wi th  mass spe c t rome t ri c  e vi d en c e  

( Table  6 ) . 
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Summa.ry 

I n  suw�ary , thin-l ay er chroma to graphy o f  the t o t al fatty acids  

o b t ai n ed by die thyl ether extrac tion o f  the  acid or  alkaline hydrolysate  

of  t o t al c el l e ,  showed the  presenc e o f  three  f rac tions . The l eas t 

p o l a r  fraction  corr espond ed to  the  C
10 - C

20 class of  fat ty acids . 

The frac t ion running immedi a t ely b ehind these  c ompounds was posi ti vely 

i d en t i fi ed as a c ompl ex mixture of a. branched � hydroxy fatty acids 

( nocardic acids ) . A third minor fra c tion  observed in thin-layer 

separations of t o t al fat ty acids was mor e  polar than the no cardi c acids 

and was not i d en ti fi ed . 

S eparation o f  the  TMS d eriva tives o f  m e thyl n o c ard ates  by  gas 

chromatography followed by mass sp ec trometri c  apalysis of the  frac tions 

cut  from t h e  c olumn effluent reveal ed th at the  s t ruc tures of  the  

n o c ardi c acids c ould vary in  three  ways . 

C arbon numb er A range of predominan tly  even numb ered n o c ardi c 

acids o c c urred c on t aining b e twe en 38 and �8 c arbon atoms . 

D egr e e  o f  unsa turation Saturat ed , mono-unsaturated  and 

di-unsatura t ed nocardi c ac ids o c curred wi th a t end ency for the  acids 

of hi gher c arbon numb er to  b e  mo re unsatura t ed . The unsatura t ed 

b onds always o c c urred in the  longest hydro c arbon sid e  chai n . 

S t ru c tural i somerism Vari a tions  in the position of the c arboxyl 

group wi t hin a singl e  molecula.r wei ght sp e c i e s  gave ri s e  to s truc t ural 

i somers . 
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CilAPTER S 

VJ:JU A'r IONS IN D RY t'iEIGHT , TOT AL AND VI ABLE COUNTS AND RESPI RA J. O RY 

AC TI VI TY IN S TARVED SUSPEN S IONS OF N .  CORALLI NA 

By following optical d ensity  ch anges in cultures  o f  N . c o rallina 

t hrough the growth phase and aft erwards i t  had b e en sh o wn that t h er e  

was a si gni fi c an t  fall  i n  optical d ensi t y  aft er growth had c eased  

( Fi g .  1 ) .  I t  had been d emons trated that  th e relationship b etween dry wt . 

and optical d en sity was the s ame for c el l s  h arv e s t e :i  during th e l o g  

phas e and aft er s everal days o f  endogenous incubation ( s e e  Methods ) . 

Presumably the  observed fall in opti c al d ensi t y  follov. ing full growth 

was due to a net 6 ecrease in  the dry wt . o f  the t o tal c el l  population . 

I t  ".ras propos ed t o  examine t hi s  assump tion using s t ar v ed c ell  susp ension s . 

I t  was also  propo s ed to  c o rrela t e  changes in dry wt . with changes in 

t o t al and viab l e  c ell coun t s  and respiratory ac tivi ty . 

As a gen eral proc edure , cultures whi c h  had r eache d  fu l l  growth 

( d e t ermin ed by maximum optic al d ensi ty , Fig .  1 )  were harvest ed by 

c entri fugati on and pellets  were resu s� en d ed i n  phospha t e  buffer ( 300 ml . ) - -

in s t and ard o r  c l eated  flasks (mi lk fi l t er s ) . C el l  susu ension s were 

incub a t ed a t  300 wi th shaking a t  140 r e v . /min . for vClrying p eriod s  

during which  time flasks were s ampled as ep ti c ally . C ompl e t e  r e suspen si o n  

o f  pell e t s  in pho sphat e b u f f e r  was alway s diffi cult  due  t o  th e t endency 

of c ells t o  c l ump . The u se o f  c l eat ed fla sks overcame this p roblem 

in that small pi e c e s  o f  p ell et were di sp ersed in the fir s t  hour aft er 

r esus p ension . However where c l eat ed f l asKs were u sed a faint pink 

film o f  dri ed o r gani sms coul d  be  s e en on th e i n si d e  wal l s  o f  the  flasks 
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a f t e r a p e r i o d o f  4 - S d a y s . T J-.i s film d � d  n o t  o c c ur \-th e r e  sus t' en :: i o n s  

K e r e  c on t a i n ed i n  s t a nd a rd f l a sk s  but c onpl e t e d i E � e r E i o n  of small pi e c e s 

o f  p e l l e t  r e qu i red a �  l o n g  as 1 2  h r .  sh a ki n g a t  140 r e v . /mi n . 

Vari a t i on s  i n  Vi abl e and T o t a l  C el l  C o un t s  B n d  i n  Dry W e igh t  

I n  a n  exp erimen t l as t i n g 1 3 1  h r . c h � n G e s  i n  vi a b l e  a n d  t o t al c el l 

c o un t s  a n d  i n  d ry wt . w e r e  s t ud i ed i n  s t a r v e d  c el l su s p en si o ns c on t ai n e d 

i n  c l e a t e d f l a sks . F i v e  r epl i c a t e s o f  t h e t e s t  s y s t em we r e  anal y s e d 

simul t an e o us l y . T h e  r e sul t s  o f  v i a b i l i t y es timat e s  ( T ab l e 7 )  a r e  

p r e s en t e d a s  n o rm al i s e d  c l u s t er s i z e  d i s t ri b u t i o n s ,  c l u s t e r v i abil i t i e s  

and c e l l  v i a b i l l t i e s .  C el l  vi a b i l i ti e s  w e r e  d e t e rmi n e d  f ro m  c l us t e r  

v i a b i l i t i e s and t t e normali sed  c lus t er si z e  d i s t ri b u t i o n s  u s i n g  f o rm u l a e  

gi v en o n  p . 28 . To t a l  c el l  c o un t s  f o r  each fl a sk a r e  p r e s en t ed in 

T ab l e 8 ( t o t al c el l  c o un t /ml . of fl a sk s usp en s i o n  = t o t al grid c o un t  x 

2 . 5 x 1 06 ) . Op t i c a l  d en si t y  e s t im a t i o n s , c a rri e d  o u t  o n  1 : �O dilu t i o n s  

o f  c e l l  6us r ensi on s , w e r e  c o rr e c t ed f o r  d i l u t i un t o  gi v e  o p t i c a l d en si ty 

v al u e s  f o r  t h e  o r i gi n al s u s p e n si o n s  ( T R b l e 9 ) . T h e  d ry w t . m g . /ml . o f  

t h e  ori gi n a l  susp en sions  was c al c ul a t e d f r o m  t h e  r el a t i o n shi p ; op ti c al 

d en s i ty x 0 . 4 3  = d r y  w t . mg . /�l . o f  R u s n en s i on . 

M e E n s  o f  an al y s e s  w e r e  o b t ai n ed b y  a v e r a gi n g  t h e  r e sul t s  f o r  t h e  

6 fl asks a t  e a c h  sampl i n g  t i m e  an d t h e s e  a r e  n r e s e n t ed wi t h  s t an d ard 

errors in Fi g . 1 1 .  

E s t i ma t e s o f  vi a b i l i t y  s h o we d t h a t o v e r 90r o f  t h e  c el l s  r emained 

v i ab l e  t hr o u gb t h e 1 3 1  hr . p e ri o d . C e l l  vi a b i l i t y  val u e s  c al c u l a t ed 

from c l u s t e r vi a b i li t i e s  usir.g the  fo rmul a e  gi v en on p . :<' S  sho w e d t h e t 

f o r  t h e  d egr e e  o f  c lu s t e ri n g  o b s e rved ( Tab l e  7 )  t h e  d i f f e r e n c e b e t w e e n  

c el l  a n d  c l u s t e r  v i ab i li t i e s  was only 3% . 



Tab l e  7 

Clus t er Size  Di stribution and Vi abl e Es timat e s  D e t ermined by t h e  

S li d e  Culture Me thod o n  S t arved Suspensi ons o f  N .  c orallina 

Normali sed  c lu s t er si z e  d i st ribution . 
Clust ers o f  differ ent  si z e s  exp r e s s ed as a C l u s t e r  

Hours Fl a sk proportion of the t o t al numb er of clusters  vi abi lity  
n 1 n2 n

3 n4 
n 5 n6 p 

1 0 . 4824 0 . Lt253 0 . 0708 0 . 0 108 0 . 0 108 0 . 0000 0 . 969  
2 0 . ,+602 0 . 3720 0 . 0902 0 . 0777 0 . 0000 0 . 0 1 6 1  0 . 9 '57 

7 . 5 3 0 · 3542 0 . Lt 58 3 0 . 14 58 0 . OLt 1 7  0 . 0000 0 . 0000 0 . 966 
4 0 . 4602 0 . 5398 0 . 0000 0 . 0000 0 . 0000 0 . 0000 0 . 964 
5 0 . )750 0 . 4464- 0 . 1 339 0 . 0208 0 . 0000 0 . 0238 0 . 990 
6 O .  :)027 0 . 2326 0 . 097:5 0 . 0652 0 . 0000 0 . 02 1 7 0 . 980 

Mean 0 . 97 1  
S . E . H . .:to . 00) 

1 0 . 5393 0 . 400 1 0 . 04 -)') 0 . 0 1 52 0 . 0000 0 . 0000 0 . 95 1 
2 0 . 6004- 0 . 3 1 93 0 . 0')53 0 . 0250 0 . 0000 0 . 0000 0 . 979 

46 . 0  3 0 . 5463 0 . 38 90 0 . 0646 0 . 0000 0 . 0000 0 . 0000 0 . 942  
4 0 . 5667 0 . 3792 0 . 0542 0 . 0000 0 . 0000 0 . 0000 0 . 92 5 
5 0 . 6795 0 . 2,+24 0 . 07 8 1  0 . 0000 0 . 0000 0 . 0000 0 . 934 
6 0 . 7247 0 . 260 1 0 . 0 1 52 0 . 0000 0 . 0000 0 . 0000 0 . 963  

Mean 0 . 94- 9  
S . E . !vJ .  .... 0 . 008 -

1 0 . 5833 0 . 3364 0 . 0250 0 . 0000 0 . 0553 0 . 0000 0 . 94 1  
2 0 . 6 107  0 . 3036 0 . 0857  0 . 0000 0 . 0000 0 . 0000 0 . 928 

1 29 . 0  3 0 . 7064 0 . 2268 0 . 0669 0 . 0000 0 . 0000 0 . 0000 0 . 9 14 
4- 0 . 6733 0 . 2650 0 . 06 1 7  0 . 0000 0 . 0000 0 . 0000 0 . 96 3  
C; 0 . 6865 0 . 2680

'
0 . 04 5')  0 . 0000 0 . 0000 0 . 0000 0 . 9 38 

6 0 . 6 576 0 . 2772 0 . 0652 0 . 0000 0 . 0000 0 . 0000 0 . 9 1 7  

Ivl ean 0 . 939 
S . E . " i . +0 . 008 

C e ll  
viabili ty  

p 

0 . 940 
0 . 9 1 3  
0 . 9 1 3  
0 . 927 
0 . 97 5  
0 . 966 

0 . 939 
+0 . 0 1 1  

0 . 9 1 5  
0 . 966 
0 . 90 1  
0 . 878 
0 . 906 
0 . 950 

0 . 9 1 9  
!0 . 0 1 3 

0 . 90 3  
0 . 88 9  
0 . 88 3 
0 . 947 
0 . 9 1 3  
0 . 880 

0 . 902 
+0 . 0 10 

Suspensions o f  c ells  in pho sphat e buffer  w e r e  incub a t ed a t  300 i n  c l ea t ed 
flasks for 1 29 hr . wi th shaking at 140 r e v . /min . S ampl es  were t ak en a t  
time int ervals a ft er resuspensi on . 

The normali s ed clust er si ze  di s t ribution fo r each flask wa s a m e an v al u e  
d e t e rmin ed from c ounts  o f  t h e  numb ers o f  c l u s t ers o f  " d i f f e r en t  sizes  
on 2 gri ds  on 1 rir.g ( approx . 25  c l u s t er s/gri d ) .  

The c l u s t er viabili ty for each flask was a m e an val u e  o b t ained from c q u n t s  
o f  n um b e r s  o f  live  and d ead c l � s t ers o n  3 grid s , Lt from e a c h  o f  2 rings 
( a pprox . 25 c l u s t ers/gri d ) . 

The c ell vi abil i ty for each flask wa s d e t er�i n ed by formulae from val u e s  
for  the  normali s ed c l u E t er d i s t ri t u t i �n a n d  cluster vi abili ty . 

The mean flask clu s t er and c el l  viabi l i ty and stand ard error was d e t e rmi n e d  
from the indi vidual fl ask es tima t e s from each sampl i n g  t i m e  trea t ed 
s epara t ely . 



Table  8 

T o t al C ell  Counts o f  S t arved Suspension s o f  N . coral lina 

Flask grid c ount t o t al s -
Mean gri d c ount 

Hours Flask numb er and S .  E . 1v1 . , 

1 2 3 It 5 6 

1 
1 . 5 1 622 1 599 1 6 10 1 ')87 1 5 2 1  145 5  1 566 + 33 -

57 . 1 5 1 68 5  1 78 2  1 645  1 670 1 687  1 794 1 7 1 1 + 33 

1 31 . 0  1 7 1 7 1 749  1 942 1 784 1 1829  1 7 1 7  1 7 90 + 33 

Detec table di f f er enc e 

0 . 05 104 

( 0 . 0 1 )  148 

Th e resul t s  o f  the analysis of varian c e  were : -

, 

Sourc e o f  vari ation D egrees o f  fre edom Ivlean sq uare and 
resul t s  o f  F t e s t s  

Flasks 5 2 , 299 n . s  • 

Days 2 77 , 420 p=0 . 0 1  • •  

Residual 10 6 , 567 

To t al 1 7  

Suspensions o f  c ells
o

in phosph a t e  buffer were inc ub at ed in 
c l ea t ed fl asks at 30 for 1 3 1 hr . Samples  were t ak en at time 
i n t erval s a f t er resuspension . 

• Grid c ount to tal x 2 . 5  x 10
6 

= t o t al c el l  c oun t/ml . o f  suspension 
contained  in each flask . 

Co un ting sch eme 
6 c l eated fl asks 
1 sample ( 0 . 5  ml . ) / flask , dil u t ed to 10 . 0 ml . wi th  s t eril e  

pho sphat e  buffer con t tining O . '5% T e epol 
8 grid s/sample 
Lt qUin t e t s/gri d  



Tab l e  9 

Opti c al D ensity o f  S t arved Susp ensi ons o f  N .  c orallina 

Optical d ensity ( 660 mp ) j�ean optical 

Hours Flask numb er d en si ty and 

1 I 2 3 it '1 6 S . E . I,,! . 

0 . 5  '5 . =i0 6 . 00 :; . 90 C; . 9 S 5 . '10 5 . 4 5 5 . 7 1 7  + 0 . 04-8 

4 6 . 0  3 . 90 3 . 90 4- . 00 3 . 95 3 . 95 3 . 70 3 . 900 + 0 . 04-8  

1 3 1 . 0  3 . 4- 5 3 . 60 3 . 70 3 . 60 3 . 50 3 . 3.5 3 . 5 33 .. 0 . 04 8  -

D e t e c t ab l e  di fferenc e 

0 . 0 5  0 . 1 52 

( 0 . 0 1 ) 0 . 2 1 6  

T h e  r esul t s  o f  t h e  analysi s o f  vari8nc e were : -

Sourc e o f  vari a tion D egr ees  o f  freedom Mean s q uare and 
results  o f  F .  t es t s  

Flask s  5 0 . 0 66 p = 0 . 0 1 • •  

Days 2 8 . 20 p = 0 . 0 1  • •  

Residual 10 0 . 0 14-

I T o t al 1 7 

Susp ensions o f  c ells  in pho spha t e  buffer  were  incub at ed  in 
c l eated flasks for 1 3 1  h r .  at  300 wi t h  s haki n g  at 14-0 r e v . /min .. 
S amples  were  t ak en at  time int ervals aft er  resuspension . 

O p t i c al densi ty estimat ions  were c orrec t ed for 1 : 50 dilu tion . 
Opti c al d en si ty x 0 . 43 = dry wt . mg . /ml . e f  susp ension . 



Fi g u r e  1 1  

C h a n ge s  i n  O p t i c a l  D e n s i t y ,  C e l l  Vi a b i l i t y  b n d  To t a l C e l l  C o u n t s  i n  

S t Cl r v e d  S u s p e n s i o n s  o f  N . c o r a l l i n a  

--- - �  

I :J.. , 
E 6.0 0 lO lO 

>-t-
Vi z 4.0 w 0 
-' « 3.0 u f= CL 0 2.0 . 2 0  4 0  6 0  8 0  100 120 140 
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� 4.4 
f-Z :::> 0 4 . 2  u 
...J ...J W 4.0 U 
...J « f-
� 20 4 0 6 0  8 0  1 00 120 140 

HOURS 

C e l l s  s u s >:: e n d e d  in pll o s p h a t e  b u f f e r  ( c l e a t e d  f l a sK s ;  c o n i c a l  1 1 . ) '., e r e 

i n c u b a t e d f o r  S d a y s  a t  30° 
wi t h  s h ak i n f  a t  140 r e v . /m i n . S a m n l e s  

w e r e  t a k e n  f o r  o p t i c a l  d e n s i ty , vi a b i l i t y and t o t a l  c e l l  c o u n t e s t i �a t e s  

a t  t i m e i n t e r v a l s  a f t e r r e s u s n e n s i o n . T h e  m e a n  a n d  S . E . M .  o f  r e s u l t s  

f r o m  6 fla s k s  a r e  nr e s e n t e d  ( s e e  T ab l e s  7 ,  8 ,  9 . ) .  
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Durin�  t h e  1 31 h r . in c ub E t i on eri o d  t h e r e  W B S  a Ei �n i fi c 2n t  

f a l l  ( p  = 0 . 0 1 )  in ,t h e o p t i c al d en s i t y  r e 0 d i n gs ( Fi g . 1 1 )  c o r r e s c o n d i n g  

t o  a d e c r e 8 t: e  i n  d ry wt . o f  C . 7 7  m g . /ml .  o f  su s p eL si o n  ( 3 1 %  o f  t h e  

o rj gin al d ry wt . ) i n  t h e  fir s t  46 h r .  T h i s  d e c r e a s e  w a s  c o n s i s t en t  

wi t h  previ ous ob s erva t i on s o n  c ul t u r e s i n c ub a t e d a f t e r  f u  1 growth 

had b e e n  r e a c h ed ( Fi g . 1 ) .  

Ther e w a s  a ri s e  ( p = O . O S )  i n  t o t al c el l  c o u n t  ' n  t L e  fi rs t  

S7 h r .  ( Fi g . 1 1 )  whil e n o  si gni fi c a n t  r i s e o c c u r r e d  i n  t h e  p e ri o d 

5 7 - 1 3 1 tr . Tte to t al ri s e  i n  t h e  1 3 1 h r . p e ri o d We S h o wev e r  hi �hly 

s i gni fi c an t  ( p  = 0 . 0 1 ) . 

Th e s e  resul t s  c ould ind i c a t e ei t h e r a )  t h a t  c ell  division c on t inued 

a f t er r esusp en sion o r  b ) t h a t  fragm en t a ti on o f  c el l s  al r e a d y  di vi d ed by 

s ep t a o c c u rr e d  a f t e r  r e sll s p e n s i o n . 

Sinc e c el l  n umb e r s  d id not  d ec r ea R e i t  s e em ed unl ik el y that c el l  

l y si s  was c c n t ri b u t in g  t o  th e o b s e r v e d  d ec r ea s e i n  dry w t . .t'resur.lab l y 

t h e  fal l in o p t i c al d e nsi t y  c o rr e spo nd ed t o  t h e  c at ab o l i sm o f  s o m e  

c ell �lar c om p o n ent . I f  t h i s  in t e rp r e t a t i o n was c o r r e c t t h en c l e arl y  

t h e  ut ili za t i o n o f  t h e  c ell u l ar c omp o n e n t  d i d  n o t  e f f e c t vi ab i l i t y . 

In a s e c ond exp e rirr en t , t t e  r e sul t s  o f  w h i c h  a r e n r e � en t ed i n  

T a bl e 1 0  a n d  Fig . 1 2 ,  c el l  susp ensions c o n t ained in s t an d ard fl a sk s  

w e r e i n c ub a t ed e n d o g e n o u s l y  for a p e ri o d  o f  4 8 3  h r .  ( 20 days ) . T h e 

r e sul t s  o f  vi a b i l i t y t e s t s  o v e r t t e  fi r F t  5 d ay s  were i d en t i c a l  t o  

t h o s e  o� t a i n e d  i n  t h e pr e vi o us 1 3 1  h r .  i n c u b at i o n exp e r im en t . A ft er 

t h e  o t h day t t e  vi abil i t y  v a l u e s  d e c r e a s ed m o r e  r api d l y  and c o n c u r r en t l y  

t h e  e f f ec t s o f  clust ering on c el l  vi ab i l i t y e s timat ion s b ecarr e  m o r e  

p r o n o un c e d . 



Tabl e 1 0  

Clus t e r  Si z e  Dis tribution and Vi abl e  Es tima t es D e t ermined  by t h e  Slide 
Cul ture Method on S tarved Suspen sions of  N . c orallina 

Viab l e  Estimat e s  

Fla sk Flask Mean fl a sk 
Hours Flask clust er c el l  c lu s t e r  viabil i t y , S . E . M .  

viability viability ( c el l  vi abilit y , S . E . M . ) 
1 0 . 996 0 . 992 0 . 993 :t 0 . 004 27 . .5 2 0 . 992 0 . 987  ( 0 . 987  • 0 . 004 ) 3 0 . 99 1 0 . 983  
1 0 . 97 3  0 . 957 0 . 977 + 0 . 004 76 . 0  2 0 . 978 0 . 966  

-
( 0 . 963 + 0 . 004 ) 

3 0 . 980 0 . 966  
1 0 . 955 0 . 927 0 . 960 + 0 . 004 1 23 . 0  2 0 . 965 

-
0 . 943  

3 0 . 96 1  0 . 933 ( 0 . 934 + 0 � 004 ) -
1 0 . 9..,4 0 . 920 0 . 932 + 0 . 0 1 1  0 . 87 1  

-
170 . 3  2 0 . 9 1 5 

3 0 . 92 7 0 . 893  ( 0 . 895  + 0 . 0 14 )  -
1 0 . ��4 0 . �20 0 . 863  + 0 . 0 1 2  -

2 1 9 . 0  2 0 . 843  0 . 76 1  
3 0 . 862  0 . 75 1 ( 0 . 777 + 0 . 02 2 )  -
1 O . �OO 0 . 697 0 . 799 ... 0 . 004 267 . 0  0 . 80 1 

-
2 0 . 732 
3 0 . 795  0 . 705 ( 0 . 7 1 1  + 0 . 0 10 )  -
1 0 . 735 0 . 642 0 . 689  ... 0 . 0 24 -

339 . 0 2 0 . 679  0 . 58 2  
3 0 . 653  0 . 560 ( 0 . 595 ... 0 . 02 5 )  -
1 0 . 677 0 . 589 0 . 697 + 0 . 0 14 38 6 . 0  2 0 . 689 0 . 598 
3 0 . 724 0 . 622 ( 0 . 603  + 0 . 0 1'0 ) -
1 0 . 62,+ 0 . 54� 0 . 647 + 0 . 0 1 2  

1 435 . 0  2 0 . 664 0 . 58 5  
-

3 0 . 6 54 0 . 5 52 ( 0 . 562 + 0 . 0 1 1 )  -
1 0 . 603 0 . 525  - 0 . 586 + 0 . 008 48 3 . 0  2 0 . '575  0 . 465 

-

3 0 . '580 0 . 482  ( 0 . 49 1  + 0 . 0 1 7 )  -

The c lust er viability for each flask was a mean valu e  ob t ained from c ount s  
o f  numb ers o f  live and d ead c lust ers o n  1 0  grid s  5 from e a c h  o f  2 rings . 
( approx 25  c lus t e rs/grid ) 
The  c ell vi ability f o r  each flask wa s d e t ermin ed usi ng formulae from 
values of the normalis ed clus t er si z e  dis tribution ( s e e  Tab l e  10 con tinued 
o v er page ) and c l us t e r  viabi li t y .  
T '-: e  mean flask , clus t er a nd c ell viab ili t i e s  and s t andard errors were 
d et ermined from the individual fl ask es timat es fo r ea c h  sampling time 
t re a t ed s ep arat ely . 

Continu ed over page . 



Tabl e 10  ( c ont inued ) 
. Clust er S i z e  Distribut i on and Viabl e Es tima t es D e t ermin ed by  t h e  Slid e 

Culture Method on Starved Susp ensions o f  N . c o rallina 

Clus t e r  S i z e  Dis tribution 

Normalised c l u s t er siz e dis tribu tion 
( Clus t ers o f  di f ferent si z es expr e s s ed as a 

Hours Flask propo r t i on o f  the  t o tal numb er  o f  c lu s t ers . ) 
I n 1 n2 n3 n nr- n6 n7 n8 1+ ") 

1 0 . 5762 o . 339� 0 . 0�4 1 0 . 0  0 . 0 0 . 0  0 . 0 Cl . O 
27 . 5  2 0 . 6 246 0 . 272'5 0 . 0884 0 . 0 14 5  0 . 0  0 . 0  0 . 0 0 . 0  

3 0 . 5 586 0 . 3268 0 . 0729 0 . 0295 0 . 0080 0 . 0042 0 . 0  0 . 0 
1 0 . 6 1 91+ 0 . 3237 0 . 0337 0 . 0 1 22 0 . 00�7 0 . 00 2 3  0 . 0 0 . 0 

76 . 0  2 0 . 6 34-8 0 . 2567 0 . 04 6 3  0 . 0527 0 . 0048 0 . 0048 0 . 0 0 . 0  
3 0 . 57 1 2  0 . 328 9 0 . 06 1 6  0 . 0 320 0 . 0062 0 . 0  0 . 0  0 . 0  
1 0 . 7922 0 . 3 106 0 . 0664 0 . 0 1 73 0 . 00 5 9  0 . 0077 0 . 0  0 . 0  

1 23 . 0  2 0 . 59'53  0 . 304 1 0 . 0658 0 . 026,+ 0 . 008 3 0 . 0 0 . 0 0 . 0 
3 0 . 561+8 0 . 3 1 5 3  0 . 08 38 0 . 0074 0 . 024 5  ,0 . 0043 0 . 0  0 . 0  
1 0 . '> 5 20 0 . 3338 0 . 0�47 0 . 0077 0 . 0 1 27 0 . 00 9 1  0 . 0 0 . 0  

1 70 . 5  2 0 . 6277 0 . 2426 0 . 08 1 7  0 . 02 1 6  0 . 02 1 7  0 . 0048 0 . 0 0 . 0 
3 0 . 65 1 9  0 . 2 300 0 . 08 53 0 . 0245 0 . 0  0 . 00 8 3  0 . 0 0 . 0 
1 0 . 5�5� 0 . 30 5 2  0 . 0972 o . n 0 . 0042 0 . 0077 0 . 0 0 . 0 

2 1 9 . 0  2 0 . 5 967 0 . 23'57 0 . 08 '52 0 . 0604 0 . 0 1 1 1  0 . 00 50 0 . 0 0 . 00 5 9  
3 0 . 4 6 10 0 . 34-50 0 . 0790 0 . 0605 0 . 0 1 98 0 . 0300 0 . 0  0 . 0048 

, 1 0 . 5537 0 . 3 1 76 0 . 08 54 0 . 0 31+8 0 . 004 5 0 . 0040 0 . 0 0 . 0 
267 . 0 1 2 0 . 6753  0 . 24 1 0  0 . 0 522 0 . 03 1 6  0 . 0 0 . 0 0 . 0  0 . 0 

3 1 0 • 6 1 71+ 0 . 2386 0 . 066 1 0 . 0 374 0 . 0 1 23 0 . 0 282 0 . 0  0 . 0 
1 0 . 6387 0 . 2462 0 . 0897 0 . 0255  0 . 0 0 . 0  0 . 0  0 . 0 

339 . 0  2 0 . 6475 0 . 2533 0 . 07 1 1  0 . 0233 0 . 0  ' 0 . 0048 0 . 0 0 . 0 
3 0 . 6604 0 . 2603 0 . 066 1 0 . 0 1 32 0 . 0 C . O 0 . 0 0 . 0 
1 0 .6936 0 . 1885 0 . 0�34 0 . 0 1 54 0 . 0 145 0 . 004 5 0 . 0 0 . 0 

386 . 0 2 0 . 6640 0 . 24 39 0 . 06 1 0  0 . 0 1 22 Q . O  , 0 . 0 18 9  0 . 0  ,0 . 0 
5 0 . 6 1 39 0 . 2682 0 . 08 7 5  0 . 0 1 36 0 . 0 1 68 0 . 0  0 . 0  0 . 0 
1 0 . 7 1 1 3 0 . 2558 0 . 0226 0 . 0 10 3 1 0 . 0  0 . 0  0 . 0  0 . 0  

4 35 . 0  2 0 . 7220 0 . 1 732 0 . 0964 0 . 00 5 3  0 . 0  0 . 00 30 0 . 0  0 . 0  
3 0 . 6309 0 . 2698 0 . 0993 0 . 0  0 . 0  0 . 0 0 . 0  0 . 0  
1 0 . 7 1 37 0 . 2 347 0 . 0460 0 . 0056 0 . 0  0 . 0  0 . 0  0 . 0  

4 8 3 . 0  2 0 . 6 326 0 . 26 1 9  0 . 05 30 1° . 0 392 0 . 0062 0 . 00 7 1  0 . 0  0 . 0 
3 0 . 6637 0 . 24 1 6  0 . 068 1 0 . 0266 0 . 0  0 .. 0 0 . 0  0 . 0 

The normalised  cluster  si z e  dis t ributi on for  e a c h  fl ask was a m ean 
d e t ermi n ed from c ount s  o f  t h e  numb ers o f  c lu s t ers on 10 grids 5 from 
e�ch of 2 rings . ( appro x .  2 5  c l us t ers / grid ) 
Suspensi o n s  o f  c ells in  phospha t e  buffer  wer e incubat ed ( s t a ndard fl asks ; 
c onical 1L . )  at 30

0 
for 20 days wi t h  sh aking a t  140 rev . /min . Samp l e s  

w e r e  t ak en a t  t i m e  in t ervals a f t e r  resuspension . 
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C ells  suspend ed in  phosph a t e  bu ffer ( st and ard fl a sks ; conical 1L . ) 

were incub a t ed for 20 d ays a t  30° wi th shakihg a t  1�0 rev . /min . 

S ampl es  were t aken for  c l u s t e r  vi abi lity d e t erminations a t  t im e  

int erval s  a f t er resuspension . The mean a nd S . E . M . o f  resul t s  from 

3 f lasks are present ed . ( s e e  Tabl e  10 ) 
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Respi ration Rat es  for C ell  Suspensions o f  N . c o rallina 

I t  s e emed likely t hat the fall in dry wt . of th e c el l  susp en sions 

would be r efl�c t ed in changes in respirato ry ac ti vi t y . lvlidwint er  ( 1 962 )  

had examined c hanges i n  RQ values for acetat e an d  propionat e grown c ells  

o f  N .  c orallina . H e  stated tha t wh en c ells  were fi rst r esuspended  t h e  

RQ values wer e v ery n early e qual to 1 and that t h e s e  values  f e l l  to  

o 
approximat ely 0 . 7  aft er  a p erio d  o f  incubat ion at 30 • Al though RQ 

values for gluco s e  grown c el l s  were not  repo r t ed t h e  relative amoun t  

o f  lipid degrad ed  in the s e  c el l s was comparab l e  t o  the  amoun t s  catabol i s e d  

in ac e t at e  and propionat e grown c ells  ( r--iid win t er , 1 962 ) . 

I t  was d ecided  to  s tudy again the  r e spiratory c hanges o f  N .  c o rallina 

inc ubat ed  und er endo genous c onditions wi th an emphasis on  the respiratory 

ac tivity  of glucose  grown c el l s .  

In  an ini t i al exp eriment th e change in respi ratory ac tivi ty o f  

n onresuspend ed c ul tures  was examined . Two cultures grown i n  c leat ed 

flasks were incubat ed  endogenously and ali quo t s  were wi thdrawn at 

int ervals for RQ d e t erminations in Wa rburg flasks . S ampl es  were also  

taken for dry  wt . estimations from optical d ensi ty measurement s .  The  

r esul t s  ( T able  1 1 ,  Fig .  13 )  showed a rapid d e c rease in the rat e of  

r espiration from the  end of  the  growth phas e followed b y  a l evelling 

out to an almo st  constant  low value  ( 1  pl o  02/mg . /hr . ) .  In no ins t anc e 

did the RQ approach 0 . 7 ;  the  average fi gur e  for all d e t eruinations was 

1 . 1 5 ( Tabl e 1 1 ) . 

In a subsequen t  experiment changes in the  RQ o f  c ells resusp end ed  

in pho sphat e buffer and incubat ed  ( wi t h  sh aking)  for a p eriod o f  1 18 hr .  

were  followed . Sampl e s  were t ak en and t ransferred d i r ec tly into  

v.arburg flasks for RQ es timations and aliquo t s  were used  to d et ermine  

the  dry wt . c o n t ent  p er ml . of  suspension ( Tabl e  1 2 ,  Fig .  14 ) .  The  



Table  1 1  

Respiration Studie s  with Cultures o f  N .  corallina 

%2 Q.CO RQ. 
Hours Flask 

2 
OD ( 660 mp )  

pl . /ml . /hr . pl . /ml . /hr . ( dry wt . mg . /ml . ) 

1 8 1 . 8  100 . 0  1 . 22 4 . 7 5 
( 2 . 04 )  

28 
2 7 5 . 5 94 . 8 1 . 2 5  4 . 75 

( 2 . 04 )  

1 6 1 . 4 7 2 . 0  1 . 1 7 7 . 90 
( 3 . 40 )  

42 
2 68 . 2  80 . 0  1 . 1 7 7 . 90 

( 3 . 40 )  

1 1 5 . 0  14 . 2  0 . 95 7 . 2 5  
( 3 . 1 2 )  

5 1 . 30 
2 1 5 . 3 1 7 . 0  1 . 1 1 7 . 50 

( 3 . 22 )  

1 6 . 9  8 . 5  1 . 1 1 6 . 50 
( 2 . 80 )  

69 . ,+5 
2 7 . 5  8 . 4 1 . 1 1  6 . 50 

( 2 . 80 )  

1 3 . 9  4 . 6  1 . 1 8 5 . 90 
( 2 . 54 )  

93 . 45 
2 . 4 . 3 5 . 2  1 . 20 6 . 0 

( 2 . 18 )  

1 3 . 7  4 . 5 1 . 22 5 . 90 
( 2 . 54 )  

1 2 1 . 00 
2 4 . 0 5 . 0  1 . 30 5 . 60 

( 2 . 4 1 )  

, 
1 2 . 7  2 . 5  0 . 95 5 . 70 

( 2 . 45 )  
1 6 2 . 00 

2 3 . 0 3 . 5  1 . 17 5 . 50 
( 2 . 36 )  

C ells cultured in cleated  flasks were  l eft  t o  incubate  at 300 with 
shaking at 140 r e v . /min . for 1 20 hr . aft er full growth had b een reach ed .  
Samples were r emoved directly from the flasks into Warburg manomet er 
cups for estimations o f  02 and CO2 exchange rat e s .  Samples were 
also taken for optical d ensi ty determinations . 
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C u l t ur e s  were  gro wn i n  c l ea t e d  f l a sks i n c ub at ed a t 300 
wi t h shaki n g  a t  

1�0 r e v . /min . Full  growth was r e a c h ed a t  approxi m a t el y  4 0  hr . a f t e r  

i n o c u l a t i n g  t h e  flasks . Sam pl es were t aken at  ti � e  in t e r va ls a f t e r 

i n o c u la ti on fo r e s t i ma t i o n  o f  r e spi ra t o ry q u o t i e n t s  a nd d ry w�i£h t .  

( s e e  T a b l e  1 1 )  
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T able 1 2  

Respiration S tu d i e s  wi th S t arved Susp ensions o f  N .  corallina 

. 
%2 

Q
CO 

RQ OD ( 660 mf ) 
Hours Flask 2 

)11 . /m1 . /h r .  Jll . /ml . /hr . ( d ry wt . m g .  /m1 . ) 

1 33. 0 38 . 0  1 .  1 5  6 . 50 
( 2 . 80 ) 

2 . Lt5 
2 32 . 6 4 2 . 1 1 . 29 7 . 25 

( 3 . 1 2 ) 

1 Lt . 45 4 . 87 1 . 09 '5 . 45 
( 2 . 34 ) 

22 . 1 5 
2 lt o 60 5 . 1 3  1 . 05 6 . 00 

( 2 . 58 ) 

1 2 . 53 2 . 65 1 . 0 5  5 . 20 
( 2 . 24 ) 

"t 5 . 00 
2 2 . 97 3 . 1 7  1 . 08 5 . 7 5 

( 2 . 47 )  

1 2 . 8 7 3 . 26 1 . 15 1+ . 90 
( 2 . 1 1 )  

69 . it5 
2 .  2 . 8 3 3 . 64 1 . 34 '5 . 10 

( 2 . 1 9 ) 

1 2 . 75 3 . 04 1 . 10 4 . 75 
( 2 . 0Lt ) 

. 
9 3 . 00 

2 3 . 02 3 . 26 1 . 07 5 . 00 
( 2 . 1 5 ) 

1 2 . 21t 3 . 06 1 . 36 Lt . 70 
( 2 . 02 ) 

1 1 8 . 1 5 
2 1 . 6 1 2 . 1 5 1 . 33 ,+ . 90 

( 2 . 1 1 ) 

C ells cultured in  c l ea t ed flask s  were re suspended in phosphate 
b u ffer i n  c l ea t ed flasks  and incub a t ed at 300 wi th s haki ng at  
1Lj.0 rev . /mi"n . S amples  were removed at  time int erval s  directly 
from the  flasks into  Warburg manom e t er cups fo r e stimations  o f  
O2 and CO2 exch ange rat es . S ampl e s  w e r e  a l s o  t aken for optical 
d ensity d e t ermination s .  
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C e l l s  suspend ed  i n  phos pha t e  bu ffer ( c l eat ed  flasks ) were i n c ub E t ed 

o 
for  � d ays  at  30 wi th  shakin g  at  1�0 rev . lmi n .  Samples  were taken 

a t  time i n tervals  for e s t imation of  respirat orY q uo t i e n t s  and dry 

w t . ( s e e  Table  1 2 ) . 
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results  were almo st  identical with  those  from the first experiment . 

Again no RQ values approaching the  c harac t eristi c lipid values  o f  about 

0 . 7  were record ed .  The average value for all estimations was 1 . 17 .  

Respiration Experiments  wi th  Ace t a t e  Grown C ells  

The  high HQ values ob tained with glucose  grown c ells  could not 

be c orrelated wi th the  findings o f  Midwint er ( 1962 )  whi c h  had led to 

the  proposi tion  that lipid was cat abolised  during pro longed endogenous 

respiration . However sinc e Midwint er had studi ed ac e t at e  and 

propionat e grown c ells  i t  was proposed to  repeat the previous experiment 

wi t h  c ells  grown on ac e tat e .  C ells  were cultur ed ( cleated flasks , milk 

filt ers ) in the  standard liquid medium (Appendix 1 )  wi th  the  exc eption 

that ac e tat e ( 0 . 0 2M final c one . )  was used in plac e  of  glucose  and the  

ini tial pH - was ad justed  t o  pH 6 . S .  The yi eld o f  c ells  at full growth , 

( d e t ermined using the r elationship dry wt . mg . /ml . = OD x 0 . 43 )  was 

0 . 3  mg . /ml . C ells from cultures ( 4 )  h arvested 1 2  hr . aft er full growth 

had b een r eached were resuspended  ( 0 . 4 mg. lml . )  in phosphat e  buffer in 

t wo c leated flasks and incubated  at 300 for 40i hr. Prior  to c arrying 

out RQ estimations sawples  from the suspensions were c entri fuged 

( 2 , 000 g , 7 min . ) and washed twice  by suspending in phosphat e buffer 

and rec entrifuging .  Aliquot s  ( 2  ml . )  o f  the  final phosphate  buffer 

suspension ( 2 . ; �g.  d ry wt . /ml . ) were incubat e d  in Warburg manometers 

for gas exchange d et erminations . The results  ( Table 1 3 )  showed the  

sam e  high HQ values observed previously wit h  glucose  grown c ells . 

Respiration Experiments  with C ells Incubat ed with  Palmi tate  

I t  was c onsi d ered possible that there  was a basi c fault in 

methodology whic h  l ead to the absence  of l ow HQ values repor ted by 

Midwinter ( 1 962 )  in endogenous respiration exp eriments  with N .  corallina .  



Table  1 3  

Respiration  Studie s  with  St arved Susp ensions o f  Ac etate  Grown 

N .  c orallina 

Qo QCO RQ OD ( 660 my ) 
Hours Flask 2 2 

pI . /m1 . /hr . pl . /ml . /hr.  ( dry wt . mg . /m1 . ) 

1 2 . 80 2 . 92 1 . 04 0 . 88 
( 0 . 38 ) 

1 . 0  
2 2 . 85 3 . 30 1 . 28 0 . 97 

( 0 . 42 )  

1 2 . 4 3 2 . 34  0 . 96 0 . 90 
( 0 . 39 ) 

1 2 . 30 
2 2 . 56 3 . 09 1 . 19 0 . 96 

( 0 . 4 1 ) 

1 1 . 58 1 . 64 1 . 04 0 . 80 
( 0 . 35 )  

40 . 30 
2 1 . 1t0 1 . 74 1 . 24 0 . 85 

( 0 . 37 ) 

Cel l s  grown in c leated flasks in medium ( Appendix 1 )  in which ace tat e 
( 0 . 02 14..) r eplac ed gluco s e ,  were r esuspended in phosphat e buffer in 
c leat ed flasks and incubat ed at 300 with shaking at 140 rev . /min .  
Samples  o f  the c ell  suspensions taken at time  int ervals  aft er 
r esuspension were conc entrated  by c entrifugation immediately b efore 
respiratory ac tivi t y  estimations were carri ed out. Estimations o f  
respiratory ac ti vi ty were corr ec t ed to give  values  for suspensions 
contained in the  cleat ed flasks .  Optical density estimations ( dry wt . )  
also refer t o  the  suspensi ons in c l eat ed flasks . 



78 . 

To examin e this possibility gluco s e  grown c ells  ,.,rere incubated wi th 

potassium palmitate  in Warburg manomet ers . C ells from cultures , 

h arvest ed 3 days aft er growth h ad c eas ed and showing a low endogenous 

respiration rat e ( Fig .  1 3 )  were r esuspended (4 . 8  mg. dry wt . /ml . ) in 

phosphate  buffer . Aliquot s  ( 1  ml . ) of  thi s susp ension were incubated 

in Warburg flasks containing potassium palmitat e ( palmitic  acid , 0 . 3  mg . ) 

susp ended in 2 ml . phosphat e  buffer .  The  RQ value o f  the c ells 

incubat ed in the absen c e  of palmitat e was 1 . 08 , in agreemen t �d th values 

obtained previously . The RQ values for c ells incub at ed in the presenc e 

o f  palmitat e ,  d et ermin ed in 3 separate exp eriment s  were 0 . 62 ,  0 . 68 and 

0 . 66 .  The theoretical RQ for palmitat e is 0 . 69 .  

Summary 

In  summary , exp eriments c arri ed out  to  d e t ermine variations in 

dry wt . ,  t o tal and viable c ell  c ounts a nd respiratory ac tivity o f  c ells 

suspend ed in pho sphat e  buffer established the following. 

1 )  A fall in dry w t .  ( mg. /ml . of  susp ensi on ) o f  31% oc curred 

during the first 46 hr . following resusp ension . 

in dry wt . was slight . 

Thereaft er the d ecrease 

2)  The respiratory activi t y  decre ased markedly during the first 

24 hr . following resuspension t o  a low and r elati vely constant level 

of approximat ely 1 fl . /mg . /hr . The p eriod o f  highest  respiratory 

ac tivi ty correspond ed t o  the period in whi ch the fall in dry wt . was 

most pronounc ed . 

3 )  An inc rease in t o tal c ell  c ount o f  1 2% oc curred over B. 1 3 1  hr . 

p eriod  following  r esuspension . 

4 )  Viabl e estimat es o f  over 90% were obtained during a period 

o f  8 d ays endogenous incubation . Following this period the viability 

d eclin ed more rapidly , reaching 50% 20 days af t er resusp ension . 
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C HAPTER 6 

CHANGES IN THE LEVELS OF LIPI D ,  CARBOHYDRATE AND PROTEIN IN STARVED 

SUSPENSIONS OF N . CORALLINA 

Analyses  o f  t h e  l evels o f  c ellular c ompon en t s  were ini tiat ed in an 

a t t empt to d e t ermi n e  the  r easons for t h e  sharp decreas e in d ry wt . whic h  

o c c urred in t h e  first f ew d ays o f  endogenous incubati on .  From a 

consi d eration o f  t h e  r esul t s  o f  jviidwi n t er ( 1 962)  att ention was dir e c t ed 

ini t i ally t owards  quantit ati v e  c hanges in lipid l e v el s . 

Lipi d  C on t en t  o f  C ell s o f  N .  c orallina 

In a p reliminary exp eriment t o  d e t ermine  the c ellular l e vel o f  t o t al 

unbound lipi d , cul tures wer e  grown in c l eat ed fl asks and incubat ed for 

4 days after  growth had c eased . The p ell e t s  obtained  by c entri fuging 

the c ultures  were twi c e  r e suspended in dis tilled wat er  and c entrifuged 

pri o r  to  f r e e z e  drying .  T h e  c oral pink powd er was extrac t ed wi th cold  

c hloroform-methanol  ( 2 : 1 )  giving yi eld s , from dupli c a t e  analyses , of  

1 .5 . 3  and 1 7 . 2% of  the  dry wt . o f  t he c ells . These p erc en t age c ompositions 

for lipid were simil ar to those  r eported  by  Hidwinter ( 1 96 2 )  and Rob er t son 

( 1 964 ) for N .  c orallina grown on glu c o s e  me dium .  

In a sub s e quent experiment sam pl e s  f o r  t o t al unb ound lipid estimati ons 

were r emoved from c ul tures a t  the end of the growt h phase  and again 5 days 

a f t e r  the end of growt h . T o t al unbound lipids wer e  extrac t ed from t h e  

freeze  d ri e d  c ells  using chloro form-methanol  ( 2 : 1 ) .  During t h e  5 day 

p eriod  o f  endo genous incubation there was an increase in lipid ( c alculated 

as % dry wt . ) from 10 . 8  and 1 1 . 3  ( dupli cat es ) to 1 3 . 9 and 1� . 3 . A p erc en t  
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increase in c ellular lipid wit h  no net increase  could arise  as  a result 

o f  a large d ecrease in som� other c ellular consti tuent during endogenous 

incubation . Therefore correct  int erpretations o f  t he results  o f  analyses 

could only be made i f  due  ac count was taken of the total' change in dry wt . 

during th e period o f  endogenous incubation . 

Sinc e the  c hloro form-methanol extrac t could  c ontain c omponents  o ther 

than unbound lipids  and sinc e thin-layer c hromatographic analysis suggest ed 

that t riglyc erides did not  r epresent a large proportion o f  the  total 

unbound lipid ( Chap t er 3 )  i t  was d ecided to  examine  changes in lipid levels 

in t erms o f  t o tal fatty acids . Midwint er ( 1962 ) had previously report ed 

a d ecrease  in th.e t o t al c ellular fatty acid frac tion , from glucose  grown 

c ells , from 1 7 . 2  to  14 . 5% o f  the  total cell  dry wt . during a 33 hr . period 

of endogenous incubation .  

Fat ty Acid Levels in N •. corallina 

Three  cultures in c l eat ed flasks were sampled ( 1 50 ml . )  at the end 

o f  full growth and again after 5 d ays endogenous incubati on . The c ells 

were washed with  distill ed  wat er by c entri fu gation and freeze dri ed  prior 

to alkaline hydrolysis and extrac tion of  the  fat ty  acids wi th diethyl 

ether . The fat t y  a�id c on t en t  of the  c ells , (% dry wt . ) det ermined aft er 

d rying the ether  extrac t  to constan t  weight , showed an increase over the 

5 day period o f  endogenous incubation ( Table 14 ) .  The fall in total dry 

wt . ( 28%) was d et ermined in a s eparat e but identi cal culture which was 

sampl ed for dry wt . es timations at full growth and again after 5 days.  
"-

The estimate  o f  the  fall in d ry wt . ( 28%) was us ed t o  c alcula t e  the  

perc ent  dry wt . of  lipid  in the  5 day sampl e had  there b een no  fall in 

dry wt . over the  5 day period . A net  fall in fatty acid conten t  from 

1 1 . 7 to 1 0 . 4% of the  initial d ry wt . was deduc ed  from these  c alculations . 



Tab l e  1,+ 
Fat ly Acid Cont ent of C ells  of N. corallina 

Total fa t ty acid s Total fatty  acids  from 

Flask (%  d ry wt . ) ') day sample correct ed 

using fac tor o f  28% to  

Full growth 5 days a f t er give  % dry wt . a t  full 

full gr:owt h growth 

1 1 1 . 6  11+ . 3  10 . 1+  
2 1 1 . 4 11+ . 3  10 . 1+  

, 3 1 2 . 0  11+ . 3  10 . 4-
Dry wt . ( mg . /m l . ) o f  culture 

contained in flask 1+ 

Full growth 5 d ays a f t er Loss in dry wt . (%) 
full growth 

3 . 2  2 . 3  28% 

Cells cul tured in cleated flasks were l ef t  to incub a t e  ( 30� 
1,+0 rev . /min . )  for 5 days  a f t er reaching full growth as  

d e t ermined  by  maximum optical d ensi ty ( 6 60 mp . ) .  To tal fatty  

acids  were  obtained from fre eze  dried  c ells by ether extrac tion 

following alkaline hydrolysis  . 

• 
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Although the  s tatistical signi ficance  o f  this r esult was no t assessed 

the  contribution o f  the  fall  in lipid t o  the  to tal fall in dry wt . was 

o f  the  order o f  4%. From this finding at tention was drawn towards 

other c ellular constituen t s .  

Total Nitrogen , Ammonia ,  Pro t ein and Carbohydrate Levels Relat ed to 

Changes in Dry Weight 

To correlate  dry wt . c hanges with variations in c ellular composition , 

cultures were harvested  at the end o f  the  growth phase and the c ells were 

resuspended in phosphat e buffer in cleated flasks for subsequ ent endogenous 

incubation . At  int erval s ,  duplicate  sampl es  ( 25 ml . ) were withdrawn 

from each flask . One sampl e was c entrifuged and the  supernatant  was 

stored at _250 for  subsequent  analysis o f  total hexose  and total nitrogen . 

The packed c ells  were washed twi c e wi th distilled  wat er by rec entrifugati on 

before being resuspended in distilled wat er . Aliquots  o f  the distilled 

wat er suspension were t aken for dry wt . and for total prot ein estimation s .  

Results  were corre c t ed f o r  appropriate  dilutions to  give "an estimate o f  

t h e  level o f  prot ein i n  t h e  phosphat e buf fer suspension . The second 

sampl e  ( 2 5  ml . )  was used  directly for t otal h exo s e ,  t o tal nit rogen and 

dry wt . estimations . All analyses exc ept tho s e  for dry wt . were carri ed 

out  in duplicat e .  The  results  o f  the experiment are shown in Table  1 5 . 

The resul t s  o f  an analysis o f  variance  showed that there  was no 

significan t  change in the  l evel o f  t o tal ni trogen in the suspensions .  

There was however a signific ant ri se  ( p  = 0 . 0 1 ) i n  sup ernatant total 

nitrogen which  indicat ed that there  had been a considerable rel ease  o f  

nitrogenous mat erial from c ells  o ver the  5 day incubation period . The 

release of total nitro gen could be equated t o  pro t ein breakdown if the 

ni trogen equivalent of the d ecrease in c ellular prot ein ( 0 . 375  mg./ml . 

, Tabl e  1 5 )  was estimat ed  using the  fac tor 6 . 25 .  

estimations were sub j ec t  to appreciable  errors 

Al though the pro t ein 



Table  1 5  

Changes  in the  Levels o f  Frac tions in Starved Suspensions o f  

N .  corallina 

Level o f  frac tion ( m g . /ml . o f  suspension ) 
Frac tion 
( analytical Flask Time a f t er resuspending ( hr .  ) 
method ) 

0 1 18 
-

To t al 1 0 . 276 0 . 272  0 . 272 0 . 276 
nitro gen 2 0 . 284 0 . 288 0 . 288 0 . 274 
(K j eldahl ) 3 0 . 292 0 . 290 0 . 290 0 . 292 

l'1ean 0 . 284 0 . �82  
S . E . M .  0 . 004 0 . 001+ 

Tot al 1 0 . 00 3  0 . 00 5  0 . 044 0 . 01+2 
supernatant  2 0 . 007 0 . 00 9  0 . 040 0 . 0Li-3 
nitro gen 3 0 . 005 0 . 004 0 . 04 5  0 . 049  
(Kj eldahl ) 

Mean 0 . 00 5  0 . 0Li-4 
S . E . M . 0 . 00 1  0 . 002 

C ellular 1 1 . 82 1 . 90 1 . 5 1 1 . 59 
prot ein 2 1 . 8,+ 1 . 72 1 . 43 1 . 57 
( biuret )  3 1 . 93 2 . 0 9  1 . 47 1 . 54 

Mean 1 . 88 3  1 . 508 
S . E . N .  0 . 0 5 1  0 . 022 

Supernat an t  1 0 . 0  0 . 0  0 . 0335 0 .031 3  
ammonia 2 0 . 0 0 . 0  0 . 032 5 0 . 0350 
nit rogen 3 0 . 00 1 2  0 . 00 1 6  0 . 036 3 0 . 0350 
( Conway ) 

Mean 0 . 000 5 0 . 0 339 
S . E.M.  0 . 0003 0 . 0008 

Tot al 1 0 . 66 0 . 66 0 . 1 5 0 . 11+ 
carbohydrat e 2 0 . 7 1 0 . 73 0 . 1 3  0 . 1 3 
( anthron e )  3 0 . 79 0 . 77 0 . 14 0 . 1 7 

Mean 0 . 720 0 . 11+ 3 
S . E . M .  0 . 02 3  0 . 006  

Supernatan t  1 0 . 02  0 . 02  0 . 02 0 . 02 
carbohydrat e  2 0 . 0 1  0 . 0 1  0 . 0 3  0 . 02 
( anthrone )  3 0 . 0 1  0 . 0 1  0 . 0 1  0 . 0 1  

Mean 0 . 0 1 3  0 . 0T" 
S . E . M .  0 . 002 0 . 00 3  

Dry wt . 1 3 . 3.5 1 . 94 

( OD660 ) 
• 

2 3 . 40 1 . 91+ 
3 3 . 55 1 . 97 

Mean 3 . 4 3  1 . 94 
S . E . N . 0 . 0 5  0 . 0 1  

! 

C ells sUsp ended in phosphat e buffer ".fere incubated ( cl eated  flasks , 
30� 1,+0 r e v . /  min . ) for 1 18 hr . 
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ITable  1 5 )  the r esul ts were consist ent wi th the  supposition that c ellular 

pro t ein  was b eing c at abolised t o  release all o f  i ts  ni tro gen a s  ammonia • 

• 
An important feature o f  the  results  was t h e  hi ghly si gni fic ant ( p  = 0 . 0 1 ) 

fall  in the  l evel o f  c ellular carbohyd rat e  ( 0 . )8 mg ./ml . )  from 2 1% o f  

the  c ell  d ry wt . t o  4% after ) d ays  endo genous incubation . This d ec rease 

represen ted 39% o f  the to tal fall in d ry wt . ( 1 . 49mg . /ml . ) .  The t o tal  

c on tribu tion o f  carbohydrat e  and prot ein a c c ount ed for 64% o f  the t o t al 

fall in dry wt . 

The experiment c l early d emonstrat ed t ha t  a large proportion o f  t h e  

fall i n  dry wt . c ould b e  at tributed to the  catabolism o f  c ellula r 

c onsti tuent s .  The  results  also pro vid ed an exp18na tion for the  apparen t 

ris e  in lipid c ontent  in the  c el ls  during endogenous me tabolism .  

C hanges in Levels o f  Total  Fat ty Acid s ,  Pro t ein,  C arbohydrat e , Dry 

Weight  and Clus t er Viabili ty During Endogenous Incubation 

A further  experiment  was c arri ed out  t o  d e t ermine whether the fall 

in c ar�ohyd rat e c oincid ed wi th the  fall in d ry wt . whi ch  had b e en 

observed immediat ely after  c ells  were resuspend ed from cu l tures harves t ed 

a t  the  end o f  the  growth phase .  Three  cul tures grown i n  c l eated flasks 

were resuspend ed in c l ea t ed flasks . Immed i a t ely after  resuspe nding , 

samples ( 1 S ml . )  were wi thdrawn f rom each  flask into st eri le ,  c o t t on 

wool plugged t est  tub e s .  The sampl es we re used  for es timations o f  

tot al  carbohydra t e , t o tal fat t y  acids ( a c id  hydrolysis , c hroma t e  

o xidatio�, t o tal pro t ein  and c lus t er vi abili ty . The r esul ts  ( Table 1 6 ,  

Fig .  1 J )  showed the  typi cal fall in dry wt . whi c h  o c curred wh en cul tures 

were first resuspend ed . The fal l  in dry wt . was observed to coincid e 

�th  an ini tial fall in the  t o tal hexos e  c on t ent from 2�% t o  � . S% o f  



Tabl e 1 6  

C hanges in t h e  Levels o f  Frac t ions i n  S t arved Suspensions o f  

N .  c o rallina 

Level of frac tion ( mg. /rul . o f  suspension ) 
Frac tion 
( analyt i c al Flask Time aft er r esusp ension ("hr . ) 
m e thod ) 

74 . 0 I 0 . 0 1 5 . 0  27 . 0  50 0 0  98 . 0  S . E . M .  

Tot al 1 0 . 60 5  0 . 197  0 . 149 0 . 1 2 1  0 . 143 0 . 1 0 3  
c arbohydrat e 2 0 . 665 0 . 288  0 . 1 52 0 . 1 39 0 . 1 27 0 . 097 
( anthrone ) 3 0 . 7 1 0  0 . 200 0 . 149 0 . 1 27 0 . 106 0 . 097 

Hean 0 . 660 0 . 228 0 . 1 50 0 . 1 29 0 . 1 2 5  0 . 09 9  0 . 0 18 

Supernat an t  1 0 . 002 0 . 020 0 . 027 0 . 0 37 0 . 009 0 . 0 1 5  . 
c arbohydrate  2 0 . 00 2  0 . 023 0 . 023 0 . 024 0 . 0 18 0 . 0 1 8  I 
( anthrone ) 3 0 . 00 1  0 . 026 0 . 027 0 . 026 0 . 02 1  0 . 02 1  

Mean 0 . 002 0 . 023 0 . 026 0 . 029 0 . 0 1 6  0 . 0 1 9 0 . 003 

Tot al 1 0 . 334 0 . 31 6  0 . 382 0 . 31 8  0 . 290 0 . 250 
c ellular 2 0 . 334- 0 . 3 1 6  0 . 3 1 6  0 . 306 0 . 280 0 . 244 
fatty  acid's 3 o . 3:)Lt 0 . 350 0 . 296 0 . 366 0 . 2 50 0 . 266 
( c hromat e ) Mean 0 . 334 0 . 327 0 . 331 0 . 330 0 . 273 0 . 253 0 . 0 1 5  

To t al 1 1 . 2 1 1 . 04 0 . 96 0 . 92 0 . 86 0 . 82 
pro t ein 2 1 . 04 1 . 04 1 . 03 0 . 92 0 . 8 2  0 . 82 
( biure t ) 3 0 . 8 9  0 . 99 0 . 99 0 . 88 0 . 8 1  0 . 88 

Mean 1 . 0 5  1 . 02 0 . 99 0 . 9 1 0 . 8 3 0 . 84 0 . 04-

Sup ernatant 1 0 . 0  0 . 1 14 0 . 057 0 . 0 9 1  0 . 0 57 0 . 1 14 
prot ein 2 0 . 1 25 0 . 080 0 . 320 0 . 149 0 . 068 0 . 068 
( biuret ) 3 0 . 09 1  0 . 068 0 . 057 0 . 1 25 0 . 068 0 . 1 36 

Mean 0 . 072 0 . 087 0 . 144 0 . 1 2 1  0 . 0 64 0 . 106 0 . 0 39 

Dry weight 1 2 . 75 2 . 1 3  1 . 92 1 . 8 3  1 . 8 3  1 . 7 .5 
( OD660 ) 2 2 . 77 2 . 1 7  2 . 00 1 . 79 1 . 75 1 . 72 

3 2 . 74 2 . 08 1 . 90 1 . 79 1 . 77 1 . 77 
Mean . 2 . 75 2 . 1 3  1 . 94 1 . 8 0  1 . 78 1 . 75 0 . 02 

-

Clust er  1 96 94 
viability 2 94- 97 
(%)  3 96 96 

C ells , suspended in phospha t e  bu f f er , were incub at ed ( c leat ed flasks , 
30° , 140 r e v . /min . ) for 98 hr . Sampl es  were t aken at time int ervals 
a f t er resusp ension . 



Figure 1 '5  

C h; ' I1 f';es  i n  Levels  o f  Fra c t i o n s  i n  S t arved Suspensi o n s  o f  N .  c o r al l i n a  
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C e l l s  �uspend ed  in phos pha t e  b u f f e r  ( c l e a t ed flasks ) were  i n c ub a t ed 

a t  300 wi t h  shaking at 1�0 r e v . /min . fo r 98 hr . Samp l e s  wer e taken 

a t  t ime i n t e rvals . The m ean  and S . E . M .  of resu l t s  from 3 fla sks are  

p r e s en t ed ( s e e  Table  1 6 ) . 
0 :  T o tal d ry wt . 
A :  To t al  c el l u l a r  p ro t ei n .  
A :  T o t a l  c el l u l a r  fa t t y  a c i d s . 
. : T o t a l  h exo E e  . 



the  i�itial dry wt . in a p eriod o f  27 hr . Pro tein was broken down 

( p  = 0 . 0 1 ) throughout the  duration of  the experiment ( 98 hr . ) .  The 

large errors in pro t ein es timations were due to  difficulties encounted  

in the  analysi s ,  discussed previously ( s e e  Methods ) .  ' There was a 

signi fican t  ( p  = 0 . 0 1 )  fall· in the l evel o f  total fatty acids from 

1 2 . 1  to 9 . 2% c alculat ed wi th referen c e  to  the initial dry wt . The 

breakdown in t o tal fat ty acids contributed  only 6 . 5% of the to tal loss 

in dry wt . ( 1 . 0mg . /ml . )  of  the c ells during starvation , carbohydrat e 

contribut ed .56% and protein 2 1%. 

Changes in Levels o f  Total Fat ty Acids and Correlation o f  Pro tein 

Breakdown With Ammonia Production 

To examine pro t ein breakdown in relation to ammonia produc tion and 

concurrently repeat the analysis o f  lipid l evels in starving cells  two 

cultures at the  end o f  the  growth phase were resuspended in cleated 

o flasks , shaken at 30 and sampled at int erval s .  Analy ses  were c arri ed 

out for dry wt . t o t al fatty acids ( acid hydrolysis ,  chromate  oxidation ) , 

total pro t ein , supernatant pro t ein , supernatant  ammonia and supernatant 

amino aci d s .  T h e  results ( Tabl e  17 , Fig .  1 6 )  showed a fall i n  total 

fatty  acid s  from 14 . 2  to  9 . 5% ( o f  the initial dry wt . )  which was only 

just  signi fican t  ( p  = 0 . 05 ) , a significan t  fall (p = 0 . 0 1 )  in the level  

o f  c ellular prot ein and a significant rise  in the l evel o f  supernatant 

ammoni a nit ro gen . The amount o f  ammonia ni trogen < 37 ygm) excreted. 

into the supernatan t  during the period o f  incubation ( 1 76  hr . )  can b e  

compared directly with  a theoretical yield o f  ammonia nitrogen ( 30 pgm . )  

i f  i t  is assumed that all the  prot ein d egrad ed rel eased i t s  ni trogen 

into the supernatant . O f  interest was the finding that there was no 



Table 1 7  

Changes in the  Levels o f  Frac tions in  Starved Suspensions o f  

N .  coralliina 

L evel o f  frac tion ( mg . /ml . o f  susp ension ) 
Frac tion 
( analytical Flask Time after resusnending ( hr .  ) 
method ) 

, 

0 2 .5 54 78 103  1 26 1 52 1 76 

To tal 1 0 . 8 5  0 . 87 0 . 77 0 . 82 0 .'77  0 . 72 0 . 77 0 0 70 
prot ein  2 0 . 8 7  0 . 8 5 0 . 72 0 . 8 2  0 . 7 5 0 . 70 0 . 70 0 . 6 5 
( biuret ) . Mean 0 . 86  0 . 8 6 0 . 74 0 . 82  0 . 75 0 . 7 1  0 . 73 0 . 67 

S � E . N .  +0 . 02 

Supernatant 1 0 0 . 05 
prot ein 2 0 0 . 05 
( biuret ) 

Supernatant  1 0 . 00Lt6 0 . 006 1 , 0 . 0 1 78 0 . 0 243  0 . 03 1 5  0 . 0357 0 . 0436 0 . 04 6 1  
ammonia 2 0 . 0006 0 . 00 1 1  0 . 0 106 0 . 0 149  0 . 0 189  0 . 0245 0 . 0284 0 . 03 1 9  
ni trogen Mean 0 . 0026 0 . 00 36 0 . 0 142 0 . 0 196 0 . 02 52 0 . 030 1 0 . 0 360 0 . 0 390 
(Nessler )  S . E . M .  +0 . 00 2 1  

Supernatant  1 0 . 0205 0 . 0 168 0 . 0480 0 . 0678 0 . 08 38 0 . 1008 0 . 1063  0 . 1 140 
amino acids 2 0 . 0 186 0 . 0 1 32 0 . 0 34 1  0 . 044 1 0 . 0627 0 . 0689 0 . 08 3 1  0 . 0905 
( Rosen )  • No t Mean 0 . 0 1 9 5  0 . 0 1 50 0 . 04 10 0 . 0 5 59 0 . 0732 0 . 0848 0 . 0947 0 . 1 0 22 
c orrec t ed fOI  S . E . M !0 . 00 5 3  
ammonia 

, 

Tot al 1 0 . 36 5  0 . 3 1 5  0 . 2 50 0 . 225  0 . 2 10 
c ellular 2 0 . 330 0 . 230 0 . 220 0 . 280 0 . 22 5  
f a t ty acids Mean 0 . 347 0 . 272 0 . 235 0 . 252 0 . 2 32 
( c hrom{it e )  S . E . M !0 . 029 

Dry wt . 1 2 . 43 1 . 68 1 . 5 1  1 . 5 1 1 . 46 1 . 48 1 . 48 1 . 48 
(OD660 ) 2 2 . 47 1 . 5 1  1 . 31 1 . 38 1 . 36 1 . 40 1 . 36 1 . 33 

Mean 2 . 1+5 1 . 59 1 . 4 1  1 . 4Lt 1 . 4 1  1 . lf4 1 .  Lt2 1 . 40 
S . E . h  !O . OLt 

Clust er 1 100 95 
viabili ty 2 100 �6 
(%)  

C ells suspended in phosphate  buffer were incubat ed ( c l eated flasks , 30� 
140 r e v . /min . )  for 1 76 hr . Samples were t aken at  time int ervals after 

r esusp ension . 



Figu r e  1 6  
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C el l s  suspended  i n  phospha t e  b u ff e r  ( cl ea t e d  fla sks ) were i n c ubat ed a t  

30 0 wi t h  shaking a t  1�0 rev . /min . for 1 76 hr . Samp l e s  were  t ak en a t  time  

i nt e rvals . The mean  and  S . E . M .  o f  resu l t s  from 2 flasks are  pres e n t ed . 

( s e e  Tab l e  1 7 )  
0 :  Tot al d ry wt . ( m g . /ml . ) 

. :  To t a l  pro t ein ( m g . /ml . ) 

A :  T o t a l  c el lular  fa t ty a c i d s  ( mg . /ml . )  

�: Sup ern a t a n t  ammoni a - n i t rogen (pg . /ml . ) 



signi fic ant release o f  ammonia from the c ells  during the first 25 hr . 

i . e . d uring the  perio d  whic h  correspond ed t o  a phase o f  rapid 

c arbohydrat e c at abolism. During the same period there was no 

signi ficant breakdo�m of prot ein . 

The resul t s  o f  amino acid analys es ( Tabl e  1 7 )  were not correc teg 

for ammonia sinc e ammonia standards were not includ ed in the  amino acid 

analy s es .  I t  was de t ermined however that the  molar response  o f  ammonia 

in th e Rosen method for amino acids  was 56% o f  that o f  glycine.  Using 

this correcti·on fac tor and knowing the  l evel o f  a ammonia in the solutions 

( Table 1 7 )  it was d educ ed that the quantities  of amino acids  in the 

samples were negligible .  

Correlation o f  Breakdown o f  C ellular Carbohydrate  With Pro duc tion of  

Ammonia 

The  observation that ammonia was not r el eased from c ells  during the  

first 24  hr . following r esuspension of  cultures was restudi ed in  an 

experiment in which  analyses were carri ed out  for ext rac ellular ammonia , 

t otal c arbohydrat e as  r educing sugar , intrac ellular free reducing sugar , 

intrac ellular and extrac ellular amino acids  and supernatant prot ein . 

The resul t s  presen t ed in  Table  18 and Fig .  1 7  d emonstrat ed that ammonia 

was not r el eased from the c ells until after the major  portion of the 

carbohydrate had b e en cat abolised .  Total c ellular c arbohydrat e 

constitut ed 35% o f  the dry wt . when c ells were first r esusp end ed in 

comparison wit h  2�% d e t ermined by the  anthro n e  method for total hexoses  

( Tabl e 1 6 ) . The t o t al reducing sugar cont ent o f  the  c ells  fell t o  

approximat ely 5% o f  the  ini tial dry wt . aft er a p eriod o f  1 9 5  hr . 

Analysis o f  the  levels o f  intrac ellular free reducing sugar ( Table 1 8 )  

d emonstrat ed that t h e  bulk o f  t h e  total reducing sugar �ccurred i n  c ells  



T able  1 8  

C hanges in  t he L e v e l s  o f  Frac tions i n  S t arved Susp ensions o f  N . c orallina 

frac tion Lev'el  of frac tion ( mg . lral . o f  suspension ) 
( Anal y t i cal Flask 

Time a f t er resuspension ( hr . ) 
" le thod ) 

0 23  50 9 5  1 23 1 66 1 9 5  S . E . M .  

T o t al 1 0 . 78 9  0 . 230 I ,  0 . 1 84 0 . 1 8 3  0 . 1 8 5  0 . 1 32 0 . 1 2 1  

reducing 2 0 . 709 0 . 2S 1  0 . 16 1  0 . 1 38 0 . 1 30 0 . 1 1 3 0 . 1 0 1  

sugar 3 0 . 875  0 . 27 5  0 . 1 9 5  0 . 1 96 0 . 1 8 6  0 . 1 54 0 . 1 53 

( Nelson ) Hean 0 . 79 1  0 . 252  0 . 180  0 . 172  0 . 1 6 7  0 . 1 33 0 . 1 2 5  �0 . 0 14 

Int ra- ' 1  0 . 0 1Lt O . OOLt 0 . 002 0 . 00 2  0 . 002  0 . 002 0 . 002 

c ellular 2 0 . 0 1 0  0 . 00,+ 0 . 00,+ 0 . 002 0 . 00 2  0 . 003  0 . 00 1  

free  reduc ing 3 0 . 0 1 2  0 . 004 0 . 002  0 . 002 0 . 002  0 . 002 0 . 002 

sugar ( N  elson ) Mean 0 . 0 1 2  0 . 004 0 . 00 3  0 . 002 0 . 002 0 . 002 0 . 002 :to . 00 1  

Sup ernat an t 1 , 0 . 002 0 . 00 1  0 . 0 0 . 008 0 . 0 1 9  0 . 022 0 . 026 

ammonia 2 0 . 00 1  0 . 00 1  0 . 00 1  0 . 00 1  0 . 003  0 . 00,+ 0 . 005 

nitrogen 3 0 . 004- 0 . 00 3 0 . 002 0 . 0 1 1  0 . 0 1 9 0 . 025  0 . 032 

( Nessler ) Mean 0 . 002 0 . 00 1 0 . 00 1  0 . 006 0 . 0 1 ,+ 0 . 0 1 7  0 . 02 1  :0 . 00 3  

Sup ernatan �  1 0 . 0 1 3  0 . 0 1 0  0 . 0 1 0 0 . 030 0 . 0 50 0 . 07 3  0 . 093 
amino acids 

2 0 . 0 1 3  0 . 003  0 . 00 3  0 . 007 0 . 0 1 7 0 . 0 36 0 . 059 ( Ro sen ) No t 
c or rec t ed 3 0 . 0 1 3  0 . 003  0 . 0 1 7  0 . 0 5 3  0 . 08 9  0 . 086  0 . 1 1 2 
for ammoni a .  

Mean 0 . 0 1 3  0 . 006 0 . 0 10 0 . 030 0 . 0,+ 5  0 . 06 5  0 . 088 
+ 
-0 . 007 

I n t ra- 1 0 . 080 0 . 04-2  0 . 05 1  0 . 034 0 . 037 0 . 0 30 0 . 028 
c ellular 

2 0 . 059  0 . 03 1  0 . 0 35 0 . 0 34 0 . 0 34 0 . 027 0 . 026 
amino aci ds  
( Ros en ) N o t  3 0 . 088 0 . 0Z)0 0 . 048 0 . 04-3 0 . 04 1  0 . 034 0 . 033 
c orrec t ed 

Mean 0 . 076 0 . 04- 1  0 . 044- 0 . 037 0 . 037 0 . 0 30 0 . 029 !0 . 003 for ammonia . 

Sup ernat ant 1 0 . 0  0 . 02 '5  0 . 052 0 . 045 0 . 045  0 . 060 0 . 070 

pro t ein 2 0 . 0  0 . 0 1 3  0 . 0 23 0 . 025  0 . 04- 5  0 . 048 0 . 049 

( Folin ) 3 0 . 0  0 . 030 0 . 048 0 . 05 3  0 . 07 3  0 . 0 58 0 . 063 

Mean 0 . 0  0 . 02 3  0 . 04 1  0 . OLt 1  0 . 054 0 . 05 5  0 . 06 1  
+ 
-0 . 007 

Dry wt . 1 2 . 36 1 . 1 5 

I ( 0 . D
· 660 ) 2 ' 1 . 8 3 1 . 10 

3 2 . 57 1 . 6 2  

C ells  suspend ed i n  phospha t e  buf fer ... ,er e incubat ed ( cl eat ed fl a sks , 300 , 

1 40 rev . /min . ) for 1 9 5  hr . Sampl es were t ak en a t  time  int ervals after  

r esuspensi o n . 



Figure 1 7  

Changes i n  Levels  o f  Frac tions  i n  S t arved Suspen sions o f  N .  c orall ina . 
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C el l s  suspend ed in  phosphat e ' buf fer ( c l ea t ed flasks ) were incub a t ed 

at 300 wi t h  shaking a t  1�0 rev . /min . for  1 9 �  h r .  Samp l e s  were tak en 

at time int erval s . The m ean and S . E . M .  o f  
'
re sul ts  from 3 flasks are 

pres en t ed ( s e e  Tab l e  1 8 ) .  

0 :  I n t rac ellular amino acids  and ammonia (Fg . /ml . ) 

e :  I n trac ellular free reducing sugar (p g . /ml . ) 

6 :  Superna t an t  ammonia-ni t ro gen (Fg. /ml . ) 

& :  To tal reducing sugar ( mg. /ml . ) 



8 5 .  

i n  t h e  form o f  a polysac charid e .  By c o rr e c ting amino ac id  analyses 

for t h e  presen c e  of  ammonia  using the  factor  of  56% ( s e e  M e t hods ) it  

was d educ ed that  the  l evels o f  supernatant amino acids  were n egligibl e 

in 2 o f  th e 3 flasks stud i e d .  In  t h e  t hi rd fl ask however ( Table  1 8 , Fl ask 

2 )  release  o f  amino aci d s  was apparent . Mo st  signi fi c ant  was th e fall in 

int rac ellular amino ac ids  plus ammonia d e t ermined by the Ro sen m ethod . 

This re sult suggest ed that the  fr e e  ni t rogenous c ompon en ts in  t h e  c ells 

were  very rapidly inc orporat ed into mor e  compl ex ma t erials sin c e  there  

was no c o rr e spondi ng ri s e  in  the  extra.c ellular l e vels o f  ei the r  ammonia 

or amino acids  during the p eriod immediat ely following resuspension 

( Fig .  1 7 ) . Pro t ei n  d e t erminations usi ng the  Folin method on supernatant  

s ampl es  showed t hat some prot ein had  b e en r el eased during the  period  o f  

endogenous incubation a s  sugGe s t e d  in an earli er  exp eriment ( Tabl e 1 6 )  

using t h e  biur e t  t est . 

Summary 

The r esul t s  o f  stud i e s  on ' changes in  l evels o f  components  in  c ell 

Euspensions of N .  corallina may be summari s ed as follows . 

1 )  The i ni tial f all in  dry wt . whi c h  o c c urred when c ells were 

r es uspended from cultures Y-lhic h  had reached  full gro\.,rth app eared  

relat ed primarily to the  breakdown of  c ellular polysac charid e .  Analyses  

of  t o t al c arbohydra t e  showed l evels of 20 to  3 5% of  t h e  t o t al c ell  d ry 

wt . falling to 5 to  10% aft er p eriods e f  24 to  36 hr . 

2 )  Ammonia  ac cumulat e d  in  the  s upernatan t  fo llowing the  breakdown o f  

polysac c h arid e .  

3 ) A fall  i n  th e l evel o f  intrac ellul ar f r e e  ni tro genous c omponents 

( ammonia and amino acid s ) o c c urred almo s t  immediat ely aft er t h e  c ells were  

suspend ed  but no c orresponding ris e  wa s obs erved in the  supernatant . This 

sugge s t e d  that t h e s e  c omponen t s  were incorporat ed into o th er c ellular 

constituen t s . 



4 ) The fa� t y  acid c ontent o f  the c ells  d ecreased from 

approximately 13 to  9% of the  initial total c ell dry wt . during 

endogenous incubation . 

5 )  The c ontribution o f  the  d ecreases  in c ell frac tions , to 

the total decrease in c ell dry wt . whi ch oc curred when c ells were 

resuspended was of the order o f  40% for c arbohydrat e ,  2 5% for protein 

and 5% for t otal fatty acids .  
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CHAPTER 7 

CHANGES IN THE LEVEL OF RNA IN STARVED SUSPEN SIONS OF N .  CORALLINA 

The d e c r ease  in dry wt . o f  c ells respiring endogenously c ould not 

b e  a c count ed for sol ely in t erms of pro t ein , c arbo hydra t e  and lipi d .  

Sinc e P�A i s  c ommonly d e graded in starving mic rob i al c ells ( Herb ert , 

1 96 1 ) c hanges in t h e  l evel o f  this c ellular cons t i t uent wer e examin ed . 

The  method o f  Munro and Fleck ( 1 966 ) was us ed for t h e  RNA es timation s .  

The proc edure applied t o  c el l  suspensi ons i n  pho sphat e  buf fer gave 

three  frac tions for analysi s . 

a ) The  pho sphate  buffer  supernatan t  ob t ained by  c entri fuging 

t h e  c ell susp ension . 

b ) The 0 . 2N HCl04 frac t ion ( 20 ml . ) o b t ained by washing t h e  

p el l e t s  i n  0 . 2N HCl04 ( i c e  c o l d ) . This fraction c ontained t h e  free  

int rac ellular ul t ravi o l e t  absorbing mat erial . 

c ) The 0 . 1N HCl0
4 

frac tion ( 100 ml . ) containing t h e  produc t s  

o f  alkaline hydro lysis o f  RNA. 

Pho sphat e Buf f er S uperna t an t s  

S tudi e s  o f  absorption spec t ra o f  supernatan t s  showed a s t rong 

absorbanc e in t h e  260 � .  region . The  260/230 and 260/280 ratios 

for superna t an t s  from two exp erimen t s  wer e ( 1 ) 1 . 20 and 2 . 1 7  and 

( 2 ) 0 . 58 and 1 . 90 .  s t rong absorption in t h e  230 mp . regi on indi cat ed 

the presenc e of pro t eins , p r e viously d e t ec t ed by  both Folin and biuret 

estimations ( Tab l e  1 7 , 1 8 ) . The d egree  o f  absorption in the  230 mp . 

region vari e d  markedly b e tween flasks b o t h  in t he same and di f ferent 

experiment s .  
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The nature o f  the  mat erial absorbing the  260 mu . region was 

examined in an aliquot  ( 40 ml . )  o f  supernatan t  from a 10 day 

resuspension experiment . The solution was passed through a charcoal 

column used for d esalting solutions o f  nucleotides , ' ( Pe t ersen , 1 963)  

and sampl es of  UV absorbing eluate  were c hromatographed on two 

dimensional paper  c hromatograms (Wyat t ,  1 9 5 5 ) . Although loadings 

were low seven c omponen ts were observed und er ultraviolet light . 

Three  o f  these  moved in isopropanol-HCl solvent but n o t  in butanol-NH3 

and they were t en t atively id enti fied ( from Rf  values and from spectra 

in solution , aft er elution from the paper with  0 . 1N HCl )  a s ;  ( 1 )  a 

mixture o f  guanylic a�d adenylic  acids  ( 2 )  cytidylic acid ( 3 ) uridylic  

acid . A c omponent with  an Rf  o f  0 . 5 1  in isopropanol-HCl and 0 . 07 in 

butanol-1�3 was i d enti fi ed as b arbituri c acid by co chromato graphy with  

b arbi turic acid ( BDH lab . reagent ) appli ed on the  two dimensional 

chromatogram , and by c omp arison o f  the  spec trum o f  the  unknown component 

with  barbi turic acid af ter bo th standard and unknown had b een eluted  

from the  paper c hromatogram with distilled wat er . 

The s e  resul t s  sugges ted  ( a ) that  the  produc ts  o f  RNA breakdown 

were lib erated into  the extrac ellular solution when cultures were 

resusp ended in phosphat e buffer and ( b )  that starving c ells were 

c apabl e of metabolising pyrimidine s ,  sinc e barbituric acid has b e en 

r eported  as a product  o f  both  cytosine  and uracil c atabolism for 

N. corallina ( Batt  and Woods , 1 96 1 ) .  

0 . 2N HCI04 Frac tion 

Studies c arri ed out  t o  d e termin e the time for c ompl ete  extrac tion 

of free intrac ellular UV-absorbing mat erial using 0 . 2N HCI04 at 20 

showed that a p eriod  o f  4 hr . was required b e fore  extraction was 



essentially compl ete . Aft er the � hr . n eri od t h e r e  was no furt�er 

increase in the  amounts  extrac t ed , o f  ribo s e  ( d et ermined by the  orcinol 

metho d )  or a�ino acids ( d e t ermined by the Ros en method ) .  No d eoxyribose 

could be  d e t ec t ed in the  extra c ts .  A s t udy o f  DV speb tra o f  the 

0 . 2N HCI04 solutions showed 260/230 and 260/280 wavelength ratios o f  

2 . 00 and 2 . 1 7  respec tively . C ontinued extrac tion wi th  0 . 2N HCI04 
for 

periods up to 8 hr . after  the initial 4 hr.  extrac tion showed a small 

but c onstant rat e of increas e  in the  absorpti on at 260 m� . 

A study of  t h e  0 . 2N HCI0
4 

extrac t s  using the  orcinol rea gent fo r 

pen toses  and OD260 for nucl ei c  acid mat eri al showed tha t the  ribose  

c on t ent , d e t ermined by the orcinol method , was always  greater  than that 

estimated from the absorption at 260 mp . on the basis tha t OD260= 1 is 

equivalent to  32 pg. of RNA/ml . (Munro and Fl eck , 1 966 ) . This could 

be explained if the purine  to pyrimidine ratio in the free nucleotide  

mat erial was > 1 or  i f  some  o ther orcinol po sitive componen t was b eing 

extrac ted by the 0 . 2N HCIO
�

. Paper chromatographic analysis was 

c arried  out  to d et ermine the sugars present in a � hr . 0 . 2N HCl04 

extrac t  o f  c ells from a cul ture  which had b e en l e ft incubating,  ( cl ea.t ed 

flask , 30° , 1�0 rev . /min . )  wi thout harvesting and resuspensi on , for 

10  d ays aft er reac hing full growth . The ri bose  con t ent o f  th e 

0 . 2N HCIO extrac t det ermined from the opt i c al d ensity at 260 m).l . It 

was 5 . 2 pg .  ribose/ml . whereas the orcinol t es t  gave 8 . 9 pg . ribos e/ml . 

Material con tained in aliquots  o f  th e 3� hr . 0 . 2N HCI04 
extrac t o f  c ells 

was either hydroly sed  using 1N H2S04 d esal t ed and chromatographed , or 

d esal t ed and chromatographed directly , wi thout acid hydrolysis ( s ee  

Hethods ) . - Using the  method of  Wilson ( 1 9 5 9 )  to det ermine the  amounts 

o f  sugars on pap er chro:natograms it  W b 6 shown that glucose ; mannos e j  
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ribo s e  and arabinose  o c c u rr ed i n  t h e  1 N  H
2 S04 hydrolysed extrac t s  in 

the m o l a r  ratio ; 14 : 3 : 9 : 1 .  Al though arabin o E e was fou n d  to give a 

90% r esponse r elati ve  to  ribo E e  in t h e  orcinol  reaction  ( ltJh ere.3.5 

gluc o s e  and 'n�nn o c e  ga ll e  n o  r esr,ons e )  t h e  amoun t o f  rib o E. e  an d 

arabino s e  t o g e th e r , d et e c t ed by t h e  m e thod o f  Wil son ( 1 9 59 ) , a c c oun t ed 

for only 75% o f  th e p en t o s e  shown to  b e  pres ent ( by t h e  orc inol t est ) 

in t h e  original 0 . 2N HCl04 extrac t .  No furth er t es t s  wer e  c arried 

out to  d e t e rmi n e  wh e t h e r  any p e n t o s e  'was b eing  l o s t  duri n g  acid hydro lysis 

o r  d urin g  the subs equen t d ei oni zation s t eps . Quan t i tati v e  p ap er c hro ma-

to graphy o f  an e quival ent  amount o f  non ac i d-hyd rolysed mat erial from 

the same � hr . 0 . 2N HCl04 ext r a c t  of c ells  did not re v eal t h e  presen c e  

o f  any sugars . I t  wa s concluded  that th e four s u gars m en ti o n ed ab�ve 

o c c urred in a f o rm whi c h  was solub l e  in 0 . 2N HCl04 but .... !hi c h  could b e  

hydrolysed  wi th 1N H2S04 at  1000 for 2 hr . t o  yi eld t h e  fre e sugars . 

0 . 1N HClO Frac tion Lt 

S tudi es c arri ed out to  d e t ermine  t h e  t ime  for  compl e t e  hydro lysis 

o f  i n trac el lular RNA using 0 . 3N KOB a t  370 ( fo llowed b y  a c i d i fi c ati on 

to gi ve a fin al solution 0 . 1N wit h  respec  t to HCl04 ) showed that  c ompl e t e  

extra c tion o f  b o t h  OD260 an d  orcinol posi t i v e  m a t eri al o c curred aft er a 

p eriod of  2 hours i n c ub ation wi th O . 3N KOH . Peptid e mat eri al ( 1 5  pg . /ml . ) 

was d e t e c t ed ( Folin r e agen t ) in  the fin al 0 . 1N HCl04 extrac t but  no 

d eoxyri b o s e  c ould b e  d e t e c t ed . A s tudy o f  th e UV sp ec t r a  of  t h e  

° . 1N HCl04 frac tion cont aining t h e  pro d u c t s  o f  alkal ine hyd rolysis o.f 

mlJA showed 260/230 and 260/280 wavel ength rat i o s  of 2 . 82 a.nd 1 . 65 .  

The s e  v al u e s  may b e  c ompared wi th tho s e  r e::.)o rt ed b y  l'iunro and Fl e ck 

( 1 966 ) for rat li ver RNA o f  3 . 25 and 1 . 38 r es -:: e c ti v el y . 

A s tudy o f  t h e  0 . 1N HCl04 fraction  usin g  t h e  orcinol r eagen t for 
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p entoses and OD260 for nucleic acid mat erial showed that the ribose  

content , d e t ermined by the  orcinol method , was greater than that 

es tima t ed from the absorp tion at 260 mp . on the basis that OD260= 1 

i s  equival ent to 32 pg .  o f  RNA/ml . (Munro and Fleck , 1 966 ) . There 

was however b e t t er agreement than was found for the  0 . 2N HClO, fraction . 
� 

Analysis o f  the sugars present in the 0 . 1N HCl04 extrac t s  before and 

a ft er hydrolysis with  1N  H2S04 showed the  presenc e o f  gluco s e  in the 

non-hydrolys ed sampl es and glucose ,  manno se , ribose  and arabinose  in 

the hydrolysed sample s .  

Levels o f  RN A  i n  C ell Suspensions Incubat ed under  Endogenous Conditions 

To d e termin e  changes in RNA levels und er endogenous conditions , 

cultures grown in cleated  flasks were resusp ended at f ull  growth  in 

phosphat e buffer and incub at ed ( standard flasks , 300 , 140 rev . /min . )  

for 262 hr.  Samples  o f  the  suspensions ,  tak en at time int ervals , 

were analysed for RNA ( se e  Methods ) using a 10  min . washing p eriod 

in 0 . 2N HCl04 as  recommended by Munro and Fl�ck ( 1 966 ) instead of the  

required 4 hr . m entioned previously . I t  was estimat ed that the  use 

of a 10 min .  wash followed by t wo rins es  in 0 . 2N HCl04 would have 

remov ed approximat ely �0- 50% of  the  free intrac ellular UV absorbing 

mat erial . The r emaining free  intrac ellular UV absorbing mat erial , 

no t extrac t ed ,  could constitut e approximately 20% of  the total UV 

absorbing mat erial c ontained in the 0 . 1N HCl04 extract  ( produc t s  of  

alkaline hydrolysis o f  ffiiA ) .  Taking this into account  the r esults  

of  an experiment are presen t ed ( Table 1 9 )  as evidence  for the breakdown 

o f  RNA in s t arved susp ensions o f  N .  corallina .  On the b asis that 

OD260= 1 i s  equival ent to 32 fg• o f  RNA/ml . o f  the 0 . 1N HCl04 extrac t 



Table  1 9  

RNA Estimatipns o n  Starved Suspensions o f  N . c o rallina 

Optical d en sities ( 260 mp ) o f  frac tions 
Obtained During RNA Est imations . 

Frac tion F l a sk Time after resuspending ( hr .  ) 

0 22 46 70 94 1 66 1 90 262 

0 . 1N HC104 ( 100 ml ) 1 0 . 27 2  0 . 235 0 . 1 78 0 . 149 0 . 1 57 0 . 1 30 0 . 1 1 1  0 . 085  

Produc t s  o f  alkaline 2 0 . 284 0 . 2 14  0 . 180 0 . 148 0 . 1 62 0 . 1 1 5 0 . 102 0 . 088 

hydrolysis of RNA- 3 0 . 228 0 . 1 98 0 . 1 37 0 . 1 35 0 . 143 0 . 1 1 3 0 . 09 1  0 . 073  

0 . 2N HC 10
it 

( 20 ml . )  1 0 . 040 0 . 106 '0 . 103  0 . 1 00 0 . 1 48 0 . 1 53 0 . 1 54 0 . 185  

Free  intrac ellular 2 0 . 053  0 . 090 0 . 1 24 0 . 1 23  0 . 1 23  0 . 1 54 0 . 157  0 . 189  

ul tra-violet  3 0 . 08 1  0 . 1 1 7 0 . 1 78 0 . 1 68 0 . 108 0 . 20')  0 . 1 7 1  0 . 2 1 7  

abso rbing mat erial 

Pho sphate buffer 1 0 . 0 1 2  0 . 314- 0 . 362  0 . 335 0 . 396 0 . 452  0 . 486 0 . 576 

supernatants  2 0 . 028 0 . 3 17  0 . 368 0 . 366 0 . 420 0 . 459 0 . 499 0 . 56 1  

3 0 . 008 0 . 249  0 . 3 1 2  0 . 298 0 . 334- 0 . 388 0 . 431  0 . 490 

Total c ell  1 1 . 94 1 . 10 1 . 08 1 . 06 1 . 08 1 . 02  0 . 88 0 . 99 

dry wt . ( m g . !ml . ) 2 2 . 1 3 1 . 18 1 . 18 1 . 10 1 . 0 5  1 . 0 5  1 . 0 3  0 . 99 

d e t ermined from 3 1 . 94 1 . 10 1 . 03 0 . 97 0 . 90 0 . 90 0 . 99 0 . 92 

i 
OD660 I 

C ells  suspend ed in phosphate  buffer were incubat ed ( s tandard flask , 30° , 

140 rev . /min . )  for 262 hr . Sampl es were taken at time int ervals after 

resuspension . 

*RNA (pg . /ml . ) in 0 . 1N HC 10
,+ 

extract  = OD260 x 32 ( Munro and Fl eck , 1 966 ) 
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(Hunro and Fl eck , 1 96 6 )  the  level o f  t h e  mean for RNA estimations 

from three flasks f ell  from 8 3  p g . /ml . to 26 )lg . /ml . o f  bac t erial 

suspension over the  262 hr . p eriod " or  expressed as a p e rc entage o f  

t te  ini tial dry wt . ,  from 4 . 1% t o  1 . 3% .  The  resul t s  ( Table 1 9 )  

show a rise in the  level o f  intrac ellular fr e e  U V  absorbing mat erial 

during st arvation . This was di ffi cult to  explain wi thout further 

o 
studi es involving a longer peri od o f  washing with 0 . 2N HCI04 at 2 • 

I t  was · ossible that during RNA breakdown th ere wa s a rise  in the  

l evel of  free UV  absorbing mat erial in the  c ell s . I f  t h e  absorptions 

o f  both  the 0 . 11'1 and 0 . 2N HCl04 frac ti'ons are combined and allowan c e  

i s  mad e for  diluti o n s , a net  loss o f  U V  absorbing ma t eri al from th e 

c ells  is  cl early indic at ed . The rise  in op ti cal d ensi ty at 260 mp . 

in  the  phosphate  buffer sup ernatants ( Tabl e 1 9 )  could support  this vi ew. 

Summary 

The result s  indi c a t e  a fall in the  l evel o f  RNA during endogenous 

respiration from �% to 1% of the initial c ell dry wt . in a period  of 

1 1  day s .  The fall i n  lU'Il'A would ac c ount for approximately 6% o f  the  

t o tal fall in dry wt . Ultraviolet  absorbing compounds were rel eas ed 

into the  suspending medium and some of these  c ould be ac count ed for 

as d egradation product s  of RNA. On a cid hydrolysis o f  the  mat erial 

contained in the HCI04 frac tions , glucose , mannose , ribos e  and arabinose  

were  released . Presumably the ribose  is  d eri ved from ribo tides and 

the o ther  sugars from a c ell wall polysaccharide . C el l  walls o f  

Nocardia species charac t eristically yi eld on a cid  hydrolysi s ,  th e 
, v 

monosaccharides , arabinos e ,  gluc ose , mannose and galac tose  ( Sa.,l ton , 
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CHAPTER 8 

STUDIES ON THE ULTRASTRUC'l'URE OF N . CORALLINA 

As a c on current s tudy i t  was decided t o  examine t h e  ul trastruc ture 

of N .  c orallina wi t h  special r ef eren c e  t o  c h anges \vhi c h  mi gh t  o c cur 

during periods o f  endogenous incubati on . Ac c ordi ngly an investigati o n  

was ini tiat e d  u sing t echniques  o f  negati ve s t ai ning , shadowing , thin 

s e c tioning and freeze  e t'chin g .  

radio graphy was no t a t t emp t ed . 

Although o ri ginally i nt ended , aut o ­

However t h e  in formation presen t ed i n  

t h i s  chap t e r  should provi d e  a sound basis for future s tudi es  involving 

such t echni que s  as autoradio graphy . 

Methods and mat erials for el e c tron mic ro sc opy 

The Organi sm 

The organi sm was c ul tured in a gluco s e  medium ( App endix 1 ) in 

s t andard or c leat ed flasks ( c onical 1L . ) wi t h  milk fil t ers . In one 

experimen t c ells were grown in med i um ( App endix 1 ) in whic h  a c e tate  

( 0 . 02 M final cone . ) r eplaced glucose  as  the  c arbon sub s trat e .  

Samples for el e c t ro n  microsc opy ( Phillips EM 200 ) were wi thdrawn a t  

int ervals from c ultures  o r  suspensions used i n  s tudi es  alr eady 

d es c ribed  ( Chapt ers 6 and 7 ) . 

N egative-stained Preparations 

a ) S ample s  from cultures were dialysed a gainst d i s tilled wat er 

for 24 h r .  at  4° and then c en t ri fuged ( 3 , 000 g ) at room t emp erature 
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prior t o  resuspension in 0 . 2% phosphotungstic  acid ( ad justed to  pH 

.5 . 7  with 1N KOH ) at a conc entration suitable for spraying onto grids . 

Grid s were made o f  c opper , c oated with  collodion and s tabilis ed with 

c arbon . 

b )  ,samples from c ultures were c entri fuged ( 3 , 000 g )  at room 

t emperature and the c ells resusp end ed in 0 . 3% phosphotungstic acid 

( pH 5 . 7 )  containing approximat ely 0 . 03% bovine s erum albumin and 

polystyrene latex spheres , ( 264 �u . )  prior t o  spraying onto  grids .  

Shadowed Preparations 

Samples o f  c ell susp ensions were c entri fuged ( 3 , Or,0 g )  at room 

t emperature ,  resuspend ed in distilled wat er , sprayed onto  grids  and 

- 1  / 
shadowed with platinum at an angle o f  tan 1 4 .  

Thin S ec tions 

a) Pellets  obtained by c entri fugation ( 3 , 000 g)  were fixed for 

4- hr. ( wi thout resuspension)  in O . OBM ·phosphat e  buffer ( -pH 7 . 0 )  

c ontaining 3% glutaraldehyde .  The pell et s  were rinsed  twice ,  

( without resuspension ) in 0 . 1M phosphate  buffer and fixed a second 

time for 5 hr . in a 0 . 1M solution o f  ptio sphat e buffer containing 

2% Os04 ( pH 7 . 0 ) . Finally the  p elle t s  were d ehydrat ed using e thyl 

alcohol  ( grad ed s t eps )  and emb edded in "Araldi t e" . S ec tions were 

c ut with a glass kni fe  ( LKB mic ro tome ) and s tained for 20 min .  with 

leaa bydroxide  (Milloni g ,  1 9 6 1 ) .  

b )  As an alt ernative proc edure pell e t s  were c entrifuged and 

fixed by resus� ending in 1% glutaraldehyd e in 0 . 1M phosphate  buffer 
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6 + +  ( pH . 1 ) containing 0 . 0 11'1 Mg . Aft er a p eriod o f  3 h r .  t h e  c ells 

were c entri fuged ( 1 , 000 g) and fixed by resuspension in 0 . 1E phosphat e  

buf fer ( pH 6 . 1 )  containing 1 . 0% OsO , • 
if 

The I1 ell ets  ob tained by 

sub s equent c en tri fugation ( 1 , 000 g)  were  washed t�i c e  by reeuspendin g  

in phosphat e buffer ( 0 . 1M ) , embedd ed in  2% agar ,  d ehyd rat ed using 

e thyl alcohol ( grad ed s t eps ) and emb edd ed in "Araldit e" by  the method 

of Luft ( 1 96 1 ) .  

Freeze-etched Prepara tions 

Fre e z e - e t ching was c arri ed out in a commercial plant ( Balzers ) 

using the t ec hnique d escribed  by  Moor  and Huhl ethaler ( 1 963) . C ells  

were c entri fuged ( 3 , 000 g )  and suspended in 20% glyc erol prior  t o  

freezing . 

Result s  and Discussion 

General Morphology and Growth Charac t eristi c s  in  Liquid Medium 

A s tudy of a l arge  number  of c ells which  had b een n egatively 

st ained gave the following mean dimensions for the organism : 

C ells ( 67 )  from a mid-log 
phase culture 

C ells ( 67 )  from a cul ture  
left  to incubat e for 
7 days after reaching 
full ,growth ( Fi g �  1 8 ) .  

Length ... S . E . H . Breadt h  + S . E . M . 

2 . 38 + 0 . 07 P 0 . 9 5 ... 0 . 02 )l 

2 . 88 + 0 . 07 y. 1 . 04 + 0 . 02 Y 
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Consid erable shrinkage was observed wi th negatively s t ained 

preparations ( Fig.  18 , 1 9 ,  20 , 2 1 )  and accordingly the si zes  of  the 

c ells were d educed from the dimensions of the  cas t s .  A transverse 

septum was obs erved in many c ells  and in  some cases two or three septa  

appeared in  the  same organism . Where thi s  o c curred the  septa  were 

charac teristically very close  t ogethe r .  A s  a general feature the cells 

t ended to  be  irregular in shape with  a large proportion being more 

poin t ed at one end than the o tner ( Fig . 1 8 ) . I t  was concluded that 

the  flat t ened end had r esul t ed from t h e  s epara tion of two daughter . 

c ells at a transverse  s eptum . From the  growth c harac t eristics o f  

the organism o n  agar ( Fig .  3) , t h e  point ed end was int erpreted as 

corresponding to the  growing tip .  Growth i n  liquid medium seemed t o  

oc cur from both  ends o f  newly formed daught er c ells ( approx . 2 p .  in 

l en gth ) giving ris e  to c ells 4 to 5 p .  in  l ength .  During elongation 

the  nuclear area di vi d ed by constri c ti on and t ransverse s epta appeared 

( one and sometimes two or three ) forming daught er c ells  which  subsequently 

s eparat ed from each o ther . The growing tips appeared t o  b e  mo re elec tron 

t ransparent i n  negatively s tained preparations ( Fig .  1 9 )  in compari son 

with the  rest  o f  the c ell . In  addi tion the  newly formed growing tips 

were o f t en found to be  smaller in  diameter ( 0 . 7  � . ) in  comparison with  

o ther regions o f  the  c ells ( 1 . 2  p . ) .  Such di f f erenc es in  diameter  

appear ed to  b e  partly associated with the  a c cumulation o f  a fibrous 

mat erial around the old er c ell  s e c tions  ( Fig.  1 9 ) . 

In 1 �59 Hagedorn referred t o  durable  c ells  in c ul tures o f  N . corallina 

grown on agar or bro th m edia .  They were d escri b ed as coccoidal i n  shap e ,  

sli ghtly thicker in  diamet er t han the average c ell ( 1 . 2  p .  i n  comparison 
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wit h  0 . 7  p . ) ,  and coated by a t hick envelope or slime l ayer . 

Frequently the  d urable c ells were di vi d ed by a transvers e s eptum and 

two nuclear areas c ould oc cur in at l east one o f  the  daught er c ell s .  

Although similar c ells were observed i n  t h e  presen t  investigation the  

variations in shap e ,  siz e  and d egree  o f  out er wall c oating on individual 

c ells were such that i t  would b e  dif ficult  to  claim that any one group 

of c ells was clearly di f ferent  from t he general population . Small 

c ells ��t h  thick outer c oat s may well have special durabl e propertie s  

but n o  evi d enc e has been obtai n ed i n  this investi gation to  support 

such a proposal . Hagedorn ( 1 959a) did not  present  eviden c e  to confi rm 

special durable properties in  the c ells  h e  describ ed . 

True branching was never observed in  cultures  grown in cleated 

flasks although some c ells  showed round ed pro trusions which  may have 

r epresen ted the initiation o f  branching ( Fi g .  1 9 ) . A typical branched 

hyphal syst em was observed i n  only one sampl e from a standard flask 

( conic al 1L . ) in which  heavy clumping was observed . I t  was concluded 

that hyphal growth typical o f  N .  c orallina grown on agar ( Fi g .  3 )  did 

not occur to  the  same ext ent in liquid medium possibly because o f  

continual agitation . Webb and Clark , ( 1 957 )  have observed t hat the  

d egree of  hyphal formati on in N .  corallina grown in liquid medium is  

highly variable  and  d ep ends  l argely on growth condi tions . 

C ell Coat 

From n egatively stained prep arati ons it was no t ed that the outer 

coating of  the  c ells  app eared as a fibrous material which  could cover 

the entire c e�lular surfac e or  be  partially or  completely absent  

( Fig.  1 9 ,  20 , 2 1 ) .  Variations in the  amount o f  fibrous mat erial were 

c onsiderable wi th  c ells  from different cultures .  In  gen eral however , 
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there was a t endency for the growing tips t o  b e  free o f  the mat erial , 

while the  sur fac es o f  older s ec tions were heavily c o at ed ( Fig . 1 9 ) . 

C ells from c ultures which  had b e en incubat ed for s everal days after 

full growth had been reached ( Fi g .  2 1 )  appeared to  b e  more heavily 

coated over the  entire surfa c e  than did c ells  harvested from the log 

phase ( Fig .  1 9 ,  20 ) .  With shadowed preparations the  out er coat had 

the  appearan� e o f  b eing loos ely aesociated wi th  the  c ell walls ( Fi g .  22 ) 

and when c ells were heated for 20 min .  at  100° , what appeared to  b e  the  
�, 

outer coat , c ame away from the surfac e o f  the  c el l  in long fibres which 

s e emed to  consist  o f  a number o f  coiled s tran d s  ( Fig . 23 ) . These 

s trands oc curred on c ells grown in bo t h  ac etat e and glucose  media .  

A freeze- etched preparat ion ( Fig .  28 ) o f  the  outer surfac e o f  what was 

presumed to b e  two c ells s eparat ed by a s ep t um showed t hat the  exterior 

surfac e could be  ei ther fibrous or granular . The granular sec tion was 

considered to correspond to the  elec tron transparent region o f  the  c ell  

observed after negative staining ( Fig .  1 9 ,  20 ) and the  fibrous region 

( Fig .  28 ) to th e fibrous or  ele c tron d ense regions observed a f t er 

negative staining ( Fi g .  1 9 , 2 1 ) .  

The thickness o f  the  c ell c oat was di ffi c ult  to asses s .  Cross 

s ec tions ( Fi g .  2 5 , 26 ) showed a diffuse zone of up t o  75  my . in thickness 

on the surfac e of the  c ell wall . This could correspond to  the  fibrous 

mat erial observed wit h  negati ve-s t ained and freeze-etched preparations . 

S ec tions o f  c ells sub j ec ted to p eriods o f  endo genous incubation ( Fi g .  25 ) 

o ft en showed a t hi ck wall immediately outsi d e  the  membran e wi th b eyond 

t hi s  again an elec tron d ense  layer . I t  i s  not clear whet her the  dif fu s e  

mat eri al i s  essentially di fferent  from the  mat eri al constituting the 

elec tron d ense lay er .  I n  some cas es the  elec tron d ense layer appeared 
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to  mak e  up most  o f  t t e  mat eri t'l l  c o veri n g  t h e  c ell membran e '",hil e  in 

o th er c as e s  i t  was l e ss r.romin en t ( Fi g . 2 5 ) . I t  was  c o nsi d ered possibl e 

that  the fibrouc mat eri al migh t  contribut e to  t h e  ex c e s si v e  clumping 

obs erved wi t h  c ul tures o f  N . c orallina ( Ch ap t er 2 ) . However , p ell e t s  

obt ained b y  c en tri fugation always s e emed mo s t  d i f fi c ul t t o  resusp end wh en 

c ells h ad b e en h arvest ed from cultures at  full growth . I f  the  fibrous 

mat eri al c ontri b u t ed to the C lumping t h en it mi gh t  have b een expec t ed 

that older  c ell s would b e  m o s t  d i fficult  t o  r esuspe nd . I n  1 9'58 Clark 

sugges t ed that  clumping in N .  c orallina was d u e  to a s ti cky s ec retion 

whi c h  could be  washed o f f  wi t h  d i s ti l l ed wa t er .  The fibrous mat eri al 

observed in t h e  p r e s ent  s tudy al though n o t  s t rongly a s s o c i a t ed wi t h  

t h e  c ells ( Fi g .  22 )  could not  b e  easily remo v ed b y  washing "Q th  wat er . 

Kawat a  and Inoue ( 1 96 S )  d esc rib ed for N . a s t eroid es ,a c ell outer c o at 

or envelope which app eared to  c on t ain amorphous m at eri al di spersed wi th  

fine  granul es of  1 . 5  t o  3 . 0  my . in diame t e r .  Possibly these  granul es 

corr espond to  c ro s s  s e c tions o f  fibres simi l a r  to t h o s e  o bs erved in  

t hi s  s tudy ( Fi g .  23 ) . Kawa t a  and Inoue ( 1 965 )  were unab l e  to establish 

the  ori ei n  o f  the  c ell  envelop e in N . a s t e ro i d e s . Working wi th  the  

organi sm Dermat ophilus c ongo l en si s ,  a h o l o c arp i c  a c ti nomyc e t e , Gordon 

and Edward s ( 1 963)  found that  t h e  c el l s  were surround ed by a thick 

c apsular mat eri al whi c h  they c l aim ed w a s  a :�)roduc t of c ell  wall degrad a tion . 

Examination o f  fr e ez e- et c hed urep arati ons o f  N . corallin a ( Fig . 28 , 3 1 ) 

sho�ed t h e  app earan c e  o f  fibre formati on on t h e  granul ar surf a c e .  The  

gro ss di fferen c e s  i n  morphology b e tween the  fibrous and granular sec tions 

appeared so great  that i t  s e emed unlikely that one  struct ural form was 

t h e  d egradation produc t of the o th e r  • 

..... ....ssFf UNlVERSITY. 
UBRABJ ' -
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C ell Wall 

The c ell wall oc curs between the  m embrane  and the  c ell  c oat . 

In log phase cultures the thickness o f  the wall was approximately  

15  mu . ( Fig .  24 ) whereas in old er stationary phase  cultures i t  varied  

beh/een 2 5  and 30 m? ( Fig .  2 5 ) . Approximat ely  the sam e  dimensions 

were no ted in specimens examin ed after freeze-et ching ( Fi g .  30 , 3 1 ) .  

The out er surfac e o f  the  c ell  wall obs erved in fre eze-et ched specimens 

had a granular appearance  ( Fig .  28 , 29 ) and in some c ases  qui t e  lar6e 

particles of up to  35 mp . in diamet er were emb edded in th e wall 

mat erial ( Fig .  30 ) .  

Cytoplasmic Membran e  

The cytoplasmic membran e , cl early observed i n  thin sec tions , 

oc curred immediat ely b eneath  the  c ell wall ( Fi g .  24 , 2 5 , 26 , 2 7 ) . 

The membrane oc curred as a trilayered struc ture in many thin-section 

preparations ( Fig.  2 5 ) . However in o thers the  three  layers o f  the  

membrane were  di fficult t o  distinguish ( Fig .  24 , 27 ) .  Kawata and 

Inoue ( 1 965 ) observed a t rilayered m embrane  for N .  ast eroides in 

contrast to  the report o f  Hagedorn ( 1 9 � 9 a )  who d escribed  only a 

singl e  layered membran e  for  N .  corallina . 

A freeze-etch  study o f  the  layers lying immediately b elow the  

c ell wall ( Fig .  2 9 , 32 )  showed two di fferent types o f  surfac e .  In 

one , parti cles '  o f  approximat ely 10 mp . in diam e t er o c curred very 

close together ( Fig .  29) whil e  in the o ther , particles  of approximat ely 

the sam e  size oc curred more sparsely distributed ( Fi g .  32 ) . In 

addition there were regions  where no parti cles  occurred ( Fig .  29 , 

32 ) • Such areas were partially covered with plaque s .  The 

p articulat e layer observed in Fig .  29 was considered to correspond 



101 . 

t o  the  out side  sur fa c e  o f  the  membran e  while  the  particulate  layer 

in Fig .  32 could correspond to the inside ' surfac e of the m embran e .  

The areas covered with plaques  could represent  regions i n  t h e  membra.n e 

where no particles occurred . Alt ernatively the membrane i t self  may 

have divided be twe en lipid monolayers in which  c ase  the plaques could 

represent  small pi eces  of one of the lipid monolay ers . 

pretation is  based on the  's tudi es o f  S taehelin ( 1 968 ) . 

Intracytoplasmic Membrane Sys t ems 

This int er-

Intracytoplasmic membran e  sys t ems  were observed in many c ells . 

Some were associat ed with s epta while others oc curred randomly 

distributed  on the  inside  surfac e of the  c ell membran e  ( Fi g .  20 ) .  

These sys t ems consist ed o f  conc entric lamellae or  clust ers o f  vesicles 

whic h  were observed t o  b e  continuous with the  c ell membran e ( Fig .  27 ) .  

Small structures , which  were observed associated wi th  the c ell 

membrane in freeze- etched preparations , ( Fig .  3 1 ) could  b e  identical 

wi th the  intracytoplasmic membrane syst ems observed in s ec tions . 

Hagedorn ( 1 959a)  was unable to d et ec t  intracytopl asmic membrane 

systems in N .  corallina although the possibility that these  oc curred 

was not excluded . The membrane syst ems observed in the  present  

investigation were very similar to  those  d escribed  by Kawata  and 

Inoue ( 1965 )  for N .  ast eroides  and to o ther membrane systems report ed 

for spec i es o f  the Eubact eria and Actinomyc etal e s . 

Figure 25  and o ther  sec tions o f  aged c ells showed vesiclular 

bodies whic h  have been d escribed as intracytoplasmic membrane sys t em s .  

Although N .  corallina is  n o t  report ed t o  be  a spore former many 

actinomyc ete  species do form spores and the  possibility  that these  

bodies are in some  way relat ed t o  spore formation c annot be  discount ed . 
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C ertainly such bodies b ear a reEemblance  t o  those observed in the  

early stages o f  spore formation ( Murrell , 1 967 ) . 

I t  has b e en r epor t e d  for N .  corallina ( Hagedorn , 1 959a ; Clark 

and Aldridge , 1 960 ) and for N .  rubra ( Adams  and McLung ,  1 962 ) that 

inclusions which  s t ain with sud an black are  lipid drople t s .  However , 

sinc e membranes contain a high proportion o f  lipid , intracytoplasmic 

membrane sys t ems c ould possibly show as  sudanophilic granules using 

light mic roscopy . Such  a possibility might explain why C l ark and 

Alridge ( 1 960 ) found diffi culty in ext rac ting the sudanophilic inclusions . 

Cytoplasm 

Cytoplasm was observed in both thin sec tions ( Fig .  2 6 )  and freeze­

e tched  preparations ( Fi g .  33 ) to contain granules ( approx. 15  m� . in 

diameter ) which  were t entatively identifi ed as  ribosomes by compari son 

with particles  o f  a similar size which  have b een observed in many o ther 

microorganisms . Kawat a  and Inoue ( 1 965 ) have described particles  

15  mp . in diamet er as  ribosomes in N .  ast eroides whi l e  Schaefer  and 

Lewis ( 1 965 )  have d escribed particles 30 m� . in diam e t er as ribosomes 

and polyribosomes in  Mycobac t erium kansasii . There apne ared to  be 

more ribosomes ( 1 5 mp . )  in N .  c orallina c ells from c ul tures which had 

j ust  reac'hed full growth as dis tinct  from c ul tures whi c h  had been 

sub j ec t ed to  periods  o f  endogenous incub ation . There were however 

considerable variati ons in the numb ers o f  ribosomes in c ells which ' 

had been s t arved for any period and in some c ells no ribosomes appeared , 

e . g . the c ell shown in Fig .  2 5 .  I n  this c as e ,  the c ell  could i n  fact  

b e  non viable .  I n  many sec tions there appeared to b e  a b and o f  

cytoplasm j ust  insid e th e c ell  membrane in which no ribosomes occurred 

( Fig. 26 ) .  
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Granules of  approximat ely 7 5  mu . in  diameter o c curred in  the  

cytoplasm o f  log  phase c ells  ( Fig .  24 ) .  These granules , which  showed 

a t endency to  aggregat e in the t erminal positions o f  the c ells , were 

not observed in late  stationary phase c ells  ( Fig .  2 5 )  nor were they 

observed in c ells resuspended in phosphat e buffer for 24 hr . ( Fig .  2 6 ) . 

I t  was c onsidered possibl e that these granules might be  polyribosomes 

and their o c c urr enc e in the growing tip of the  c ell  could support this 

proposition . C ertainly their appearanc e was very similar to that 

described for ribosomes by  Schaefer and Le1fJi s  ( 1 96'5 ) . However t here  

is  an alternative explan ation concerning the  nature  o f  these  granules  

( 75 mp . in  d:lamet er ) ( Fig .  24 ) .  Holme and Palmstierna ( 1 956a , 1 9 56b ) and 

C ed ergren and Holm e ( 1 959 ) in a study o f  thin sec tions o f  E. c oli B found 

that the cytoplasm of glycogen-rich c ells included many parti cles  which  

they described as  glycogen granules ( 50 to  100 mp . in diamt er) . 

Polysaccharide  estimati ons on c ells harvested  from cultures o f  

N .  corallina at full growth ( Chapt er 7 )  showed that this organism 

contained a polysaccharide  which  c ould represen t  in the  order o f  20% 

o f  the t o tal c ell dry wt . The polysacchari d e  was rapidly degraded  

soon  aft er full growth had b e en reached and i t  is  possible that the  

dark granules (Fi g .  24 ) c ould corr espond to  thi s  polysacchari d e .  

I f  this alt ernati ve int erpretation is  c orrect  t h e  reason for the 

association 01 the granules with the growing tip poses  an interesting 

problem.  

Polyphosphate Granules 

Terminal or polar bodi es observed in negatively  s tained preparations 

of N .  c orallina ( Fig .  1 8 , 1 9 ,  20 , 2 1 ) were  assumed to be polyphosphat e 

granules . Such granules have been freauently reported  in members o f  

the  Order Ac tinomyc etales . The granules  in N .  corallina showed a 

marked t endency to  increase in size wi th c ell  age . While  log phas e 
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c ells showed polar bodi es  o f  approximat ely 1 70 mp . i n  diameter ,  c ells 

which  had respired endogenously for 7 days  showed granules of up to 

3 15 mp . in diamt er . This increase  in siz e  oc curred in both  reEuspend ed 

and non-resuspend ed c ells during starvation . However in log phase 

c ells there t ended to  b e  more than one polar body per  c ell ( Fig .  1 9 ) . 

Formation o f  the  bodies  in
'
N . corallina ( Fi g . 19 ) seemed to  o c cur 

simult aneously wi th , or soon after , septum formation j t hey were 

frequently observed on each side of a newly formed s eptum . Polar 

bodies appeared as  small protrusions in the t erminal regions o f  

shadowed c ells ( Fig .  2 2 )  and they were sometimes observed a s  bead 

like s truc tures in freeze-etched preparations ( Fig .  33) . In this 

case  the polar body has b e en li f t ed out of the cytoplasm to l eave a 

round ed d epression . With  thin sec tions the  polar body was sometimes 

observed t o  have fragment ed or to have b e en pushed out by the knife  t o  

l eave a hol e i n  the s ec tion ( Fig.  25 ) .  

Polyphosphat e granules have been isolated  from N .  l eishmannii 

( Arai , Kuroda and Koyama , 1 96 1 ) and they have  been report ed in the  

growing tips of  N .  rubra by Adams and McLung ( 1 962 ) . In  1 957 

Hagedorn repor t ed the presen c e  of opaque bodi es in N .  c orallina 

whil e  Winkler in 1 953  not ed the existence  o f  polyphosphat e bodi es 

in granules  in speci es of Corynebac t erium and Mycobac t erium . Winkl er 

reported that . the bodies were small at the b eginning of the  exponential 

phas e ,  b eing only visible by electron microscopy , but towards the end 

of the exponential phase they became visible in the light mic ro scope 

and further increased in size during the s t ationary phase . 

One c an but speculate whe ther a formed polyphospha t e  granule moves  

forward with the  growing tip o f  the c ell or r emains in the  same 

position relative to  th e c ell wall . 
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Nuclear Mat erial 

Nuclear mat erial has b e en observed as an elec tron transparent area 

occupying a c entral portion of the cytoplasm ( Fig .  26 , 27 ) . The area 

includ ed a sparse networ� of fibrils o f  b e tween 2 and 5 mp . in diameter .  

These observations were similar to thos e reported by Kawata and Inoue  

( 1 965 )  for N .  as t eroides .  By  contrast Hagedorn ( 1 959b ) report ed 

nuclear fibrils of 10 to 12  m� . in diamet er for N . corallina . The  

di fferen c es are probably due to  the di fferent method s used in preparing 

the c ell section s .  Fig.  2 7  shows a relatively thick s ec tion in which  

some nuclear fibrils occur which are approximat ely 8 mp . in  diameter .  

N o  obvious differ enc es were no ted in  the  nucl ear areas o f  c ells o f  

different si zes o r  ages . Intracytoplasmic membranes were sometimes 

observed to penetrat e d eeply into the nuclear areas ( Fig .  26 ) . 

C ell Division 

C ell division during log  phase growth was initiat ed by formation  

of  a septum whic h  formed as  a ring on the  inside o f  the  c ell wall 

and grew inward s ( Fig.  27 ) .  Each s ep tum c onsi sted o f  two ad j ac ent 

· layers o f  c ell wall material bound ed by cytoplasmic membranes . The 

c ell wall layers constituting the s eptum ( Fig .  27 ) o ccasi onally showed 

small granular inclusions . From a s tudy o f  Figures 20 and 27 i t  

appeared that  a cytoplasmic membrane sys t em might form across  the  c ell  

prior to the  formati�n o f  the  septum .  However Figure  26 and many 

o ther micrographs showed a partially fo rmed s eptum consisting of two 

membrane layers s eparated by two cell wall l ayers , with  no continuation 

o f  the membrane layers into a vesicular system ( Fig .  27 ) . Serial 

secti oning is  required to give  a more compl e t e pic ture of the relationship 
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of  the  intracyto �lasmic membrane system  to  s eptum forma tion . In no 

micrographs o f  thin sec tions were septa observed which consist ed only 

o f  parallel membranes wi th no int ervening c e l l  wall  mat erial . However 

in Fig .  1 9  a whol e  c el l  ( negative stained ) can b e  observed wi th a 

di vision line  \-Jhi ch corresponds approximat ely to  the  thickness o f  two 

membran e s .  

The s eparation o f  daug'h ter c ells a t  a newly-formed septum s e emed 

t o  b e  prec eded by a phase in which an elec tron transparent region 

appeared b etween t h e  opposing c ell  walls  consti tuting the septum 

( Fi g .  26 ) .  This phase may c orrespond to  a period o f  enzyme breakdown 

o f  c ell  wall constituen t s .  

S epta were generally formed towards t h e  c entre  o f  c ells  ( 4  p .  

in  l ength ) and be tween nucl e ar areas . However , in agreement with the  

findings o f  Hagedo rn ( 1 959b ) there  was no  indi cation that nuclear 

d i vi sion and c el l  division were coupl ed func tions . In some cases , the  

formation of  more  than one s eptum c ould b e  observed in  a single c ell , 

and i t  was qui t e  c ommon to  find the two s epta wi thin 200 mp . o f  each 

o th er ( Fi g .  26 ) .  A form o f  di vi sion resembling constriction was 

o c c asionally observed ( Fig .  25 ) .  In this c ase  i t  was considered 

po ssible that the phase of c ell  wall d egradation which  preceded the 

s eparation of the  c ells  may have  overtaken the  first  phase o f  s ep tum 

f o rmation . Possibly the formation o f  s epta  is  mor e  d e�endent  on the 

supply of nutrients  than i s  the  subsequent s eparation of the  c ells . 

Summary 

From an investi�ation o f  the  ultras t ructure o f  N .  corallina 

grown on li quid media with c ontinual agi tation it was shown that the  

organi sm did  not  d evelop the charact eristic hyphal sys t em which had 
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b e en observed on  agar pla t es . By contrast , the  organism showed 

continuing division into c oc coid and bacillary c ell forms covering a 

wid e  range o f  c ell sizes  and shap e s .  C ell division occurred by  

s eptum formation which was d emons trat ed t o  be  associat ed in most  cas es 

with t h e  formation o f  an ext ensive intracytoplasmic membran e system .  

Some dissolution o f  t h e  s eptum s e emed to  oc cur prior t o  s enaration o f  

the  daught er c ells . Some c ells or parts  o f  c ells were  found t o  b e  

covered b y  a fibrous  mat erial which seemed distinct from th e c ell wall . 

This fibrous mat erial was not  firnly bound t o  the  c ells .  Polyphosphate  

granules , ribo somes and ei ther polyribosomes or glycogen granul es were 

observed in the cytoplasm . The cytoplasmic membran e syst em was shown 

t o  be a triple lay ered struc ture which  was continuous with  the intra-

cytoplasmic membran e syst ems . Freeze-e tching t echni ques provided 

information c onc erning the  granular nature of the  various parts o f  

the c ell s ;  cytoplasm , c ell membrane and c ell wall . 

Changes whi ch could occur wi th incr easing c ell age were largely 

d educ tions from impressions .  Th e ext ensive pleomorphism o f  the oreanism 

and the presenc e o f  almost  every type o f  c ellular f ea ture in every c ell 

preparation irresp ective of culture age mad e  it  dif ficult t o  d e fine 

exac t correlations between age and morphology . Polyphospha t e  granules 

increased  in siz e  during aging but  there were fewer granules in each 

c ell . There appears little doubt that fibre  formation is  a charac t eristic  

of  ageing c ells or at least o f  the  old er regions o f  c ells and i t  appears 

that c ell �all s  thicken with increasing age . The presen c e  o f  polyribosome 

( or glycogen ) granules c ertainly s e ems to be a charact eristic  of growing 

c ells . 
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Figure  1 8  

Negative-stained preparation o f  whole  c ells incubated f or  7 d ays after 

full growth at 300 wi th shaking ( 140 rev . /min . )  in  cl eat ed flasks . 

Negative staining was carri ed out  using 0 . 3% P . T . A .  The c ells show 

typical variations in siz e  and shape . The small particles  are latex 

Ha gni fi cation : x 5 , 250 . 

Figure  1 9  

Negative-stained preparation o f  whol e  c ells from a c ul ture i n  t h e  mid-

l o g  phase ( cl eated flask ) 30 hr . after inoc ulation . Negati ve staining 

was carried  out using 0 . 2% P . T . A .  after dialysi s against distilled 

wat er . C ells show polar bodi es , s epta and fibrous outer  coat  mat erial . 

Zones of  c ells c overed with fibrous mat erial t end t o  b e  thicker than 

non fibrous regions  ( growing tips ) . Magni ficat ion : x 2 5 , 000 . 
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Figure 20 

Negative-stained preparation of whole c ells from a cu+ture in the mid­

log  phase ( cl ea t ed  flask ) 24 hr . aft er inoculati on . N egati ve staining 

was c arried  ou t  using 0 . 3% P . T . A. The  c ells show considerable shrink-

age.  Polar bodi es and intracytoplasmic membranes are  visibl e .  

appear el ec tron transparent and l ack outer coat mat erial . 

Magnific ation : x 2 5 , 000 . 

Figure 2 1  

C ells  

N egative-stained preparation of  whol e  c ells  from a c ul ture ( cleated  flask ) 

incubat ed at  30° and 140 rev ./min . for 5 days aft er reaching full growt h .  

Negative staining was c arri ed out using 0 . 3% P . T .A .  Large polar bodies  

are clearly seen in  the  point ed tips o f  the  c ells  and the  c ells  are 

heavily coat ed wi t h  fibrous mat erial . �agni fi c at i o n : x2 5 , OOO . 
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Figure 22 

Shadowed preparation  of c ells from a culture l e f t  to  incub at e  for 7 d ays  

after reaching full growth ( cleated flask , 30
0 , 140 rev . /min . ) . A t hin­

s ec tion preparation o f  c ells  from the  same culture is presen ted in 

Fig .  25 . The out er c oat  mat erial occurs as a loo s e  cover . 

body occurs as a pell e t  in t h e  t erminal region o f  one c ell . 

Magnific ation : x 2 1 , 000 . 

Figur e 23 

A polar 

Shadowed preparation o f  c ells  from a culture grown in ac etate  medium 

and lef t  to incubat e for 24 hr . a f t er reaching full growth ( cleat ed 
o flask , 30 , 1�0 rev . /min . ) . Samples o f  c ells were susp ended  in 

distilled wat er and heated at 1000 for 20 min .  prior t o  shadowing .  

Outer c o at mat erial appe ars to  have s eparat ed from the  c ells  in long 

coiled fibres .  Magni fic ation : x 64 , 000.  
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Figure 24 

Longi tudinal s ec tion through two c ells  divided by a s eptum . C ells 

were taken from a log  phase culture ( cl ea t ed flask ) and fixed , prior 

to  sec tioning , in 3% glutarald ehyde and 2% Os04 . The c ell wall is 

relatively thin compared wit h walls in c ells  from c ultures sub j ec t ed 

to  periods of  endogenous incubation , Fig .  2 5 ) . Nuclear areas and 

granules  ( polyribosomes o r  glycogen granule s )  occur .  

Magnification : x 64 , 00 0 .  

Figure 2 5  

Sec tion J t hrough c ells  from a cul ture incubated for 7 days after 

reach�ng full growth ( cleated  flask , 300 , 1,+0 re v . /min . ) .  C ells 

were fixed prior to sec tioning , in 3% glutaralde hyde  and 2% 0 604 ' 

A shadowe� preparation o f  c el l s  from the  same  cul ture is presen t ed 

in Fig. 22 . A diffuse region borders the  c el l s .  Below t hi s  t here 

is  an elec tron d ense  zone . In  some cases a light er layer o c curs 

b etween the d ense zone and t h e  c ell membran e .  T h e  membran e  can b e  

c learly seen a s  a trilayered s truc ture . A mod e  o f  c ell division 

suggesting constriction and a vesicular int racytoplasmic membran e  

syst em occur .  Magni fi c a tion : x 64 , 000 . 
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Figure 26 

Sec tion through c ells  from a suspension in phosphate  buffer . The 

suspension was incubat ed for 2� hr . ( cl eated flask , 30° , 140 rev ./  

min . ) aft er resuspension of  a culture ( cleat ed flask ) which had 

reached full growth . C ells were fixed wi t h  1% glutaraldehyde and 

The small dark granul es are possibly ribosomes . The  

nuclear area oc curs as an elec tron transparent region  filled wit h  

fibrils .  Magnification : x 64 , 000 . 
I 

Figur e 27 

Longi tudinal sec tion through a c ell from a culture 24 hr . a f t er full 

growth had been r eached ( c leat ed flask , 30° , 140 r e v . /min . ) .  C ells  

were fixed with  3% glutaraldehyde and 2% Os04 . Probab l e  s truc tures 

include ribosomes , a partially formed septum ,  intracytoplasmic 

membran es and a nucl ear region . Magni fi cation : x 1 16 , 000 . 
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Figure 28 

Freeze- etched preparation showing th� outside of a c ell  from a mid­

log phase culture ( cl eated flask , 30° , 140 r ev . /min . ) .  The granular 

surfac e is  considered to  b e  the outside surfac e o f  the  c ell  wall , 

while the  striat ed mat erial is seen as correspo nding to  the  fibrous 

material or  c ell coat . Magnification : x 64 , 000 . 

Figure 29 

Freeze-etched preparation of the  tip of a c ell  from a culture l e ft 

to incubat e for 10  days ( cleated  flask , 30° , 140 r e v . /min . )  after 

reaching full growth . The smooth surfac e partially covered with 

plaques could represent an area in the membrane which  has split 

between the lipid monolay er s .  The plaqu es could c o rrespond to 

pi eces of one monolayer sticking to the surfac e o f  the o ther . The 

particulat e regions c ould represent the outer surfqc e o f  the  membran e .  

Magnification : x 8 5 , 000 . 

Figure 30 

Freeze-etched preparation showing a c ro s s  sec tion  of a c ell from a 

c ulture left  to i n c ubat e for 1 0  d ays after reac hing full growth 

( same preparation as in Fig. 29 ) .  The cytoplasm appears  as  a 

highly granular struc ture and the c ell wall appears to  contain 

embedded particles . Magnific ation : x 8 5 , 000 . 



Figure 28 Figure 29 

Figure 30 



Fig . 31 ,  32 , 33 

, . .  



Figure 31 

Freeze-etched preparation o f  a c ell from a log  phase c ulture ( sam e  

preparation a s  for Fig .  28 ) .  The c ell has broken a t  one end in 

longi tudinal s ec tion  to  reveal the granular cytoplasm . The small 

inclusions embedded in the cytoplasm are considered to c orrespond 

to intracytoplasmic membran e systems . The outside  surfac e of the 

c ell wall is  granular wi th a suggestion o f  fibre formation . 

Magni fic ation : x · 64 , 000 . 

Figure 32 

Freeze-etched preparation o f  a c ell from a c ulture l eft to  incubate 

for 10 days aft er reaching full growth ( same preparation as for  Fig .  

29 ) .  The c ell wall has b een l e ft a s  a hollow cast . T h e  particulate 

layer is  int erpreted as c orresponding to  the insi d e  surfac e o f  the  c ell 

membran e .  The  plaque c o vered r egion c ould represent an area  i n  t he 

membran e which has split b etween lipid . monolayers leaving small pieces  

o f  one  monolayer  sticking t o  the  surfac e o f  t he o t h er .  
Magni fication : x 64 , 000 . 

Figure 33 

Freeze-etched preparation o f  a c ell from a culture l eft  t o  incubate 

for 10  days after reaching full growth ( same preparation as for Fig .  

29 ) . The  c ell has split t o  l eave a boat-like structur e .  The  round 

pit has b e en l eft by the removal of a polar body ( polyphosphat e granul e ) . 

Magnification : x 64 , 000 . 
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DISCUSSION 

The  present s tudy o f  th e endogenous metabolism o �  N .  corallina 

was aimed at a d et ailed examination of lipid catabolism and i t s  

relation t o  the  survival capaci t y  o f  the  organism . This approach 

was based on findings from a previous investigation which  "indicated  

that lipid and prot ein catabolism each contribut e energy for maint enanc e 

in the  absenc e o f  exogenous substrate"  ( Midwint er , 1 962 ) . 

Following initial s tudies d e fining the  conditions o f  growth and 

resuspension the  pro j ec t was developed in t wo related s e c tions .  

Firstly , l evels o f  total lipids  and t o t al fat ty  acids  were  examined in  

relation t o  changes in  c ell  viability , and s ec ondly struc tural analyses 

of  lipids ,  considered t o  b e  impor t ant as  endogenous reserves , were 

c arried out . As these s tudi es d eveloped , i t  b e c am e  cl ear , that for 

the  conditions of growth and resusp ension chosen , the fall  in total 

lipids or  t o tal fatty acids , did n o t  make a l arge c o n t r i b u t i on to  the  

t o tal fall in  c ell dry wt . which occurred during periods o f  endogenous 

metabolism .  These  result s  prompt ed an examination o f  t h e  changes in 

l evels o f  o ther major intrac ellular components . The el ec tron  micro-

scope study , originally int end ed to  c entre  on c ellular lipids ,  d eveloped 

into a n  int ensive study of the  ultrastruc ture of the  organi sm with an 

emphasis on morphological changes during growth and starvation . 

Growth Charac teri sti c s  o f  N .  corallina 

Growth of N .  corallina on agar slides  was c harac t erised by a 

p eriod o f  hyphal d evelopment , ( hyphae 8 - 1 2 ? in l ength , Fig .  3 )  
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followed by fragmentation yi elding c occoid  and bacillary forms o f  the  

organism ( 2 - � ? in l ength ) . In  a similar examination of  N . �orallina , 

Brown and Clark ( 1 966 ) d escribed the development  o f  hyphae up to 1 6  ? in 

length prior to fragmentation . 

Hyphae did not form wh en the  organi sm was grown in li quid medium 

und er conditions o f  continual agi tation . Inst ead , coccoid c ells 

approximately 2 ? in l ength grew by elongation at  both end s  to form 

c ells approximat ely � u .  in l ength which  fo rme d  s epta  and subsequently 

di vid e� ( Fig .  24 ) .  These findings confirm th e report o f  Clark and 

Frady ( 1 957 ) that bacillary c ells  o f  N .  corallina in liquid c ulture ,  

divide  in a mann er similar t o  binary fission . 

In  order to redu c e  the experimental problems assoc i ated  wi th 

exc essive clumping of N .  corallina grown in liquid  medium . Clark ( 1 958 ) 

sub j e c t ed cultures to grinding wi th glass b eads and then removed the 

residual clumps by c entri fugation . In  the present s tudy i t  was 

consid ered that th�s proc edure would be too  drastic for the type o f  

physiological examination und ertaken . In studies aimed to improve the  

aeration effici ency o f  culture flasks , i t  was found that the insertion 

of  cl eats in the  lower walls of the flasks r educ ed clumping by , in  

effect , providing continuous homogenising conditions . 

time the cleats greatly improved aeration efficiency . 

( At the same 

Aeration 

efficiency was further impro ved by the  us e o f  milk filt ers inst ead o f  

cotton wool bungs a s  flask closures . )  The r easons for clumping wer e  

not asc ertained but presumably i t  was du e to a property o f  some c omponent 

of the c ell wall or outer coating. The us e of d e tergen t s  ( T e epol and 

Tween 80 ) further reduc ed the size  o f  clumps to a point wh. ere th e 

majority  o f  organi sms oc curred in suspension as  clust ers  o f  on e ,  two 

or three c ells . Total and viabl e c ounts  on these  susp ensions gave 
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reproducible r esults  alt hough viable c ou n t s  gave es timates  o f  the  

clust er viability  only . The individual c ell  viability was d et ermined 

from the cluster viability and the cluster si ze  distribution using 

formulae , the d eri vat ion of  which does  not appear to have b e en 

previously report ed ( Appendix 2 ) . 

Lipid Studi es 

Previous studies  ( l�dwint er , 1962 ; S t ephenson and Whetham ,  1 922 ) 

indicat ed  that N .  corallina and M . phlei u tilised lipid s  when starved . 

To obtain more information about the  lipid s  o f  N .  c orallin a ,  extrac tion 

and charac t erisation proc edures were ext end ed from those  previously 

d escribed ( Midwint er , 1 962 ; Robertson , 1 9 64 ) . 

The extrac tion o f  freeze-dri ed N .  c orallina wi th chloroform-methanol 

gave a t o t al unbound lipid cont ent o f  approximat ely 1 5% o f  the c ell dry 

wt . When these lipids were hydrolysed , tfehal o s e ,  mannos e ,  inositol 

and glyc erol were d e t ec t ed as  wat er soluble components . These  compounds 

have been previously d e t ec t ed as hydro lysis  produc t s  of o ther speci es 

of  Ac tinomycet es ( Asselineau , 1 966 ) . 

The assumption that tri glyc erides o c curred in the neutral lipid 

frac tion obtained by silicic  acid c olumn c hromatography o f  the total 

unbound lipids ( Bat t , unpublished resul t s ; Rob ertson , 1 964 )  was examined 

further . Total lipids were frac tionat ed by silicic  acid c olumn and 

thin-layer chromatography to yi eld a tri glyceri d e frac t i o n .  Alkaline 

hydrolysis of the  triglyceri d e  gave glyc erol as the only wat er solubl e 

c omponent . Analysis of  the  t riglyc eri d e  fat ty acids  by gas liquid 

chromatogr aphy indicated the presenc e of saturat ed and unsaturated acids 

in  the rati o  of  approximately 2 : 1 .  I t  is  possible  that the triglyc erides  

of  this organism may have been formed w� th an  unsaturat ed acid  in  th e � 



1 1 1 . 

position of  the glyc eride molecul e .  

Previous studies (Bat t ,  unpublished results ; Rob ertson , 1964 )  

d emonstrat ed that N .  c orallina assimilated long chain fat ty  acids into 

the n eutral lipid frac tion .  In  the present  s tudy exp erimen t s  carried  

out  using U_ 14C palmitat e  showed that a large portion of  t h e  palmitic  

ac.id was incorporat ed into  the  triglyc erid e frac tion . The assimilation 

of  fatty acids has previously b e en not ed for sp eci es of Ac tinomyc etes 

( Oginsky , Smith and Solotoro vsky , 1 950 ; Lindsay , O ' Donnell and Edson , 

1 950 )  • However , there appear to b e  no  reports o f  a preferential 

incorporation into triglycerides . This ability to  assimilat e lipophilic 

substanc es may have some significanc e under  natural condi tions . ' Turfi t t  

( 1 9Lt4 ) has sho ... m that  sp eci es o f  Nocardia are predominantly responsible 

for the d egradation of  s t erols in soils and Raymond and Davis ( 1 960 ) 

have d emonstrated the ability o f  these organisms t o  d egrade hydrocarbon s .  

Eviden c e  from a thin-layer chromatogr aphy examination of  the total 

lipids suggested that tri glyc eri d es mad e  up only a small proportion o f  

the total lipids in c ells gro\oJn on gluc ose  medium ) therefore precluding 

the possibility that these compounds functioned as a ma j o r  carbon reserve 

during starvation . l"lidwinter  ( 1 962 ) in obtaining evidenc e for the 

importance  of lipids during endogenous metabolism studied changes in the 

l evels o f  total fat ty acids ob tained in  diethyl e ther extract s  o f  acid-

hydrolysed c ells .  Attention  was focused , therefo r e ,  on  the  l evels o f  

total fatty acids i n  starved c ells and on th e compo sition o f  the mate rial 

in the diethyl e ther extrac t .  A thin-layer chromato graphy study o f  the 

diethyl eth er extract o f  acid- or alkali-hydro lysed c ells  showed the 

presenc e of  three ma jor fat ty acid groups . The l east polar group 
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corres�ond ed to acids o f  c hain l engths C 10 - C20 , a mor e  polar group 

corresponded to the  nocardic acids whil e  the  third very pola.r and 

relatively minor group was not studi ed . 

The presenc e o f  nocardic acid s in  M .  rhodochrous ( N .  corallina 

see Introduction ) had previously b een r eported  by Lan e el e ,  Asselineau and 

Cast elnuovo ( 1 96 5 ) . These authors suggested that the identifi�ation of  

�-branched �-hydroxy acids (nocardic or  nocardomycolic acids )  o f  c arbon 

number C 50 point ed to M. rhodochrous b eing more  closely  related to the 

Noc ardia which contain C 50 nocardomycolic aci d  t han to the  IvIycobac terium 

which contain CSO mycolic acid s .  In rec ent  papers , Gordon ( 1 96 6 )  

suggest ed that N .  corallina ,  including the speci es used i n  t h e  present 

study should b e  renamed M .  rhodochrous .  

Mass spectrometric analysis ( Tabl e  6 )  o f  the  frac tions obt ained by 

gas chromatography o f  d erivatives o f  noc ardic acids from N.  corallina 

showed that the acids c onsi s t ed of a mixtur e ranging from C
38 - C48 • 

This result confirms that N .  corallina is  not closely related t o  the 

Mycobact erium on the  basis of the  struc tur e  o f  the  noc ardic aci d s .  

However it  suggests that t h e  organism is  clos ely relat ed  to  the  

Corynebac terium which charac t eristically contain C 32 Corynomycolic 

acids . 

Changes in Viability, Total Counts , Dry Weight and Respiratory Ac tivity 

in Starved C ell  Suspensions 

Before int erpretations could be made o f  the relative importanc e o f  

any c ellular components during en dogenous respiration i t  was necessary 

to d efine the  survival capacity o f  the  organi sm . The  viability o f  

N .  corallina starved at 300 in phosphate  buffer  ( c ontaining magnesium 

ions ) fell from 100% to 90% over a 5 - 1 0 day period . Aft er a period 

of 20 days incubation the viability had reached �O% ( Fig . 1 2 ) . These  
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resul ts are reasonably c onsist ent with those  repo rted b y  Webb and Clark 

( 19 )7 ) who showed that germination o f  N .  c orallina on the surfac e o f  

nutrient agar appro ached 100% even from cultures  which  were s everal 

weeks old . 

During the  first 48 hr . o f  s tarvation t h ere  was a fall o f  30 - 40% 

in c ell dry wt . ( Fi g .  1 1 )  wi th a subsequent  small  but cont inuous de crease 

in dry wt . The viabili ty o f  the  organism was not affec t ed by this 

change in the rat e of breakdown of c ellular mat erial ( Fi g .  1 1 ) .  The 

initial fall Ln dry wt . c orresponded to  a period  o f  high respiratory 

ac tivity whi ch d eclined over a period o f  36 hr.  to a b asal 02 uptake  

o f  1 pl ./mg . /hr. ( Table 1 2 ) . Respiratory quotients ,  estima t ed at 

intervals after resuspending the  c ells , were approximat ely 1 . 1  and at 

no time were values near 0 . 7  recorded . Thes e  r esult s are in  c ontrast 

to  those of Midwinter ( 1 962 ) who r eport ed that af ter r esuspending 

N .  c oralllina c ells in phosphate buffer , the RQ values d e c reas ed from 

approximat ely 1 . 0 to 0 . 72 .  

During the first  � days o f  s t arvation a 1 3% increase i n  the t o t al 

c ell count was observed ( Fig.  1 1 )  due possibly t o  continuing c ell divisi on . 

A similar inc rease in numbers in s t arved susp ensions was reported by 
\ 

Schaecht er ( 1 96 1 )  and Dean ( 1 967 ) . An alt ernative explanation o f  the  

increase in  t o t a� c ount c ould b e  an appreciabl e fragm entation of  organi sms 

in which s ep t a  had formed prior to resusp ension . This has b e en observed 

to o c cur with batch cultures of N .  corallina by Webb and Clark ( 1 9J7 ) 

and wi th N .  erythropolis by Adams ( 1 965 ) . 

The observation that the t o tal c ell c ount increased on starvation 

( Fig .  1 1 )  indicated that complete  c ell lysis was probably not  prominant 

during these exneriments .  In el ec tron . microscope  studi es , c ells ,  d evoid 

o f  cytoplasm were very rarely observed even in cultures several weeks old . 
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Changes in Levels o f  Intrac ellular Component s During Endogenous 

Metabolism 

The d emonstration o f  a sharp fall in dry wt . o f  c ells  during the  

first  phas e o f  endo genous respiration focussed a t t en tion on quantitative  

changes in  cell constituents .  

N .  corallina harvest ed a t  £ull growth ,  contained 20 - 25% c arbo­

hydrat e estimat ed as to tal hexose . The value for tot al reducing sugar 

was higher and represented  a c arbohydrat e  content o f  approximat ely 35% 

o f  the c ell dry wt . During the ini tial period o f  s tarvation , both  

total hexo s e  and reducing sugar values decreased to 5 - 10% o f  the  c ell 

dry wt . The fall in t o tal hexos e  accounted for app ro xima t ely 40% o f  

the total fall in c ell dry wt . Webley , Duf f  and And erson ( 1962 ) 

r eport ed that a reserve polysacchari de ( probably glyco gen ) was s to r ed 

and subsequently  degraded  in the  lat e log  phase by N .  opaca .  Midwint er 

( 1 962 ) concluded that polysac charide  was not d egraded  during s t arvation 

of N.  corallina 8.1 though c arbohydrate ( as t o tal r educing sugar ) was 

found to represent up t o  20% of the c ell dry wt . This was in c ontrast 

to  an earlier r eport 01idwint er and Bat t , 1 960 ) that carbohydrat e was 

probably a nut rient reserve in this organi sm , a c onclusi on which has 

been confirmed  experimentally in the presen t  s tudy . I t  is  no t clear 

why polysaccharide  acc umulates during the growth of N . c o rallina . 

Intrac ellular polysaccharides  generally ac cumulate  under conditions 

where growth is limi t ed in the  presenc e of c arbon-excess ; for  example  

when ni trogen , phosphorus or  sulphur nutri ents  are limiting ( Wilkinson 

and Hunro , 1 967 ) . N on e  o f  these substanc es were limi ting in the ' 

growth medium used . Although thiamine was included in the  medium 

as  a growth stimulant ( Martin and Batt , 1 9 57 ) it  is  qui t e  possible 

that �he absence  o f  other fac tors , such as amino acids Mi ght limi t th e 
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rat e  o f  grovlt h . Th e e f f e c t  o f  t h e  c o n c en trat ion o f  inorga n i c  ion s 

i n  t h e  growth medium used  and t h e  lack o f  t rac e e l emen t s  mu st  al so b e  

consi d ered . Th e e ffec t o f  growth s timulatin g subs tanc e s  on t h e  

ac c umulation o f  polysac c ha ri d e  in N . c o rallina c ould form a basi s for 

future study . 

During the phase i n  whi ch c ellul ar carbohyd rat e wa s d egrad ed 

r apidly no ammonia vvas r el ea s ed from t h e  c ell s  ( Fi g . 1 6 , 1 7 ) but 

sub s equently ammonia was rel eas ed a.t an almo s t  constan t  rat e for many 

days . A similar result reuorted for s tarved suspensions o f  E .  coli 

( Dawes and Ribbons , 1 965 )  was int erpre t ed as showing that c arbohydrat e 

catabolism prevents ammoni a r el eas e by  promo ting resynthesi s .  Th e 

p r e s ent data suppo r t s  this int erpr etation sinc e fre e intrac ellular 

ni t ro genous c ompound s  ( ammoni a and amino  acids ) f ell  sharply on 

s t arva tion ( Fi g .  1 7 )  wi thout any conc omi t t an t  ri s e  in extra c ellular 

ammonia or  amino acid s .  A similar fall in intrac ellular amino acids  

v.ri thout rel ease  o f  t h e s e  c ompo und s was observ ed by  Burl ei gh and Dawes 

( 1 967 )  wi th st arved suspen si ons of Sarcina lut ea . 

Following the  breakdo ... rn o f  c ellular c arbohydrat e ,  prot ein and RNA 

were  d egrad ed . For pro t ein , the  rat e o f  d e gradation s e em e d  t o  t ak e  

plac e a t  a fai rly constant rat e ( Fi g .  1 � ,  1 6 ) .  I n  this connec tion 

Bardi and Boref ti  ( 1 958 ) have d emonstra t ed t hat pro t ein a c counts  for 

mos t  of the dry wt . loss  from N . rugo s a  respiring en do genously . 

The y i eld o f  ammonia  ( Tab l e  1 7 ,  1 8 ) wa s sligh tly great er than 

would be exp ec t ed if the  pro t ein was c at aboli s ed to c arbon dioxi d e  

and amll�oni a .  The discrep ancy i n  equating ammonia pro d uc ed t o  prot ein 

breakdown c ould be a c c oun t ed for from RNA c a t abolism . I n  mos t  cases  

t h e  release of  free  amino acids  from respirin g c ells was n egli gi bl e . 
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Total fatty acids f ell  from approximat ely 1 31� t o  9% o f  the initial 

bac t erial d ry wt . over a period  o f  10  days starvation . Fatty acid s 

ac coun t ed for only 5% o f  the total fall in dry wt . compared with 

c arbohydrat es  ( d etermined as total hexoses )  40%, prot ei� 2 5% and RNA 6% .  

Midwint er ( 1 962 ) reported that the  total fat ty acids o f  glucose-grown 

N .  corallina d ecreased from 1 7% to 14% o f  the c ell dry wt . aft er 33 hr . 

starvation . The  total bact erial dry wt . loss  in the sa�e  period  was 

not given . However from the oxygen c onsumed , th e lipid degraded  and 

tte  ammonia excreted  Jviidwint er ( 1 962 ) concluded that prot ein a nd lipid 

e�ch ac counted  for approximat ely 50% of the total endogenous oxygen 

u p t ak e .  I n  the present stud y ,  using the  conditions o f  growth and 

incubation described , c arbohydrat e probably accounts  for the major 

portion of  the  oxygen consumed in th e first 24 - 36 hr . Following 

this p eriod prot ein appears to be the maj or endogenous substrate .  The 

conclusion that lipid was not cat abolised to  any appreciabl e ext ent by 

s t arved c ells  i s  consi s t ent with  o ther studies c arri ed out with  Ac tinomyc et e 

species ( Bardi �ld Boretti , 1 9 58 ; Frouin and Guillaumie , 1 928 ; Cassagn e ,  

1 939 ) • However , und er c ondi tions where lipids  occur in the  growth 

medium , M. krulsasii is capabl e o f  storing fat and subs equently d egrading 

it under starvation conditions ( Schaefer and Lewis , 1 96 5 ,  p ersonal 

communication ) . The high rat e o f  assimilation o f  fatty a cids by 

N .  corallina ( Robertson , 1 964 ) , together with indications from the  

present study that the proportion of  tri glyc erid es in the total lipids 

increased  when c ells were incub a t ed wi th long chain fatty acids ,  suggests  

that growth on lipids or  lipid precursors could produc e c ells  c ontaining 

a . high proportion of lipid . This lipid could quite  possibly b e  degraded  

under condi tions o f  s tarvation . Further studi es on the  func tion o f  
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lipids  i n  N .  corallina should perhaps be direc t ed towards det ermining 

the  localization of  the lipids within the c ells .  Possibly the major  

portion o f  the  total lipid extrac ted from gluc ose-grown c ells  oc curs in 

the  c ell wall  or  the  c ell  m embran e .  I t  is  likely that lipids will 

prove  to play a vit al role in the  maintenanc e o f  the  starving c ells . 

However , an acc urat e measure o f  the lipid utilized for the supply o f  

maintenance  energy will require more s ensi ti ve t echniques than have 

b een used in the present investigation . 

Correlation B etween C ell Survival and Endogenous Metabolism 

From experiment s  carried out on starved N .  corallina i t  is  cl ear 

that this organism has a survi val c apaci ty consid erably greater than 

that  of vegetative forms of other bact eria studied ( Tabl e  1 ) .  Despi te  

the  di fferen c e s  in its  abili ty to  survi ve under starvation condi ti ons , 

the  pat t ern o f  endogenous metabolism observed in N. corallina is  very 

similar to  the patt ern observed in organisms which lose  vi ability more  

quickly . There is , however ,  one ma jor  region o f  dif ferenc e ,  namely in 

the  rates  at which the  intrac ellular component s  are  catabolised . When 

the  results  obtained wi th E. coli (Dawes and Ribbons , 1 965 ) , grown in 

glucose-ammonium sulphate medium , are  compared with results  for 

N .  corallina marked di fferenc es  are found in the growth rates , rat es o f  

metabolism , and rates  o f  loss  o f  viability . The ratio o f  these rat es  

for the two organisms are o f  the  same order o f  magnit ud e .  
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Organism E .  coli N .  corallina 

Growth rat e ( approx .  
doubling time hr . ) 1 8 

Basal QO 
2 

(pl . /mg . /hr . ) 7 1 

I 

Rat e  o f  c arbohydrat e  
brea�down 
(pg . /mg.  dry wt . /hr . ) 55  10 

Rat e o f  ammonia 
release 
(pg . /mg.  dry wt . /hr . ) 1 . 2 0 . 2  

A correlation b etween slow growth and slow d eath has been described 

by  Harrison and Lawren c e  ( 1 963 ) . When Aerobac t er aerogenes was 

shi fted from growth to starvation conditi ons a sel ection o f  slow 

growing mut ants  appeared . These  authors suggested that in natural 

habitats the  s el ection o f  slow growing c ells during periods o f  

starvation might o ffset  the  s elec tion o f  fast growing c ells during 

p eriods  o f  rapid proliferation . Comparati ve studi es examining the 

minimum growth rates ( T empest , Herbert and Phipps , 1 967 )  of di fferent 

microorganisms c ould be signi ficant in future studi es of the survival 

c apacity o f  vegetative c ells . 

Zevenhuizen ( 1 966 ) has claimed that  for Arthrobact er species a 

direc t c orrelation exists  between the slow rat e at which intrac ellular 

mat erial is utilized during starvation , and prolonged viabilit y .  In 

thi s c ase , the rate at whi ch  intrac ellular carbohydrate  was utilized 
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was directly relat ed t o  the availability o f  free ammonia .  When cells  

were s t arved in the abs enc e o f  carbon or  ni tro gen substrat es the rat e 

o f  ne t  carbohydrate  utilization was d ep endent on the rat e o f  catabolism 

o f  intrac ellular ni trogenous compounds .  T h e  addition o f  ammonium ions 

to the starvation sys t em c aused rapid breakdown of intrac ellul ar 

c arbohydrat e and acc elerat ed d eath . A st arved c ell containing a high 

intrac ellular l evel o f  polysac charide may therefore b e  compared wi th a 

c ell growing on an exogenous c arbon  sourc e in a nitrogen limiting medium .  

The rat e o f  n e t  d egradation o f  the c ellular constituen t s  o f  a 

s t arving c ell  will  d ep end primarily on the  rat es  o f  catabolism o f  these  

consti tuent s .  Schlessinger and Ben-Hamida ( 1 966 ) postulat ed that pro t ein 

hydrolysis in s t arved E .  coli is controll ed by the intrac ellular level o f  

amino acids or  amino-acyl sRNA. The siz e  o f  the  amino acid pool is  

consid ered to  b e  rela t ed to  t h e  rat e o f  prot ein synthesis which in  turn 

d ep ends  on the  rat e o f  the availability o f  glucos e .  In  further studi es 

on the  survival of mic roorganisms more emphasis  should p erhaps be plac ed 

on the contro l  and ac tivity of pro t ease s .  For N . corallina a t  l east , 

i t  s e ems possible that a low l evel o f  metabolic ac tivity and especially 

a slow rate  of prot ein catabolism may b e  important fac tors in sustaining 

viabilit y .  
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1 )  Liquid culture  m edium . 

KH2POIf 
( NH4 ) 2S04 

i .  

APPENDIX 1 .  

thi amin e HeL ( Vi t . B 1 ) 

20 . 't 1 gm . 

4 . 50gm . 

0 . 0 37gm . 

were disso l ved in approximately 1 350 ml . glass distilled  wat er . A f t er 

n eutrali sat ion ( pH . 7 . 0:!:0 . 0 5 )  wit h  5N NaOR 

O .  1 5gm .  

p r e viousl y di ssolved in a f ew ml . o f  gl as s distilled  wa t er was added . 

Th e t o tal s olution was ad j us t ed t o  1425  ml . and d i sp ens ed evenly into  

5 c onical flasks ( 1L ) . fi t t ed wi th muslin - c oa t ed c o t ton  wool  plugs or  

milk fil t ers . 

gluc o s e  1 3 . 5 gm .  

was dissol ved i n  90ml o f  gl ass distill ed wa t er in a 2 50ml . c oni c al flask 

whi c h  was plugged �Q th mu slin-c o ated  c o tton  wool . All reagen t s  were 

Analyt i c al Grad e .  All solutions  were s t erilised b y  aut o c l aving ( 1 5 min . 

1 2 1
0 ) After c ooling , 1 5  ml . glucose  solution was pip e t t ed as e p t i c ally 

into each c oni c al flask giving a fin al volume of  300ml . of  O . 1M phos phat e 

buf f ered medium/fla sk .  

2 )  Phosph a t e  bu ffer ( 0 . 1M)  f o r  c ell suspensi ons 

20 . 4 1 gm .  

was dissol ved i n  gl ass d i s t il l ed wat er ( 1 . 4L ) . T o  this solution a f t er 

neutralisation vJi t h  5N NaOH was add ed 

MgS04 7H20 O . 1 5gm . 

pr evi ously dissol ved in a few ml . o f  gla s s  di stilled wat er .  Al l r eagen t s  

were Analyti c al Grad e . The  final volum e was adj ust ,:,)d  t o  1 . 5L . , evenly 

di spensed Br.Jong 5 ,  700ml . c onic al flask s  whi c h  v/ere pl u gged wi t h  muslin­

c oa t ed c o t ton wool and aut o c l aved . ( 1 5 min . 1 2 1
0

) 
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3 )  O smotic  charac teri s t i c s  o f  culture med ium and phospha t e  b u f fer . 

The o smotic  c harac t eris t i c s  o f  th e li quid medium and phospha t e buf f er 

were  d e t ermin ed using a Fi ske Osmom e t er ( Mo d el G62 )  

Total medium 3 1 5  mO sm . /Kg . disti l l ed wat er 

Total medium ( excluding gluc o s e ) 

Phosphat e b u f f er ( 0 . 1M) 

269  

2 14 

2 8 5  Nael solution ( 0 . 9% w/v) 

� )  �gar media for slopes and slid e culture s .  

KH2P04-

( NR
4-

) 2S04 

Oxoid yeast extract 

thi amin e ( Vi t . B 1 ) 

glu c o s e  

3 . 40 gm . 

3 . 00 gm . 

0 . 50 gm . 

0 . 025 gm . 

7 . 5  gm . 

If 

I t  

" 

were  dissolved in approximat ely 900ml . o f  gl a s s  disti l l e d  wat er and 

n eutrali sed with 5N NaOR 

0 . 10 gm . 

was dissolved i n  a few ml . glass disti l l e d  wat er and add ed . The  

final volume was ad j ust ed t o  1 L.  and di vi d ed equally b etween two 

c onic al flasks ( 1  L . ) 

Agar ( Davi s )  10 . 0  gm . 

was add ed  to each o f  the fla sks . Th e preparat ion  wao h e a t ed , and 

p rior to au t o c lavin g ,  was pou r ed into McCartn ey b o t t l e s  for slop es , 

o r  into 1 2 cm . x 1 . 5  cm . t e s t  tubes  ( c o t ton woo l  bungs ) for slid e 

c ul tur es . 
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APPENDIX 2 .  

Derivation o f  Formulae for Estimating C ell Viability from Clust er 
; 

Viability and Clust er Siz e  Distributi on . 

Aqueous suspensions o f  bact eria often contain c ell aggregates  o f  

various sizes  i n  addi tion t o  single c ells . Viable counts carri ed 

out using these  suspensions give an estimat e o f  cluster  viability , 

where a clust er is  d e fined as a single  c ell , or  any aggregat e o f  

c ells . Assuming that viable c ells are distributed rand9mly through 

clust ers , it  is  possible to  obtain a mathematical expression which 

gives an estimat e of the  c ell viabili ty from figures for c lust er 

viability and clust er size  distribution . The following was derived 

by Dr .  N . A .  Doughty_  

If  m
1 , m2 , • • •  m .  are  the  numbers o f  clusters with 1 ,  2 , • • •  

Jmax 
jmax c ells observed in a grid on an agar slid e on which no bact erial 

growth has oc curred , t hen the proportion o f  clust ers �� th j c ells can 

b e  expressed in a normalised form 

m .  
n .  = J 

J jmax 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  ( 1 ) 

L m .  
j = 1  J 

and the normalised dis tribution can b e  expressed as n , 1 

where 

n . = 1  
J • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  ( 2 )  
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T¥e cluster viability ratio for a single grid is  determined aft er 

bac t erial growth has occurred by 

Number o f  Live  Clust ers  Na . p = Tot al Number o f  Live and Dead Clust ers = �N
-
a
�

+�N�d 

Considering the  c ase  in which all clust ers are o f  a singl e size  j 

then for this restri c t ed case  p ,  is the cluster viabili ty ratio . 
J 

I t  is  required to  find p ,  the individual c ell viability ratio . 

Suppose p is  the probability of one c ell staying alive then 

( 1  - p )  is  the  probability o f  one c ell dying and ( 1  - p ) j is  the  

probability  o f  j c ells dying .  

Two situations occur with respect t o  clus t er viability. 

1 )  At l east one cell s tays alive in a clus t er and therefore 

the  cluster  is  viable .  

2 )  All c ells in the clust er di e .  The sum o f  these  probabili ties  

i s  1 .  

P , + ( 1 - p ) j _ 1 • • . . • . • • . • • • • . . . • • • . • • . . • . • . . . • •  ( 3 ) 
J 

This equation is  valid for all values o f  J' from 1 to  J' and max 

gives p knowing p ,  and j .  
J 

In the  general case  where cluster sizes  vary , P will equal the  

sum o f  the clust er viabiliti es for each clus t er size weight ed by the  

proportion o f  c lust ers of  each size .  

P = 
p ,  

Jmax • • • • • • • • • • • • • • • • • (Lt ) 
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jmax 
m . P . 

P = � 
jmax 

J J 
• • • . • • • • • • • • • • • • • • • • • • • • • • • . • • • • • • • •  ( 5  ) 

L 
j = 1  

m .  
J 

Substituting equation ( 1 )  in equation ( 5 )  gives 

n .P .  
J J • • • • • • • • • . • • • • • • • • • • • • • • • . • • . • • • . • • • •  ( 6 )  

Substituting equation ( 3 ) in equation ( 6 )  gives 

• • • • • • . • • • . • • • • • • • • • • • • • •  ( 7 ) 

and considering c ondition ( 2 ) 

jmax 
P = 1 - L n . ( 1  - p ) j • • . • • • • • • • • • • • • • • • • • • • • • • •  ( 8 )  ' -1- J 

J = 

which can be  r earranged as 

( 1 - p ) . . . . . . . . . . . . . . • • . . . . . . • . .  ( 9 )  

This result is  a polynomial o f  order j i n  t h e  compl ement o f  max 

the  c ell viability ( 1  - p ) , which mus t  b e  solved for p from the  

given values o f  the  c omplement o f  the  cluster viability ( 1  - p) , 

and the  frac tions n .  representing the distribution o f  clusters 
J 

among differ ent sizes o f  j .  No explicit  solution t o  this equation 

c an b e  \<Jri t t en down in t erms o f  P and n . , and in fac t , such an 
J 

equation has j solutions . max However , the number o f  solutions is  
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r estri c t ed in the present c ase  by t aking into ac count the obvious 

c ondition that 

O / P � P � 1 • • • . • • • • • . • • • • • • • • • • • • • • • • • •  ( 1 0 )  .� � � 

In the  data to be  analysed there was a preponderan c e  o f  singl e and 

doubl e  c lust ers . Equation ( 9 )  was therefore solved , sati s fying 

c ondition ( 10 )  by grouping all the t erms for triples and higher 

c lust ering in a c ommon term C which i tself  d epends on p .  

where 

n2 ( 1  - p )
2 

+ n 1 ( 1  - p ) + C = 0 • • • • • • • • • • • • • • • • • • • •  ( 1 1 )  

n . ( 1  - p ) j - ( 1  - p)  J • • . . • • . . •  ( 1 2 )  

The quadratic equation ( 1 1 )  can b e  formally solved 

1 - p = . . . . . . . . .  ( 1 3 )  

where t h e  positive squar e  root sign i s  chosen t o  satisfy condi tion 

( 10 ) . Not e  that from e quation ( 1 1 ) ,  C ° sinc e ( 1  - p ) 0 ,  henc e 

the  arran gement o f  the  square root is  always positive . Since  C 

i tself  d ep ends on p ,  equation ( 1 3 )  is  not  an explicit solution for 

p ,  however p may be obtained from P and n .  as follows 
J 

1 )  Assum e  an approximat e initial value P 1 for p ,  by setting P 1  

e qual to  P .  Substi t u t e  P 1 for p i n  equation ( 1 2 )  and de t ermine C 1 • 
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2 )  Sub stitut e C 1 into e quation ( 1 3)  and d et ermin e P2 t h e  second 

approximation for p .  

3 )  Substi tut e P2 for p in equation ( 1 2 )  and det ermine C2 which  

i s  in  turn substituted  into  e quation ( 1 3 ) . 

This pro c ess  o f  i t eration is  repeat ed unti l suc c essive  valu es , 

Pn and P en +. 1 ) di f f er by less  than a tol erab l e  error in p .  

I t  i s  found that the  method converges t o  an ad equate answer in 

t hr e e  or four i t erations . 

Exrunpl e .  

In t h e  follo wing example a study was mad e o f  two agar slide  

c ul tures , one in  whi c h  no b a c t erial growth had o c c urred for the  

dis t ribution of  cluster  si z e s  ( slide 1 ) ,  and the  o th er in whi c h  

b ac t eri al growth had occurred f o r  the  numb er o f  l i v e  and d ead 

clusters ( slide  2 ) . In both  slid es clusters o c curring in fi ve 

gri d s  were c ount ed . 

Sli d e  1 ( Clus t er Si z e  Distribution ) 

RAW DISTRIBUTION ( Numb er o f  Clus t ers o f  each cluster si z e  in each 

grid ) 

Grid CLUSTER SIZE ( C ells per Cluster)  

m 1 m2 m
3 m m

5 
m6 � 

1 5 8 0 2 0 0 

2 1 2  7 1 1 0 0 

3 1 4  7 2 1 0 0 

� 1 2  5 3 1 1 0 

5 1 6  7 1 0 0 1 



/' 

viii . 
/ 

NORMALISED D ISTRIBUTION ( Proportion o f  clust ers o f  e ach size  i n  

e a c h  gri d )  

Grid CLUSTER SIZE ( C ells per c lust er )  

n
1 

n2 n3 
n n 5 

n6 LT 

1 0 . 3333 0 . 5 333 0 . 0  0 . 1 333 

2 0 . 57 1,+ 0 . 3333 0 . 0476 0 . OLT76 

3 0 • . 5833 0 . 29 1 7  0 . 08 33 0 . 0,+ 1 7  

Lt 0 . 5'+55 0 . 2273 0 . 1 36Lt 0 . 0455 0 . 0'+55 

5 0 . 61+00 0 . 2800 O . OLtOO 0 . 0  0 . 0  0 . 0,+00 

- - -

Mean n3 
nLt 

n6 

0 . 3331 0 . 06 1 5 0 . 0536 0 . 0080 

Sli d e  2 ( Clus t er Viabil i ty) 

Grid 

1 

2 

3 

1+ 

5 

Numb er o f  Live 
Clus t ers (Na)  

22  

2'+ 

22 

20 

1 5  

Numb er o f  Dead 
Clust ers (Nd ) 

9 

5 

7 

'+ 

6 

Mean 

Cluster Vi ability ( p ) 
( p _ Na ) 
( - Na +. Nd ) 

0 . 7097 

0 . 8276 

0 . 7586 

0 . 8 333 

0 . 7 1'+3 

( p )  = 0 . 7687 



I i x .  

T o  d e t ermine  t h e  mean c ell viability , ( p )  from the mean cluster 

viability ( p )  and the mean normalised c lust er distribution ( n 1 , n2 , 

etc ) let  P 1  = is = 0 . 7687 and  substitute  P 1  for  P in equation ( 1 2 )  

giving C 1  = -0 . 230 3 ·  Substitute  C 1 i n  equation ( 1 3 )  giving P2 = 

The results  o f  a s eries o f  i terations are tabulat ed . 

In  the  abo ve example ,  i f  the  probability of  a cluster o r  c ell 

r emaining viabl e  is expressed as a p erc entage , then for a mean 

cluster viability o f  76 . 87% and a mean normalised cluster distribu-

tion , n 1 = 0 . 53�7 , n2 = 0 . 3331  etc , a mean c ell vi ability of 6 5 . 00% 

i s  obtained . 
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