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INTRODUCTION 

In recent years rapid advances have been made in the 

biochemical genetics 'of bacteria and viruses leading to an understanding 

of the mechanisms of 'cOntrol Of metabolic processes most Important 

for the growth of these organisms. Although Beadle and Tatum made 

the first contributions to this field using the fungus neuroapora crassa 

most recent work of significance has relied on otlE r organisms. The 

reasons for this are most often attributed to the ease with which mutants 

may be selected in bacteria and viruses and the detail which.may be 

obtained in fine structure analysis in these 'organisms. However, 

another reason less often discussed is that until very recentlyneurospora 

was almost invariably grown in stagnant cultures and it was widely 

believed not to be possible to grow it exponentially. 	This thesis describes 

experiments analysing the nature of growth of neurospora in stagnant 

cultures on the one hand and on solid agar medium on the other with the 

intention of revealing growth conditions of biochemical interest. Methods 

have since been, described for growing neurospora in exponential cultures 

and the author has successfully grown neurospora in continuous culture 

but growth on solid media may ètill offer some advantages. 

It was thought to be important to examine growth of mycelium 

in stagnant cultures as results Of Donachie (1962), also discussed by 

Kacser (1963), had shown that enzyme activity in stagnant (i. e., air-

limited, non-exponential cultures) cultures varied more than three fold 
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during growth and ageing of the culture. This was of interest as the 

change was large compared with known adaptive enzyme changes in 

fungi but in view of the results which follow it can probably be safely 

dismissed as a non-specific change resulting from ageing effects in 

the culture. 

Th'e iñvis igations which will be described show that growth 

in stagnant culture hav serious limitations for the investigator-interested 

in metabolic control, as the rate of growth appears to be limitedby the 

surface area of the culture exposed tothe air, a situation which could 

only lead to anaerobic conditions in the lower  portions of the mycelial 

mat and hence considerable physiological heterogeneity of the culture. 

This interpretation iiq,supported by work of Zalokár. (1959) which shows 

that the activities: of several enzymes vary between the bottom and top 

layers of the .myceliàl mat., 	., 	 .•' 	 .'. 

For.these and other reasons growth on solid media'. was selected 

for more intensive investigation, I Previous research into fungal growth 

on solid media has been limited almost exclusively'to experiments involving 

plating techniques and.to  the, study of problems of bioassay.' The latter 

work has been founded on a most comprehensive study of fungal growih 

in tubes made by, Ryan ,et al ('1943). The present work leans heavily on 

this foundation but has extended the.technical possibilities by the innovation 

of means of measuring yield, 'early. doubling time', amino acid poois and 

enzymnes : during• growth on, agar media in tubes. Extensiveuse of this 

method' has been made possible by the' use of a specially constructed growth 
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tube (Brown, I. R. and 0. J. Gillie, 1963) which is conveniently filled 

and cleaned and from which samples of mycélium for analysis of' 

enzymes or amino acid pools may be taken 
................................................ 

Mutants representing two arginine requiring locj have been 

used in this inquiry Arg-10 mutants were shown by Néwmeyer (1957) 

and Fincham and Boylen (1957) to lack argininosuccinase and it was 

• shown by Donachie (1962) that it was the structural genefor arginino 

• succinase; Arglninoàuccinic acid (ASA) is known to be accumulated by 

Arg-10 mutants. 	rg-1 mutants (Newmeyer 1962) lack activity of the 

enzyme argininosuccinic acid synthetáse A diagramatic summary 

of the arginine biosynthetic pathway and associated reactions is given 

opposite. 

The purpose of the investigation was to attempt to Induce 

adaptive changes in the growth or enzyme activity ofarginine requiring. 

mutants by presenting them with widely differing external concentrations 

of arginine. 	The external concentration of arginineor other substances .................• .•;•,•-. • 
	•;• 	. 	• ;,. i 	 t .......• ' . 

in the medium could be varied at will and the organism could thus be made 

to grow on sub-optimal levelB of nutrient. This situation appeared to be 

promising for the exposure of adaptive responses in the organism. 

Early in this investigation it was foundthat arg-10 mutants 

grew in an inhibite& irregular or 'spasmodic faéhion on lowconcentrations 

of arginine in the external medium. • The mycelial front tended to grow 

along the tube at a progressively decreasing rate until it stopped then 



after a period of ièveral liotirs it would start up again and start a 

similar cycle of events. This behaviour was not displayed by arg.l 

mutants and it seemed to be important to investigate the nature of this 

difference 	 S  

• ••,. 	Experithnts wbih are fully described in the body of the 

thesis, led to the conclusion that ASA could accumulate up to 75 016 of 

the total amino acid pool when arg-lO strains were grown on low 

concentrations of arginine'. On low arginine this aâcumulation seemed 

to increase progressively during the growth of the organism until growth 

'itelf cçased completely. Then as 'the. mycelium aged it appeared 

that ASA was in turn destroyed or its synthesis stopped until growth 

could conmence once more. The high ASA pool was correlated with 

a low internal arginine pool as well as with a low external concentration 

of árgininé in the medium. This suggested that arginine was exerting 

• some sort of controlling effect over the pathway.  
I 	 • .I ; -; 	

•-'I•'.' 	 •• 
The last part of the thesis is concerned with examining the 

activity of enzymes in the pathway and attempting to correlate this with 

the changes in the amino acid pools In this way it was hoped to assess 
V. 

the extent to which adaptive enzyme responses occurred in the organism 

• and perhaps elucidate theIr role in the causation of spasmodic growth; 

The experimental results have been divided into four parts. 

The first deals with a general analsis of growth 'in stagnant' cultures 

in which evidence is considered for the existence of a' cubic growth' 

4. 
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phase in neurospora 	In this part growth on solid media is also described 

and a comparison of thel various growth parameters made for two different 

wild: typeB. The Becond pâr deals With àhàrg-laiarg-lOon 

various external arginine ca ntrtins witl thé silts of physiological 

and genetical eperiñientóxi'àpaéth'odigrôwth. : thei third section. 
.... ....... .............. . . .;' , 

. deals with the analysis of amino acid pools and the last with the analysis 

of enzyme activities of arg1 and arglO grbwn on various external arginine 

concentrations. 
 

The results hav&whére pos8ibI eeb' discussed at the end of 

each section.- A general-discusèióñ dealing with-pàins 'arising 'from the 

thesisas a'whole has been included it the end..  
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MATERIAL AND METHODS 

Stock B 

The stocks used in these investigations are described 

below: - 

STA is a wild type St. Lawrence strain which has been used in this 

laboratory for a number of years and was originally, obtained by 

Donachie via Fincham from Newmeyer. 74-0R8-la is a sub-culture 

of STA obtained from Newmeyer. Ema is a wild-type Emerson strain 

which has been used in this laboratory for a number of years and was 

originally obtained by Donachie via Fincham from Newmeyer. 

These two strains differ in a number of ways as regards 

their growth parameters which will be discussed fully in the body of 

the thesis, however they are considered to be widely different by Neurospora 

workers as regards 'background' genes affecting heterokaryon compatibility 

and probably many other things. Both these strains were however 

obtained by inbreeding from the same orginal strain isolated by Emerson 

(R. W. Barratt, 1962). 

B 362-3-la (arg-lO) was obtained from Newmeyer 'by Donachie and was 

shown by Fincharn to lack the enzyme argininosuccinase and to accumulate 

argininosuccinic acid. (Fincham 1957). This strain has been backcrossed 

to STA at least twice. 

362 1  3( )A was a revertant obtained by Donachie alter U.V treatment of 
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B362-3-1a. It was purified by crossing to B362-3-la and obtaining 

prototrophs. It produces between one and five percent of the wild 

type level of argininosuccinase and accumulates argininosuccinic acid. 

(Donachie 1962). 

Arg-1l (alleles 30820 and 44601). 	These two mutants have been 

shown to be allelic byNewmeyer (1964) and to require arginine or 

citrulline with a purine or pyrirnidine for normal growth. 	B.roadbent 

and Charles (1965) have shown that both these mutants will grow in an 

atmosphere of 30% CO2  and so may be regarded as primarily CO2 mutants. 

Other stocks used have, been described as is necessary in 

the text. 	Of the arg.1 and arg-10 strains listed in Table S those 

preceded by a K were obtained from Catcheside and those preceded by 

no letter obtained from Fincham or were strainsobtained from Catcheside 

and backcrossed into STA background. This convention was adopted by 

Donachie. Details about the origin of stocks may be checked in 

Neurospora Newsletter Number 5. The diagram opposite p. 3 shows 

the position of the genetic blocks which have so far been identified in the 

arginine pathway of neurospora. 

Media 

Standard media, Vogel's (Vogel 1956) for normal growth and 

Westergaard's (Westergaard 1947) for crosses, were used except where 

otherwIse indicated. Nitrogen free media were made using a modified 
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Vogel's solution containing no amrnoniuin nitrate and using a nitrogen free 

trace element solution in which ferrous ammoniuzn sulphate was replaced by 

the appropriate amount of ferric chiorde. This  latter refinement was 

found to be unnecessary as the medium nevertheless contained enough 

nitrogenous impurities to permit appreciable growth e'en in liquid media. 

Nitrogenous impurities were also noted in the experiments of Ryan, Beadle 

and Tatum (1943). 

Difco bactoagar was used for all growth experiments although it 

was found to contain nitrogenous impurities, it was no worse in this respect 

than several other agars tested. It was found that this agár when made up 
'•0 	 .1. 

at 21b with distilled water could support sustained growth of the wild type STA 

although this growth was very thin and slow, i. e., Difco bactoagar must 

contain a wide variety of impurities at fairly low concentrations. 

All arginine concentrations given in the following pages refer to 

arginine HCI molecular weight 210. 68. 

Growth Tube Methods 

The growth tubes used have been described by I. R. Brown and 

0,3 Gillie (1963). 	10 mis. of medium was always used per tube and the tubes 

were usually 29. 5 - 30 cms. long. Markings were best made daily for normal 

growth and twice daily for irregular growth. The tubes were usually inoculated 

with a loopful of conidial suspension; the suspension having  been prepared 

by filtration through cotton wool. 	In the progeny tests described on p ,  39 a 

dry unfiltered inocuiuni was used for convenience. Growth tubes with chimneys in the 
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middle or at the end were used indiscriminately this was found to make 

ne' appreciable difference. All growth experiments were performed at 25 0C 

unless otherwise stated. 

Methàd of growing Neurospora on Culture Tray,s 	' 

'Pyrex.ovenware'lids 13x2lcms. andzf ems. deeparé covered 

by specially made aluminium lids and dry sterililed.. They are then filled 

with '150 mls. of autàc1av thediuxn'made with' 0.3% '  agar.' •' This is enough 

'agar'to 8et firmly andeable the culture trays to'bè turned upside down for 

"amition' but not endugh to interfere with the processes of harvesting 

ánd'extraction.  

The plaes weré'iñóëlated with a suspeñsión of cónidia in 

'diètiüe water, usingá 1óp and placing drops at one centimetre intervals. 

After ,  germination a regular front is formed and' growth proceeds along the 

tray. , ..'The culture is most!  easily harvested usinga stainleSs steel'chopper. 

andcutting slices of mediumnatl cm. or 2 'cm.. iñtervals."Each slice is 

separately squeezed in a fine cotton cloth to remove thel water and some 

of:theagare The myceliuni remaining is scraped from the' cotton with a 

spatula and placed in a tube with 0.25-1 ml. of 3o69o'perchloric., aci4. In 

the case of enzyme'as,s 'ayp the myceliurn is froznin the,4eepfreeze, and 

subsequently freeze dried. For determination, of pools the nycelium is 

resuspended in perchloriç acid using  a vortex mixer, and then plaed inaa 

boiling water bath for fiveminutes.' The mycelium Is then separated from 

the liquid using an oxoid membrane filter.L The filtrate may then be directly 
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examined' ising hig1oltage :electooesizdthe iëéliux" x' täy' be weighed 

alter freeze drying 

When very small quantities of myceliurn are to be analysed 

(4mgm or less) it was found most convenient to extract in 0 1 -'0 25 mis 

perchioric acid and spot on the liquor without attempting to filter Quantities 

of rnycelium greater than about 500 6..g could then be filtered off from the 

remaining liquor and weighed subsequently. The major amino acid pools 

could be identified:in as little aa 100. igm'. Ofrnäteriäl' bü thii qt'aitity was 

• too small to weigh using the method déécribed.' .': We'ihing f uantitiés' 

between about 500 	and 2 mg were made usinga Cahn Electrobalance, 

• larger' quantities were weighed t'singaMettler dutöthá'ic'á1áne.' 

Amió acid pblSLd' enZyrnes were al s'ó•meásued Ih grb*th 

'tub. ' 'Tb do this 1' cántim'etre,1ön eione'ere'pooth'd from each of ten 

tubes. 	Each SectiOn being tàkën 'ata flea sured ditanè  frOn' the growing 

'front and beingpoolE'd with equi'alent sections. 	- 

Measurement of, amino-acid pools by high voltage electrophoresis 

•Pooia.extraçted.as  4,scribe4, in 3 . 6%perchl,oric acidere 

,electrophoresed on Whatmann 3M4 ppei in a rriodified Anfinsen type tank. 

,(Kaz,, Dreyer and,Anfinsen 1959), using pyridine acetic acid buffer, pH.3. 4 

•(4o acetic acid and:O. 5,%.pyridie),.  a,50.O volts, and l2Oarnps.... This 

•gave.apoteitial difference °1Y volts J cm.. The, tank ,as coo1dbytap.-water 

running through stainless steel heat exchanges.,., such ,hat even during four hour 

:runs the temperature did not normally excee&22 °C. 	 . 

After drying the papers were 'dipped into a 0.4% solution of 



Graph shows optical density at 504 in 1A for methanol eluted ninhydrin 
copper colour against glutamate concentration spotted before high voltage 
electrophoresis. 	See text for details of method.. 
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ninhydrin in acetone, allowed to dry again and then heated for 20 minutes 

at 60
0

C 	The spots were then fixed by dipping in a copper solution ('2 ml 

saturated Cu(NO3) 2  and 0.4 ml. .10% v/v HNO 3  in -100 ml acetone) which 

on drying gave salmon pink spots (Bronk and Fisher 1956) 	These 

spots were cut out and eluted by shaking with 3 ml of, methanol (analar) and 

read in the spectrophotometer at 504 mp 	Colour eluted was found to 

be linear with moles amino acid/spot (see graph opposite) 	The colour 

was found to vary with time after development, being maximal after, 24 

hours 	Control spots of ornithane arginine glutamate and aspartate 

were always run and read at the same time as the sample 8p6te to eliminate 

variation due to the reagents 	Quantities of amino acid present were 

always calculated with reference to these controls 	For this purpose 

the ASA anhydride and neutral spots were as8uxned to have the,same 

chromogenicity per mole as g1ütamáte 	 .. 	 . 

Although citrulline could not be separated from the other 

neutral amino acids at this pH, it cóüld bès'eparated frOm all the other 

known Gerhart and Pardee (1962) positive material by electrophoresing 

for 2-3 hours 	This gave a clèár séparätion from urea, allantoin, carbainyl 

aspartàte, carbamyl glutamate,' carbamyl glycine, carbamyl leucine and 

carbamyl alànine and squares of filter paper: containing the  citrulline spot 

could be cut out and determined by the method of Gerhart and Pardee (bc. 

cit.). 	The citrulline spot could be 16ated in a parallel strip using either 

Ehrlich's reagent (Dawson et al. 1962) or ninhydrin reagent.; 5 gm of 

citrulline was the lowest amount detectable by the method of Gerhart and 



OURAT3ON OF RUN 
- 	 Ho 	 3Ho,. 

AT 78 801300!,,. pH 3.4 

- 	 CATHODE 

ORNITHINE 

LY5INE. HISTIDINE 

(GGJ 1 

ARGININE 

000_I00000. U 

• .—CITRULLINE. MET 
•THREONINE. Asp 

SUBSTANCE -. 	 TRYPTOPHAN. PH  

CYSTEINE, 

HYDROXYPROLINE • 	U0k00000 

(N). oII.000A, 

•8SA 

NEUTRALS 

ABA 

•-CLUTAMATE 
GLUTAMATE— 

Oo,gio . —0?'g 

C.bo,yI I000!,.0 • - 
ASPARTATE 	 - 
i! 

..p..ut• 

ANODE 

Ltto.io S of •p.f.it .oc0ppt0to0ot. 

N_!,00..B.b000!0.Tv0II00,OO_g0Y 

Scale diagram of high voltage electrophoretograms of 
amino acids and related substances. A one hour run is shown 
on the left hand side and a three hour run on the right hand side. 
Substances normally found in Neurbspora wild type or mutant 
extracts have been printed in large writing. Scale approximately 

•0 



12. 

Pardee used in this way which is 20 40x the lowest amount detectable 

by the ninhydrin method 

Identification of amino acids in electrophoretograms. 

Amino acids were identified by running standards of all the 

common amino acids 	By these means it was found that ornithine 

arginine, ASA, ASA anhydride, glutamate aidàspartate cOuldbe separated 

after one hours electrophoresis. Acetyl orzttiine. came  in the Lanie 

position as ASA anhydride (B and C form) but acetylornithine was not found 

in arg- 1 which does not accumulate ASA so spots in this position were 

assumed to consist of ASA only. B form anhydride (Westall 1960) was made 

by boiling ASA with N/20 KON for 1 hour and this was found to come Ivery 

slightly in front of the anhydrides forthed by hydrolysis in 3 6% perchioric 

acid, the latter anhydrides being mostly but not entirely C form Both 

anhydrides can be formed at physiological pH's and they were always 

measured as one spot 	Ly8ine and histidine came together as one spot 

and all the other amino acids were in a complex set of overlapping spots 

which were termed neutrals 	Further separation of the neutrals could 

be obtained by electrophoresing for up to four hours. A complete diagram 

of, the separations obtained is given opposite 	The positions of urea, 

allantoin, citrulline and the carbamyl amino acids were detected using 

Ehrlich's reagent (Dawson et al 1962) 	The positions of several amino 

aci4s. not known to occur in nature were determined hopiig to find dne which 

could be used as an internal standard, unfortunately, no amino acid suitable 
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for this role has yet been found. 

Effect of extraction conditions on amino acids recovered 

A.  ASA anhydrides were formed from ASA during the exttaction 

procedure as well aei vivo:(see Secton 3) the 	of extraction was 

carefully examined for, any sources of systematIc error 	The figure 

oppo site shows the formation of anhydride from ASA during heating in a 

boiling water.bàth with 3.6 0/o perchi6ricacid.. • T4 figre shows that, 

12% of ASA is converted into anhydride in 5, minuteS, after the anhydride 

in the sample initially has been allowed for. Another substance is also 

formed in small quantities which may be the Z substance referred to by 

Westall (1960). The formation of anhydride and putative Z substance 

is roughly linear for the first 20 minutes of heating with 3 676 perchloric 

acid but the rate of anhydride formation falls off alter an hour suggesting 

that equilibrium is being approached 	The total ninhydrinpositive material 

measurable as the four forms of ASA i, e ASA, B and C anhydrides and 

putative Z substance does not change in value as tl&e proportion of each 

changes due to heating in acid, suggesting that the colour per mole of the 

three substances is very similar 	Ratner (1953) has found that anhydride 

gives a slightly higher colour per mole than ASA 	Anhydride or. Z 

substance was not formed in any appreciab1e quantities when ASA was left 

in 3 6% perchloric acid at room temperature for' one hour. It was further 

shown that the volume of aèid in which the ASA was heated when varied from 

0. 1 - 1 ml. did not affect either the rate of formation of anhydride or the 

total quantity. of ASA and anhydride recoveed. 
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In anoth er experiment from 1-15 mg of powdered B362-3-la 

myceliurn grown on low arganine was added to 1 ml of solution containing 

ASA, arginane,alanine and glutamate in 3 616 perchioric acad and after 

mixing the whole was heated ma boiling wáterbáth for minuteS. The 

added mycelaum could not be shown to have any measurable effe'ct on 

either the recovery of amino acids or the proportion of ASA converted 

to anhydride 	It may be concluded then that the large anhydrade pools 

formed in arg-10 grown önlOw árginine are not d*e to" 'formation of 

ánhydriclé due to some extraction artifact and that whatever' the conditions 

of èxtractiàn only 12% OfASA is converted intO arhydridé; 

Extraction methods and enzyme assays 

Arginase 

• 	 Extraction-5 rng mycelium was homogenised with a ground glass 

homogeniaer in 1 ml Tris.MnC1 2  buffer at pH 8.0. The MnC1 2  (5  mis 

0 i.M) was added to the Trie (12. 5 mle 0. ZM Tris, 27 mis 0 IN HCl, 

4 5 mis H20) immediately prior to use as Mn0 2  is readily, formed at this 

pH and precipitates out 	The buffer is finally 0 05M in Tras and 0 O1M 

in MnC1 2  at pH 8 0 	Mn ions were found to be necessary to prevent 

arginase being absorbed to the pellet. (Rosenthal et al: 1956). 	It was found 

similarly in experiments on Neurospora extracts that in the absence of - 

Mn during extraètion more than 50 016 of the arginase 'activity ccurred in 

the resuspended pellet. Whereas when v1n ion was used all the activity 

was obtained in the soluble protein fraction. 
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• 	 The excts centrfugein a benchceitri1uget to rethove 

cell debris and agar which may be present and the clear supernatant is 

• dialysed against three changes of ethylene diamine tetra acetic a,C:id 

disodiurn salt (ELTA) 0.001 M (0.372 gm/L.)adjusted with 4ml. of 

0.. ZN NaOHto pH 7.2. Experiments skowe,d  that after this treatment 
I.. 	 ( 	 • 	 Ii 	 I 	.......... ML.. 	• 

no urease activity yas 4etectable under, the stndard conditions of the 

arginase assay whereas without dialysis, against E DTA urea activity, was. 

detectable under these standard conditions. 	I am indebted to 0., Ciferri 
: 

(personal communication via H. Kacser) for recommending this procedure 

for eliminating urease activity. 	 • 	. .. 

.4ssay, - The assay mixture was made up as fol1ow 0.1 - 0.3 mls. 

extract was activated for half an hbur at 37 0C with 0. 1 ml. of 2.5 mM MnC1 
2 

0.0375 M glycine bidfer pH9. S (MnC. and q1yciie being freshly mixed), 

the total volume being  0.4 ml. 	The activaton step was retained although 

it seemed to be unnecessary when extracts were made as described above 

using Mn ions. The reaction was started by adding 0. 1 ml. of buffer 

0. 05 M in glycine and. 0. 085 M in arginine adjusted to pH 9. S. After the 

reaction had proceeded for 10 minutes at 37 0
C urea was estimated by the 

method of Gerhart and Pardee (1962); the reaction being stopped by the 

addition of 2.5 mis. of 3 1: 1 mix (Gerhart and Pardee bc. cit.). Control 

experiments showed that urea gave an absorption maxjmuni at 490 .100 

minutes after the addition of 1 ml. K2SO4  : dioxan mixture at 280C; As 

arginine reacts to a limited extent with the Gerhart and Pardee reagents, 

substrate blanks were alwayé run and the urea col9ur obtained by subtraction. 



16.. 

This did not lead to any serious error as controls showed that urea gave 

'17.4times thècolour.permàle as arginine. '. 	 .. 

In control experimnts using Néuróspóra ,rude extracts the 

reaction was ahown to be linear for at least 15 minutes to añ'optical 

density of at least 1. 1 over the blank. 	The ,iea, ctibnt,,was also linear 

with enzyme dilution over at least a six fold range and the enzyme was 

shown to be fully activated and satüratèd wth substraeunder,thè: conditions 

of the experiment.  

W. 

Arginino succinase 

Extraion - Approximately 7 5 mg of dry powdered myceliuxn 
I 	 , 	 I 

was homogenised in 1 ml of 0.05M Tris H . 1 buffer pH 7.5 in a ground 

glass homogeniser and centrifuged for 10 minutes to remove cefl debris. 

The supernatant was used in the following assay systxn. 	. 

Assay .  The reaction mixture was as follows:-,. 

....0.1 ml 0.4M. L Arginine 	• . 
0.1 miii o.4M Na Fumarate 
0.. 1 ml 0.2M Phosphate buffer 'pH 7. 5 
0.2 ml Extract  
0. 3 ml 'Water. 	•., Total Volume 0.8 mis. . 	. '. 

I 

The reaction is run for ,  one hour at 35
0

C and stopped with 1 ml 5% 

Trichloacetic acid followed by 2 minutes boiling.' 50 ul were then spotted 

on papers, and e1etrophore6ed at 78 volts/cm as described in the péceding 

section and ASA formed was measured fter elution. This method is 

based on that of Fincham and Boylen (1957) 	 .. 



Argininosuccinic acid synthetase 

Extraction as for argininosuccinase 

Assay - 

 

The reaction mixture was as follows 

'0. 142àl'Mixtu3e' 	. 
0.03 ml ATP 0.025M 

in-1 1 . 

The 'mixture'  consi8ted of:7 

00 1 ini 1M 1r18.HC1 pH 7.5 
0.075 ml MgSO4  0. 132M 
0 06 nil L Aspartte 0. 15M 
0 05 ml Citrulline 0. 03M 
.08rnl Phosphoglycerate 0.IM 

The reaction was allowed to proceed at 35 °C for one hour and stopped 

by the addition of I ml 43% sulphuric acid. 	Zero points and final points 

were made in duplicate as results of this assay can sometimes be rather 

variable 	Citrulline in the samples was then assayed by the method of 

Gerhartand Pardee (962). The reaction mixture contains all substrates 

at optimal concentrations and citrulline disappearance is linearl with extract 

dilution from  4mg -. 21 mg wild type mycelium/mi. after extracton. I 

am very much indébted to c.F. .çuttisfor giving me the details of this 

assay, which will be described in detail in his thesis to be submitted 

shortly in this university. 	. 	 . 	. 

Ornithine transcarbamylase.. 	 .. 	 . 	 . 	 :. 

;Ext*actiôn . as fo 	 . 	: 

Assay - The reaction mixture was as follows - 

0. 125 ml 1M Tris Acetic acid pH 9 0 
0. 075 ml L Ornithine 66.66 u moles/nil 
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'0i05.ml Extract,.. 
o 05 ml Water 
0. 2 ml Carbamyl Phosphate 5 mg/mi (Freshly, made up) 

Total Volume 0.5 ml. 

The reaction is started by addition of the carbamyl phosphate and stopped 

after 5 minutes at 280C by the addition of 3 1 1 mix and citrulline formed 

is4  assayed by the method of Gerhart and Pardee (1942);  This assay is 

based on the method of Davis (1962) 

Protein was measured by the method of Folin and Lowry 

(Lowry et al 1951) and values were expressed as equivalents of bovine 

plasma albumen using a standard çalibrátion curve.; , . 	. 
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FIGURE 1. 	Medicine bottles (12 oz. Medial flats) containing 
100 mlsi, liquid medium were inoculated with either 2. 6x106  or 	- 
2 61O 3  conidia and harvested at the times indicated The bottles 

.:.vere slanted during growth to increase the surface area (about 
60 cm2). 	Note thatan inoculum dilution of 10 results in a delay 
of about 20 hrs before the culture with the lower inoculum reaches 
the same weight as the culture with the higher inoculurn 
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FIGURE 2 	Beakers of various diameters containing medium / 
to a depth of 1 cm., and covered with two layers of gauze to ensure .: 

sterility were inoculated with conidia and harvested at known times 
The mycelial pads were weighed and growth rates were calculated 
as a regression' of weight of pad against time; the 95% confidence 	. 
interval was calculated from standard error using "Student' s" 
t distribution. , The figure shows these data with confidence intrva1s 
for two separate experiments plotted as circles and. triangles against 	H. 

the surface area of the beakers in which. the experiment Was performed.. 
Data of Emerson (see Figure 3) are also plotted in the same way, after 
reinterpretation (see text) these data' are represented by squaresa 	. . 

It 
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SECTION I.  

THE GENERAL NATURE OF GROWTH OF NEUROSPORA IN 

STAGNANT CULTURES AND ON SOLID 

AGAR MEDIA- 

A. 	Growth in' Stagnant Cultures 

A proper understanding of fungal growth has been long 

delayed by claims that fungi could not grow exponentially as other 

organisms but of necessity grew 'spherically' or tcubically' (Emerson 

1950; Raper and Essei' 1964). 	Other authors believed that fungi 

grew exponentially (Pirt 1960, Brown 1923, Zalokar 1959) Recently 

Davis (1962) and Donachie (1964) have obtained exponentially growing 

cultures of neurospora by using sporea or blended rnyceliuxnas 

inoculum and growing with rapid shaking in baffled-flaskd to produce 

excess aeration and prevent fusion of mycelium into lumps 

Neurospora has frequently been observed to grow linearly 

an stagnant cultures (Donachie 1962 and see Figire 1), and also in cultures 

which are stirred magnetically or are stirred by a stream of air bubbles 

In fact a' variety of lin eár'gró't1 rates may be àbser'ed and the linear 

'growth'rate observed maybe shown to be closely rèIâtd to the aeration. 

Figure 2 shows data collected where cultures were grown 

in vessels of different diameters. 	The growth rate  observed can clearly 

be seen to be proportional' to the surface area of the culture and this 
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implicated the air supply,as'a limiting growth factor. 	The growth rate 

was not altered if additional air was supplied by continuous pumping and 

the growth rate remained the same when the amount of medium per flask 

was varied over a three fold range showing that the correlation observed 

above was not a result of limiting volume of air in the beaker above the 

mycelial mat or medium within the flask., The results suggest hOwever 

that the rate of diffusion of air into the mycelial mat is the limiting factor. 

Apart from these facts a consideration of the prolonged 

period over which linear, growth may extend shows that the medium 

cannot be limiting,nor can space be limiting as'the mycelium grows 'on 

'the top of the medium and does not grow downward8. What must in fact 

be limiting is air as this is being 'supplied continuOusly by diffusion and 

could hence cause linear growth.' Air is limiting in the sense that it is 

only available' to upper regions of the myceliurn and even when 'pumped 

in cannot reach the lower regions and increase the growth rat. In a 

similar way prolonged'linear growth in stirred and aerated cultures 

indicates a constant but limiting air supply.  

The relationship oigrowth in stagnant cultürè to'èurface area 

can be utilised to give us a measure of growth rate expressed 'as' jigm/cm 2 /hr. 

The adoption of such a measure would make it 'easier to compare the data 

obtained in different laboratories. 

Spherical growth of fungi 	 ' 

Emerson (1950) considered a model whereby neurospora growing 
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ialiquid culture was thought of as growing simiiarlyto neurospora 

growing on solid media by extension at the periphery 	He argued 

that in this situation weight reached at a given time should be proportional 

to time cubed if the radius is increasing at a constant rate 	For some 

reason not explained in Emerson's original paper he performed his 

experiments in vessels of different diameter and the linear growth rates 

in his vessels can be shown to be proportional to the surface area of ,  the 

vessels 	Emerson does not in fact recognise the linear growth phase, 

and in his 'linear' plot (as opposed to logarithrnLc or cubic plot) he has 

drawn a curved line through the points, if, however we regard the last 

three points as beingin the linear pha'séof growth, .a linear growth. rate 

may be calculated and correlated with the surface area of the vessel 

Emerson's original data are given in Figure 3 and the linear growth rates 

are plotted against surface area in Figure 2 	His strain can be seen 

to grow at a rate of 46 pigm/cm 2 /hr, which is very close to the growth 

rate of STA but less close to the growth rate obtained for our stock of 

Ema (See Table 3) 

If reference is made to Emerson's original data then it can be 

seen that what we have identified as the linear phase (the last three points 

in each case) begins in what Emerson identified as the cubic phase Further 

the log phase (although it is better  perhaps to refer to it non-committally 

as the lag phase) ends at this point 	Obviously then we do not require 

to postulate the existence of a cubic phase to explain the results obtained 
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by Emerson 	The rate of cubic growth in Emerson's graphs varies 

with surface area but he offers no explanation of this 	It is quite 

evident however that the cubic growth model implies that cubic growth 

18 generated by some intrinsic property, of mycelial growth and hence 

the rate of cubic growth should not vary with the surface area of the 

vessel 

It is therefore concluded that growth in stagnant cultures 

consists of a lag or log plase followed by a linear phase and that no 

positive evidence exists to demonstrate a aibic phase 	Zalokar (1959) 

has shown that the lag phase for conidia in liquid media consists of o.. 

germination lag lasting about four hours followed by an exponential phase 

with doubling time of two hoars which lasts for about eight hours 

Exponential growth In 'tubeè and 'stagnant cultures' 	. 

In this section evidence is considered for:an exponential 

growth. phase during 'growth in tubes, and in stagnant cultures. 	It is first 

necessary however to examine the exponential growth equation In order 

• to make clear the theoretical expectations. 

• Theoretical  

The process of,exponential growth is 4efined as 

dW uW •. ' 	where. W.
' 
 weight •of culture 

dt 	1 	• 	 S  • 	
t'tirie 

specific, growth rat.e  constant. 

and this may be integrated to give 
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• 	2. 	1ogW_logVtf0 	it': 

if we substitute iniziitial óditibnSviherë W 	the:ihtof hé culture 

• at time t andW ththè w6lght'oi he cu ture at, times  t=o. 

When W 	W0 the 	d'where idiàthe dôiiblingtinie. 

• 	
1og2 	 O693 	 .. 	. 

	

3.• 	.. 	
td 	. 	• 	. 	td 	 . 	• 

Ar älterñátive way of riesuing the specific rte constant 

Is by growing two parallel cultureB with IñoculaW1 and W such that'W 

is a five or ten fold dilution of W I .' If inoâulum W1 Yields aitüre of 

weight W 3  after time t1 and inocülum W 2 yielis a ulture of weight W4 

after time t 2  then •  ••
. •• 5• 

log W4 	log W2 	Fitz 	• 	 S  •• 

• and if we. further.arrange that W3 = W by interpolation between a éeries 

of experimental values of W 3  and W4  then we may write from equations 4 

• and 5 above. . . .• . •• 

logWj, • 	'109W2. =.•1i.t2-)it1. 	
s:s.. . 

.6. 	• 	-Wi 	 . 	 S  

	

S 	 log ... 	= p(t2  - t 1 ) 

	

S 	
W2 

where t 2  - t1 is the difference in time for cultures W 1  and W 2  to reach an 

equal weight. 	
• 	 S 	 . 	 . 	

. •• 	 . 	 '. .. 

The expression 6 abóvè is OnyEomalilt true Of exponentjUy 

growing cultures but it is also applicable to cultures which have an 
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exponential growth phase follówéd by an non-exponential phase provided 

that the form Of the growth cirve is 'piecisely the 'same for 'the different 

inocula 	That iè to say cuitures'with diférent iñocula will reach the 

critical weight at which linear growth rate starts at diffé rent times and 

this differèncC will continue to be reflected' in times taken to reach equal 

weight in the linear phase. Any series of cultures with different inocula 

which have an exponential phase whatever the sübsequéifl form of growth 

would be expected to èhOw -lOgW 0  ôC, t,° where t is the time for each 

W0  to reach a fixed weight 	The slope of the line given in such a plot 

is ti, and td, the doubling time, may be calculated from equation 3 or 

from  

7. 	d = 	0.693 (t 2 -. t1) 

Wi"  
log.5  

0 	 ' 	 ,. w 2 ':. 	r. 

equation 7, above obtained by substituting equations 3 into equation .6. 

0.693; 18.5 
in Figure 1 'td  

loge  10. 	•. 	 ' 

0 	 "••' 	 0 	 '0 	 :' 	 ' 	.-:,,-, 	 0'' 	tt 	 !' 	 ' 	 ', 	 ' 	 ' 

0.693. 18.5 	= 1;86 hOurs 

691 

This method of measuring.' p is -articuiarly sulted to systems. which have 

a final linear growth rate as several points lyingon a line may be eçtrapoiated 

to measure the difference (t - ti). as in'for example figures 1 and 4'; 

•'0• 0 0 

O 	It is realised that.the doubling time of early growth in tubes and in 

beakers zor flasks may not be the same as the doubling time achieved during 

'established steady exponential growth in shaker flasks or in a chemostat. 

Therefore doubling time measured by the method discussed will be referred 
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tO as the early4oibling time:(tubes) or the early doubling time'(bottl.es 

.Oi beakers),.  

Evidence for ànx onential phase in 'fgal 	i .tanáztt•culturs 

If flasks or beakers are inoculated' *ith'diffe rent riinbe'rs of 

.conidià then the time to. reach eüal weight is propOrtiànal tohe log of 

inoculum dilution. An example of this is given in Figure 4, which shows 

four tenfold inôculuxn dil*itionso 	Figurle 1 shówé óne thouèandfô].d dilution. 

Table 3 shows 'early'doubling tirztes'calcñlatéd from this:  data as explaIned 

in the preceding section. This methd gives early doubling times àf 

about two hours 'which are within ther range 'of rariation' of doubling times 

obtained in exponential cultures. 	These results' are quite c1early 

consistent with the expectations based on the béháviour predicted for 

exponential cultures and must be regarded as strong evidence in favOur 

of the existence of an exponential phase during the early growth of 

neurospora in bottles. 	It should be pointed Out that of the two vlies 
one  

for early doubling of STA/wäs obtained in medicine bottles (1.86 hours) 

and the other in beakers (2. 00 hours) showing that this measure is cOiistant 

in the two sets of conditions (cf. figures 1 and 4). 	' 

Figure 4 also shows a set of data plotted as both mgè dry 

weight and log of mgs dry weight against tune This graph shows that the 

earliet points could represent a log phase with a fastest doubling time of 

about four hourèo It seems likely that 'theie points which áreüduaUy 

thought of as the end of the lag phase are ctuafly the end of th'log phase, 
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this interpretation is supported by work of Zalokar who showed by 

measuring protein that conidia germinating jn stagnant cultures had 

a doubling time of two hours 

B 	Growth in Tubes 

Ryan, Beadle and Tatum (1943) published a very thorough 

investigation of many aspects of growth of neurospora in tübés, describing 

the effects of pH, depth of agar, agar concentration, temperature, carbon 

source, nitrogen source, etc 	This work relies heavily upon their 

foundation which should be consulted with regard to technical questions 

about growth intubesnot mentioned in this thesis but neverthless 

considered in the design of experrnents. 

Here I shall describe some further investigations which I have 

made of some problems not considered by Rran et al. 

Demonstration of early exponential growth in tubes 

As in the experiments alzeady described concerning growth 

in stagnant cultures, an early exponential phase in growth tubes can be 

inferred from the results Of inoculum dilution experiments Tubes were 

inoculated with a standard wire loop and it. was determined b' weighing 

drops of water delivered by the loop that a mean volume of 1 8 ± 0 6 Ill 

was delivered. (0.6 being the standard error of the mean). This loop 

was :uséd to deliver a standard inoculum to tubes; and from .a knowledge 

of the conidial concentratiOn the number of spores in each inoculurn could 



FIGURE 5. 	Lag of growth in tubes plotted against inoculum size. 
Circles represent arg-1 grown on 0.01 gm. -arginine/1. Squares 
represent arg.10 grown on 0. 01 gm. arginine./1. Solid, circles 
represent arg-1 grown on 2 gm arginine/1 Solid squares represent 
arg-10 grown on 0.5 gin. arginine/1. 	 0 

_ 0_ 	 _ 
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be calculated Figure 5 showstthe results of experiments in which the 

inoculum was diluted and the corresponding lag in growth measured 	The 
I , 

lag is proportional to the log of inoculurn dilution as was found in stagnant 

cultures 	This has been found to be true fora variety of strains grown 

under a variety of, conditions (see Table 3 and Figure 5) 	Values of the 

early doubling time calculated by this method vary between 1 - 2 hours 

Arg-1 (46004A) (an arginine requirer) has given very, repeatable results 

with an early doublingttime of about 1 7 hours measured over a 1, 000 

fold ,  concentration of external .arginine., At concentrations' of arginine 

less than 5 mg /1 it was not possible to measure the early doubling time 

which was disappointing as it was in this region that changes might have 

been,expected. '• .' ' .,.. 	' 	• 	' 	, ". 

The early doubling times for bottles and tubes are very similar 

and close to that reported by Curtis (1965, personl communication )'for 

exponential growth in shaken cultures', (aee Table • 3)'. 	ThiS encourages 

one to believe that if the parameters are similar the processes which generate 

the parameters may. also be similar. 	The'resultis however surprising as 

growth in tubes, is .mesur,ed quite indirectly as distance grown.' The 

relationship between weight increase and ditançe grown in tubes may be inferred. 

from experiments describledonpage 29; 

There is one striking case that of arg-ll (allele No 30820), in 

which much ,larger.values for early doubling time were  obtained. Arg-11 

requires arginine or citrulline plus a pyrimidine bit will also grow if supplied 

with high quantities of carbon dioxide (Newmeyer 164, Charles 1964,): It can 

grow on minimal, arginiñe or complete nedium and on these media the linear 

growth rate, the length of the lag 'and the early doubling time are found to have 

1 
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TABLE. •I 

Growth parameters of arg-11 (30820) 
on various media 

Medium 	Early doubling time 	Length of lag Linear growth rate 

Minimal 	 15 hours 	 200-400 hours 	2.5 - 4 2 mm/hr 

Arglnine 	 15 hours 	 25-125 hours 	1.2 - 3.4 mm/hr 

Complete 	 3 hours 	 27-77 hours 	3 -6 - 4 0 mm/hr 

The final linear growth rate of arg- 11 on these media is the same once the 

lag is over provided that spasmodic or irregular growth does not occur 

(see p 42 for explanation of spasmodic growth in arg*11, the phenomenon 

is irre1e'ant to our arumeât 1iere). 	Hàwever, the actual length of lag is 

different on minimal and arginie tubes although the early doubling time, 

is the same 	This thows that these parameters can vary independently 

and that, there are at least three processes with whch. we have to deal 

(a) initiation of growth, (b) . early do'ublüig, (c) linear growth and further 

that these processesneed;havenó  fixed rëlätioèhi'to one another.- The 

reason that such,a high early.doubling time is observed here is possibly 

connected with the requirement of the organism 'far carbon dioxie in that 

the rate of early, growth and germmation'will be limited by the ability of 

the organism to generate CO2 	On complete medium this requirement 

seems to be almost completely abolished however arginine appears to 

reduce the time necessary for germination to be initiated but does not 
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increase the rate of, doubling during early growth... As the, final linear 

growth rates are almoèt identical on all,three media..wö must,assürne 

'that.once establisbed arg-1 1 '.can.gene,r,ate;,enough.carbon dioxide to grow 

• normally and presumably 'thexucleiin, t1egrowingfront 'are able to double 

• at the normal rate although this. can only be, inferred. 	It is concluded 

• that the early doubling time may be the same as the doubling time of 

nuclei in the established nnycelial front but that this is an inference which 

..xn'ay not be vall&in certain, exceptional circumstances such as those 

discusse.i above. 	. •. 	 . 	•• •• •, 	' 	.. ' 

Measurement of yield in growth tubes 

It was observed that the thickness of the myceliurn varied in 

tubes when requiring strains were grown on a range of supplement 

concentrations. 	it s.vas also found that agár èould be solublised' bj the 

addition of acid followed by heating and that a e'atment of this, tkind could 

be used to separate myceliurn from agar. This method, described in 

detail below, was used to measure the density or yLeld of the myceliurn 

under 'various conditiOns. 	,' 	 •' , 

Method of extracting mycelium  

Agar from tubes was cut into '1 cm. sections using a long 

• flattened wire. 	5% trichioracetic acid' (approximately 1 ml to every 

ml. of agar) was, added to identical sections pooled from t. tubes and, the 

iixt'ur:e was heated in a.boiling water bath for 10 minutes.. 	After that 

time the rnycelium was removed by filtration and could be freeze .d1iéd 
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FIGURE 6 	Yield during growth in tubes is measured as the mean 
weight of pooled sections from ten tubes Sections are cut at one cm 
intervals starting at thegrowing front 	The weight of the section is 
plotted at its mean distance from the growing front 	The mean age of 
the section is also given as an alternative abscissa 	Two experiments 
are shown in which growth occurred over different lengths of tube 
These have been superimposed at the growing fronts to facilitate 
comparisons. The reàü1t wee: btáined using Emä :wild  type 
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and subsequently weighed 

It seemed likely that this procedure would reme nucleic 

acids and so a control experiment was made in case the nucleic acids 

were removed différeñtially from rnyceliurn of different ages. RNA 

cannot be measured by the orcinol method in the presence of hydrolysed 

agar. as the agar gives rise to large quantities of ,  pentose derivatives 

which react with the reagent 	It was therefore chosen to measure 

nucleotides by their optical absorbtion, first removing TGA by extraction 

with ether 	The extracts were shaken ten times with ethei, the upper ether 

layer being discarded each time and water being added as necessary to 

replace that removed,finally the whole was made up to known volume 

There was no appreciable difference between the ninth and tenth extraction 

on measuring at 260 and 280 mu'4,. If an average molar extinction coefficient 

for ribonucleotides of 10 7 was assumed, then itwas found that the first 

centimetre of growth from the growing front released 10 9% by weight of 

ribonucleotides, whereas all other sections taken up to 21 cms from the 

growing front released between 5 and 7% rabonucleotides 

Results of yield experiment s 	............., 	. 	.... 

Figure .6 shows the weight  of sectixs of mycelium from tubes 

plotted against distance from the growing on 	There is a peak of weight 

5-10 cms. from the growing frpnt which does  notaeem to bear any re1aon 

to the point of inoculation 	The peak in weight is not so çbvious in STA 

as it is in Ema. This leads us to visualise the growth proceeding as a 
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wave of mass along the tube which eventually in a sense passes off the 

end of the tube. 

TABLE 2 

Time in hours after growth reached 
end of tube. 	 12 	36 	60 	84 

Weight of rnycelium harvested from 
w1iole tube (mgs.). Mean of 
replicate tubes. 	 45 	67. 	78 	66 

This view is supported by the results given in the above table which shav s 

that the total extractable weight in a tube increases then decreases 'after 

the mycelium has reached the end of the tube. 

Variation of yield with arginine concentration in arg1 

Arg.1 (46004A) was grown on various arginine concentrations 

and the yields measured as described.: Some representative results 

are shown in Figure 7. The form of the curve varies with arginine 

concentration.. At 2.0 and 5.0 gms. /1. arginine the rate of increase 

in weight with distance from the growing front is much lower than at 0.5 

or 0.25 gms. /1. arginine, this suggests that some process of adaptation 

to high arginine concentrations Is occurring.- 

If we chose to ignore the form of the curve this type of data 

can be summarised for the purpose8 of comparison by measuring the yield 

constant which is defined as the mean maximum weight of extracted mycelium 

obtained in a series of sections from a tube. The mean is calculated 



EARLY DOUBLING TIME MEASURED AT THESE POINTS 	 I 	. 
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FIGURE 8. 	This composite figure show-s therelatioiiship.of the 
three parameters linear growth rate, yield and early doubling time in 
arg-1 (46004A) grown on the given arginine concentrations. Explanation 
of the parameters yieid-a.nd early doublingtirne are given in the text. 
Solid squares represent linear growth rate in nuns /hr 	Solid circles 
represent yield in mgs rnyce]ium/ml 	Crosses mark the arginine 
concentration at which measurements of early doubling were m ade._____ 
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FIGURE 9 	Linear growth rate is plotted against yield (measured 
as weight extracted per tube, see text for explanation of this) for a 
number of different stocks grown under widely varying conditions 
Arrows indicate progressive dilution of the supplement in the direction 
of the arrow as given below Solid circles - ,. B362-3-la on 500 mg/i 
arginine and these concentrations of, Vogel's salt solution 2 0, 1 5, 
1.0, 0.5, .0.2, 0.1, 0.02,. 0.01, 0.00.mls;.Vogei's/100mls. medium. 
Circle with dot - .. B 362-3-la 500 ml, arginine and these cOncentrations 
of sucrose gm/100mi. medium; 	2.0, 0.5, 0.1, 0.05, .0.01, 0.005, 
0.001, 0. 	Open.circies'-- B362f 3-la on these concentrations of 
arginine with no sucrose in the medium grns/l 10, 5, 10, 0 5, 0 1, 0 05, 
0 01, 0.005 	Solid triangles - 46004A on these concentrations of 
arginine gms.il 5.0., 2.0, 0.5, 0.25, .0. 175, 0;05, 0.025, 0.01. 
Open squares - STA on Roberts medium (Roberts 1955) with these - 
concentrations of, sucrose 2. 0,. 1. 0, 0. 5, G. 2, 0.05, 0.02, 0. 01, 0. 
Roberts medium-:contains only- inorganic salts, with no citrate which is 
present in Vogei'ssoIution and. which might act as an additional or 

L '  subsidiary' salt olution..  
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from the section with the rmaximum yield bzd the two .sections on either 

side of it; thiais expressed per ml. of medium rather than per section 

for the sake of generality:. In some of the experiments in which very 

low yields were obtained, the first point was the highest and the mean 

waa,taken frornthe, first ,pot.an4the  next two. 
:.-. 

- 	Figure 8 shows the relationship of the yield constant to 

external arginine concentraton in arg-l. It can be seen that yield is 

roughly proportional to the log of the arginine concentration from 0.025 

to 2. 0 gms. /1. arginine. 	It is evident however that the yield cannot 

go on decreasing 'at this rate but must begin to level off in view of the 

exiCtèncé' of grà*th' on 'ârinine ceiit'ratiO'ns' 1 OOO fold' isis than this. 

t°is at the earns point tIát we dedue iát' the reduction of yield with 

arginine concentration, occurs that we. observe a re4uction  in linear growth 

rate. 	It se'ernsthat this point-where. linear -.gro.wthfirst- begins:'to 

decrease. appreciably. may mark the initiation :of an importantseries...of 

adaptations as.it I&: atthis pointhat spasmodic growth.is.-bbBervèd.to  

occurwhich,we shall later. endeavour .tóestablishis the: result of the.. 

ogai,sii4'dapting. to .low.'arginine by inducing greater 110w. in the arginine 

biosynthetic.pätbway. ...... 	. . 	- ..........• 	., 	- 	•'. '.. 	.. •.. 

Is the relationship of linear-growth to yield always of this 

kind? 	Figure .9 shors data.of-.-yield per.. tube and'rlinea:groth rate ;for 

a variety.of media.-' .,The,compositiön-of4he-media is fullyexpiained inthé 

iegendto the figure. 	Yield is measured here as tdtaX myceliumi extracted - 

per -tube after .grovh had reached'the end of.the tube..-': t Results 
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calculated in this way are directly propOrtionaltothè 'sa.iiè rèèilts 

calculated aa a yield constant where"6 mgs. ,  per tube aréequiválent to' 

1 mg.. per ml. Figure 9' shows clearly that adaptation by decrease in 

	

I ' 	 ' 	, 	:. 	• 	 - 	'I... 

linear, growth rate occurs below about 10 mgs. mrceliurn per tube for' a 

variety of strains grOwn on',a variety of thédia." However B3623-la 

(arg-l0) grown onO 5 gmsi. 1 arginine and various concentrations of 

Vogel'. s• salt. solution. is an exception' to"tis. ' No expl'aatin has been 

thought of to account for this.  

	

. 	 I , 	.....' 	 . 	 •.•I 	 ' 	:- 	 I, 	 •. 	 't 

TABLE 	3 	.• . . c.'Y ",.' 

Comparison of growth parameters in various strains 

Strain 	 STA 	 Ema 	3621(3) A 

. 	...............,, 	.... 	-----. 	.• 	. 	i 	
,. 	,, 

Doubling time of shaken 
cultures* (hours) 	 2 3+ 0 6 

Early doubling time (bottles) 
(hours) 	 2 0, 1 '86 4 . 	1 98 

Lineargrdwh rate (bottles) 	
+ 

(ugs Icm /hr.) 	 6:1 	 88, 95 	 107, 155 

'Early doubling time (tubes) 	 I 
''(hours)" '.'. 	2.18,1.47 	' 	. 1.44,1.22 	. :2.,01,1,.85 

Lir'h'te je' ,  .'' 	' 	•' 	
' s 	' 	' 	. 	. 	. 	... 	

' ........" 

(mm. /hr ) 	 3.2 ± 05X 	2 02, 1 85 	2 8, 2 8 

Yield in tubes (mgs.Iml.) 	5.4 	248X 	
7 3,7 	 9 ,A 7 

Dátá bf-..:Grti  
Results. obtained from many,  experiments, :.see  Figi,., 

X Results expressed as mean with 95% confidence interval 
calculated using 'students' t-distribution 
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. 4 The above :tai)le: shows that 4oubling  Iiine as measured by the 

1 several different: methods ál*eady,dis,cus8e4 gives fairl .y repeatble 

values of about.to, hours,,, although Ezia, gives 1a. value, of:,about 1.3 

which might:di.ffer, sgnhfic,anty from the .value,s, obtained, for, the other 

strains if nore,  data were aailable.'. .Ema. has a. lower linear, growth 

rate and a higher yield than the other two etraine, it is not possible 

t9. 'conclude that, the, sIow.Iineak,.grqwt4,rate ire aults.in , a.hgher value 

Jqrj the yield constant although this seems quite likely. We can however 

conclude, that a, slow linear growth rate of a wild.type'.does'not necessarily 

'imply a lower yield. This latter coiièlueion shouid be emphasized as 

it may be tepting to onclude the 	 p u contrary by 	suin m 	c 	an analogy 

with the behaviour of auxotrophs on sub-optimal levels of supplement. 

GENERAL DISCUSSION 

'Gro'h iiiètagnant. cultures and in tubes can be s.eparated'into 

three phases (a) initiation of growth, (b) exponential growth phase 

(earl doubling). (c) Linear growth phase 	The linear growth phase 

In stagnant cultures is a result of Ahe limiting rate of diffusion of air 

into the rnycelial mat 	The linear growth phase in tubes on the other 

hazidans that phaSe in which the mycelial front.iè 'exte ding at a''' 

constant rate 	We may legitimately ask whether these parameters 

are connected in. any way and what intrinsic and extrinsic variables may 

affect them.'  

VariOus' authâs(Pirt 1960,' Emerson 1950' Donachie 1962) 
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hávè considé red módl's of fun'gal 	Wthhich have incudeda 

• 'èoneideratiàn of the brnching' properties of fungi.. 	PI'L'rt has pointed 

out that branching at regular inteival6 of time 'and a constant rate of 

• gràwth of the .rnycellai tips leads to growth which is 'logarithmic In the 

mathematical sense at least 	The present author has considered such 

models in considerable detail and found that a model which assumes 

that branching only occurs at the periphery, but occurs at regular 

intervals of time and th distance between bnching'oints maintains 

some average value generates growth which is logarithmic Further 

consideration of this model showed that exponential growth could not 

continue indefir'itely as'the mycelial frànt would become very dense 

and at some stg'e mech.nical interference in the formation of new 

tips must occur., , At this stage it seemed likely that cubic growth 

might occur, as the rate of growth must then be proportional to the 

area of gurface which would probably be roughly spherical. Study of 

yild in tubes a s'function of distance from th growing frânt,' (see 

'igu're 6) has shown however that there is an increase in yield over a 

istance of 5-10 cnis. from the growing front. Thus the, model 

dcussed abovestiould probably be modified to allow growth within the  

body of mycelium. •:' If this were done. spheric'l growth would not be 

expected to occur until the mycelial mat were 10-20 cms. in diameter 

in which. case it would not be. deteèted in our experiments as the greatest 

depth of meium used was three centimetres. In fact.it  is doubtful 

whether spherical jrowth of'this md could be easily detected as the 
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mycelial mat tends tofloat to the surface after it has reached less than 

a centimetre in thickness and then it very rapidly fills the available 

surface area and linear growth commences 	Moreover any model of 

spherical growth mut be complicatd. by the decrease in yield which 

might occur in tEe older portions of cultures as might be expected from 

analogy with the behaviour ofmycelium in tues (see Figure 6) 

It was obvious as a result of these investigations that stagnant 

cultures had distinct limitations for biochemical work due to the partial 

anaerobiosis of the mycelial mat 	Growth on solid medium in tubes did 

not present this problem and they had the additional advantage that the 

concentratiàn of :gubètanceé in the medium could be várièd. at will The 

results of ivaryfiig arginine and some other substrates have already been 

discussed 	Growth on solid medium has some superficial resemblances 

to growth in a chemostat in that the mycelium is constantly being presented 

with new food and in that the yield may vary over a widerange as a result 

of varying the level of nutrients 	In a chemostat however the yieldiis 

directly proportional to the concentration of limiting nutrient not proportional 

to he log of limiting n utrient as in tubes (see Figure 8) 	Also aithoagn 

exponential growth may be inferred to occur during early growth in tubes 

and also no doubt occurs at the growing 	 a front, it cnnot be varied independently 

of nutrient concentration as in a chemostat and moreover seems t? remain 

remarkably constant 	These disadvantages of, using growth on solid medium 

for biochemical investigations are compensated for to some extent as growth 

on solid medium is possibly the norml type of growth of neurospora and 
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many other fungi under natural conditions. This type of growth has 

received very little  attention from botanists and microbiologists 

presumably because of the technical difficulties and the difficulties of 

the variation in the state of the mycelium at different distances from the 

growing front 	Solutions to some of the technical problems have been 

found 4nd the results of investigations of enzymes and amino3 acid pools 

are described in sections 3 and 4 

The.relatiOn ship between'yield. and linear growtb rate 

discussed previously has not been takenany further ,  but it should be 

pointed Out that there'is.a,problem of growth. coutrólhere, whichhas only, 

been touched upon and which merits further attention The differences 

between the growth of Ahe two wild typesis interesting and could be 

investigated further by ,  crossing and looking at a number of other wild 

types;. such an investigation would however be tedious to, performo 
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FIGURE 10 	A photograph of spasmodic growth of arg-10 in a tube 
is mounted along side.a..grapb showing growth in inrns. .plOtted against 
time 	The photograph isjnoiInted so that points on it coincide with 
identical points on the ordinate'. Note. that after:the spasm has occurred 
there is a region in which thegrowth is very sparé'e.  
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FIGURE 11 	A 1 series of growth curves for arg-1O grown on various 
conentrátiàns of' argilline showing spasmodic growth on low arginine 
concentrations 	Each growth curve has been displaced laterally from 
the previous one in order to display them properly. The inoculation 
point of each tube is marked with a Eero. •. 



FIGURE "121. 	Growth curves of arg-1O grown on various concentrations 
of argirune and 2 grns/1 ammonium nitrate, aconcentration of nitrogen 
slightly higher than that in Vogel's medium 	The growth curves are more regular and vry systematically with argirune concentration 
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SECTION II 

INVESTIGATIONS OF SPASMODIC GROWTH OF ARG.. 10 MUTANTS 

In Section I normal growth and its parameters have been 

described using arg-1 as one of the principie examples. 	The seçtion 

which follows describes the growth of arg. 10 which is under certain 

conditions slow, irregular or periodic in nature and hence needed 

special investigation. 

The phenomenon. 

When argrl0 was grown in tubes on less than about 50 mgms. /1. 

arginine it grew spasmodically; that is to say that it would grow along 

the tube at a decreasing rate until it stopped, then after a rest lasting 

several hours it would begin to grow again at a normal growth rate which 

would soon begin to decrease and the cycle of events would begin again. 

Figures 10, 11 and 12 illustrate this process which is not easily described 

in words. Figure 10 shows a photograph of the mycelium after a typical 

spasm has occurred together with a graph of the progress of the mycelial 

front during the spasm. At the point at which growth stopped the 

myceliuxn is thickened and this is followed by a thin patch which was 

formed during the recovery from the spasm. Figure 11 shows the form 

of growth obtained in arg- 10 on a variety of external. arginine concentrations. 

This shows that arg-lO grows normally on 50 mgms. /1. arginine or higher 
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I 	FIGURE 13 	This composite figure shows the relationship of the 
three parameters linear growth rate, yield and early doubling time in 
arg-10 (B362-3-la) grown on the given arginine concentrations 

I 	Explanation of the parameters yield and early, doubling time 4ret given 
in the text 	Cornpare 1 these results with those obtained for arg-1 
given an Figure 8 
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concentrations whereas on lower concentrations growth is spasmodic 

or irregular. Figure 12 shows much more regular spasms which 

can be obtained on slightly higher nitrogen concentrations. 	The 

frequency of the spasms in Figure 12 is clearly related to the external 

arginine concentration. 	The period of the osdilation in growth rate 

is typically from 64-78 hours (although the flrBt spasm almost invariably 

takes longer than subsequent spasms) hxice the rhythm is.clearly not 

circadian. 

Figure 13 summarises data on the linear growth rate s  

yield and. early doubling time of arg- 10 and shows the range of arginine 

concentrations in which spasmodic growth occurred. Comparison with; 

Figure 8 shows that arg-1 can grow on concentrations lOx lower than 

those at which arg-10 will grow. 	The yield of arg-1O is lower than 

that of arg- 1 at all arginine concentrations and the early doubling time 

in the region in which spasmodic growth occurs is significantly greater 

than other early doubling times measured for arg-1 or arg-10 (see also 

Figure 5 for the original data). 	The interpretation of these differences 

is complicated by differences in the background genes (see materials 

and methods for origin of the strains). 	The possible effects of background 

genes as the cause. of spasms is fully discussed in the next section. 

Genetical approach to the problem 
/ 

The differences between the growth of arg-1 and arg-10 could 

have been due to a number of things e. g., a cytoplasmic particle, a 



TYPE 	OF 	CROSS 

PHENOTYPE Arg-lO Sp 	a9 x Arg-1 Sp 	M Arg-1 Sp 	A 	;c Arg-10 Sp 	a 

Arg-iO Sp 27 19 

Arg-10 Sp 0 1. 

Arg-1 S 30 25 

Arg-1 Arg-lOSp 29 26 

Wild type 59 34 

ToXl 146 105 

Spore viaMity 61 24 

Table 4 shows results of a cross of spasmothc arg-10 with non-spasmodic 
arg-1 reciprocal with respect to male (conidial) and female (prótoperithecial) 
parents Sp+ = spasmodic, Sp = non-spasxnothc when tested on low 
arginine (0. 010 gm. Ii.). 



40. 

heterokaryon selecting during growth or a nuclear gene difference. 

In order to examine these possibilities it was necessary to cross the 

two types together and observe how the differences segregated. 

The two strains in question arg-10 (B362-3-la) and arg-1 

(46004A) were crossed and the progeny scored by complementation 

tests and by growing on 'low arginine" medium (10 rngms. Ii). A 

graph was drawn of each growth test and any possibly ambiguous 

results were retested. 	Similarly with theccomplementation teats, 

each test was made with an arg-1 and an arg-10 of the same mating 

type as the mutant being tested and any tests which resulted in ambiguous 

results were retested until consistent andmeaningful results could be 

obtained. 

Table 4 summarises the results obtained which show that 

all arg-10 progeny with one exception were spasmodic and all the arg-1 

were non-spasmodic except for one colonial isolate which could not be 

testedi 	The exceptional arg-10 (M85) was tested on a range of arginine 

concentrations and was shown to have a low maximum growth rate (2.4 

mms/hr.onanarginine concentration of 500 mgIL) and to be spasmodic 

when grown on a concentration of arginine of 5 mgm/1 which was below 

the normal test.concenträtion of 10 mg/i. For these reasons M85 was 

regarded as a spasmodic grower which behaved non-spasmodically oa 

the test concentration of arginine because of re4uczd ove rail growth rate. 

Arg-1, arg-10 double mutants were not spaèmodic, this finding was 

unexpected but was regarded as highly significant. It seemed as if a 



• 	 TABLE 5 

TESTS OF VARIOUS ARGININE REQUIRING STRAINS FOR 

SPASMODIC GROWTH. 

Numbers indicating a particular reisolate of an allele 
are given as well-as the allele number itself where relevant;. : 
Arg-1 and arg-10 strains were obtained from Fincham and 
Catcheside other strains were obtained from Perkins,' Woodward,' 
Fincham or the Fungal genetic.s stock center (F. G. S C.) as •  
indièated. See text for - explanation of index of spasmodicity. 

ALLELE MiXIMUM LINEAR MINIMUM LINEAR (Max. -Min)x 100 
GROWTH RATE 	- - GROWTH RATE. Max 

- - lndexof 
- : 	 - - 	 -- Spasmodicity 

Arg-10 	- - 	 - - 

B362-3-la. 2.6 	- - 0.4. 	- 85 
- 2.2 0.1 95 

- 	2.2 0.5 91 
2.1. 	• 0.3 	• 86 

- 
- 	 2.1 0.0 iôo 

• 2.7 0..0 100 
2.2 0.5 	• 	 - 77 

- 2.0 0.6 70 
- 	B362-M85a. 2.2 1.7 23 

2.0 	- 1.-7 15 
112-la 2.2 	- 0.3 	- 86 - 

- 2.4 0.3 • 	88 
229-2a 	- 	 - • - 	•Z.2 	- 0.4 	• 82 
13-1-6a • 	 ' 	2.3 	- 0.3 	- 87 

- 2.5 -0.4 84 
323-24(1)A 2.8 0.4 86 

3.0 0.2 93 
K323a 1.6 0.7 56 

2.0 1.0 - 50 
304-2a 2.8 0.3 	•, 89 

• 	

- 	 2.5 0.2 	- 92 
258-2a 2.4 0.4 83 

2.4 	- - 	 0.4 83 



TABLE 5 continued  

B370-6-2a; 2. 6 0. 1 	': •' 	96 
405-1-6A 2.1 , 	 0.3,.. 86 

16 0- 4 75 
3992A' 	 ' 	''' 24 . 	 ' 	

': 	 0.3 ' 	 88 
2.5 . . 	 .. 	'•. 	 '0:.2'.' . . 	 : 	 92 

K399a 	 ' 08 00 100 
07 00 100 

• 	
. 	 t 	

. 0.6  0.0 . 	 . 	 100 
0. 1 0 . 	 100 

B368-4-3a 2.5 . 	 :o. , 	............. 88 
2.5 , 	 . 	 .0.2 	:. ' 	 . 	 92 

B368-5-4a 2 4 0 3 88 
Z. 00 100 

K402a 	......... 	,. 	,. 1.3• • 	 ' 	 0.6 
1.3 . 	 . 	 ;,0'.'8 ' 	 ' 	 1 38 

, .145 .  
11 04 64 

402-Za 19 06 68 
0.4 :75 

B317-9-9a 	 ' 2;'4 05 • 	 79 
2.1 .0;4 	....... . 

Arg-1 

4604-1102i 	. 	 ' 2. 5 ., 	14 
3.0 . 	 . 	 Z. '30 

46004A 1408-6 3.1 ;'2? ' 	
.10 

3.1 •9 	........... 6 
46004A 1407-6 3. 7 0 2 6 13 

2.9 . 	 2.7 7 
36702a 	", 	' • 	 2.8 	• 2.0 . 	 9. 

2,6 " 	 2.2 ' 	 . 	 15' 
36703-10-13A .,2:,5 ., 	 , 	 2.3, " 	 ' 	 ':8 

27 .23 15 

K209a 	• 
2.1 ., 	 1.9, ......., 	. 	 ' 	10 
z.'i 1:9 . 	 10 

K236a 	. 	. 2.1 	' 1.9 10 
2.0 1.8' 10 

B369A 2;2 	. , 	 , 	 • 	....1.4 
• 	

36 
2.0 • 	 1.3, , 	 + 	 • 	 35 

K262a 21 16 24 
21 18 14 

K337a 21 17 19 
21 18 14 

K359á 	- 	 ' 	 ' 	 + 15 	' 1.0 33 
17 . 	 1.1. 35 



TABLE 5 continued . . 

K166a 	 . 	. 20 	. 1.7 15 
1.9 	. 	 . :1.'3 	'.' 32 

Arg-2 	S 	 - 

33442A (Perkins): 	.., 3. 0 	. 	 . . 	. .;2. 6. 	. .13 
- 2.6 7 

Arg-3 

30300A, (Perkins) 	. . 	3.1 	. 	, 	. 2. 8 9 
30 	. 	 ., 	. ., 	 . 	2.8 . 

Arg-4. 	. 	 . 	 . ..._, . 	 ., 

21502a (Perkins). 	. 1.8 	,. 	 S 	 . .1.6 	. 	. 11 
2.0, 	. 	, 	, . 	, ; 1.9 5 

21'502A (Fincham) 	- 32 , 	 2.7 15' 
S 	 ' 	' 3.4. 	. 	. . 	. 	2;8 	

' 	:' 17 

Arg-5  

27947a (Perkins) 	' •, 	2.8 	. 24 	.. .14 
•2.4 - 	25 

27947a (Fc. SC No.480) 3;0 . 	, 	3.0, 3,' 
31 28 10 

Arg-6 

29997A (Perkins) 	' 1.5 	 , - 	 0:7' 	- 	- S 53 
1.5 0.7, . 	. 	53 

29997,'15300A1-2(Perkiné)3.4 	- . • 	 2.6, 	- . 	 24 
3.4 ' .2;9 	., . 	, 	15. 

Arg - 7 	. 	 '.. ., 	. 	. 	 . 

. 	. 	S 

.. 

34165A (Perkins) 3;2 	. . 	 31 3 
3.4 	 .  , 	2:8 , 	 17 

Arg-8  

44207A (Perkins) , 2;9 	. , 	 2.7 7. 
3.0 S 	3.0 0; 

Arg..9 . 

35401A (Perkins) 3.6 2.5 31 



TABLE 5 continued 

.Arg- il 

30820A (Perkins) 	' 2'. 4 0'. 1 96 
0 	' 	' 100 

A.rg-12 

.6A(Woodward) 0'.9. .0'.5 	. 	.. 44 
0.8 0'.6 25 

RB 13 (Woodward 2 5 2 1 16 
(háckcrossed.to 2!. 6 2 ,A 19 

RB 9 (STA 2. 6 2'. 3 	. 12 
2.4 . 	.2.2 '. 	8 

Other Miscellaneous Strains Tested 

Arg(Ci22)AFGSC Noc 549 3'.2 	.. 2'.9 	. .9 
3d 1 2'.8 :io 

Arg(C122)A (Perkins) 1c0 2.0 	.. 	 . 33 
3'.1 	, 2'.2 	' 29 

Arg(C116)FGSCNo'.929 3.1 2 1.,9, .6' 
30 .2'.'7 10. 

am'A (Fincham) 3c8, 	. 2.8 	. 	. 26 
3'.4 2'.8 18 

i am' 1499-12(Fincharn) 1' 4 0 7 50 
2.3 	, 1.1 	.. 52 

Arg'-1,Arg-10. (double . 

mutants) 
 

46004, 317 2 4 2' 0 17 
21.4, 2cO 	. .17' 

46004, 405 1:.8 1v2 	,, 33 
1c8 '1Y:4' . 	22 
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product of the arg-1 gene might be responsible for the spasmodic growth, 

further this product was only active when the pathway was blocked at 

arg-lO and the organism was grown on low arginine. As arg-10 was 

known to accumulate argininosuccinic acid (ASA) it seemed most 

reasonable to attribute the irregular growth to this. 

Tests for spasmodic growth of other mutant strains 

In order to test the generality of the result it seemed 

necessary to find whether all arg-lO alleles grew spasmodically and 

whether other arginine auxotrophs and alleles of arg-1 would grow 

normally: A large number of strains were tested on low arginine (iOSiJ 

and the results are given in Table 5. This table shows the maximum 

and minimum growth rates which were observed, the minimum growth 

rate being measured after the lag. An index of spasmodicity has also 

been computed for ease of reference This is expressed as the p3rcentage 

difference between maximum and minimum growth rates taking maximum 

growth rate as the denominator. Hence When the minimum growth rate 

is low as when a spasm has occurred, the index is high approaching 100% 

and when growth is normal the index is low. The advantage of this is 

that differences due to different maximum growth rates are eliminated 

and standard criteria of spasmodicity can be set up. If the index is less 

than 35% then the strain has been regarded as normal and if the index is 

over 65% it has been regarded as spasmodic; Thus all arg-10 strains 

tested are spasmodic except B362 (M85a), K232a and K402a. M85a 
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has already been discussed and K323a and K402a have not been further 

investigated However the two latter exceptions have an Emerson 

background and when the same two alleles were tested in the St. Lawrence 

background they were found to be spasmodic (see Table 5)., It seems 

likely that these two strains have reverted or have been contaminated 

as the growth on low 'arginine was observed to be rather thick for a 

mutant. 

The only non arg-10 which was observed to be spasmodic 

was arg-11 (30820) (see Table 5).: 	This strain was investigated further 

and it was found that these spasms were not so regular as those of arg-10 

and could occur on any concentration of arginine, they could also occur 

on complete medium. The important factor here was found to be the 

inoculum size; on all.media spasms occurred when low inocula were 

used but not when high inocula were used. At first it was thought that 

there may be some connection between the spasms in arg-10 and those 

in arg-ll (30820). 	This suggestion led Dorothy Newmeyer to re-investigate 

the possibility 6f these two loci being in fact the same locus as they were 

known to be closely linked. She found that the two loci we're 5-10 

recombination units apart and that complementation to give wild type growth 

occurred between the two (D. Newmeyer, 1964). She also showed that 

arg (44601) was another allele of arg-11 and this was in turn found by the 

author to show the same spasmodic or irregular growth as arg-ll (30820).. 

However as the growth habits of arg-lO and arg-ll, although superficially 



PHASE DIAGRAM OF SPASMODIC GROWTH 
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FIGURE 14 	EaCh pointcon this graph represents the results obtained 

from two growth tubes twhich contained the concentrations of, argrnuie and 
ammonium nitxate given on the coordinates Open circles represent 
tubes which were classified as spasmodic and closed circles as those 
which were classified as having normal growth 	The normal growth 
all occurs in one area of the graph and cant be considered as the normal 
'phase', this phase is indicated by shading 	The spasmodic phase is 

unshaded 



FIGURE 15 	This figure uses the same conventions as Figure 14 
but the concentration of ammonium nitrate is represented on a logarithmic 
scale to enable a few morepoints to be represented 
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similar were found to be induced by a quite different set of conditions 

effort was conàentrated on the arg-10 spasmodic growth as an hypothesis 

was available to account at least in part for the findings. 

The effect of medium cothpositión on the occurrence of spasms in arg-10. 

Early in the investigations it was thought that spasmodic 

growth might be a result of reducedlinear growth rate per se. In order 

to test this the nitrogen in the medium was reduced at several different 

arginine concentrations to see .if spasmodic growth could be obtained on 

higher arginine concentrations by reducing the linear growth rate. The 

effect sought' for was not found but it was found unexpectedly that spasms 

didiiot occur at any arginine concentration if there was no' added nitrogen 

(ammonium nitrate) in the medium. This led to a systematic investigation 

of the effect of arginine and nitrogen concentrations on the growth of arg-10. 

The results are summarised in Figure 15. Each point in this figure 

represents two growth tubes with the indicated concentrations of arginine 

and ammonium nitrate. Graphs of growth in each tube were plotted and 

classified by inspection and by measuring maximum and minimum growth 

rates. On this basis the points could be divided into two phases a 

spasmodic and a non spasmodic one; the spasmodic phase represents a• 

minimum growth rate of 1. 0 mm. Ihr. or less. Maximum growth rates 

at these concentrations of arginine and nitrogen varied between 1 • 0 and 

2. 5 nuns. /hr. but bore no systematic relation to the occurrence of  

spasms. Spasmodic growth ceases, to be recognisable as such below about 
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5 mgms. /l.:.arginine. 

Occurrence of spasms in arg-10 as a result of growth on various 
different amino acids. 

It was thought that the arginine biosynthetic pathway might 

be further implicated as a cause of spasms if arginine precursors could 

be shown to cause spasms when used in place of arnmonium nitrate in - 

the medium. To this end a ba8ic medium of 50 mgms. /1. ammonium 

nitrate and 10 mgms. /1. arginine was used to which additions of amino 

acids were made such as to increase the added nitrogen in the medium 

by a factor of two or five. The results of this experiment are given 

in Table 6. Two experiments were actually performed at different 

times and it can be seen that the controls gave different results. This 

difference is thought to be due to different amounts of nitrogenous material 

in the agar. (When no amrnonium nitrate is present in the medium the 

growth rate of STA is reduced from 3. 6 to only 2. 0 rnrns. Ihr. indicating 

that there is appreciable nitrogenous material present in the medium used.) 

However valid conclusions can be drawn by making comparisons 

within experiments. It can be seen that ornithine glutamate leucine 

histidine and valine have an undoubted spasmodic effect. Proline glyc me, 

cystéine, alanine thymine and adenine gave no scorable effect. Addition 

of citrulline resulted in very inhibited growth. All other amino acids 

added gave a weakly spasmodic or inhibited reaction. The inhibited type 

of growth differs from the spasmodic in that no recovery of growth rate 

occurs in which case it is impossible to tell whether the recovery might 



GROWTH OF ARG-10 ON LOW ARGININE LOW NITROGEN MEDIUM WITH THE ADDITION OF 

VARIOUS NITROGENOUS SUBSTANCES  

'MEDIUM: 	Arginine HC1 10 mgs. /1., ammonium nitrate 50 mjs.'/l. (1.25 mM in nitrogen). Supplements 

are added so that the medium becomes 2.5 mM or 6.25 mM in nitrogen, .1. e., nitrogenous supplements of 

the types listed below were used to increase nitrogen in the medium .2 or 5 fold calculated from the basal 
level of 50 mgs. /1. amrnonium nitrate. ' 

Supplement N atoms I C atoms/ Growth rate mms. /hr. Description of 

molecule molecule '.,2.5mM in NI 6. Z,mM in N growth 

Max Min. Max Min.  

Experiment 1 - - - - - - Linear 2 5mm /hr.  

None(control) 
Ammonium nitrate 2 0 2 8, 2 3 0 6, 0 	Z ;D. B. 1 	5 0 7, 0 6 Spasmodic 

DL-Ornithmne 2 15 2 4, 2 6 0 6, 0 4 2 6, 2 5 0 	1, 0 2 Spasmodic 

.L-Glutamate 1 . 	5 	S 	' 2.1,2.5 0.7,0.8 2.6,2.5 0.9,0.9 Spasmodic 

L.Citrulline 3 . 	5', 1:6,1:.4 '0.5,1.2'. 1.2,1.8 0.3,0.3 Inhibited 

L-Phenylalanmne 1 9 1 	9;,.L 8 O. 7, 9.8 1 	8, 1 	8 0 4, 0 4 l'ibifed 

L-Methionmne 1 4 1 	8,2 0 1 	2,1 	3 2 0,2 2 C 6,0 7 Inhibited 

L-Tryptophan 2 11 2 	1 1 	0 2 0, 1 9 1 	2, 1 	4 Inhibited 

L-Aspartate 1 4, 2 2, 2 0 1 	6, 1 	7 2 4, 2 4 1 	5, 1 	5 Inhibited 

L-Prolmne 1 6 2 5, 2 4 2 3, 2 0 2 	' 1 8 Linear 

L-Arginine 	' 4 5 3 6, 3 3 3 2, 3 2 3 8, 3 7 3 6, 3.7 Linear 
Glycmne 1 2 2 2, 1 9 1 	8, 1 	9  2 	3, 2 	1 1 	7, 1 	8 Linear 

Experiment 2 * 
None (control)  Linear 	1.2-1.0 

mm. /hr. 

L-Leucine 1 5 1 	2, 1 	6 0 5, 0 7 2.3.1.2  0 2, 0 2 Spasmodic 
L-Histidmne 3 5 2 	1, 2 0 0 4, 1 4 2 2, 1 	8 0 4, 0 5 Spasmodic 
L-Valine 	 ' . 	1 	.• 4 	' 	, 1.8,2.2 1.2,0.6 1.8,20 1.0,0.4 Spasmodic 
N-Acetyl-L-Ornithine 2 5 1. 9, 1.  9 1. 0, 1.1 1. 8, Z. 0 0. 7, 0. 5 Spasmodic 
L-iso-Leu'cine 1 5 1.8 0.9 2.0, 2. 1 0. 8, 0. 7 Spasmodic 



TABLE 6 continued 	 I  

DL-Threonine 	 1 	 4 	1 8, 1 8 	0 5, 0 8 1 9, 1 5 	0 7, 0 7 	Spasmodic 

L-Cysteine 	 1 	 3 	1 5, 1 6 	1 2, 0 4 1.8.1.9 	1 3, 0 9 	Linear* 

L-Alañine 	 1 	 3 	1.5 	0.6 	1.9,1.8 	0.5, 1.0 	Linea.r* 	: 
Thymine 	 2 	 5 	1 8, 1 8 	122, 1 0 1 9, 2 2 	1 2, 1 0 	Llnear* 

Adenine 	 5 	 5 	1 6, 1 5 	1 0, 1 1 1 8, 1 6 	1 2, 1 1 	Llnear* 

I 	 I 

* These results were classified as linear but one oftthe control tubes (out of four altogether) and two of the 
treated tubes showed slightly spasmodic growth, this is attributed to a different batch of agar which was 
used in experiment 2 



FIGURE 16 	Growth of arg-10 in tubes containing 50 mgms /1 
ammoniuni nitrate and 400 zngms 11 DL ornithine (0 0024 M) and various 
arginine concentrations Growth rate is plotted as maximum (solid 
squares) and minimum (open circles), the difference between the two 
growth rates at any arginme concentration being the amplitude of the 
oscillation in growth rate 	The region of spasmociic growth is indicated 
with an arrow 



FIGURE 17.. 	Growth. of arg-IO in tubes coiitaining: 60 mgrns. 11. 
arnmoniuxn nitrate and 920 mgrns /1 L-glutamate (0 005M) and various 
arginine concentrations 	Conventions as for Figure 16 
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FIGURE 19 	Growth of. arg- 10 in tubes containing 50 igms / 1 	 I  
ammonium nitrate and 150 mij /1 L-citrufline and various 
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have occurred if the tube had been sufficiently long. Lysirie was also 

tested but no growth occurred as it presumably prevented the uptake of 

arginine; an effect well known and first described by Houlahan and 

Mitchell (1948). 

A further test was applied to ornithine, glutamate, phenylalanine 

and citrulline to discover whether the growth effects (i. e., spasmodic 

growth or inhibition of growth) were specific to the range of arginine 

concentrations which gave spasmodic  growth when ammoniuxn nitrate was 

the sole source of nitrogen. Phenylalanine gave inhibited growth on 

20 zngms. Ii. arginine or lees, glutamate gave spasmodic growth on 16 mgms/ 

1. arginine or less and ornithine on 12 mgzns. / 1. arginine or less. 

Citrulline however produced inhibition over a wide range of arginine 

concentrations álthóugh inhibition was most severe when.the arginine 

concentration was below 20 mgms. 11aM aginine or lees.. These results 

are shown in Figures 16-19 where the maximum and minimum growth 

rates have been plotted so that the amplitude of the spasm may be seen 

readily;  by inspection of the graph. 	The results suggest that ornithine, 

arginine and phenylalanine -cause spasms by the same means as ammonium 

nitrate and that citrülliné has a general inhibitory effect but also a more 

specific inhibitory effect when the arginine concentration is below 20 mgms. /1. 

To test whether citrufline is a general inhibitor or inhibits 

only by the formation of a large ASA pool arg-1 and arg-l0 of standard 

genetic background (obtained by C. Curtis after five backcrosses to STA) 
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were grown on nitrogen free medium plus 50 xngs. /1. amnionium nitrate 

and 150 ing. Ii. citrulline and various concentrations of arginine (see 

Table 8). It was found that arg..10 was inhibited by citrulline on all but 

the highest arginine concentration and that arg-1 was not inhibited by the 

citrulline even on the lowest arginine concentration. The amount of 

arginine needed to relieve the citrulline inhibition of °arg-10 is very much. 

more.than the amount necessary to relieve spasmodic growth and in fact 

the amount necessary is of the same order of molar concentration as 

citrulline in the medium. The experiment shows that citrulline is only 

inhibitory to the organism w!'en it ...a.n be converted into ASA and also 

that the inhibition can only be overcome by large quantities '(cf Figure 

19 and Table 8) of arginine. 	The relief of inhibition could be due to 

high quantities of argininé in the mediumpreventing entry of citrulline 

high quantities of arginine in the medium resulting, in the entry of 

sufficient arginine into the cell to switch off' synthesis of ASA from citruliine 

by a feed back effect. 	It is unfortunately not possible, to:disUuguish 

between these alternatives at present.  

However the very severe inhibition produced by citrulVne 

in arg-10 suggests that citrulline Is 'channelled into ASA production very' 

much more effectively than for example. ornithine or glutamate which cause, 

spasmodic growth rather than severe inhibition. 
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FIGURE 22 	Growth of arg-10 on 10 mgrns /1 arginine and 50 rngrnsll 
ammonium nitrate with various concentrations of L- or DL-ornithine 
Solid squares indicate maximum growth rate on L-ornithine,. sàlid triangles 
on L-ornithine and open circles indicate minimum growth rate on L-ornithine, 
open triangles on DL-ornithine..  
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TABLE 8. 	1 

Ar g.- 1 (46004) and arg-10 (B36).in standard background were grown 
in duplicate tubes on nitrogen-free medium plus 50 mgs. /1. arnmonium 
nitrate and 150 mgs. /1. cltrulline with the given argiiiine,concentration. 

Growth rternms. Ih.r. 

Arginine concentration . 
	

arg-1O 	'arg-1 

10 ings /1 I 	0 	8, 0.8 3 	3, 3 4 

50 mgs /1 0 7, 0.7 3 0, 3 0 

100 mgs.  0.7. 0. 7 3.8 

1gm/i 40, 35 43, 44 

The effectiveness per mole of DL and L-ornzthine and 

glutamate at causing spa sns were compare4 by adding them at various 

concentrations to a basic medium ntaining 50 mgs. / 1. ammonium 

nitrate and 10 mgs. li. arginine. 	L-ornithine was little more effective 

•than DL-ornithine whith suggests that D-ornithine is converted to L-

ornithine by D-amino acid Oxidase known to exist in neurospora (Horowitz 

1944) Ornithine was much more effective than glutamate as the highest 

additions of glutamate could not cause spasms in which the minimuxn growth. 

rate reached zero whereas ornithine could. Ornithine is also more 

effective on a mole per inpie (or nitrogen per nitrogen) basis than amxnonium 

nitrate. The data which has just been summarised is presented in full 

in figures 20-22. 	 . 	 . 	. 

In summarising these results it may beaaid that the amino 
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acids which produce the most effective spasms have five carbon 

backbones and those which are not at all effective have three and two 

carbon backbones. As the armatic amino acids phenylalanine and 

tryptophan cause spasms yet' the heterocyclic amino acid proline does 

not it seems likely that the degradatise pathway of the' former substances 

lead to glutamate whereas the pathway of the latter substance does not. 

The degradative pathways which must be involve4 do not seem to have 

been-sufficiently describd in the literature and so no test of these 

observations with that expected can be made. 

These results were interpreted as strongly supporting 

the hypothesis that spasmodic growth was caused by toxic concentrations 

of ASA since the five carbon pool which leads into the arginine biosynthetic 

pathway was clearly implicated as a contributing cause of' spasmodic 

growth. In view of this it was perhaps surprising that aspartate did not 

inhibit growth more markedly as it combines with citrulUne to form ASA. 

It seemed likely that this. result was obtained because the step in question 

was not saturated with citrulline when nitrogen in the medium was low. 

The results of addingcit.rulline and aspartate together to the medium 

are given in Figure 23. A slight but probably significant decrease in 

growth rate was obtained under these conditions; however aspartate was 

no more effective than an equivalent amount of nitrogen administered as 

ammonium nitrate. The effect was however consistent with the pathway 

being unsaturated with citrulline and aspartate when the organism is grown 

on low ammonium nitrate. 



TABL'E '1 

THE EFFECT OF THE 'ADDITION OF ARGININE ANALOGUES 

ON THE FREQUENCY OF SPASMS 

Analogues were added at the given concentrations to a basic medium 
containing 10 mg 11 	arglnine (0 047M) and 2 gms IL 	ammonium 
nitrate 

Substance added 	 No 	of spasms in replicate tubes at given 

	

1 	.cpnentatiónofádditive. 

-, 	20,04.7mM 	•'O.i096m 	0..*92mI 	0.235mM 

let Experiment  
None (control) 2, 1 

Arginine i,'i d, 0 
Allantoin 2, 2 2, 2 
L -.. -amino - 	 -guantdlno- 

proprionic acid - 2 2, 2 
DL-apartate 1,2 '1,2 2,2 
nButryac acid 

1  

1,2 1,2 
L-Canavanine 4 3,4 

2 

L- citrulline. 
.21 	 •.- 2, 3 ;' 	:2 2, •3 

Glycine 2,2 2,2 
Glycocyamine 	

I 1  

2,2 
 

L-g]utamic acid 	
2  2,2 2, 2 

Guanidine carbonate 2, 2 21.2 
L'. Lysine 2 2, 3 

1 

L-Ornithine 2 9  2 2, 2 
L-Proline 1,2 2,2 
Urea 	 . 	 . 	 . 'Z, 2 '2, 2 . 

DL-nor-Valuie 
1  

2, 3 2, 2 

2nd Experiment 
None (control) 	.. 2,2, 3p 3, ., . 

Arginine . .1O,0 .."Oj'Oi:..'.l, 0 1 0 
.n-Acetyl-L-Glutamic'acid : '2,2 	. 2,3' ,. . . 	 2,2 
L-Arginine-L-Glutamate. , 	 .. 2,2 . 	 0. 1 0 
L-Argin.ineac:id .! 	

'.: '2,2 .3,3 2,3 
Benzoyl-L-Arginine .. 2,2.: . 0,0 
3:-Guanidino-Butyric aci4 '... 	2,3. . 	 . 	 2,2 

: 	
'. .2, 2 

L-Homoarginine 	. 	 . .. 	 . 	 . 
. 	 2 1 2,. . 	 2,2 

L-Homocitrulline . . 	 2,2 3,3 . 	 2.3 

Uridine 	' 	 . 	 . . 	 . 	 . 3 	' . . 	 24  3 .. 	 . 	 I ' 	
3 

n.-Valeric acid' 	. . 
. 	 2,2 	. 	 . 

,, 	:3,3 , . 	 1,0 

:* Growth rate very low. 	' 	' 
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The effect of argirn.ne analogues on the occurrence of spasmodic growth. 

It was thought that the addition of various arginine analogues 

to the medium might show that spasms were relieved by an analogue of 

arginine which had no effect in relieving the nutritional requirement for 

arginine. 	This was in a sense a test of the spedficity of arginine in 

causing spasms by its presence in the medium in low concentrations. 

Twenty-four substances which had some structural resemblance to 

arginine were tested and no real candidate for the role outlined above 

was found. Each substance was tested in replicate tubes atat least 

two concentrations and the number of spasms per tube were scored after 

a graph had been drawn so that there would be no danger of overlooking 

weak or attenuated spasms.. The results of these experiments are 

given in Table 7. 

L-arginine-L-glutamate and benzoyl-L-arginine had the effect 

of abolishing spasms butit was clear from the increase4 thickness of the 

resulting growth over controls that the substances must be broken down 

to form arginine. Benzoyl-L-arginine was very curious in this respect 

in that at 0.09 mM spasmodic growth.occurred whereas atO. 23nM it 

resulted in linear thick grOwth due to breakdown to form arginine. However 

at 0. 047mM it resulted in a very low rate of linear growth. L-homoarginine 

and n-valeric acid also gave very slow linear growth at 0. a35mM. It 

isnot possible to properly interpret the cause of this slowlinear growth 

as it has onlybeen previously obtained on very low externalarginine 

concentrations where the growth is permanently inhibited without causing 
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spasms. In this situation Blow lineargrowth could be caused by the 

substance acting in preventing arginine entry into the cell or in several 

other ways. In the first experiment canavanine, citru.Uine and no-

valine increased the number of spasms per tube; this again can be 

interpreted as due to pre'enting entry of arginine into the cell or 1  in 

other ways. 

Effect of temperature on spasmodic growth. 

When grown at 35

0

C on 0.01 gms. Ii. arginine B362-3-la 

no longer showed spasms but grew at only 1.8 mm. Ihr. as èornpared 

with 3.5 mm. /hr. for 46004A under the same conditions. At 18 0C 

B362-3-la wast tested on 5 mgms. 11. arginine and was found to show 

spasmodic growth. 	 S  

Spasmodic growth on sucrose free media.. 

The table b1ow shows thevalue for the'arginiñe concentration 

and linear growth rate below which spasmodic growth occurs on 2% 

sucrose (the normal concentration) and on sucrose freemedia (see 

also Figure 24). 

TABLE 9 

2% sucrose 	No sucrose 

Arginine concentration (xngm.I1..) 	 25 	 5 

Linear growth (mm.Ihr.) 	 2.3 	 2.0 

The external arginine concentration which must be reached to induce 
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spasms on sucrose free media is five times lower than that which is 

necessary on 2% sucrose.. This observation is consistent with there 

being a reduced energy supply and hence a reduced AT? potential to be 

used in the iyntheeis of ASA. The experiment further shows that 

èpasma do not necessarily, ensue when the growth rate is below 2.7 mm. /hr. 

i. e., spasms are not a consequence of reduced growth rate per se. STA 

and arg-1 (46004A) do not show spasms when the arginine concentration 

of sucrose free medium is below 5 rngm. /1. 

Expression of the spa8modic character in heterokaryons. 

In intergenicheterokaryons of arg-1 and arg-10 grown on 

minimahmedium spasmodic growth has been found (I. R. Brown personal 

communication) and this haó always been associated with a high proportion 

of arg- 10 nuclei in the h 1eterokaryon giving spasmodic growth. In the 

majorityof arg-1, arg-10 heterokáryoris spasmodic/growth is not found 

and tho we may conclude that the character is usuall)r recessive, as would 

indeed be expected if it is induced by conditions produciñgä low internal 

arginine pool. 	 , 

IL  `0  1  0")"4_417 
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S1'IQIt• 

THE AMINO -ACID POOLS OF NEUROSPORA GROWN ON SOLID 
• 	 MEDIA. 

Previous experiments already described have implicated ASA 

as the causal agent of spasms, in that arg-10 mutants but not arg-1 

arg-lO double mutants were spasmodic and in that only certain amino acids 

particularly those which were precursors of ASA or arginine could cause 

spasms on low arginine low nitrogen medium. It seemed important to 

confirm the conclusions of these indirect experiments by direct measurements. 

of the amino acid pools. 

For this reason a method was sought which would enable the aminp 

acid pàols of cultures grown on solid medium to be measured. In first 

attempts the agar with adhering mycelium was boiled up in acid and attempts 

were made to measure the amino acids in the liquor resulting. The liquor 

proved to be too dilute and attempts to concentrate it by freeze drying 

resulted in:a black sludge which contained amino acids but, could not be 

effectively electrophoresd due to the high salt content. 	Methods of freeze- 

drying the agár and myceliurn and. then hornogenising (mechanically or with. 

M.S.E. micrornasticator) in small volumes of acid resulted in the rapid 

formation of gels 	Although the tendency ,  to form gels could be diminished 

by using suitably low concentrations of agar and high concentrations of acid 

a satisfactory set of conditions was not found. 	Yet another ,  approach made. 

was to grind whole wet cultures with alumina and acid this hàwever resulted 
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in excessive dilution of the amino acids; A method was finally found which 

was both simple and effective this 'invôlvd squeezing the culture through 

fine cotton which retained the filameñtàuè mycelium but allowed the water 

and agar topass througb The myceliuxn couldthen be.sczaped. off the 

cotton-and used for either aminoacidor'enzymeanalysis. ,, The method 

js:fully described in the section"dñ Materials and Met ods;..,  

Tobegin' with 0. 3.0/.agar was :used.a's'this..geled properlyiut passed 

easily,  through the ,cotton.' ' It' was found however :that culture a with this 

agar concentration did 'not 'grow 'spasmodically.: ;Cultures ;wer then. grown 

in tubes on :a series ofagar concentrations and.it  was found that at 0.8 0/46 

agar or below' spasms. did: not usually occur. 	The effect. of agar concentration 

was much'thê same when agar' purified, by the method of Ryan,. Bea4l:e and 

Táturn (1943) was' used to solidify the medium,- showingthat spasms. are not 

caused by 'some impurity, in;the agar.. ., In:fact spaams.,co.u1d be obtained. 

on '0.. 3 010 agar 'if. the concentration of arginine in the medium was, low enough 

(2 rngs..' /1 or below)'. It is difficult to, account for - these obervations in 

termei of'.ASA; asithe cause of spaoms' ;.. Itis -possile; ioweverthataga 

concentration' effects the: rate. of ,dif1isio, of,carbon dio44e,  into pr.Qut of,  

the medium and henco affects the inte:rrial7concentration of ASA or perhaps 

the ASA idiffiases out of the, mycelium. into the. medium ,anhis rate of diffusion 

Is af.fècted'bythe-.agar.conc.entration., .. . 	-. , 	• 	 ' 

• i " Agar concentiations-oU2% can be pa.sed through, cotton bt only.,wit 

difficulty a,d\ the pres ure:'necssar.y 	,,0: P 1 d the holes 'btween, the 

threads so that some mycelium is lost -with the agar. Therefore it was 
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found most convenient to use 1 0% agar for expriments on the spasms 

themselves. 

It was also found that spasms could not readily be obtained in 

culture trays on 1% agar. Reduction of growth rate as in thebeginning 

of a spasm occurred when the depth Of rnediuthin the j-rays was'2-3 rnrna 

but not when it was 5 mms. in depth. Even then the reduction in growth 

rate was only by about 50%. 	 - 

These results are significant as they suggestthat factorS in the 

medium such as agar and depth cannot wholly áccóunt for the very feeble 

growth inhibition obtained in culture trays as opposed to tubes and it seems 

that the aeration of the growing mycelium may also -be important Previously. 

this had been ruled out on the grounds that spaèms occurred in 'tubes - which 

had chimneys at the middle or at one' end without any differences being 

observed. If the carbon dioxide tnnsion within tñbeS 'were greater this might 

lead to more carbamyl phosphate formation and hence to more- ASA- formation 

and so an aeration effect on spasms might have been anticipated. 

The problem of aeration discussed abOve has not been investigated 

further as such. The results of analysis of amino acid poOls which follow 

are in two series, those determined in culture trays using 0. 3 016 agar such 

that no spasms or growth inhibition occurred and those determined in tubes 

with 1 016 agar in which spasmodic growth did occur. 

Amino acid pools of mycelium grown in culture trays 	 - 

- - 	Mycelium was grown as a broad front across culture trays (pyrex 

ovenware lids covered - with aluminium tops, see Materials and Methods 



FIGURE 25.. 	Amino acid pdola inarg-lQ (B362-3-la) 
grown on 500 mg. /1. arginine in a culture tray.. Pools were 
measured in one or two centimetre sections at the distance 
from the growing front given on the abscissa. 



A ASA ANHVDRtDS 
•ASA 
O'NEUTRALS 
o GlUTAMATE 
• ORNITNINE 

ARGINIP1E 

_J0.4 
UI 
U 

03 

/0 	 J 

U, 
UI 
jO 2  
0 
I 

0.! 

0 	Is 	 10 	 5 

DISTANCE FROM GROWING FRONT cms. 
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FIGURE 28. 	Amino acid pools in arg-lO (B362-3-1a) grown 
on S mg. /1. arginine in a culture tray. Poólá werémeasured in 

• one or two centimetre sections at a distance from the growing front 	 - 
gwen on the abscissa.  
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grown on minimal medium in a culture tray. Pools were measured 
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for full description) containing 0. 3% agar and harvested in one or two 

centimetre slices and the mycelium separated by squeezing through cotton. 

Extracts for amino acid analysis .were;made by heating mycelium with 3.6% 

perchioric acid in a boiling water bath. These extracts were electrophoresed 

(see Materials and Methods) and ornithine arginlne, ASA, ASA anydrides 

glutamate and aspartate were eluted and measure& All other amino acids 

(which are referred to as neutrals), except lysine and histidine, caine 

together as one spot and were measured as such 	Lysine and histidine 

seldom formed a measurable spot and were usually ignored. ' 

Values of the amino acid pools were expressed as moles amino 

acid/mg. mycelium and the value plotted against the distance of the mycelium. 

from the growing front. Results for St. Lawrence wild type (74-0R8-1a) 

grown on minimal medium and for arg.iO (15362o3-la) grown on various 
4 	 I 

arginine media are shown plotted in this way in Figures 25-29. Study of 
.................. 4. 	 '4 

these figures shows that the pools vary in a fairly continuous way from one 

section of mycelium to another but there are few obvious features which these 

figures have in common. For example arg-10 on 'normal arginine (0.5gm/1) 

and wild type on minimal show a maximum pooi size within the first five 

centimetres of the growing front whereas arg-10 on 10 mgi IlL arginine 

shows the maximum pool size in the oldest parts of the mycelium. One 
. 	

4 	 ........ 	. 	- 	'' 

feature which has been invariabl.y found is-that the ASA pool always increases 

in the ageing. parts of 'the mycelium, very often when 'the' other pools are 

falling in level. This increase in ASA (straight chain and anydride form) 
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pools measured is plotted against the weight of the section from which 
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concentration may be theãsurSd as 'a rate of synthesió of'ASA 'in. time' as 

under the conditions of groth'each Sectioü is aninterv5l'àf distance and 

time, siicedistáncefrom the growing'front is àiso'a rEiásure of the ge 

of a section. 'Figure '30 shows the 'ratS of ASA 'synthesis calculatedin 

this 'way 'plotted against th'e' logarithm of arginine coücent'ration in the 

external medium and it can 'be seen that'the lower theSxternal arginine 

concentration the greater the rate at which ASA was' synthesised... The'' 

result of this plot is an embarrassingly straight line;' 'r'eferénce'shoul'd' 

be' r'ádë to the data in Figes'25-27 to see'that' the' rate's in 'Figure 30 

should'ziot'be taken too seriOusly.''"A rate of ASA"fOrm'âtion'was not 

calculatedfrom Figie 28 as it seemed' to'be formed'tha rapid burst''''• 

followed'by decay and the'Sstablishment of a' slowS1teady rate. ' 

Further analysis .ra's complicated 'as it was' fOund that' the 'total' 

extractable pool varied with'the weight of myceliurr 'per sS'ction'(sèe figure'31).. 

Datácould be expressed eithe' aS' m moles'pér 'mg. mycélium or as' " 

percentage of' total 'amino acids" and values for one póbl' cOuld be plotted 

against' those for Other pools in the hope of discovering' systematic 

relationships' between' pools.: In'this' way it was'fOund that the 'amount of: 

glutamate was positively correlated with the' amount'of neutral amino' acids' 

(Figuie 32)' andthe ASA pool was inversely correlated with the árginine ' 

pool (Figures 33 and 34) 'No Other pOolS were found to be correlated in 

any sirnle way although all- poBsible plots were mäde'(éee:for example 

Figures 35' and 36 showing plotS Of ornithine against ASA and arginiüe).. 2: 
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Plots' we ré? usually .inadeexpresaing the data both ' 	' 101e s/mgi 'myè1iuni 

and as percentage of the tàtäl 'pool but the litter method 'w4w fôünd to be the 

rnost generally usefulr(cfo Figures'33 'd 34). 	The iiiersê cbrelatión' 

O'the: ASA pool and The.' argininé ipoOl' with bót o'olè 'exre a sed 'S a 

pércentageOf the otalpool 'is most 'máked àd éhOws '& c1éarfedbàck 

effect Of arglnine on the pathway.. ' Thée' eth 	ras'ons (given below) 

why 'the:'pèrcetage' plot might show clèare 'áorrelátions t1an 'am tho1à/" 

mg. '.myc'élium;plotTof 	ol'.'': 	'-, 	 ' 	 '•; :'. 

("1) " Theelectrophoretic'technique 'involved äppreciäble iriacéuràcies 

resulting frorn'pipettii2g 'ofthe 'saniples. Inaccuracies ofthis kindàre 

eliminated;'whenIthe 'individu'al'pool. s epreBèed'áa'ape'rceitage of the tOtal 

(2)'' The size of: the: ASA pool is a function of the 'si rof the tOtal poor 

as' well .as"of theargini±e 1 concentrátion'  

(3') " Th'e. size of .th'e totàl pool i's known to vary with 'yield: per' section (eec 

Figure' 31)':.' •': ' 	 '. ' 	" 	''..'';':'.• ' 

Plots of ASA agaiñst' arginine with the arginine' cOordinate expressed. 

"as' a. percentage were not appreciably' different from similar ;plots with' the 

.arginine coordinate 'expressed as rn mole s'Img. rnycel'ium hence only the 

ASA concentration seemeto' be 'a function, of the total pool. ' This is in fact' 

as'wOtil&be expected if tiie'arginine is'acting in' some sort of feedback' on the 

enzymeé making ASA, as ASA'wôuld.then be synthesised atgreát'est"rate'and 

he,ncehá.rë the largest pool when 'the enzymes were fiL'ly der'epreàs'ed or 

déinhibited 'and there' was also' a maximum concentration of available 
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substrate in the total amino acid pool 

As the size of the ASA pool is a function of the total pool it might 

at first sight appear surprising that th ASA po?l  was not correlated more 

positively with the ornithine pool (see Figure 35). The ornithine pool 

usually remains below 15% of the total pool unless the arginine concentration 

is very low (;fi Figures 35 and 36). It would be consistent with the facts 

to regard the ornithine pool as remaining constant due to some sort of 

feedback and the ASA.4d4%oting relative to the total pool But at low arginine 

concentrations the pathway leading to ornithine may, be induced resulting 

in the production of more ornithine than usual 	It is not possible to deduce 

a conclusive pattern of control from these type of measurements of pools 

and their correlated behaviour and so it would be idle to speculate further 

without more sophisticated experiments. In tie course of analysis of the 

results all pools were plotted against all other pools and the plots illustrated 

(Figures 32-36) show the most definite relationships observed, i.e.. all 

other plots of data showed considerable scatter without any discernable 

.relationshp..  

• Amino acidpools in.arg-10- (B362-3-1a)-grown on;l% agar :in tubes. 

Studies were mnade;àf the amino acid pools in arg- 10 grown in tubes 

by poàling sections from ten tubes -made at'equai distances from the growing 

front Growth- on external arginine concentrations of 500 mgs. li., 50: mgs. /1; 

-and 1Ômgs. Ii. was studied. . Figure -37 shows the results obtained at the 

fir-st two concentrations. + It can be seen thatthe percentage of ASA in the 
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FIGURE 38. 	Growth curve for arg-10 (B362-3-1a) grown on 
low arginine (0.01 gms. Ii.). Each point is the mean of 10 tubes. 
Harvests were made at the time indicated by the arrows. Harvests 
A, B' C, E (see Figure 39) 	made on tubes which grew as 
represented by the solid squareBand harvest D was made on tubes 
which grew as represented by the wolid circles. These tubes were 
initially identical in every respe:ct butthespasmswere not exactly 
synchronous and tubes harvesté1 at D showed an early recovery 

.1 	from spasm. 
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FIGURE 39. 	Data on amino acid pools collected from arg-10 
grown on low arginine (0.01 gms. /1.) as described in Figure 38. 
Data is pooled from 10 tubes. Sections. were always pooled from the 
growing front except with tubes D in which recovery from spasm had 
already occurred and. these were pooled frOm- the point at which the 
spasm occurred. The ASA and total amino acid pool is given for 
comparison with. Figure 37 
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total pool increasea steadily With the distance from the growing front up 

..:  
to nearly 65% ASA and at the same time the % ASA in the anhydride form 

increases (this latter observation will be discussed in detail below) ASA 

reaches a higher concentration near t1e growu fronton 50 mgs. /1. arginine 

than on 500 mga. /1 arginine 

Pools were also examined durinB spasmodic growth (see Figures 

'38 and 39). Figure" 38 8hbSthe'groih urvé with the joiiit at wIih rrples 

werè made marked vith'arrows. . Sasfta did hôt' occ' 	aetly '8ynhzdiioüely 

in time 'and so series D (harvested at the same time as' series E) showed' 

recovery from a spasm'whereas series E did not 	The level of ASA 

accumulation on 	 (10 	/'L.) is very 'Iithilá* to thai on 50 zngIi. 

arginine (cf 'FigureS 37 andl 39)h6é'r'the level' iégrèâte'ön'low arginine 

in harvests C and E which were mad& when growth was beginning to slow 

down with the start'Of éásrii" Théeárli'éèt hariest A 'hO'wér shov's a 

rathe1oer levelof ASAialthough  the' gr6wth *ate hä'à1rady bégr 'to fll 

6ff.' 'Ikitér.prótát'ithi of thésé reèults iè orplicitéd'áa'a' sri'èB'f hüvüts 

representing diffrént le.gth's' of' 'growth' is ñOt available' 'fo 	g'T0 g'àth' 

on 50'or 500 mgs. /1. .ASA and so it iä z ot 'kno*i 	thèrO ñOt 12thi"s'.' of 

growth on 50 mgs Ii would give the same or different levels of ASA as 

harvest A which repreèents '12 cm's. f growth o '10"thgè '/1'. arginine. 

However the largest accumulations occur at the growing fntduring a I

spasm 

and recovery from spasm is associated with a decrease in the level of ASA 

(èe Figure 39D). 	These results are, consistent with the interpretation of 

previous experiments in Section 2 that apasinodic growth is caused by high 
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ASk accumulations inthe growing. front..  

These are however not theonly differences between spasmodic 

ándnon- spasmodic . ci1tures. In the next part evidence is dèscr bed which. 

points to a'lówering of theinternaLpHofthe.cell durtng gowth,on.Iow.. 

arginine.  

.. .....................................i•  
pH and the formation of ASA anhydride

. , s 

• 	 .V 	 1. 	. 	 , 	 . 	L' 	 . 	" . 	 . 	. 	. 

ASA is' known to be converted into arihydridés by
.. 
 héát at äcid' 

or alkaline pH (*es119O), and was foctO be Irined uto.the 

extraction procèdire used (boiling i.n 316 016 'peic.l6ià 'aid); ho ever more 

ASA appeared to'be 	nei'thán .doiid'be aouid foby'the etration 
. 	 _:  

procedure itself. 	The effect of vaiiatiOnè in the e,tiatiôn röàedüie 

on anhydride formatinn was considered and is fully described in the section 

on Materials and Methods 	Suffice itto say here that variation of weight 

,'  
of mycelium and volume of acid added had no effect on the amount of 

anhydride formed.  

Westall (1960) h as described how the format,ion of athydride is 

	

• 	 V 	
, : 

affectVed by pH and temperature but has not attempted to determine the 

V 	 ,;_• 	 '., 	 ,,V, 	
, 	 ._ 	 ,. 	 ' VV 

equilibria involved. It seemed likely that ASA was being converted into 

J 	I 

anhythide by the In vivo conditions of pH. To check on this pOssibility 

,•..' 
it was important to determine the ASA/anhydride equilibria at variOuS pH's 

To do this ASA at a concentration of' 	 .. 	 V  

at 25°C in 11dlvaines buffer (t4HPO4 and' citric acid) nd ainples were 

taken at an interval of afew days' and electrhorededo' t ' FigUre 4) shows 
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FIGURE 40 	ASA at a concentration of 1 mgm Iml was 
incubated at 250C and the concentrations of, ASA- and. anhydride. 
measured at intervals of a few days pH was kept constant 
using Mcllvaines buffer (Na2HPO4 and citric acid) 	The pH's 
used are shown.in the key, a V following the pH inthct'es that' 
Vogel's salt solution was added at 2 0/'o to that series. The figure 
shows the rate of approach to -  e?ilibrium under' these various 	 • 
conditions. 	• 	. • 	 ' 	 . 	- . 	' 	•• 	. 
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FIGURE 41. 	ASA to anhydride proportioüs near to or at • 
equilibrium are shown for various pH's. The pH- used in the - 
plot is the pH meaureda.t thetime  the final anhydride proportions 
were measured. The pH did not however vary more than 0, 2 
units during the 8-13 days of the experiment. Two series of 
measurements were made as shown in the key after 8 and 13 days4 2 V'C 
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FIGURE 42. 	Proportions of ASA to anhy1ride during growth on 
culture trays (see Figures 25-28). 	A line has been drawn by 	 - 	- 
inspection through the origin and the availáble points for each external 	 I arginine concentration. 
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that equilibrium was reached after about 9 days, addition of Nogells 

salt solution (2%)  slightly increased the rate of approach to equilibrium 

Figure 41 shuwa results giving the % of ASA to anhydride near to or at 

equilibrium 	It can very readily be seen that the amount of anhydride 

is very closely determined by the pH between pH 5 and 8 which is the 

physiological range 	
4 

Widely differing ratios of ASA to anhydride were first found 
4 	

I 	

I 

in the experiment involving owth 	ul gr 	on cture trays already discussed in 

detail above 	Assuming the different A'SA toanhydride ratios ai e due 

to different prevalent in vivo pH' then  this ratio may be used to dstermine 

the mean pH 	In  Figure 42 values obtained for ASA-have been plotted 

against values obtained for anhydride and the slope of a line drawn (assunnig 

that the line passes through zero) htas been used to estimate, very approximately, 

the proportion of ASA in the anhydride form which after correction for the 

amount of anhydride formed during extraction (12%) has been converted into 

a value for pH using Figure 41 	These estimated average pH values are 

II 

given in the table appended to Figure 42 	It should be remembered that 

all values for different stages of growth have been used in obtaining these 

figures and so they represent a mean pH for the particular arginine concentration 

involved 	The table referred to shows that the pH tends to be much lower in 
4 	 4 	 4 	

4 

arg-10 grown on low argininethán on hih arginine. 	 V  

1, 4 ,-Sirni1ar- resultswérébobtai1ed  in d*th on tues (see Figures 37 and 

39) 	Here it can bel seen more clearly that the proportion of ASA in the 

.1, 	- 	 •. 	V... 	
1I 	 .. 	

- 	 . 	 •_ 	
.- 
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The pH as determined -by proportion. of anhydride 
is plotted against ASA expressed as percentage of:the total pool 
The values were obtained from the results in Figures 37 and 39 after 
theBe figure 8 had beer smoothed by inspection. ' Three or four' points - 
were taken at roughly equal intervals from the 'experiments aslisted 
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anrdride form increases with diminihing arginine concentration and with 

in creaBing age of the mycelium . Figure 43 has been constructed using 

values from Figures 37 and 39 to give a rough diagram of the relation between 

size of the ASA pool size of the anhydride pool and distance from the growing 

front. Values used in this diagram have been obtained from the smoothed 

results in Figures 37 and 39. It can be seen that most of the points from 

the low arginine cultures (10 mgs. /1) have high anhydride and hence low pH 

and that this is a much more marked difference between the low arginine 

tubes and the other tubes than the difference in the magnitude of the ASA pool. 

These results seem to be consistent with some quite large 

changes in pH within the myceliurn during growth and ageing on various media. 

The equiJ.ibrium between ASA and anhydride takes up to ten days to be 

established in vitro and although the reaction could be catalysed in vivo 

this has not been shown experimentally. In experiments of this kind in 

tubes it is not possible to QioLrtout rigorously the kinetics of, pH changes and 

their effect on anhydride formation. 	The interpretation of these results 

is discussed further at the end of this section. 

Attempt to identify 'yellow substance' found on electrophoresis of 
perchloric acid extracts of Neurospora 

A substance which had a very slight yellow. colour, on untreated 

chromatograms was invariably- found in perchloric acid extracts of neurospora 

which had been grown on low -arginine. The faint, yellow colour was not 

usually noticeable on unstained chromatograms and the substance was generally 

only detected after ninhydrin treatment, which, very much intensified the colour. 
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The 'c'àlóIr sh6'éd n'o' change 'on' trC'átnentwithcopper colutibn '(see Material 

áñd Methods)' and'hád 'an abSorption' maximum at480' thi 	opposèd.'to 504 mi 

for t-pical .zi'Ô áid'ft' àppér tr'é'átmêñ. 	The bst'ae' was first 

thöuht to be prolirie 'büse 	 'but' was found to be 'separable 

from proline tand hydroxypràllne on electrophoresuig for 	u 3 hors (see Figure 

on pe iZ'). ' 'Bécauèe of its yellow côlóür it Séèthed"Iikélyth' it might 

be a substance related to the prohnes or pyrroles Pyrvoles and related 

give' 'red spóta when papers are 'tréted with '1 %"p-diinethyl. 

benzaldehyi in acetone HC1 9 1, tryptophan gives a ptrple spot with this 

reagent. '(Dáwsn St al, '196'2)' " The 'yellow S'ub'ètaxicé' áve"äbarely 

detectable purple sj.ot when arl11' trips s but ?from the èäziè'áper gave 'a 

very clear 	to ninhydriñ.'  IThiS lack of clear' r'é'èorie 'deemed to 

eliminate pyrroles and A -pyrroline-'5.carboxylic acid a precursor of 

	

... 'ài 	'itlá 	 0 %'thátiniñ '-ütàñol'cótaining 

'4 0/' 'glàc'i1 a'èti acid f1l6wèd 'b' háting 'at 100 °C foi 10 mtnütéà gives a 

ètroIg bl'ue' éó16ü'r' with proline and à faint 'cÔloüi with hydroxrproline' (Paws bn 

	

tâl:. 	" The 	 ve a very weak but quite definite 

reactioxi with;'this reagent similar to the react jon ,gien.by, hydroxyproline in 

relative intensity. . 	.. 

give a list of substances which give a 

yellow colour with ninhydrin; of the substances on the list only the following 

remain to be considered (all others'.being eliminated by the tests described 

above) 	methylproline, . allohydroxyproline, hydroxymethyiproline, baikiain, 

anserine, £amino-levulinc acid, aspartophenone, ntpecotic acid, pipecolic 
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acid and -pipecolic acid Of these 4&amino_levuhnic acid, allohydroxpyroline 

and pipecolic acid were eliminated as they were i found to be separable 

electrophoretically 	All other proline derivatives and other N-substituted 

amino acids were eliminated as it was found that the 'yellow substance' 

fluoresced in the ultra-violet without heating (Gal 1950) 	Anserine may 

be eliminated as a possibility as it is reported as being rather basic and 

hence would travel faster than the 'yellow substance' on electrophoresis 

This leaves aspartophenone (HOOCCH 2CH(NH2)CO - b ) as the only remaining 

known possibility. 

An amino acid analyser run using the Technicon standard graiient 

on material from arg.10 (B362-3-1a) grown on 0 01 gme hi arginine which 

had 'yellow materialin .eiectrophoretogams showed twb' ,peaks Vhich had a 

high absorbtion at 440 mi (as opposed to 57,0 miat!whch wavelength mbst 

amino acids absorb). 	One of these peaks came within 3  hour s°.of the start 

and the other peak came off between leucine and.nor-leuciné: Neither of 

these peaks corresponded with known amino acids having a 1high 440 m1i 

absorption. 	 . 

It must therefore be conclu4ed that although ti.unknownsübstañce 

could be aspartophenone it could equally we1ll some  ot1erstibstañcóthe 

properties of which have not yet bee1.!1ote4yan1ino acid analysts; No further 

work has yet been done onthi this substance, although it wod seem o be ll; 

worth pursuing in view of its possible connection with ASAbreaicdôwn or. with 

arginine de repression or deinhibition. 



Dièáussion 	0 	 ', : . ' 

0) 

:.The experixneüts"aiready,describedshbwthätthéASA  pool'is 

highest in cultures grown on low arginine and lowest in cultures grown 

on high arginine although the analysis is much complicated by the decrease 

in arginine and in the rate of growtha1ong the tube from the growing front 

tCultures gro*ingspasthodicallyhavea greater.  ;ASApool in the growing° 

frontthan cultures growing non-spasmodically andk..ilso show the highest 

final 	accumulation,., These djffrences are.of the tpewhich were 

expeted on the basis tof. the genetical and physiological experiments 

The further discovery of varying proportion of' .ASAE to anhydride 

was totally unexpected and it seems to be only possible to account for this 

by the existence of anirnvlvo pH which varied with external arginine 

concentration 	Therez are several possible reasons why the in vivo pH 

might váry, with external arginine.:con'centration ''• 	 ,, 

(1) 1The ASA accumulation aself is sufficiently acid to cause a decrease 

mpH 

The additionalATP néces ry.to synthesize ASA.causes excessive' 

respiratory activity and CO2  production 	 I  

(3) CO2  production is induced to pro'de substrate for carbamyl phosphokmnase 

'(4) ' The general conditions . f growth With excess sugar,' salts,' etc. but' 

• 	 •0 	
•' 	 ' 	

0 	 L 	', 
limited arginine favour excessive, respiration. 	0 	

0 	 • 

Any or all of these reasons auld amount for the variation in in vivo 

pH and there would seem to be no way of deciding.between them at the. present 

• 	time.: The observations suggest that the nqrrnal in, vivo. pH is 7-8 but 
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• that the H'i do iderably 'iower' in 

' 	
6.5 7'i'l'd'but noh'-1;spasmodic cultures.. 	TIre is no., eson to 

bélTévé tât tI.H'Iø' iiniforth thrôüghout the different parts. of a hypha., 
I'-. 	 •. 	'. 	I.'. 	 '. 	•. I 	 t,' 	 I 

the 'H of the váuofesfor' example 'may be capable of much. wider variation 

the pH oE  the cytOplsm. ''Fob this reason and because of complications 

of iht rpretatthn due to á 	b1y slbw rate ofanhydride formation the pH 

... 

• 	 •'- ,•.i, 	''' 	,' ........':  

meaSured èhould'bé'iégärded as a'méanpH. •,. 

I ,, 	,.. 	 , 	., 	:...; 	1 , , 	.1.',• 	•, 	 i'. 	 •H, 	.'','..,'. 	... ........'Spsodi 	 by high ASA accumulations 

pei se, ' 	by a bkdosrn kodüct oE 'AA' ('yelIo, substance'?),, or low, pH 
1.,.'. 	.' 

Or 'áiy 1  àdthbination ' Of thë'sè factors.'  Aa however, no other arginine loci, 
'. 	. 	. 	 . 	. .............•,, 	I. 	','''' 	. 	...... 

I 	 II 

ShOW' spasmodic gr&wth it 8Cem'S 'thátwhatever causes the spasms they 

mtiêt"l at least indii'ectly dUe tó'ASA synthesis, i.e. ,.if pH is the direct 

c'ée' f'asms thn tiis'm'ut' be 	ca'use the p}tis altered for one, of 

réason8 1r3 'abOve bU nOt for reasOn 4-  

I' 	' 	 '.,I 	 . 	•. 	. 	.'' 	. 	. 	I' 

Crow...on Solid 'media has the one advantage that the,external 

doncentratlon of substrates may be held constant during growth. This 

i l 
advantage is unfortunately very liznited due to the ability of, the fungus to 

concentrate stLbstrates from the medium and the very extensive changes in 

•., 	.................... 
amino pci'dcpools found in these experiments during growth along the tube 

the 	. 	...'. 	. 
The experiments described here had I 'ery limited aim of elucidating the 

'I 	 • 	 . 	 , 	' 	''' 	
'I 	................' 	;•-' 	I.'. 

nature of spasmodic growth and
' 
 were not concerned with the problem of 

the regUlationàf pools pei'se.' Hovieveritis quite clear as a result of these 

ep'e'riment'è that 'tii' absolute' éizs of he pools vary during growth witi 
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age and with distance from the growing front 	It is also clear that the 

proportions of one pool to another in a biochemical pathway (e g , ornithine 

and ASA in Figure 35) may vary considerably 	Obviously on the basis 	of 

mass action the carbamyl phosphate, aspartate and ATP pools will affect 

the ratio of ornithirie to ASA Nevertheless although it is not possible from 

these experiments to decide in what way one pool influences another it is 

clear that during growth the pools may be perturbed into a variety of ratios 

and the organism may still grow satisfactorily 	It shoidd be noted here 

that one amino acid anaiyser run has been done on pools from cultures grown 

on. low arginine . and that a ratio of ASA/citrulline:X aspartate waé obtained 

which was very much greater than any obtained by Curtis during steady 

exponentAal growth in shaken flasks 	This difference can be accounted 

for either by postulating a mass action effect reiulting from unusually,  

large precursor or ATP pools, or ,  by postulating that ASA is not in true 

chemical equilibrium during exponential growth, as in ATP coupled reactions 

the equilibrium wOuld be expected to bevery much in favour ofthe pro4uct 

and hence equilibrium might never be reached in a rapidly growin'g culture; 

Although growth on solid media may be the natural way for most 

filamentous fungi and neurospora in particular to grow it seems to be an 

unpromising situaion for the elucidation of control mechanisms in intermediary 

metabolism 	To do this the classical eerimental method of holding 	all 

conditions constant and then varying them singly is the most appropriate 

and cannot be simply achieved in growth on solid media 
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- 	FIGURE 45. - 	ArgIninosuccinase in Arg.1 (46004A)ineasured 
as pi moles ASA syrithesised 1mg.. ;protein'/hOUr in sections taken 
fromgrcwth tubes at different distances from the growing part. 



Arg- I 	
EXTERNAL ARGININE 
CONCENTRATION 

o 5 gm/I 

o 500 mgms/l 

A 50mgmIl 

0 

x 
10 mgmsll. 

0 

z 
0 

2000 

A 
V 

0 	
5 	10 	IS 	20 

DISTANCE FROM GROWING FRONT 
(cm.) 

FIGURE 46. 	Arginase in Arg-1 (46004A) I& moles urea synthesised/ 
mg protein/hour in sections taken from growth tubes at different distances 
from the growing part 
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FIGURE 47. 	Ornitliiné ti anscärbâmylase in Arg-1O.(B362-3.la) 
measured as /4 moles citrulline synthesised /mg protein! hour in 
sections taken from growth tubes at different distances from the 
growing part 
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FIGURE 48 	Argininosuccinic acid synthetase in Arg-1O (B362- 
3-La) measured as ./rnoles citrufline decomposed/mg. protein /hour 
in sections taken from growth tubes at different distances from the 
growing part. 	 . 	. 	,. 	. 
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FIGURE 49. Ornithine transcarbamylase in Arg-1 (46004A) 	 : 

measured as 	fr moles citrulline 6yntheSiBed I mg. protein I hour 

plotted for each series of. sections from growth tubes against external 
arginine concentration 	Sections (4 or 5 cms long) are labelled 1 4 

starting at the growing front. 



g-I 	 4 
V 

.9 

.7 

N 
< 6 
z 
0 

.5 
z - 
z 
0 

.4 

.3 

0 
3 

2 

10 	 50 	100 	 500 	1000 	 5000 
LOG. EXTERNAL ARGININE CONCENTRATION mgi/I. 

FIGURE 50. Argininosuccinase. in Arg--1 (4600A) measured as 
moles ASA synthesised I mg. protein I hour plotted for each series 

of sections from growth tubes against external arginine concentration. 
Sections (4 or 5 crns. long) are labelled 1. 4 starting at the growing. 
front. 
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FIGURE 51. Arginase in Arg-1 (46006A) measured as,tt moles 
urea synthesised / mg. protein/hour plotted for each series of sectii.: 
from growth tubes against external arginine concentration. Sections 
(4 or 5 cms. long) are labelled 1.4 starting at the growing front. 	'i 
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FIGURE 52. 	Left hand side: Ornithine transcarbamylase in 
Arg-lO (B362-3-la) measured as /4 moles citrulline synthesised / 
mg protein / hour plotted for each series of sections from growth 
tubes against external arginine concentration Right hand side 
Argininosuccinic acid synthetase an Arg-lO (B362-3-1a) measured 
as /4 moles citrulline decomposed I mg protein I hour plotted for 
each series of sections from growth tubes again -st external arginine .-
concentration. 	Sections (4 cms. long) are labelled 1. 3 starting 
at the growing front. 	 . 	. 	 ;. 



SECTION; 'IV. 

Enzyme activities in ar-1 and arg-10 dlrin2 drowth in tubes 

Enzyme activities were measured in mycelium separated from 

agar by squeezing through cotton as described In Material and Méh.ods. 

Assay conditions are also described in the section on Material and Methods. 

All enzyme activities are measurédin tA moles substrate destroyed or 

product synthesised per houc per mg. protein measured in equivalents 

of Iovine serum albumen using the method of Folin and Lowry (Lowry et al. 

1951) for protein measurement. The. experiments involve growing, 46004A 

or B362-3-la on l%.agar in tubes and cutting sections of4 or 5crns. frqm 

.the growing front backwards. 	The data hàs been.piotted in two ways as 

specific activity of the variotis enzymes against distance from the growing. 

front (Figures 44-48) or as specific activity for a given section (or distance 

from growing front) against external arginine concentration (Figures 49-52). 

The former type of plot shows that enzyme level varies inairnost all 

imaginable ways with distance from the growing front. Such varia.tions: 

mht be expected in view of time delays in enzyme inductio, change in inducer 

concentration and ageing of mycelium; in fact.a combination of .hese factors 

can explain any such curve of enzyme activity with dittance frOm he growing 

front in an ad hoc way. . The, plots of specific activity, against external 

arginine concentration are more interesting as most of these show consistent 

trends of enzyme induction or repression. Figure 51 shows that arginase 

in arg-1 is induced up to 4 fold, Figure 49 a 5-10 fold repression of OTCase 



FIGURE 53. 	Ornithine - trans carbarnylase in backcrossed arg-1 (46004) 

measured asmoles citrulline synthesised Img. protein I hour in sections 

taken from growth tubes at different distances from the growing front. 
Three independent experiments (represented by circle, triangle and square) 

on 500 mgsll arginine. 
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FIGURE 54. 	. Ornithine transcarbamylase in backcrossed arg-1 (46004) 

measured às g4 moles citrulline synthesised img. protein 1 hour in 
sections taken from growth tubes at different distances from the growing 
front. - Three independent experiments (represented by circle, triangle 
and square) on 50 mgs/l arginine. 
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FIGURE 55. 	Ornithine transcarbamylase in backcrossed arg-1 (46004) 

measured as J4 moles citrulline synthesised I mg. proteins I hour in 

sections taken from growth tubes ãt different distances from the growing 

front. 	Two independent experiments (represented by circle and square) 

on 10 mgs. /1 arginine. 

a 



ARG-IO - 

-I 

N 

N 

U 
200 

N 
I- 

N 
z 

z 
N 
0 

100 

o 	 -- 
- O 	3 	6- 	9 	2 	IS 	Is 

- 	DISTANCE FROM GROWING FRONT (cms) 

—J 

FIGURE 56. 	Ornithine transcarbamylase in backcrossed arg-10 (B362) 

measured as 1k moles citrulline synth&sised I mg.. protein I hour in 

sections taken from growth tubes at different distances from the -growing 

front. 	Three independent experiments (represented by circle, triangle 

and square) on 500 mgsll. arginine. 
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FIGURE 57. 	Ornithine transcarbamylase in backcrossed arg-.lO (B362) 
measured as JA  moles citrulline synthesised I mg. protein I hour in 
sections taken from growth tubes at different distances from the growing 
front. 	Three independent experiments (represented by circle, triangle 

- and square) on 50mgsIl. arginine. 	 - 
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FIGURE 58. 	Ornithine transcarbamylase.in backcrossed arg-1O (B362) 
measured as f& moles citrulline synthesised I mg. protein 'I hour in 
sections taken from growth tubes at differant distances from the growing 
front. 	Five experiments in two series (represented by squares and circles).' 
The first series (top of figure a and b) was harvested at two different times, 
lot a after growing 17 cms along the tube in 95 hours and lotb after growing 
22 cms. along the tube in 116 hours; in this series only one tube in 34 
showed signs of Ispasmodic growth. 	The second series (bottom of figure, 

c, d and j) showed spasmodic growth rather- similar to that illustrated 
in Figure 3 (harvest E) i. e., c, was harvested after 73 hours growth 
over 13.5 cms, d was harvested after 96 hours growth over 17 cms, 
and ewas harvested after 114 hours growth over 18 cms; sometube's 

in harvest e. '  were beginning to show re'covery from spasm. 
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in arg-1 and Figure 50 a 5-20 fold repression of ASAase also in arg-1. 

The ASAase result is less clear than the others as one of the points is 

particularly high. 	This illustrates the problem of this type of experiment 

in which it is assumed that sections. of equal length and mean ditance from 

the growing front are equivalent. 	This is plainly not so as the growth 

rates are known to differ, but is also unlikely to be so as the arginine 

concentration will decay behind the growing front much more rapidly in 

low arginine tubes and hence cessation of protein synthesis and growth 

with possible onset of autolytic processes, will occur more rapidly. 

Figure 52 shows that ASA synthetase in arg-10 is de-repressed 

4-14 fold whereas OTCase (Figure 52) does not, vary in any systematic way 

• with arginine concentration. 	It is not at.all clear why OTCase should 

behave so differently in arg-1 and arg-10. 	The low arginine tubes were 

undergoing a spasm at the time that the mycelium was harvested which might 

account for the difference. 	Arginase has not been measured in arg-10 and 

ASAase cannot of course be measured (fl arg-10 or ASA synthetase in arg-l. 

Further experiments on OTCase levels during growth in tubes: 

Because of the V'arialility in results obtained for OTCase in the 

experiments already described and because of the apparent descrepancy 

between results for arg-1 and arg-lO, it was suggested that the experiments 

should be repeated using lackcrossed strains of arg-1 and arg-lO. In the 

investigations illustrated by Figures 53-59 strains of arg-1 and arg-10 

backcrossed five times to wild type were used (these strains were obtained 
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from C. F. Curtis) and the enzymes were measured in pooled sections 

from several tubes, the sections always being 3 cms. long. 	The 

standard method of assay was used except that protein was measured 

by the method of Folin and .tpwry allowing 4 hours for colour development, 

this gave better results and a linear relationship letween optical density 

and protein concentration (see Figure 59). 

Duplicate enzyme assays were made for each extract and 

duplicate protein determinations were made. 	As protein determinations 

showed comparatively little variability duplicate enzyme assays were 

expressed as specific enzyme activityper mean value of protein. 

The results broadly confirm those pieviously obtained in that 

on 500 mgs/l or 50 mgs/l arginine the level of enzyme specific activity 

rises to a peak some distance behind the growingfxvnt(9-15 cms), this is 

followed by a decay of the specific activity in the aged parts of the culture 

15-25 cms. from the growing frDlft. 

On a lower concentration of arginine (10 mgs/l) the maximum 

specific activity occurs at or near the growing front and thereafter decays 

with distance from the growing front. 	These results fit in with other 

results obtained showing that growth in thickness of mycelium occurs 

behind the growing front when the arginine concentration is sufficiently high 

(Figure 7) and the decrease in enzyme specific activity seems to follow in 

parallel with the decrease in weight of mycelium in the older portions of 

the culture. 	The results are also consistent with the known behaviour 

of the amino acid pools in that OTCase is found to be induced as internal 



argininè is reduced in quantity and as the ASA pool increases, in quantity 

(see Figures 25-27). 

The lowest values found for OTCase were 60-100 units and 

the highest values 450 units giving an induction of at least five fold. It 

must be stressed that this is a minimum estimate as the specific activity 

of OTCase may obviously vary within the three centimetre sections in 

which it was measured and also growth of arginine requirers of Neurospora 

may occur on even lower external arginine concentrations which might 

involve greater enzyme inductions. 

Figure 58 gives some idea of the behaviour of. OTCase during 

spasmodic growth. 	Arg-10 was grown on low arginine (10 mgs/l) with 

1% agar wh-ich does not always result in spasmodic growth due to the 

lowered agar concentration. 	The top of figure 58 (a:.and ) shows non- 

spasmodic growth under these conditions and the bottom of Figure 58 

(C, d and ) spasmodic growth under apparently identical conditions. At 

the right hand side of the figure OTCase specific activity during early 

growth is shown and at the left hand side of the figure specific activity 

during later growth. 	Initially in t.oth cases the enzyme level is high 

but is much lower in b after further non-spasmodic growth. 	In d fully 

spasmodic growth 'occurred and recovery from spasmodic growth was 

occurring when samples were taken to determine the enzymes as at e. 

The type of spasmodic growth found was very similar to that shown in 

Figure 38 (harvest E). 	Thus clearly non-spasmodic growth and recovery 

from spasmodic growth are correlated with reduction in OTCase level. 
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The difference between the two series of cultures which lead to one series 

not, 
becoming spasmodic and the other/ishot clear but small differences in 

arginine content of the medium or CO 2  in the air for the two series might 

cause this difference. 

The difference between results for arg-1 and arg-lO in the 

earlier experiments may be accounted for largely as due to the dramatic 

variation in OTCase level during growth on 10 mgs/l arginine. 

The high initial OTCase specific activity followed by lower 

activity as in Figure 58 may be accounted for by a buildup in ASA concentration 

which lowers growth rate and allows arginine concentration to build up, 

repressing the enzyme, and hence lowering the OTCase specific activity. 

This type of behaviour might lead to a stable lowered growth rate or to 

spasmodic growth, thus accounting for bath experiments recorded in Figure 58. 

T)i rii ssin 

It is clear that the arginine biosynthetic pathway can as a whole 

respond to low arginine concentrations by at least a four fold induction and 

possibly as much as ten-fold or even more. 	Table 10 is a list of all the 

enzymes in Neurospora crassa which have been found to show adaptive 

enzyme responses, also included in the table are comparable figures for 

two arginine biosynthetic enzymes from E. coli. 	The table shows that 
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large adaptive responses of enzymes have been found in Neurospora 

and that there are several inducible enzymesi known. Two further enzymes 

argininosuccinase and argininosuccinic acid synthetase may now be added 

to this list as a.resült of the work described here. 	The most dramatic 

enzyme adaptations in Neurospora have been found when alternative media 

(such as nitrate or ammonia) may be used in both of which the organism may 

grow. Davis (1965) on the other hand transferred cultures growing on 

arginine to minimal medium or vice versa and looked for enzyme responses 

in the organism aItez' 4-5. hours incubation in the new medium. This type 

of experiment has the disadvantage that the internal arginine pools are slowly 

used up and then the organism grinds to a sudden halt; probably there is 

little timeleft between receiving signals indicating  low argininepoolsan4 

exhaustion of the pool after which further adaptive enzyme synthesis is obviously 

impossible The reciprocal type of experiment involving transfer of wild 

type from minimalto arginine medium would only h,e expected .toproduc.ea 

response ifthe enzymes were already derepressedo. . In another type of 

experiment Davis achieved partial derepression by'using a mutant with 5 016 

normal ornithine transcarbamylase which had a low arginine pool; this mutant 

could grow on minimal medium but when grown on arginine medium showed a 

reduction by half of the activity oLornithine transrbamylase .  However it is 
I 

evident that this technique might show much bigger differences if a mutant with 

an even lower arginine pool could be obtained. It seems likely that greater adaptiv 

changes in enzyme level have been obtained in growih Ontubes because prolonged 

ffrowth was. obtained at 



ENZYME ADAPTATION IN NEUROSPORA CRASSA AND ESCHERICHIA COLI 

Enzyme Fold response to repressor Inducer orrepressór 
substance 

Reference 

Neurospora crassa 

Ornithine transcarbamylase 2 	 : arginine Davis 1965 
Carbamyl phosphokinase 2 arginane Davis 1965 
Arginase 1

2.-3 arginine Srb 1944 
Aspartic transcarbamylase 4 uracal Davis 1965 

Pyroline-5-carboxylate ieductase 1 proline. 	 I Yura 

TPNH cytochrome-C-reductase ;. 	2 nitrate Kinsky 1961 
induced, 
ammonia 
repressed 

Diphosphopyridine nucleotadase 800 Biotin and/oi zinc Nason 1953 
deficiency 

Nitrate reductase I Nitrate induced, Kineky 1961 
ammonium ion 
repressed 

Alcohol dehydrogenase I High nitrogen Nason 1953 

Hydroxylaxnine reductase I Nitrate induced Zucker 1955 
-. animoniurn repressed 

L-amino acid oxidase I low oiotan Thayer 1951 
L-amxno acid oxidase 10 	 r high leucne or lysine Thayer 1951 

Tyrosinüe I low suiphir Thayer 1951 

Tyrosinase 80 high Horowitz 1960 
+ D stereoaomers 
o amino acids 

-galactosidasé '., 	 I galactose Lándman1953 

Escherichia coli 
Ornithine transcarbamylase 26 arginane 	• Gonna 1961 
Argininosuccinase . 	5 arginine Gonini 1961 

I indicates de novo synthesis of enzyme from zero or undetectable quantities. 
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ldwered ool levels 

These ichang,eP. which have been observed in the level of 

ornithine transcarbamylase and argininosuccinase arermuch nearer 

the change in level found by Gorini and co-workers in E. coli 

It is perhaps surprising to find that arginasé still exists in 

the organism when Neurospora is growing on very law argininé and the 

arginine biosynthetic enzymes are induced. It would seem (as the 

maximal velocity of arginase is so great compared with ali the other 

arginine biosynthetic enzymes) that if the a'rgináse were well.mixed in 

the cytoplasm with all the other enzymes scarcely any arginine would- 

reach the protein synthetic system on low arginine and that great argininè 

wastage would occur in normal circumstances. For this reason It seems 

- likely that the arginase is functionally or physically s'ep.ratèd from the - 

other enzymes by either having different kinetic binding constants for 

- - 	arginine or possibly by being located in a different part of the cell, e. g.. 

in the vacuole as opposed-to the cytoplasm. There is some support for 

spculation of this type on quite generl grounds. Arginase ié found in 

animal tissues., plants and fungi but not in baeria (Dixon and Webb, 1960). 

We must therefore ask what function does the enzyme perform in Neurospora 

which is not performed and presumably unnecessary in bacteria? 	- 

- - 	- It is well known since its original discussion by Baldwin (1949 )' 

• - : and others (the whole evidence is briefly reviewed by Cohen 1961) that 

- * teleost fish (bony, fish) 4Ô not possess arginas*e  and exaete ammOnia 

(ammonOtelic) whereas the chondrichthyes or cartilaginous fish and 



72. 

amphibians and all other land-living vertebrates excrete urea in the urine 

(ureotelic) 	The accepted reason for this is that ammonia even in small 

quantities is toxic to the organism and although disposal of ammonia is no 

problem to aquatic animals it provides a problem for terrestrial ,animals 

which cannot readily dilute it in large quantities of water. Ainrnóniain 

ureotelic organisms is converted into urea or uric acid which íè concéxkrated 

and disposed of in the urine. Striking evdence in support of this view comes 

from the amphibia where the aquatic larval stages are ammonotélic 

possessing no arginase and th e lánd-liviñg adult stage is ureotelic possessing 

árginase, 	
0 

Fungi thay be readily cOmpaed to terrestrial urèotèlic brgariisms 

as they are known to inhabitcoxñparatively dry énvironmeiits sprading by 

growth ove r  the  surface or by dstribution of rather dry powdery spores It 

is quite evident that ammonia might be toxic, to the organism under these 

circumstances and that arginase and associated enzymes could prevent such 

toxicitybyconvèrsionof 'ammoniato üra.  
of 

The existence/such a functiOn fortlie urea cycle in fungi as 

described seems quite likely and wOuld radically álter.the  types of 
0 	0 

 l 

which we might expect to find. 	 , 	 S 	

0 

Complex control of urea cycle enzymes in vertebratês  has  beeh 

tudied in whole animals and in ts sue culture (see reAew Knoi 1965). Liver 

arginase increases when animals are fed on high prOtein or 'arginine; al'éO 

the arginine biosynthetic enzymes increase In level 2 fold and arginase 



'remains' the same in 'animals fed on argiziin&free diets. The 8itüatin in 

vertebrate 8 jS of coursecomp1icatèdby the próéesses of de1opment, 

f the distribution 'à the enzymes in differéñt rgans and changes which may 

be induced byhorniones '(Knox 1965). 

'In Neurôspora' (as in vertebrates) arginase may sëre the purpose 

of making the carbon skeleton of arginine available for ,  the syntheSis of 

other 'amino acids when 'excess arginineAg encountered in the ènvirónment 

as well as'thé functions :suggested ábovè. 'It might alternatively be suggested 

that argmnase has none of these functions bit its feé'd-'.ck action 'in the urea 

cycle produces a steadier type of control which has not been eó1ved for 

some reason in bacteria.: This type(ifl süggestiôn needs more exIicit 

statement before it can ;be tested directlyalthough' positive resultS for' the 

other suggested roles fórarginase 'might thake'it'räther unlikely.' 

11 th'e urea cycle has the augestedfunction of 'detoxifrthg-a±nrnonia 

then it seems rnos'tlik'ely that- Neurospora grown on.'lôw nitrogen:'wi'll 'have 

much lower levels of' ura cycle enzymes than Ne'urospora grown on high 

nitrogen arid that the nitrogen level may be as imortant a partofthe 

reulâtory system'óf 'this .pathwá as the eñdproduct itself., 'This prediction 

maybe quite simply-tested and steps have been taken to do this. 

Earlier in the discüssionit wa's pointed tout that the'rnaxirnal velocity 

of arginase in enzyme assays was greatar'than the' maximal 'vel'o'cityof any 

of Ahet. other arginine'enz'ymes and it was' concluded that it might'destroy 

árgininë'as 'rapidly as it was',made. ''This coriclusion bears examination 
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1 	 I 

as it must be noted tht'in vitro methods of measurement of the maximal 

velocity of an enzyme cannot necessarily be expected to give the true 

maximal velocity Bresler (1963 ) has pointed out that there ,s now 

experimental evidence which shows that the' specific activity of pure 

cr'ystalline enzymes may 	i be ncreased by adding non aqueous solvents to 

the assay medium (s1.ich as diniethylformamide or dioxan) which mainly 

act on non-solar side grdups of the protein In other words the in vitro 

conditions can be improved upon sometimes an ways which indicate a 

special association of the enzyme with lipid 	Thus it seems likely that 

differences in maximal velocity of enzymes in a biosynthetic sequence as 

measured in vitro might indicate a difference between ifl\ vivo and in vitro 

'conditions. 	It 'is clear that fOr thesc reasons anymaxima1 velocity 

measured in vitro can only be assumed to be a minimal estimate of the in 

vivo maximal veloity. 	Thus it' would not be justified to conclude that 

argininosuccinase in Neuroapora with anin-vitro maximal velocity 1/10th 

that of argininosucinic ääid synthetaée,' 1/100th that of ornithine trans-

'carbarnylase and 111'00Oththat of arginàe (.see Figures 49-52) is. the rate 

limiting enzyme in the pathway *h en  the  pathway' is saturated,.. although it 

oi1d necessarily be sd if the in.vitró  measurements'of maxirnaLvelocity 

were the same as the 'in viva pararneters ' As 'however the in vitro 

rriaxixnal velocity.of argiñáse'is 10 x greater than thereatest:in.vitro 

maximal' velocity of the other three enzymes then it seems likely that the 

in vivo maximal velocity of arginase may also be, greater than the 1owet 

in vvo maximal velocity of the other three enzymes. If this were so 
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then argiiiase Could break dcwn all the arginine produced at maximum 

outputof the pathsvay. FOrthis reaéon it seems likely that arginase 

•i 	,,;+•+ 
may have klnétic constants which only permit rapid breakdown of arginine 

at'high bstratelevel ts 	pôssthly the árginase is located in a physically 

different part Of th oigánism 80 ht it only breaké down argiñlne which 

overflo'sinto'that part. 	' 	 + 
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GENERAL DISCUSSiON 

Rhythmic growth in fungi 

Many examples of rhythmic growth in fungi have been described 

of which the clock mutants (Sussman, 1964) in Neurospora are the best 

known. Other nön-circadian rhythms have been described by Ryan (1953) 
and 

in Neurospora crâssá, Berliner (1965) in Neurospora crassa,I Chevaugeon. 

(1959) in Ascobolus immersus which have the common features that they 

are not affected bylight but are affeàtéd by tempèratüre, constituents of 

the medium (both organic and inorganic); features which are common to 

the spasmodic growth described here The necessary conditions both 

exogenous and endogenous for spasmodic growth are much better known than 

for any of the other rhythms that have been describecL For this reason 

it seems likely that the series of events known to occur in arg.1O growing 

on low arginine which lead to rhythmic growth may serve, as a useful model 

to explain other rhythms. The series of events known and inferred is 

suinmariBed below. 

Conidia or mycelium ofarg-1O is inoculated on low arginine. 

medium; dur.ing initial growth the arginine biosynthetic enzymes in the 
A. 

 

growing front are somewhat higher in level than during growth on media 

containing larger quantities of arginine, ASA acwmulation increases to a 

level at which it becomes inhibitory in growth on tubes but not on trays and 

the rate of linear growth begins to slow down at an increasing rate until 

growth stops, this is followed bya period of recovery during which one or 
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• two hyphaltips grow out of the recovering.front and form: a.new.front.. 

The ASA. accumulation is 19w again in the new front but apparently 

increases sufficiently to cause another. spasm .after.a similar time 

intervaL This process may be repeated threetimesand possibly 

indefinitely. 	 ••. 

As the evidence, such as it is suggests that derepression oL 

the arginine pathway during growth in tubes is fairly. continuous over a 

range of external arginine concentrations it is, not immediately obvious 

why spasmodic growth, should occur. only below 25 mgms. /1.. arginine 

'but it seems likely that this,.is as,rnuch'a consequence of the fall,off,in 

linear growth rate (which is just be ginirgto be evident at this level of .  

external árginine)as it is a consequence of enzyn'e d,e-repression. This 

seems likely because a slower linear growth rate would enable.the ASAto 

reach toxic levels in the growing front more rapidly. . . 

Although recovery from spasm is associated with. thin, rapid 

- growth and low ASA. accumulation it is still :  not known in exactly what way 

the change to low ASA accumulation is brought ab9ut Feedback inhibition 

and repression are obvious candidates for this role but it, has not been 

possible to go further than showing the existenc.e.of these feedback 

phenomena in tubes. 	The reason for this is that very low yields of 

inycelium are obtained from arg- 10 strains growing 'on low arginine and 

a comparison of the enzymic constitution of the slow growing and fast 

growing portions of mycelium would be difficult; Much more difficult 

than measuring pools as residual agar may drastically reduce the yield of 
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protein obtained during homogenisation. Nevertheless it is hoped that 

it may prove possible to do this. 

Recovery from a full scale spasm is diaracterised by an outgrowth 

from the front of one or a very few hyphae which then branch and form the 

whole front. Thus whatever adaptation is involved clearly only a minority 

of the hyphal tips are able to adapt in this way when the spasm is severe 

although the front may adapt as whole if the spasm is less severe as when 

growing on some 'intermediate' arginine-nitrogen concentrations. 

It is interesting that citrulline supplementation results only in 

inhibition of growth but not in spasmodic growth asin ornithine supple-

mentation This observation would be consistent with a periodic feedback 

effect which operates on the step performing the ornithine to citrulline 

conversion, i. e. ,. either ornithiitranscarbamylase or carbamyl phosphokinase. 

The mechanism of spasmodic growth has'at any rate been 

sufficiently exposed to show that rate of synthesis of an accumulating 

intermediate and possibly rate of growth are the factors which will determine 

the periodicity of the rhythm. 	It is not then surprising that the period 

is affected by temperature and constituents of the médiüm. Othe r growth 

rhythms in fungi may also be of this kind in which case they are probably 

less interesting than has hitherto been thought. 

Such rhythms may however be of interest in so far as they provide 

model systems to help us understand photoperiodic or developmental 

phenomena. Spasmodic growth would be classified according to Waddington' a 

scheme (Waddington, 1962) as a determinate condition generated form 
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However it is for.th'e embryologist's th choose and interpret model 

systems which they think are appropriate and helpful to them; Spasmodic 

growth because it is the result of a 'pathological' accumulation which aects 

growth as a whole is likely to be rather lirthted'in its general usefulneès 

as 'a model. 	 '. 	 •' 

ei  • 	 The 'rhythmic growth observed by Ryan (1953) eeins particularly 

likely to involve a similar mechanism'tO the One investigate'd'here as it' 

occurred in a pantothenicless strain of NeurospOra growing on suboptimal 

amounts of pantothenic acid:  

Linear growth rate, yield and enzyme de-repression 

in the section describing growth of mycelium on solid media a 

particular relationship between yield and linear growth rate was found to 

be common ('Figure 9). 	It was speculated that the point at which the 

reduction in linear growth rate begins to occur might indicate an important 

adaptation to growth on low supplement indicating enzyme derepression. 

This speculation is not xrnsistent with the evidence found for enzyme de- 

repression in arg-1 and arg-lO. 	At 50 mgms. /1. external arginine 

concentration the linear growth rt.te is scarcely different from the maximum, 

the yield is much reduced and yet enzyme de-repression in both arg-1 and 

	

arg-1O has already been initiated 	Hence we must conclude that the 

relationship between yield and linear growth rate is a general one and not 

specifically generated by a particular limiting 'supplement. 
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Relèvancé of these resuit to general conduéions about the arginine pathway. 

Kacser (1963) and Donachie (1962)concluded that argiñinosuccinase 

wasa non-rate-limiting enzyme in arginine liosyñtheais as the enzyme in 

two, different strains could vary tenfold and yet growth rate and arginine 

pool were unchanged As a result Of the situdiesreported here 'ASA synthetase 

might also be conduded to be non rate-limiting as externally fed citrülline 

causes very inhibited growth on lOw 'arginine in arg-lO but not in ar"g-l; 

other amino acids e. g., o'rnithinee do not produce this effect in arg-lO. In 

Other words substrates of the pathway entering béforè the enzyme ornithine 

transcar1rmylase can be 'diverted to' some extent to bther pathways, 

pre'sumably'b means of the enzyme ornithine trànsamiñasè. 'The rate-

limiting enzyme could' be either ornithine transrxiy1ase or carbamyl 

phosphOkiñase s' these both affect'thé 'pathway 'at this poirAt; I alternatively 

it might be said that ornithine and other amino acids were somehOw partially 

"channelled", away from' the arginine pathway whereas citrulline was 

"channelled" into the arginine pathway. This 'hOwever implies 'differences 

• 'iii' the physical position of the enzyme pathway8in the 'cell and'differences 

in the accessibility Of these parts 'of the cell to different'substrates; 'a:' 

hypothesis for 'which there is no supporting. evidence. 	It is not immediately 

clear however what meaning may be attached'to the term rate4limiting or 

ide'ed what value attaches to identification of f6uch a step by this type of 

procedure. There are many parameters such as kinetic constants, adenosine 

triphosphate "energy pumps", repression-de-repression behaviour, feedback 

inhibition which are all selected in the wild type to pptimise output of the 



pathway. 'Valuesof thse param'eters may be s'elèéted by natural selection 

to optimisenot only otitpu't of th pathway anl'hëncë 'growth but also to 

ecOnomi in the useof iiterrñèdiáte and prótéin(GOrini 1965). Some 

levels of internediates may have to be kept e*  spe'cizilly low.  in Order to 

prevent stereospecific interfer 5ence with uiirelàtéd 'pathways or in order to 

rnt"até of the iñterthediate'by 	 g. crbathyl 

phosphate has athalf life of f an 'hour). or *aste Of the interrhédiate b 

change to some other form such 'as the conversiOn of,  ASA to 'axhydride. 

'urthermore the oiganism hasto respond to' sudden changes in levels of 

external nutrients and to. the déthands of'iiteinal chaès in'volved ith 

conidia formation and protoperithecia formation for which rapid changes 

in enzyme level may be necessary in Order to exploit a new eiriionnen or 

effect a change in mOt'bolisth to difféntiát . to a 	Orm. 

Moreover some enzyme reatiOns thy e 'cat.lysedt .'verr high' 

'rate by a ve sñ-ia.lI number 	ejnemoleciiles süch that nioré enyme 

• rñolécules thaxn are necessary areñornally producedby' the ransn as 

it may not be possible to produce less. 'Complications of the kind very. 

bi'ef1y .outlinèdrmight lead to non-coordinaté pattert of enzyme induction 

and rejressioii hi'Ii.were adaptively 	 caused one Cnzyme 

in a pathway tO be. r.te 1in'it'in in one eiivizonxnñt"nd another enzyme in 

the same pathway tobe te'iirnt'ingin ariOthei 

- For example if wild' type NeurOspora' were grown in an environment 

containing plentiful sources Of organic substances and all other requirements 

but no arginine, then ASA 'synthetase or ASAase might prove to be rate- 
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limiting" as a resultof non.coordiñate inductiànofthese enzymes Oh: 

the other hand it' might be expected that enzymes at branhing' points irz. 

'the pathwaywould be rate 4i'miting as control of the flow through a 

pathway at the r iching point' willpre'vent accumulations andhence' 

waste of aubstrate. 'These diverse views of the oranisation:of enzyihe 

'pathways are not zmitually exälisive and lte hiporande of each type of 

behaviour is á'matter which th'uàt be asaeèsed experimentally. 
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H 'SU'MM'AR'Y. -OF." RESULTS 

1...GROWTH1N .STAGNANT.CULTURES  

	

Growth ;1s, shown. to consist of a linar ànd lag 	The rate 

of growth in the linear phase is proportional to the surface area of the 

culture, suggesting that ar is limiting,... The wild type grows at a rate 

of 61 gfcm2 lhr. 	It is sggeated that expression, of linear growth rates 

in this form will make comparisons of the results of different workers 

easier. The length of the,ig phase is proportional to the log of. inoculurn 

size. This relationship would be expected inn exponential culture but as 

the culture is not grOwing exponentially it is suggested that this' may -result 

from the existence of . exponential phase during, early growth. The 

relationship is used to calculate a parameter called the early doubling time 

which has a value of about two liours which is very close to values of doubling 

time found in exponentially growing cultures.. -Noevidence;has ,been found 

in favour of a cubic grpwth. phase as suggested byEmerson (10) and still 

	

• widely believed in (Raper and E.sser, 1964).. 	..,. f-.' 	 ' 	 ,. -•. - 
0 

2:, 	GROWTH IN TUBE'S.-- 	•'.. .,. 	 . 	 , 	 ,,• 	 -- 	 , 
I 

:fn tubes the'Ia'g i-s also - found to be ró'tionál to'the log f 

inoculum 'size and calculations of the early dóübliki, th g'tié giv- éimilá' values 

Thi-s -is regarded' as evidence-for an' expOnential - growth phase in tubes 'A 

method for measuring yield in tube's was also wOrked oit 'by extracting 

zñyceliuni -from agar with acid.. This showed' that the'yield varied with the - 

diètañc'e from the growing front, 'reaching a peak at 51O cms. from the- 



growing front, IregarcUes.s of the, distance.from the point of inocu1ation 

These prathters were studied in argl mutants and it was found 

that, early doubling time remained constant over a 1,000 fold range of 

external arginine concentrations. ,The yield decreased logarithmically 

with external arginine cpncentration but the linear, growth rate did not 

begin to,fall off until thet yield ceased' to decrease ].oga'rithrnically. These 

esilts were interpreted as showing that the orgaiism could grow exponentially 

over this range and adapted to lower arginine concentrations by'first of all 

adecrease'd yield then .by 1 a decreased linear growth rate. , 

3. SPASMODIC_ GROWTH OF ARG 10 MUTANTS. 

When arg-10 mutants were grown on low càncentrationsóf 

arinine they showed spasmodic growth '(see introcuction) This was tiue 

of all arg-10 alleles tested and all arg-1 alleles showed non-spasmodic 

growth. A cross was made of arg-1 with arg-lO which was reciprocal 

with respect to male and female parents. Progeny: were idenUfied by 

complementation tests. No -difference was found between'reciprocal crosses 

but all' arg-Ps were found to be non-spasmodic and all arg-10 1 s to be of 

spasmodic growth type. The double mutants were found to, be ailnon-

spasmodic, i.e., the arg-1 mutant gene '  removed thepasmodic phenotype 

ofthe arg-lO mutant gene. 

Other experirne ts involving alterations of the growth medium 

showed that arg-10 'would not grow spasmodically when the amount of'nitrogeñ 

in the medium was low. In fact spasmodic growth oi1y occurred when there 

was 'more than 50 mgms. IL. amrnOniuxn nitrate áx'd"l'eèS than 25 mgms. IL. 
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arginuE HClin the medium. When grown  on low nitrogen low arginine 
C 

medium spasmodic growth coiild be induced by the addition of ,  various amino 

acids to the mediurn. Amino acids having 5-carbOn backbones (with the 

exception of proline) were found tà be most 'effective at inducing' spasms. 
iL 

Amino acids with two and three carbon backbonesthyxnine and adenine, 

were dOmpietely ineffective, whereas four' carbon amino acids had an' 

intermediate éffect  
I 	

I 

4. i ANALYIS, OF AMINO ACID1POOLS AND. ENZYMES. 

The , re suits above in4icate,d that the arginine biosynthptic pathway 

and particularly .  the ASA pool were, implicated in spasmodic growth. For 

this reason it was important to analrse amino acid pools directly 	Pools 

were analysed by high' voltage  ;electropho*esi:s :of perchloric.acid 'extracts 

mycelium grown on culture trays ndgrowth tubes" The results showed 

ASA was invariablyi synthesised 1 at a fast rate in the older parts of the myceliuxn 

when the quantities of the other amino acids were rapidly decreasing. When' 

ASA expressed as percentage of total amino acids was plotted against arginine 

expressed either as percentage of total amino aciIa or per mg of mycelium, 

they'were found'to,be inversely correlated.  

If ASA wa,, plottedper mg." of myceli., 'itwas'.still in'yersely 

correlated with 'arginine :but with a great .deal more 	scatter.. This is .take. 

to:indi"cate that the amount of ASA formed is dependent on two' yariables' 1) 

the arginine 'concentration within the cell acting as: a feedback signal, 2) th. 

total quantity of amino acid in the pool. 



RM 

ASA réäches higher concentrations in the growing front in 

spasmodically growing 4&uitui rds than in nbn-äpasmodically growing cultures 

and more ASA exists in the 'form of anhydridé wheü the amount of external 

arginine is low. 

5. ENZYME LEVELS DURING GROWTH IN TUBES. 

In arg-1 ornithine transcarbarnylase was found to vary at least 

7 fold1  argininosuccinase at leaêt 5 fold and arginase at least 4 fold with 

external arginine concentration. In arg-lO argininosuccinic acid synthetase 

varied at least 4 fold with external arginine concentration but ornithine 

transcarbamylase could not be shown to vary systematically with external 

arginine concentratiOn. 



87.. 

ACNO W LED GE ME N T 

I should like to.thank.ProfesaorC. H. .Waddington,. F.R. s. 

for proyiding  ,facilities Without: which this. work could not, have been 

performed andDr.::H. Kacse forhie:supevision... lam particularly 

indebted• to Catherine Stake and Kay Henderson fortheir inval able 

assistance. I am grateful. to..Chris curtis; James Burns ad : many 

othersfor stimulating diecussionan4.to Dr. Dorothy Newmeyer for her 

interest inandhelpful: correspondence about my work. 	I am also.. 

greatly indebted to W. N. Qgt3, Dr. David Perkins and  

Finham for sending me Neurospora stpçks.. : 	: 



INDEX 'OF TABLES 

TABLE 1. 

TABLE 2. 

TABLE 3. 

TALE 4. 

TABLE 5. 

TABLE 6. 

TABLE 7. 

TABLE' 8. 

TABLE, 9.,: 

TABLE 10. 

Page 

Growth parameters of arg.-11 (30820) onvarious media. 	28 

Change in yield from tubes at various time a after growth 
reached the end of the tube. 	 •. 	 31 

Comarison,of growth parameters in various strains. 	33 

Behaviour bft. spasmodic character in crosses between 
..arg-1 and arg-i0.' 	 ' 	. 	 .. 	-, 	. 	40 

Tests of various arginine' requiring strains for spasmodic 
growth. 	.: 	

'• 	 ' 	 .. 	 : 	
41 

Growth of.arg-10 on low arginine low nitrogen medium 
• withtheadditionofvariousnitr9genous substances. . ,• ' 	44 

The effect of the addition of arginine analogues on the 
• frequency of spasms.. 	.. . 	 . 	. 	. . . 	49 

• Growth of'arg-1 and:arg-10 on various concentrations 
of citrulline and arginine. 	 T 	 47 

Occurrence of spasmodic growth on sucrose free mei.; 	50 

Enzyme adaptation in Neurosporaassa and Eacherichia 
coli. . 	 . 	'. 	•. : 	, 	 70 



88. 

REFERENCES 

BALDWIN, E. (1949). An introduction to comparative biochemistry. 3rd 
ed. Cambridge University Press. 

BARRATT, R. W.' (1962). Origin of important wild type stocks of Neuróspora 
crassa. Neurospora Newsletter, 2, 24-25. 

BERLINER, M. D. and NEURATH, P. W. (1965). The band forming rhythm 
of Neurospora mutants. J. Cell, and Cornp. Physiol. 65, 183-194. 

BRESLER, SE. (1963). The active centre of enzymes. Proc. 5th 
International Congr. Biochern. Moscow. Vol. I. Pergamon  Press. 

BROADBENT, J. A.. and CHARLES, H. p.. (1965). Some carbon-dioxide 
requiring mutants of Neurospora crassa. 3.. Gen.. Micràbiol. 
39, 63-74. 

BRONK, J. R. and FISHER, R. B. (1956). Penetration of ornithine and 
citru]iine into liver slices. Biochem. 'J., 64, 106.. 

BROWN, W. (1923). Experiments on the growth of fungi on culture media. 
Ann. Bot. Lond. 37, 105. 

BROWN, I.R. and 0.3. GILLIE, (1963). A convenient design of growth tube. 
Neurospora Newsletter, 4, p.  19. 

CHARLES, H. P. (1964). Relationships between certain pyrimidine and 
arginine mutants of Neuroapora, as revealed by their response 
to carbon dioxide. J. Gen. Microbiology, 34, 131. 

CHEVAUGEON, J. (1959). Influence de quelques substances sur la 
manifestation du thythnie de croissance chez l'Ascobolus immersus. 

.....C.R. Acadernie des 'Sciences, 249, 1703-1705. 

CHEVAUGEON, J. (1959). Sur le de.terminisme interne ducrhythme de 
croissance chez un mutant "vague" de l'Ascobolua immersus., 
C.R. Academie des Sciences 248, 1841-1844. 

CHEVAUGEON, J. (1959). La zonation du thalle, phenomene periodique 
autonomechez l'Ascobolus immersus. CR. Acadernie des 
Sciences 248, 1381-1384. 

COHEN, P.P. and BROWN, Jr., G.W. (1961). Evolution of nitrogen 
metabolism. Proc. 5th mt. Congr. Biochem. Moscow Vol. III, 
129-138. 



89. 

DAWSON, R.M.C., D.C. ELLIOTT, W.H. ELLIOTT andK.M. JONES 
(1962). Datafor Biochemical Research - Clarendon Press. 

DAVIS, RH. andHA:R'OLD, F.M. (1962). Theuseofshakecuituresof 
Neurospora for growth experiments. Neurospora Newsletter, 2, 18. 

DAVIS, R. H. and V. W. WOODWARD (1962). The relationship between gene 
suppression. and'.aspartate transcarbamylase activity in pyr-3 
mutants of Neurospora. Genetics, 47, 1075-1083. 

DAVIS, R. H. (1965); Biochim. et  Biophys. Acta (in press). 

DIXON, M. and E. C. WEBB (1960). Enzymes. Longmans London. 

DONACHLE, W. P. (1962). Studies on the relationship between genes and 
enzymes.. Ph. D Thesis, University of Edinburgh. 

DONACHIE, W. D. (1964). The regulation of pyrimidine biosynthesis in 
Neurospora crãssa. I. End product inhibition and repression of 
aspartate carbamoyltránsferase. II. Heterokaryons and the role 
of "regulatory mechanisms". Biochim. Biophys. Acta, 82, (1964) 
293- 302 

EMERSON, S. (1950). The growth phase in Neurospora corresponding to 
the logarithmic phase in unicellular organisms. J. Baát. 60, 
221-223. 

FINCHAM, J.R.S. and BOYLEN, M. (1957). Neurospora crassa mutants 
lacking argininosuccinase. J. Gen. Microbiol. 16, 438-448. 

GAL, E. M. (1950). Fluorescence of Amino Acids. Science 111, 677. 

GERHART, J. C. and PARDEE, A.B. (1962). The enzymology of control 
by feedback inhibition. J. Biol. Chem., 237, 891. 

GORINI, L., GUNDERSEN, W. and BURGER, M. (1961). Repression of 
arginine pathway in E. coli. Cold Spring Harbor Symposia 
Quant. Biol. XXVI. 

GORINI, L. and HOROWITZ, E.B. (1965). Co-ordination between repression 
and retro-inhibition in control of a biosynthetic pathway. Ciba 
Foundation Study Group No. 19. J. &. AcChurchill, Ltd., London, 

HOROWITZ, N. H. (1944). The d-amino acid ôxidase of Neurospora. J. 
Biol. Chem. 154, 141-149. 

HOROWITZ, N.H., FLING, M., MACLEOD, H.L. and SUEOKA, N. (1960) 
Genetic determination and enzymatic induction of tyrosinase in 
Neurospora. J. Mol. Biol. 2, 96-104! 



90. 

HOULAHAN, M. B.. and MITCHELL, H.K. (1948). Evidence for interaction 
in metabolism of lysine, arginine and pyrimidines. Proc. Nat. 
Acad. Sci., Wash. 1  34, 465. 

KACSER, H. (1963). The kinetic struèture of organisms in R. J. C. Harris 
Biological organisation at the cellular and supercellular level. 
Acadexniô Press, New 'York, 25-41.  

KATZ, A. M., DREYER, W. S. and ANFINSEN, C.B. (1959). Peptide 
chromatography and electrophoresis J. Blol Chem , 234, 2897 

KINSKY, S. Ô. (1961). Induction and repression of nitrate reductase in 
Neurospora crassa J. Bacteriol 82, 898-904 

KNOX, W.E. and GREENGAARD, O (1965). The regulation of some 
enzymes. of nitrogen metabOlism. 'Advancs 'in erzythe regulations 
3', George.Webber Pergaxnon'Press,' 1965. 

LANDMAN, 0. E. (1953). Neurospora ,lactase II enzyme formation in the 
standard strain Arch Biochem Biophys 52, 93-109 

LEDERER, E., and LEDERER, M. (1957). Chromatography. A.. Review 
of Principles and Applications 

LOWRY, 0. H., N. J. ROSENBROUGH, A. L. FARR and R.J. RANDALL (1951). 
Protein measurement with the E'oliñ'phenàl zeagènt.' ' it . Biol. Chern. 
193, 265-275.  

MASON, A. N.O. KAPLAN 'arid' H.'A.' OLDEWURTEL' (1953); Futher. 
studies of nutritional cOnditiOns affecting enzymatic constitution 
in NéurOspóra.' J. Biol.' Chem. '26,' 435-444.' 

NEWMEYER, D. (1964). Growth and alleliem'af arg-llandadg. Neurospora 
Newsletter; '6, 14-15.  

NEWMEYER, D. (1957). Arginine synthesis In Neuroora crassa; Genetic 
Studies J. Gen Microbiol 16, 449-462 

PIRT, S. J. and CALLOW, D. S. '(1966). " Studies of the growth of penicillium 
chrysogenum in continuous 'flow culture with reference to Penicillin 
production J. of Applied Bact 23, 87-98 

RAPER, J. B. and 'ESSE'R, K. (1964). The fungi. The Cell, Volume VI 
ed. Brachet and Mirsky. Academic Press.:' , 

RATNER, S., PETRACK, B. and'ROCHOVANSKY 1  0. '(1953).'  B1ó'synhesié 
of urea' V. Isolation and properties of Argininosuccinic acid 
J. Biol. Chem. 204, 95-113. 	' ' 	 - 



91 

ROBERTS, R. B. et al. (1955) 	Studies of Biosynhesis Escherichia coil. 
Carnegie Institute of Washington Publications 607. 

RYAN, F.J., BEADLE I  G.W. and TATUM, E. L (1943). The tube method 
of measuring: growth rate of :Neurospora . Amer. J. Bot. 30, 784.' 

RYAN 1  F. j., KUNIN, C. , BALLENTINE, R. ad MAAS W. (1953) 
Unique sensitivity of a antotheniöleas mutant of Neurospora to 
constituents ofthe growth medium'. J'. Bact. 65, 434:439. 

SRB, A. M. and HOROWITZ 1  N.H (1944). The ornithine cycle in Neurospora 
and its genetic control. J.Biol.Chem; 154, 129-139. 

SUSSMAN, A. S., R. J. YOUNG and T. DURKEE '(1964). Morphology 
and genetics of a periodic 'colonial mutant Of NeürOspOracrâssa. 
Am. J.. Bot. ,'Sl, 243-252.  

THAYER, P.S. andN.H HOROWITZ (1951). The'Lthino acid oxidäse 
of Neurosporá. J. Biol. Chem. 192, 755-767. 	'' 	 S  

VOGEL-,- H. J. (1956). Microbial'Gënetics'Bulletin, 13; 4243. ' 

WADDINGTON, C. H. (1962).. New patterns iii" 'tics and development 
Columbia University Press. 	 •. 	 ' . 

WESTALL, R.G. (060) Argininosucciniè aciduria . Bibchem. J. 77. 

WESTERGAARD, M 'aid H.K. MITCHELL (1947).' 'Neurospóra. V. A 
synthetic meaiurn favouring sexual reproduction. Am; j:. Botany, 

573-578. 
 

YURA, T. and VOGEL H. J. (1959). Pyrolline-5-carboxylate reductase of 
• 	Neurospora crassa. J. Biol. Chem. 234, 335-338 ' 

ZALOKAR, M. ('1959). Enzyme activity and cell differentiation in Neurospora 
crassa Am J. Bot 46, 555-559 

ZALOKAR, M: (1959). Growth and differentiation of Neurospora hyphae. 
Am. J. Bot. 46, 602-610. 	

5 	 , 

ZUCKER, M. and A. NASON (1955).' A pyridine nucleotide.hydroxylamine 
reductase from Neiirospora. J. Biol. Chem 213, 463478' 


