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is nbout ono-third t o one-half of t he value of the indueoo mutation rates 

obtained with t ryptophane as t he controlling growth factor. 

Figure 7 , vee a direct co:npa.rieon of the t 1oophyllin induced 

mutation rate for the eaue tr;yptopha.no re 1uirin"' strain once grown 1li th 

tryptophane as th"l oontrollinL~ growth factor and once grmm with lActate 

as the contBolling ,;rowth factor. Again tho mutation rat e with lactate 

as th~ oontrollin: ~'~"rowth factor 1a about ona-t ird of the rate obtained 

with tryptophane as tho controlling growth factor. This similarity in the 

responGe of t he spontaneous ~utation rate L~d tho theophylline-induced 

mut tion rate to the choice of tho controlling ~rowth factor ra.ises a 

question of libcthor tho proocssoa leadin~ to spontaneously occurrin 

:autation& nd tho, involved in t oo induction of_ rout.ationo by theophylline 

have BOttle one tep in cannon. 

Purina Da:r:tvativos Ot her Than Thoophylline. 

i~ith tryptor):Jano as the. controllin~ srowth factor caffeine, parrucanthine, 

a:td t heobromine, a.11d () azar;u.ru1.ine in concentrations of 150 m;;'l/1 have, like 

thcop~ llino, a markt. c.f.t'ect on the mutation rate. T'.Us may be seen t'rO!ll 

the data represented in Fi ~-.urc e. 
Tho tlffect of adenine on the mutation rata-wi. th tryptophane ao t he 

controllin;:; ero>Yth factor-was determined f or two dit feront concentrations 

and the results aro represented in Figure 9. 

2-6 diamino purine in a conce.'"l.tration of 1)0 m._~ did not appear 

to be mutagenic, at least not vithin the limit.s of our xperlmental er ror. 

or the purino deri vat1 vos which . e .found to be mutagenic' theophylline, 

caf'feine, para.mnthine, and t.lleobromino all methyl derivatives with 

each methyl group attached to ono of the n1trogcns of the purine ring. 

Because purines are a constituent of nucleic acid and nucleic acid is a 

conatituent of genes,. one might think that the resemblance of muta nio 
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purine derivatives to the naturally occurring purines might perhaps have · 

something to do 'rlth that mutagenic action. If this were so , one might 

also expect some py:ril:ridine derivatives might he mutagenic. We therefore 

tested for mutagenic action, usinss tryptophane as the controlling growth 

f actor, the follmviru,::; pyrimidine derivatives : uracil , thymine , 6- methyl 

uracil , 5- amino uracil , 5 bromo uraci l . None of the1n appeared to be 

mutagenic within t he limits of ou~ experi.i'llental error in a concentration 

of 1.50 mg/1. Exp . .d.L'lents with other pyrimidine derivatives are in 

progreso. 
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experiments in w ich; lactate (our carbon source) or ammonium chloride (o_ur 

nitrogen source) 

be seen from the 

appreciably 

C The 

growth 

phosphate was used as the controlling growth factor. As may 
~ ~ 

ure, in ~ three~ses the s ontaneous mutation rat e is 

tr,yptophane as the controlling growth f actor. -, 
~t-t:r ~ --J 

appears to be lowest when lactate is the controlling 

one-third of the value obtained with tr,yptophane as 

the controlling growth f ctor. Because of this low value and the limited accurac.y 
~~~~...-...-.~~ 

of our earl ier ~~e were led to bel ieve that with lactate as the 

controlling growth factor, the number of mutants does not increase a t all with 

time, but stays at a constant level; and we attributei this to selection against 

the mutant. Our present more accurate results with lactate as the controlling 

growth factor do no appreciable selection against the mutant. 

Such selection, i f present, lead to a CUrved l ine ins tead of the straight 

line appearing in Fig. 1 . 

When a~ amino acid is as the controlling gro~th factor, protein 

synthesis is slowed, and one may ask w~ether the~ of the spont aneous mutation 

rate obtained with tryptophane as factor is due to the 

cont DOlling growth factor, will lead to e same spontaneous muta tion rate. 

his point we used a mutant of our ... ~ strain of coli which requires both arginine nd tryptophane as ~ growth factor . ~ 

This mutant ::-ain we grew in two Chemostats. ~turally both of these contained \ 

both argini~~ and tryptophane in the nutrient i~ the storage tank, but one of ' 

In order to learn something about 

them contained ar ginine in excess so that tryptoph ne was the controlling growth 

factor, and the other contained tryptophane in arginine was the 

controlling growth f actor. Figure 2 shows t he these two eA~eriments. 

As may be seen from it, the spontaneous mutation r ates a ' about the same in both 

experiments . in lh.6~i strain~ ~~~Afo~~Mfo 
\ 
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I r ../ ~-~ ~ w{n:::; :.:::: ::giniX.ss ·~D84 of """" · , kindly supplied 
• &,_ /Ju~ lJ£!f} I 

to us by Evelyn Wi tkinf ~ pick~"!r'om il(a spontaneous mutaz:_ resistant ~ 

~~!§l}t~""':i;yy~~\ll.lm which r~ophane•~.) 
Experiments of this sort ~ oe made with other pairs of amino acids.,~ 

• n I 4.10 ,. J!! ~ ~ I .. u,. J 
~uld show whether ~ ge&er~l (the spontaneous mutation ra t e i s independent 

of the ~xixi particular choice of \~ino acid ~ the controlling 
/ 14 J tPt> what / C_../ 

grovJth factor and if this ~indeed, the i~ule,~xilue exceptio~ ::be at t there aref+ ifr" 

~/~· ~ "' 
~ If bacterial mutation arose as the result of an "error" occurring in the 

act of gene reproduction, one might expect the muta. tion rate per hour t o be 

inversely proportiona te to the generation time rather t han to be inde_endent of 

it. Such independence i s , however , well establi shed by our experiments in the 

case of muta tion to T5 resistance. In order to reconcile t he error hypothesis 

of mutations with the experimental facts , one mi5ht say that when we slo~tein 

synthesis by using trypto1)hane as the controlling growth f actor, we ~ 
5 enes 

It was thought t hat i f phosphorus or nitrogen were used as the,if!2o rolling 
.!ttJ. 

growth factor, the r ate of genex synthesis mi ght t e slowed dovm along e rate 
~ p~ 

of pro t ein synthesis ~~nstancy o£ the mutation rate~ gene generation would 

t hen show up ina smuch as the mutation rate~ur would no lon5er be cons tant 
I 

but would r a ther fall proportiona t ely with increasing generation time. 

l 

I 



( 
In order to test this 

--- \V 
controlling growth f actor• · 

which t he bacteria 

-~ % 8.5 hours. As may be se 
vfj{J ~;6 ~\\ 
~ slightly decreased~ by a 

Thus these ex~eriments 

With nitrogen as the 

4. 

point we made exper~m~nts_ w}th phosphorus as the 
~ ,{;.~;.t.. JjW)N ~.J 

tris (hydorxymetbyl) amino methane as t fWt~I in 

In Fig . 3 are represented t wo experiments in 

t~ent gener a tion times Z:c ~ .6 hours and 

n from the f i gure , the mutation r a te per hour is 
f}.{-

or e than three-fold increase in generation time. 

lend~ort ~o the error hypothesis of mutations. 

ntrol l ing growth factor we again found no appreciable 

decrease of the mutation r ate ith increasin,s generation time. .i=f atv "i;R.ifl€,;, ~e 
. ~..£-..4' r 

mutation r ate seeme~t~ ~ncrea e with increasing generation time, but the accuracy \ 
~ I 

of these experiments ~ f icient to say whether this increase is real. 

~~Lc 
be muta<S enic f or ~ ... an~also 

~® 
to the nutrient medium to brin6 its 

of theophylline will 
/( {(J 

of about l.~per hour to a rate of about 

at diff erent theophylline concentrations 
I 

controlli~ growth factor) are represented in Figure 4 • ~ 

theophyll ine concentration. 

r ate is lower when ammonium 

as the controlling gr owth f actor, ~ 

theo_,hylline induced mutations . 

simil: r phenomentJlo~ ~h~ 

Jr&--~~(a-tia~Ao..;~;.;c.QM Fig . 6~o~nj!r~~ 
substances as the controlling growth ~cto~theophylline-induced mutation r a te which 

' l \ 
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In the chemostat we mai ntain a ~a~;~~ the 

x growth phase over an indefinite period of timE\. ~ntaining in 

grmvth tube of the chemostat the concentration of one of the growth 

Rough Draft 

the 

factors--called the controlline growth factor--at a low fixed value, while 

the concentr ations of all the other growth factors are maintained at 

comparatively high values. In most of our experiments we used tryptophane 

as ~ntrolling growth factor for a tryptophane-requiring mutant of the 

B strain of E coli.~number of different mutations will occur in a popula­

tion thus maintained in the chemostat and in most of our experiments we 

~rned with the observing the mutation from sensitiv~he 
bacterial ~ virus T.5 to ~istan~ to this virus. In the absence of 

selection for or against j mutant and if reverse mutations can be neglected, 

the mutant population will increase linearly with time over periods of 
,, /1 

time which are short enough to disregard evolutionary changes in the 

chemost~the experiment is, however, extended overU!a~. l~o~n~e~~~~~~~~ 
of timl;the st~esent in the chemostat w 'ch grows a ~he~ophane 

concentration \1\ ~ally · · he growth tube of ORo ~.( 
c8errost?t ~ might be replaced by a mutant str ~ which , ~ 

has a high~h rate at that lavr-J-ryptae.J~t~on~ e new · 

strain contains the same ~:r ·aa1le~;:;the ~ strain 

such a population changeover will not be accompanied b wki ch~~ 
!Jh) a&V8I'~-":!5 j.f~'...:Jtt.~~~~~ 

the population densitY. ~will/manifest itself if we number 

of T.5-resistant. mutants against time, as is shown in Fig. 1. The T.5-

resistant mutants increase with time in a straight line and if the new 

strain that is established after the population ehangeove~tat~s to 

T.5-Besistance at the same rate as the~strain from. which it 

arose, there >till be no xm change in the slope of t~~ ~t:~~~t line.~ 
~ ~ fL..L ~ -----:r-- ~P""7-

~here will be")a sh:i.i't in the straight line ~ the time pf tile popalab::i:-ea 

~ abangeer~ as can be seen in Fig. 1. 
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If this interpretation of the shift in the straight line ascent 

of the TS-resistant mutants is correct, then a reconstruction experiment 
~ 

should show t hat bacteria taken from the chemostat before ~ shift grow 

more slowly than bacteria taken from the chemostat after ~ift ~~ 
both strains of bacteria are grown together in a chemostat at a low 

tryptophane concentration. In order to be able to distinguish in such a 
~ 

reconstruction experiment the two strains her, ~ is convextb;mt. 

~ make either one strain resistant to TS and 

strain 

strains in a chemostat together and if the 

the population ~ changeover i~t 
to TS and the other strain is senstivie to TS, we should expect the 

vice versa. 

resistant strain to die out in the chemostat~ exponentially 

with time . 

Conversely, if the strain present in the chemostat after the population 

changeover is made resistant toTS and the other strain ~sensitive , 
~ . 

the we should expect for ~ concentrat1onsof the resistant strain the 

population of the resistant strain to increase exponentially with time . 

If in the reconstruction experimen~ the tryptophane concentration is so low 

that the growth rate of both strains may be taken as pDoportionate to the 

tryptophane concentration, then we ought to have 
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If we continue the experiment shown in Fig. 1 out to 450 generations, 

we observe a number of shifts in the straight line ascent of the TS­
each 

resistant mutant and we ass~e that ±£ such shift indicates a population 

changeover representing a step in the evolution which eu~ original 

bacterial strain undergoes while growing in the chemostat. 

While the TS-resistant mutant,~ grown when tryptophane is 

the controlling growth factor in the chemostat,increase linearly with 

time, the number of mutants resistant to T4 appear to remain constant 

after a short initial rise. If the number of mutants remains constant 

this might be either due to the fact that the mutant grmrNs more slowly 

when the parent strain under the conditions ~ prevailing in the chemostat, 

or else it might be due to the fact that the mutation rate is not 

appreciably different from zero, or else it might be due to the fact that 

the number of reserve mutations is so large ± as to BIBXKKt~ compensate. 

The compensations of any two or all three of these factors is, of course, 

also a possibility. 

When we first observed the fact that T4-resistant mutants 

remained constant in the chemostat, we tentatively concluded that this 

was due to selection against a mutant since the strain B/347 is known 

to be a Xm slow grower. Reconstruction experiments carried out with the 

chemostat failed, however, to show a sufficiently 

in a pppulation composed of a mixture of T4-senstivie and T4-resistant 

strains of our bacteria, and this lead us to suspect that the number of 

T4-resistant mutants that remained constant in our experiment ka because 

of a high rate of mutation of the resistant strain to sensitivity. In 

order to test this hypothesis ·we made an experiment with a device that 

may be called a phagostat, that permits to keep bacterial viruses grmdng 

over an indefinite period of time. The principle of this device is 

shown in Fig. 4. 
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We have previously used such a device for continuously growing the 

bacterial viruses T2r. We obtain a constant type of this virus in 

the second growth tube if •••• 

For our present purpose we used a synthetic complete medium in both the 

first growth tube and the second growth tube, kept the value at about 

30 min. to prevent the growth of bacteria in the xe«m second growth tube, 

and using a tryptophane control obtained a population of about 

of ten different strains of B/4 in the first growth tube. If in the 

population in the first growth tube there is a high mutation rate to 

senativity to T4, we should then be able to maintain in the second 

growth tube a T4 titer that will gradually increase with time as the 

number of T4-sensitive mutants in the first growth tube increases with 

time. 
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