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THE EFFECTS OF INDOLEACETIC ACID AND KINETIN 
ON THE GROWTH OF SOME MICROORGANISMS 

David Kennell 

Lawrence Radiation Laboratory 
and Donner Laboratory of BiophysiCs and Medical Physics 

University of California, Berkeley, California 

March 31, 1959 

ABSTRACT 

The growth rates of Amoeba proteus, Escherichia coli 

bacteria, and two species of yeast are changed by the presence of 

kinetin and (or) the plant auxin, indoleacetic acid. 

The growth rate of Ainoeba proteus is increased by the presence 

of kinetin. Indoleacetic acid has no apparent effect on this celL 

Kinetin increases the growth rate of Escherichia coli in a 

salts-glucose medium. Adenine also accelerates growth. However, 

isotopic-competition experiments indicated that kinetin does not compete 

with adenine; it must be incorporated into different compounds. 

IAA depresses the culture growth rate of the yeasts Saccharomyces 

cerevisiae and Scf1izosaccharomyces pombe. This decrease can be 

accounted for entirely as a change in the interphase growth rate of the 

individual cell. 

Kinetin, by itself, has no apparent effect on yeast growth. In 

the presence of IAA, kinetin, over a wide concentration range, greatly 

sloVIIS;culture growth for several generations. The growth rate progressively 

approaches and eventually exceeds the control rate. The individual cells 

of the early log population grow at the same rate as those in IAA but 

either are completely blocked from dividing or take~ longer to divide. 

When these inhibited cells are washed and resuspended in control medium, 

the growth rate. exceeds the control rate for three or four generations. 

Also, if inhibited cells from late log phase are resuspended in fresh medium 

containing IAA plus kinetin, they grow at a rate faster than the controls 

even in the presence of the chemicals, Although the fast-growing cells 
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have a normal growth rate during interphase,. they ~lso continue to 

enlarge during the division period. This enlargement during division 

is caused by the premature initiation of daughter cell growth (before the '-' 

completion of cytokinesis); in the inhibited cells the start of interphase 

is delayed. ., 

In yeast, it was shown that kinetin does not serve as a sourc·e of 

purine, since it did not support growth of eight adenine-requiring mutants. 

The observed increase or de-crease in the time between mitosis 

and daughter-cell growthmay,be ascribed1n 7art action on a growth

regulating system which iS: duplicated at this stage of the cell cycle. It 

is postulated that ribonucleoprotein is the key component in this system, 

and there is evidence that kinetin may alter its metabolism. 

Finally, the growth of individual yeast cells in a starvation 

medium was studied. The results were interpreted as showing the 

existence of this specific growth-regulating apparatus,· which is 

duplicated, or doubles its activity, during cell division. This apparatus 

appears to consist of primary units which regulate the synthesis of 

secondary units which then regulate macromolecule synthesis. It 

appears that these secondary ones are not synthesized during nitrogen 

starvation. 
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THE EFFECTS OF INDOLEACETIC ACID AND KINETIN 
ON THE GROWTH OF SOME MICROORGANISMS 

>',< t 
David Kennell 

Lawrence Radiation Laboratory 
and Donner Laboratory of Biophysics and Medical Physics 

University of California, Berkeley, California 

March 31, 1959 

INTRODUCTION 

Eighty years ago Charles Darwin showed that some influence 

was transmitted from the upper to the lower part of seedlings exposed 
\ 

to one-sided illumination .. This iVinfluence IV led to the observed ba:.uiing 
1 

of the plant. The concept of a hormonal regulation of growth originated 

almost a century ago with Julius Sachs in his pioneering studies of plant 

differentiation. However, it was forty years before Fitting began the 

research which culminated, through the .efforts of Laibach, Boysen

Jensen, Paal, Went, and many others, in the quantitative measurement 

of the activity of various "auxins. 112 

· Indoleacetic acid, IAA, (Fig. 1) is the most widely studied natural 

auxin and is found in most if not all plants as well as in various animal 

tissues and urine. There are several recent reviews of the literature on 

auxins. 3 • 4 • 5 

Kinetin (Fig. 2) was first extracted from autoclaved or decomposed 
6 

d.esoxyribosenucleic acid (DNA) sa:mples. It was isolated as a substance 

which, in the presence of IAA, could cause normally nondividing tobacco 

pith tissue to divide rapidly. 
7 

If significant and reproducible alterations in the growth of certain 

microorganisms could be shown, these would be ideal material to use 

for biochemical and genetic analysis of the systems involved. As is to 

be khown for both IAA and kinetin, no definite conclusions about their effect 

on the growth of microorganisms can be drawn from an examination 

of the literature. For convenience this introduction includes a concise 

di~~ussi')n of the literature on each of these chemicals, 

>'< 
'Predoetoral Fellow, Public Health Service, National Cancer Institute. 
t Present address: Department of Bacteriology, Harvard Medical 

School, Boston, Mass. 
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Fig. 2. 
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Known Effects of Indoleacetic Acid on Plants 

All auxins {as defined by Thimann) are organic substances which 

11 promote growth, i.e. , irreversible increase in volume along the 

longitudinal axis, when applied in low concentrations to shoots of plants 

freed as far as practical :from their own inherent growth-promoting 

substances. Auxins may and generally do have other properties, but 

this one is critical. 118 Some of,these other properties can be mentioned. 

On a cellular level the first apparent action of auxin is to increase 

the rate of protoplasmic streaming. The promotion of cell division by 

·auxin is_ generally limited to the cambial tissues inthe spring. Auxin 

was first shown by Snow9 to be necessary for this activity although it 

probably acts in conjunction with other factors. Apical dominance 

of the top buds, which causes the lower buds to be inactive, is mediated 

via.auxin. Cellular differentiation, "such as the production of xylem 

tissue from parenchyma, occurs only in the presence of auxin. Auxins 

are involved in various other processes many of which-such as leaf 

abscission, are activated via a direct effect on cell elongation. 

Known Effects of IrA-A on Microorganisms 

Algae 

Chlorella has been studied, with conflicting results, since Yin 

first showed an increase in average cell size of Chlorella vulgaris but 

little change in suspension density. 10 IAA concentrations of l to 10 

mg/liter were used. 
11 12 ' 13 Pratt, Brannon and Bartsch, and Brannon and Sell found 

rather large increases in growth rate and final cell concentrations of 

various Chlorella cultures, with . IAA concentrations ranging from 1 to 

' 

50 mg/liter, but· found 200 mg/1 toxic. However, Roborgh and Thomas 
14 

I) 
15 

and Lhotsky found no effect of lAA from 20 mg/liter to very low con-

centrations on growth rate or final cell concentration. Roborgh and f 

Thomas agreed with Yin that there was cell enlargement of Chlorella, 

while the latter studiedtwelve species of algae including Chlorella vulgaris. 
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Recently and simultaneously, Bach and Fellig
16 

and Street 

et al. 
17 

independently concluded that the reported increases in growth of 

various species of Chlorella were due to the alcohol used as a solvent for 

the auxin. From a careful examination of the various results the effects 

reported for ethanol do explain,, in general, the earlier findings found with 

·· IAA but leave certain details unanswered. One is reminded of the classical 

controversy over the existence or nonexistence of the Golgi Apparatus. 

On other algae there are more conclusive reports. IAA stimulates 

growth of Euglena gracilis only when the organism is photosynthesizing 

in the presence of light but not of the non-chlorophyll-containing relative, 

Khawkinea halli. 
18 

Likewise, the marine alga, Acetabularia 

mediterranea_, is affected by IAA to an extent which is dependent 

again on the light intensity and also upon the season of the year. 
19 

Yeast 

First reports were by Nielsen, who in 1930 used rhizopin, which 

was later shown to be ~;AA, from a. Rhizopus fungus, in the broth medium 

used for Jbrewer 1 s yeast. 
20 

He observed a twofold increase in dr; mass 

as measured, apparently, in the stationary phase. He did not know the 

concentrations of IAA in the rhizopin extract. 

The next major study reported no effect of IAA on eight species 

of yeast (not including baker us yeast} grown in synthetic medium with 

concentrations from 50 mg/liter to 0.1 mg/liter. 
21 

Following the German and Fre,nch works, the third paper was by 

the Russian biologists, Kholodny and Beltiukova. 
22 

They observed that 

in the light potato tubers become green and insusceptible to rotting 

bacteria, and simultaneously release phytohormone. Therefore, for 

practical agricultural reasons, they made an extensive study of the 

effects of auxins (corn-seed endosperm extracts or IAA) on a variety 

of bacteria as well as Saccharomyces cerevisiae. It was found that the 

yeast cultures showed decreased cell counts in log and stationary phases 

with the auxin extract. IAA at 30 mg/liter to 2 lng/liter produced larger 

cells, but the rate of population growth-. was .not mea·sU:'red . 
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Loveless et al. , in a survey of the effects of chemicals on yeast 

and Escherichia coli ba~teria, found that IAA, at 5000 mg/liter in 

synthetic medium reduced the growth of Saccharomyces cerevisiae 
23 

but did not affect its d i vis i'o n . . The method of measurement was 

crude and the concentration was high enough to be completely toxic. 

The only metabolic studies with yeast have shown that IAA 

increases the fermentation rate of Saccharomyces cerevisiae 
24 

in 

complete medium as well as the uptake of oxygen in low-glucose 

d
. . 25 

me 1um. 

Fungi 

Auxin, at fairly high concentrations, lowers the growth rate or 

inhibits growth in lower fungi, e. g., Phycomyces blakesleeanus, 

Aspergillus candidus, and Neurospora tetrasperma. 
2 

Bacteria 

Escherichia coli suspensions were reportedto reach twice the 

control stationary concentration when IAA at 0.1 mg/liter to 1.0 mg/liter 

was present in the salts-glucose medium. 
27 

However, Dubos reported inhibition of growth by IAA at 10 to 100 

mg/1, in yeast extract-casein hydrolyzate medium, of Mycobacterium 

tuberculosis, Streptococcus haemolyticus,. Streptococcus salivarius, 

and Shigella paradysenteriae. 
28 

The inhibition was relieved by tryptophane 

at ten times the IAA concentration, indicating a competitive relation with 

the parent compound. 

To determine if tryptophane-:requiring bacteria are affected 

differently by IAA than the wild-type, various bacteria were used. It 

was 'found that Aerobacter aero genes cells which did not require the 

amino acid were the most strongly inhibited. This could mean an 

interference with .the synthesis of tryptophane. Esche.richia coli, 

Lactobacillus caseii, Lactobacillus arabinosus, Streptococcus faecalis, 

and Aerobacter aerogenes were all inhibited in growth by 1000 mg/liter 
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IAA, but no stimulation of E. coli growth at the levels reported by Ball 

was found. 
29 

The competition of IAA with tryptophane may not be related 

to its action as an auxin. On the other hand, the fact that tryptophane 

competes with IAA in these cells does not mean that IAA is not performing 

a specific function other than substituting for the amino acid. 

To add another contradiction, Loveless et al. in the previously 

mentioned work
23 

found no inhibition of E. coli growth at the high 

concentration of 5000 mg/liter IAA. 

Conclusions from Known Effects of IAA 

It can be seen that there is a wide divergence of results for the 

responses reported with a given organism. These may be explained 

from such considerations as: 

a. The age of the culture when the chemical is added and when 

the growth is measured. 

b. The duration of the chemical's presence. 

c. The use of undefined media and a narrow range of concentrations. 

A complete experiment should include the effect on all three stages of 

culture growth: lag time, logarithmic growth rate, and final population 

density. Actually none. of the papers mentioned told of specifically measuring 

the rate of growth, which is probably the only variable of physiological 

significance for thestudy of a particular factor on the growth processes 

of a cell. The lag time alone is primarily a reflection of the adaptability 

of the cell and the medium to each other, while the stationary cell concentra

tion is an indication of the ability of the medium to support the growth of 

a particular cell. Both of these are under the influence of a wide variety 

of chemical and physical factors, most of which have little relation to 

metabolic processes specifically associated with growth except in 

so.~ . .{ar as they affect the cells at the particular stage. 
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Except for reports of the effects on the glycolysis and respiration 

of liver slices 
30 

the biological action of IAA appears restricted to plant 

tissues and the primitive microorganisms. There is a conspicuous 

absence of positive reports on protozoan and metazoan cells even though 

IAA has been extracted from various animal sources. This could be 

due to real physiological differences between plants and animals, or to_· 

the difficulty of obtaining controlled growth environments for pi-otozoans 

in order to assay the effects of a chemicaL Tetrahymena pyriformis 

is the only ciliate that can be grown in a chemically defined medium. 

Nevertheless, the result has been to initiate many theories of 

auxin action which have had as their basis a consideration of the 

cha'racterisfics of plant cell growth,. e. g. ; the uptake'of water durih:g :. 

cell elongation', 

The Discovery of Kinetin 

From extensive Studies on the growth and differentiation of tobacco 

callus and stem tis sues cultured in vitro, it was found that there was· a 

quantitative balance between IAA, adenine, and various other substances. 
31 

It was further shown that this was not due to a competitive relationship 

between auxins and purines. 
32 

Likewise, pith tissue could be induced 

to divide in the presence o£ IAA only if vascular tissue was near by to 

allow the diffusion of substances to pith. 
33 

In a search for an IAA-purine 

complex it was found that a factor from aged DNA samples of herring 

sperm could substitute for the vascular tissue. 7 This compound was 

named kinetin because it induced rapid cell division in the inert pith cells. 

Since then various effects have been reported, but this introduction 

considers the studies which have shown a direct action on growth and 

division of plant a·nd animal material. Some o£ the other effects are 

considered in the section covering the possible mechanisms of action. 

cell 

I) 

~/ 
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Skoog's group has made further studies aimed at understanding 

h f h . 1 . . b . h . 34 u . . t e nature o t. e stlmu atlon in to acco p~t hssue. s1ng mlcro-

spectrophotometric analysis of Feulgen-stained preparations, they 

concluded that "in pith tissue kinin is required for mitosis and cytokinesis, 

and· possibly DNA doubling, and that auxin is necessary for DNA doubling 

and mitosis. 11 

Known Effects of Kinetin 

A Polish group has made a rough but comprehensive. survey of 

th ff t f k . t. . . 1 d 1 . 1 3 5' 3 6 . e e ec s o 1ne 1n on var1ous an1ma an p ant mater1a s. 

Kinetin, given subcutaneously to mice (50 to 100 mg/kg weight), inhibited 

hair growth in the region of the injection, and caused premature oestrus in 

females and spermatogenesis in males, as well as increased numbers of 

erythrocytes in the circulation. Frog tadpoles were reported to grow 

faster in solutions of 10-8 g/ml of kinetin. Baker's and brewer's yeast 

had higher cell concentrations after 24 to 48 hours (presumbly stationary 

phase) with concentrations .of kinetin between 10-S and 10- 9 g/ml, while 

three strains of bacteria were not affected. The results with yeast were 

not found _in my experiments. Various protozoans had increased cell 

numbers at the end of 6 days: Paramecium caudatum, Ochromonas 

malhamensis, and Euglena gracilis. 

Anqther group later found that the generation time of Paramecium 

caudatum was sensitive to a range of kinetin concentrations from 

5 10 -7 I 1 3 7 Th . . . . x g m up. e max1mum pos1t1ve promotion was at a con-

centration which agreed with that of the Polish work {l 0-
7 

g/ml). 

The regeneration of Hydra was found to be inhibited by kinetin, 
38 

as also was that of anucleate, nucleate, or whole Acetabularia fragments. 
39 

Ogawa reported an increased mitotic rate of Yoshida sarcoma 

cells transplanted into rats, 
40 

while Lettre and Endo reported negative 

lt . 1' 11 . h f k' . 41 
resu s on var1ous mamma 1an ce s 1n t e presence o 1net1n. 

Kinetin and other 6-substituted purines augment the growth 

inhibition of pteridine-inhibited Lactobacillus arabinosus cells. 
42 
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These ~uthors propose the hypothesis that kinetin suppresses the 

synthesis of thymid~ne. This implies a direct role in DNA synthesis. 

However, the results with a particular mutant should be generalized 

with caution. 

Conclusions from Known Effects of Kinetin 

1. Kinetin, as ppposed to IAA, has been shown to modify the growth 

of several animal cells. 

2. The fact that other purine compounds, including exogenous adenine 

itself, exhibit activity in several of the systems studied points to a 

purine-containing compound in the cell which can be modified or inhibited 

froni formation or activity by a certain class of compounds which may 

include adenine itself. 

3. It is interesting that in some cases kinetin requires the presence of 

exogenous IAA (tobacco pith ;tissue, yeast, callus. tissue of pea root), 

wherea::s::in others it does not (bacteria, Paramecium, Hydra, sarcoma cells, 

Acetabularia). This difference may be illusory.· It may be due to 

va.riation of endogenous levels of IAA, or differences in the ability of 

some cells to metabolize. the ::compound. A good .example is from experi-
43 . 44 

ments being done on pea root tissue. Torrey and Jensen have found 

that dividing meristematic tissue, which contains endogenous IAA,is 

inhibited by kinetin alone. However, near-by nondividing callus tissue, 

which contains no internal auxin, requires IAA plus kinetin to be stimulated 

to divide. 

4. There have been no really detailed studies made on the quality or 

magnitude of the response of a particular organism to either of these 

chemicals in a well-defined medium. 

, 
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Purpose of These Experiments 

The following experiments were done to understand the type of 

physiological response of one cell rather than to sample a large number 

of cells. Perhaps the conclusions drawn from one or two cells which 

are based on accurate results can then be extended to other cells and 

tissues. 

Microorganisms are excellent test material for the study of 

physiological processes for a number of reasons. They are generally 

fast-growing, relatively homogeneous populations, and have genetical 

and biochemical characteristics which are quite well known. 

In particular, the yeast cell was chosen for more detailed study 

because of the very large and reproducible effects of both compounds on 

the growth of yeast suspensions. 

From the preceding review of the studies made with IAA.and with 

kinetin as well as from the experiments to be reported, it can be seen 

that inhibition of growth or cell division is as common as its augmentation 

when these chemicals are used on biological material. It has long been 

known that auxin can either stimulate or inhibit the main types of plant 

growth--bud formation, stem elongation, and root development- -depending 

on the concentrations used. 45 Not oniy is the concentration of growth 

factors critical but also the presence or absence of tother chemicals 

such as adenine can obscure or reverse the effect. 

Modern concepts of the regulation of growth and differentiation 

emphasize quantitative relationships between various physical and chemical 

substances in determing the type of response of the organism (for further 

discussion, see Skoog and Miller. 
46

) This is contrary to the classical 

concept of specific organ-forming hormones, but it does not detract -

from the importance of specific growth substances; it merely stresses 

the importance of the interactions between them. For example, kinetin 

has been shown to counteract the inhibition of bud development by auxin, 

according to a recent study of apical dominance in ::_.whole plants. 
4 7 

Skoog 

and Miller, working with tobacco callus tissue in vitro found that there 
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is a delicate balance between IAA, kinetin, various amino acids, and 

other fact<;>rs in the control of bud formation. 
46 

In the experiments 

on yeast reported here, kinetin and JAA seem to be acting synergistically 

to cause inhibition of growth of the yeast cultures. 

Therefore, it is not surprising that kinetin increases the cell= 

division rate for some cells but reduces jt for others. The difference 

is undoubtedly due to the presence of different levels of endogenous 

auxin, inac;tivating enzymes, vitamins, etc. in different cells. Also, 

augmentation of a particular process in a cell can either be a benefit or 

a detriment to its survival or rate of growth, depending on the .limiting 

factors. This latter point is discus sed again in the consideration of 

mechanisms of kinetin action. 

' 
' 
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PROCEDURES, RESULTS AND CONCLUSIONS 

Amoeba proteus 

Methods and Materials 

Single cells from a common clone were placed in 1-cm petri 

dishes containing amoeba medium described by Prescott. 
48 

The food 

organism was the ciliate, Tetrahymena pyriformis, which was grown, 

by use of sterile technique, in 2o/o proteose-peptone and washed by 

centrifugation before addition to the amoebae about 11every two days. 

Amoeba cells were not maintained in sterile solution, although the 

bacterial population was kept low by the ciliate. However, Amoeba 

cells were transferred by a micropipet to fresh medium every two days. 

The number of cell divisions was followed by counting individual cells 

every day under a dissecting microscope. The experiments were per

formed at l9°C, at which the normal generation time is about 36 hours, 

and also at l4°C, at which it is several days. 

Effects of IAA and Kinetin on Growth in Amoebae 

The first organism studied \1\BS Amoeba proteus, a single-.celled 

animal which has been a favorite object of investigation by cell 

physiologists since the last century. It was found that kinetin at 10-
6 

glml increased the rate of cell division slightly over the control rate. 
-6 I -6 I Concentrations used were between 5 x 10 g ml and 1 x 10 g ml, 

. . -6 . 
with the best results at 10 glmL A typical experiment is shown in 

Fig. 3. 

IAA at 10 mglliter produced no change in cell counts nor did:: 

, adenosine at 10- 6 g/ml IAA plus kinetin was not tested. 

The significance of the results with kinetin alone can be tested 

by using simple tests for standard deviation. There were nine separate 

experiments with kinetin alone, such as that shown in Fig.· 3. The.· 

~otaln1.1mbers of cells at the start and at tlw end of each ~xp~riment 
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Fig. 3. A logarithmic plot of the number of Amoeba proteus 
cenc on successive days in the presence of kinetin at 
10- g/ml. Control cells are cultured in amoeba 
medium with no added compound. v 

' 
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are presented in Table I. The length of time for each experiment and 

the temperature used are given. In order to test the significance of 

the results, it is necessary to consider the cell number for each day, 

since the end of each experiment was arbitrarily decided. A 

simple standard=deviation test can be used. Let the ratio of the 

total number of cells in the dishes containing kinetin to the total 

number of control cells for any experiment on any given day of the 

experiment be used as a measure of the effect of the chemical on 

the cell number. (Thus,. 1. 0 would mean "no effect. ") There are 

9 experiments, covering 39 nexperiment-days 11 (excluding day zero). 

The average ratio for all these experiment-days is 1.13, which 

represents a 13% increase. The standard deviation is 

am =JZ= 0.164, 
n 

and the standard deviation of the mean is 

(] 
m 

= 
(] 

= 
0.164 

6.16 
= 0.0266. 

Here d is defined as the difference between 1.13 and the ratio for a 

certain day of a given experiment, and n is the total number of experi

ment-days, which was 39. Thus, 68% of the experiment-days should 

give ratios of 1.13±. 03. This is statistically significant, and indicates 

that the duration of the experiment was not critical. 

Therefore, it is concluded that kinetin by itself, and at the 

concentration used, decreases the generation time of Amoeba proteus 

cells. 

To test the effect on the food organism Tetrahymena pyriformis, 

growth curves with and wi,thout kinetin at 10- 6 g/ml in 2% proteose

peptone were determined;a,haemacytometer chamber was used to count 

the cells. There was no observable change in growth rate. 



Table I 

Effects of kinetin on generation time as indicated by number of cells, for Amoeba proteus. 

Experiment Temp~ c) Duration NUMBER OF CELLS % Increase 
Exp (Days) 

CONTROL KINETIN .6.K-.6.C 
xlOO 

Start End .6.C Start End .6.K .6.c 

1 15 4 24 34 10 24 41 17 70 

2 15 7 29 64 35 29 75 46 31 

3 14 6 14 28 14 14 33 19 36 

4 13 2 55 57 2 63 72 9 350 

5 19 5 12 46 34 12 77 65 91 
I 

6 19 2 23 31 8 23 39 16 100 N ,_. 

7 19 3 32 122 90 37 153 116 29 

8 19 4 41 63 22 40 59 19 -14 

9 19 3 8 13 5 8 19 11 120 
' \ 

~: . •::. 
K 
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Escherichia coli Bacteria (strain B) 

Methods and Materials 

0 Cells were stored at 4 C on agar slants consisting of 2o/o Bacto 

Nutrient Agar (Difco). The experimental growth solutions (long been 

used in these laboratories) contained Na 2HP04 · 7H20, (5.94 .g), 

KH2Po4 (4.54 g), MgS0
4 

. 7H20 (0.433 g), NaCl 

(0.5 g), NH4 Cl (1.0 g), .glucose (4.0 g), 1000 ml distilled H 20. The 

glucose was autoclaved separately. Cultures were maintained under 

aeration in test tubes which were immersed in a 37° bath. For a given 

e:xperiment, log phase cells from a 12-hr culture were inoculated into 

control and experimental tubes to the same final cell density. This was 

approximately 5xl o3 
cells per ml. The control generation time was 

approximately 50 minutes under these conditions. Growth was measured 

by turbidity on a Beckman DU Spectrophotometer at 650 mf.J. and 

viability by plate count. 

The radioactivity of the bacterial cells in the isotopic- competition 

experiment was determined. The cells were washed five or six times by 

fast centrifugation in distilled water to remove any traces of isotope from 

the medium, and 0.1-ml portions of the washed suspen_sion were pipetted 

onto aluminum planchets, dried in air, and counted in a gas-flow counter. 

The specific activity is here defined as the activity per unit mass of 

bacterial cells and was obtained by 

(Activity per ml.. cells)/ (Calilnated turbidity reading) 

The specific activity has no importance except for relative measurements. 

Effects of Kinetin on Growth in Bacteria 

Escherichia coli bacteria cultures in a salts-glucose medium show 

an accelerated growth rate when kinetin at 10-
6 

g/ml is present (Fig. 4)~ 
In this minimal medium, adenine--which serves as a control compound-

also promotes growth. From previous studies on the nutritional re

quirements of this cell, it is known that adenine serves as a source of 
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4. Growth of ~scherichia coli bacteria in the presen~e of 
kinetin (1 0- g7rnL), m the presence of adenine (1 o- g/ml), 
and with no addition. Growth is measured by a calibrated 
optical density. (All cultures reach the same final 
culture density. ) 
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nucleic acid purine (about 90o/o goes.into the nuclei acids). 
49 

! 

Although the curves were similar i~ general, there were reproducible 
', 

differences in growth of the bacterial cultures in the presence of kinetin 
II 

or adenine: the kinetin-containing suspensions had a longer lag time 

but grew at a faster rate to reach the same final cell concentration. 

The Relation of Kinetin to Adenine 

Therefore, an experiment was done to determine if this difference 

was real on the biochemical leveL Specifically, one would like to know 

if kinetin is being hydrolyzed to adenine and thus merely serves as a 

purine source for E. colL If this were true, then it should compete 

with the parent compound for uptake by the cell. This was tested by 

u,sing c 14 
-adenine as a marker and comparing the specific activity 

of one growth flask containing the labeled adenine plus nonlabeled 

d . t d fl k . . C 14 d . d k' . Th a en1ne o a secon as conta1n1ng -a en1ne an 1netln. e con-

. £ c 14 d · h · h fl k h centratlons o -a en1ne were t e same 1n eac as as were t ose 

of the unlabeled compounds. 

The curves show that at no time during growth of the cultures 

was it possible to observe competition between kinetin and c14 
-adenine 

(Fig. 5). In other words, while c 12 
-adenine competes with c 14 

-adenine 

in an equivalent way, kinetin does not reduce the specific activity of 

the cells. The curves follow the general shape expected: a rapid 

increase during the dilution of the original nonlabeled cells followed by 

a level region of maximum labeling and then a logarithmic decrease 

when the C 14 -adenine is depleted and the labeled cells become diluted. 

If kinetin did not compete with adenine, the increase in specific 

activity for the experiment whose curve is shown would theoretically 

be 65.3o/o before the period of logarithmic decrease, as computed 

from the relationship 

activity in kinetin flask per unit mass 

activity in adenine flask per unit mass 

_ 0.027 mg c 14 
-adenine/(0.027 mg c 14 -adenine + O.J..08 mg adenine) 

-0.027 mg c 14
'"adenine/(0.027 mg c 14 -adenine + 0.196 mg adenine) 

1.65 = 1.00 
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Fig. 5. The specific activity (counts per unit mass of cells) in 
flasks containing cl4_adenine plus cl2_adenine and 
cl4_adenine plus kinetin. Between Hour .2 and Hour 3 the 
initial inoculum of nonlabeled cells has become 
insignificant compared with the new labeled cells. At 
Hour 5 the cl4_adenine is depleted and further divisions 
produce nonlabeled cells. 

" ... 

; 
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(Since the impor,tant variable: is the ratio of labeled tu unlabeled 

ad_enine;- t·he molar concentration of neither. ade_nirte nor kinetin 

is required.) The first s'e v en .e x_pe r in:l e:ri.t .a 1 ~~p.o i-n tS' __gave 

an average increase of 59. 3o/o, which is remarkably close to the 

theoretical increase, in consiqeration of the possible loss of activity 

with extensive washing. The experiment was repeated, using different 

ratios of labeled to unlabeled adenine, with the same result (see Table II). 

Therefore it is concluded that no major competition exists 

between kinetin and the parent compound, adenine, in the bacterial 

cell. This is important, since one can conclude that kinetin is not 

being used in the bulk of the adenine-containing material of the cell. 

This does not exclude. the possibility that it is acting as an analog to 

a specific compound which is a derivative of adenine. 

Yeast 

Methods and Materials 

Saccharomyces cerevisiae (S. c) (strain X495), a budding 

yeast, and Schizosaccharomyces pombe (S. p.) (strain NCYC 132), 

a fission yeast, were stored on yeast extract-dextrose agar at 4°C. 

A few preliminary experiments with kinetin alone were done in a 

complete b.1r-b tht medium of 2o/o yeast extract, 4o/o glucose, and 

0.5o/o KH2 P04 , the glucose being autoclaved separately. All other 

experiments (except in starvation media) were done in a complete 

synthetic medium containing only compounds necessary for the normal 

growth of yeast (Wickerham 1 s synthetic medium, U.S. Dept. · 

Agric. Techn. Bull. No. 1029:1951) (Difco "Yeast Nitrogen Base 11
). 

Inositol at 10-
4 

g/liter, which is a requirement for S. p. , was added 

when this cell was being studied. This medium, which contains several 

vitamins and inorganic salts as well as some amino acids, was filter

sterilized along with glucose which is used as a carbon source. (This 

medium was prepared at lOx strength and stored at 4°C.) Cultures 



Table II 

Isotopic competition: differences (in o/o) between specific activities in cultures grown with kinetin 
and in cultures grown with adenine 

Period of experiment 

I II 

Experiment Before maximum During maximum 
specific activity specific activity 

1 - - - 95.8 - 35.3 28.6 30.6 

2 - - - - - 291.0 

3 74,3 5.8.2 40.0, 80. T .S4.7 44.5 62.6 

•· <::: 

III 

During logarithmic 
decrease of specific 
activity 

14.9 -13.8 -4.8 10.1 9.< 

181 94.9 29.0 34.8 3Q._ a.L 

14.5 

'· . 

>'-, 

. , 
' 

-2.61 13.5 0.0 

Expected Ave. 
increase in exptL 
Periods I and inc rea 
II if kinetin I and l 
did not (o/o) 
compete witl: 
~denine 

(o/o) 

34.8 47.6 

320. 291.0 

63.8 59.3 

se, 
I 

I 

N 
'-.J 
I 
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were grown in Erlenmeyer flasks with vigorous shaking or swirling 

(no special aeration). The flasks were maintained at 30°C, which is 

optimal for these yeasts. For a given experiment, log-phase cells 

from a YED agar plate, which had been streaked about 24 hours 

previously for S. p. ·or 12 hours for S.c., were collected on a loop 

and suspended in about 1 ml of distilled water to the desired concentration. 

A volume of 0.1 ml of these cells was inoculated into each of the flasks. 

The inoculum was usually about 2xl o5 
cells/ml.. Growth was measured 

by turbidity on a Beckman DU Spectrophotometer at 650 mfl. Viability 

was determined by plate count. Total cell counts were made by direct 

counting in a clinical haemacytometer. 

The volume of individual S. p. cells was determined with an 
---- 50 

eyepiece micrometer after the method described by Mitchison, except 

that in my experiments the cells were grown in liquid instead of agar. 

An aliquot of approximately 0.5 ml of the culture whose cells were to 

be observed was pipetted onto the elevated portions and channels of a 

clinical haemacytometer with coverslip. When the haemacytometer 

was flooded this way, growing cells were stationary on the elevated 

grid and could be observed for 5 hours without drying (or, if necessary, 

additional suspension from the original culture could be added indefinitely 

without disturbing the cells under observation). Growth remained normal 

for at least 8 hours (the longest interval followed), judging from the 

constancy of the generation time. Since the width of the cell remains 

constant dur_ing growth, the volume is directly proportional to the length. 

Hence, the error in the volume measurement is directly proportional 

to the error in the length measurement, which in these studies was 

:rnaximurn when the cells had just divided but was: ii.ever more than:·· 

about 8<j' •... 

(To avoid confusion from the term "growth, " individual cell 

growth" will always refer to volume growth of the individual cell (unless 

other,.vise stated). "Culture growt'h, 11 of course, concerns the increase 

in protoplasmic mass in a suspension of millions of microorganisms. ) 
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Effects of IAA on Culture Growth in Yeast 

The logarithmic growth rate of suspensions of Schl.zosaccharomyces 

pombe (abbreviated here S. p. ) or of Baker 1 s yeast, Saccharomyces 

cerevisiae (abbreviated here S. c. ), is decreased :by the addition of 

IAA over a range of concentrations--0.02 mg/liter to 20 mg/liter; 

160 mg/liter is toxic (Fig. 6). The difference in the growth curves 

is due to growth rate only; the lag-phase time and final cell concentration 

are the same as the controls. This is not in agreement with Kholodny 

11 
. 22 

and Be1tiukova, who found a reduced final ce concentration. 

Different growth conditions (such as media used), may account for this. 

The control generation time at 30° of S. p. in synthetic medium 

is 2 hours 50 minutes. With IAA at 20 mg/liter it is very close to 4 

hours throughout the log phase. These times do not differ by more than 

15 minutes from experiment to experiment. The generation time, as 

measured by total cell count or viability, agrees with that found from 

turbidity measurements. The fact that the fraction of cells which are 

viable in the IA<A cultures does not increase markedly during ex

ponential growth rules out the determination of the final curve by a 

process of selection, whereby only a very few cells in the inoculum 

grow at the control rate and the rest are inviable. This point is shown 

more definitively by the individual-cell studies to be discussed. 

Effects of Kinetin on Culture Growth in Yeast 

The addition of kinetin by itself to synthetic medium or yeast 

extract-dextrose broth produces no reproducible change in the growth 

curves of S. p. or S.c. cultures. There may be a slight decrease 

in the lag time but it is not significant. 

However, in the presence of various concentrations of IAA. 

kinetin produces a marked decrease of the growth rate below that 

with IAA alone (Fig. 7). For each of the above-mentioned IAA con

centrations, kinetin was added in a wide range of values (l0-
5
g/ml 

• 
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Fig. 6. The effect of various concentrations of IAA on the culture 
growth of S. p. cells in synthetic medium.· Growth is 
measured oyoptical density. 
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to 10 -!
2 

g/ml). The lowest level of kinetin to give a marked response 

was at 10 -ll g/ml, which gave the maximum inhibition for the series 

of concentrations of IAA at .20 mg/liter. 

There is a synergistic relation between IAA and kinetin. For 

maximum inhibition the lower the concentration of: one, the higher 

the concentration of the other has to be (Fig. 8). Figure 9 shows that 

at a very low IAA concentration kinetin has no effect even at the highest 

kinetin concentrations used. 

The rate of growth in the presence of the two chemicals is not 

linear on a log plot but approaches or even exceeds the control rate 

after several generations. Furthermore, the cells are almost twice 

as heavy as control cells at the start of the log phase, when the 

inhibition is greatest, but become progressively lighter to approach 

control weight as the effect lessens during log growth (Table _III and 

Fig. 7). The cell weight here is the average dry weight per cell of 

a population of millions of cells. For better under~tanding of the 

increased mean mass per cell, accurate volume measurements were 

made of approximate! y -150 control cells and cells from cultures Vl/'ithiAA-plus

kirietin in early log gr~owth'; . "Giant" cells which have marked 

morphological abnormalities were found in the treated cultures. The 

increased size is due to an increase in width but not often in length. 

The high values for the average mass per cell in these suspensions 

can be accounted for by the presence of these giants, which causes 

a proportional increase in average volume per cell. The IAA-plus

kinetin cells are heavier, not due to an increase in density, but rather 

to a real increase in size of a proportion of the population. 

As far as could be determined by individual cell studies, these 

giant cells were inviable. Furthermore, they apparently were not 

formed to any extent in log phase but during the lag phase, so that they t 

became diluted out of the population as multiplication progressed. 
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Fig. 7. The effect on culture growth of a relatively high and a very 
low concentration of kinetin added to a particular con
centration of IAA (20 mg/1). Growth is measured by 
optical density. If there had been a smaller initial inoculum, 
the gradual increase of the growth rate to equal or exceed 
the con~J:Jl rate would be shown. The numbers along the 
curves represent the average dry weight per cell in the 
culture at that stage of culture growth. 
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Fig. 8. The synergism between IAA and kinetin to produce a 
maximum inhibition of culture growth rate. For example, 
at an IAA concentration of 20 mg/ 1, the concentration of 
kinetin that produces a maximum effeCt is between 
lo-10 g/ml and 10-11 g/ml. 
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Kinetin, /0-6glm/ 

9 I§ 

Control IAA, 0.02 mgll + Kinetin, 1o-1o g 1m/ 

0 6 12 18 24 36 42 48 54 
Hours · 

MU-17086 

Fig. 9. The concentration of IAA must be above a certain 
minimum level for kinetin, added with it, to produce an 
additional effect. Growth is measured by optical density. 



Table III 

Average dry weight per cell (in JJ.JJ.g/ cell) 

Date Drying Control Cell IAA Cell IAA Cell 
temp. 
<<?c) 

cone. (20 mg/1) cone. plus kinetin cone. 

- --

4/1 150 1.) 17.1 
2.4xl0-6 I 22.2 -6 I 35.3 6 

2. ) 18.4 18.4 7 .OxlO 
35.1 4.3xl0 

9/8 95 
1.) 25.9 6 I - I 29.8 I 

2. ) 30.5 l.OxlO - 31.0 l.lxl 0 -

9/17 H)O 1.) 27.6 6 I 38.4 6 I 43.2 b 
2.) 28.5 5.5xl0 

39~2 
3.8xl0 

45.0 1. 9xl0 I 

l...v 
..p.. 
I 

I 

9/26 
1.) 25.5 6 27.8 6 

98 2. ) 27.9 
7 .3xl0 

29.0 
4.4xl0 

10/11 
1.) - 34.2 6 I 51.8 6 

98 2. ) - 34.3 2.8xl0 46.8 
1. 2xl0 -

~~ .. _ 
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Individual- Cell Growth Studies 

Individual-cell studies were done to determine the stage in the 

cell cycle at which the compounds were acting. Mitchison recently 

studied the volume and mass gro,.vth of individual S. p. cells. 
50 

The 

change in volume can be followed ea:3ily by measuring the change in 

length, since this cell has a constant diameter. The interphase volume 

growth is followed by a constant-volume or plateau period during cell 

division. 

Control growth is shown in Fig. 10. The interphasic growth 

is not linear, but shows a gently 1ncrease in rate as interphase 

progresses. The generation time for the individual cells is 2 hours and 

40 minutes, which agrees closely with the culture generation time and 

indicates almost 100% viability in logarithmic cultures. The constant

volume time is about 39 minutes, leaving 2 hours for interphase cell 

growth. Mitchison 1 s values were slightly different because of 

differences in medium and tempe:rature. 

Indoleacetic acid by itself lecreases the interphasic cell 

growth rate (Fig. 11), while the time required for cell division is 

unaffected. The generation time for the individual cell agrees with 

that for the mass culture (four hours) which shows that all the cells 

are being affected, and further that they are being inhibited equally. 

Cells which are growing in medium containing IAA plus 

kinetin have the same growth rate as those with IAA alone but 

now more time is spent in the constant-volume period. Furthermore, 
' 

the increased time is primarily, if not all, in the 

period between the appearance of the cell plate and subsequent 

fission (Fig. 11). It should be pointed out, however, that this latter 

conclusion·is based upon the time at which the cell plate first becomes 
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3 
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4 6 

MU-17085 

Fig. 10. The growth in volume of an individual S. p. cell in 
synthetic medium. "Plate" refers to the first appearance 
(under these optical conditions) of the transverse cell 
plate during the plateau period. Cleavage into two cells 
marks the end of this period. Volume is measured by 
cell length (see text). 
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Fig. 11. The growth in volume of individual ~ cells in 
synthetic medium, synthetic medium plus IAA 
(20 mg/1), and synthetic medium plus IAA 
(20 mg/1) and kinetin (lo-10 g/ml}. It is not shown 
here that some of the latter cells remain in the plateau 
phase indefinitely without dividing. · 
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visible,which could not be determined with great accuracy under the 

optical conditions used here. The generation time of the individual 

cell (4 hours 30 minutes) in the presence of IAA plus kinetin does not 

agree with that of the culture growth. This is because some of the 

cells (anywhere from 70o/o during early log &rowth to none after several 

generations) are blocked in the constant-volume stage indefinitely or 

for a long time. Some of these cells are very large and morphologically 

abnormal. The rest of the cells (the growing population) show a very 

exact increase in the time s.pent in the constant-volume stage (63 minutes 

compared with 39 minutes for controls). The increase in plateau 

time is exactly the same in cultures of very high kinetin concentration 

as in those of very low kinetin concentration. As culture growth 

progresses a lower percentage of cells is completely blockedfrom 

dividing, and ultimately the retardation is reversed and culture growth 

is faster than that' of control suspensions. 

Alteration of Cells by Kinetin 

In some experiments this reversal of the inhibition seemed to 

occur earlier in the log phase than in others, Efforts were m_ade to 

determine the cause of this variability. It was found that stationary 

cells inoculated into medium with IAAplus kinetin ~etainthe very slow 

growth rate longer than do cells from rapidly dividing cultures. 

Various changes in culture-aeration and cell-aeratiop. history were 

studied with conflicting results. However, it is believed that aeration 

is an importan,t variable in these studies.·· 

The wearing off of the inhibition: is not a simple depletion of the 

chemical, since exactly the same shape of curve is obtained at l0-
5
g/ml 

as at 10 -ll g/ml (a millionfold difference in c;oncentration). 

Also, if cells that have reached the rapi4 growth phase after 

growing in IAA-plus -kinetin solutions for several generations are 
' . . ' 

washed thoroughly and transferred to new r'.AA-plus -kinetin solutions, 

they grow at a greater rate than the controls~ thu.s it is evident 

that it is not a depletion of the chemical, but rather an actual physiological 

adaptation of the cells. 
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This same acceleration of growth occurs when cells from cultures 

~.ri_th· .IAA :plu~_kinetin Ln.c any stage of log or stationary phase are washed 

and reinoculated into control medium. The generation time for these 

"activated" cultures is 1 hour and 50 minutes, compared with the 2-

hour- 50-minute cycle of the control suspensions. This rapid culture 

growth lasts for three or four generations and then is followed by a 

rate lower :'than that of the controls (Fig. 12). The nature of this 

"relapse 11 to a slower rate has not been studied, but individual cell 

studies were made of the fast-growing cells to better understand this 

interesting reversal of the inhibition. 

The formerly inhibited cells had the same growth rate as the 

controls but now little or no time was spent in the period of constant 

volume (Fig. 13 ). The constant-volume time was not uniform in this 

population of cells, as it had been in the previous individual-cell 

studies. For the cell shown there was no plateau, whereas for others 

there were plateaus of short duration. 

The acceleration of culture growth in IAA plus kinetin has not 

been studied on an individual-cell basis. Presumably these cells 

would show the same pattern as that found for cells which have had 

the chemicals removed from their environment. 

Cytological Considerations 

In order to interpret these results it is necessary to consider 

the cytology of this cell. As is the case with yeasts in general, there 

is considerable confusion among cytologists as to the nature of mitosis 

in S. p. Mitchison observed that the clear vacuole-like structure in the 

center of the cell divides and re-forms in the two halves by the time of 

the appearance of the cell plate. This f-·pd~a~t~e'C is first visible 

approximately one-third of the way through the constant-volume stage. 

With this same yeast Rustad showed, by using a fluorescent nuclear 

d h h 1 . 1 0 0 ho 51 H t ye, t at t e nuc ear mater1a 1s 1n t 1s structure. owever, mos 

yeast cytologists would not agree that this ''vacuole" is the nucleus 

itself, although it may be associated with it. 
52 
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Fig. 12. Culture growth of S. p. cells in synthetic medium. The 
control represents cells which had been growing in 
synthetic medium before inoculation; the elevated curve, 
cells which had been growing in synthetic medium containing 
IAA (20 mg/1) plus kinetin (lo-10 g/ml). 
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Fig. 13. The growth in volume of individual S. p. cells which are 
growing in synthetic medium after being transferred from 
synthetic medium to which had been added IAA (20 mg/1) 
plus kinetin (1 o-1 0 g/ml). Note that the time from plate 
to cleavage into two cells is the same as in the control cells. 
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It is generally agreed that the nuclear membrane remains intact 

during division, and some workers believe that chromosomes are 

t db "t . . h" h 1 52, 53, 54, 55 segrega e y m1 os1s W1t 1n t e nuc eus. 

For the purposes of this analysis it is enough to know that by the 

time of the appearance of the cell plate, mitosis has already reached 

telophase. This appearance provides a convenient marker to denote 

the end of anaphase. There follows an even longer time of no cell growth 

(two-thirds of the plateau time) when, presumably, the daughter cells 

are reorganizing for int~rphasic growth. 

Interpretation of Results 

Kinetin increases the time required for division and this increase 

is primarily , if not all, in the period between the appearance of the cell 

plate and subsequent fission. This is interpreted from the foregoing 

cytological discussion to be a delay in a postanaphase process. This 

does not rule out effects of kinetin on an earlier stage of the cell cycle. 

On the other hand, removal of the chemicals from the medium gives 

cells with little or no constant-volume period, i.e., cell growth is 

uninterrupte.d throughout division. Since mitosis of the mother cell is 

well advanced very early in the plateau period, growth in this period 

must represent a premature grov;;th of the daughter cells. That this 

early gro'.vth is not a result of an accelerated cleavage is evident from 

the fact ti~at tl~e time r equ.ired for cytokinesis, as measured from the 

appearance of the cell plate to subsequent fission, is the same as in the 

control cell (see Fig. 13). Daughter cells begin to grow before the 

parent has finished dividing. 

The inhibition of the culture growth rate by kinetin during t:he 

first several generations is caused entirely by a blockage or delay 

in the initiation of daughter-cell growth. In inhibition, however, there ... 

is also a corresponding delay in the completion of cytokinesis, i. e. , 

cleavage. In other words, the mother cell is delayed in cleaving .._ 
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exactly as long as the daughter cells are delayed in starting to grow. 

This is the situation in normal cells when final cleavage occurs 

simultaneously with the start of daughter-cell growth. That these 

events are concurrent indicates that the two processes are related. 

Either •one necessitates the other, or else they both are dependent on 

a third system. In the fast-growing cells it can be observed that the 

daughters start growing before cleavage occurs, so that growth certainly 

can commence without final separation. (Premature growth of this cell 

before cleavage has been observed in other conditions. 
56 

Premature 

cleavage has never been observed.) Th·e~ results. are _simply summarized 

in the: ;g.tatem:ent that· growth does not require cleq.yag¢ to have occurred 

but cleq.vage: d?.es not begin before growth. 

It thus seems reasonable that final separationmay depend, in-

directly at least, on the inception of .functional autonomy of the daughters-

specifically, metabolic growth at their own determined rate. If this is 

true, the final separation of the cells is delayed by kinetin because of a 

delay in the operation of the systems or systems that determine the 

growth rate of the individual cell. 

Therefore, kinetin produces an observable effect on the time 

between the end of mitosis and the start of interphase growth. It may 

also prolong the time for the final separation of the mother cell, but I 

believe that this is probably a result of a delay in the initiation of 

daughter growth. Certainly the converse is not true, i.e. , the start of 

growth is not mediated via cleavage, since (as was pointed out) growth 

can commence before cleavage, and therefore is not dependent on it. 

The discussion of these results considers the pos_sible nature of a growth

regulative system as well as evidence for its existence. 
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Specificity of Kinetin 

Finally, it would be'o~ irtte'rest biochemically to know there

lationship of kinetin to adenine in yeast. In bacteria it was shown that 

kinetin does not enter the bulk of the adenine-containing compounds 

either as adenine or as an analog. However, it is possible that kinetin 

could be used as adenine only when the latter compound is limiting in 

the cell. This question was investigated by the following experiment 
~:< 

with yeast. Eight adenine-requiring mutants of S.c. were plated on 

agar containing synthetic medium minus adenine but with kinetin at 

various concentr.ations. The control consisted of adenine in place of 

kinetin. All control plates showed some growth even at very low 

adenine levels, while kinetin supported .no growth even at high con

centrations. 

Therefore, it is concluded that the compound cannot be hydrolyzed 

to adenine even when the latter is absent or is present only in very 

small quantities, i.e. , they are not in reversible equilibrium. 

If we generalize the results for bacteria and yeast, it appears 

that kinetin plays a specific chemical role in the cell. This is also 

indicated by the fact that it is effective at concentrations that are 

extremely low compared with other physiologically important compounds 
-11 I as well as most drugs. At 10 g ml, the lowest concentration found 

to have a profouhd influence, it can be calculated--if one assumes that 

the chemical is just depleted by the end of exponential growth- -that on 

the order of 10 to 1000 molecules enter each cell at each division. 

On the other hand, adenine itself produces a slight inhibitory 

effect in yeast as well as in some of the other cells used to study kinetin 

(the original studies. with pith tis sue were initiated to find an adenine 

complex which was more active than adenine). This could implicate 

an adenine-containing chemical in the cell. 

':( 
Kindly supplied by Dr. Robert Mortimer, Donner Laboratory. 
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DISCUSSION 

Indoleacetic Acid 

This work has shown that IAA modifies the interphase growth 

rate of the yeast cell but not the time spent in cell division. This agrees 

with the majority of findings on tis sues of higher plants, in whi.ch the 

multifold responses are due to a primary action on cell growth. In"'" 

fact, the previously quoted definitinn of an auxin (p. 9) makes cell 

elongation the essential response; 

No effort is made here to interpret the mechanism of auxin 

action in the ye~st cell; there are already many theories of auxin 

action. Although at one time the most popular theories were concerned 

with biophysical activity such as permeability, cell-wall extension, and 

osmotic pumps, the most accepted hypothese~s, at present, are based on 

biochemical considerations. 

Thimann proposes a deep-seated alteration of the cellular 

metabolism, specifically at the level of the four-carbon organic acids. 

The addition of auxin to the plant medium has been found, in several 

types of material studied, to cause depletion of four-carbon acid$ and 

reducing sugars and an increase of lipids. Also, it appears to be the 

synthesis of protein that is blocked in cases of inhibition. 
56 

This theory, 

then, centers attention on the intermediary metabolism of protein, 

carbohydrates, and lipids. 

Even though there is not always a correlation between growth 

and oxygen consumption, 
57 

there are many reasons to believe that 

auxins do act primarily on certain oxidative systems,although they may 

not be affecting the total respiration of a cell. For example, anaerobic 

bacteria are far more resistant to auxin inhibition than are aerobic 

bacteria. 
58 

Likewise, rice seed, which has an anaerobic metabolism, 

is resistant, while barley seed, which has an aerobic metabolism, is 

't· t 2 4 D . h'b' . 59 sens1 1ve o , - 1n 1 1hon. 

Recently, a very fine study has shown that there is an immediate 

increase in high-energy phosphate, which is accountable as ATP, upon 
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the addition of IAA to pea seedlings. This increase is followed by a 

decline of the compound as equilibrium with the metabolic needs of 

growth is reached. These observations point to activation of growth 
60 

via a primary action on oxidative mechanisms rather than the reverse. 

This interpretation, however, is still a major point o.f contention. 
61 

As has been mentioned earlier, IAA has been shown to increase 

the fermentation rate of Saccharomvces cerevisi~e 24 as well as to in

crease the uptake of oxygen in low-~lucose medium. 
25 

Also, the 

glycolysis and respiration of liver tissue cap. be modified by exogenous 
30 

auxin. . Of course, these may not be primary effects. 

The influence of anaerobic versus aerobic. conditions on the 

response of yeast to IAA has not been studied with conclusive results. 

It would seem reasonable for the effect on the growth rate to be a function 

of the presence or absence of oxygen if IAA influenced fermentative 

mechanisms of this celL 

So far as the nature of the physiological response is concerned, 

IAA does not appear to effect a perrnane:qt change in the yeast celL 
. ~ ; 

Cells that have been growing in a medium containing both compounds 

resume the normal control interphase growth immediately upon re

moval of IAA and kinetin. Since IAA changes only ,the interphase growth 

rate, it shows that there is no carry-over of the chemical 1 s influence 

after its removaL This agrees with the findings of Mitchell et aL 

that the inhibition by auxin of oxygen uptake in root and stem slices of 

several plant species is readily reversed by simply washing the 

tis sue. 
6 2 

Also, the early experiment of Audus showed that root- growth· 

inhibition by 2, 4-D is also reversible. 
63 

,. 

These results in conjunction with our knowledge of auxins point 

to an action of IAA on certain basic metabolic processes of the cell, 

possibly oxidative systems. The action of IAA results in an increased 

or decreased growth rate. Finally, it acts by modifying some system 

... 
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which is in dynamic equilibrium with the environment so that the re

moval of the auxin results in an immediate return to the normal growth 

rate. 

Kinetin 

In yeast, kinetin has been observed to produce a visible effect 

only at a specific stage of the cell cycle, i.e. , between anaphase of the 

parent and interphase growth of the daughters. This stage is longer 

for cells in slow- growing cultures and is absent from or shorter for 

cells of the fast- growing cultures than it is in cells of control cultures. 

Thus, while IAA exerts a continuous effect during, and only during, the 

entire interphase growth of the cell, kinetin does not alter the rate of 

growth but only the time between the formation of the two new nuclei 

and the commencement of interphase growth. It is not known whether 
' 

bacteria and amoebae are affected at the same stages of their cell 

cycles as yeast. 

Probably the most important assignment in this period of 

telophase (or· its equivalent in yeast) is the preparation by the mother 

cell of apparatus that will insure the interphase growth of her daughters. 

At least we know, from studies of the growth of individual cells or 

synchronous populations, (see p. 49 ) , that usually there is an abrupt 

change from a lx rate for a mother cell to a Zx rate for the sum of its 

daughters. Considered in terms of protoplasm and not simply cells, 

this means that the system or "machinery 11 that regulates the rate of 

protoplasmic synthesis is duplicated or activated to a Zx value during 

cell division. Kinetin alters either the rate of this duplication or the 

moment when the machinery first begins to function. 

While this is the observed result of its presence, kinetin may 

produce this effect via a primary action on any of the various general 

processes of the cell such as the rate of cell ·wall synthesis, perme

ability, or even internal pH--but if this was so it would mean that these 
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factors suddenly became important to the cell atthis time but had no 

effect on the previous over-all cell-growth rate. ·Although this may be 

true,· it would be senseless to try to discuss the infinite number of 

physical and chemical events which could be the ultimate trigger (if 

such exists) for the initiation of growth. Rather, we have a considerable 

body of evidence that ribonucleic acid, as a specific component of the 

cell, is directly involved in determining not only the type of proteins 

that are polymerized in the living cell but also the rC!-te of their synthesis. 

In addition,. there is. evidence (although fragmentary) from other work 

that kinetin may be altering the metabol.ism of this nucleic acid. 

First, let us review some of the experimental data that are 

used to justify a growth~ regulating role for RNA before we examine 

the available evidence for the hypothesis that kinetin affects the 

initiation of growth via ·RNA. 

Ribonucleic Acid and Protein Synthesis 

Direct biochemical studies on cell extracts have shown the 

ability of' mixtures of a low-molecular-weight RNA plus cellular 

enzymes at the correct pH to form activated amino acid complexes. 

It is further postulated that this amino acid is transferred from this 

RNA to a high~molecular-weight RNA of the microsomes to participate 
. 64 

in peptide linkages. 

Blocking RNA metabolism causes an interference with the 

h. . f . d d . b . d . 65, 66 synt es1s o 1n uce enzymes 1n acter1a an yeast . , Various 

studies have been made on the relation of RNA to general pcrotein 

h . . b . 6 7 d . 1' . 68 synt es1s 1n acter1a an 1n mamma 1an tlssues. 

Very elegant work has been done during the last several years 

by Gale and Folkes on disrupted-cell suspensions of staphylococci. 

Here the ability of the suspensions to incorporate amino acids into 

protein is lost when they are treated with Dc.Nase or R Nase. However, 

protein synthesis, as measured by induced or constitutive enzyme 

formation, can be restored by adding to the suspension DNA, RNA, or 
. 69 70 

a mixture of nucleotides, depending on the particular prote1n. ' 
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Physical chemical studies are under way to determine the 

nature of the chemical bond between .RNA and specific amino acids. 71 

Although the hypothesis that there is a direct relation between 

.RNA and protein synthesis is well founded, the conclusion that .RNA 

regulates the type and amount of it is still in the testing stage. Early 

work showed that the rate of protein synthesis' and thus of growth, is 

t . 1 t th 1 f .R NA 11 7 2 ' 7 3 • 7 4 
propor 1ona o e average tota amount o per ce . 

Fast-growing cells contain more .RNA than slow-growing ones. However, 

there are undoubtedly many components of the cell-- such as high-energy 

compounds, enzymes, and "machinery substances" in general--which 

increase in concentration to allow maximal growth. The first step in 

showing a causal relationship is to demonstrate a proportionality between 

rate of protein synthesis and amount of .RNA or its rate of synthesis, 

not in the average cell, but in the individual celL It has been more 

difficult to find a direct relation between these components from a study 

of them in the individual cell or in synchronous populations of cells. It 

is necessary to review our knowledge of the cell cycle. 

Mitchison, measuring the dry weights of individual S. p. cells in 

his original work, found that the mass increased linearly until division, 

when it abruptly doubled its rate of increase to correspond to two cells 

instead of one. The individual-cell volume growth was not quite linear, 

and showed the characteristic plateau during division. He interpreted 

this finding of a discontinuous mass curve as indicative of the duplication 

of some component of the cell which determines the rate of mass 

synthesis. He postulated the microsomes, but other organelles are 
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- >:C 
worthy of consideration. 

From work on other cells, also, there is evidence, although 

there are possible exceptions, that growth is not normally autocatalytic. 

That is to say that the machinery for cellular syntheses produces new 

protoplasm at a uniform rate throughout interphase andthen is duplicated 

at division to supply the needs of two cells instead of one. 

Most other studies of individual cell growth also show non

autocatalytic growth between divisions, indicating the duplication, at 

division, of growth-controlling machinery which controls the rate of 

growth until the next division. For example: 

1. Prescott found the mass and volume to increase at a slowly 
76 

decreasing rate for individual Amoeba proteus cells. 

2. The same author studied protein synthesis in individual 

Tetrahymena cells, using autoradiography, and found a 

. h 1" . d . . h 77 
stra1g t- 1ne 1ncrease unng 1nterp ase. 

3. _Zeuthen found respiration of synchronous cultures of 

Te-~rahymena to be linear .during growth and to level off 

just before division. 78 However, Scherbaurn and Zeuthen 

reported volume increase and protein growth were exponential 

between divisions. 79 These same authors questioned their 

method of measuring protein synthesis (dye uptake). The 

more recent work of Prescott is probably more accurate. 

4. Maruyama studied syntheses in synchronous cultures of 

-------=E::::::::c::::o~h.._· bacteria. 
80 

-The curves for protein and total 
:}:: 

Professor Mazia pointed out in a di~cussion that the growth, as 

measured by volume in yeast, as well as mass and volume of Amoeba, 

seems to follow a rate of 1, 0, 2 for the periods of interphase, division, 

and two daughters. If we assume that the rate is governed by a functioning 

organelle, the most obviou~ if not the only apparent unit is the nucleolus, 

of which there are 1, 0, 2 for the same periods. ·The nucleolus is the 

site of the most metabolically active - RNA. 75 
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nitrogen were interpreted as being nonlinear, although more 

points were needed for a conclusive determination. Recently, 

Abbo,. using synchronous populations of the same cell, found 

a linear increase in protein during interphase. 
81 

It is important to recognize that the cell growth rate may show 

marked C!.ifferences when growth is measured according to different 

variables, such as respiratory rate, uptake of a metabolite, dry weight, 

volume, etc. For the purposes of a study of the regulation of macro

molecule: synthesis in the life of a cell, protein synthesis itself is 

probably the most important variable, and may not be proportional to 

uptake of a metabolite or any of the other variables mentioned. I 

believe that, for the fission yeast used, volume growth is actually a 

more accurate measure of macromolecule synthesis than is the dry 

weight. 

Therefore if the growth-regulating machinery douples at division, 

and if ribonucleoprotein is a major part of it, one might expect to find 

a major synthesis of RNA during the late stages of division. This 

question has been investigated in the following works. 

1. Maruyama found that. RNA is synthesized during and 

immediately following cell division of synchronized 

E. coli bacteria. Furthermore, protein synthesis 

commences just after RNA synthesis has leveled of£, 
80 

2. The RNA content of Amoeba proteus cells was not found 

to change during the division process. 
82 

3, Iwamura found that RNA increases at a rate proportional 
83. to the growth in Chlorella cells, while Prescott observed 

a sharp increase in RNA content per cell during the last 

third of interphase, or prior to division, in Tetrahymena 
of 0 77 pyr1 orm1s. 

4 .. ·With the, S. p. yeast cells Mitchison has found a steady 
0 £ RNA d 0 h d do 0 0 84 
1ncrease o ur1ng growt an lVlSlon. 

Therefore, from these and other works, there is not much 

experimental evidence of doubling of RNA at or just following division. 



-52-

Due to the early work of Caspersson on mass cultures mentioned 

earlier, many workers have assumed that the rate of growth is proportional 

to the absolute amount of RNA or of a component of which is is a part. 

It can be· seen that for the individual cell this is not trueo However, 

it is possible (and in fact probable) that RNA is bound or inactive in 

the cell until activated by some factoro 

One hypothesis to explain the cbubling of the growth rate at the 

time of division is the passage of material from nucleus to cytoplasm at 

division itself, An interesting finding in Amoeba proteus is that nuclear 

RNA material appears to be dumped into the cytoplasm during division, 

leaving the nucleus ''bare n as seen by autoradiographic and staining 

techniques. At this time a considerable proportion of the RNA of the 

cell is transferred from nucleus to cytoplasm. 
85 

Mazia and Prescott suggested that nuclear protein synthesis 

may.merely"Teflect production of ribonucleoprotein, which then passes 

to cytoplasmic centers to be functional in the synthesis of other proteins 0 

86 

If growth is not autocatalytic, the nucleus would be expected to deposit 

this in a noncontinuous fashion. However, the actual synthesis of cellular 

nucleoprotein may 'be occurring at a uniform rate or at a time and a rate 

that could not be correlated with the degree of~ p~otein synthesis 0 

Another class of hypotheses supposes that the amount of RNA in the 

·cytoplasm is not limiting but that its activity is a function of some contri

bution from the nucleus. Nuclear division could conceivably involve the 

doubling of the activating mechanism and therefore be responsible for a 

switch from a lx to a 2x rate of growth. 

This would mean that, at any time during the cell cycle, most 

of a cell us ·RNA is not functioning, L e. , it is waiting to be transported 

and (or) activated to centers of protein synthesis. In this connection, it 

has been proposed that bacterial RNA may become inert after its initial 

use in protein synthesis, 
65 

and synthesis of nonfunctional RNA has been 

d f . . 1 87 propose or a parhcu ar mutant. 

Therefore, if ribonucleoprotein is responsible for protein 

synthesis, its activation or releaf;le by a factor during division may be 

as important as its synthesis, so far as correlating an event with a 

simultaneous increase in the rate of protein synthesis is concerned. 

The formation of the two nucleoli during telophase could be this event. 
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Kinetin and Ribonucleic Acid 

To complete this line of reasoning there is evidence that kinetin 

affects RNA metabolism. 

Guttman, using meristematic tissue of onion root, found that 

kinetin increased mitoses as well as modified the relative duration of 

its stages. From statistical analyses she inferred that prophase was 
88 

shortened and telophase lengthened. She proposed an effect on 

chromosomal coiling via chromosomal RNA. The latter conclusion 

came from the fact that treated cells showed large amounts of nuclear 

RNA associated specifically with the chromosomes. ~<t Although she 

had no evidence for a coiling role, the proposal of an effect on chromosomal 

RNA during telophase is in agreem.ent with the ideas presented about 

the results with yeast. 

Pea root meristematic tissue cells are inhibited from dividing 

by kinetin and show abnormally high concentrations of RNA. 44 This 

concentration could be due to an inability of the RNA to be distributed 

from the nucleus to the cytoplasm, simply to a piling up of the nucleic 

acid, or to a higher rate of synthesis. 

Recently, autoradiographic studies of onion root cells have shown 

that kinetin causes an altered uptake of C 
14 

-adenine. 90 Grain counts 

were made over the cytoplasm, nucleolus, and nucleus. It was found 

h h d h dd d . h c 14 d . . d t at t e compoun , w en a e w1t -a en1ne, causes an 1ncrease 

synthesis or turnover of r RNA in the nucleolus during the first 5 hours 

and a decreased activity in the nucleus and cytoplasm. Similar results, 

except for a time difference, could be obtained by pretreatment of the 

tissues with kinetin. It would be difficult to interpret these results in 

terms of an indirect action on RNA metabolism, and they give signifi

cance to the previous findings of increased amounts of cellular: RNA in 

onion and pea tissue. 
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Kinetin in Biological Material 

It is important to know if kinetin or its product is a normal 

constituent of the cell or is acting as an abnormal ana!log to a normal 

constituent. 

There are a great many similar compounds (6-substituted purines) 

which have been investigated as possible antitumor agents, especially 

6-mercaptopurine~}l, 92 A direct competitiv~ relationship with the 

natural purines appears to exist here. However, in this work it has 

been shown that kinetin is certainly not competing with adenine in yeast 

or bacteria in any direct way. 

It would be very difficult to prove the presence of very low 

concentrations of kinetin in cells. There is indirect evidence for its 

presence in yeast and vascular tissue of tobacco. First, it has been 

shown to be present in yeast extracL There it either is present in 
?c 

yeast as such or is an artifact produced in conversion to an extract. 

In the original works of Skoog, it was found that oi many compounds 

teste:i'dnlyc kinetin replaces some factor which diffuses from vascular 
33,46 

tissue to act on inert pith cells in the presence of IAA. Therefore 

the evidence points to the presence of kinetin in biological material, 

but it is not conclusive. 

Whether or not kinetin is a normal constituent of cells, there is 

an adaptation of the cells to the levels present in the medium, i.e. , 

kinetin produces a permanent or semipermanent change in the cells. On 

semilog plot the growth is not a straight line, but after several generations 

approximates or exceeds the control slope. As pointed out previously, 

this is not a simple depletion of the chemical but, rather, points to an 

adaptation of the yeast cells to the new conditions. Also, when the cells 

are transferred from medium in which the inhibiting chemicals are 

present to control medium,. there is an immediate increase in growth 

rate for three or four generations. Clearly these cells are physiologically 

di:rferent from untreated ones (controls). 

.. 

.. 
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Therefore, whereas the effect of IAA on the over-all metabolism 

is nonpermanent and immediately reversible, kinetin appears to alter 

the celL 

Kinetin and Cell Division 

Should kinetin be regarded as a cell-division trigger? 

There is abundant evidence that the processes of cell division should be 

considered as partially independent of cell growth, or at least concerned 

with different systems in the celL ~3- Mazia defines a trigger mechanism 

as "· .. simply the achievement of some condition which precipitates 

division irrevocably. Ba
9 tl: In its first known role as a factor that causes 

dormant pith cells to divide rapidly kinetin seemed to meet the ex

pectations of a trigger admirably. The fact that in other circumstances 

it blocks or slows the same processes should not detract from its im

portance as a cell-division factor. 

In fact, kinetin appears to act as a moderator of cell-division rate. 

The chemical stimulates cells which have stopped dividing to divide 

again (e. g. , tobacco pith and pea root callus tissue), and inhibits or 

slows cell division in rapidly dividing cells (e. g., meristematic tissue 

and yeast). This is not unusual. Promotion and inhibition are two 

sides of the same activator in most cases. Suppose we use as an example 

the RNA-chromosome association during division as the process which 

is sensitive. If kinetin facilitates the union of ribonucleoprotein to the 

genetic material~-DNA or chromosomes--then it would facilitate mitosis 

in those cells in which this was the limiting factor for division while in 

those cells in which the association is normal, it would prevent the 

dissociation of the two components in telophase and appear to block 

division. 

This is an oversimplified model, and according to the recent 

studies by Olszewska, the metabolism of RNA is probably more 

pertinent to the action of kinetin, but an analogous example could explain 

acceleration im some cells: and inhibition .in others .. 



In yeast, although kinetin m.ay also act before mitosis or in its 

early stages, the effect on the cell 1 s growth pattern becomes evident 

only at a later time, so that in these investigations it appeared to act 

after anaphase. 

Therefore, it is probable that, in yeast, kinetin is not a trigger 

substance of cell division in the usual sense of the word, i.e. , initiating 

mitosis. But it is a factor important to the initiation, during division, 

of the ne:-v growth~controlling apparatus of the daughter cells. This in 

turn is seen as an apparent effect on cell division, since the final fission 

is delayed proportionately. Whether this is generally true in .other cells 

such as the tobacco pith tissue is not krl.own, but it is not contradictory 

to the observations reported. 

Further, from the intensive studies by many investigators, there 

is reason to believe that ribonucleoprotein is responsible for the 

regulation of the rate of cprotein synthesis in cells, and it is proposed 

that kinetin may produce :~the observed effect by altering RNA 

metabolism at a stage of mitosis when the daughter cells are preparing 

their machinery for interphase growth. 

.. 
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EVIDENCE FOR INTERNAL REGULATION OF CELL GROWTH 

Purpose of the Study 

It has been obser"ed that after a cell has completed mitosis, 

kinetin delays (or hastens) the moment when daughter cell growth will 

commence, Evidence was presented (p, 49 ), from studies of normally 

growing cells, for the existence of regulative machinery which appears 

to duplicate at division to elicit 2x growth, Hence kinetin is delaying 

either the synthesis of this machinery or the moment when it first 

functions, It would be desirable to have further evidence, especially 

for this cell, that growth (in volume)~ regulated and, furthermore, 

that the system that regulates it ~duplicated during division when 

kinetin is observed to act. Although other studies have indicated this 

regulation in normally growing cells, these simple experiments done 

with cells growing in a suboptimal medium show very clearly the 

existence of this regulation in the yeast celL 

Cell Growth in Starvation Medium 

Preliminary studies of the same nature were done by Mitchison 

and Mazia, and after I had made the observations reported here, my 

attention was called to very similar, but more extensive, experiments 

which were performed in much greater detaiL by Faed, working in 

Mitchison 1 s laboratory, 95 Faed made his observations on cells growing 

on agar media; all my experiments were on cells growing in liquid on 

a clinical haemacytometer {see p, 26). 

When cells are grown under suboptimal conditions, it is often 

possible to separate various processes of their physiology that are 

independent to some extent. If cells that have been growing in a complete 

medium for several generations are washed thoroughly and resuspended 

in a medium with only a carbon source, but no nitrogen, the type of growth 

obtained is as shown in Fig, 14, The yeasts were washed by centrifugation 

five times to achieve a total concentration of the original medium of 
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Fig. 14. The growth in volume of individualS. p. cells in 0.5o/o 
glucose. Cells growing exponentially in synthetic medium 
were transferred into the glucose medium at the time 
indicated. Cells 14R and 14L are the daughters of cell 14, 
and cells 14RL and 14RT are the daughters of cell 14R. The 
top curve gives the total erowth of the original cell. 
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no more than one part to a million. The results can be summarized 

best by a brief listing: 

(a~ Cells can grow and divide for a limited time in the presence of only 

a carbon source. Faed speaks of a period of division after growth when 

the cells divide without any interphase growth. In the experiments 

reported here there were no cases of division without interphase growth 

before and after it. 

(b) However, cell size does decrease, because cells do rot grow to full 

size before dividing. 

(c) The generation time is shortened. 

(d) The most interesting finding is that the growth rate for any mother 

cell is the same as the sum of that of its daughters, so that for the 

individual cell the rates are 1, ~. ·~ for mother, daughter, and grand

daughter. This is shown best for cell No. 7 in .Fig. 15, where the 

daughters happened to divide synchronously. Also, see Fig. 14. 

It should be mentioned that the nitrogen pools of yeast account 

for only 5o/a to 12o/o of the total nitrogen of the cell and the pools, as 

such, could supply only a small fraction (about 1 Oo/o) of the needs of one 
. 66 

generation. 

Several interesting conclusions may be drawn from these re-

sults. First, even though the cells are under nitrogen starvation, they 

divide more often (between 1 and 2 hours instead of a 2-hour-40-minute 

generation time}. The only explanation for this unusual behavior is that 

division processes are being favored at the expense of some other process 

which competes with reproduction. This result could support Swann 1 s 

hypothesis of an energy resevoir for division which must be filled be-

fore this process can be initiated. If the cell diverts energy to growth 

and division processes independently, then the restriction of growth 

by a lack of nitrogen could fill up the division resevoir faster. On the 

other hand, the accelerated multiplication could be due to a more subtle 

alteration of the cell 1 s metabolism. This is not discus sed further since 

it is somewhat removed from the original purpose of this section. 
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Fig. 15. The total growth in volume of an individual S. p. cell in 0. 5% 
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Furthermore, the growth rate is decreased in a very ordered 

way, i.e .• by geometric progression as division occurs. There are 

two possibilities. Either the reduction in growth rate is due to a dilution 

of the growth-regulating machinery, or the machinery is still synthesized 

but cannot be utilized because of the (lack of) nitrogen. Thl.s was in

vestigated. by; the following simple experiment. 

When a nitrogen source is added to cells that have been growing 

for approximately three generations {5 hours) on glucose alone, the 

normal growth begins immediately or after only a short lag, as shown 

in Fig. 16. (As the synthetic medium was pale yellow, it was easily 

seen, by the change in color of the solution, to diffuse over the 

haemacytometer within a few seconds after it was added.) In fifteen 

cells studied the lags varied between zero and 60 minutes, with an 

average of 20 minutes. There was some tendency for smaller cells 

to show a longer lag. All then resumed the normal growth rate. This 

lag is undoubtedly simply an adaptation to a nnew" medium. The cells 

had been growing in 0. 5o/o glucose on the haemacytometer for 5 hours 

when 10 x synthetic medium was added. Faed observed longer lags 

followed by more gradual increases in growth rate. This difference 

may be due to the use of agar (rather than liquid medium) in his work. 

The slower rates of diffusion in Faed 1 s work could account for the long 

lags between the change in medium and an observed effect. 

That normal growth is resumed very soon means either that 

the growth-regulating machinery is always present in full amount or 

that it can be synthesized at any time in the cell cycle and is synthesized 

in preference to general protein synthesis following a period of nitrogen 

starvation. 

Therefore, the rate of cell growth in glucose follows a very definite 

pattern of 1, i• ~. and returns to a lx rate when returned to complete 

medium. The significant aspect of this groWth is that the rate is 

ordered and, moreover, that it changes only at division. Even after a 

cell has depleted its reserves of nitrogen, it continues to grow at a 

normal rate until it divides and only then is the lack of nutrients apparent 
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Fig. 16. The growth in volume of an individual S. p. cell which has 
been growing in O.So/r glucose for 5 hours!Tminutes when it is 
provided with complete synthetic rnedium. 
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in the growth of its daughters 0 They continue at the ix rate until the 

next division. The fact that the rate of cell growth does not gradually 

decline under these conditions of starvation is direct evidence. of a quite 

rigid growth control. Further, the fact that the points of discontinuity, 

when the rate is redbced in half, occur at division, indicates that at 

this time the cell would normally produce regulatory machinery which 

would quarantee .a continued lx rate for each of the daughter cellso 

The lack of nitrogen at this time prevents the cell from duplicating the 

system and thus the lx rate is maintained for the sum of the daughters 

rather than for eacho While ·the normal pattern of growth in complete 

medium leads to the same conclusion, these results show that the regulatory 

machinery of the cell determines the synthetic rate even under the limiting 

conditions of this environment. 

The only time when a sharp discontinuity is observed in the rate of 

interphase growth is when the third- generation cells are transferred to 

complete medium and normal growth is resumed. It is legitimate to 

ask how the cell knows its normal rate of growth and returns to it 

instantly when put into complete media. There must be some template 

or organizer, present even in the starved cell, which tells it how fast it 

can grow when returned to an adequate medium. Therefore, the "ultimate" 

regulator is still present, i.e 0 , it must have been duplicated at division 

even during starvation. 

Therefore, it is the secondary templates or factors that have been 

diluted geometrically at division, whereas the primary ones--which 

apparently control them-~are present at full strength. These ideas can 

be brought into better focus by assigning names to the componentso The 

ultimate templates could be the genetic units of DNA (which have certainly 

duplicated at division), and the secondary templates RNA (or a fraction 

of it which directly controls the rate of synthesis of all macromolecules 

except the nucleic acids~ The evidence for a regulatory role for RNA 

has been discussed previously ( p.48.1I:)o Whether the nucleic acids of 

the cell perform this role orcnot is still at the level of a good hypothesis. 
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In conclusion, the evidence is quite good that protoplasmic 

synthese.s are rate-dependent on specific cellular units. In these studies 

it could be shown that when these specific units could not be duplicated 

because of want of nitrogen, their deficiency became apparent only 

after the completion of cell division and the start of interphase growth. ,.,., 

Therefore it was concluded that they duplicate ::during division. These 

findings lend further support to the contention that the observed effect 

of kinetin on the time between the formation of the two daughter nuclei 

and the start of interphase growth is an effect on a specific growth-· 

regulating component of the cell. {This component may be ribonucleo

protein.) 
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