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"EFFECTS OF CHRONIC EXPOSURE TO X-RAYS
ON A STEADY-STATE POPULATION
OF SACCHAROMYCES CEREVISIAE

- Graeme Perry Welch

University of California
-Radiation Laboratory
Berkeley, California

June 1957

ABSTRACT

- An improved apparatus for the continuous culture of yeast in
liquid media under nutrient flow-rate control has been developed,; and
the effects of continuous exposure to 85-kv x-rays on the division
rate of diploid S. cerevisiae have been studied. Dose rates up to
6150 r/generation were used (approximately 2000 r/hr), and exposure
to radiation in the longest run covered 115 generations. The accumu-
lated dose to the ancestral populations was approximately 4 x 105 r.
When the radiation was turned on, the steady-state division rate de-
creased over a period of several generation times before a new steady
state at a lower division rate became established. Exposure to radi-
ation increased the cells' average size, which then appeared to have
a much greater range than without the radiation. On removal of irra-
diation from a steady state at 6150 r/generation, the division rate
returned to normal in approximately eight generation times.

Steady states with continuous exposure to radiation were estab-
lished twenty-one different times, and the results are presented
graphically. The decrease in division rate with dose rate is nearly
linear at 1 x 10-% hr-1 r- generation out to about 2500 r per gener-
ation. Then it tends to level off up to 6150 r/generation. In terms
of generation time, a dose rate of 6150 r/generafion time, which kills
approximately 13% of the cells, results in an approximately 2 1/2-fold
increase in generation time.

Without irradiation and with insufficient nutrient flow to maintain
a steady state at maximum division rate, the population density went
through a series of damped oscillations before attaining a new steady

state. This unusual observation is discussed.
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I. INTRODUCTION

In the course of evolution all life has been continually exposed to
a sea of penetrating ionizing radiations, and it is likely that this has
1nf1uenced the rate of evolution and also the levels of closed populations.
For a long time the radiations, due only to-cosmic rays and natural
radioactivity, had remained low, but at present the average level,
though still low, has risen, and it probably will continue to rise as a .
result of scientific and technological development.

Most experlence with radiation so far has indicated that wheéen
apphed acutely it is detrimental to life, causing a decrease in fertility,
a decrease. in cell-division rate, an increase of lethal mutations, and
a general slowing of biological processes. Although much recent work
concerns continuous exposure to radiations, the question still remains

largely open: to what extent can a population of living organisms adapt

itself to a new environment at a higher radiation level?  Snyder has
recently reernphas1zed this in a consideration of '"What We Most Need
to Know.'

The magnitude of the general problem of radiation effects is shown
by the tremendous size and variety of the literature on the subject.
Although most of the work concerns acute radiation problems, observa-
tions on effects of chronic irradiation are indeed an important part and,
as with acute irradiation effects, date almost from the discovery of the
radiation phenomenon itself, z Recently the stimulation brought about
by the increasingly common use of nuclear processes and high-energy
particle accelerators, together with improved measuring technigques and
better -understood biological material, have led to many significant
chronic-irradiation experiments. Following is a brief discussion of
several of these, covering a wide range of experimental material, which

form a background for the work described here.
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"A. Chronic-Irradiation Experiments
on Various Biological Materials

1. Several Mammé.ls

Rats, dogs, rabbits, and monkeys have been exposed to small
daily doses of 250-kv x-rays by Boche. 3 In many cases the irradia-
tions were continued for duration of life at doses ranging from 0.1 to
10 r per day. He derived a generalization, for all dose rates and all
species, that the increase in mortality*® per r was very nearly the
same, lying in the range 1.1 to 2.4 x 10-4 per r. Data on mice by
Henshaw™ were included in this generalization. A similar figure of
merit resulting in a species generalization has been presented by
Sacher5; 6 and Brues and Sacher.! Their theory was developed on the
assumption that lethality is a result of a linear combination of the many
physiological responses of the system to irradiation. In summarizing
their experiments and those of ten other workers, including Lorenz
et al., 8 they concluded that for mouse, rat, rabbit, dog, guinea pig,
and monkey the dose sensitivity of the lethal process is essentially
. constant. -

In an attempt to better understand chronic irradiation effects at

~ the level of damage to specific tissues, Spargo et al. have given mice

daily y-ray doses of 1.1, 4.4, and 8.8 r, each dose distributed over
an 8-hr period.? Animals, sacrificed bimonthly, were analyzed for
changes in ovaries, testes, thymus, spleen, bone and bone marrow,
mesenteric lymph node, and blood. Many qualitative changes were
noted, but-at the lowest dose rate only ovary and thymus showed changes.
Thus mice exposed to 1 r/day clearly show damaging effects.

Mutation-rate studies on mice in a continuous x-ray field have
beer made by Russell. 10 By mating irradiated wild type with a strain
homozygous recessive at seven loci, he found the mutation rate to
recessive visibles to be (25.0 £ 3.7) x 10-8 per r per locus.

2. Droéophila, Maize, and Tradescantia

_ Most of the work on induced mutation rates with chronic irradi-
ation exposure have been made on lower organisms, which could be
~ handled without the large facilities required for the studies on mam-
~mals. Pioneer studies on chronic low-level y-ray irradiation of
' Drosophila were made by Caspari and Sternl! and Uphoff and Stern. 12
They found 0.002% induced sex-linked lethal mutations per r, and con-
cluded from these and earlier experiments > that the effect was linear
with dose and had no threshold. ‘Singleto'n’l4’ 15 and Sparrow and
' ,Singl‘etonlé irradiated maize continuously with cobalt-60 y rays, and
observed gametic mutations of endosperm characters. Their results,
not in agreement with those above, gave an exponential relationship of
mutation rate vs dose rate up to 127 r/day, with a threshold rate of
5 r/day. On other experiments with chronic y-ray irradiation, Sax

e

N Mortality is the fraction of the animals that have died. Increase in
mortality per r is the slope of the curve of mortality rate vs dose
rate.
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obtained rather different results, 17 His observations on chromosome
aberrations in microspores of Tradescantia showed increasing effect

with time up to approximately, 3 weeks, but plateaued thereafter with

no further increase up to 22 weeks.

Viability studies have been made on Drosophila by Wallace, who
exposed large populations continuously to radium y rays and periodical-
ly tested the second chromosome of the population for mutations that
affect viability. 18 He concluded that the accumulation of chromosomes
deleterious when homozygous does not necessarily result in a continual
decline in viability of the heterozygote carriers. In other chronic-ir-
radiation studies on Drosophila, Buzzatti-Traverso has concluded that
an increased mutation rate may be of significance for bringing about a
more rapid change under artificial or natural selection. 19

3. Yeast and E. coli

In all the chronic irradiation experiménts mentioned so far, the
measured effect was obtained over a relatively short term, that is, -

- times of the order of only one to a few life spans. Long-term accumu- -

lative irradiation effects, as well as changes, such as growth, that re-

"quire several generations to gain steady state, are best measured on

unicellular organisms in which the generation time is fairly short.
Although observations were limited to a few generations at most, the
irradiation of batch cultures has produced some data. Among these
are comparigons by Spoerl et al. of a and x-ray irradiation of yeast
and E. coli. 20, 21 They noted that, with sublethal doses, division in

.E. coli was inhibited, but not growth, while in yeast also division was

inhibited but growth was only retarded. Growth was determined from
dry weights of aliquots. It is interesting to note that Brace earlier ob-
served in yeast a similar division inhibition, with marked cell-volume

_increase due to single- -dose x-ray irradiation. 22 He showed this to be -

due largely to nonselective increase in cell constituents and not merely
due to water uptake.. With special techniques, Rubin has very success-
fully extended batch- culture procedures to 14 generations; he observed
that the growth rate of E, coli was unaffected by continuous exposure

to P32 B rays or x-rays, and that only the lag period was prOportmn-
ately lengthened. 23 Here growth was determined by increase in optical
density of the suspension of cells.

In the irradiation of batch cultures not only are measurements
limited to a few generations, but also during this time the cell's en-
vironment is changing, often drastlcally Smith has pointed out how
really variable the results of such experiments may be, owing to dy-
namic environmental conditions.24 Thus, as might be expected, the
best conditions for chronic irradiation measurements over many gen-
erations are obtained in a continuous-culture apparatus such that the
population of microorganisms and its environment are.in a steady state.
Although the idea of cont1nuous gulture had been applied earlier to the
problem of crystal growth the principles involved were redis-
covered and applled to m1crob1al growth independently by Monod27 and
Novick and Szilard?8 in 1950 for measuring spontaneous mutation rates.
In addition, these workers introduced the principle of internal control
on the growth rate by limiting the concentration of an essential nutrient.

_ Since then a number of experiments employing continuous-culture ma-

chines have been performed (cf.. References 29-35), but to the writer's
knowledge only Novick30 and Marcovich37 have measured radiation
effects. Novick grew several strains of E. coli with tryptophane countrol
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and exposed them to chronic low-level uv and. Co'(’0 vy radiation as well .
as to 2 number of chemical mutagenic agents. He observed mutants

to resistance to T5 and T6 phage, and showed a linear dependence of
mutation rate on uv intensity and a marked increase in mutation rate
with y-ray intensity. In irradiating a lysogenic strain of E. coli with
radium y rays for 60 generations, Marcovich found that lysogenicity
reached new higher -values depending on dose, but he had not sufficient
‘data to establish the functional dependence. :

B. This Problem

The work presented here was undertaken to

(a) develop a satlsfactory continuous - culture apparatus for yeast cells,
(b) study the response of yeast cells to continuous culture,

(c) measure the functional dependence of division rate on x-ray dose
rate with continuous exposure,

(d) observe for evidence of evolution under conditions of long ~-term
1rrad1at1on, and

(e} seek possible synchrony in division by means of once-per- geénera-
~ tion 1rrad1atlon pulses, :

wlth the hope of adding to the information on radiat_i.en.damage, some -
thing that may contribute to solution of the complex problem of cell-
division delay caused by irradiation.

II. CONTINUOUS-CULTURE PRINCIPLES

The following development through Eq,.l(4)_ differs only in minor
details from that presented by several others (cf. References 38-41).
The remainder through Eq. (14) is original,

Continuous culturing of microorganisms at constant volume re-

‘quires that a liquid culture be maintained with a continuously flowing

fresh nutrient input and an equal output rate of spent nutrient and cells,
- mixing at all times being instantaneous and complete. In order to de-
~ rive the equation describing this operation, consider a culture volume
V containing n cells per cm3 in active (i.e., logarithmic) growth, and
assume that the life of each cell is long compared with the washout
time. In a homogeneous population at any time t, cells are being pro-
duced at a rate that is proportional to their existent number, and cells
are being removed by washing out at a rate, not necessarily the same,
that is also proportional to the existent number. The time rate of cell
production is described, as in batch culturing, by

‘(dn/dt)g = an, _ _ (1)

"where a is the division rate per unit time characteristic of the micro-
organism, and subscript g indicates growth process. For cell re-

- moval, consider the removal of a small volume dv which contains dn
cells, and instantaneous replacement of dv by incoming fresh nutrient
so that the total volume V remains constant. Then, since the number
of cells is proportional to the volume, we have '

dn/n = dv/1 cm3,
and if the removal is done in time dt, (dn/ndt) = -dv/dt, where sub-

~script w indicates washout process. Now, dv/dt is the 1nstantaneous
rate of volume change per unit Volume of the growth tube, '
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and the corresponding value per total volume is
Vdv/dt = w,

where w is the rate of nutrient flow. Thu59 for cell removal the in-
stantaneous time rate- of populatlon change is

(dn/dt) = (-w/V)n = -pBn. (2)

The independence of Egs. (1) and (2) leads to a net rate of population
change '

dn/dt = (dn/dt)g - (dn/dt) = (a-p)n. (3)
For steady state, we have dn/dt = 0, and therefore
a = B. - (4)

The division rate may also be obtained from non-steady-state condi-
tions, for integration of Eq. (3) leads to

]_n n = (Q-ﬁ)t + constant, ] . (5)

and substituting conditions such as may easily be read from a semllog
plotof n vs t, e.g., n, = an, in.Eq. (5) leads to

In2 = (a-B) tcl)/z , | - (6)

where. ”t'l > is the observed time for the population density to change
by a factor of two. Then we have

a = .0.693/tc1’/2‘ ¥ B M.

With the ex-ception of the radiation, all physical and chemical condi-

. tions upon which the division rate a depends are either kept constant

or kept within limits where a ‘is uninfluenced :

. Chronic exposure to irradiation slows the division rate and si-

‘ multaneously induces a small percentage of division inhibition. For

the purposes of analysis the two effects may be separated as follows:

L.et n = concentration of viable cells;
m = concentration of nonviable cells,
p = n + m = total concentration of cells,

" a =division rate of n,

y = rate of inhibitihg divisio_n of n, ,
B = washout rate for both n and m.

\Then dn/dt = an - yn - pn = (a-B-y)n, (8)
~ dm/dt = yn - Bm, (9)

_dp/dt = dn/dt + dm/dt,
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For steady state we have dp/dt = 0. This requires

dn/dt = -dm/dt = 0. (10)
Other conditions on n and m' satisfying dn/dt = —dm/dt are possible.
Any condition of this sort, however, must eventually disappear, as

both n and 'm are bounded by environmental conditions.

From Egs. (8), (9), and (10) we have

@ = Bty f - (11)
yo = pm or Y/Bv = m/n,_ (12)
(y+B)/B = (m +n)/n. , o (13)

Substituting Eq. (11) in (13) we obtain
a = B(m +n)/n. - (14)

Thus the ‘division rate of the viable cells may be obtained from the
washout rate and the fraction of viable cells, n/(m + n).

III. MATERIALS AND METHODS

Continuous propagation of the diploid yeast Saccharomyces
cerevisiae (strain SC-6, the same as used by Zirkle and Tobias™“) is
maintained in an apparatus constructed on principles described by
Mo_nod27 and Novick and Szilard, <% 38 who obtained control of their
organism's growth rates by limiting the amount of an essential nutri-

ent. Operation so that the organism's own maximum synthesizing
 capacity limits its growth rate is possible, however, provided that
the nutrient flow rate be made continuously and readily variable over
a wide range. In the experiments reported here, use of the yeast's
own maximum synthesizing capacity was considered essential in order
to lessen the complication in interpretation of the chronic irradiation
effects. The question of chronic irradiation effects upon the utilization
of various nutrients may be answered by future experiments using
nutrient-limited continuous culturing. : '

A. Apparatus

Figure 1 is a schematic of the setup as it finally evolved.
Associated with the growth tube G (Subsection .1 below) are six service
systems performing the functions of -

2. nutrient supply,

3. removal of excess cell suspension,
4, aeration and agitation, -
5

population-density measurement,
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Key for Fig. 1:. S’chefhatic of Continous Propagation Equipment
A ammeter, 0-10 amp ‘dc
AF 1 air filter, 1l-liter flask stuffed with cotton
AF2 air filter, 1.5-by-8-in. glass tube stuffed with cotton
Al air.inlet for stirring and aeration . .
AO air outlet-glass tubing looped to prevent contamination
of culture N
Amp stabilized, band-pass amplifier (see text)
B two 6-volt 120 AH storage battenes in parallel
BC battery charger (Mallory 6AC6- 3)
BS standard ball-and-socket connections =’
- C 1 contacts in side arm of growth tube for Volume control
cz2 contacts in water column for air- pressure control
E- pH electrodes (see text)
F_ funnel .
G growth tube (see text) v
"L light source, adapted from Spencer universal micro-
scope illuminator; 6.,5 v, 2.75-amp bulb, 3-lens
condensing system
LS light shield
NS 1 ﬁutrient solution reservoir, 2.5-liter rubber breathing
bag (E and J B-204) -
NS 2 nutrlent solution sterilizing flask 4 11ter, containing
2 l1ter
P photoelectric cell type 922
pH pH meter (Beckman model H-2)
pump 1 water pumi) in medium supply system (see text)
pump 2 air pump, aquarium type (Marco model A)
pwr 1 voltage -.regulated dc power 'supi:ly (see text)
pwr 2 "voltage-regulated ac power suppiy (Sorenson model
1000-S)
R1, R2 electronic relays (see text)
Rec 1 graphic recorder, Esterline-Angus 0-5-amp ac
Rec 2 graphic recorder, Leeds and Northrup Speedomax,
0-10-mv dc , '
. RS ‘rotating shutter (see text)
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three-way stopcocks.

sampling port v
motor -driven switch, on for 5 sec. once per minute
mé.g_netically operated valve (see fext) :

magnetically operated valves (Skinner V5-100 ST)

variable autotransformer

water reservoir, 2-liter. Erlenmyer flask

‘water reservoir, 6-_l_i'tér spherical flask

connection for removing water in order to fill NS 1
from NS 2 B |
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6. pH measurement,
7. x-ray irradiation, dose-rate monitor, and automatic
exposure timer,

Each is described in detail below.

1. Growth Tube

In the course of the first experiments it was found that the tend-
ency for the yeast cells to settle made it 1mp0551ble to use the overflow-
syphon volume-maintenance system of Novick and Szilard?8 or the sur-
face overflow of Nor’thrup31 or the surface syphon of Monod?7 and
Anderson. 32 ' Even with fairly vigorous agitation of the suspension the
differential settling tendency between pairs and fours (the predominant
state of aggregation) and the infrequent larger groups of cells was
great enough eventually to accumulate clumps at the bottom. Placing
the outlet at the bottom, however, selects against clumps, since they
are then preferentially removed. It was also found necessary to make
the walls smooth and steep, especially where the auxiliary side arms
join, in order to prevent cells from becoming lodged and growing into
colonies. - As a result of these considerations, the growth tube, shown
in close-up view in Fig. 2, was fabricated from a 15-ml pyrex centri-
fuge tube, extended 5 cm at the top in order to eliminate back-contam-
ination to the nutrient supply due to splashing. At the bottom the out-"
let is of 2-mm capillary tubing, the air inlet Al (cf. Fig. 1) is of 1-mm
capillary tubing, and the level-control arm with contacts Cl is of 6-mm
standard tubing. {The exact location of these is discussed more fully
in Section IIIB on calibration.) Near the top is a port SP with a puncture-
type rubber stopper through which inoculations may be made and sam-
ples withdrawn w1th sterile hypodermic syringes..

2. Nutrient Supply

Positive nutrient feed, with flow rate continuously variable over
a wide range, is accomplished by pump No. 1 of Fig. 1 and Fig. 3, a
spec1a11y constructed two-cylinder reciprocating pump. Referring to
Fig. 3, in the upper left corner is a synchronous motor (Bodine KYC-22,
8-watt, 1 rpm) which turns a 0.5-in. -diameter 10-in. -long 40-pitch
screw. A split nut rides the screw and works one end of a.crossarm
which terminates at a small cart between two 10-ml hypodermic syr-
inges. The crossarm's fulcrum, located near the center of the picture, -
is positioned along the slot in the base plate by a 20-pitch screw be-
neath the base plate, and operated by the hand crank on the front panel.
Connected to the distal ends of the two syringe cylinders are two three-
way solenoid valves (Sklnner V5-100 ST) which have their inlets and
outlets joined by 0.25-in. copper tubing. :

) In operation one syringe is filling while the other is discharging.
A limit switch operates at the extremes of travel which reverses the
synchronous motor, releases one valve, and actuates the other.

Sturdy counstr uction and elimination of mechanical play are essen-
tial in order to minimize liquid-flow error at reversal., To this end
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the 40-pitch screw is supported at the left end by ball bearings and at
the right end by an adjustable point bearing consisting of a pointed 1/4-28
screw bearing on a center-drilled hole, The split nut is fitted by means
of shims for free movement and no play; the crossarm pivots from point
bearmgs at the split nut and passes through bearing carriers mounted
at the fulcrum and syringe cart on point bearings; the bearing carriers
have three ball bearings (New Departure R-2), -oné of them spring-
loaded, mounted between two plates so as to roll along the crossarm;
and the cart runs along a track on three bearing wheels (also R-2), one
spring-loaded. As a result of this construction the pause in fluid flow
at reversal amounts to one drop (approximately 0.02 ml) as measured
at the input to the growth tube.

As mentioned above, the flow rate is varied by shifting the cross-
arm's fulcrum. The range of motion is such that flow rates from 1.8
to 7 cc/hr are obtainable. In order to obtain higher flow rates, the
synchronous motor is arranged for easy exchange; 1.4, 2, 5, and 10
rpm are available as well as the 1 rpm used. The two 10-ml matched
syringes were selected from a large stock so that the plungers were
interchangeable. The difference in diameter that satisfies this condi-
tion is approximately 0.0001 in. This corresponds to 0. 04% difference
" in volume and hence 0. 04% difference in fluid-flow rate between the two
directions of movement. The actual flow rates were calculated from
- physical measurements of syringe diameter and crossarm length, using
a micrometer and vernier caliper. Errors may reason ably be assumed
to be of the order of 0.0002 inch on micrometer measurements and
" 0.002 inch on caliper measurements; then the error in the flow rate may
be of the order of 0.1 to 0.2%, depending on fulcrum position. . Relative
values of flow rate, however, do not share this error, and depend only
on the accuracy of the screws and of the frequency of the ac supply
that drives the synchronous motor. i
Returning again to Fig. 1, we see that water from reservoir Wl
is pumped into the closed 6-liter spherical flask W2, thus displacing
nutrient solution from its 2.5-liter rubber bag reservoir NS1 through
stopcock Sl to growth tube G. Reservoir NSI1 is filled by. syphoning
from the 4-liter flask NS2 (in which the nutrient solution is sterilized
in 2-liter batches) while at the same time excess water in W2 is re-
moved through stopcock S2 at . connection W out. A 1.5-by-10-in.
glass tube AF2, stuffed with cotton, filters the air entering NSZ2 as the
nutrient solution is removed. :

G Removal of Excess Cell SuSpension

.The removal of excess cell suspension in the growth tube is trig-
gered by electrical contacts Cl in a side arm. Omne contact is of tung-
‘'sten and fused through the glass wall, the other is a 0.5-in. -long No.

27 stainless steel hypodermic syringe needle which passes through a
teflon insulator cap on the side arm. Use of a side arm for control was
found necessary because, when the contacts were in the growth tube
proper, premature electrical contact was made by aeration bubbles as
they broke the surface.
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In operation, as .the growth volume becomes too large, contact
at Cl drains off the electron-accumulated grid bias in relay R1, Fig.
4, so that the increase in plate current operates the high-sensitivity
relay. This relay in turn actuates the coil of valve V1, which pulls a
spring-loaded armature. (Valvé V1 may be seen in Fig. 2 below the
- growth tube.) "A pinch on a section of thin-walled rubber tubing is thus
removed, and excess yeast-cell suspension drams out unt11 electrical
- contact at Cl is interrupted. :

Approx1mate1y 0.1 ml is removed per operation. In.Rl it was

' found necessary to use a high-vacuum tube and relay instead of a gas
control tube, owing to interference caused by the gas tube in the popu-
lation-density measuring system, and, further, to use a 45-volt battery
‘plate supply, rather than rectified and filtered ac, to avo1d tr1gger1ng
of th1s c1rcu1t by line-switching trans1ents

4. Aeration and Agitation

Air, supphed by Pump 2, is filtered by passing through cotton
stuffed into'a l-liter Erlenmyer flask AF1 and released into the growth
tube once per minute for 5 seconds through valve V3. . Intermittent
aeration allows unobstructed time intervals for measurement of cell
population density by the optical system, and minimizes accumulation
of surface bubbles.. Since the liquid volume in the growth tube is af-
fected by aeration-bubble size, constant air pressure is required.

B ‘The air pressure is controlled by means of a salted water column
with electrical contacts C2 and electronic relay R2, which in turn oper-
ates valve V2 to allow escape of excess air. Relay R2, Fig. 4 bottom,
~ suggested by a circuit of Strong, 43 employs a gas tetrode with the coil
of V2 in its plate circuit. The grid is normally biased past plate cur-

‘ rent cutoff by dc obtained. by rectifying the tube's heater voltage. . When
contacts C2 close, as the air pressure forces the water column up, the
grid bias te the gas tetrode virtually disappears. This causes the tube
.to conduct and to open bypass.valve V2, which then relieves the excess
‘pressure. The air pressure thus controlled oscillates + 1/4 cm about
16 cm of water, with a period of about 1 second.

5. Population-Density M‘é:a;‘surement'

The previously described elements of the system were in opera-
tion before it was realized that for the type of operation desired--i.e.,
steady state established by nutrient flow rate, rather than a limiting
nutrient--it was impossible to follow changes in division rate and keep
the population density within bounds without almost continuous sampling
-and counting. Hence a more rapid population-density measuring sys-
~tem,; incorporating continuous recording, was a real necessity. For
‘making these measurements a conventional method*™ was chosen, i.e.,
measuring the amount of light scattered from the cell suspension.

The system constructed to make these measurements, however, con-
sisting of light source, photocell,. amplifier, and recorder is unique
and will be described. , ' C
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Stabilized voltage for the light source L (adapted from a Spencer
microscope illuminator) is supplied by a battery charger BC in parallel
with two 6-volt 120-ampere-hour storage batteries B. The battery
charger is supplied with regulated ac from the power supply Pwr2, and
the autotransformer VA is so adjusted that ammeter A reads zero. In
order to obtain an ac signal for subsequent amplification, the light beam
is chopped at 330 cps by the rotating shutter: RS.

Light scattered from the yeast-cell suspension within the growth"
tube is picked up by photocell P, which is located so that it receives
light scattered up at approximately 45° and therefore receives only a
negligibly small amount of light specularly reflected from the glass
walls. Further, a cylindrical aluminum housing with "1/4-inch walls
encloses P to shield it from extraneous room light and from the x-ray
beam. As recommended by the manufacturer, for maximum stability
of operation the phototube is operated at a low cathode current, usually
less than 0.001 of the 5-pa rated average current.

The ac emf from the phototube is passed to a special amplifier
Amp (also Fig. 5) designed for maximum stability and discrimination
against undesired signals. Resistances and capacities for the second
and third stages were selected to provide a -low-frequency cutoff of ap- -
proximately 160 cps for discrimination against hum;*” for the first
stage a much lower cutoff was used in order to reduce the amplification
fall-off rate and attendant phase shift, which control stability when
negative feedback is introduced. 4

Negative feedback of 22 db is incorporated in the first two stages,
leaving a net gain for these stages of 58.5 db. Running the feedback
loop around all three stages was tried without success, apparently be-
cause the phase shift in the 807 output circuit was too great. The over-
all stability of the amplifier -was found adequate, however, without
additional feedback.

- The Esterlme -Angus 0-5-ampere ac record1ng ammeter, Recl,
has a resistance of about 1/2 ohm and an inductance of about 1 mh.
Switchbox capacitance C2 (Fig. 5) set to 505uf cancels the inductive
reactance, and the 230-to-2.5-volt filament transformer used as an
output transformer reflects the 1/2-ohm resistance to the 807 plate at
about 4300 ohms. This load resistance turned out to be satisfactory
as measured by the amplifier's over-all linear response characteristic
when the plate input was raised to 550 volts at 100 ma, a value some-
what higher than recommended by the manufacturer. :

Plate power is supplied by twg voltage—regulated power supplies
connected in series. The circuits? were modified to use 6AS7
regulator tubes for greater current capacity, and they used 6SJ7 and

.. VR-75 tubes in the control circuits. It turned out that the output volt-
age of the first of these supplies decreased slightly as the load was
increased from zero to 100{ ma , while that of the second increased,

so that it was possible to proportion the voltage delivered by each when
connected in series so that no voltage change with loading could be ob-
served. Regulated 110-volt ac for these plate power supplies and for
the filament transformer for the amplifier tubes is supplied by Pwr 2.
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For the filaments of the two voltage-amplifier tubes the potential
is reduced by a series resistor to 4 volts, as suggested by Smith.
This results in a net hum reduction of approximately 10 db.

Residual extraneous signal, mostly 120 cps, appearing in the
output at maximum gain gives a recorder reading of 0.3, and is equi-

valent to a 0.7-mv 330-cps signal introduced at the amplifier input.

6. pH Measurement

Prior to 17 September, 1956, a Beckman model G pH meter was
used, and measurements were made on samples withdrawn from the
growth tube periodically with a hypodermic syringe. This method was
inadequate to delineate the nature of the changes taking place during
the damped oscillation experiments, so .that a continuous recording
system using a model H-2 pH meter (pH in Fig. 1) and a 10-mv Leeds
and Northrup Speedomax recorder (Rec 2) was installed. The two
elecirodes E were mounted in a plastic cup 3 inches in diameter by 3
inches deep, with a small porcelain spoon beneath the glass electrode
which held sufficient solution to keep the hemisphere of the glass elec~
trode completely covered. Effluent from the growth tube dropped on
this electrode assembly before passing to the sump, a 2-liter flask.

7. X-Ray Irradiation, Automatic Timer, and Dose-Rate Monitor

X-ray irradiations were performed with a Universal diagnostic
machine rated at 85 kv and 30 ma maximum for intermittent service.
Since it was desired to operate continuously, though at considerably
reduced plate currents, two changes were made. The first of these
was to mount the head minus its front plate in an enclosing 3/32-inch
iron box through which cooling air was blown. This box also provides
additional shielding, since the only opening, other than the air holes,
is a 2-inch diameter x-ray port which is covered with a 0.005-inch alu-.
minum window.

The second change was in the electrical controls. In order to
minimize the chance of electrical failure, it is very desirable to avoid
surges in starting and stopping. Hence, to provide for changing the
primary potentials slowly and, further, for better control at low cur-
rents, two variable autotransformers were substituted for the control
panel provided with the x-ray head. The schematic is shown in Fig. 6.
There too is shown the automatic control used in the experiments seek-
ing cell-division synchrony by periodic irradiation. Autotransformer
T1 controls the x-ray tube filament voltage, while T2 controls the plate.
. Both are supplied with 110-volt ac from the electronically regulated
supply, Pwr 2 of Fig. 1. A continuous record of x-ray plate current
is made by the recording milliammeter Rec 3.

The automatic control is designed to give periodic pulses of
x-rays. Actuation of the switch on clock C initiates the action by
shifting the contacts of the latchingrélay L. This turns on the l.4-rpm
motor M, which rotates the contact on the autotransformer T2 to max-
imum and throws the limit switch S. Switch S turns off the motor M,
changes the connections for its reverse rotation, and initiates the
interval timer T. At the end of the irradiation interval, T initiates



-23-

B

D)

110 AC
REGULATED

FROM PWR |

.

T

—
120V
AC

CIRCULT

X—RAY CONTROL

FIG.6

MU-13324



Fig. 6 Key

"

Rec-r3

=24~

clock-operated switch

5-amp fuse. _
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the action in reverse order, which terminates with the relay and switch
reset for initiation by clock C at the start of the next irradiation period.

The x-ray dose rate was monitored by a beryllium-window ioni-
zation chamber?8 placed in the x-ray field. The ionization current
passed through a 10, 000-megohm resistor in series with the chamber
and a 540-volt battery, and the potential drop across this resistor was
measured with a UCRL electrometer connected to a Varian Assoc1ates
graphic recorder.

B. Calibrations

1. Growfh -Tube Volume.

The growth tube's irregular shape--due to the attached arms for
aeration, volume maintenance, and medium removal--complicates its
volume determination. Estimation of the lower boundary of the active
volume was obtained by observing the agitation of a water suspension
of finely divided chalk particles as aeration bubbles rose in the tube.
Agitation was not observed below the neck between the two points where
' the air-inlet arm and the volume-control arm join the tube body, and
therefore the volume above this point is taken as the growth-tube volume:.
This volume was measured by difference weights, using water for filling,
and was found to be 9.6 cm3, The determination may be in error by
1% or perhaps 2% owing to uncertainty in estimating the lower boundary
of the growth volume.

2. Population-Density Recording SYstem

This system consists of photoelectric cell, ac amplifier, and ac
recorder, which measure light scattered by the yeast-cell suspension.
- Constant-intensity pulses of light are provided for this system by a

constant- 1ntens1ty light source and a rotating shutter. Calibration was
done in stages, i.e., first, amplifier and recorder; then photocell,
amplifier and recorder; and fmally yeast -cell denS1ty, photocell, am-
plifier, and: recorder . ,

For the first stage, light input to the photocell was fixed by re-
flecting light from a small piece of tape affixed to the growth tube.
The photocell thus fed a constant input to the amiplifier. This signal
was then varied with the input gain control, swhich is composed of 1%
wire-wound resistors, and the corresponding output readings of the
recorder noted. The dots of Fig. 7 (data of 1 Oct 56) show that this
portion of the system is indeed linear. Before 1 Oct 56 the amplifier
was operating with 400 volts plate supply and exhibited a substantial
amount of curvature between 8 and 10 on the recorder scale. It was
thought that this would not be a serious limitation, since over-all cali-
bration of yeast-cell density vs recorder reading was subsequently
made. Reduction of data from continuous runs, however, proved to
be an arduous task, which apparently could be lessened appreciably
by linear measuring equipment. So on 1 October another voltage-reg-
ulated power supply was built and connected in series with the existing
one to raise the plate voltage to 550 volts. This change was sufficient
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to straighten out the amplifier response curve at its upper end.

For the second stage of calibration, i.e., photocell-amplifier-
recorder, neutral-density Wratten filters were interposed in the light
beam between the rotating light chopper and the growth tube, and cor-
responding recorder readings were noted. The data of these measure-
ments are encircled points of Fig. 7.-. Curvature at the lower end is
due to hum pickup, which was later decreased by a factor of four. An
available kit of neutral-density filters covering the density range 0.1
to 1.0 first used for this calibration turned out to be anything but neutral,
at least for the spectrum of tungsten lamp and type-922 photocell, and
gave very strange-looking calibration curves. The 0.1 filter was quar-
tered and the pieces were superimposed, and then the first four points
below (10, 1.0) in Fig. 7 were obtained (it was assumed that one, two,
and three filters superimposed have optical densities respectively of
1/4, 1/2, and 3/4 of the four superimposed). The recorder reading
with the four filters superimposed together with the no-filter point
(10, 1.0) establish the slope of the line against which linearity is being
checked. On this basis the 0.4 neutral-density filter measures at 0.298,
and when used with the four 0.1 pieces gave the four p01nts at the lower
end (Fig. 7). : '

The over-all calibration of the system for population density vs
recorder reading was not required where only growth rates were being
measured. However, it was made as a part of each experiment when
needed. Numbers per cm3 were obtained by introducing a sample of
the growth suspension into a standard blood cell counting chamber _
- (Neubauer, Spencer "Bright-Line'') and counting under 250-times mag-
nification. These samples were taken with a No. 20 -5-inch needle and
a 1/4-ml hypodermic syringe through a puncture stopper on a side arm
of the growth tube. The volume of the needle alone is 2.5 times that
required to fill both sides of the counting plate, so that there is no
volume error due to dilution by residual rinse water in the syringe.
Sterilization of the needle was done by inserting it into a 6-inch length
of 3/32-inch/o.d. stainless tubing heated to red heat between the ter-
minals of a 5-volt 30- -amp transformer. Counts of cells and buds
(less than 1/2 size of mother cell) were made for each sample, between
300 and 500 cells on each side of the haemocytometer being counted.
The cell count was used for the population density measure. Figure
8, calibration for the oscillation experiment started 9 Oct 56, is typical.
The curve's two branches, which result from two different average
cell sizes, are discussed later (Section IV C).

3. X—Réy Dose Rate

.Owing to the geometric situation of the .cylindrical growth tube
in what was essentially a point-source radiation field, the dose received
by the culture on irradiation varied from point to point throughout the
culture. Determination of the average value was done in three steps
These were:

(a) locating apparent point from which the x-rays |
diverge;
(b) determining an average dose throughout a median
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section over small isodose volumes, including cor-
rections for absorptwn and inverse square divergence;
and

-(c) obtaining a volume-weighted average dose from meas-
urements at positions along the length of the growth
tube. : .

For all these measurements a 100-r Victoreen ion chamber wa. s
used with the sensitive volume immersed in nutrient solution in a tube
of the same thickness and diameter as the growth tube. The ion.cham-
ber was interchecked with another 100-r chamber and a Victoreen
Radocon meter using 85-kv x-rays from a 250-kv-maximum Phillips
machine, All measurements agreed within 2.5% of their average at
20, 50 and 90 r.

Dose measurements to establish the effective point of x-ray source
were taken at five positions, from 8 to 28 cm from the shield box sur-
" rounding the x-ray tube. Thése measurements were plotted on log-log
" paper for each of several values of the unknown distance from source
to shield. A straight line of inverse-square slope was then slid over
the field of points until a best fit was obtained, and this gave a value
of 15 cm for source-to-growth-tube distance. ‘

A graphical method was also used for the next step. The x-ray
source and growth-tube cross section were laid out double size, and
a series of arcs (isodose curves) centering on the source and spaced
] mm apart were struck through the growth tube. These arcs and the
tube walls are two sides of volume elements 1 cm long (the length of
the sensitive volume in the Victoreen ion chamber) in which the dose
may be assumed constant.. Now, at 15 cm from a point source the arc
of a 1-cm chord is larger than the chord by only 0.02%, so that the arcs
may be considered-as straight lines. The energy AE dlss1pated within
one of these volume elements Av is given by

AE = AVE, EB/(X'Jrlfﬂzexp(;px.),

where E g is x-ray energy density at the growth-tube axis 15 cm from
the source, x is distance (in cm) of a volume element from the growth-
tube axis, and u= 0.3 cm-! is the absorption coefficient for 85-kv
x-rays in water. Summing over the total volume of the l-cm growth=
tube section and dividing by the volume and energy density on the axis
-gives the factor by which the average energy dens1ty differs from that
measured at the center

> AR -‘ AVE j exp( p,x)}

EISEAV - >z Av

These operations were performed numerically, and led to the conclu-
sion that the dose measured at the center of the tube exceeds the aver -
age for this l-cm central section by 0.5%.



-30-

For l-cm sections above and below the center the x-ray intensity
decreases both for distance: and angular incidence, the maximums
~amounting respectively to 3.8% and 1.9% at the extremes of the growth
tube. This depends, however; on an inverse-square radiation field,
which may not be realized over so large a field, so that it was con-
sidered necessary to measure. The Victoreen ion chamber in nutrient
medium, as before, was positioned successively at 1-cm intervals
along the growth-tube axis. The volume-weighted average of the dose
measurements at seven points (the shape of the growth tube changes
from cylindrical to conical near the bottom) turned out to be less than
that measured at the center by 7.5%, not far from that expected from
geometrm considerations. A summary of the dose-rate calibrations

With 1.0 ma of x-ray plate current the dose rate is 1980 r per:
hour to the yeast suspension within the growth tube.

4. pH Meter

Four buffers in the pH range 4.2 to 5 2 were made up and. stand-
ardized with the Be_ckrnan model G meter, and these plus the Beckman
standard pH buffers 4.0 and 7.0 constituted the series against which
instrument linearity was checked. No significant deviation was found.
Checks at pH 4.0 made every few days were generally within 0.02 pH
unit of 4.0. Continuous operation on a voltage-regulated line in a
temperature-controlled room probably contributed much toward good
stab111ty

- C. T,erhpera,tu;re. Control

.. . The laboratory temperature was maintained at 29 % ,ZSOC by

a throttling type of controller (Minneapolis.-Honeywell type L097A)
connected to a piston-type airmotor, which in turn operated a variable
autotransformer. . This supplied a variable ac potential which was
proportional to the temperature difference between the room and the
controller setting; the maximum potential was reached with a temper-
ature difference of about 1/20C. The variable potential supplied a
20-ohm heater coil set in the air stream of a 12-inch oscillating fan.

Further temperature regulation at the growth tube was provided

- by 2@ mercury-bulb regulator (Precision Scientific microset differen-
tial-range thermoregulator) which, through an electronic relay similar
to R1 of Fig. 4, operated a 100-watt heater in the air stream of a
small blower. The air stream impinged upon both regulator and growth
tube. As measured by a mercury-bulb thermometer the temperature
fluctuated + 0.1°C about 29.7°C. The actual temperature variation
within the growth tube was less, however, owing to the heat capacity

of the liquid culture. :
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D. Nutrient Pr*egaration

Liquid nutrient consisting of 0.10% yeast extract (Difco, control
No. 416490) and 1.0% dextrose was prepared in 2-liter batches and
autoclaved for 20 minutes at 20 lbs/in2 pressure. With the autoclave
that was used, the temperature of the nutrient solution was above 100°C
for 11 minutes and rose to 118°C by the end of the sterilizing period.
This was determined by extrapolation above 100° of the temperature-
vs-time curve obtained from the autoclaving of several water samples.
For the extrapolation it was assumed that the rate of heatmg was pro-
portional to the temperature difference:.

E. Procedure for Obtaining Growth Rates

_ The yeast-cell population density is a linear function of its record-
er reading, so that when recorder reading was plotted vs time on semi-
log paper, a straight line resulted as long as division was in the log '
phase, whether at steady state or not. In the latter case, the slope of
the curve was read in terms of the time required for a twofold popula-
tion change, and the division rate calculated by means of Eq. (7),
Chapter II. At steady state the division rate followed directly from the
washout rate, Eq. (4). L When the absolute population densities for a
run were desired, a calibration had to be made, for, although through-
out any one run the population-recording system sensitivity remained
constant, variations in repositioning the equipment after autoclaving at
the beginning of each run changed the absolute sensitivity. This cali-
bration was easily applied to the plotted recorder readings by shifting
the log scale appropriately.

E, Procedure for Determining Radiation. Resmtance
for Acute Exposure

- One of the questions asked of the long-term chronic-irradiation
experiments concerns the possible alteration of the population's re-
sponse to single-dose x-ray irradiation exposures. Several measure-
ments were made, therefore, of the viability to 25 kr of 50-kv x-rays
of cells taken from the growth tube. The samples were taken as before
(see,Section III C 2), except that the hypodermic needles for sampling
were sterilized in the autoclave, rather than in the electrically heated
tube, in order to avoid possible thermal inactivation of the cells as
they were withdrawn from the growth tube. Some thermal inactivation
is known to occur at only a few degrees above the optimum growth
temperature of 30°C. A 0.15-ml sample was placed in the cup of an
air brush and a sufficient volume sprayed onto an agar block approxi-
mately 1 cm square by 2 mm thick to give 300 to 600 cell pairs. The
agar block was prepared in the center of a 22-mm-square plastic micro-:
scope slide cover by flowing melted yeast-extract-dextrose agar over
the whole surface, then trimming off the excess when cool. After the
sample was sprayed on the agar and exposed to a 25-kr x-ray dose,
the cover slip was sealed with stopcock lubricant, agar side down, onto
a Van Tieghem cell, After 1 day of incubation at room temperature,
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microcolony counts of controls and i fradiates were made, following
the procedure of Zirkle and Tobias? except that the criterion for via-
bility was growth to more than 40 cells per colony.,49

" IV.. RESULTS AND DISCUSSION

Flrst the yeast cells were stud1ed under normal—-l e., nonirra-
diated--conditions of continuous. culture. The results of this study are
presented in Sections A; B, and C which follow. Following in Section
D are the results of continuous exposure to x-rays, and finally in
Section E the results of intermittent exposures synchron1zed with aver -
age division time.

A. Demonstration That Division Rates Are Independent
of Population DenS1ty

The equation expressing population density as a function of time,
Eq. (3), Section II, depends for its validity on the assumption that a,
the cell-division rate, is constant and independent of the population
density over a certain range when the nutrient flow is adjusted near
" the steady-state value. How well the actual operation obeys this equa-
tion is shown by the curves in Fig. 9. Curve A shows a constant divi-
sion rate for a period of 17 hours. During the first 10.25 hours the
nutrient flow rate of 4.58 ml/hr allowed a populatmn increase by a
factor of 1.3 at an observed doubling time t 1/2_= 24 hours, which by
"Eq. (7) gives a division rate a = 0.506 hr~ ,. Then the flow rate was
readjusted to 4.18 ml/hr, and for the remaining 6.75 hours the same
steady state was maintained (for all practical purposes) at a division
rate a = 0.504 hr™". Curve B shows a steady-state condition for 8.5
hours during which the nutrient flow was interrupted three times for .
periods of 5, 5, and 8 minutes. Each time the flow was resumed, the
population steadied at the new h1gher population density with the same
division rate, -a = 0.486 hr~*., Curve C shows that the division rate is

constant over a range of population density while being continually

x-ray-irradiated at a rate of 3725 r/generation. In this case the curve
was also linear at the calculated division rate of 0.230 hr~*. These
data, together with other data covering smaller population-density
ranges at higher and lower populations, indicate that, between about
2 x 10° (the lowest density mieasurable) and 107 cells per ml (where
the environment begins to limit growth), the division rate is independ-
ent of the population density. All steady-state growth-rate measure-
ments were made within this population-density range.
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B. Demonstration of Sensitivity of Growing Cultures to
Environmental Change

The independence of division rate of changing population density
shown in the previous section holds only when the change in population
density is not too rapid. For cultures grown with continuous nutrient
flow, so that the population density doubles in 12 hours or less; the
actual division rate is less than that which was obtained immediately
thereafter when the flow rate was reset nearer to the steady-state
value. Insufficient data are available to quantitate this; however, the
first part of Fig. 10 illustrates the point. Fifteen hours after inocula-
tion a constant division rate a = 0. 378 hr-1 was obtained with an ob-
served generation (doubling) time tl/z = 4.6 hr. Then the flow rate
was increased and the cells grew at 'a new higher rate, 0.499 hr™".

These data suggest that in cultures with rapidly changing popula-
tion densities the division rate is a function of the rate of change of
chemical environment, and indicate that division rates taken in batch
cultures are not likely to agree with those made in steady-state culture,
since the former contain an as-yet-unexplored variable dependence on
chemical environment. It seems likely that the lowering of division
rate indicates a general growth depression rather than an induction
into lag phase of a fraction of the cells, since it is generally accepted
that log phase cells are virtually 100% viable. The effect may be due
to metabolic activity of the cells themselves, which modifies the me-
dium. A change in washout rate is expected to change the concentra-
tion of metabolic products in the medium.

Further dramatic effect of changing environment is furnished
by the remaining data in Fig. 10. At about 1; 30 a.m., on 17 February
. one of the syringe plungers of the nutrient supply pump jammed near
the end of its delivery stroke and broke off. This left a situation in °
which on alternate periods of 1.80 hr there was no nutrient flow. The
resulting observed population-doubling times and division rates appear
beneath the curve,, A, B, C, D, E. These show how, after the yeast
‘had divided at lesser rates B and D in nonrenewing nutrient culture
for short periods, its ability to utilize a constantly renewing medium
was markedly lessened on the successive times of presentation, C
and E. Further, with unrenewed culture, D rate is less than B rate.
It seems that a reduced state of growth analogous to a partial lag has
been induced, although it is not clear why this should appear abruptly
with the nutrient flow change. If no further disturbance occurs, re-
covery to normal growth rate is fairly rapid, as the tail end of Fig. 10
shows.
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C. Effect on Growth of a Limited Nutrient

The range of population densities and nutrient flows when a, the
division rate, is independent of both of the above factors is limited.
It is easy, however, to adjust these to conditions where a is not con-
stant. When the transition occurs from constant a to flow-rate-limi-
ted a, then it is possible to have a damped oscillation of population
density vs time before a population steady state is reached. In view
of the apparent rapidity with which Novick and Szilard~® and others
have obtained steady states with nutrient-limited growth, this phenom -
enon with yeast was unexpected and of sufficient mterest to warrant
the attentmn of a special experiment.’ " :

With 1.0%\ dextrose in_the nutrient the maximum population densi-
ties were about 108 per cm3, ‘and difficulty arose because of growth
on the walls of the culture tube. When the dextrose concentration was
reduced to 0.20%, the maximum population that the nutrient would
support was about 34 x 10° per cm~, as shown by the growth curve of
Fig. 11, and no growth accumulated on the culture-tube walls. There-
fore, with a 0.10% yeast extract and 0.20% dextrose nutrient, set to
flow at a rate experience had shown would be about one-half that re-
quired for steady state, the population density fluctuated with time as
is shown in the upper curve of Fig. 12. Below in Fig. 12 appears the
curve for pH taken simultaneously and the curve of the division rate
derived from the population- dens1ty curve, The major features of
these osc111at10ns are: :

(a), the cell density changes by a factor of eight;

(b). the period is 16 hours longer than the normal cell-division
time of 1.4 hours;

(c). there is an eventual trans1t1on to a med1um l1m1ted steady
state; ‘

(d). an oscillation of pH occurs, with the same period but d1f—
ferent phase; and

{e). the division-rate osc111at1on lags the pH osc1llat1on by only
‘a small amount.

A more detailed analysls is contained in the following seven points:

1. The population-density maximum, as measured by direct cell
count, occurs about one hour before the maximum in light scattering,
~ and indicates an increase in the average cell size. This is the reason
for the curved section connecting the two branches of the calibration
curve of Fig. 8, where the upper branch applies to the culture in log-
arithmic growth and the lower applies to the condition of population
decrease with time. The slopes of the two branches are in the ratio
8:7, and indicate a 14% change in the boundary areas, at the cell peri-
phery and within the cell, which are causes of reflection and scattering.

2. Over the period from approximately 2 hours before the popu-
lation density maximum to approximately 4 hours after;. the division
rate continuously decreases from its maximum rate through one-half
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maximum at the population density maximum to zero.three hours later,
at which point the slope of the curve'is equa.l to the ‘washout rate.

3. Durlng the same perlod the pH is contlnually decreas1ng to=

reaches its minimum.

‘ward its minimum, which occurs at the same time as the d1v1s1on rate '

4. Immedlately follow1ng d1v1s1on cessat1on, the populatlon den-

. sity goes into'a rapid decline, the speed of which cannot be accounted -

for on the basis of washout alone. 'For example, in branch B, Fig. 12
and in Table I the disappearance rate of cells from the suspension is

. Table T

- 0.49 hr- 1, of which only 0.22 hr'1 is due to washout.

Growth—rate data for.the first six branches of F1g 12,

. Washout rate B 0. 22 hr-

_ t(i/2 .- . | o,-_ﬁl a_l
Branch ~(hr) - (hr ) (hr )

A 275 0.252 0.472

B -1.41 -'0.491_-" | 0271

c 2.1 B 0.256 0.476

b 21 -0.330 : ~0.11

E 2.7 ,_ 0.256 0.476

F 27 lozse -0.04

To account for'the remammg 0.27-hr "~ 1 dlsappearance rate one must

postulate a cell lysis of a rather Spec1a1 sort.
addition of fresh nutrient.

It depends on continuous

'Pertinent facts regardi‘ng' the lysis can be s'dmmarizedr

(a) cells cultured batchw1se will not lyse in 1nsuff1c1ent med1um

or at the pH values observed

(b) the medium can’ support growth at a reduced rate at a h1gher
" population level than was observed dur1ng the oscﬂlatlon, as

F1g 11 shows

{(¢) in'separate experirneots, "conducted later than these, Tobias



~-40-

showed that dextrose utilization depends on pH, so.that both
~ hydrogen ion and dextrose probably 11m1ted the d1v1s1on on the
continuous culture; and :

(d) when cell division ceased the continued addition of fresh me-
- dium led to lysis of a large fraction of the cell population.

A 51mp1e model accountmg for the lysis may be built on the poste
ulates that the cells, although halted in division by the nutrient environ-
ment, still manufacture from the added fresh nutrient a lysogenic factor
to which they are sensitive while. in the nondividing condition. A few
cells (a small fraction) are resistant, however, and when conditions
suitable for growth are re-established, they reactivate their division
mechanisms.

5. The cells of the surviving fraction go on to grow again and
attain the same maximum division rate as obtained during the initial
growth phase. (Compare branches A, C, E, and first part of G.)
- The ability to survive through the lysis, however, increases with each
cycle in a manner that suggests either selection for a hardier strain
- or adaptation to the conditions of a limited-nutrient environment, or
both.

6. The amplitude of the oscillations is determined by

(a) the ability of the surviving cells to resist lysis during
the lysing periods;

(b) the concentrations of the growth- 11m1t1ng components at
. each time division ceases; :

(c) the concentrations of the growth-limiting components
finally attained at the beginning of each new division
period owing to replenishment by the:continuous nutrient
flow during the previous lysing period.

These are interrelated. As indicated in Item 5 above, (a) in-
creases with each cycle. This leaves a larger population at the begin-
ning of each new division period, so that the following nutrient utiliza-
tion goes on at a higher rate. As a result, the nutrients reach the
limit (b) before the supply can build them as high as reached on the
previous cycle. Then the continuous nutrient flow builds up (c), but
to a lower value on each cycle, since it starts in each case from lower
values of (b). :

: 7. After the oscillations damped out, the culture maintained an
environment-controlled steady state for 35 generations,

Oscillations of cell-population density-o.f yeast in continuous pro-
pagation have been observed previously by Finn and Wilson. 50 Their
oscillations differ, however, in several important aspects from those
observed here: they are damped; they have a period of the same order
as the -generatlon time; and they have amplitudes of only about 10% of
the average population density. Finn.and. Wilson ascribe the oscilla-
tions entirely to pH changes, which they found to be approximately
twice those observed here, and show that to account for them it is
necessary only :
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to postulate a delay mechamsm in the feedback of pH 1nforrnat1on in
the growth system. o : :

D.  Chronic Irradiatiorl. Effects

When continuous x-rays are turned on a steady-state population
of cells then it becomes a nonsteady state. The population level always
decreases, and the population would eventually wash out if the nutrient-
flow rate were not reduced to match the decrease in division rate. The
steady states established by this adJustment were at various .population
levels, but all satisfied the population-density conditions set forth in
Séction IV A. At steady state the culture was observed w1th regard to '
several expected changes. These were: :

.. state of aggregation,

average cell size,

average division time,

recovery after removal of x-rays,
acquired resistance to acute exposure, and
cytochrome deficiency.

UL W

A discussion of each follows.

1. State of Aggregation

: Under the active growth conditions of these experlments, approx- .
imately 95% of the cells aggregate in pairs, with the remaining 5% mostly
fours. Groups of three or more than four were rare. :

When exposed to 6150 r/generation, the maximum used, approxi-
mately 90% of the cells appeared as doubles, with the remaining 10%
about equally divided between ones and fours. As without irradiation,
threes and more than fours were rare. The increased proportion of
singles was probably a part.of the nondividing contingent of cells that
had received an inhibitory dose.. (See Section D3, following.) -

A partial explanation of this. grouping comes from some observa-_
tions by Burns, 2! who found that mother -daughter cohesion was very

- . strong prior to the inception of budding and dropped markedly there-~

after. Further, the acts of budding were very nearly synchronized for
the pair. Thus fours break into twos shortly after budding starts and
remain-as a pair while the daughter matures. : :

Clump- causing stickiness between cells, which rnight have been
expected as an effect of chronic 1rrad1at10n exposure, did not materlal-

1ze

2. Average Cell Size

A numbeér of workers--e. ‘g, Ref. 20, 21, 22--have observed an
increase in cell size of yeasts exposed'to x-rays for relatively short
periods, so that the increase in average cell size found here with con-
tinuous radiation was expected. Qualitatively the' most notable change
concerned the size spectrum. Whereas without irradiation the cells
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were rather uniform in size, with irradiation the average cell size
gradually increased until at steady state a continuous spectrum of sizes
was apparent up to approximately twice that of the unirradiated cell.
Photomicrographs of several cells without and with exposure to irradi-
ation are shown in Fig. 13.° These were taken with critical illumination
and with phase-contrast optlcs, including a 97X oil-immersion objective
rand a 12,5X eyepiece. Several of the pictures were taken of samples on
a Pietroff-Hauser counting'plate;, 'so that by actual measurement the
magnification’ is 1130X. The field shown in each picture is 40 by 40
microns.. Under exposure to irradiation the characteristic cell-size
enlargement up to two times normal diameter is apparent; compare
‘Nos. 4°to 9 with Nos. 1 to 3. Also note the marked increase in visible
structure within the irradiated cells. The budding of the giant double,
No. 9, is interesting in that it demonstrates that at least some charac-
teristics of viability are still present :

Quantitative average-cell-size data can be obtained from popula-
tion density vs recorder-reading calibrations similar to Fig. 8, and by
the same considerations-as of Section IV C. The data available indicate
a 40% increase in average area of the cell and of its light-scattering
internal structures under a continuous exposure to 6150 r/generation
time. Insufficient data are available, however, to show what the func-
't1onal dependence may be. ‘ '

3. Average Division Rate

The most extensive results of this work concern the effect of
continuous exposure to x-rays on the average division rate of the yeast.

a. Qualltatlve Description of Change

Between steady states without and with exposure to X - ray irradi-
“ation (or on increasing the radiation dose rate) is a transition interval
during which the average cell size changes, as mentioned in the previous
section, and the division rate gradually decreases. The interval re-
quired for these changes to take effect varies with the magnitude of

the change made, but appears to be of the order of several generation
t1mes

'b-. Presentation of Data 7

The measured decrease in the division rate is the result of both
“inhibition and delay in division. These two effects may be separated,
. and the division rate of the cells which were only delayed and therefore
are still viable may be obtained by Eq. (14) in Section II. Viability
data for this calculation were obtamed as described in Section IIIF,
and are tabulated in Table II. '

The range of viability change is small enough so that there is
little choice between linear and logarithmic fit; both lines fall within
the standard deviations. The logarithmic fit, however, falls slightly
nearer the experimental points, and was therefore: used to evaluate
n/(n + m) for use in Eq. (14).to calculate the actual division rate of the
viable cells. The results giving the average division rate of the viable
cells are tabulated in column six of Table III. There,. too, appear the
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ZN-1743

Fig. 13. Phase contrast photomicrographs of diploid S.
cerevisiae, Each field is 40p x 40p. 1 to 3 are unirradia-
ted cells; 4 to 9 are cells exposed to continuous x-ray ir-
radiation of various dose rates. No correlation exists be-
tween size and rate. Note visible granular structure as
well as increased size of chronically irradiated cells.
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Table II

‘Viability of stea dy ‘state yea st.cult ure
exposed to chronic irradiation

. Percent

L . ' ‘ i viable, - -
i . Dose rate - S No. of < . n/(n+m | L '
'(r/geperafion) ' ‘samples E;q (14 ‘- g
o 3 98’.5'- 106
782 1 96.0 .
2515 - v 5 ) - : ' 93.3 L }5.69 '

61s0 T2 7 8o 20

original data, in columns three and four. The ‘data of average division

rate for v1ab1e cells are plotted vs dose rate in. F1g 14. :
L1nea.r change of d1v1s1on rate with dose rate of 10 -4 hr-'lr“l

generatmn describes the data very well out to about 2500 r/generatlon

time, after which the division rate changes at a decreasingly slower

rate up to a dose rate of 6150 r/generation, the maximum used. Three .

‘curves are drawn among the points of the first, second, and third

- through fifth experiments respectively. A lowered division rate such

as appears .in the first and second runs (dots and X's) often occurs when

- an overgrown culture is subsequently.brought to a steady state. Since

the slopes of the curves are the same, the variation is accounted for

by variation of the normal population and has nothing to do with radia-

‘tion. In Run No. 1, because of equipment failure, the culture became

~ overgrown twice before a steady state was finally obtained, and then

" the division rate remained within 2% of a = 0.443 hr~ 1 for 49 genera-
tions .before the x-rays were turned on. Run No. 2 was inoculated
from No. 1 and shows the same effect due to irradiation except that
the division rates were all higher, indicating some recovery. Run
No. 3, inoculated from No. 2, is apparently normal in comparison
with No. 4, which was started from a fresh culture. Run No. 5 was -
also started from a fresh culture, but through inadvertence it was

" allowed to grow to a population density of about 30 x 10” per ml before
‘it was adjusted to a steady state at 5 x 10° ml. The division rate is
slightly depressed with no exposure to radiation, but on the next day
and thereafter the recovery appears complete. That this culture's
initial growth did not take it into a h1gh1y overgrown cond1t1on may
account for its more rapid recovery.
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' Table III

Steady-state growth ratgé of diploid S. cerevisiae -
under continuous exposure to x-rays-

' o Dose TR .
run no.’ _195641-957 v rate ' B—l o » O‘_l ‘ t1/2
symbol - Date (r/gen.) (hr ") ném  (hr ) (hr)
ldot  Dec9 0 0.443  0.985  0.450  1.540

16 715 .374 - .970  .386  1.794
17 1305~ .317  .958 .331  2.09
19 1910 .255  .946  .270  2.57
20 2975 .188 .926 203 3.41
2 X . 30 0 496 .985  .503 1.376
30 322 .470  .978 - .481  1.440
Jan 4 0 493 .985 .500  1.384
5 704 435 970 448  1.543
5 1088 388 .962  .403  1.720
| 6 1547  .332  .952 .349 - 1.985
30 7 0. .508  .985  .516 1.343
8-9 1291 404 .958  .422  1.640.
9-10 500 474 974 487  1.423
4 A 15 0 .523  .985  .531  1.304
15 223 503 - .980 . .513  1.350
16 782 .421  .968  .434  1.596
16 .- 1404 - .359 .955  .377  1.837
16 2165 308 .941 327  2.12
17 3960 194 .907 .24  3.24
18 5330 .185 .88l  .210 3.30
18 0 506 .985 . .514  1.347
5 [ 220 ' .477  .985  .485  1.428
o 23 3725 .234 . 911 255 . 2.72
25 2790 - .247 .929 266 2.60
25-30. 2515 .273  .934  .292  2.37
30 - 3555 .247  .915  .270  2.57
2.86

Feb 1-3 = . 6150 . .. 210  .868 ' .242
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c. Comparison with Data of Rubin . ‘[

As mentioned in the introduction, Rubin has measured the effect
-of chronic exposure to x-and B-rays on’ tl}% growth rate of E. coli in
very carefully controlled batch cultures. His observations of no
effect in log phase of growth do not agree with the present results on
. yeast, and strongly suggest'the conclusion that the fundamental process
of low-dose chronic irradiation is different in yeast and in E. coli. No
comparison can be made to his results of lag-phase delay with chronic
radiation exposure, since the yeasts were never in lag phase,

d. Comparison with Data of Burns

For acute sublethal irradiation of single cells the commonly
measured effect is division delay. Burns has measured this effect on
diploid S. cerevisiae®!» 52 and correlated the data gmth a model which
he showed to be an improvement over Lea's model”~ based on Arbacia
data by Henshaw. The model by Burns is based upon the assumption that
a specific number of sites is concerned with delay and that delay is pro-
‘portional to the fraction inactivated by radiation. In order to compare
the chronic irradiation data and Burns's data one can calculate a con-
tinuously administered dose rate that would be equivalent to his acute
dose. He showed that (a) practically all the delay appeared in only one
' generatlon and (b) there were a sensitive stage and a relatively insensi-
tive stage which were fairly representative of conditions throughout the
division cycle. - In the absence of delay data covermg all stages.in a
division cycle, let us assume that each of Burns's two stages is repre-
sentative of one-half of a generation, and calculate the expected delay
if exposure were made continuously. The two points that fall within
the range of the continuous-exposure experlments are plotted as "BY"
in Fig. 15. There the data are the same as in Fig. 14 except that
- growth rates have been converted to generation times (column 7, Table
III), and then the generation time with no exposure has been subtracted,
which leaves a time that may be interpreted as average delay. The
agreement is good with all data at intermediate doses, and quite good
with-Run No. 4 (A plot) at the high dose. At the high dose rates the
division delay levels off; again this agrees with Burns's model, which
predicts a saturation-type function. Only at low dose rates--below
1500 r/generatmn time, where Burns has no data--do these results
deviate from his theoretical curve. These data are concave upward,
while Burns's model predicts a curve that is concave down.

Qualitatively the difference can be accounted for, at least in-part,
by a selective tendency of the continuous-culture technique. The effect
of washout, a random process, on a population in which the new mem-
bers always enter at zero time establishes an age distribution propor-
tional to e Bt Ina symmetrical distribution of division times of cells
within this age structure there are, thus, fewer older members. Hence,
the actual distribution of division times is weighted more heavily with
the greater number of younger cells. The measured mean division time,
therefore, is less than would actually be obtained for a poepulation of
cells uniform in age distribution. Burns showed that the width of the
distribution of delay times increased with dose. Z If the width of the
distribution increased so that the change in division time were propor-
tional to the dose, then only the slope and not the curvature of the
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'division—delay-vsv-dos'e—rate curve would be affected. But if the width

of the distribution increased with dose, so that the change in average
delay time with dose increased, then a concavity upward as in Fig. 15
is possible. Division-delay data such as Burns's, or better, data
taken with contmuous irradiation of single cells at lower dose rates,

are needed.

e. Comparisons with Data from Chronic Exposure of Animals. .

As mentioned in the introduction (Section I A 1), several workers
have observed on various animals under chronic expos’ure an increase
in mortality per r which is approximately constant in the range 1 to
3x 1074 r-1, Since Jones has commented on the generality of this, 54
an analogous figure was looked for in the data on yeast. The slope of
the curve of division rate in hr™' vs dose rate in r/hr has comparable

dimensions of r~°, but is not constant; this is as would be predicted
from inspection of Fig. 14. Interestingly enough, however, the slope
varies within the range -1 to -4 x 10‘4. -+, so the compar1son is be-

tween mortahty rate and d1v1s1on rate

It is 1nterest1ng to note that the data of F1g 15 may be fitted

‘quite well by the Gompertz equatmn y = abc®; in fact the lowest curve

there is described by

t

H

1'-52(0.0611')0.612“3/500 - 1)’

where t = average division delay in hr and -

. D = dose rate in r/hr.

This function has been useful in interpreting mortality data; however,

no direct comparison can be made with the present data because the
co-ordinates are different. In addition, no 51gn1f1cance can yet be
attached to the constants of the equat1on

4. Recovery After Turning Off X-Rays

As withv the establishment of a steady state under the influence of

continuous exposure ‘to x-rays, so also the recovery to normal average
. division rate takes several generations of time. Figure 16 shows both

the division rate (Curve A) and the generation time (Curve B) as a
function of the elapsed time after the x-rays at the rate of 6150 r/gen-
eration are turned off. The fact that reversion to normal is gradual
is in agreement with the assumption of delay damage. Cells that are
in the early stages of maturation after a division and that have only
small doses accumulated at the termination of irradiation divide first.
These lead the procession and hence dominate the population when it
has regained normal division rate. ’

The fact that both attainment of steady state and recovery are -
delayed processes is a major criticism of batch-culture exper1ments
and argues strongly for steady-state techniques. :
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5. Absence of Acquired Resistance to Acute X- -ray Exposure

- Exposure, of yeast to sublethal x- rays greatly enhances rn1tot1c

~crossing over, °“ which in yeast is a major cause of genetic variation.

When the exposure is continuous for many generations, the pos sibility
exists for the selection of a variant better able to resist the damaging
effects of radiation. Accordingly, percent survival was measured
after acute exposure to 25 kr:of several samples of unirradiated and
long-term-irradiated cells taken from the steady-state culture. The
results are summarized in Table Iv. - ‘ '

Table 1V

A

. Viability of several samples after 25 kr acute radiation exposure )

: T'otal‘ I N Standard

Dose rate . .generations No. of  Percent deviation,
(r/generation) irradiated samples viable o
0 -2 564 1.0
2515 . 75 5. 547 2.3
o %iso o ms 10 ‘sgg -

There was apparently no'dramatic change in rad1at10n resistance

as-a result of the long chronic exposure, and if any small change exists,

it is. masked by the variation in the data. In an experiment comparable
to this, Marcovich has irradiated E. coli for 60 generatiops and like-
wise found no indication of a lower1ng of radlosens1t1v1ty

6. ResR1rat1on Change

‘Warburg has presented ev1dence in support of a theory of cancer

induction which attributes the effect to an. 1rrevers1b1e damage to res-
‘plratlon and replacement of the energy lost thereby by increased fer-

mentation, 2’ fermentation being an energy producer at a lower level
of cellular organization. Since the yeast's absorption spectrum in the
visi_ble region contains several bands due to the reduced cytochromes

"a, b, c, and d associated with respiration, 58 observatlons of decreases

in these would lend support to Warburg's ideas.
: |
A sample of cells approx1mate1y 1 mm thick by 8 mm in d1ameter
from the culture grown for 115 generations with radiation rates up to

- 6150 r/generation was treated with one drop of sodium hydrosulph1te,

.- 300 mg;

~a microscope illuminating system:. 9 No qualitative difference in
spectrum between these cells and a comparison sample taken from an

ml, and observed with a Zeiss-Winkel hand spectroscope using

unirradiated culture could be detected; this indicates that the chroni-
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cally irradiated cultures are still respiring. At the levels_v of irradia-
tion used here quantitative spectral measurements and oxygen-con-
sumption data are needed for ‘better asses sment of this effect.

7. General Discussion of Continuous Radiation Effect

~One must be cautious in making generalizations concerning

- organisms far removed in complexity from the one on which measure-
‘ments were made. The results of these expériments, however, indi-
cate that a population as a whole may not be adversely affected in its
ultimate ability to survive indefinitely under chronic exposure to irra-
diation. This conclusion holds for the yeast for dose rates delivering
in a generation time up to approximately one-fourth of the LDg( for
. acute exposure. Obviously the individuals so exposed are detrimentally
‘affected in their metabolic and reproductive abilities and longevity, as
attested by the presence of dead cells in the irradiated steady-state
populations. But the ability of organisms to produce several progeny
‘before dying must be reduced drastically before their capacity to con-
tinue to fill their environment is destroyed.

‘E. Division-Synchrony Attempt by Pulsed Irradiations

If large populations of cells dividing synchronously were avail-
able, they would constitute a very useful tool for experiments designed
to correlate changes in chemical composition with the various stages
of cell division. An hypothesis that cell division occurs only when
(a) a critical mass of protoplasm is reached and (b) a division-trigger
mechanism is set off suggests that synchrony might be achieved by
subjecting the cells first to one part of a cyclic treatment, in which
. the trigger.act could be delayed until-all cells had reached the critical
mass, then to the other part, in wh1ch the d1v151ons would be triggered
in synchrony

To date, the most successful attempts at cell division synchrony
by this method have been made by Scherbaum and Zeuthen, who sub-
jected Tetrahymena pirformis to periodic temperature cycling.

In yeast cells partial synchronization was found in the first division

- after prolonged starvation procedure by Beam et al. 9 More recently
‘Burns”® has subjected diploid yeast to a variety of per1od1c chemical,
‘physical, and feeding treatments, but without appreciable success in
producing many repeated synchronous cycles.

Under the effects of radiation, yeast cells are observed to under -
go division delay that varies widely with the stage of maturation. . Al-
though the dependence is unknown, it seems plausible that if periodic
radiation pulses of the right intensity were synchronized with the di-
vision rate of a growing culture, the sensitive cells could be delayed
selectively and might be induced to bunch at a time when they were
least affected by the radiation exposure.

The testing of this idea can be done in the continuous- culturmg
equipment, which appears to be ideally suited.” Intermittent exposure
to x-rays is accomphshed by ¢ontrol equipment descrlbed in Section
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IIT A 7. The exposure data summarized in Table v were obtained when
the average division time and the ir_ra’d;ation—cycle' times were matched.

" Table V

- Times and doses used in intermittent-exposure experiments

'Division‘ - Irradiation o Dose = - " Duration
“time . . - period: - .+ delivered . of run
(hr) ‘ - (hr) . (+/pulse) " (generations)
1.5 017 | 650 16
1.5 - 0.17 860 16 -
1.75 . | 0,20  -.990 . .4
2.0 . 0.25 7 1240 12
2.0 - 0.33 oo le60 -1

T

Unfortunately the e‘xperime'nté.were unsuccessful - no cycling of
population density with time was observed. However, more work
could be done in this field; the possibilities have not been exhausted.
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V. SVUMMARY

"All observations concern contmuous culture of d1p101d Saccha.ro—
myces cerevisiae.

1. Without radiation, the division rate of growing cultures was sensi-
tive to rapid changes in nutrient environment, as a consequence of .
either its own proliferation.or a.-change in supply of nutrient. This

’ sens1t1v1ty ‘makes continuous culture superior to batch culture for divi-
sion-rate studies, since in the first case the cell culture is under con-
_ stant environmental cond1t10ns wh11e in the second it is. not (Section
IV B.) : "

2. Without radiation, a damped oscillation of population density was -
observed under growth-limiting environmental conditions prior to the
establishment of steady-state populations. Alternate periods of cell .
division.and cell lysis made up the oscillations. (Section IV C. )

- 3. With continuous exposure to x-rays, the cell-division rate falls off
with dose rate at le'4 hr-1 r- generation, out to about 2500 r/gener-
‘ation. Then it tends to level off up to-6150 r/generation. (Section IVD3.)

4. With continuous exposuré to x-rays, the increase in average cell
size and decrease in division rate that took place required several gen-
erations for attainment of a steady state, as also did the return to nor-
mal after the irradiation was turned off. (Sections IV D 2, IV D 3, and
1V D 4.) o A
5. In terms of division delay, the results of Item 3 above agree with
Burns's data above a dose rate of 1500 r/generation, but not below;
"~ below this dose rate the division delay under the continuous irradiation
does not continue to decrease so rapidly with decreasing dose. Inter-
- pretation of the effects noted here will require a miore: compllcated
model, (Section IV D 3.) :

6. No acquired resistance to acute x-ray exposure was obtained after
long-continued exposure to x-rays. (Section IV D 5.)

7. No qualitative change of respiratory-enzyme spectrumv was observed
after long-continued exposure to x-rays. (Section IV D 6.).

8. Simple cycling of x-ray exposure does not appeé.r to lead to division
synchrony, (Section IV E.)

9. With no x-ray exposure, 98.5% of the cells were viable, and with
exposure to 6150 r/generation this amount'dropped to 87%. The de-
pendence was more nearly logarithmic than linear. (Section IV D 3.)

10. Populations of Saccharomyces cerevisiae can live in a steady state
of proliferation while continuously exposed to x-radiation up to at least
6150 r/generation (about 2000 r/hr). . This is a dose per generation
equal to about one-fourth of LDg( for acute exposure. After the initial
few generations there seems to be no morphological indication. that the
population is impaired in its ability to continue propagation and meta-
bolic activities indefinitely.
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