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ABSTRACT 
We calculated a spontaneous rate of 26-37 X 1 0-6 mutations per cell  division for L5 178Y MOLY 

(mouse lymphoma) cells at  the thymidine kinase  locus (tk+” 4 tk-”) using a  procedure  that isolated 
and segregated cells during expression. This  rate was 50 times higher than when  cells expressed the 
mutant phenotype in suspension. The higher mutation rates obtained with the in  situ procedure 
suggest that many  of the mutants, whether expessed  or unexpressed, grew more slowly than wild- 
type  cells prior to selection  with trifluorothymidine (TFT), implying that  the slow growth phenotype 
is expressed earlier than the  TFT‘  (TFT-resistant) phenotype. The loss of mutants was not restricted 
to cells forming small  colonies; the mutation rate  for cells forming large colonies was more than ten 
times higher using the in  situ procedure. In  this new procedure,  the cells expressed spontaneous 
mutations while growing in  semisolid medium for  up  to 3 days without TFT. Mutants were then 
selected in situ by adding  an overlay  of TFT and  the visible  colonies were analyzed after 11 days. 
Cells  with spontaneous mutations at  the tk locus required approximately 30 hr for  the more rapidly 
expresssing cells  with  new mutations to be detected. Most  of the  TFT’ colonies selected after 60 hr 
of growth in  semisolid medium represented  independent mutations that had accumulated during  the 
first 30 hr. Fluctuation assays were performed both by starting multiple small cultures in  suspension 
followed by growth in semisolid medium using the in situ procedure,  and by recalculating the results 
of the in  situ method using the PO method; these gave rates of 26 and 3’7 x mutations per cell 
division,  respectively. Procedures that do not recover slowly growing expressed and/or unexpressed 
mutants and  that ignore the effect of phenotypic lag  substantially underestimate the spontaneous 
mutation rate  at  the tk locus. 

T WO methods  have  been  commonly used to esti- 
mate  mutation  rates  of  mammalian cells in cul- 

ture. The first employs populations  large enough  to 
contain many mutants and calculates the  mutation 
rate  from  the increase in the fraction  of phenotypically 
expressed mutant cells over  time.  This  approach re- 
quires  that  mutant  and wild-type cells grow at  the 
same rate  or  that  their differential  growth rate  be 
measured  and  taken  into  account; otherwise, the re- 
sulting value is more accurately  identified as the  rate 
of  accumulation  of mutant cells, the sum of the  rate 
of  formation  and  the rate of loss. The  second employs 
the fluctuation  test  of LURIA and DELBRUCK (1943) 
which, in its null-fraction mode, is insensitive to dif- 
ferential  growth  rates  but sensitive to phenotypic lag. 
Ignoring  either phenotypic  lag or differential  growth 
rates can lead to  erroneous estimates of spontaneous 
mutation  rates (KENDAL and FROST 1988). 

The L5178Y MOLY forward  mutation assay is an 
ideal system in which to examine the effects of  these 
assumptions. Trifluorothymidine-resistant (TFT‘) col- 
onies  produced in the MOLY assay have  a  bimodal 
size distribution  and  are called X and u colonies (CLIVE 
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et al. 1979). Some of these u colony (small colony) 
mutants  have  been associated with chromosomal  dam- 
age  that is more extensive than  that  found in cells 
from X colony  (large colony) mutants (BLAZAK et al. 
1989; APPLECATE and HOZIER 1987; BLAZAK et al. 
1986; HOZIER et al. 1981). All appear  to  be  derived 
from  mutant cells that  grow  more slowly than wild- 
type cells (MOORE and CLIVE  1982). In  addition, 
MOLY cells have  a relatively short  expression  period 
(MITCHELL et al. 1988) for  mutations  at  the tk locus; 
even so, the total number of cells can increase by 20- 
fold during this  time. Because of the time required 
for phenotypic  expression,  exponentially  growing  cul- 
tures will always contain  some  unexpressed  mutants. 
Existing techniques to calculate the  mutation  rate 
exclude  unexpressed  mutants or slowly growing cells 
or  both  from  experimental analysis (KENDAL and 
FROST 1988). 

We  hypothesized that  an in situ procedure-one  in 
which the cells are immobilized during expression and 
selection-would more accurately  reflect the  rate of 
mutation by minimizing the effect  of  differential 
growth  rates  for MOLY cells during expression.  We 
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developed  a  procedure using semisolid medium, in 
which both  mutant  and wild-type  cells within the 
segregated colonies grow and divide until  trifluoro- 
thymidine (TFT) is added,  after which only colonies 
containing phenotypically expressed TFT' mutants 
continue  to grow. Our data  indicated that  the spon- 
taneous  mutation rate was more accurately measured 
when TFT' cells were recovered in this in situ proce- 
dure  and  that  the calculated rate was 50-fold higher 
than when cells expressed TFT resistance in suspen- 
sion cultures. This  higher value represented  the  rate 
of formation of viable TFT' cells  in the MOLY cell 
line. Because the mutation rate was so much  higher 
than  the  rate of accumulation of TFT' cells  in suspen- 
sion,  the rate of loss of new mutant cells must have 
been nearly equal to  their  rate of formation in expo- 
nentially growing  cultures. 

MATERIALS  AND  METHODS 

Cells  and  culture  medium: We used L5 178Y tk'" MOLY 
cells, clone 3 .7 .2~  (CLIVE etal .  1972). For  the  reconstruction 
experiment, a TFT' subclone of these cells was isolated. 
Culturing  procedures were similar to those  described by 
MITCHELL et al. (1  988) except where  noted. The cells were 
routinely cultured in suspension in RPMI-1640 supple- 
mented with 10% heat-inactivated horse  serum,  0.25 mg/ 
ml L-glutamine, 0.05% Pluronic F68,  107 pg/ml sodium 
pyruvate, 95 unitslml penicillin and 95 pg/ml streptomycin. 
Before  each experiment,  the cells were incubated  for 24 hr 
in RPMI-1640 supplemented as above plus methotrexate 
(0.1-0.3  pg/ml),  thymidine (9 pg/ml), hypoxanthine  (15 pg/ 
ml) and glycine (22.5 pg/ml) to kill preexisting TFT '  cells. 
The  cells were then  incubated  for  72 hr in the same medium 
without methotrexate. Semisolid cloning  medium contained 
0.22% purified agar (Baltimore Biological Laboratories). 
(Experiments were also performed in Fischer's medium with 
similar results.) 

Accumulation of TFT' cells  in  suspension: The accu- 
mulation of spontaneous  TFT' cells  was measured in a 
culture of MOLY cells starting 3 days after  methotrexate 
treatment.  The stock was diluted every other day to a 
concentration of 5 X 104 celIs/mI (2 X 10' cells total). 
Doubling times were calculated at each passage to  monitor 
cell growth.  Three million cells were  selected in 100 ml 
semisolid medium containing 5 pg/ml TFT at various  times 
within an 88-day period. The cloning efficiency (CE) was 
determined by plating 600 cells without TFT.   The  plates 
were  incubated for 1 1 days at 37" in 5% CO,; then  the 
colonies were counted  and  their size distribution was deter- 
mined. The  mutant fraction  (MF) is the fraction of ex- 
pressed mutants in the cell population (the  number of TFT'  
cells per  lo6 cells), and was calculated  as MF= MC,,,/[CE X 
(number of cells plated)] where MC,,,  is the  number of TFT'  
cells in suspension culture  measured as the  number of TFT'  
colonies formed  after  the cells were added  to semisolid 
medium  containing TFT.  CE is the cloning efficiency of the 
cells without TFT.  TFT' cell fractions  were  calculated for 
total colonies and  for X and u colonies. Spontaneous TFT'  
colonies exhibited  a  bimodal size distribution. 

Accumulation of TFT' colonies in situ: For  the in situ 
procedure, 10" cells were  plated in 100 ml of semisolid 
culture medium for all times of T F T  addition.  In  addition, 
1.5 x IO-' cells were plated  for early  expression times and 
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FIGURE 1 .-Comparison of suspension and in situ protocols.  This 
schematic  shows  the  differences  between  the  suspension  and in situ 
experimental  procedures. In the suspension  cultures, the  mutant 
cells are  replicated  in  liquid  medium, so that wild-type and  mutant 
cell progeny  become  mixed.  Each  expressed  mutant cell produces 
a  separate  colony  when  the  mixture is plated in semisolid  medium 
in the  presence of TFT.   In   the in situ procedure,  the cells are plated 
in  semisolid  medium and  incubated  for  various  times  prior  to T F T  
addition.  The cells are  therefore immobilized and  do  not mix as 
they do  in the suspension  cultures.  Microcolonies  of cells grow until 
the  culture is overlaid  with  semisolid  medium  containing T F T  after 
which  only mutant colonies  continue to  grow. An  Erlenmeyer flask 
represents  suspension  cultures:  a  Petri  dish  represents cells in serni- 
solid medium. 

0.5 X lo-" cells were plated for late  expression times to 
insure  that  the  ratio of TFT' colonies to unselected colonies 
was independent of cell density.  Aliquots  of  each cell sus- 
pension (25 ml) were added  to each of four plastic 100-mm 
culture dishes and allowed to gel at  room  temperature.  At 
various times between 0 and 60 hr  after plating,  a 10-ml 
overlay of semisolid medium  containing T F T  (280  rg/dish, 
final concentration 8 pg/ml) was added  to each of the dishes, 
which were incubated  for 11 days at  37" in 5% COS. 

The  expressed mutation fraction  (EMF), is the  number 
of TFT' colonies per lo6 viable single-cell colonies plated. 
It was calculated  as EMF= MC,,,/[CE X (number of cells 
plated)] where MCSi,, is the  number of TFT '  colonies. EMF 
is the  number of expressed mutations in the cell population 
normalized by the cloning efficiency to  take  into  account 
nonviable clones. Cloning efficiencies were determined by 
plating 600 cells in 100 ml of semisolid medium. The  cells 
were added  to  three plastic 100-mm culture dishes and 
incubated for 12 days. All visible colonies growing in semi- 
solid medium were counted. 

Comparison of suspension  and in situ protocols: The 
major technical difference between the suspension and in 
situ protocols was the conditions under which the cells 
expressed the  TFT'  phenotype. In the suspension proce- 
dure, expression occurred while the cells were in liquid 
media and  the cells were then plated in medium containing 
the selective agent. In the in situ procedure,  the cells were 
plated in semisolid medium and  the selective agent was 
added  later  (Figure  1). 

Mutation  kinetics: An average cell population begins to 
mutate  just when its number, No,  reaches the reciprocal of 
the  mutation  rate. In that "first" generation (G = l), one 
mutation occurs, producing  one  mutant  and  one  nonmutant 
progeny. The  mutant goes on  to  generate a clone of 2'" - ') 
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mutants in the succeeding (G - 1 )  generations until the 
mutants  are scored. In the  next  generation, two mutations 
occur  and each enerates a  clone  of size 2" - '), thus con- 
tributing 2 X 2''- ') = 2'" - ') mutants  to  the final popula- 
tion. By induction, each (mutating)  generation  contributes 
the  same  number of mutant cells to  the  eventual total of 
(32'" - I )  mutants which represents 2" - 1 new mutations. 
This  argument assumes that  mutant  and  nonmutant cells 
grow at  the same rate.  Stipulating  an  average cell population 
removes 'Ijackpot" cultures  from consideration. Although 
cast in terms of  a synchronous cell population,  the  argument 
extends easily to unsynchronized cells where  the  average 
number of cell divisions within a culture equals ( N  - NO)/ 
ln2,  the  difference between the final number of cells ( N )  
and  the initial number of cells (No) divided by In2 to  correct 
for  the  average  number of cells present  during  the  period 
of  exponential  growth (see HAYES 1964). 

Phenotypic lag is the  time  from  the  appearance of a new 
mutation  to  the expression of the new phenotype.  Pheno- 
typic lag reduces  the efficiency with which mutations are 
scored, as follows. 

Null-class mutation  rate  determinations (see below) are 
often designed so that  50.8 of the  cultures contain any 
mutants.  Here, phenotypic lag has a  maximum  effect unless 
care is taken to allow time  for  mutant expression  without 
adding  additional  mutants  to  the population. 

Mutant accumulation experiments such as the suspension 
experiment described herein  are  affected  quite differently. 
If phenotypic lag lasts for P generations,  then  the total 
number of detected (= expressed) mutants will be (G - 
P)2(" - I ) .  Thus,  the efficiency of detection will be  the  ratio 
of expressed mutants  to total mutants, ( C  - P ) / G ,  and  the 
effect of phenotypic lag will decrease as the population 
increases. 

Fluctuation assay: A fluctuation assay was designed to 
examine  the effect  of  delayed selection on  the calculated 
rate of mutation. Eighty-three 15-ml culture  tubes were 
inoculated with an  average of 8 wild-type cells in 5 ml 
medium and  incubated  for  101  hr (approximately 10  gen- 
erations).  At this time, the cells in each tube were mixed 
with 25 ml of semisolid medium and  added  to a  100-mm 
Petri  dish,  then  incubated  for  12 days. Semisolid medium 
containing T F T  (1 5 ml per dish) was added  after 0,  20, 40 
or 62  hr.  Cultures were  checked for visible TFT'  colonies 
after  12 days. Po,  the  proportion of cultures without  mu- 
tants, was calculated for each  expression  time. 

Reconstruction experiment: Procedures  for  the in situ 
experiments were  established in preliminary experiments. 
To verify the recovery of TFT' cells after delayed addition 
of TFT,  0, 100,  200  and 400 TFT' cells were  mixed with 
1.5 X 1 O6 wild-type cells in 100 ml of semisolid medium  and 
then  added  to 100-mm dishes in 25-ml aliquots. T F T  (280 
pg) in 10 ml of semisolid medium was added as an overlay 
either immediately or  after 40 hr. All dishes were incubated 
for  11 days, after which the colonies were counted. 

RESULTS 

T o  estimate the  spontaneous  mutation  rate  to T F T  
resistance in MOLY cells, we compared  mutant  accu- 
mulation for expression  occurring in suspension and 
in semisolid medium. We then  performed a  fluctua- 
tion  test to verify the calculated  mutation  rates. 

Accumulation  and  expression of TFT' cells in 
suspension  culture: We observed  a  gradual and linear 
accumulation  of  spontaneous TFT' cells in a  suspen- 
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FIGURE 2.-Accumulation of TFT' cells during  growth in sus- 
pension. The  number of  spontaneous  TFT' cells per lo6 viable 
cells, otherwise  known  as  the  mutant  fraction, is shown  as  a  function 
of  time  of  addition  of TFT using the suspension  procedure. T h e  
figure  shows  the  total  number  of TFT '  cells per 1 O6 cells plated  as 
well as  the  frequency  of u colonies  and X colonies  in  cultures  at  the 
end  of  the selection  period.  Colony  counts  and  sizing  were  per- 
formed  after 11 days  of  incubation.  This  experiment was initiated 
with 3.6 X lo5 cells after  methotrexate  counterselection. 

sion of MOLY cells (Figure  2). The  TFT' cell fraction 
increased  from  16 to  122 X over  an  88-day 
period. The  rate of increase was approximately  linear, 
with an  average  rate of increase of 1.3 X 1 0-6 per day 
as determined by linear  regression analysis. The mu- 
tation rate (p)  required to generate this increase was 
calculated by the  formula (CATCHESIDE 1951) p = 
2(ln2)(AMF)/g = 0.75 X mutations  per division, 
where MF is the increase in TFT' cell fraction  per 
day (1.3 X 10"j) and g (= 2.4) is the  number of 
generations  per  day. 

For  a mutant population with a  two-generation 
delay in expressing new mutations, the  ratio of ex- 
pressed TFT' cells [(G - 2)/2" - *)see Mutation  kinetics 

is (G - 2)/2N0,  a  linear  function  of number of gener- 
ations and,  therefore, of  time. This accounts for  the 
linear  increase  observed in Figure 2. Because p = 
f(MF) when the cell population is large, AMF  is a 
linear  function of time and p calculated by this  tech- 
nique is independent of  phenotypic lag. 

Both u and X colonies were produced spontaneously 
(Figure  2). The X-colony fraction  increased at  the 
same rate as the total  fraction,  1.3 X TFT' cells 
per day. Thus,  the mutation  rate  calculated  above was 
essentially the  rate of accumulation of X TFT '  cells. 
The u TFT' cell fraction  remained  constant  at  ap- 
proximately 7 X 10"j over the  duration of the  exper- 
iment.  This suggests that a  steady-state was reached 
such that  the  rates of  induction  and of loss of cells 
forming TFT' u colonies  were  equal. 

Accumulation  and  expression of TFT' colonies  in 

in MATERIALS AND METHODS] TO  TOTAL CELLS (= N02') 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/126/2/435/6006528 by guest on 25 M

ay 2023



438 C. R. Rudd, D. S. Daston and W. J. Caspary 

semisolid medium: We developed  a  method of grow- 
ing TFT' MOLY cells as individual microcolonies 
during  the period  required  to  express  a new mutation 
at the tk locus. The cells were grown in semisolid 
medium without TFT for  up  to  3 days. TFT' colonies 
were then selected in situ by adding  an overlay of 
T F T  in  semisolid medium, and viable colonies were 
counted  after 11 days. 

The growth of  cells  in semisolid medium was deter- 
mined first by examining dishes containing 1.5 x 1 O4 
cells/ml for  the  distribution of the  numbers of  cells  in 
microcolonies. Within individual colonies, we ob- 
served cell doubling  over the first 10  hr  and  quadru- 
pling by 20 hr.  The majority of colonies contained  8 
cells after  30  hr, suggesting that there was no signifi- 
cant lag in exponential cell growth  after  adding cells 
to semisolid medium. We then confirmed this obser- 
vation by determining  the  average  doubling  time  for 
growth in  semisolid medium by isolating 7-day-old 
colonies from dishes containing less than  100 colonies, 
dispersing them in liquid medium and  counting  the 
total  number of  cells after  1 day. The average  dou- 
bling time of wild-type cells over  the 8-day period 
ranged  from  10  to  11  hr,  the same as these cells  in 
suspension. The results also suggested that  the avail- 
ability of nutrients in semisolid medium was inde- 
pendent of colony size during expression. 

TFT" colonies accumulated slowly during  the first 
30 hr in  semisolid medium  (Figure 3). These colonies 
primarily represented  mutations  that were present 
while the cells grew as a suspension in liquid medium. 
Spontaneous  mutations that developed while cells 
were growing in  semisolid medium  could  be  detected 
by an increase in the  rate of accumulation of TFT" 
colonies after this time. Based on this experiment, it 
took approximately 30 hr  for  the  more rapidly ex- 
pressing cells  with  new mutations to be  detected. 

In the in situ procedure,  the fraction of TFT' col- 
onies increased substantially at  the  later selection 
times, reaching  208 x IO-' within 50 hr  and approx- 
imately 400 X in 60  hr. Because  of phenotypic 
lag, the difference in the  number of TFT' cells be- 
tween 30  and  60  hr,  369, approximates the  number 
of new mutations per 1 O6 colonies that  occurred  dur- 
ing  the first 30  hr.  The mutation rate is given by the 
formula (NEWCOMBE 1948) p = (In2)(AMCsi,,)/AN = 
37 X per cell division, where AMC,;,,  is the 
difference in number of TFT' colonies at 60 and  30 
hr  after being  normalized to 1 O6 unselected colonies, 
and where AN/ln2 estimates the  number of cell divi- 
sions during which mutations were generated.  When 
No = IO6 cells and g = 10  hr, 8 X 10' cells would have 
accumulated  after 30 hr  and AN = 7 X lo6 cells. (If 
phenotypic lag were ignored, AMC,i,, = 26 and /.L = 3 
X 1 mutations per division.) 

Similar calculations can be  made for  the mutation 

rates of  the u and X TFT' cell populations. Thus, pclo 
= (ln2)(297 - 38)/7 = 27 x per division and pi  
= (ln2)(105 - 12)/7 = 9 X per division. The 
mutation rate  for X colonies calculated from  the sus- 
pension protocol was approximately 12-fold less than 
that calculated by the in situ protocol. Therefore, 
many X mutants, and all  of the u mutants,  were  diluted 
out in suspension culture shortly after arising. The 
differences in the mutation  rates imply that most X 
mutants grow more slowly than wild-type celfs. 

The in situ procedure can detect many TFT' colo- 
nies that  derive  from  independent  mutational  events 
if sufficient time is allowed for  both  accumulation and 
expression of  new mutations. Delaying selection until 
60 hr  after  the cells were immobilized allows the 
mutations  that  accumulated during  the first  30 hr  to 
have at least another  30  hr  to be  expressed. We 
calculated that  92%  (369/400) of the  TFT' colonies 
selected at  60  hr in Figure  3  represented  independent 
mutations that  occurred while the cells grew in semi- 
solid medium. 

Unlike the  TFT' cell fraction  plotted in Figure 2, 
which increased linearly with time, the  TFT' colony 
fraction in semisolid medium  increased  exponentially 
with time. The  TFT' colony fraction is the fraction 
of colonies in  which a  mutation  occurred and was 
expressed (2'' - ') - 1 = 2'" - ')) divided by the total 
number of unselected colonies which, when corrected 
for cloning efficiency, is the  number of cells plated 
and is a  constant. The mutation rate in this protocol 
therefore increased proportionately  to 2'' - '), and is 
therefore  an exponential  function dependent on phe- 
notypic lag. 

Both X and u TFT' colonies accumulated in the in 
situ protocol. Both the  rate of  cell growth and  the 
time of the  mutation would be  expected to affect the 
relative size of the colony when mutations  that accu- 
mulated in situ are selected. For  example,  a late mu- 
tation in situ should produce a colony with fewer 
mutant cells than in a colony derived  from  an early 
mutation.  However, early mutations  contribute  a rel- 
atively small fraction of the colonies, because fewer 
cells are present  (and  fewer cell divisions occur). Thus, 
the size distribution of colonies at  60  hr  represents 
primarily the types of mutations formed in the latest 
generations  that were allowed time to express  the 
TFT' phenotype. Mutations that occur shortly after 
plating in semisolid medium will contribute in only a 
minor way to this profile. 

T o  determine  the effectiveness of the selection pro- 
cedures in the in  situ protocol,  12 spontaneous TFT' 
colonies (6 large and 6 small) were isolated from 
cultures selected with a T F T  overlay 2 days after 
plating. All but  one of the small colonies continued  to 
grow well in suspension with 5 pg/ml TFT. Cells from 
the small colony were sparse but  probably alive. A few 
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TABLE 1 

Fluctuation analysis of TFT' cells 

Time to TFT No. of Cultures without 
addition (hr) cultures TFT'colonies Po 10" divisions 

Mutations per 

0 20 19 0.95 4 
20 20 16 0.8 16 
40 20 12 0.6 37 
62 17 2 0.12 152 

Colonies were  counted  12 days after  adding cells to semisolid 
medium. Po is the  fraction  of  cultures  without  mutants  at  the various 
expression  times. The  calculated mutation  rates assume that  the 
times  shown in the first column  are  the expression  times; the 
number of cells per  culture ( N )  was estimated  to  be 9700 * 800 
based on ;I random sample  of three  tubes  at  time 0 when cells were 
added  to  se~nisolid  medium. 

colonies were also tested  for the stability of the  TFT' 
phenotype  after  growth in the absence of T F T  for  17 
days. Cells from  three colonies that developed after 
delayed  addition of T F T  grew equally well with or 
without  5 pg/ml T F T  but were killed by medium 
containing  methotrexate  and  thymidine, as were cells 
from  three colonies from  cultures receiving T F T  im- 
mediately after cloning. Cells from unselected colo- 
nies were unaffected by methotrexate  but  were killed 
by TFT. These  data  and  our observations of nutrient 
availability within the colonies suggest that only TFT' 
cells survive the overlay procedure. 

Fluctuation  analysis: One method  for  determining 
mutation  rates is the fluctuation analysis developed by 
LURIA and DELRRUCK (1943).  In  the null-class mode 
of fluctuation analysis, parallel cultures are seeded 
with a number of cells  small enough  to  preclude 
preexisting  mutants. New mutations  occur  sponta- 
neously as the cells grow. The mutation rate, p, can 
be calculated by the  formula p = -(lnPo)(ln2)/(N - 
No) = -(lnPo)(ln2)/N  where Po is the  proportion of 
cultures  that  contain  no  mutants  and ( N  - No)/ln2 is 
the  number of  cell divisions that  occur when a  culture 
increases from NO to N cells. This reduces to  the 
number of cells present,  N/ln2, when N > No. 

We designed a  fluctuation test that  differed  from 
the original in that slowly growing  mutants were not 
diluted  out  and  phenotypic lag was taken into account. 
The fluctuation test for cells  in suspension was initi- 
ated with approximately  8 cells per  culture. Each 
culture was grown  separately in suspension for ap- 
proximately  10  generations. The resulting 9700 f 
800 cells (= N )  were then mixed with medium and 
agar  and plated (Table 1). Of  20  cultures selected 
with T F T  at this time, only 1 yielded TFT' colonies, 
generating a Po of 0.95 and a  mutation rate of 4 X 
lo-" per division. However, this calculation ignores 
the presence of nonexpressed  mutants in the popula- 
tion.  Growing  the cells  in semisolid medium  before 
adding T F T  resulted in the expression of an increas- 
ing  number of TFT' colonies. Adding T F T  to 20 
cultures  at  20  and  40  hr yielded, respectively, 4 and 
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TIME OF SELECTION (HOURS) 
FIGURE 3,"Effect of time of T F T  addition  to cells on  number 

of  TFT' colonies in  situ. The  number of spontaneous TFT '  colonies 
per  lo6 unselected  colonies, which we defined  the  expressed  mu- 
tation fraction, is shown  as  a function  of  time of addition  of  the 
selective agent using the in situ procedure. T h e  figure shows the 
total  number of TFT '  colonies per 10"  colonies  as well as the 
frequency of u colonies and X colonies in cultures  at  the  end of the 
selection period. 

8 cultures with colonies. Given an expression time of 
20-40 hr,  the  apparent mutation rate would range 
from  16  to  37 X IOT6 mutations per division. Based 
on a  30-hr expression time  for new mutations, the 
most appropriate Po for calculating the mutation rate 
was approximately 0.7, generating  a  mutation  rate of 
26 x per division. Thus,  our calculation of the 
mutation rate based on the results from  the in  situ 
procedure was confirmed using a  fluctuation test mod- 
ified to take  phenotypic lag into  account. 

Nearly all cultures  contained TFT' cells when T F T  
was added  after  the cells had  grown  for 62  hr in 
semisolid medium. Most cultures  had  multiple colo- 
nies of different sizes.  If our assumption of a  30-hr 
expression period is correct,  then these colonies must 
have derived primarily from  spontaneous  mutations 
that accumulated during  the first 30 hr  after  the cells 
were transferred  from  the suspension cultures,  and 
the  true mutation rate must be calculated from  the 
number of wild-type cells that  accumulated during 
that  time. 

We can reanalyze the in  situ experiment  (Figure 3) 
using the fluctuation test formulation. Each microco- 
lony  in semisolid medium is analogous to a  fluctuation 
test culture  tube. However,  instead of seeding each of 
20 tubes with 8 cells, we analyzed the equivalent of 
lo6 tubes each seeded with 1 cell. Po is the fraction of 
colonies with no mutants  after  expression. At 30 hr, 
3 1 TFT' colonies were  counted.  These were the  prog- 
eny of mutants  present  prior  to  plating  the cells. The 
mutants  arising  over 0 to  30 hr were  not  phenotypi- 
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TABLE 2 

Recovery of TFT‘ cells after  growth in situ in the  presence of 
tk+” cells 

TFT’ colonies per  Percent of 
dish expected 

Mutants per dish anlong tk’” 
cells 0 hr 40hr Ohr 40hr  

Background TFT’ mutants 14 k 3 37 f 10 
+25 TFT’ cells 3 5 f 6  5 0 1 - 7  95 81 
+50 TFT’ cells 4 8 f 8  7 8 f 9  80 91 
+ 100 TFT’ cells 8 5 + 2  1 1 0 f 9  80 81 

50 TFT’ cells only 4 6 f 4  49 f 9  92  98 

Sam le$ of 0, 100, 200 or  400  TFT’ cells were  added  to 1.5 X 
cells 111 100 m l  culture  medium,  after which 25-ml aliquots 

were  added  to  each of four dishes. An additional 10 ml of  medium 
containing T F T  (final concentrations, 8 &ml) was either  added 
immediately (0 hr) or after  40  hr.  The plates were  incubated  for 
11 days prior  to  counting TFT’  colonies. The  cloning efficiency of 
the tk’” cells was 78% in the  absence of TFT.   The  fraction of 
spontaneous  (background) TFT’ colonies at 0 hr was 46 X 1 OT6 and 
at 40 hr w a s  126 X 10“’. “f” indicates standard  deviation. T o  
obtain  the  “percent of expected”  TFT’ colonies, the  number of 
TFT’ colonies per dish was divided by the  expected  number of 
colonies (number of spontaneous plus number of added  TFT’ cells 
based on dishes containing only tk+” or only TFT’  cells) and 
multiplied by 100. 

cally expressed until 60 hr.  Therefore,  the difference 
in the  number of TFT’ colonies between 60 and 30 
hr was the  number of mutations  that  accumulated 
between 0 and  30  hr. Because lo6 cells were  plated, 
1 O6 - 400 was the  number of colonies without  mutants 
and lo6 - 3  1 was the total  number of  cells plated 
without  preexisting  mutants. N - No is the  number of 
cells  in each colony at 30 hr minus the  number  at 0 
hr,  or 8 - 1 = 7. We thus calculated a  mutation rate 
p = -In[( lo6 - 400)/( lo6 - 31)](1n2)/7 = 37 X 10“j 
mutations  per cell division. 

Reconstruction experiment: T o  ensure  that we 
could maintain viable TFT‘ cells  in semisolid medium 
during  the expression and selection periods, we per- 
formed  a  reconstruction  experiment with TFT‘ cells 
in the  presence of a  large  population of wild-type cells 
(Table 2). This  experiment  confirmed  that  there were 
no reproducible  differences in the recovery of TFT’ 
cells as colonies, whether T F T  was added  to cultures 
immediately after  plating or 40 hr later. The recovery 
calculation was based on  the total  expected  number 
of TFT‘ colonies, the sum of spontaneously arising 
colonies and those descended  from  the  added TFT’ 
cells. 

The combined  cultures  contained 80% or more  of 
the expected  number of TFT‘ colonies, whether 25, 
50 or 100 TFT‘ cells were added  per dish. These 
results show that  the recovery of TFT’ cells was not 
affected by growth in the presence of tk+” cells when 
T F T  addition is delayed 40 hr. Although  not tested 
in this experiment,  higher  concentrations of wild-type 
cells or longer expression periods  before  addition of 
T F T  were found  to  be  inhibitory if too many  wild- 

106 &+le ‘ . 

type cells were  present when T F T  was added. 
Cross-feeding has been shown to pass cellular ma- 

terial  between cells  in contact. If sufficient phos- 
phorylated T F T  from  a wild-type cell were to pass to 
a  mutant cell  in a mosaic colony, that  mutant would 
be killed, thus  concealing  mutation  rates  even  higher 
than  reported  here. A  reconstruction  experiment can- 
not  address this issue because mutant  and wild-type 
cells reside together in the same microcolony devel- 
oping in semisolid medium.  However, we were able 
to identify colonies of TFT’ cells that  apparently  arose 
within a colony of wild-type cells, suggesting that  at 
least some mutant cells were capable of growing in 
the presence of wild-type cells and  TFT.  In addition, 
if metabolic cooperation  were  a  problem, the rapid 
and  dramatic increase in mutant colonies between 30 
and 60 hr would not  be  observed in the in situ pro- 
cedure. 

DISCUSSION 

The principal feature of the in situ procedure is 
that most  cells containing  an inactivating mutation at 
the tk  locus when they are dispensed in medium will 
grow as discrete colonies. Slowly growing  mutants will 
not be undercounted because differences in growth 
rates of mutant cells during  the expression period will 
affect only the size of the resulting colony. In suspen- 
sion cultures, the  number of mutants available to  form 
colonies will depend on  their  growth  rate  during 
expression. 

Comparing the  spontaneous  mutation  rates  derived 
from  the two procedures shows that expression in 
semisolid medium  increased the calculated rate  from 
approximately 0.75 X to a minimum of 37 X 
lo-‘ per division. This increase implies the presence 
of  slowly growing  expressed and unexpressed  mutants 
in the cell population. In the suspension procedure, 
the average number of TFT’ cells increased by 1.3 X 

per day,  but this was due entirely to  an increase 
in the frequency of X colonies. The formation  of u 
mutants was obscured by their loss due  to slow growth 
relative to wild-type cells, resulting in a steady-state 
number of u colonies. 

Conceptually, the expressed  mutation  fraction, 
EMF, and  the  mutant  fraction, MF, are different,  the 
first being the  number of expressed  mutations in the 
cell population  normalized for cloning efficiency, the 
second a  ratio of expressed  mutant cells to the total 
cell population. They  are equal in value only when all 
cells  in the population are growing at  the same rate 
and when the time  prior to selection is  less than or 
equal to  the expression time. At later times, MCF > 
MF. While experimentally  measured  differences be- 
tween these values at times equal to  or less than  the 
expression time would imply the  presence of slowly 
growing  mutants in the population,  a  more definitive 
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conclusion about  mutant  growth  rates  can  be  made 
from  differences in the mutation  rates in the two 
procedures. 

The mutation rate calculated from  the suspension 
protocol  did  not even equal  the  rate of X mutant 
production shown by the in  situ protocol, implying 
that some of the slower growing  expressed and/or 
unexpressed X mutants are also being  diluted  out. 
Thus,  the  mutant population sampled at any time 
after T F T  addition consisted of the faster-growing 
mutants  and  the recently  expressed  more slowly grow- 
ing  mutants. 

The mutation rate  at  the tk locus in  MOLY clone 
3 .7 .2~  cells has been reported  to be 0.1-1 X per 
division (CLIVE,  FLAMM and MACHESKO 1972; CLIVE 
and SPECTOR 1975). These values are similar to  the 
value of 0.75 X that we obtained in suspension 
cultures. The growth rate  and  the frequency of spon- 
taneous TFT' cells  in suspension that we obtained are 
also similar to  the values originally reported (CLIVE, 
FLAMM  and MACHESKO 1972).  Thus, it is unlikely that 
the revised mutation  rate of 37 X is due  to a 
change in  cell characteristics. 

The difficulties of using fluctuation analysis to de- 
termine spontaneous  mutation  rates of mammalian 
cells have been documented (KENDAL and FROST 
1988). The original Po method of fluctuation analysis 
did  not  take in to account  phenotypic expression time 
(LURIA  and DELBRUCK 1943). T o  obtain  an  accurate 
estimate of the  true mutation  rate, modifications to 
the original  method are required (KOCH 1982; LI et 
al. 1985).  For  example,  O'NEILL, BRIMER and HSIE 
(1  98 1) held Chinese hamster ovary (CHO) cells in a 
viable, division-arrested state to minimize the effect 
of phenotypic lag in the  measurement of 6-thioguan- 
ine resistant (6-TG') cells. The method is not yet 
applicable to  the  measurement of rates of tk gene 
inactivation in MOLY cells primarily because methods 
have not been developed to maintain nondividing 
MOLY cells. 

MORROW (1  975) collected estimates of  spontaneous 
mutation  rates in man and compared  them with mu- 
tation  rates  obtained  from cells  in culture. He con- 
cluded  that  mutation  rates  obtained  from cells  in 
culture  are generally  higher  than  those  estimated for 
man. The results  presented  here  support this conclu- 
sion. For  example,  recent  results in cancer  genetics 
have shown that  the  human  genome is subject to 
heterozygous  mutations  that predispose carriers to 
certain  tumors.  For  retinoblastoma,  these  carriers 
have one intact and  one defective copy of the Rb gene. 
The loss of the intact copy of the Rb gene  permits 
expression of the  tumor  phenotype (CAVENEE et al. 
1983). This second mutation is often associated with 
major  deletions or chromosomal loss. The rate  for  the 
somatic mutation in hereditary  retinoblastoma has 

been estimated to be 0.75 X 10"j  per division (KNUD- 
SON 1971, 1975). Wild-type L5178Y MOLY cells are 
heterozygous at  the tk locus and  are subject to  heter- 
ozygous deletions of the active allele. Yet, the muta- 
tion rate of 37 X per division for MOLY cells is 
substantially higher  than  that  reported  for retinoblas- 
toma.  However, we do not know if the discrepancy 
resides in differences in the  rates of formation of 
mutations or in processes of identification of mutant 
cells in vivo and in  vitro. In vivo, the  proportion of 
mutations at  the Rb locus that result in  visible, detect- 
able  tumors is not known, and it is possible that  the 
mutation  rates  estimated  for  retinoblastoma are low. 
In vitro, culture  conditions may increase  mutation 
rates. 

Investigators  interested in mutation  rates of various 
cell  systems (for  example, see SAGER  1988)  need  to  be 
aware  that  comparisons may be  inaccurate if different 
cell types have different  proportions of slowly growing 
mutants or if phenotypic expression time is ignored. 
The techniques commonly used (rates of accumula- 
tion of mutants and  the fluctuation  test) will tend  to 
underestimate  mutation  rates,  although  for  different 
reasons. The in  situ procedure immobilizes cells and 
keeps colonies intact until the  mutant colonies are 
counted.  This  procedure readily takes into account 
phenotypic lag and does  not  require that  mutant  and 
wild-type cell growth  rates  be  equal. All viable muta- 
tions will ultimately be  detected  as  mutant colonies. 

High TG' cell fractions  can also result  from  differ- 
ential  growth  rates of hprt mutant  and wild-type cells. 
NICKLAS et al. (1  988)  described an individual with an 
unusually high TG' T lymphocyte cell fraction  that 
was caused by the specific clonal expansion of a  mutant 
progenitor. The apparently high mutation rate  that 
would have caused this TG' cell fraction was anoma- 
lous because the  mutant  population  expanded at a 
rate  higher  than  that of the wild-type population. 

KNAAP and SIMONS (1983)  examined the effect of 
differential  growth  rates on  the X-ray-induced TG' 
cell fraction in L5 178Y MOLY cells at  the hemizygous 
hprt locus. They concluded that  there was no substan- 
tial effect although,  oddly, they detected substantial 
heterogeneity in growth  rates of induced  mutants. 
However,  preliminary results with CHO cells have 
suggested  that the recovery of mutations at  the hprt 
locus increases when the cells are immobilized during 
expression and selection (LEE, HENRY  and RUDD 
1989). 

The  L5 178Y MOLY forward  mutation assay at  the 
tk locus is used by many laboratories to assess the 
mutagenic activity of chemicals. A more  accurate as- 
sessment of mutagenic activity may be  obtained if the 
method  for  detecting  the  induced  mutations  incor- 
porates  the in  situ procedure. Use of  assays  in  which 
slowly growing  mutants are lost can sharply underes- 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/126/2/435/6006528 by guest on 25 M

ay 2023



442 C .  R. Rudd, D. S. Daston and W. J. Caspary 

timate the fraction of viable mutant cells  of both 
control and chemically treated cultures. A bimodal 
distribution of colony size  may not  be  required  to 
observe this dilution  effect. The mutation rate calcu- 
lated  for  the h mutants increased from 0.75 X 
mutations per cell  division  in suspension to 9 X 
mutations per cell division in the in  situ assay. This 
implies that many  of the X mutants  are growing  more 
slowly than wild-type cells and  are  diluted  out. We 
anticipate  that many mutant cells at  other genetic loci 
are likely to have a variety of growth  rates, and  that 
the development of additional in situ techniques  for 
analysis of mutation  rates is an  important goal. 

The  authors  thank  JAN  DRAKE,  HEINRICH MALLING and KEN- 
NETH TINDALL for reviewing  this manuscript. 
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