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ABSTRACT

Spontaneous resistance to 8-azaguanine in the

Chinese hamster cell- line CHWCI occurred at a rate in the
_L

order of 10 '/ceLl/generation with selection at 10 vg aza/mL

-â.or 10 " at 30 pg/ml after 42 hours mutation expression time.

The rate of 10-6 was also obtained if selecting media were

introduced without any inÈerveni-ng mutation expression time.

Exposure to methyl methanesulfonate (MMS) increased the

frequency rate twenty to fifteen hundred-fo1d while exposure

for one hour to N-methyl-N'-nitro-N-nit,rosoguanidine (MNNG)

did not result in any increase in the number of resistant

colonies.

Twenty-eight spontaneously derived resistant

colonies were isolated and studied for stability, leve1

resistance, and reversion to sensitivity. Twenty-three

colonies proved to be stable and five unstable in the

absence of the selecting agent. All colonies except two

showed levels of resistance from 45 pg to 100 ug aza/mJ.

One colony survived at concentrations higher than 100 Ug

aza/ml while the other could not form colonies above 15

Reversion to sensitivity as determined by single cell

survival in THAG presented the only means of separating

resistant colonies; four categories were distinguished.
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colonies had no growth in THAG medium, ten showed less than

30? survival, eight had greater than 50? sur,vival and four

were variable in response. Cell fusion between only the

colonies showing no growth in THAG indicated that they were

part of the same complementation group. Chromosome studies

dj-sclosed that twenty-one colonies had altered karyotypes

and that fourteen colonies were tetraploid. Neither karyo-

type changes nor tetraploidy were related to mode of selec-

tion or growt,h responses. f t was also shown that the

tetraploids were not preferentially selected over the

diploids upon selection with B-azaguanine. Evidence

presented suggests that only a sn..al1 proportion of the

resistant colonies can be the result of point m.ut.ations at

the HGPRT locus, while others may be accounted for by

regulatory mechanisms .
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1. TNTRODUCTION

Study of the genetics of somatic mammalian cel1s in
vitro is entirely dependent upon securing stabLe, well-
characterLzed, mutant phenotypes to serve as markers for
experimentation. This requirement is evident from the

significant contríbution made to the development of molecular

ano biochemical genet.ics by markers in microbial systems.

Genetic markers such as resistance and auxotrophy have been

used successfully to elaborate upon the chemical- basis of
inheritance, and the induction and molecular basis of
mutation. As a result many prokaryotes are better under-

stood than most eukaryotes. This is due primariJ-y to the

fact that bacteria are more easily manipulated experimentally.

Moreover interpretation of experimental results is made less

difficult because microbes are haploid organisms which

reproduce clonallyr so that changes in genotype are readily
recognized phenotypically.

The purpose of this investigation is an attempt to

deLermine the reliability ano validity of using resistance

to B-azaguaniner âfl anti-tumor drug (Tomizawa and. Aronow,

1960), as a genetic marker in mammalian somatic celIs.
Resistance to B-azaguanine was chosen as the marker because

of its association with defects or deficiency of the enzyme,



2

hypoxanthi-ne-guanine phosphoribosyl transferase (HGPRT, E.C.

2.4.28) which is known to be coded by an X-linked gene in man. on the

assumption that this locus may be sex-linked in all mammals,

a Chinese hamster cell line derived from a mal-e animal was

used as the experimental system and resistance to

B-azaguanine test^ed for suitability as a marker. The

features required of a good genetic marker are: (i) all or

none response to particular selective growth conditions,
(ii) unimpaired growth rate, plating efficiency and other

cultural properties under standard and selective growth

conditions, and (iii) genetic stability even under non-

sel-ective growth conditions (Szybalski and Szybalska, 1962).

These were the characteristics to be determined for the

B-azaguanine resistant colonies selected from a population

of B-azaguanine sensitive Chinese hamster cells. The in

vitro system is preferable to in vivo methods for this type

of study, because it provides a means of separating the

direct effects of selection from those effects promoted or

inhibited by organ-specific metabolisms of in vivo methods.

Selective methods analogous to those in microbial

genetics became available for use in mammalian somatic

cells through the efforts of Puck, Marcus and Cieciura

(1956). They established that a single isolated mammalian

cell can grow to form a colony of cells, making possible

the selection of mutants in a population of cultured cells,

in much the same way as that used in microorganisms. Four
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selective methods have been adapted to somatic cells with
success. They are3 mass selection, lethal growth, thymi-

dineless death and replica plating (Chu, 1970). Mass sel-ec-

tion is best applied when searching for resistance to
radiation and drugs. Lethal growth and thymidineless death

methods are lirnited to tire recovery of auxotrophs, whj-le the

replica plating meLhod makes possible the selection of con-

ditional lethal or radiation sensitive mutants.

Cond.itional lethals, auxotrophs, and resistant lines
to a number of chemicals have been identified in somatic

mammalian cel-ls by applying these various selection methods

to in vitro systems.

Temperature sensitive conditional lethal- mutants

have been isolated from monkey kidney cells by Naha (L969,

1970) and from mouse L-ceIIs by Thompson et al. (f970 , L97I).

Many auxotrophs, requiring amj-no acids and other

nutrilites are cited in the literature. De Mars and Hooper

(1960) selected glutamine-requiring HeLa cells by creating

thymine deficiency in a medium containing aminopterin,

adenine and glycine. While Kao and Puck (1968 ì 1972)

isolated auxotrophs requiring each of glycine, inositol,
thymidine ano hypoxanthine from a proline-requiring Chinese

hamster line, CHO (Xao and Puck I L967) . The BUdR and

visible light method. (euck and Kao, L967) was used for

enhancement of selection after growing cells in a medium

deficient in nine nutrilites. Similar requirements were
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d.emonstrated for another Chinese hamster cell line, y7g, by

Chu et al. (1969) who sel-ected and characterized auxotrophy

for L-glutaminer ând Chu et aI. (L972) who isolated cells
requiring each of glycine, uridine, purine and a combination

of glycine, hypoxanthine and thymidine. Tn addition to

these, sixty-one mutants that could. not use exogenous

galactose were also isolated. Other purine-requiring

mutants were isolated from the Chinese hamster line CHO by

Taylor et al. (197L) , and "glucose-independence" was studied

in human and Chinese hamster cell lines by Shapiro et al.
(1972a).

Investigations on resistance have been the most

prolific, stemming from the therapeutic uses of chemicals

and irradiation. In most instances resistance has been

correlated. wilh an enzyme deficiency. Resistance to

bromodeoxyuridine (eUan¡ and absence of thymidine kinase

activity was reveal-ed in mouse fibroblasts by Kit et al.
(1963). Littlefield (1965) isolated mouse L-ce11s that
were BUdR resistant and deficient in thymidine kinase. The

same association was illustrated in a Syrian hamster line BHK,

by Littlefield and Basilico (1966) , and in HeLa cells by

Kit et al-. (1966) " However, later studies by Breslow and

Goldsby (1969), and Clayton and Teplitz (L972) demonstrated

involvement of thymidine transport and intracellular

mosaicism for thymidine kinase with BUdR resist.ance. These

results together with the fact that BUdR is a known mutagen
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(Freese 1963, Drake 1969) make BUdR resistance unreliable as

a "genetic marker" for environmental mutagen screening.

Resistance to some other chemicals has been also shown to
involve something other than one simple enzyme deficiency.
Resistance to the anti-metabolite, aminopterin, described

by Biedler et al. (1963, 1965) in mouse L-cells and by

Orkin and Littl-efield (L97I) in the Syrian hamster line
BHK, may be due to defects of more than one enzyme. In
other cases there may be transport barriers, as demonstrated

for actinomycin D resistance in mouse L-cells by Kessel and.

I¡üodinski (1968) and in chinese hamster cells by Biedrer and

Riehm (1970). Puromycin resistance fits into a similar
category. This has been illustrated in mouse L-cel1s by

Lieberman and Ove (1959), in pig kidney cells by Harris
(L967, L97L) and Cass (1972) , and in frog cells by Mezger-

Freed (1971). In the latt.er two cell 1ines, resistance

appears to be due to ceIl density and to membrane

permeabitity of puromycin. Thus, it becomes apparent that

the choice of a selective agent for procuring a genetic

marker is of utmost importance.

Information on effects of B-azaguanine and other

purine analogues is extensive. Since the early 1950's when

purine analogues \^iere d.eveloped for treatment of certain
neoplastj-c disorders, they have been the subject of investi-
gation as to their mechanism of actj-on and the biochemical

basis of resistance in bacterial and mammalian celIs. The



followingi are analogues of purines:

adenine B-azaadenine, 2-azaadenine,
2-f luoroadenine, 2-aminoadenine
(2,6-diaminopurine)

hypoxanthine B-azahypoxanthine, 6-thiohypoxanthine
( 6 -mercaptopurine )

xanthine B-azaxanthine

guanine B-azaguanine, 6-thioguanine,
6 -thio-B-azagiuanine, 2-aminopurine

fn most there is only one atomic modification, mainly

nitrogen for carbon (aza) or sulphur for oxygen (tfrio¡.
Analogues with two such substitutions \isere found to be

inactive as inhibitors.

The focal point of this investigation is B-azaguanine

resistance, and therefore a number of studies in this area

will be discussed in more detail.
Law (1956) developed sublines of mouse leukemic cells

resistant to B-azaguanine, 6-mercaptopurine, 6-thioguanine

as well as to amethopterin. He found the resistance to be

stable, irreversible and hereditable in continued absence

of the selecting analogue, and therefore, concluded. that

"mutation and selection appear to constitute the mechanisrn

involved".

Lieberman and Ove (1959) studied B-azaguanine

resistance and puromycin resistance in what probably were

mouse L-cells. By alternating cultures into ful-1 growth

medium and then into medium with drug several times, they

isolated sublines resistant to a low level- of puromycin and
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a high lever of puromycin, and cells resistant to B-azaguanine.

They concluded that while puromycin resistance occurred by

two sequential mutations, B-azaguanine resistance involved

only a "one step" mutation, because no inLermediate levels
of B-azaguanine resistance !^/ere found. As in bacteria,
increased resistance to toxíc agents may or may not occur

in relatively small steps.

Anderson and Law (1960) found resistance to B-

azaguanine to be correlated with loss of HGPRT activity in
several bioJ-ogical systems.

Szybalski (1959), Szybalski et al. (196I) and

Szybalski and Szybalska (L962) isol-ated three resistant
sublines from the line D9B=, derived from human sternal
bone marrolr. Of the three sublines, Drr,/AG was B-azaguaníne

resistant, nn,/AGR was B-azaguanosine resistant, and D, g/eH

was B-azahypoxanthj-ne resistant. The HGPRT activJ-ty was

similar to that ir O9B" for Drg/Ae, partial in Drr,/AGn and

completely absent in D,B/AH. D9 g/eu reverted, regaining

only partial enzyme activity. They interpreted the results
as being due to single step mutations. D,,B/AG resul-ted

from a block in uptake of hypoxanthine and guanine prior to

ribophosphorylation, D9B/AGR from a partial btock of

ribophosphorylation of purines and their analogues, and

D,B/AH from a complete block of ribophosphoryJ-ation. D9B/AHR,

the revertant resulted. from a partial restoration of

ribophosphorylation .
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Differing levels of HGPRT activity were found also
to occur in mouse L-celrs by Lit.ttefield (1963), who studied
colonies selected at different concentrations of
B-azaguanine. At 0.3 0.1 ug/mr he isolated some colonies
that showed an int.ermediate revel of enzyme activity and

some with levels similar to the B-azaguanine sensitive,
parental cells. At higher concentratj-ons, 1 2 pg/ml the

colonies isolated. showed low leve1s of enzyme actj-vity.
Because the enzyrne characteristics of the resistant colonies
were similar to those of the parental type, he concluded

that a decreased amount of normal enzyme was produced, which

may have been the reflection of the variability in the

chromosome number.

Morrow (I970) also studied B-azaguanine resistance

in mouse L-ce11s and obtained similar results. He isorated
resistant colonies at 0.005 - 0.2 Ug B-azaguanine/ml and.

then subjected these colonies to a higher concentration,

0.3 3.0 Vg/mI. The colonies isolated at the lower con-

centration had leve1s of HGPRT activity intermediate to
those found in the parental line and to colonies selected

at the higher concentration. The colonies selected at the

higher concentration were stable but revertants from these

and the colonies with intermediate enzyme levels returned

to a sensitive state after about a month in nonselective

medium.

Two levels of HGPRT activity have been illustrated
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for B-azaguanine resistance in human fibroblasts and j_n a

chinese hamster cell line. Arbertini and De Mars (1970)

isolated two resistant colonies from human fibroblast
cultures derived. from two normal males, and compared the
levels of HGPRT of these cells to azaguanine sensitive and

to known HGPRT defici-ent human fibroblast strains. The

resistant colony from one individ.ual had an enzyme level
similar Lo the known FIGPRT deficient, whire the other
resistant colony from the second donor showed an inter-
mediate enzyme level. cillin et al. (1972) isolated thirty-
five spontaneous and induced azaguanine resistant mutants

from the chinese hamster line, y7g. These mutants were

characterízed as to HGPRT activity: sixteen showed no

activity, five had detectable activity, and the remaining

fourteen demonstrated significant activity.
Data from the biochemical assays of HGPRT in

B-azaguanine resistant cells indicates that there is not an

all or none response to this drug. Moyed (L964) presented

various biochemical mechanisms of drug resistance, citing
examples from microbiar studies. Drug resistance has been

illustrated to involve enzyme inactivation (detoxification)
of the drug; impermeability of the drug due to defects in
membrane or carrier systems; altered sensitivity of enzymes

to drugs by competitive enzyme inhibit.ion or alteration of
endproduct sensitive enzymes; increased production of
sensitive enzyme; elevated production of compet,it,ive
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substrate; induced phenotype resj_stance; and decreased con-

version of the drug to an active compound. Al1, except

perhaps the last two mentioned are more regulatory phenomena

than gene mutations, a dj-stinction which is usually difficult
to make.

Induced phenotype resistance may involve either
regulation or mutation. rt is indj-cated when cells remain

"resistant" as long as the analogue is present, but regain

sensitivity after several generations in noninhibitory
medium. This state was recognized by the effect of
2-lh|azolearanine, an analogue of histidiner on Escherichia

coli. Three classes of resistance \úere apparent. "Resis-
tant cells", while in the analogue medium, contained

elevated leve1s of enzymes in the histidine pathway. Thus

with the resulting higher levels of these enzymes, a new

stead.y-state rate of growth was achieved despite the presence

of the drug¡ ârr example of derepression by 2-Lhiazolealanine.

These resistant ce1ls regained sensitivity to the drug after
five to six generations in drug-free medium. A I'red.uced

sensitive mutant" demonstrated a reduced response to the

derepression by 2-Lhlazolealanine and a "completeJ-y

insensitive mutantl' showed no response whatever to
2-Lhiazolealanine. While the first class represented a

ilphenotypic shiftI the other two represented selection of
genetic variants.

Resistance caused by d.ecreased conversion of a drug
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to an active compound would be demonstrated if a defect

existed in the incorporating or converting enzyme. This

type of resistance is genetic and resistance to purine and

pyrimidine analogues have been due to this. B-azaguanine,

B-azahypoxanthine, and 6-thioguanine show no effect on cells
which have a defect of, or deficiency in HGPRT. Cells do

not require preformed purines or pyrimidines because of the

presence of a de novo synthetic pathway and therefore can

grovr without exogenous supply. However, there is an alter-
native pathway by which purines and. pyrimidines can get

incorporated, and converted into nucleosides and nucleotides

under the activity of nucleotide pyrophosphorylases, or

nucleoside phosphorylases and nucleoside kinases.

Analogues can be picked up by these enzymes in some cell
systems, producing a l-ethal ef fect

Brockman (f965) investigated the mechanism of

resistance to purine analogiues in experimental leukemia

systems. He established that B-azaguanine was metabolized

to azaguanine ribonucleotides in sensitive mouse cells but

not in B-azaguanine resistant cells (Brockman et al. 1961).

Sensitive cells incorporated much more B-azaguanine-2-14c

into nucleic acids than did resistant cells. Inhibition of
azaguanine degradation with 4-amino-5-imidazolecarboxamide,

did not alter the incorporation pattern of the resistant
tumors but. d.id increase incorporation of B-azaguanine-2-14c

into nucleic acids of sensitive tumors. 4-amino-5-imidazole-



I2

carboxamide inhibits deamination of azaguanine by guanase to
azaxanthine (Mander and Law, 1954). He arso showed that
B-azaguanine resistant cells did not form guanylic,

azaguanyric and inosinic acids, while conversion of adenine

to adenylic acid was retained. A subrine was developed in
the presence of a row level of 6-thioguanine, which did not
exhibit loss of enzyme capacity. Ho\n/ever, a more highly
resistant subline showed a greatly decreased pyrophosphory-

lase activity. He concluded that resistance rnechanisms vary

and are dependent to some extent on the selection pressure

used.

It has been established that resistance to analogiues

of hypoxanthine and guanine is correlated with HGPRT

activity. This enzyme, catalyzes transfer of the

5-phosphoribosyr moiety of 5-phosphoríbosyl-l-pyrophosphate

(PRPP) to hypoxanthine and guanine to form inosine monophos-

phate (fVin¡ and guanosíne monophosphate (cMp). In bacterial
cells there is a separate enzyme for hypoxanthine and for
guanine, in mammals there is one for both these purines

and a separate one, adenine phosphoribosyl transferase
(APRT) for adenine (Krenitsky et al., 1969).
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A schematic

presented below.
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The steps from PRPP + glutamine to formation of fMP,

the de novo pathway, can be blocked by aminopterin.

Aminopterin is an antagonist of folic acid, disrupting

single-carbon transfer reactions by inhibiting folic acid

reductase. It blocks the addition of carbons 2 and B d.uring
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purine biosynthesis, as well as the addition of the S-methyl

group in thymidylate synthesis (ne Mars, I97L). Eagle and

Foley (1956) demonstrated that mammalian cells \^iere unable

to proliferate in medium containing aminopterin or

amethopterin. The growth inhibiting effects however could

be reversed by the addition of hypoxanthine, thymidine and

glycine to the medium (Hakala, 1-957 ¡ Hakala and Taylor,

1959). The aminopterin block creates a requirement for

exogenous purines and a pyrimidine, therefore addit'ion of

thymidine leaves a specific requirement for adenine and

hypoxanthine. By supplying one of t^hese, cells survive

and grow, incorporating the bases via "salvage routes".

Therefore, in a medium containing aminopterin, thymidine

and hypoxanthine cells with HGPRT will grow, but cells

deficient in HGPRT will not. Thus it is possible to select

cells with HGPRT in a large population of cells deficient

for the enzyme. Moreover, in a medium containing azagiuanine,

cells with HGPRT will not girow but cells deficient for the

enzyme will, making it possibte to select HGPRT deficient

ce1Is. This system therefore permits selection of

azaguanine resisLant cells and cells which have reverted

to sensitivity.
Nucleotides may be incorporaÈed into nucleic acids

or degraded to guanine, hypoxanthine and adenine. These

purines may then be further degraded to uric acid for

secretion or reincorporated into the nucleotide pooI. There
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are two enzymatic

(i ) via

pathways by which this can occur:

HGPRT for hypoxanthine and guanine, and
APRT for adenine

nucleoside phosphorylases and nucleoside
kinases.

(ii ) via

These two path\^lays are referred to as the "salvage

routes". The first appears to be more prominent than the

second, as is suggested by the work of Kelley and Meade

(1971) who could not detect guanosine kinase in fibroblast
extracts. Also, the importance of the first "salvagie route"
is emphasized since a deficiency or defect in HGPRT in man

gives rise to the Lesch-Nyhan syndrome (Lesch and Nyhan,

L964). This disorder is characterized by hyperuricemia,

cerebral dysfunction, self-mutitation behaviour, and

virt.ually total deficiency of HGPRT (Seegmiller et al.,
L967). Patients with a partial deficiency of HGPRT have

hyperuricemia and may have renal stone disease or gout, but

do not have central nervous system abnormalities (xelley

and Meade, I97L).

The syndrome is X-linked recessive (Seegmiller et al.
1967) , and therefore, because of X-inactivation, heterozygfous

females may be identífied by the presence of two cell
populations, one with normal enzyme activity and the other

with enzyme deficiency (Migeon et al., 1968; Salzman et al.,
1968 ) .

Sperling et al. (I97I) reports that in brain tissue

there is absence of IMP and GMP synthesis from hypoxanthine
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and. guanine via the nucleoside phosphorylase--nucleoside

kinase pathway, making HGPRT the main salvage pathway. This

perhaps accounts for the neurological disorders noted. in the

Lesch-Nyhan syndrome in which HGPRT is deficient. patients

with a partial deficiency of HGPRT hov¿ever do not demon-

strate neurological disorders (Kogut et aI., I970) perhaps

because a substantiar íncorporation of hypoxanthine and

guani-ne could still occur in nervous tissues.
Biochemical properties have been determined for

human HGPRT. Krenitsky et at_. (L969) purified. HGpRT 50-fo1d

from a lysate of human erythrocytes and determined. base

specificity. while Arnord and Kelley (1971) purified the

enzyme to homogeneity from human erythrocytes from one mare

donor, they determined a molecular weight of 68r000 and

posturated 2 subunits having identical molecutar weight and

net charge. Three isoenzymes \^/ere identified using

preparative isoelectric focusing. They explain that
electrophoretic heterogeneity may result from a non*

genetic, post-transcriptional alteration of one or both

subunits. Since the enzyme is sex-linked and was prepared

from a single male donor it can be concluded that these

cannot be products of allelic aenes. A1so, the isoenzymes

did not differ immunologicatly or catalytically and had the

same molecular weight. Rubin et al. (1971) purified HGpRT

7000-fold from human erythrocytes and. prepared antisera in
rabbits and rats against the purified enzyme. A comparison
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of the immunological result obtained from a normal

erythrocyte lysate with those results from lysates of five
Lesch-Nyhan patients, showed that in the patients HGPRT was

synthesized in essentially normal amounts, but it l_acked

catalytic activity. They concluded that the defect of
HGPRT in the Lesch-Nyhan syndrome is due to a mutation in
a structural gene and not due to the deletion of a struc-
Èural giene or d.efect in a regulatory gene. In the course

of puri-fication of the enzyme, they also produced evidence

for isoenzymes of I{GPRT in normal erythrocytes. This is
expected since heterogeneity is welr established for other

proteins.

Recent reports have identified heterogeneity of the

defective or deficient HGPRT in patients. The first such

report was made by McDonald and Keltey (1971), in which

they discussed the altered kinetic properties of HGPRT

from a Lesch-Nyhan patient. Kelley and Meade (197I)

studied fibroblast cultures from eleven patients with the

enzyme d.eficiency; eight of these dj-splayed different
stability and kinetic properties. Three types \^/ere identi-
fied according to product inhibition and thermal stability:

(i) resistant to product inhibition; thermal
labile

(ii) product inhibition normali thermal stability
normal

(iii) product inhibition normali thermal Iabile.
The HGPRT locus gives rise to three phenotypic
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expressions in the human population, normal, partial and

deficient, each related to the level of catalytically
active enzyme present. Biochemical characterization has

revealed the occurrence of isoenzymes j-n "normal" HGPRT and

altered stability and kinetic properties of some "deficj-ent"
HGPRTS. Induced mutagenesis at this locus could. provide

insight into the type of alterations that could produce some

of the variant ("mutated") HGPRTs. Specificity of certain
mutagens has been observed in the induct,ion of reverse

mutations in Escherichia coli, Neurospora crasa and rII
region of Tn phage (Freese, 1961). Each mutagen has certain

chemical properties and is expected to induce only certain

base pair changes to the exclusion of others. Extensive

reviews on mechanisms of mutations are given by Freese

(1963), Drake (I969) and Röhrborn (1970).

Freese (1963) gives the following definition of a

mutatj-on: I'I{utation is any hereditary alteration in the

information content or in the distribution of the hereditary

material in an orgianism, a cell or a virus which cannot be

attributed to polyploidy or to recombination". Mutations

lead to changes in morphology or biochemical characteristics.
From studies of microbial systems primarily, mutations have

been classified into two major types; point mutations and

chromosomal aberrations (Auerbach, L967; Auerbach and

Kelley, L97L) .

Point mutations are intragenic "microlesions"
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brought about by replacements otr substitutions of bases r âs

follows:

transition the replacem.ent of a purine by another
puriner or a pyrimidine by another
pyrimidine;

transversion the replacement. of a purine by a.
pyrimidine, or pyrimidine by a
purine;

frame shift the deletion or insertion of a single
base, moyì-ng the triplet code one
ase.

Therefore, a change of just one nucleotide pair is respon-

sible for a mutant phenotype.

Chromosomal aberrations are intergenic "macrolesionsr'.
They arise from chromosome breakâge, of which at least
90-992 rejoin in original order while the remainder may

rejoin to give rise to either intra- or inter-chromosomal

rearrangements.

Recombination patterns of mutants provides one way

of identifying the type of mutation that occurred. For

example, considering mutants of the same phenotype: if one

can recombine with all others but one, it is probably a

point muLation and can usually revert to the original
phenotype. But, if the mutant cannot recombine with at
least two other mutants, which in turn recombine with each

other, it contains a J-arge genetic alteration. Such a

mutant does not revert to the original genotype and rarely
to the original phenotype. However if iL does revert to a

phenotype similar to the original, it is usually due to a
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suppressor mutation. A suppressor muLation may occur in the

same functional region as the originar mutation or at some

other region; it counteracts the change brought about by the

original mutation.

Various agents have been applied to induce

B-azaguanine resistance in chinese hamster cells (chu and.

Malling, l-968¡ Bridges and Huckle, IgTO; Arlett and potter,

I97I; Arlett and Harcourt, L972; Shapiro et al., I972b;

Gillin et aI., L972). Two known chemical mutagens, methyl

methanesurfonate (MMS) and N-methyl-N' -nitro-N-nitrosoguanJ--
dine (¡¿N¡le) were used for preliminary introduction to the

selection method for obtaining resistant cell-s. Both are

alkylating agents, and in bacteria induce transitions
primarily by alkytating guanine at position 7 which in turn
pairs erroneously with thymidine. The result being a G-C

nucl-eotide pair substituted by a T-A pair (Freese Lg6L,

1963). However, the alkylated. base may be deleted,
producing a gap into which any of the four bases may be

incorporated opposite the gapr resulting in a transition,
transversion or reinstatement of original base pairs.

Induced mutation both forward and backward at

specific aene loci, and identification of the mechanism

involved in each case would be one of the prime achievements

of somaLic cell genetics.

If B-azaguanine resistance is to be a genetic

marker, and before proceeding with induced mutagenesis and



21

extensive biochemical characterization, iÈ is necessary to
establish whether distinguishable "phenotypes" in spontaneous

azaguanine resistant cells occur in an in vitro system. T

propose to make such an evaluation by selecting azaguanine

resistant colonies from a male chinese hamster cell- line
and determi-ning for these coronies the folrowing charac-

teristics: stability of resistance, cytotoxicity to drug.

d.oubling time in selective and nonserective media, plating
efficiency in aminopterin medium, chromosome constitution,
and complementation.



2. Materials and methods

2.I CeIl line
A Chinese hamster cell line (CfiW¡ v¡as established

in 1968 by Lin et al. (L97L) at the genetics laboratory,
Childrenrs Hospital, Winnipeg. It was derived through

spontaneous transformation in culture of skin fibroblasts
from a male Chinese hamster. The line is pseudodiploid,

with a modal number of 22, and shows little change from the

normal karyotype. In CHW, two karyotypes are distinguished,

Type I which has two chromosome markers and. Type 2 with
three chromosome markers. At passage L25 the line was

cloned and a line constant for cell Type I was isolated. A

clone, designated CHWCI was selected and has been the line
used throughout this study.

2.2 Media

2.2L growth medium

The medium used in culture maintenance, ¡4ENAFCI0,

vras prepared from Eagles Minimal Essential Medium Earle's

base (Schwarz Bíoresearch), nonessential amino acids, sodium

pyruvate and 10? fetal bovine serum (Microbiological

Associates). Antibiotics were included in the medium,

0.1 mg/ml streptomycin sulphate and 100 I.U.r/ml penicillin

G sodium. To ensure constancy in the formulation of the

22
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medium, only two rot numbers of each of these components

were used. One lot number of fetal bovine serum \¡^zas used

during the period when cHVücl was monitored, which was con-

current with the mutation frequency experiments and the

characterization of isorated coronies. This effort to keep

all growth factors constant was important, since Albertini
and De Mars (1970) reported that fetal- bovine serum contains

substances that antagonize the inhibiting effect of
azaguanine, and Kelley and Meade (L97L) demonstrated that a

low level of HGPRT (1.3 2.2 n moles/mg protein/hour) was

consistently found to be present in fetal bovj_ne serum.

MENAFC1O was made up in 5 or I0 1itre batches,

sterilized by filtration, dispensed in 200 and 500 mI

aliquots and stored at -20o C. The medium was thawed as

required and. unused portions stored in a refrigerator at
4o c. Fresh batches \^/ere prepared at 3 to 6 week intervals,
and each checked against the previous batch for growth main-

tenance by plating efficiency, which varied from 60 BOU.

2.22 selective media

Selective medium containing B-azaguanine (aza) was

prepared by adding the drug at various concentrations to

MENAFC1O just prior to use. B-azaguanine (Catbiochemicals)

was made up as a stock solution at 0.01 M in deionized water,

sterilized by filtration, dispensed in I to 2 ml aliquots

and stored at -204 C. To ascertain thaÈ the B-azaguanine
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medium \,vas non-toxic for FIGPRT def icient cells, f ibroblasts
from a Lesch-Nyhan patient were grown in it. The results
are outlined in Appendix I.

Two formulations of the medium THAG were prepared

by adding thymidine (Sigma), hypoxanthine, glycine (Calbio-

chemicals) and aminopterin (Nut.ritional Biochemicals) to
MENAFC1O in the following' concentrations:

-tr1.6 x 10 -Mthymidine

hypoxanthine

aminopterin 4

glycine

-/l10 =M

-1x I0'M
L10' M

3.2 x

to-6¡,i
-!IO -M

to-6¡¿

10 'M

The first THAG is simirar to'that used. by Littlefield (1963)

and the second by chu et al. (1969). Al1 chemj-cals vrere

stored at -204 c as concentrated stock solutions made up in
deionized water; thymidine at I.6 x tO-31,i, hypoxanthine at

-) -tr1.0 x I0 ^M, aminopterin at 4.0 x 10-'M, and glycine at
1.0 x tO-2}t. For the preparation of THAG, the chemicals

\,rere added to MENAFCIO prior to filtration, after which it
was dj-spensed in 200 and 500 ml aliquots and stored at

-20o C. Each new batch of THAG was tested by plating
efficiency against the previous batch.

2.3 Culture techniques

2.3L routine culture maintenance

Cultures were grown in I0 m1 of medium in B oz.

glass milk dilution bottles or in 1"00 mm disposable plastic
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petri dishes (Falcon). Disposable plastic pet.ri dishes were

used in all experiments in this study. The cultures were

incubated at 37o C in 100? humidity and 5Z COZ in air. Sub-

culturing v;as carried out twice a week. Each culture was

rinsed twice with 2 ml 0.053 t.rypsin in phosphate buffered

saline, and the cells detached and removed in I ml trypsin.
Approximately 0.1 mI was used for reseeding a new culture.

CHWCI was monitored in MENAFC10 and THAG for a six
month period. by initiating cultures with I 1.5 x 105 cells
and determining the total cell count at each subculture.

2.32 plating efficiency
Two day o1d cultures \^iere used in plating effici-

ency experiments to ensure that cells \,vere in the log phase

of growth, and unsynchronized. Cultures !\iere trypsinized,
suspended in MENAFCIO and count.ed, using a hemacytometer.

A cell suspension containing 2000 cells/ml was prepared

and 0. I ml inoculated into each 35 mm dish containing 1 mI

medium. The dishes \^/ere incubated for 5 to 7 days, and the

experiments terminaLed by decanting the medium and fixing

the colonies for 15 minutes in 10? formalin. The dishes

\rüere stained for 15 minutes with crystal violet, rj-nsed

with tap water and allowed to dry. The stained colonies

were counted visually and the plating efficiency per cent

\^ias calculated.

For determination of cytotoxicity, cells were
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initiarly seeded into MENAFCI0 and incubated for 4 hours to
allow attachment of cells. The dishes were then randomized

and put into treatment blocks. MENAFC1O was suctioned off
and replaced with I mr of test medium. The incubation \^zas

then continued for 5 to 7 days.

2.33 growth curve for CFIVTIC1

Forty-five 100 mm dishes were seeded with 5 x 105

ce1ls in 10 mI MENAFCIO. CelI counts were done at 6 and

L2 hourly intervals for 72 hours. Five replicates were

selected at random for each time period. Average cell
counts were plotted on semi-Iog graph paper.

2.34 selection, isolation and cloning of resistant
colonies

selection

The meLhod used was similar to that developed by

Chu and t{alling (1968). Two-day old cultures maintained in
THAG were trypsinized and the cells \,úere seeded at I.25 x

|O'/LO0 mm dish in 5 ml MENAFCI-O. After 4 hours incubation,

the medium was discarded and replaced in half of the dishes

with 10 mI fresh MENAFClO/dish, and in the other half with
l0 ml azaguanine selective mediumr/dish. For induction of
resistance, mutagen treatment preceded. this sLep. Serum-

free medium with and without mutagen vras put in the dishes

and after a further incubation of I or 2 hours the media

were discarded, each dish rinsed twice with serum-free
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medium, and. repraced with MENAFCIO and selective medium.

Following a 42 hour incubation (mutation expression time)
azaguanine medium replaced the media in all dishes. The

medium was changed thereafter every 3 or 4 days for 11 to
L4 days. The resulting colonies were isolatedr or fixed,
stained and counted.

isolation
rndividual colonies were picked using stainless

steel cylinders for encircling each colony. cerls \^iere

dislodged with about 5 drops of trypsin and dispersed in
medium containing 10 p,g aza/ml in 35 or 60 mm d.ishes,

depending on the size of the colony. The medium was

changed every 3 or 4 d.ays and the surviving coronies were

maintained routinely.

cloning

Two-day o1d cultures were trypsinizeð,, the cel1s

suspended and counted. A suspension of 10 ce1ls/m1 was

prepared and 0.1 m1 of this suspension was inoculated. into
each well of a microtest plate (palcon). The microtest
plate was incubated unt.il colonies t^/ere large enough to
pick, about 5 days. Medium \^ras removed and replaced with
trypsin. The dislodged cells \^iere picked up with a

pasteur pipet and suspended in 2 ml medium per 35 run dish.

2.35 cell fusion

The procedure used was based on the method
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described by Davidson (1969). Briefly the steps were:

Day 1: The cells were trypsinized, counted and suspended in
MENAFCI0, and mixed in a 1:l ratio giving a total of
2 - 5 x 105 cells in 2 mI MENAFC10/35 mm dish. They

were then incubated for 24 hours.

The medium was discarded and each dish rinsed twice
with 2 mI serum-free medium. The di_shes \,vere

placed in a cold room at 4a C during the second

wash. After 10 minutes the medium \,ras discarded

and 0.3 ml inactivated Sendai virus (Connaught

Medical Research laboratories) diruted. 1:5 in cold
serum-free medium, was added. to each dish. The

dishes were left for an additional 15 minutes at
4o C. Each dish was then rinsed twice with serum-

free medium and. incubated in 0.3 ml serum-free

medium for 10 minutes. Following incubation, 2 mI

of MENAFC10 hias added to each dish, and incubated

for 24 hours.

Day 2:

Day 3: The cells in each dish were trypsinized and dituted
in THAG medium to a density of 105 cell,/ml. I ml

of this suspension was added to 3 mI of THAG,/60 mm

dish, with 5 or 10 replicates for each original
35 mm dish.

The medj-um was changed every 3 or 4 day.s. Af ter about 14
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days when distinct colonies were visible, the dishes were

fixed with 10? formalin, stained with r? crystal viol_et and

counLed.

2.4 Estimation of doubling time

2.4I regression line method

CelI densities of 6 x tO4/ø0 mm dish or 5 x fOSrzfOO

mm dish were set up and cell counts were carried out at
specific intervals on 3 or 5 replicates selected at random

at each time period. A computer program for simple linear
regression was used to ca]culate the intercept (b) and the
slope (m). These values were substituted into the formula

for a straight line ¡ y = mx * b, to solve for y (number of
cells) when x (hours) is given. Regression lines \^iere

drawn on semi-log graph paper and the doubling ti-me esti-
mated..

2.42 in mass culture
During routine culture maintenance, the total ceIl

count (Na), the cell inoculum for each new culture (No) and

the time of subculturing were recorded for 6 months for
CHWC1 and 5 weeks for resistant colonies.

This data was subst.ituted into the formula Nt =
^cf2r * No, to solve for g, the number of generations. The

number of hours, t, from one trypsinization to the next,
r^/as divided by g to give the approximate doubling time in
mass culture.
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The working formulae r¡¡ere:

locr N

q
1og 2

doublinq time - t
-g

2.5 Estimation of mutation frequency and rate

2.57 mutation frequency

The number of resistant colonies per number of
surviving cells was used to estimate mutation frequency (F).

2.52 mutation rate

Calculation of mutation rate has most frequently

been made from the fluctuation test for spontaneity of
resistance (l,uria and Dellbruck, l-943). The mutat.ion rate

can be calculated by predictíng a Poisson distribution of
the number of mutants and determining the fraction of
cultures showing no mutations. This fraction, Po, is equal

to e-m, from which the average number of mutations, m, may

be determined., and hence the mutation rate from the equation

m = a(N- - N_); where 'a' is mutation per cell per genera-'t o' --- !-

tion, N, the number of cel1s per sample at the time of't

observation, and. No the number of cells per sample at

initiation of experiment. The equation states that the

number of mutants which occur during any finite time inter-

val is equal to the chance of mutation per cel1 per time
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unit m.ultipried by the increase in the number of cells. The

cells which mutate during any time element form a random.

sam.ple of the cells present at that tirne and will be

ind.ependent from those cerls which mutate in different time

intervals. All mutations will show a poisson distribution.
However, this cannot be verified directly since the number

of mutant ceIls in a culture is not just the number of
mutations which have occurred, but also incrudes cells which

have arisen by multiplication from the original mutants.

The number of these depends on how far back the mutat.ion

occurred. Therefore an average number of resistant cel-Is

is obtained by noting that this number increases because of
new mutations and growth of mutant cells from. previous

mutations. This adjustment is integrated, and provides

the formula (equation B from the Luria Deilbruck fluctuation
test) :

r = a Nt t6ge (Ca wt) ,

where r = average number of mutant cells in a limited
number of samples

a = mutation raLe/Locus/generation

Nt = number of cells per sample at the time of
observation

C = number of samples.

Capj-zzi and Jameson (lgZS) have simplified the

calculation by multiplying both sides of the equation by c,
so that the equation becomes; Cr = CaNt loge (CaNt) and Cr
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becomes a function of CaNt. By means of a computer program

they have constructed a table of values of CaNt as a

function of Cr at uniform increments in Cr, for values of

Cr from I.0 to 9800. This table was used in calculat.ion

of mutation rates.

The working formula for calculating m.utation rate
(a) lvas:

CaNt= = 

-
CNt

CaNt was obtained from the CapLzzi Jameson table for the

value of Cr, the total number of colonies, since C is the

number of dishes and r the number of colonies per dish. Nt

was the number of cells per dish at the time when the

sel-ective agent was introduced.

2.53 number of survivors

Two methods were used to estimate the number of

surviving celIs. For the first method, a plating efficiency
\,vas set up simultaneously with the selection experiment, ât

the beginning using the same cell suspension, or after the

initial 4-hour incubation using the cells from randomly

selected 100 mm dishes seeded at L.25 x 105 cells. The

second method was to determine the total cell counts for
each of three randomly selected 100 mm dishes after  -hours

incubation and 42 hours mutation expression time.

2.6 Chromosome studies

Two-day oId cultures \¡/ere used for the preparation
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of chromosome spreads. col-cemid was add.ed to a f inal con-

centration of 0.05 vg/mr, and the cultures incubated for a

further 2 lo 3 hours for metaphase accumulation. Two

methods were used to obtain chromosome spreading, the
suspension technique (notrrtels and siminovi_tch, l95g) and

the in situ technique (Cox and Ray, I97L).

2.6L suspension technique

The cells were detached with trypsin and suspend.ed

in 12 mI hypotonic culture medium (1 part MENAFCIO : 5 parts
deionized water). Cells were left in hypotonic medium in a

37o c water bath for 15 minutes, then centrifuged at loo0

rpm for 15 minutes. The supernai.ant was d.ecanted and the

cell button dispersed by gentle but rapid tapping against
the palm of the hand. About B ml of fixative (1 part
glacial acetic acid : 3 parts methanol) was added slowry

with continuous shaking. The suspension was centrifuged at
1000 rpm for 10 minutes, the fixative decanted and fresh
fixative added, the volume adjusted to obtain the desired
cell density. stides were prepared by pipetting the cell
suspension dropwise on a crean, wet microscope slide. The

excess suspensi-on was drained and the slide allowed to air
dry. spreading of the chromosomes was sometimes enhanced

by drying the slide with blowing or flaming.

2.62 in situ technique

Cells to be used for this technique \^/ere set up in
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60 mm dj-shes. Two days after seeding, the cultures hrere

treated with 0.05 vg/mL colcemid and incubated for 2 to 3

hours. The medium was discarded and replaced. with 4 ml of
hypotonic curture medium. After 3o mj-nutes of incubation,
1 ml of fixative was added dropwise to the dish. After 2

minutes, half of the hypotonic fixative mixture was replaced
with fresh fixative, and after a further 2 Lo 5 nrinutes was

replaced completely with fresh fixative. This was discarded

after 10 minutes and the dishes vüere arlowed to air dry,
during which time chromosome spreading occurred. The

preparations were hydrolyzed with 5N Hcr for 10 minutes at
room temperature, washed well with tap water, stained with
Lz aqueous cresyl violet for 15 minutes, pâssed through Taeo ¡

952 and absolute alcohol- and air dried.

2.63 chromosome counts

The first 100 metaphases selected by a 40X objec-
tive, \¡/ere recorded as 2n or 4n to give level of ploidy.
From these 100, ten spreads were selected at random and

photographed. chromosome analyses were completed on the
photographs and karyotypes prepared of representative types.



3. Characteristics of parental cell 1ine, CHWCI.

The origin of GHWCI has been presented in section
2.1. rn this section the stability as to growth rate and

chromosome constitution is described. At passage 19, the

modal cells composed B9Z of the population, and. the

karyotype was that of Type I (Lin et âI., 1971). Thirty
vials, each containing cells suspended in I mt of 10?

gþcerol in MENAFC1O were stored at -70o C and in 1iquid
nitrogenr âs stock cultures.

3.1 Growth responses

The procedure used in routine culture proved to be

a reliabre technique for maintaining stability of cerl
growth in mass culture. Tn Table I are ceIl counts for a

three week period. The counts remained within this range

throughout the six months of monitoring always showing lower

recovery in THAG t.han in MENAFCIO.

3.10 growth curve and doubling time

fn cultures seeded at 5 x 105 cells/100 mm dish/IO

ml MENAFC1O the end of log phase occurred about 60 hours

after seeding (Fig. I). At this time there were approxi-

mately L.2 x 106 ceLLs/dish representing a confluent curture
in which the celIs were contiguous. Thereafter additional
ceIls roll-ed of f into the medium. After 72 hours, the cells

35
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TABLE I. Total number of cells, from consecutive
counts in a three week period, fgom
cultures initiated with 1.5 x 105 cells
in MENAFCI0 and THAG, after 3 days and
4 days growth.

Total- number of cells x 106

MENAFCIO THAG

3 days

4.0

4.6

4.2

3.4

3.0

5.2

4 days

12 .4

t.3

8.0

9.0

8.2

7.0

3 days

1.6

1.5

2.r
1.3

1.6

1.6

4 days

2.0

2.7

2.2

2.6

2.6

1.8



FIGURE 1. Growth curve of CH!{Cl.
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became microcytic and. pycnotic, reflecting deptetion of the

medium and perhaps accumulatj-on of metabolites.

Regression lines (Fig. 2) Ì¡/ere drawn from the

calculat.ions of three independent experiments (Appendix II).
Estimating from these lines the doubring time was found to
be 10 hours in one experiment and 12 hours in the other two.

3.I2 cytotoxicity of B-azaguanine

The mean plating effj-ciencies from two experirnents

on cytotoxicity of B-azaguanine are given in Table 2. It
appears that concentrations of the drug up to I Vg/mL have

little effect on the surviva] of CHWCI. But, concentrations

in excess of I Vg/mL produce a sharp decline in survival
(Fig. 3 ) .

Colony size was noted to change at 2.5 Vg/mI. At

this concentration the colonies lrere half the diameter

observed in lower concentrations.

3.13 plating effíciency in THAG media

The two formulations of THAG (Sec. 2-2) \^rere

tested, and the average plating efficiencies of four experi-
ments are given in Table 3. Since THAGL depressed plating
efficiency by 35U or greater, THAGC was the medium used

throughout this study.

To ascertain that aminopterin did block de novo

purine synthesis, medium TAG was made up similar to THAGC,

except that Èhe hypoxanthine was omitted. This medium



FIGURE 2. Regression lines and doubling time for
CHWCI.
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TABLE 2. Plating efficiency of CHWCI at varying
concentrations of 8:êza,guanine.

pg aza/m.L
o 0.1 0.5 1.0 2.5 5.0 7 .5 10. O

72.8 76.8 76.9 72.9 49.1 0 0.1 0

84.1 81.5 72,5 76.0 59 .5 0 .15 o o

TABLE 3. Platinq ef f iciencv of CHt¡ICl in
MENAFCÍ0, THAGC ai.'¿ lriacl

MENAFClO

7l-.4

63.0

82 .4

65.7

THAGC

63.7

48.6

82.5

62.8

THAGL

41. s

4.6

s3.6

39. B

TIIAGC Chu et al. (1969 )

THAGL - Littlefíeld (1963)



FfGURE 3. Cytotoxicity of 8-azaguanine to CHWC1

(two experiments).
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failed to support growth; the plating efficiency \^/as:

MENAFC10 '7 4.4e"

THAG

TAG

74.32

0u

3.2 Chromosome studies

The diploid component was found to vary from

87-952 of the cel1 population. The modal karyotype (Fig. 4)

remained unaltered throughout the entj-re study. A morphological
distinction was difficult to make between M2 and chromosomes 9

in more than only a few cells.



FIGURE 4. CHWCI karyotype. Chromosomes are

numbered according to Lin et â1, (1971).
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4. Mutation frequency and rate for B-azaguanine

resistance in CHWCI.

The method described by Chu and Malling (1968) for
obtaining azaguanine resistant colonies can be used to
determine mutation frequency and rate, as well as to test
any agent for mutagenicity. This was the method applied

and the mutation frequency and rate determined on the basis

of the number of colonies formed.

4.L B-azaguanine resistance induced by MMS

MMS began to affect survival of CHWC1 cel1s at
concentrations higher than to-4¡,i, with minimal survival at
10 'M (Fig. 5). The initial low plating efficiency was due

to the washes and incubation in serum-free medium. tO-3¡,i

MMS was the concentration chosen to induce azaguanine

resistance in cultures of CHWCI cells. Resistant ce1ls

were selected at 10 i.rg and 30 ¡tg aza/ml after 42 hours

mutation expression tíme. The details of five experiments

are recorded in Appendix III and the mutati_on frequencies

are summarized in Table 4. The mutation frequencies

demonstrated clearly that the 2 hour exposure to t0-3pt ¡¿l¿s

increased the number of colonies resistant to azaguanine.

A larger number of colonies were observed in 10 Vg/nL than
j-n 30 p.g/mL.

44



FIGURE 5. Cytotoxicity of MMS on CHIVC1 after
2 hour exposure.
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TABLE 4. Mutation frequency x 1O-5
resistance in the absence
induced by 10-3M MMS with
10 pg and 30 pg aza/ml-.

of azaguanine
of MMS and
selection at

O MI\ÍS
10 Vg aza 30 Ug aza

to-3u l¿¡rs
I0 Ug. aza 30 Vg aza

l-6.6

2.05

60.L7

43.12

42.04

L.79

0.92

674

3248.9

238L.9

867 .7

22L33.3

280

304
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The mutation rates also showed an increase in the

number of resistant cells following exposure to MMS (Table 5

and 6 ) . These rates were calculated by using two methods of

estimating the number of survivors, the first based on

plating efficiency (Table 5) and the second on cell counts

(rab1e 6). The rate was depressed when the number of

survivors was estimated by cell counts rather than by

plating efficiency.

4.2 B-azaguanine resistance induced by MNNG

The cytotoxicity of MNNG on CHWC1 cells was

apparent at molar concentrations 5 x 10-6 and higher, with

no survival at 10-4 (Fig. 6). Because of the wid.e range at

which cytotoxicity was expressed, four molar concentrations

of IrINNG (ro-7, 10-6, 10-5, f0-4) were used for ind.uction of

B-azaguanine resistance. The cells were exposed to MNNG

in the dark and for only one hourr âs it has a half life of

90 minutes (Anderson and Burdon, 1970). Resistant cells
were selected at 10 ¡tg aza/mL after 0 and 42 hours mutation

expression time.

The details of two experiments are recorded in
Appendix IV and the mutation frequencies are summarized in
Table 7. The frequency of resistant colonies was greater

after a 42 hour mutation expression time than that after

ímmediate selection following mutagen treatment. However,

exposure to MNNG did not increase the number of resj-stant
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TABLE 5. Mutation rate for azaguanine resistance
in the absence of MMS and induced by
t0-3u MMS with selection at l0 ug an¿
30 Ug aza/mL; cell survivors estimated
by plating efficiency

O MMS
10 Ug aza 30 Vg aza

to-3u l¿¡,rs
I0 Vg aza 30 Vg aza

3.76x10

6.77xL0

1. 4 3x10

1. 18x10

1. l1xl0

_â.
7.01x10 e

_â.
3.66xl0 v

1. 31x10

6.52xI0

5.46xl0

1. 89x10

4.90xl0

6 .17xl0

9.58xI0

-5

-6

-4

-4

-4

-3

-3

-3

-3

-2

-4

-4

TABLE 6 Mutation rate for azaguanine resistance
in the absence of l4MS and induced by
t0-3u MMS with selection at 10 ug aña
30 pg aza/mL¡ cell survivors estimated
by ce11 counts.

O MMS
ILì Ug aza 30 Ug aza

to-3¡n m.rs
l0 Ug aza 30 Ug aza

1.11x10

2.2BxI0

5.68xl0

3.23xl0

2 . 89xl0

2.06xL0

1. 2 3x10

3. Bl-xl0

2.19x10

2 .17xI0

5.1 x10

1.42x10

_^
1. Blxl0 r

-Â,3.24xl0

-5

-6

-5

-5

-5

-6

-6

-4

-3

-3

-4

-2



FIGURE 6. Cytotoxicj-ty of

I hour exposure

MNNG on CHI{CI after

(two experiments).
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TABLE 7. Mutation frequency x 10-5 of azaguanine
resistance in the absence of MNNG and
induced by 10-7 r 10-6, 10-5 and. tO-4¡¡
MNNG with selection at 10 p,g aza/mL
after 0 and 42 hours mutatíon expression
time.

_1
l0'M to-6irt -tr10 -M to-4¡¿

0 hours

42 hours

0.52

< 0.36*

55.44

80.8

5.50

0.65

33.03

72.96

5.27

< 0.38*

90.53

7L-86

18.75

< 2.L*

20.00

33.68

0

0

*limit set by number of replicates.
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colonies.

The mutation rates were calculated by using two

methods of estimating survivors (tables B and 9 ) . The rates
refrected the results of the mutatj-on frequencies. There

\^/as an increase after a 42 hour mutation expression time

over immediate selection fol-lowing I{NNG exposure. TrJhereas

MNNG had a severe toxic effect on the cells, it did not
induce increase in the number of resistant colonies.

4.3 Spontaneous B-azaguanine resistance in CFIWC1

Details of two experiments on selection of spon-

taneous B-azaguanine resistant col-onies are recorded in
Appendix V. The mutation rates were calculated by using

cell counts for the estimation of survivors and are

summarized in Table r0. The rates were slightly greater
for 10 Ug azaguanine selection than for 30 Ug. Hovúever,

there was no difference in the rates between 0 and 42 hours

mutatíon expression time within each experiment.

The range of the mutation rates for spontaneous

B-azaguanine resistance selected at I0 ¡tg aza/ml af.Ler 42

hours mutation expression time was 2.3 x 10-6 to 6.5 x 1O-5

(tables 6, 9 and 10). At 30 pg aza/mL the rates \^iere in
the lower region of this range. This data was not suitable
for statistical analysis. However, it appears that only

small differences existed from experiment to experiment,

or within experiments.
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TABLE B. Mutation rate for azaguanine resistance
in the absence 9f MNNG and ì-nduced by
Lo-7, 10-6, 10-5u MNNG with selection
at 10 pg aza/ml after 0 and 42 hours
mutation expression time; cell survivors
estimated by plating efficiency.

-'7 -6. - Ã10 'M 10 "M 10 -M

9 .L2xLO-6 2.95xL0 5 :.97x10-5 1.79x10-4
0 hours _ã

7.65x10 - --

1.6rx10-4 t o3xro-4 2.77xr0-4 t.67xro-4
42 hours

2.0txt0-4 1.Brxl0-4 t B5xto-4 1.64xI0-5

Table 9. Mutation rate for azaguanine resistance
in lhe absence 9f MrNNG induced by
10-7, 10-6, I0-5yl MNNG with selection
at 10 p.g aza/mL after 0 and 42 hours
mutation expression time; cell survivors
estimated by cell counLs.

-1 -Ê. -tr10 'M 10 'M l-0 'M

4.66xr0-6 t.52xt0-5 2 .03x10-5 l.2Bxt0-5
0 hours

5.6 x10-6

3.63xI0-5 z.34xr0-5 6.25xI0-5 +.68x10-5
42 hours 

6.49xr0 5 s.85x10-5 5.98x10-5 s.30xr0-5
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TABLE 10. I.{utation rate for spontaneous azaguanine
resistance selected at 10 .¡.rg and 30 Ug
aza/ml after 0 and 42 hours mutation
expression time.

10 ug aza 30 ug aza

0 hours

42 hours

_tr
I.43 x 10 r

_Ê
6.38 x 10 u

-tr1.40 x 10 r
_E

8.26 x 10 v

NE

_â
3.41 x 10 e

_E
3.46 x l0 u

-â.I.50 x 10 e

NE = not possible to estimate as there must be 1 or
more colonies per 2.61 x 105 surviving ce1Is.



5. Characteristics of spontaneous and chemically induced

B-azaguanine resistant colonies and clones

This section deals with the colonies derived from

one experiment, and. in particular with one clone from a

colony designated 6569L.

A total of fifty-four colonies \^iere picked, twenty-

three d.id not grow and were discarded, thirty-one thrived
and were stored at -70o C and in liquid nitrogen. The

intention was to obtain a cell line which was resistant to
B-azaguanine and deficient in HGPRT in order to characterlze
its behaviour in vitro and consequently use it in cell
fusion studies with human cell lines.

Many investigators using the Luria Del_brück

fluctuation test have confirmeq that spontaneous B-azaguanine

resistance in different ceIl l-ines occurred randomly and

\^/as independent of the selecting agent. There was no reason

to assume otherwise for the occurrence of resistance to
B-azaguanine in CHWCI. To maximize the likelihood that the

resistant line selected for study did involve an alteration
in DNA, the cells were treated with the mutagen t4MS. As

was established in Section 4.1 this chemical increased the

incidence of azaguanine resistanL cells.

54



55

5.1 Growth response and ploidy of

B-azaguanine resistant colonies

5.11 growth response

Eleven colonies were tested for growth response by

plating efficiency in MENAFCI0, 10 p,g aza/mL and THAG, after
each had been routinely maintained in MENAFCIO for at least
6 passages (tables 11, L2, 13 and L4).

The relative size of colonies were consistently
larger in MENAFC1O than in 10 ,¿g aza/mr. All coronies grevü

in MENAFC1O and in azagiuanine, showing retention of
resistance to the drug after three weeks or more in non-

selective medium. One colony (65391, Table 13) showed

marked decrease in plating efficiency in I0 lg aza/ml as

compared to that in MENAFC1O. Tv\io coronies (65391, Table 13;

65171, Table :--4) grew equally well in MENAFC1O and THAG.

Colony 65L7L, in fact, grew in all three media. Two other

colonies (65350 , Table l-1; 65371, Table t3 ) showed minimal

plating efficiency in THAG. One of these (65350) did not

initial-ly plate out in THAG (passage 7) but subsequently

did so. When, however, a frozen vial from an earlier
passage was revived and tested, it showed no growth in THAG.

One colony (65691, Table 14) retained resistance to

azaguanine after 10 weeks of continuous maintenance in
MENAFCIO.

Five colonies (65350, 65171, 6528L, 65274 and



56

TABLE 11. Plating efficiency
aza/mL and THAG of
by 10 Vg aza in the

in MEÀIAFC10, 10 U9
colonies selected
absence of MMS.

Colony Passage MENAFClO I0 pg aza/mL THAG

65060

65341

65350

7

5

7

19

24

33

36

r2*

33.2

35.2

78.9

45 .4

r27 .3

52.3

53.6

89 .4

25.8

23.7

57 .6

20 .4

93.95

50.0

31.9

76.L

0

0

0

0.4

1.3

10.95

0.8

0

*ceIls recovered from storage.

TABLE L2. Plating efficiency
aza/mL and THAG of
by 30 Ug aza in the

in MENAFClO, 10 Ug
colonies selected
absence of MMS.

Colony Passage MENAFClO I0 p.g aza/m\ THAG

65T77

65287

7

20

B

))

9*

6

72.r

77 .5

55.9

59 .4

58.0

63 .6

65.2

46.2

56.0

46.9

44.9

73.9

0

0

0

0

0

065301

*celLs recovered from storage.
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TABLE 13. Plating efficiency
aza/m\ and THAG of
by 10 U9 aza af.Ler
MMS.

in MENAFC1O, 10 pg
colonies selected
exposure to t0-3¡l

Colony Passagie MBNAFClO 10 yg aza/ml THAG

6527 4

6537r

65391

7

6*

t0

7

7

44.7

4r.9

79 .4

58.7

40.2

32. B

42.7

77.8

54.1

2.2

+

0

0.12

31.2

*

+

cel1s recovered from storage.

less than 20 cells per colony.

TABLE L4. Plating efficiency
aza/ml and TIÍAG of
by 30 Ug aza after
rr4MS.

in MENAFClO, 10 Ug
colonies selected
exposure to tO-3yt

Colony Passage MENAFClO 10 pg aza/ml THAG

6569r 6

10

2A

2B

7

66.3

74.0

62.7

123.8

6L;9

5s.6

52.6

45.4

77.0

49 .4

0

0

0

0

56 .165L7 I



6569L) were

10 Ug and 30

The

5B

also investigated for doubling t.ime in MENAFCIO,

pg aza/mL.

resistant colonies all had a doubling time in
12 to 18 hours, somewhat longer than the

of 10 to L2 hours in the parental line CHWCT

the range of

doubling time

(rable 15 ) .

5.L2 chromosome ploidy

Chromosome counts were completed on twenty-two of
the surviving colonies (tables 16 and L7). Four colonies

were 1002 tetraploid, seven v\rere in excess of 702 tetra-
ploid, six \^Iere 50? tetraploid, and only six colonies were

within 702 diploid. The chromosome counts did. not demon-

strate any relationship to treatment with I4wIS and/or con-

centration of B-azaguanine.

5.2 Characteristics of an induced B-azaguanine

resistant clone

5.2I derivation

The colony 6569i-, maintained in 10 pg and 30 Ug

aza/mL, was cloned six months after isolation. Fifty-one
clones \^rere picked from 10 pg aza/mI and eleven from

30 pg aza/mL. Those ten with the most vigorous growth

patt.ern from each level of drug \^rere chosen for plating
efficiency in MENAFCIO, 10 ¡tg aza/mL and THAG, and for
chromosome counts. In keeping with the parental colony
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TABLE 15. Doubling time of azag'uanine resistant
colonies and CHWC1 in MENAFC1O,
10 pg and 30 pg aza/mJ-*.

Colony MENAFCIO 10 vg aza 30 Vg aza

65350

65L7I

65281

6527 4

6569L

CHVüCI

1B

T7

L4

I2

15

10-12

19

L7

l9

15

20

0

22

33

50r

22

46!

0

*See Appendix VI for det.ails.
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TABLE 16 Per cent diploidy and tetraploidy in
azaguanine resistant colonies sel-ected
by 10 Ug and 30 pg aza/mI in the
absence of MMS.*

_ 10 Ug aza
colony 2n 4i . 30 Ug aza

colony 2n ln

65606

65341

65342

65350

65511

65620

65672

6s7 47

657 60

0

55

0

77

23

20

77

0

L4

100

4s

100

23

77

BO

23

100

B6

6517L

6522L

65222

6528l-

65301

65652

6579L

57

55

71

57

20

31

5l_

43

45

29

43

BO

69

49

*counts done at passage 3.

TABLE L7. Per cent diploidy and tetraploidy in
azaguanine resistant colonies selected
by 10 Ug and 3O-Ug aza/mL after
exposure to 10-rM MI{S.*

l0 Ug aza
colony 2n 4n

30 us aza
colony 2n 4n

6527 4

6537 r
65391

6s611

36

31

76

0

64

69

24

100

6569r
65711

59

77

4T

23

*counts d.one at passage 3.
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(rable L4) all clones showed single ce1l survival j-n

MENAFC1O and in 10 pg aza/ml but not in THAG (rab1e tB). In

both 65691 and its clones the plating efficiency in
azaguanine \¡/as very near to that in MENAFCIO.

Nine clones selected at I0 Ug aza were diploid
(60 BBA) and one was 1003 tet,raploid (Table 19). Six

clones isolated from 30 Ug aza were diploid (79 IOO?),

one \¡/as about 548 tetraploid and three were l00z tetraploid.
The parental colony 65691 was 592 diploid (rable 17). How-

ever, 752 of the isolated clones were diploid with the

diploid modal count in excess of 702 (fable 19). This does

not necessarily represent a greater recovery of diploid
cells on cloning 6569L, since the clones were chosen on the

basis of growth potential.

The modal chromosome number of the diploids was 22,

with a minute telocentríc marker, Ir[3 r present in some clones .

A clone designated Li.02, arising from 10 Lrg aza selection

was chosen for further characterization.

5.22 stability of resistance to 8-azaguanine

Cultures of 1102 were maintained in !1ENAFC10 and

10 Ug aza/mL, and tested for stability of resistance after
one month and six months in continuous culture (Table 20).

The clone retained resistance to B-azaguanine in the

absence of the selective agent. The plating efficiency was

not affected by the drug, LL02 grew equally in MENAFC1O
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TABLE 18. Plating efficiency in I4ENAFCIO,
l0 Vg aza/ml and THAG, of clones
of 65691 maintained in 10 Ug and
30 pg aza/ml-.

10 ug aza
MENAFCI0 10 Ug aza THAG

30 ug aza

*40.9

64 .4

84.8

64.9

64.2

63.3

63.5

59.3

56 .9

73.4

29 .8

58.6

52.7

59.2

54.9

62.L

55.5

38. B

60.9

55.4

57 .4

87 ,4

68.7

55.2

97 .9

59 .7

36.6

73.6

7 L.4

57.1

56.5

62.2

65.3

59.2

78.4

35.1

37.5

7 4.8

72.0

43.6

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

*clone 1102.
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TABLE 19. Per cent diploidy and tetraptoidy,
and diploid chromosome number of
clones of 6569X maintained in
10 pg aza and 30 Ug aza/mJ-.

10 Ug aza
2n 4n no.

30 Ug aza
2n 4n no.

*85

74

8B

63

75

0

60

74

79

B3

t-5

32

L2

37

29

100

40

26

2L

17

22 (M-)
J

22

22

22/23

22

22

22/2r

22

22

85

79

100

B4

82

BB

0

1

0

46

15

2L

0

16

1B

L2

100

99

100

54

2I

22

22 (M3)

poor
spreads

22 (M3)

22

poor
spread s

*clone 1102.
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TABLE 20. Plating efficiency in MENAFC1O,
10 pg aza/mL and THAG of 1102
maintained in MENAFCI0 and in
azaguanine.

Culture medium MENAFC1O l0 Ug aza THAG

MENAFClO *

Azaguanine

trIENAFCl0 * *

Azaguanine

40.1

47 .3

33.5

40 .7

29.0

37.3

0

0

0

0

30.0

36.1

xfor 1 month.

**for 6 months.
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and 10 vg aza/mL, and showed no growth in THAG. The actual
plating efficiency had not altered from that when 1r02 was

first tested (Table 18).

5.23 cytotoxicity of B-azaguanine

Azaguanine began to affect survival of 1-l-O2 at
concentrations higher than 10 vg/ml, with minimar survivaL
at 60 1tg/mr of less than 0.5? (Fig. 7) . rn comparison with
the plating efficiency of cHWCI, the toxic effect of the

drug is markedly less severe on rL02 celrs than it is on

cHWCl.

5.24 doubling time

The doubling time was found to be 13 hours

(Appendix VI). This is one hour more than for CHWC1

(L2 hours) and two hours less than for 6569I (fS hours).

5.25 spontaneous reversion to B-azaguanine

sensitivity from B-azaguanine resistance

Spontaneous reversion occurred at a frequency of
2 x 1O-7 or less (Tab1e 2L). One colony was picked and

mainÈained in MENAFC1O and in THAG. The celIs were large

and irregular. They grew very poorly and did not survive

beyond 7 passages (about 5 weeks). The poor growth in mass

culture was refLected in the low survival on síngle cel-l
plating:



FIGURE 7. Cytotoxicity of B-azaguanine on

CHI¡ücl (o) and 1102 (o) (two

experiments for 1102).
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TABLE 2L. Tota1 cells and. reversion frequency
of LL02 in THAG*

Total cells Reversion frequency

106

6x106

L07

r07

107

L07

2 x 107

2xLo7

3x107
6xLO7

0

0

0

Ix10 I

2x 10 t

0

0

-o5x10e
-o3x10e

0

- *Cell-s \iüere seeded at densities of L.25 x 105 to
2 x L067rc0 mm d.ish in THAG for 21 days, with medium
changes every 3 or 4 days. The colonies observed were
small and irregular in outline.
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Exp#l Exp#2

MENAFC1O 3.0 O

10 p.g aza/mL 0 0

THAG 3.6 6.0

col-onies in MENAFC1O had at least 20 celIs, whereas those in
THAG contained 20 40 cells. There were large ir::egular
cells scattered in most dishes containing each medium.

5.26 chromosome studies

The modal chromosome number for 1102 was 22. The

karyotype was stable (fig. B) but slightly altered from that
of CHWCI (Section 3.2, Fig. 4r. The variation occurred in
the subtelocentrics, with one of the chromosomes missing

but the additional marker (M¡) made up the modal number of
22. The frequency of diploid cells was 85? (rabte 19).

Five metaphase spreads of 1102 "revertant" were

analysed. Three had 22 chromosomes with a karyotype

similar to 1102, the remaining two had 20 and. 38 chromosomes.



FIGURE B. 1102 karyotype.
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6. rsolat.ion and characterisation of twenty-eight spontan-

eously derived B-azaguanine resistant colonies
The purpose of this section was to characterize

spontaneous B-azaguanine resistant colonies in an attempt
to answer the following questions:

(a) is there more than one resistant phenotype r

(b) if sor do they form categories related to
expression time and/or concentration of
selecting agent, and

(c) can variants be d.istinguished from true
mutants?

Parameters set out for measurement were: stabirity
of resistance to B-azaguanine after a number of generations

in the absence of the seteding agent, cytoxicity of B-

azaguanine, doubling time in mass cultures maintained in
MENAFCIO and 10 ¡tg aza/mL, plating efficiency in THAG,

complementation by ce11 fusj-onr ând chromosome stud.ies.

6.1 Isolation of resistant colonies

Twenty-eight colonies were picked from four
independent mutation frequency experiments. Ten colonies
hlere isolated after 10 pg aza/mL select.ion and 0 hours

mutation expression time, fourteen after r0 vg/mL and 42

hours expression time and four after 30 vg/ml and 42 hours

70
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hours expression time.

6.2 Growth responses of surviving colonies

6.2L stability of resistance

Each colony was maintained in pararlel culture in
l4ENAFclO and 10 y:g aza/mL for a number of generations. For

each culture, plating efficiency in MENAFC1O and l0 ¡tg aza/mL

was determined on at least two occasions. Tabl-es 22, 23 and

24 give the plating efficiency in 10 pg aza/mL relative to
that in MENAFC1O at the beginning (pr) and end. (pro) of a

ten passage interval for each culture of each colony.

with the exception of four coronies, resistance to
B-azaguanine was retained in the absence of the selecting
agent; twenty-one colonies grevü as welr in the drug as in
MENAFC]0, regardless whether the culture was maintained in
MENAFC10 or azaguanine. The four colonies 518-17-01,

354-13-01, 354-17-01 and 418-06-01 showed reduced survival
in 10 pg aza/mL after growing in nonselective medium. In
354-13-01 (tabte 23) relative plating efficiency did not
alter from one plating to the next, but was al-ways lower in
MENAFCTO cultures than in azaguanine cultures. 518-17-01

(rabre 22) , 354-17-01 and 418-06-0r (rabIe 23) demonstrated

higher relaLive ptating efficiency in MENAFCIO cultures at
the first plating (Pr) than in the final plating (pio),
suggesting a gradual loss of resistance. 354-lZ-01 aLso

illustrated. decreased singre cell plating for the azagiuanine



72

TABLE 22. Relative plating ef f iciency j-n
10 yg aza/mL of colonies selected
by 10 ug aza/mL and 0 hours
mutation expression time.

Colony Culture in MENAFC1O Culture in 10 Ug aza

354-08-01

354-0 B-02

354-08-03

354-08-04

3s4-08-05

354-08-08

518-04-01

518-12-0 1

5IB-14-01

518-17-0t

Pi

119

202

109

108

95

108

73

B6

lr9

Pl o

103

106

110

105

93

75

100

96

B7

67

P1

].20

ls1

I07

100

108

TT2

BO

B3

82

L20

Pl o

l-2L

105

l-I2

100

100

62

103

B7

100

106

Pi beginning of paralle1 cultures in MENAFCIO and
10 Ug aza

Pro after at least 10 passages in MENAFC1O and
10 Vg aza
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TABLE 23. Relative plating efficiency in
10 pg aza/m^l of col-onies selected
by 10 ¡tg aza/rt:. and 42 hours
mutation expression time.

Colony Culture in MENAFC10 Culture in 10 Ug aza

3s4-02-01

354-02-02

354-02-03

354-04-01

354-12-01

3s4-13-0 I
354-13-02

354-L7 -0]-

3s4-L7 -04

418-0 2-0I

418-06-01

418-16-01

4 1B-16 -0 2

418-16-03

Pr

118

99

B3

65

53

62

133

96

67

106

108

0

107

101

Pl o

93

7s

9B

94

115

6B

105

20

9B

90

4

95

B9

99

P1

100

113

77

65

70

100

LL7

9B

B3

107

L'7

4I

95

105

Plo

94

105

108

96

L2B

109

LL7

51

141

101

97

0

B5

94

Pr beginning of paralle1 cultures in MENAFCI0
ancl 10 Vg aza

Pro after at least 10 passages in MENAFCI0 and
10 Ug aza



74

TABLE 24. Re1at.ive plating efficiency in
10 ug aza/mL of colonies selected
by 30 p,g aza/ml and 42 hours
mutation expression time.

Colony Culture in MENAFC1O Culture in 10 Ug aza

4IB-2 B-0 1

533-02-0r

533-13-01

533-15-01

Pr

116

131

110

B5

Pro

115

B4

92

B2

Pr

t0B

9B

114

70

Pro

111

108

L07

69

Pr beginning of parallel cultures in MENAFC10
and 10 Ug aza

Pro after at least 10 passages in MENAFCIO and
10 Vg aza
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curture, whereas 418-06-0r demonstrated. inctreased plating
for the azaguanine culture.

colony 4lB-16-01 (rabte 23) could not be maintained
in the drug for more than one passage. However, when

plated into 10 vg aza/mr from MENAFCIO, the relative
plating efficiency \,vas 0 at the first plating, but 95 at
the final plating.

6.22 cytotoxj-city of 8-azaguanine

All colonies \,vere exposed to a range of azaguanine

concentrations up to 100 vg/mr in plating efficiency experi-
ments. Figure 9 depicts a typical survival curve for each

colony, carried out on cultures as near as possible to the
Bt.h-lOth passage in 10 vg aza/m1.

With the exception of four coloníes 354-02-01,

418-02-01, 418-16-02 (Fig. 9 (b) ) and. 4LB-ZB-01 (r'ig. 9 (c) ),
all showed similar survivar curves, a decrease in survival
occurring between 5-10 p,g aza/m1, and with minimal survival
(less than 22) at 100 ¡t,g aza/mr. These four colonies on

initial testing showed. extended shourder regions. The plating
efficiencies did not begin to decrease until after 45 yg

aza/mr, and rz to 342 of the cells survived in ro0 ug aza/mr.
However on further study of these four, only one, 354-02-01r

retained t.he extended shoulder effect with high survival in
100 Ug aza/ml-. The three others, 418-16 -Q2 t 4IB-02-01 and

4LB-28-01f assumed a response, characteristic of the other



FIGURE 9. Plating efficiency of resj-stant colonies

in increasing concentratíons of

B -azaguanine/ml .

(a) Colonies selected at 10 pg aza/ml,

0 mutation expression time.
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(b ) Colonies

42 hours

selected

mutation

at 10 U9 aza/ml-,

expression time.

(i) Colonies selected

42 hours mutation

at 30 pg aza/ml,

expression time.
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colonies.

One other colony deserves mention, 4LB-L6-01,

serected by 10 ug aza/mL after 42 hours. At first the cells
grew in azaguanine, and at passage 9 the cytotoxicity of the
drug was similar to the response of the majority of colonj_es.

However, six passages later the colony courd no ronger be

maintained in 10 p.g aza/mr. A cytotoxicity experiment was

carried out with the MENAFC1O culture, and the plating
ef f iciency \^/as:

MENAFC1O 54.0

THAG 61.3

5 ug aza/ml 9.5

t0 ¡tg aza/mL 58.5

15 vg aza/ml 0.2

In aII experiments there was a noticeable decrease

in the diameter of the colonies with increasing azaguanine

concentration, beginning at about 10 Vg/mL (I'ig. l0).
Colonies with less than 20 cells were not counLed.

6.23 doubling time

Doubling time in mass culture vras calculated at

each subculture, for a number of passagêsr for cell-s main-

tained in MENAFC1O and. 10 Ug aza/mL. The average doubling

tj-me for each colony is given in Tab1es 25, 26 and 27. The

overall averagie doubling time was 17. f hours in I4ENAFCIO

and 20.4 hours in azaguanine for colonies selected at



FIGURE 10. Colony size in plating efficiency of
resistant colonies in MENAFCIO and.

B-azaguanine (from Lop to bottom,

MENAFCIO, 5 pg aza/ml- , 10 Ug aza/ml-,

15 p,g aza/m]) .
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TABLE 25. Doubling time (hours) in mass culture
in MENAFC1O and azaguanine of colonies
selected at I0 pg aza/mL, 0 expression
time. *

CoIony MENAFClO Azagnranine

35 4-0 B-0 1

354-08-02

354-08-03

354-08-04

354-08-05

354-08-08

slB-0 4-0 1

518-12-01

5IB-14-0 I
5t7-17-01

L6 .4

16 .5

14.9

18.5

18.5

L6.2

L7 .7

L7 .8

L7 .6

L7 .4

l-6.2

18.3

17.1

2L.3

20.3

l-9.7

2L.4

23.3

22.2

23.5

*See Appendix VII for calculations.
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TABLE 26. Doublj-ng time (hours) in mass culture
in MENAFC1O and azaguanine of colonies
selected by 10 p,g aza/mL, 42 hours
expression time.*

Colony MENAFClO Azaguanine

354-02-0l.

354-02-02

354-02-03

354-04-01

3s4-l.2-0L

3s4-13-01

354-L3-02

3s 4-17-0 r

354-l-7 -04

418-02-01

418-06-01

418-16-01

ALB-L6-02

4rB-16-03

16 .4

19.8

30.2

20 .4

17. 3

29.7

32.5

15 .5

20.8

16 .6

20 .0

L7 .9

16 .1

tB.3

18. B

23.7

38.3

25.3

20.7

31.0

29.5

r7 .3

23.9

19 .9

31. t

18 .6

20 .4

*See Appendix VIïI for calculations.
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TABLE 27. Doubling time (hours) in mass culture
in MENAFC1O and azaguanine of colonies
selected by 30 p,g aza/mJ-, 42 hours
expression time.*

Colony MENAFClO Azaguanine

ALB-28-01

533-02-0L

533-13-01

5 3 3-15-0 I

17 .4

2r.9

15 .9

25 .0

2Q.9

2L.9

18.9

26.6

*See Appendix IX for calculations.
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10 ug aza/ml and 0 hours mutation tíme (Table 25),20.8 and

24.5 for colonies selected at IO Ug aza/mi-, 42 hours

mutation time (Table 26) and, 2O-L and 22.L for colonies
selected. at 30 ug aza/mr, 42 hours mutation time (rable 27).
colonies selected at 10 pg aza/ml and 0 hours mutation
expression time demonstrated slightly shorter doubling time

in both media when compared to that of colonies selected
after 42 hours mutation expression time.

6.24 plating efficiency in THAG

cells resistant to B-azaguani-ne and concomitantry

defective in HGPRT are not expected to grow in THAG unress

reversion occurs, i.e., 10ss of resistance and recovery of
active HGPRT. Thus, THAG is a selective medium for rever-
tants in which single ce1l survivar determination gives a
measure of the revertibility of a celr popuration. fn
Tables 28, 29 and 3e plating efficiency in THAG relative to
that in IvIENAFCIO is tisted for each colony curtured in
MENAFC1O and 10 yg aza/mL. plating efficiencies were

determined at least twicei once soon after isolation (pl)

and again at the termination of the stud.y on each colony
(Pro).

Three obvious categories of response to THAG were

apparent: no survival (0) , mj-nj-mal growth (< 30) and

maximal growÈh (> 50). Ä, small fourth category existed of
colonies that d.emonstrated irregular growth response. The
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TABLE 28. Relative plating effj-ciency in THAG
of colonies selected at 10 ¡tg aza/mL,
0 expression time.

Colony Cultured in MENAFCIO Cultured in 10pg aza

354-08-01

354-0 B-02

354-08-03

354-08-04

354-08-05

354-08-08

518-04-01

518-12-0 I
518-14-0 1

518-17-01

P1

27

5

3

I

2

13

+

3

5

B

Pro

0.S

+

3

2

2

+

1

I
4

0.2

P1

2B

2L

6

3

3

L4

4

1

3

L4

Pr o

2T

I
ö

3

5

3

1

1

2

4

10 u9

10 ug

Pr beginning of paralleI cultures in MENAFC1O and
aza

Pro after at least 10 passages in MENAFCIO and
aza

scattered cells
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TABLE 29. Relative plating efficiency in THAG
of colonies selected at 10 Vg aza/mL,
42 hours expression time.

Colony Cultured in MENAFCI-O Cultured in 10 Ug aza

354-0 2-01

354-02-02

354-0 2-03

354-04-01

3s4-12-01

3s4-13-01

354- 13-Q f

354-17-01

354-r7 -0 4

4rB-0 2-0I

418-06-01

4 1B-16 -0 1

4LB-L6-02

418-16-03

P1

0

114

52

101

79

LT2

79

106

115

0

30

109

0

62

Pro

0

116

108

L47

I10

110

100

153

135

0

L29

LI4

+

tt

P1

0

104

91

102

99

30

62

105

L12

0

0

L32

0

31

Pr o

0

100

113

115

L22

74

131

15

248

0

91

+

0

Pr
10 Ug aza

beginning of parallel cultures in MENAFC1O and

Pro after at least 10 passages in MENAFC1O and
10 ug aza

scattered ce1ls
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TABLE 30. Relative plating efficiency in THAG
of colonies selected at 30 pg aza/ml,
42 hours expression time.

Colony Cultured in MENAFC1O Cultured in 10 Vg aza

ALB-28-01

533-02-01

5 3 3-13-0 1

533-15-01

Pr

0

0

0

79

Pr o

0

0

0

B8

P1

0

0

0

103

Pl o

0

0

0

BO

10 Vg aza

10 Ug aza

Pr beginning of parallel cultures in MENAFC1O and

Pio after at least 10 passages in MENAFCI0 and
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colonies are grouped according to these categories in Table

31.

6.3 Complementation

Of the twenty-eight colonies resistant to B-

azaguanine, only six were suitable for complementation

because of the limitation of the selection system THAG for
isolating complementary heterokaryons. The results of two

separate experiments are summarized in Tab1e 32. Tn the

first experiment, colonies 354-02-0L, 4LB-02-0L, 4IB-L6-02,

4LB-28-01, 1l-02 and B* were used for makirrg crosses. The

second experiment had in addition colonies 533-02-01 and

533-13-01 but excluded 4LB-L6-02.

A1I Chinese hamster colonies formed complementary

heterokaryons with BB2, as expected. Results of the firsL
experiment are lower than those of the second. A variable
pattern of results was also observed in other B* x 1102

fusion experiments (Gee, unpublished dat^a). Variability
has been notj-ced to occur from bat.ch to batch of virus, and.

also among vials of virus from the same lot number.

Colonies were observed in some crosses between

Chinese hamster resistant lines, but the frequency never

exceeded 6 x 10-6 and it is unlikely that these colonies

represented heterokaryons .

6.4 Chromosome studies

The estimated percentage of diploidy and
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TABLE 31. Coi_onies typed according to relative
plating efficiency in THAG.

< 30 > 50 Variable

354-02-0L 354-08-01 354-02-02

418-02-0L 354-0 B-02 354-02-03

4LB-L6-02 354-02-03 354-04-01

4IB-28-01 3s4-OB-04 35 4-L2-OL

533-02-01 354-08-05 354-1 3-02

s33-13-01 3s4-08-08 354-L7-04

518-04-01 418-16-01

518-12-01 533-15-01

518-14-01

5 1B-17-0 I

354-13-01

354-17-01

418-06-01

4IB-16-03



TABLE 32. Average number of colonies per 105 ce1ls in THAG resultj-ng from
cell fusion between B-azaguanine resistant colonies and between
these colonies and a BUdR resistant mouse line, BB2.

354-02-07

4 1B-0 2-0I

4IB-16-02

ALB-28- 0 1

533-02-0L

533-13-01

ILO2

Baz

354- 02-01 418-02-0r 418-16-02

0
0.2

0
0

0
0

o:t

0.2

4IB-2 B-01 533-02-01

0
0

0
0

0.1

0
0

0.2

0.4

533-13-01_ 1102

0.2

0

0

0

0.1
0

0
0

0.2

0
0

0.6

0.2

0
0

Bgz

0

0

0

5.9
65.2

2.2
55. B

5.5

5.4
63.5

93.5

4.2

2tr

13.4

0
0

co
\o
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tetraploidy and karyotypic analyses have been summarized in
Tables 33 and 34.

The twenty-eight colonies are grouped according to
relative plaùing efficiency in THAG. percentage ploidy has

been narrowed into three divisions: 70-ro0a diploid as

100-2n, 69-30e" diploid as 50-2n, and B-0å diploid as 100-4n.

with the exception of three colonies in the last group, alr
the remainder were 100u tetraploid. Two karyotypes lvere

distinguished, those unchanged from cHvlcl and the remainder

showing chromosome alLerations.

Fourteen colonies \,vere tetraploid, of which five
showed exact duprications of the modal karyotype of CHWCI

and nine demonstrated chromosome changres. Eight colonies

were approxj-mately 50% diploid and only one of these had a

karyotype similar to cHWCl. The remaining six colonies were

diploid with the mode in excess of 702, one had the same

chromosome constitution as cHI,ücl. rn Lotal, seven colonies

showed no chromosome change from the karyotype of CHVüCl,

while the remaining twenty-one did sor although in most of
the diploid colonies the number of chromosomes was 22.

There were two commonly occurring altered karyotypes.

one was similar to that of 1102 in which one subtelocentric
chromosome \^/as absent but an additional marker (t{g ) !À/as

present (Figs. 11 (a) and (b) ) . The other altered karyotype

showed. a deletion in a chromosome number 4 or 5 (Figs. 11(c)

and (d)). 418-16-03 (Fig. 11(e)) had both alterations, while
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TABLE 33. Summary of chromosome studj-es on
B-azaguanine resistant colonies
with a karyotype similar to CHWCI.

PE in THAG 10 0-2n 50-2n 10 0-4n

0

<30
4 1B- L6-02

354-02-02

3s4-02-01

354-08-01
354-08-03
354-08-05

354-12-01> 50

TABLE 34. Summary of chromosome studies on
B-azag'uanine resist.ant colonies
with altered karyotypes.

PE in THAG 10 0-2n 50-2n l0 0-4n

0

<30

533-02-0I

518-04-01*
518-I2-0 1*
518-14-01*

4 tB-0 2-0I*
533-13-01*

354-02-03*
354- 13-02 *
533-15-01

418-06-01*
4 18-16-0 3* , * *

4rB-2 B-0 1*

354-08-02**
354-08-04**
354-08-08*
518-17-01*

354-04-01*
354-17-04**
418-16-01**

354-13-01**

> 50

t'irregular t' 354-17-01**

:t
*rk

chromosome.

similar to
deletion or

ILO2
absence of no. 4 or 5 submetacenÈric



FIGURE 11. Karyotypes of B-azaguànine resistant
colonies.
(a) 4tB-02-01

(b ) 4LB-28-o l
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7. comparison of the frequency of spontaneousry derived
B-azaguanine resistant colonies from cHvücl with
that f rom a tetrap,loid subline.
A high proportion of the spontaneously derived

B-azaguanj-ne resistant colonies were tetraploid. Fourteen
of the twenty-eight were 100z tetraploid whire eight others
had a higher tetraploid complement Lhan CHWCI.

The objective was to obLain a tetraploid cell line
from cHÏ,fcl and to determine if the frequency of resistant
colonies from it. differed from that from CHVüCl.

The tetraploid subline cHwcl-06 was obtained from

CHWCI by colcemid treatment (Cox and puck, 1969).

7.r characteristics of the tetraploid cHlfcl-06

7.11 growth responses

The cytotoxicity of B-azaguanine to cHÏ¡ücl-06 was

not different from that to GHWC1, in fact the survival curves
overlapped (Figure I2).

The plating efficiency of GHWCI-06 in MENAFCIO and

in THAG was 83.7? and 87.5% respectively, which was com-

parable to that observed for CHWCI.

7 .L2 chromosome studies

Immediately after isolation
was 44 I 1. 83å were exactly 44 and

chrom-osome count

a duplication of

the

had
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FTGURE L2. Cytotoxicity of

cFrwcl-06 (-)
B-aZaguanine to

and cHlvcl (---) .
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the CHWC1 diploid karyotype (Figure 13). On the fourth
passage, ten cel1s were analyzed, all were of the same

karyotype as seen in Figure 13.

The chromosome counts of both cel1 types used in
the azaguanine selection experiments remained unchanged

from their initial descriptions.

7.2 Estimation of mutation rates

Two experiments were set up using both the diploid
and tetraploid cell lines. The totar number of colonies

and mutation rates are given in Tables 35 and 36, respectively.
No resistant colonies were recorded from cHwcl-06 (Table 35).

The mutation rates calculated for CHWC1 in these

two experiments (table 36) were comparable to those recorded.

for other experimenLs (Sec. 4.3, Table 10).



FIGURE 13. CHWC1-06 karyotype,
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TABLE 35. Total number of resistant colonies in
CHVüCI-O6 and CHWCI with setection at
10 Vg/mI and 30 ttg aza/ml after 0 and
42 hours expression time.

10 ug aza 30 irg aza
Ce11s 0 hrs. 42 hrs. 0 hrs. 42 hrs.

CHI¡]CI- 0 6

CHI^7C1

CHWCI-06

CHWCl

51

0

r07

0*

137

*Two small foci of cell-s were noticed before fixa-
tion but were less than the minimal size requirement for
scoring. They were picked and dispersed in 10 ¡tg aza/ml-.
One colony did not show any attached cells, the other
responded but did not survive beyond the fourth passage (ZS
days in culture). Ten metaphase spreads were counted, the
modal chromosome number was 4L, with a range of 37 to 43.

TABLE 36. Mutation rate for 8-azaguanine
resistance in CHWCI with selection
at 10 pg and 30 pg aza/ml after 0
and 42 hours expression time.

10 Ug aza
ffi

30 ug aza
0 hrs . 42 hrs.

-tr1.58xl0 r

-â.1.4IxI0 v

1.26xI0

2.55xI0 2.48x10 v

-5

-5



B. Discussion

characteri-stícs of CI{WCI

The Chinese hamster celI line CHWCI proved to
possess those qualities desired for quantitative and quali-
tative experiments in vitro. rt demonstrated a consistent
and vigorous grovlth capacity in mass culture, with a

generation time of less than twelve hours. This is very

similar to the times (ten and twelve hours) reported for
Chinese hamster cell lines CHO and Vr9 (Xao and puck , 1967;

Chu and. Ma1ling, 1968). The high plating efficiency in
standard medíum MENAFC1O was also observed in THAG medi-um.

However, there was a lower recovery of cel_ls in mass

cultures maintained in THAG to that in MENAFC1O. This

implies that ceIl survival was not impaired by THAG but

rather that the cell cycle was extended.. It is probable

that aminopÈerj-n, since it is an antimetabolite, retarded.

cell growth by blocking several metabolic pathways. CHWCI

!,/as intolerant to B-azaguanine at concentrations higher

than l Ug/m1, a similar observation to that made by Chu

and Malling (1968) on the cell line U7g.

CHWC1 is pseudodiploid with only little alteration
from the normal karyotype of the Chinese hamster (Hsu and

Zenzes, 1964). There are two chromosomes missing which are

L02
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replaced by two marker chromosomes ! The cell rines cHo and.

vlg exhibit even greater changes from the normal karyotype.

cHo has a modal num]rer of 2r with ten chromosomes missingr

but having ni-ne others not present in the normar karyotype
(Xao and Puck, 1967). Vlg has a m.odaI number of 23 with
Feven missing and eight new chromosom.es (vu and sinclair,
1964). The level of diploidy in CHWC1 cultures remained in
excess of 80? throughout prolonged standardized routine
culturing. The stable karyotype, only marginall-y changed

from. the normal, and the consistent growth responses make

cHwcl a line of considerable val-ue for somatic cerr genetics.

selection of azaguanj_ne-resistant colonies

The method used to select azaguanine-resistant

cells was described by chu and Malling (1968). They observed

that maximum rnutation frequencies were obtained with cerl
densities of L.25 x 105 per 100 mm dish, and with a mutation

expression time of forty-two hours. They used the line U7g,

and since cHwcl demonstrated some similarity in character-

istics, essentially the same experimental condit.ions !üere

used.

induced mutation frequency and rate
The mutagens methyl methanesulfonate (y.¡4S) and

N-methyl-N'-nitro-N-nitrosoguanidine were used to induce

resistance in CHWC1 celLs to 8-azaguanine. The yield of
resistant colonies was seen to increase after exposure to
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MMS but not to MNNG. Exposure to ro-3¡,1 ¡,t¡,ts increased the
frequency of cells resistant to l0 1tg aza/mL from twenty to
fifteen hundred-fold over that for no mutagen treatment.
This wide range of the estimated frequencies could in part
be accounted by the variability of cell survival after MMS

treatment. The highest mutation f requency \i\ras observed

when the plating efficiency after to-3¡¿ ¡¡us exposure was

0.252, whereas the l-owest frequency occurred when the plating
efficiency was 6.05?. By assuming a 0.25? plating efficiency
for the latter, the calculated increase would be five
hundred-fold over the control rather than the twenty-foId
observed. Thus, variability of mutation frequencies from

experiment to experiment may have arisen from the variability
of celI survival following mutagen treatment. This variation
in cel1 survival may have resulted from the instability of
the mutagêh, since the frequencies recorded for no mutagen

treatment with selection at 10 Vg aza/ml, were very much

less variable , 2.I x 10-5 to 6. O x 10-6 as compared to
6.7 x 1o-3 to 0.2 for t0-3¡,r MMS.

Another factor affecting the mutation frequency of
azaguanine-resistant colonies included the concentration of
the selecting agent. The number of resistant colonies

select,ed at 30 þg,/ml was observed Èo be lower than that
with selection at 10 Vg/mL. ft is possible that some

colonies woul-d have been resistant at 10 ug but were not

resistant at 30 Ug. A lower frequency of resistant colonies
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was similarily reported by chu and Malling (1968) when they

increased the concentration of the selecting agent.

The calculated mutation rate for azaguanine

resistant celrs indicated. the same overall trend as did the
frequency of resistant colonies. There was an increase in
the mutation rate after mutagen treatment. and the concen-

tration of t,he selecting agent also affected the rate which

was slightly higher for 10 vg/ml than for 30 Vg/mL.

MNNG at four dífferent concentrations failed to
increase the incidence of resistant coronies. chu and

Malling (1968) reported a frequency of 132.9 x IO-5 after
-Ã _tr10 -M MNNG in contrast to 7.0 x l-O-t in the absence of the

mutag'en. lvhereas under comparabre conditions here, there
was no appreciable difference in the frequencies, which

were 20 x 10-5 and 55.4 x 1O-5 respectively. ït has been

suggested by Orkin and Littlefield (1971) that it is the

breakdown products of MNNG that are responsible for
mutagenesis and not MNNG itself. similarily, cerdâ-olmedo

and Hanawalt (1968) recorded a breakdown product,

diazomethane Lo be the active agent in nj-trosoguanidine

mutagenesis and lethality. In the experiments of this
study, the celIs \^/ere exposed to MNNG for only one hour,

with light and pH conditions controlled during preparation

of dilutions and during the incubation period of one hour.

All procedures were cornpleted within the 90 minut.e half
life of the drug. Therefore MNNG exerted only a cytotoxic
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effect and did not have a remarkabre infLuence on increasing
the number of resistant colonies. This is not to say that
MNNG is not mutagenic. Freese (1963) and Drake (1969)

point out that different mutagens have different specific
sites within the region of a gene, bringing about different
mutations. It is not known whether the B-azaguanine

resistant colonies observed, with and without I4NNG treat-
ment formed a homogeneous population. cerdá-olmedo eÈ al_.

(1968) showed that IVINNG induces mutaÈions in bacteria only
during DNA replj-cation and then mainly at the replicating
fork, resulting in transitions and transversions but no

frameshifts. Barranco and Humphrey (1971) using the

chinese hamster line cHo, demonstrated at least two popula-

tions of cells with different sensitivities to MNNG; cells
entering into S phase being the more sensitive. On the

other hand Orkin and Littlefield (1971) using the Syrian

hamster line BHK, showed MNNG mutagenesis to be independent

of the position of the cell in the cell cycle.

It is apparent then, that until there is more

information on the characteristics and "phenotypes" of
B-azaguanj-ne resistant cells derived spontaneously, experi-
ments investigating the induction of B-azaguanine resistance
lacks a standard.

spontaneous mutation rate
The mutation rate for spontaneous resistance in
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CHWCT to B-azaguanine was in the range of 2.3 x 10-6 to
6.5 x 10-5 with selection at 10 ¡tg aza/m|, which is within
the extremes recorded for other chinese ham.ster cerl 1ines.
Chu et al. (Lg6g) reported a mutation rate of I.g x IO-B for
Y7g, with selection at 30 Vg aza/ml, while Ar1ett and

Harcourt (1972) using the same cell line neported rates of
6 x 1O-5 to 3 x 1O-3 with selection at 7.5 lg/nt Shapiro

et al . (Lg72a) reported a rate of 1.5 x 1o-5 for a hypoproid

chinese hamster cell line with serection at 30 .yg/mr. Direct
comparison of the rate for CHWCI with those recorded for
oÈher cell lines is difficult because of the variability of
experimental conditions such as concentration of selecting
agent and cell densitj_es. Supporting this contention,
Arlett and Harcourt (1972) found that mutation rates were

not random and that rates from groups of experiments with
common media and serum batches fel] into similar ranges.

They concluded that the variability to some extent, \^¡as

due to the failure of a proportion of mutants to form

colonies under certain circumstances. The variability of
mutation rates recorded here is about one-third less Èhan

that reported by Ar1ett and Harcourt, accountable perhaps

by the restrictions placed on the source of materials used

in medía preparation.

The Luria Dëlbruck fluctuation test has been used

to confirm spontaneous B-azaguanine resisÈance for human

cel1s (Szybalki, 1959 ) , rnouse cells (Morrow, I9Z0 ) and
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Chinese hamster cells (Chu et aI. Lg6g; Shapiro et a1.,
r972a). A1so, the mutation rates hTere calcurated from

prediction of a Poisson distribution of resistant celrs,
Mutation rates in somatic cells in vitro do not appear to
differ from those in mouse, about 10-6r or man, 10-4 to

-Ê.10 " p"r fertilized gamete (Vogel, J'}TO),

Chu (1970) identified certain factors affecting
mutation rate to be cell d.ensity, concentration of selecting
agent and time of addition of selecting agent (mutation

expression time). Cel1 density was kept constant in this
study in order to minimize frequency varÍabilit.y. An

increase in the concentration of azaguanine from 10 yg/mr

to 30 pg/ml was observed to decrease the number of resistant
colonies. The mutation frequency appeared to increase with
intervening expression time, but the mutation rate based on

ceII counts did not. The difference was accountable by the

method used to estimate survi_ving cel1s.

Both frequency and rate were over-estimations when

the number of surviving cel1s was based on the plating
efficiency of two hundred cerls multiplied by the total
number of cells at beginning of experimenÈ. plating

efficiency provides the percentage of single celrs that
atÈach and divide to form macroscopic colonies. rt does

not indicate the number of surviving cerls available for
selection. fn a given experiment, an average of 202

colonies per dish was counted, whereas the average total
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ceIl count for a comparable dish was 4.3 x r03 (Gee, unpub-

lished data). rf in tha.t dish, there was one resistant
colony, then using plating efficiency the mutation rate
would. be 8.7 x 10-3; but, using cell count, the mutation

rate wourd be 4.og x 1o-4. plating efficiency over-estimates

mutat.ion rate because it does not give an accurate enumera-

tion of total surviving ce1ls.

The concentration of the selecting agent but not
its time of addition affected the mutation raÈe. variabirity
from experiment to experiment wa_s reduced by using cell
counts to estimate survivors at the time at which the

selecting agent was introduced.

characteristics of spontaneous and. chemically
induced resistant colonies

Eleven azaguanine resistant colonies were chosen

for characterization. Five colonies were isol_ated after
-?exposure to 10 "M MMS, three with selection at 10 Ug aza/mL

and two at 30 Vg/mI. The other six colonies were isoLated

in the absence of the mutagêrir three at 10 vg/ml and three

at 30 Vg/mI. All colonies grew in IO pg u.r"g.ranine/m1 as

well as in MENAFCIO. Tvro showed survival in THAG equal to
that in MENAFC1O, while one had minimal survival in THAG.

Seven others did not show single ceII growth in THAG. How-

ever, one colony, 65350f which did not plate out in THAG

initially, did so in subsequent experiments, and moreover
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the growth in MENAFC1O and azaguanine remained equal. This
variable response to TIIAG suggests that a mechanism other
than a primary gene mutation may give rise to azaguanine

resistance. The ability to survive in TIIAG d.id not appear

to be related to the concentration of the selecting agent

or the mutagen treatment.

The doubling time was found to be longer for these

colonies than for cHÌvcl. Littlefield (1963) also observed

that 8-azaguanine resistant celr-s had a longer generation
time than the sensitive ceIls. The increase in the d.oubling

time in azaguanine from that in MENAFC1O, explains the

difference in size noted in the resistant colonies.
colonies in azaguanine were smaller than those in MENAFC1O.

since it. would take longer for the cells to divide in the
drug, there would. be fewer cells and hence, smaller coronies.

chromosome ploi-dy did not reveal any pattern as to
mode of selection, response to THAGr or doubling time.
seventeen of the twenty-three isolated azaguanine resistant
colonies showed more than 509 tet.raproidy. This is in con-

trast to the parental line cHwcl, which always showed above

80% diploidy, the proportion being maintained amongst the

clones upon single cell plat.ing (Cox and Ray, 197I).
There is little reference to chromosome ploidy in

reports on B-azaguanine resistance in n.ammalian celrs.
Morrow (1970) used a mouse l-ine which was subject to a good.

deal of chromosomal variation thus being unfavorable for
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karyotype studies. He carried out chromosome counts on six
sensitive clones and five resistant clones and found no

sigrnificant difference in chromosome number. shapiro et
aI. (r972a) used a chinese hamster line with a chromosome

modal number of 18. They studied ten 8-azaguanine resistant
clones of which nine maintained a modal- number of lB and. one

clone was found to have a modal number of 33.

characteristics of a chemically induced

resistant clone, 1102

To ascertain Ín vitro characteristics of an B-

azaguanine resistant mutant, the clone 1102 was obtained

from a MMS induced azagiuanine resistant colony. I10A

demonstrated properties expected of a mutant. These are

stability of resistance in the absence of the selecting
agentr âÍr unaltered growth rate, and a low frequency of
reversion to sensitivity. The frequency of revertants was

-a -13 x 10 " to 2 x 10 ' . Chu et al (1969) reported spontaneous

reversion frequencies for two azaguanine resistant lines
-'7 -1derived from V7g, to be 5.5 x 10 ' and 2.5 x 10-1, using an

inoculum of 106 celIs. The frequency found here was srightry
lower. Using the Capizzi and Jameson table (1973) tfre

reverse muÈation rate would be between 5.6 x 10-B to 2.35 x

10'.

Although the rare appearance of revertants of 1102

falls within the frequency expected, 1102 did not revert Èo
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the "wild type" cHWcl phenotype. Tt is not known whether

the growth response demonstrated by the 1102 rrevertantl

was shared by the other colonies observed in the reversion
experiments. The microscopic appearance of the ceIls in
culture and their poor response in both MEN.AFCIO and THAG

suggests some g'ross distunbance in celi- metabolism, since

regardless of whether it was a revertanL or not, growth in
MENAFC10 would not be expected to change.

Freese (1963) proposed that practically all mutants

produced by single base changes do revert, but reversions of
deletions and insertions may be too small to be seen in a

genetic system as yet. However, lack of reversion does not

prove that more than one nucleotide pair has been altered,
neither is it established as a point mutation merely

because it reverts. He claims that it must be known that
the mutant had been induced by a chemical, which induces

nothing but point mutations in other genetically well-
studied systems, because revertants may be the result of
suppressor mutations. 1102 was a clone picked from a MMS

induced resistant colony. Although MMS does produce point
mutations in microorganisms, this has not been conclusively
demonstrated in mammalian systems.

From these preliminary investigations into
azaguanine resistance in the Chinese hamster cell line
CHWC1, it appeared that considerable varj-abi-Iity occurred

in response to mutagens, survival in THAG and in the level
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of tetraploidy. To understand better the basis of this
variability j-t became necessary to

(1) extend the investigation of spontaneous

B-azaguanine resistant ce1ls sel-ected at 10 Ug and 30 Fg

aza/mr after 0 and 42 hours mutation expression time, and

(2) apply the sel_ecting m.ethod to a tetraploid
subline of CHWC1.

characteristics of spontaneously derived

resi-stant colonies

Twenty-eight spontaneous azaguanine resistant
colonies were isolated. of these, ten were select.ed at
10 Ug aza/mL afÈer 0 hours mutation expression time. The

remaining colonies were isolated after 42 hours mut.ation

expression time, fourteen serected at 10 ug/mr and four at
30 pg/ml-.

Twenty-three of these colonies showed a similar
stability of resistance to the drug as 1102. The five
remaining colonies had decreased plating efficiencies in
azaguanine after eight to ten passages in MENAFCI0,

suggesting a nonhereditable resistance. One colony,

418-16-01 showed remarkable response to the d.rug. A

culture of these celIs courd not be rnaintained in azaguanine,

but v¡hen plated into 10 ug aza/mr from a MENAFCLO culture,
the relative plating efficiency hras 95?. There is no

obvious explanatJ-on for this behaviour.
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The toxic effect of azaguanine on the resistant
colonies was much less severe Èhan on cHh?cl. This is Èhe

expected response for cells deficienL in HGPRT, which cannot

incorporate B-azaguanine, thus providing resistance up to
that concentration of drug which interferes with other

aspects of cell metabolism. cHl^lcl cerls with normal HGPRT

activity, incorporate 8-azaguanine into the nucleic acids

with lethar consequences. The minimal resistance offered by

normal cells would be due to detoxification and the concen-

tration effect whereby normal substrate ín excess of drug

competes for the enzyme. There may also be a small effect
due to the presence of an antagonist to B-azaguanine in
fetal bovine serum.

Definite levels of resistance to the drug Ìvere not

apparent. rn all but two colonies, celI survival decreased

to a minimum at 45 ug to 100 pg aza/ml. one colony retained
abouÈ 2OZ survival in 100 Vg/mI while another could not

support growth beyond 15 Vg/mL. fn general, the colonies

selected at r0 ug and 30 pg aza/ml after 42 hours expression

time illustrated a broader spectrum of cytotoxic effects and

resistance than did those selected by 10 pg without the

intervening expression time. The latter had a plating
efficiency in 10 pg aza/mL in excess of 45? whereas the

colonies selected after 42 hours mutation expression tim.e

had a plating efficì-ency in 10 pg aza/ml as low as 10?. It
is possible that the colonies selected withouÈ the intervening
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expression time were more homogeneous in the underlying
cause of resistance.

Stability of resistance and level of resistance

were not interrelated, nor was there any clear relationship
apparent with concentration of selecting agent or expression

time. The level of resistance has been reported to increase

with increase in the concent,ration of the selecting agent

(Littrefield 1963; IÍornow 1970). However, this could have

easily resulted from the method of consecutive selection
and was not the property of a number of colonies, each

isolated only once at a specific concentration of the drug.

The estimation of doubling tj-me in mass culture is
a simple technique to quantify what may be apparent in
cul-ture maintenance, i.e., cel1s maintained in 10 ytg aza/m!

take ronger to reach conf ruency than in its absence. v,rith

few exceptions there was a longer doubling time in
azaguanine than in MENAFC1O. This would explain the size

difference of colonies in the cytotoxicity experiments. At

10 1tg aza/ml the effect of the drug seemed to be that of
retarding the cell cycle rather than that of toxicity,
since survival in 10 vg aza/ml was comparable to that in
MENAFC10, and only colony size was different. However in
azaguanine concentrations greater than 10 pg/m1, the

plating efficiency decreased and a toxic effect can be

assumed to have been operative.

The sel-ective medium, TFIAG, made it possible to
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separate the colonies into four catego¡ies, each demon-

strating different relative plating efficiencies. six
colonies did not show single ceIl survival in THAG. Ten

colonies demonstrated less than 30? survival in THAG

relative to that in MENAFC10, and eight coronies showed

greater than 50% survival. The four remaining colonies

showed variable response in THAG, and. rrTere the same colonies
that illustrated instability of resistance. Two other

associations courd be noted; the colony with the highest
leve1 of resistance had 0u growth in TIIAG, and the colonies
seLected without mutation expression Lime formed Èhe group

that had less than 30% survival in THAG. Although there

appeared Èo be variability of resporrse in some individual
colonies, this occurred at such a 1o¡¡r level that most could

be ascríbed to technical variation.
Seven of the colonies that demonstrated greater

than 50? survival in THAG, also showed equally high plating
efficiency in 10 ug aza/m:', a criterion for stability of
resistance. If resistance to azagiuanine is a forward

mutation, and growth in THAG indicates reversion, the

number of revertants in these col-onies would be equal to
the total number of mutant cel-ls. However since the cerrs

are plated into the respective media at the same time, same

density and from the same dilution; it appears to be an

!'off-on" situation with 100U response in each medium,

rather than selection of resistant mutants in azaguanine
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and selection of an equal number of revertants in TllAG. rn
the four cultures with irregular response to THAG, the cerrs
maintained in azaguanine showed a relative plating effíciency
which was high in 10 pg aza/ml but Iow in THAG. whereas the

paral1el cultures maintained in MENAFCIO showed a re]ative
plating efficiency which was low in 10 1tg aza/mI but high in
THAG. rn cul-tures maintained in nonselective medium the

capacity of resistance to azaguanine decreased considerably

concomitant wiLh increased survival in THAG. This type of
resistance is suggestive of adaptation, representing a

"phenotypic shift", since cells remained resistant to the

drug only when constantly exposed to it (Moyed, I-g6Ai

Harris, 1971) .

Complementation did not disclose any additional
information since only those resistant colonies that did
not show single cel1 survival in THAG could be used

effectively for celI fusion. A few colonies were observed

to arise after crosses between certain azaguanine resisÈant

celIs, but these were rrever as numerous as when the

resistant cells were crossed with the mouse ce1l line, BBZ.

It is highly unlikely that any of the colonies resulting
from crosses between the azaguanine resistant cells \^/ere

due to complementation. More probably the colonies so

formed represented reversion to azaguqnine sensitivity
even though the resistant cells did not plate in THAG. It
has been demonstrated that 1102 showed no plating efficiency
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in THAG, but did have a very row frequency of reverLants.
Thus it is an acceptable proposition that the spurious

col-onies formed m.ay be I'revertants" since far fewer cerl_s

are tested in a plating efficiency than are used for cerl
fusion. Therefore, these results demonstrated that the

azaguanine resistant colonies with a plating efficiency of
0u in TIIAG were not complementary. Resistance in these

colonies may be due to the same defect, perhaps in HGPRT.

All have been shown Èo retain resistance in the absence of
the selecting agent and to have a very low frequency of
"revertants" in THAG.

Chu et aI. (1969) suggested that azaguanine

resistance in the chinese hamster line vp is recessive.

They obtained a possible hybrid between a glutamine-requiring

cell and an azagruanine resistant ceI1r âS indicated by

karyotypic analysis and growth response in THAG m.edium

without glutamine. Functional tests showed. Èhat both

glutamj-ne auxotrophy and azaguanine resistance behaved as

recessive characters in the hybrid cell. Nadler et, al.
(1970) were successful in showing intra-allelic comple-

mentation in fused human diploid ceIls. The ce11s used

were from different patients wiÈh galactosemia, a rare

autosomal recessive disorder caused by defects in
galactose-l-phosphate uridyl transferase. They speculated

that the hybrid enzyme in the fused cells was formed

through the association of altered subunits, although they
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did not rule out the possibility of an intergenic rather
than intra-aIlelic complementation. Kao and puck (1972)

\iùere able to demonstrate complementation for auxotrophs in
the chinese hamster line cHo. Four separate complementation

groups of glycine-requiring mutants and two groups of
adenine or hypoxanthine-requiring mutants were distínguished.
They interpreted all the auxotrophs to be recessive. These

reports have shown thaÈ it is possible to make complementary

inÈraspecific hybrids for either intergenic or intra-alleric
mutations. This strengthens the probability that the seven

azaguanine resistant colonies tested here, represent a

homogeneous group of mutants.

The chromosomes of some resistant cell lines have

been reported to be the same for the mut,ants and the

parental lines (garris and Ruddle, 1960; Albertini and

De Mars, 1970¡ Morrow, 1970¡ Huberman et aI., I97L; Sato

et aI., 1972) , while some variation has been reported in
other resistant lines (Chu et aI., 1969; Chu and Ho, 1970¡

Shapiro et â1., I972a). Biedler et al. (1965) reported the

association of a specific chromosome with aminopterin

resistance in mouse celIs, and more recently Biedler and

Riehm (1970) documented association between actinomycin D

resistance in a Chinese hamster line with specific chromo-

some abnormalities. AIso, Balacco and colleagues quoted by

Morrow (1970), recorded that in an establ-ished human line,
increasing levels of azaguanine resistance \^rere due to the
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loss of a chromosome in the size range of the x chromosome.

In this studyr ârì altered karyotype was observed

in 752 of the azaguanine resistant colonies. This was an

unexpected result since the parental line, CHWCI, had

demonstrated a very stable karyotype. The modal chromosome

number of 22 was retained by the majority of colonj-es. some

of the artered karyotypes !^iere similar to that seen in 1102,

with four subtelocentrics and three marker chromosomes,

while other karyotypes showed deretíons of a number four
or five chromosome. rn cHVlcl less than 202 of the cerrs

were tetraploid, whereas after selection by B-azaguanine,

fourteen of the twenty-eight colonies were r00? tetraploid.
chromosomal variation is not necessarily responsible for
the phenotypic changre and, neither karyotypic alteration
nor chromosome ploidy could be associated with the pattern

of growth response or selection. The chromosome variation
itself may be induced by the altered internal physiological
state brought about by the process of cloning and pressure

of the selecting agent.

There are two possible reasons why a dispropor-

tionate number of tetraploids were recovered.. Firstly, the

tetraploid colonies may all have been derived from the

tetraploid cells already present, in the CHVüC1 population.

Or, secondly, there may have been some physiological

instability in the selected resistant diploid ce1ls, which

in some became counterbalanced by increased ploidy. Thus,
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the tetraploid celIs could have either been preferentialry
selected or could have arisen as a consequence of the
selecting process.

azagu4nine resistance in CHWCI-06

To determine if tetraploids were selected in
preference to diploids, a tetraploid subrine cHWcr-06 was

produced and processed through the azaguanine selection
sysÈem. This tetraploid did not yield resistanÈ coronies.
In contrast, Harris (1971) and Mezger-Freed (1971 , Lg72) ,

reported that mutation rates Ì\zere unchanged. in cells of
different ploidy levels.

Harris (I97I) prepared a matched set of polyploid
sublines, 2n, 4n and 8n, from the chinese hamster line vlg.
He found no significant increase or decrease in mutation
rates for cells at different ploidy revels and all were in
the order of 1o-5 for B-azaguanine resistance and 10-6 for
heat resistance. Mezger-Freed (1971, Ig72) studied
puromycin resistance in haploid and heteroploid frog cells
and BUdR resistance in haploid and diploid frog ceIls. she

also, did noL observe a d.ifference in the mutaùion

frequencies for cells at different revels of ploidy. How-

ever, Mezger-Freed went on to demonstrate that resistance
to puromycin and BUdR was due to membrane impermeability to
these drugs. Harris suggested that resistance may not
necessarily be the product of mutation, because in
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established cell lines and tumor cell populations de novo

variation is both characteristic and coñìmon. I4any changes

that resembre mutations could be the resurt of impaired

control of phenotypic expression. He considered that the

stable shifts in phenotype, which are a familiar part of
embryonic development, could possibry produce the resistance
which is maintained by culture condit.ions.

On the basis of the mutation rates for CHWC1 and

for cHÏ,vcl-06, it is apparent that the tetraploids were

not preferentially selected over the diploids, despite
the fact. that over half of the spontaneously derj.ved

B-azaguanine resistant col-onies were tetraploid, or had a
high proportion of tetraploidy. This leaves the other
alternative, that the tetraploidy was a consequence of
selection.

The absence of resistant ce11s in CHÌ{CI-O6 might

be accountable if B-azaguanine resistance is due simply to
a recessive mutation, then the mutation rate in a tetraploid
would be expected to be the square of the mutation rate in
the diploid. This would apply to mutation from the

heterozygous to the hom.ozygous or hemizygous condition. rn

this case, the expected mutation rate would be in the order

of 10-10 which is beyond the rirnits of clj-scrimination and

moreover exceeds the technical capacity t of the method used,
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mechanisms for resistance

In this investigation phenotypic variants could

only be distinguished by the level of response to THAG.

Howeverr ërn over-estimation of the growth of azaguanine

resistant celIs in TIÍAG can occur as a result of metabolic

cooperation if normal cells are also present in the celI
population. Metabolic cooperation allows m.utant ceIls to
behave in a way similar to wild-type ceIIs. This phenomenon

has been studied in mixed populations of HGPRT- and HGpRT*

cells. Subak-Sharpe et al. (1966, 1969) used the Èerm to
describe the autoradiographic results where HGPRT- cells
incorporated 3tt-hypo*anthine into their nucleic acids when

in contact with HGPRT+ cells. ïn addition there has been

som.e evidence of transfer of a prot.ein from a normal cell-

to a deficient one when the two types are in contact with
each other (fujimoto and Seegmiller, L970; Ashkenazi and

Gartler, L97L; Cox et â1., 1970 , 1972) . The prerequisite
for metabolic cooperation is celI contact. De Mars (1971)

found that in population densities above 50 cells/mmz,

HGPRT- cells often became significantly tabelled by
I
'H-hypoxanthine in the presence of normal cel1s. In this
study a culture from each colony was maintained in azaguanine

and two hundred cells only vüere plated in each 35 mm dish.

Normal cells can not survive in 10 Ug aza/ml and at the cell
density used for plating efficiency, cell to celI contact

would be extremely rare. Thus, the methcd of determining
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plating efficiency excludes metabolic cooperation as the
cause of the observed growth in THAG.

Four groups of azaguanine resistant colonies \^/ere

dist.inguished according to the prating efficj-ency in THAG.

one group of six colonies showed no survival in THAG, a

second group of ten colonies had less Èhan 3oa survivar in
THAG while a third group of eight had greater than 5oB

survival and the fourth group of four coronies showed a

variable response to THAG. can these leve1s of response Èo

THAG be related to proposed mechanism-s for resistance?
Resistance of a cell to a drug may be the result of a defect
in the incorporating enzyme, impermeability of the drugr or
an adaptive mechanism- under the control of regulatory genes.

The activity of the incorporating enzyme may be

altered in a number of ways. Deletion of a chromosome

region can result in the loss of the structural gene for the
enzyme, thus creating a deficiency. Also, a defect in the

gene can lead to loss of enzyme activity, but final evidence

that the defect was a point mutation, is the demonsÈration

of an altered gene product. Reversion rate has been used as

an indirect indication of a point mutation however a

suppressor mutation may restore growth partially or even

completely. Resistance to B-azaguanine in mammalian somatic

cells has been ascribed to mutation in the structural gene

for HGPRT (Rubin et aI., 1971) . rntermediate revels of
resistance have been attributed to the number of copies of
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the HGPRT locus (Szybalski et al., 1963; Littlefield, 1963;

Morrow, 1970). Whereas Chu and Malling (1969) suggested

that "leaky" mutations, those resistant to different levels
of B-azaguanine, each represent "a different ísoallele with
a different lever of enzymatic activity controlled by the
azg' locus " .

Mezger-Freed (1971 | rg72) reported that membrane

impermeability resulted in resistance while Harris (1971)

and Cass (1972) demonstrated that impermeability of a drug

could be a function of ce1l density.

Regulation of enzyme activity in higher organisms

has been demonstrated. The studies of conrad and Ruddle

(1972) and Tiemeier and Milman (L972) indicate that normal

maintenance of high enzyme activity and subsequent disappear-
ance of enzyme activity may involve post-transcriptional
events which operate at the leve1 of RNÄ. translation or
subsequent protein turnover. Riccardi and. Littlefierd
(L972) described a strain of Lesch-Nyhan fibroblasts that
showed fulI simultaneous resistance to aminopterin and

6-thioguanine. By radioautographic studies they showed that
when the cells were kept in HAT, there was a gradual and

uniform incorporation of 3lt-hypo*anthine, suglgesting a

generalized adaptatj-on rather than selection of variant
ce11s. This aminopterin resistance was associated with a

2-fold increase in HGpRT activity. once out of HAT medium,
I

uptake of 'H-hypoxanthine and HGpRT activity was
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re-established to that commonly found in Lesch-Nyhan fibro-
blasts.

It is attractive to speculate on the possible

mechanisms which may have been operative in the production

of the azaguanine resistant col_onies isolated here.

Although changes in chromosome ploid.y and karyotype lvere

observed, these did not relate to any definite growth

response. rt is unlikely that the chromosome changes per se

are implicated as mechanisms of resistance. There is the
possibility that those colonies which did not demonstrate

single cell survival in THAG were true I'mutantst' in that
they may have possessed a defect in the structural gene for
HGPRT. And perhaps the col-onies which demonstrated a low

plating efficiency in THAG may have had a partial deficiency
of the enzyme as a result of post-transcriptional mod.ifica-

tion. The colonies with the irregurar response to THAG as

well as to azaguanine suggest some other regulatory
mechanism, a type of adaptive phenotypic shift, perhaps a

phenomenom similar to that described by Riccardi and

Littlefield (r972) was responsible for some of the resistant
colonies which were stable to resistance and also maintained

a plating efficiency in THAG equal to that in IO ¡tg aza/ml

and MENAFClO. No conclusive statements can be made in
regard to the m.echanisms of resistance that may have been

responsi-ble for the variation observed in the isolated
B-azaguanj-ne resj-stant colonies until a more detailed and
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comprehensive study is made on each colony.

The twenty-eight. spontaneously derived resistant
colonies do not represent a uniform mode of resistance and

it is coubtful whether even harf of them represent point
mutations. until the time when normal variation can be

distinguished from true mutation, the use of g-azaguanine

resistance in vitro as a genetic marker, for example in
environmental nutagen screeningi, lacks credibility.
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APPENDTX Ï

Plating efficiency of diploid human fibroblasts in selective
media, plated as 200 cell-s per 60 mm dish and grown for g

to 14 days.

Plating efficiency (average of 5 replicates )

-
lt{edia

EÃtrT-

sK44902 39.6 37.3
19.3 22 -6

33.8 0
20.9 0

sK44893 18.9 2.4
10.2 9.7

t5ot = hypoxanthine 1.0 x fg-4¡¿, aminopterin
4.0 x tO-7¡¿ and tñymidine 1.6 x t0-5u aå4"¿ to MENAFCIO

2sx¿¿gO = culture of skin from Lesch-Nyhan patient,
HGPRT deficient

3Sx¿¿gg = culture of skin from father of 4490,
HGPRT normal

0 = no cells
{ = scattered cells, but in groups less than Z0

ceIls.

+
+
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APPENDIX TT

cell counts and calculations for regression lines to esti-
mate doubling time for CHWCI.

Cell counÈs x tO3/ø0 mm dish, seed.ed at 6 x 104
cells/dish.

Hours Exp. L94 Exp. f99 Exp. 2I4

fntercept

Slope

Values for
given x:

31
7

22

4B
32
B3

2l-3
l-92
227

294
422
277

1070
10 36
1036

17 10
L728
1590

735.794

28.508

20
I2
1B

14
20
1B

82
58
84

94
68

112

332
294
266

410
380
360

155.321

6.713

4.6 x 104

2.5 x 105

76
70
78

64
76
80

352
382
4r4

515
468
s04

1640
1700
1540

T7 86
1840
1930

793.957

34.329

18

24

42

48

66

72

Yt

30 1.19 x 105

g.75 x 105

2.4 x 105

1.3 x 10660
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APPEND]X TII

B-azaguanine resistance in CHWCI following two hours exposure

to methyl methanesulfate (MMS).

EXPERTIqENT 6 O

Method: B-azaguanine resistance

Cetls z CHWCJ./AZ at t.zS x 106/rO0 mm dish in 5 ml
medium for 4 hours

Mutagen: 1O-31,t IrIMS made up in serum-f ree medium from
.2iq i\ÍMS stock in distilled waÈer, exposure 2 hours

Selection: 10 pg and 30 1-tg aza/mL in medium, I0 ml
selective medium per dish, medium change every
3 or 4 days

Replicates: 10/treatment

plating efficiency (for estimation of cell survivaL)

Cells: CHWCl-/A2 at 200/35 mm dish in 1 mI medium

Mutagen : 10-31¿ ¡¿¡¿s ( f rom above )

Replicates: 10/treatment

Results: Calculation of mutation frequency (F) and rate (!r)

MMS O 10-3¡,1

PE 29.45 1.75

pg aza/ml 10 30 10 30

total colonies (cr¡ 367 33 gg3 429

CaNt* 83.0 6 L2.9 171.595 94.32

survivorç (cut)l 2z.t tg.4 1.31 L.53(x 105) )' 75 62.5 4.5 5 .2

141



r42

-trF (x l0 -) 16.6 I.79 674 280

-tr la (x 10 -) ¿ 3.758 .701 130.99 61.65

2 L.107 .206 38.132 18.138
*values from Capizzi and Jameson (1973)
'ì*estimated by plating efficiency
')'estimated by cell counts.

EXPERTIUENT 65

Method: 8-azaguanine resisÈance

Cells: CHtrlCl/3S at tO6 /tO0 mm dish in 5 mI medium for
4 hours

Mutagen: MMS at tO-3¡,1 (made up as in #60)

Selection: azaguanine at l0 Vg/mI and 30 Ug/ml in
medium

Replicates: 10/treatment

plating efficiency

Cells: CHWC1/35 at 200/35 mm dish in 1 ml medium

Mutagen: 1O-3¡a u¡ts (from above)

Replicates: 10/treatment

RESULTS: Calculation of mutation frequency and rate

M¡4S 10 "M

PE 33.65 0.25

ug aza/mI 10 30 10 30

total colonies 62 31 731 76

CaNt 20.52 12,335 L46 .65 23.94



survivors 1
(x 105 )

2

-trF(x10-)
-Ra (x 10 -) I

2

MMS

PE

total colonies

CaNt

survivors 1
(x los )

2

F

F (x 10 ")
a (x 1O-5) 1

2

30.3

90

2 .05

0 .677

0.228

33.7

100

0.92

0.366

0.123

.225

.669

3248.9

651.8

2J'9.2

143

.25

.74

304

95.8

32 .4

EXPERTMENT 69

Method: 8-azaguanine resistance

Ce1ls: CHttTCl/4I at I.25 x f O5Tf OO
for 4 hours

Mutagen: MMS at t0-3¡,t (made up as

Selection: 10 ¡tg aza/mI medium

Replicates: 10/treatment

mm dish in 5 ml medium

for #60)

5

10 "M

1.65

343

78.57

0.144

0.362

2381.9
s45.6
2l-7 .04

plating efficiency
Cellsz ATjlqüCI/AI at 200/35 mm dish in I ml medium

-2Mutagen: 10 'M MMS (from above)

Replicates: 10/treatment

0

54.5

287

68.03

4.77

11.97

60.17
t4.26
5.68

Results: Calculation of mutation
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EXPERTMENT 97

Method: B-azaguanine resistance

Cells: CHVIC1/63 at L.25 x fO5rzfO0 mm dish in 5 mI
medium for 4 hours

Mutagen: 10-3¡t tuil¿S (made up as for #60)

Selection: 10 pg aza/ml medium

Replicates: l0/LreaLment

plating efficiency

Cells: CHVIC1/63 at 200/35 mm dish in I ml medium

-?Mutagen: 10-'M MMS (from above)

Replicates: l-0/Lreatment

Results: Calculation of mutation frequency and rate

I\4MS

PE

total colonies

CaNt

survivors l-
(x ro5 )

2

-q.F (x 10 ")
-La (x 10 -) I

2

0

37.35

I41

38.61

3.27

tr.97
43.12

11. B1

? ô"

-?10 "M

6.05

459

99.72

0. s29

1.94

867 .7

188.5

s1.4
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EXPERIMENT 104

Method: B-azag,uanine resistance

Cells: CHWC1/65 at 1.25 x tOs/tO0 mm dish in 5 ml
medium for 4 hours

Mutagen: I0-3t¿ ¡,1¡ts (made up as for #60)

Selection: 10 Ug aza/mI med.ium

Replicates: 10/treatment

plating efficiency
Cells: CHhiCl,/65 at 200/35 mm dish in I mI medium

-?lfutagen: 10 'M MMS (from above)

Replicates: 10/treatment

Results: Cal-culation of mutation frequency and rate

MMS

PE

total colonies

CaNt

survivors I
(x ros )

2

_\F (x 10 ")
-tra(x 10 -) 1

0

35.75

L69

44 .49

4 .02

15.39

42.04

11.07

2 .89

_?
10 "M

0.15

415

91.8

0.0188

0.0646

22133.3

4896

142 1



APPENDTX TV

B-azaguanine resistance in cHhICr following I hour exposure
îto M-methyl-N-nitro-N-nitrosoguanidine (MNNG) .

EXPERIMENTS 300 and 314

Method: 8-azagl:anine resistance

Cells: CH¡¡(CL/Z1 at 1.25 x fO57fO0 mm dish in 5 mI

medium for 4 hours

Mutagen : r0-7¡.r, 1o-6¡¿, 1o-5¡t, 1o-4M as seriar dilut,ions
from stock MNNG 1o-¿¡r, made up in serum-free medium

serection: 10 ug aza/mr with no mutation expressi-on

time (O hours) and 42 hours mutation expression

time.

Replicates: 5 dishes/mutagen conc/time for mutation

expression.

A_r"ti"g "ffi.i"".y (for est,imation of cerr survival)
Cells: one 100 mm dish from each of the five tdNNG

concentrations and one without m.utagen treatment

trypsinized after mutagen quenching and seeded at
200 cel1s/35 mm dish in 1 ml medium

Replicates: 5/treatmenÈ

t46



Results:

r47

(F ) and rate#300 Calculation of mutation frequen (a)

MNNG

PE

total colonies

CaNt

survivors 1
(x los) ,L

-hF (x 10 ")
-ha (x 10 ") 1

2

total colonies

CaNt

survivors 1
(x to5) )L

-hF (x 10 -)
-Àa (x 10 ') 1

2

0

30.9

1

L.76

1.93
3.775

0.52

0.912
0.466

I07

31.075

1.93
8.55

55 .44

16.10
3.63

_110'M

34. B

to*6¡,i

15.2

-L10 -M

3.2

J

2.86

0.2
0.393

18.75

17.88
7 .28

4

I aî
J ¡ JJ

0.2
0.711

20.00

16.65
4.68

_L

10 -t4

0

0 hours mutat,ion expression time

I2

6 .44

2.18
4.25

s.50

2 .95
1.52

72

22.49

2.18
9.63

33.03

10.32
2.34

5

3.77

0.95
1.86

5.27

3.97
2.03

86

26.30

0.95
4.2t

90.53

27.68
6.25

0

42 hours mutation expression time

0
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Results: #314 Calculation of mutation frequency (r) and rate (a)

MNNG

PE

0

44.r

0

42

223

55.5

2.76
8.50

BO. B

20.11
6 .49

10 'M

49.r

to-6¡r

42.0

-c.10 "M

7.6

0

_À
10 =M

0

0

0 hours mutation expression time

total colonies

CaNt

survivors l
(x to5) )L

-hF (x 10 ")
_La (x 10 -) I

2

total colonies

CaNt

survivors 1
(x 105) )L

-hF (x 10 ")
-\a (x 10 ") 1

2

2

2.35

3.07
4.20

0.651

0.765
0.5s95

0

hours mutation expression time

224 189 16 0

s5.7 48.64s 7 .79

3.07 2.63 0.47s
9.52 8.14 L.47

72.96 7.86 33.68

18.14 18.50 16.40
5.85 5.98 5.30



APPENDIX V

selection of B-azaguanine resistance colonies, spontaneously

derived in two concentrations, 10 Ug and 30 pg aza/ml with 0

and 42 hours expression time.

EXPERIMENTS 354 and 418

Method:

Cells: CHldCl/33 at L.25 x 105 cellsldish, tot.al of
twenty-six 100 mm dishes

Treatment: After 4 hours incubation, dishes were

randomized and arranged into six treatment blocks;

two blocks of 3 dishes each and four of 5 dishes

each. One set of 3 dishes was for cells counts.

One set of 5 dishes received I0 mI of 10 Ug aza/m!

each; and another set of 5 received 10 mI of
30 pg aza/ml each. The remaining thirteen dishes

received 10 m1 MENAFC10 each.

After a further 42 hour incubation, the thirteen
dishes containing MENAFCIO were treated by the

same method as the first thirteen dishes. Selective

media was renewed in the other ten dishes.

The selective media were changed every 3 or 4 days

until colonies \,vere large enough to pick.

L49



Results; #354 Calculation of mutation rate (a

expression time
(hours )

pg aza/ml

Cr

CaNt

CNt

a

0

10

B

4.98
tr

3.48xl0'
-Ll.43xt0 ¿

42

10

18

I .44

6.05xI0'
-tr1.40xI0 J

ts0

30

1

L.7 6

Ë

4.84xI0'
I

.364xl0 ¿

30

0

#418 Calculation of mutation rate (a)

expression t,ime
(hours )

vg aza/mI

Cr

CaNt

cNt
a

0

10

I

L.7 6

2.76xL0'
_L

.638xl0 r

42

10

I9

8.755

1.06xI06
-h8.26xl0 v

30

3

2.86

1.9lxl06
_â.1.50xI0 e

30

2

2.35

6.9xI05

. 34 1x10 -5



APPENDIX VI

ceIl counts and regression lines for estimation of doubling

time in MENAFCIO 10 ug and 30 pg aza/mr for coLonies 65350,

65I7Lt 6528I, 65274 and 65691.

65350, 24Lh passage

MENAFClO

r0 u9 aza

30 ug aza

calculation of y

MENAFCTO

10 ug aza

30 vg aza

ceII counts (xfO5)

24 hours

s.02 4.52
3.92 6.22
4.I2 3. 32
2.48 3.61
3.60 4.40

3.28 3. B0
3.36 3.64
4.46 3.44
3.52 3.00
3. 36 3.44

2.66 2.08
2.L6 3. 16
1.16 3.12
2.76 3.72
3.02 3.10

54

10.28
10.16
L2 .04
LT.22
17.56

8.68
11.88
L2.84
10.46
7.94

6.86
B .44
3.70
6.08
7 .72

hours

l-6.62
B .12

12.64
11.88
15.12

7.30
L2.20
7.74
9.86
9. B8

L 24
8.82
6.30
6 .16
5.60

regression

whenx=30and

30

5.8 x 105

4.8 x 105

3.5 x 105

lines

40 hours

40

8.6 x 105

6.g x 105

4.g x 105

151
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I
7

rf)

96
xv5

c
34
U

o?
UV

*eP

R"gression Lines for No. ó5350

30
Hours

2
40



6517L, 2Ot.h passage

MENAFClO

10 u9 aza

30 ug aza

calculation of 7

regression lines

when x = 30 and 40 hours

cell counts (xfO5)

24 hours 54

7.38
9.02
7 .40
8.72
9.26

6.58
5.04
7 .82
B .44
7.74

4 .57
3.54
4.72
4.38
4 .40

153

hours

7 .82
10.06

7 .02
8.14

10.04

7.94
9.26
8.96
6.76
6.62

3.94
4.L4
4.32
4.58
3.98

2 .68
2.24
2.20
2.t2
2.42

2.20
2 .34
2.30
2.26
2.r0

2.26
2.58
2.22
2.12
2.18

2.60
2.70
3. 10
2.72
2.36

2.00
2.52
3.02
2.72
1.96

2.40
2.16
2.54
2.58
1. B2

30 40

5.7 x 105

5.1 x 105

3.4 x 105

MENAFClO 3.7

3.4

2.7

trt0'
t- 0'

1o'

ug

ug

10

30

aza

aza
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6528I, 22Lh passage

MENAFClO

10 u9 aza

30 ug aza

calculation of y

regression l-ines

when x = 30 and 40 hours

ce11

24

2.44
2.40
t.94
2.36
2.08

1.68
1. B0
2.18
1. 36
1.30

r.46
2.00
1.36
1.00
1.40

tr

counts 1xt0')

hours

2,48
2.50
2.52
2 .82
0.92

1.84
1.10
2.18
2.16
0.82

t.7 6
1.30
1. B0
1.54
1.38

54

6.58
B .42

13 .46
11.80

7 .46

s.48
5.70
4.60
4.48
4.14

2.50
1.96
1.72
2.52
2.12

155

hours

10.12
8.68
9.66

10.20
8.60

4.r4
5.02
5 .44
4.02
6.20

2.80
2.72
2.26
3.58
1.64

30 40

6.1 x 105

3.4 x 105

1.95x 105

MENAFClO

aza

aza

3.8

2.4

r.7

105
Ë

10'
Ë

10'

10 u9

30 u9
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65274, 6th passag,e

MENAFClO

10 ug aza

30 ug aza

calculation of y

MENAFClO

10 ug aza

30 ug aza

celt counts (xfO5¡

24 hours

2 .06
1.26
1.58
1.86
L.82

1. 7B
1.56
1.sB
1. 70
2.L6

1.66
1. B0
2.L6
r.24
t.46

regression

V'¡henx=30and

30

3.3 x 105

2.7 x 105

2.I x tO5

lines

40 hours

54 hours

9.18
9.32
9.04

11. 10
10.66

8. s4
6.04
7 .46
5.12
s.88

3.88
4.82
4 .42

2.89

40

6.0 x 105

4.4 x 105

2.g x 105
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6569L, 20rh passage

MENAFClO

10 ug aza

30 u9 aza

calculation of y when

MENAFClO

10 pg aza

30 vg aza

regression lines

ce11

24

3.90
3. 30
3.52
2.90
2.80

2.24
2.18
2.62
2.24
3.18

1.84
2 .60
2.BB
2.54
2.48

r
counts (xt0')

hours

3. 82
3.24
4.08
3.02
3.60

3.34
4.56
3.20
3.26
2.90

2.96
2.90
2.44
3 .66
2.70

54

12.60
11. 55
12.18
14. 10
15. 32

7 .16
7.78
6.62

10.70
8.50

4.22
4. 36
3.60
3.22
5.52

159

hours

10.00
12.10
13.25
15 .10
15.80

6.94
6.82
7.94
B.4B
7 .20

5.16
3.54
3.10
5.04
3.76

x=30
30

5.4 x

3.9 x
3x

and 40 hours

tr
10'

tr
1o'

10'

40

8.6 x 105

5.5 x 105

3.5 x 105
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1102 (clone of 65691), 3Bth passage

ceII counts (xIO5) in MENAFcIO

18 hrs . 24 hrs . 42 hrs. 48 hrs. 66 hrs. 72 hrs.

.62 1.18 I. 82 3.26 10 .9 10.6

.58 1.10 2.L2 3.40 10.0 12.1

.60 I.12 L.76 3.r2 I2.7 14. O

regression line
calculation of y when y = 30 and 40 hours

30 40

MENAFCI0 1.69 x I05 g.4z x 105

ReEress¡on Lines for No. ll02

6

^5n
94
x

3
C
:)
82
c,-(J

ê

,ø

20 30 40

Hou rs



APPENDTX VT]

Colonies selected at tO pg aza/m!, 0 hours expression time.

Colony 354-08-01. Cell counts and estimation of doubling
time (t/g) in rnass culture for:

MENAFClO

passage

44

45

46

47

4B

49

50

51

52

44

45

46

47

4B

49

50

51

52

t (hrs )

71.5

96.5

74

99

94

72

70.5

99.s

66

71.5

96.5

74

99

94

72

70. s

99.5

66

No

.45 xl05

.321x105

.354x105

.302x105

.32lxl05

.336x105

.363x105

.355x105

.329x106

NI

1.07 x105

2.2L x106

7.55 xlO5

1.785x106

1. 865x106

6.05 xl05

7 .IO x105

2 . 115x10 6

5. B2 xl05

10 pg aza/mL

.45 xro5 4.55 xlo5

.364x105 t.185x1o6

.356x105 t. rr5xlo5

. 3t2x1o5 t. ts xto6

.322xr05 t.7l xto6

.329x105 4. ¡o xro5

.344xrot z. os xt05

.355x105 :.925x106

.325x105 t.gz x1o5

I
4.57

6 .11

4.4L

5. B9

s. B6

4.L7

4.29

5.9

4.L4

3.34

s.02

4.e7

5.2

5.78

3.7r

4 .36

6.79

2.56

E/s

15.6

15. B

16 .8

16 .8

16

17. 3

L6 .4

16.9

15.9
16.4

2L.4

t9.2

l-4.9

19

16.3

19 .4

L6.2

l-4.7

2s. B

16.2L62
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Colony 354-08-02. CeIl counts and estimation
time (t/g) in mass culture

of doubling
for:

passage

27

3B

39

40

4L

42

t1'>
=J

44

45

37

3B

39

40

4L

42

43

44

45

t (hrs )

77.5

9B

70

72

71.s

96.s

68.5

99

75

77.5

98

70

72

7L.5

96.5

68.5

99

75

No

.21 x10 5

.246x105

.348x105

.36 xl05

.32 x105

.396x105

.341x105

.319x105

.299xI05

I
4.51

6. BB

4.33

4.64

4.L4

s.43

3.78

6.5s

4.33

4.03

6.03

4.L4

3,59

3.52

5.31

4.09

5.56

3.95

L/s

17 .2

l.4.2

l-6.2

15 .5

17 .3

17. B

18 .1

15.1

17.3
16 .5

10 u9

.27 xl-O5

.264xI05

.34 xl05

.36 xl05

.348x105

.4 xlo6

.317x105

.324x105

.305x105

IVIENAFClO

Nt

6.15 xl05

2.g xl-06

7.0 xl05

9. O x105

5.65 xlO5

1.705x106

4.7 xl05

2.gg xl06

6. O x105

aza/ml

4.4 xl05

I.72 x1O6

6. o x105

4.35 xl05

4.0 xl05

1.58Sx106

5.4 x105

1.525x106

4.7 xl05

L9.2

16.3

16 .9

20.1

20 .3

18.2

L6.7

17. B

19

tB.3
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Colony 354-08-03. Cell counts and estimation of doubling
time L/g in mass culture for:

MENAFClO

passage

40

41

42

43

44

4s

46

47

4B

49

40

4T

42

43

44

45

46

47

48

49

t (hrs)

72

52

70.5

68.5

77.5

97

93

68.5

75

69.5

72

52

70.5

68.5

77.5

97

93

68.5

75

69. s

No

.52 x105

. 319x10 5

.288xl05

.313x105

.286xl05

.278xl05

.275xL05

.318x105

.32 xtO5

.306x105

Nt

1.59Sx106

4. B x105

5. B x105

7.15 x105

1.39 x106

1.25 x106

1.59 xt06

8.0 x105

L.236xl06

1.032x106

10 pg aza/ml

.52 xtoS 7.5 x1o5

. 3 x1o5 r.45 xro5

.29 xto5 B. 15 x1o5

.326x105 ¿. gs x1o5

.278x105 I .z x1o5

.2BBx1o5 t. ¡z xt06

.27 4xro5 t.465xto6

. 322xro5 t. oo x1o6

.3t8xto5 e.ø x1o5

.3ogx1o5 a.zq xto5

g

4.94

3.91

4.33

4.5r

5.6

s .49

5. B5

4 .65

5.27

s.08

3. 85

2,27

4. 81

3.74

4.69

5.57

5.74

s.04

4.38

4.34

tlg
l-4.6

13. 3

16.3

15 .2

13. B

L7 .7

15.9

L4.7

L4.2

13.7
]-4.9

18.7

22.9

L4.7

18.3

16 .5

17 .4

L6.2

r3.6

T7 .L

16

17 .7
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Colony 354-08-04. Cell counts
time (t/s)

and esti¡nation
in mass culture

of doubling
for:

MENAFClO

passage

39

40

4I

42

43

44

45

39

40

4I

42

43

44

45

t (hrs )

1'> tr

70. s

69

77.5

72.5

94.5

70

73.5

70.5

69

77.5

72.s

94.5

70

No

.498x105

.351x105

.306x105

.296x105

.32 x105

.305x105

.317xI05

10 ug

.498xl05

.34 xI05

.324x105

.306xl05

. 32 3x10 5

.3 x105

.35 xl05

Nt

5. B5 xl05

5.1 xt05

3.70 xl05

8.0 x105

4.35 xlO5

1.585xt06

4.l-5 xt05

aza/m\

2,7 xl05

4.05 xIO5

2.55 x105

6.45 x105

4.5 xl05

8.75 xl05

3.9 x105

I
3.55

3,86

3.6

4,76

3.76

5.7

3.71

2.44

3.57

2.98

4.4

3.8

4 .87

3.48

L/s

20.7

18. 3

l-9.2

16.3

1ô ?

16 .6

18.9
18 .5

30 .1

l-9.7

23.2

17.6

19 .1

19 .4

20.1
21.3
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Colony 354-08-05. Cell counts and estimation
ti.ne (t/g) in mass culture

of doubling
for:

MENAFClO

passage

34

35

36

37

3B

39

40

4L

42

34

35

36

37

3B

39

40

41

42

t (hrs )

96.5

6B

77.5

119.s

70.5

145.5

95.5

67 .5

100

96.5

6B

77.5

119 .5

70.5

145.5

95.5

67.5

100

No

.6I3x105

.31 xI05

.77 x105

.348x105

.306x105

.306xl05

.33 xl05

.3024x105

.307x105

Nt

2.Og x106

2.I x1O5

L.74 xt06

7 .65 xl06

1.02 xt06

1.66 xI06

1.26 x106

6 ,4 xIO5

1.965x106

10 Ug aza/ml

.62 x1o5 1,32¿x1Q6

.34 xro5 3. 85 x1o5

.77 xr-05 r. 05 x1o6

.312x105 t.o xto6

.32 x1o5 3.5 x1o5

. 35 xro5 r.525x106

. 3o5x1o5 z. a x1o6

.2BBxro5 ¡. os xto5

.3o5xro5 t. og xto6

g

s.09

2.76

¿q

7.78

5.06

5.76

5.25

4.4

6

4.42

3.5

3.76

5,68

3.45

s.45

6.3

3.4

5. 16

L/s

19

24.6

17 .2

15 .4

13.9

25.3

18.2

15.3

L6.7
18.4

21.8

19 .4

20.6

2L

20 .4

26.7

15.2

19 .9

19 .4
20 .3



l-67

Colony 354-08-08. Ce11 counts and estimation
tine (L/g) in mass culture

of doubling
for:

I{ENAFClO

passaqe

L7

1B

19

20

2T

22

23

24

25

L7

1B

19

20

2T

22

23

24

25

t (hrs )

72.5

97.s

7 4.5

98.5

77.5

98

68.5

78.5

89.5

72.5

97 .5

7 4.5

98.5

77.5

9B

68.s

78.s

B9. s

No

.54 xI05

.33 xl05

.379x105

.387x105

.345x105

.3 x105

.37 xt05

.352x105

.345xI05

10 u9

.54 xt05

.324xl05

.304xl05

,3g8xI05

.356x105

.3 x105

.34 xI05

.36 xl05

.33 xl05

NI

1.665xl06

1. B9sxt06

6.45 x105

2.26 xt06

1.5 x106

1. 85 x106

7.05 x105

1. 15 xt06

L.42 xt06

aza/mI

2.7 xl05

t.52 x106

4. B5 xI05

1.78 x106

1.08 xl06

8.5 x105

3.6 x105

6.6 x105

1. 302xl06

cf

4.95

5. 84

4.09

5.87

5 .44

5.95

4.25

5.03

5. 36

2 .32

5.55

4

5.52

4.92

4.82

3.4

4.2

5.3

L/s

14.6

l-6.7

LB.2

16.8

L4.2

16 .5

16 .1

15 .6

l-6.7
]-6.2

31.3

L7 .6

18.6

17. B

15.8

20.3

20.1

18.7

16 .9
t9,7
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Colony 518-04-01. Cell counts and esÈimation
tirne (t/g) in Jnass culture

of doubling
for:

MENAFClO

passage

6

7

B

9

10

11

I2

13

14

¡ (hrs )

76

93

L2L.5

98.5

91.5

t¿

77

93.5

7t

76

93

121.5

98.5

91.5

72

77

93,5

7T

No

.53 xl05

.375x105

.389xl05

.3B9xl-05

.331x105

.34 xt05

.37 xI05

.314x105

. 32 8x10 5

I0 ug

.53 xt05

. 37 Bx10 5

,377x105

.367x105

.324x105

.336x105

.364x105

.3 x105

.33 x105

Nt

6.25 xtO5

1.167x106

1. 16 7x]06

2.07 x106

2.L25xI06

g.25 xl05

7. B5 xI05

1.64 xl06

1.41 x106

6

7

B

9

10

11

I2

13

I4

aza/ml

5.4

1.11

1.41

1.08

8.4

2.6

6.25

8.25

2.35

xlo 5

xlO6

xto 6

xlo 6

tr
xl0'

tr

xl0'
tr

xlO'
tr

xl0'

xl0'

g

3.56

4.96

4.9r

5.73

6

4,77

4 .4L

5.71

5.43

î ?Ë

4.88

5.22

4.88

4.7

2.95

4 ,11

4.78

2. 83

L/g

21.3

18. B

24.7

r7 .2

15. 3

15 .1

17 .5

16 .4

13.1
r7 .7

22.7

19.1

23.3

20.2

19 .5

24 .4

18.7

19 .6

2s.1
2r.4
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Colony 518-12-01. Ce11 counts and estimation
time (t/g) in mass culture

of doubling
for:

passage

6

7

B

9

10

11

T2

13

L4

t (hrs )

76

93

L22

99

91

73

73

96

o? Ã

76

93

L22

99

91

73

73

96

93.5

I
4.28

5.05

5.5

5.37

5.77

4.16

4 .49

5.29

5. B7

2t4r

4 .6L

4.66

5.29

4 .44

3.93

3,12

4.8

4,72

t/s
17. B

18.4

22.2

18 .4

15.8

17 .5

16 .3

18. t

15 .9
17. B

31.5

20.2

26.2

18.7

20.5

18.6

23.4

30,8

19 .8
23.3

6

7

B

9

10

11

L2

13

I4

No

.575x105

.335x105

.303x105

.303x105

.275x105

,3 x105

.321x105

.36 xl05

.31 xt05

10 u9

. 5 75x10 5

.305x105

. 2 9 Bxlo5

.302x105

.284x105

.308x105

.310x105

.36 xIo5

,3 x105

MENAF'C1O

NI

I . 115x10 6

1.11 x106

L .375xI0 6

I.25 xI06

1.5 x106

5.35 xI05

7.2 x105

1.410x106

1. 81 x106

aza/mI

3.05 xl05

7.45 x105

7 .55 x105

1. 185x106

6.15 x105

4.7 xl05

2.7 xl05

I x1o6

7.g x105
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Colony 518-14-01. Cell counts and estimation of doubling
time L/g in mass culture for:

MENAFClO

passage

6

7

B

9

10

11

T2

13

t (hrs )

7s.5

92

120

100

92.5

L49

93

93

g

5.42

4.66

5.23

5.32

6.43

7.64

6.r0

s.59

') ')a

3 .67

4.95

499 4

4.35

5.64

4.99

4.90

r/s
13.9

t9.7

22.9

18.8

14.4

19 .5

]-5.2

16 .6

17 .6

22.7

25.L

24.2

20,2

21.3

26 .4

18.6

18.9
22.2

6

7

I
9

10

11

L2

13

75.5

92

l-20

100

92.5

L49

93

93

No

.477xL05

.286x105

.29 x105

,327x105

.26Ixl05

.27 x105

.24 xl05

.33 xl05

10 ug

.477xL05

.285xI05

.292xI05

.362x105

.245x105

.27 xl-O5

.24 xl05

.306xl05

NI

2.Q4 xI06

7.25 x105

1.09 xl06

1.305xl06

2.25 x106

5.4 x106

1.65 xl06

1.585x106

aza/mI

4.75 x105

3.65 x105

9.05 x105

1.115x106

s x1o5

1.35 x106

7.65 x105

9.15 x105
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Colony 518-17-01. Ce1l counts and estimation
time (t/g) in mass culture

of doubling
for:

MENAFClO

passage

6

7

B

9

10

11

L2

13

14

t (hrs )

76

7L

7L.5

74.5

74

91

74

r-0 0

65

76

7L

71.5

74.5

74

91

74

r00

65

No

.56 xt05

.375x105

.377x105

.364x105

.324x105

.3 x105

. 314x10 5

.352x105

.34 xl05

t0 u9

.56 xI05

,385x105

,38 x105

.364x105

.3 xt05

.3 x105

.318x105

. 36 4xl0 5

.39 xI05

6

B

9

10

11

t2

13

L4

Nt

6.25 x105

5.1 x105

5.05 x105

5.4 x105

1.1 xIO6

1.05 xt06

8. B x105

2.04 xI06

9.95 xlO5

aza/ml

2.75 x105

3.8 x105

2.2 x105

4.5 x105

3.75 xl05

5.3 x105

2.6 x105

1.56 xl06

2.82 xl05

g

3.48

3.77

3.7 4

3. B9

5.09

5. r3

4. B1

5. B6

4 .87

2r3
??

2.53

3.63

3.64

4. r_4

3.03

5 .42

2.8s

L/s

21.8

18.8

19 .1

]-9.2

14.5

t7 .7

15.4

17. 1

'1 t )
JJ ¡ J

*J

33

21.5

28.3

20.5

20.3

22

24.4

18.5

22.8
23.5



Colonies selected at 10

expression time.

Colony 354-02-01. CeIl
time

APPENDÏX VÏTI

Ug aza/m:-, 42 hours mutation

counts and estimation of doubling
(t/g) in mass culture for:

MENAFClO

passage

74

15

16

L7

1B

19

20

2L

22

L4

15

16

I7

1B

T9

20

2L

22

t (hrs )

76.5

95.5

7T

97.5

72.5

96

67 .5

97

7 4.5

76.5

95.5

7T

97 .5

72.5

96

67.5

97

7 4.5

No

.89 x105

.27 xtO5

.4e xl05

.2L7x105

.2I x105

.27 xIO5

.246x105

.25 x105

.246xI05

Nt

1. BB x106

L.2 x1O6

1.09 xl06

1.08 xI06

6. B xtO5

t.23 x106

5 xt05

L.23 x106

B.2O xtO5

xlQ 6

xlo6

xl0 5

q
xl0 "

tr
x10'

xto6
trxl0'

xlo 6

(
xI0 "

10 yg aza/ml

, 825x105 t. ¡s

,27 x1o5 1.15

.45 xto5 5. 85

.211x105 s. zs

.2t- x1o5 z. s

.2s x1o5 t. 34

.268x105 :. s

.2r x1o5 t. ¡¿

.267xL05 :. ¡o

g

4.4

5 .47

4.51

5.64

s.02

5.51

4.35

5.62

s.06

4,Q3

5.41

3.7

4.64

3.57

s.74

3.71

6.00

3.63

t/s
17 .4

17.5

15 .7

17.3

L4 .4

r7 .4

15. s

17 .3

L4.7
16.4

19. o

17 .7

l-9.2

21.0

20.3

t6.7

18 .2

L6.2

20.5
18. B

172
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Colony 354-02-02. Cell- counts and estimation
time (t/g) in mass culture

of doubling
for:

MENAFClO

Passage

31

32

33

34

35

36

JI

3B

39

40

31

32

33

34

35

36

37

3B

39

40

t (hrs )

72

72

96.5

94

95

6B

76.5

96

7T

72

96 . s

94

95

6B

76.s

96

7I

No

.5 x105

.343x105

ND

.49 x105

.356x105

.306x105

.375xl05

. 3 75x10 5

.306xl05

.35Ixl05

.5 x1o5

.34 xlO5

ND

.42 x105

. 3 31x10 5

.321x105

.390x105

.75 xl05

.30lxI05

.336x105

NI

7.8 xI05

ND

2.45 x105

1.19 x106

6.65 xl05

3.75 xt05

5 x105

9.18 x105

1.17 x106

6.15 x1O5

3,4 r105

ND

4.2 xI05

7 .75 xtO5

7.3 xl05

3.90 xl05

2.5 x105

6.195xl05

4.2 xI05

4.65 xl05

2.77 26

4.2r

4.46

3.6

2.68

3.05

3.8

3.79

g

3.96

4.6

4.22

3.61

3.7 4

4.6r

5.24

4.13

L/s

18.2

2T

22.3

26.3

18 .2

16 .6

18.3

L7 .2
19.8

22.9

21.1

26 .4

25 .4

25.L

25.3

18 .7
23.7

10 pg aza/m\

72
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Colony 354--02-03. Cell counts and estimation
time (t/g) in mass culture

of doubling
for:

(medium change between every

MENAFClO

Nt

2.25 xtO5

1.645x106

1.01 xI06

3.66 xt06

5.2 x105

3. o x1O5

passage, 3 or 4

passage

T7

1B

19

20

2T

22

t (hrs )

65

L44

168

174

l-62

70

No

.525x105

.45 x105

.329x105

.303x105

.305x105

.416x105

9

5 .42

5.19

4.94

6.92

4.09

2. B5

days )

2.7 4

3.03

s.04

6.77

4.22

2.85

r/g
30.4

27 .7

34

25.1

39.6

24.6
30.2

T7

18

19

20

21

22

165

144

168

t74

L62

70

10 u9

.525x105

.35 xt05

.314x105

. 311x105

.34 xl05

.445x105

aza/mL

3.5 x1O5

2.85 xl05

1.035x106

3.4 xl06

6.35 x105

3.20 x105

60,2

47 .5

?'ì ?

27 .7

38.4

24.6
38.3
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Colony 354-04-0f. Cell counts and estimation
time (t/g) in mass culture

of doubling
for:

Passage

26

27

2B

29

30

31

32

33

34

26

27

2B

29

30

31

32

33

34

t (hrs )

97

94

73

95.5

73

9B

66

7B

68.5

97

94

73

95.5

73

98

66

7B

68.5

g

4.55

4.01

3.64

4.54

4.08

4 .84

2.59

4.48

3.898

? tro

2.94

3.00

3.93

2.09

4.48

2.98

3.66

3 .47

t/s
21.3

23.4

20.1

21.0

17 .9

20.2

25.5

17 .4

t7 .6
20 .4

27 .0

32.0

24.3

24.3

34.9

2r.9

22.r

2r.3

19.7
25.3

No

.53 xI05

.311x105

.4 xl05

.388x105

.384x105

.39 xl05

.29 xtO5

.35 xt05

.312x105

10 u9

.54 xI05

.326x105

.5 x105

.4 x105

.4 x105

.34 xl05

.304x105

.34 xl05

.344x105

MENAFClO

NI

L .244x10 6

5 x105

6.25 xl05

9 x105

6.5 x105

1.12 x106

L.75 xl05

7.8 x105

4.65 xl05

aza/mI

6.s2 xt05

2.5 x105

4. o x105

6.1 x105

I.7 x105

7.6 xtO5

2.4 xl05

4.3 x105

3. B x105
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Colony 354-12-01. Cell counts and estimation
time (t/g) in mass cultures

of doubling
for:

MENAFC].0

passage

3B

39

40

*41

42

43,

44

45

46

47

3B

39

40

*41

42

43

44

45

46

47

t (hrs )

76.5

97 ,5

69.5

146.5

96

92

73.5

7 4.5

95.5

6B

76.5

97.5

69. s

146.5

96

62

73.5

7 4.s

95.5

68

tpassage

No

.24 xl05

.296x105

. 2 39x10 5

.327x105

.318x105

.333x105

. 32 8x105

.308x105

.33 xl05

. 352x10 5

I0 u9

.24 xt05

.25 x105

.236x105

.3 x105

.372x105

.327xI05

.331x105

.305x105

.305xl05

.345x105

41--overgrew;

Nt

7.4 x105

L.2 x106

5.45 xl05

1.04 x106

1.11 x106

L.26 xt06

5.7 x105

5 x105

1.465xt06

5.9 xt05

aza/mL

2.5

7. 85

1.5

9.3

r.05

7.2

4.35

5.15

1. 15

3.1.5

counts

xl0'

xI0 5

trxl0'
xlo5

xt06

xlo 5

xrO 5

xl05

xt0 6

xlo 5

are not

g

4.95

5.34

4.51

4.99

5.13

5.24

4.12

4.92

5 .47

4.06

3,3g

4.e7

2,67

4.9s

4.82

4.46

3.72

4.08

5.24

3.19

valid.

L/s

15 .5

18.3

15.4

29 .4

18 .7

17 .6

17. I
18.5

17.5

L6.7
17.3

22."6

19.6

26

29.6

19.9

20.6

19 .8

18.3

18.2

2L3
20.7
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Colony 354-13-01. CeII counts and estimation
time (t/g) in mass culture

MENAFClO

of doubling
for:

passage

15

16

\7

18

1_9

20

2I

22

23

15

16

T7

1B

19

20

2T

22

23

t (hrs )

125.5

141.5

T2T

141.5

L24.5

r42

93

96

148

125.5

141.5

121

141.5

r24.5

r42

93

96

148

No

1.3 x105

.88 xt05

1.095x105

.403x105

.68 xl05

.64 xI05

,66 xl05

.565x105

.382x105

l_0 ug

1.3 x105

. B3 xl05

1. O6 x105

.47 x105

.68 xl05

.64 xl05

.623x105

.545x105

.36 xt05

Nt

1.962xI06

1.83 x106

2.02 xt06

1. 85 xt06

1. 06 x106

2.2 x1O6

5.65 x105

1.91 xt06

4.6 xl06

aza/mI

L.67 x106

1. 06 x106

2.35 xI06

1.71 x 106

I.45 x106

1. 245x106

6. 05 x105

9 x105

2.04 xtO6

ct

3,92

4.38

4.2r

5.52

3.96

5 .10

3.1

5.08

6.61

3.68

3.67

4 .47

5 .19

4.4t

4.28

3.28

4.05

5. 82

L/g

32

32 .3

28.7

25.6

31.4

27 .B

30

18 .9

22 .4
29.7

34.1

38.6

27 .r
27 .3

28.2

33.2

28 .4

23.7

25 .4
31
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Colony 354-13-02 CelI counts and estimation
time (t/g) in mass culture

of doubling
for;

MENAFClO

passage

26

27

2B

29

30

31

26

27

28

29

30

31

t (hrs )

165.5

r44.5

r47

170.5

163

74

165.5

r44.5

L47

170.5

163

74

No

.54 xt05

.38 xl05

.354x105

.322xL05

.35 xlO5

.354x105

g

4.12

4.54

5.37

6.13

5.08

2.08

2.2r

5.13

5.03

6 .47

4.L4

3,0s

t/s
40.2

31. B

27 .4

27 .8

32.1

35.6
32.5

NI

g.4 x105

8.85 x105

L . 465xI0 6

2.25 xt06

1. tB x106

1.5 x105

10 ug aza/ml

.54 xl05

.25 x105

.35 xI05

.344x105

.34 x]05

.36 x105

2.5 xI05

8.75 x105

1.145x106

3. O6 xl06

6 x1o5

3 x105

7 4.9

28.2

29.2

26 .4

39 .4

24.3
29.5

(medium change between every passage)
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Colony 354-17-01. Cell counts and estimation of doubling
tirne (t/g) in mass culture for:

MENAFClO

Passage

33

34

35

36

37

38

39

40

4t

33

34

35

36

37

38

39

40

4L

t (hrs )

72

96.s

74.5

9B

93.s

97 .5

69. s

75

92

72

96.5

7 4.5

9B

93.5

97.5

69.5

75

92

No

.49 xlO5

.304x105

.372x105

.305x105

.326x105

.3 x105

.347x105

.3675x105

.3195x105

10 u9

.49 xlo5

.315x105

.351x105

.335x105

.335x105

.301x105

.333x105

,3432x105

. 312x10 5

Nt

1.17 xt06

1. 86 xtO6

I.525xl06

2.04 xto6

3 x106

1.335x106

7.35 x1o5

I .278x10 6

2.466x106

aza/mI

5.25 xtO5

1.75sx106

6.7 x105

1.675x106

2. 15 xt06

1.665x106

5.2 x1O5

6.825x105

1.938x106

I
4.s8

5.94

5.36

6.06

6.52

5.48

4.4r

5.12

6 -27

3.42

5.8

4.25

5.64

6

5.79

3.96

4.31

5.96

t/s
15 .7

t6.2

13.9

16.2

14.3

17.8

15 .8

14 .6

74.7
15 .5

21,1

16 .6

17.5

17 .4

15 .6

16.8

17 .6

17 .4

ls .4
17.3
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Colony 354-L7-04. Cell counts and estimation
time (t/g) in mass culture

of doubling
for:

MENAFClO

Passage

24

25

26

¿t

28

29

30

31

32

24

25

26

27

2B

29

30

3I

32

t (hrs )

96

76.5

119

143.5

93

77

94

93

7B

96

76.5

119

143.5

93

77

94

93

7B

No

.38 xl05

. BB xl05

.176x105

.16 xl05

.18 xl05

.288x105

.355x105

.345x105

.359x105

10 ug

.36 xlo5

. BB x]O5

.17 x105

.L7 x105

.17 x105

.28 xl05

.33 xl05

.33 xl05

.342x105

NT

I.25 xl06

8. B x105

1.36 xl06

1.52 xl06

3.6 x105

3.55 xt05

5.9 x105

1.19Sx106

5.5 x105

aza/mL

4.4

8.85

5.55

I .65

1.4

. 5.5

5.5

8.55

3.0

xI-o 5

xlo5
trxl0'

xlo 5

xlo 5

xt0 5

tr
xl0'

trxI0'
xlo 5

g

5.04

3.32

6.27

6.57

4 .32

3.62

4.0s

5.11

3.94

3.61

2 ??

5.03

5.67

3.04

4.3

4.06

4.70

3.13

L/s

19 .0

23.0

19 .0

21. B

21.s

21.3

23.2

L8.2

19 .8
20. B

26.6

23.0

23.7

25.3

30.6

17 .9

23.2

19 .8

24.9
23.9
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Colony 418-02-0L. Cell counts and estimation
time (t/g) in mass culture

of doubling
for:

}4ENAFClO

passage

2I

22

23

24

25

26

27

2B

29

30

2T

22

23

24

25

26

27

28

29

30

t. (hrs )

72

69

98.s

99.s

I19

70. s

98.5

67

75.5

95.5

72

69

98.5

99.5

r19

70.s

98.5

67

75.5

95.5

No

.5 x106

.7I xl05

.303x105

.956x105

.738x105

.5 x105

.6 x105

.39 xl05

.41 x105

.3295x105

I0 u9

.5 x105

.76 xl-05

.34 xl05

.g4 x105

.702x105

.52 xl05

.6 x105

.38 xI05

.38 xl05

.36 xl05

NI

B.5B x105

1.67 xl06

9.56 x106

3.69 xI05

6.3 x106

2.L06

3.9 x106

6. 85 x105

1.175x106

3.235xl06

aza/m.I

9.L2

5.16

9.4

2.34

2.6

6.25

L.46

4.75

9

2

É

xl0'

xl0 5

xl0 5

xlo 6

xt0 6

trxl0'
xlo6

tr

xl0'
tr

xl0'

xl0 6

4: 19

2.7ø

4.79

4.64

5.21

3.59

4.60

3.64

4.5'7

5.80

CI

4.1

4.56

4.98

5.27

6 .42

5.33

6.02

4.13

4.84

6.62

t/s
17 .6

15 .1

19.8

18.9

18.5

13.2

16 .4

16 .2

15 .6

14 .4
16 .6

L7 .2

25

20.6

2L.4

22.8

19 .6

2t.4

18.4

16 .5

16 .5
19.9



LB2

Colony 418-06-01. Cel1 counts and estimation
time (t/g) in mass culture

of doubling
for:

MENAFClO

passage

I7

1B

19

20

2L

22

t2

24

25

T7

1B

19

20

2T

22

23

24

25

t (hrs )

9B

9B

141.5

72

96.5

6B

98.s

99.5

91

No

. B x105

.558x105

.55 x105

.5 x105

.62 xlo5

.5425x105

.438x105

.4 xl05

.342x105

10 u9

. BB xl05

.58 xl05

.55 xl05

.52 x105

.6 xl05

.56 xl05

.423x105

.42 xl05

.4 x105

NT

1.39sx106

1.61 xt06

3.3r x106

6.2 xl06

1.285x106

7.3 xl05

I . 175x10 6

1.14 x106

I.73 xt06

L/s

23.8

20.2

23.9

19 .8

22.I

18.1

2A .7

20.6

16 .1
20

13.6

35:6

33.4

135.8

30

26. B

29.8

30.6

31. 3

31. 1

g

4.L2

4.85

5.91

3.63

4 .37

3.75

4.75

4.83

5.66

98

98

141.5

72

96. s

6B

98.s

99. s

91

aza/mI

1.45

3.9

1.04

.75

5.6

3.25

4.2

4.0

3.0

F

xl0J
trxl0'

xl.o6
Ë

xl0'

xlo 5

E

xl0'
Ë

xl0'
tr

xl0'

xl0 5

.72

2 -7s

4.24

tr1

3.22

2.54

3. 31

3.25

2.9r
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Colony 418-16-01. CelI counts
time (t/S)

and estimation
in mass culture

of doubling
for:

MENAFClO

passage

19

20

2L

22

t (hrs )

7t

116

L25

67

No

.81 x1O5

.456x105

.432x105

. 4 75x10 5

Nt

1.14 xt06

7.2 x106

4.75 x106

5.7 x105

g

3. B1

7.30

6.78

3.58

t/s
18.6

15 .9

18.4

18.7
L7 .9

10 pg aza/m!

each from MENAFCIO but no growth inpassage L6 , L7 , 18, L9

10 pg aza/m,L.
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Colony 418-16-02. Cel-l count and estimation of doubling
time (t/g) in mass culture for:

passage

22

23

24

25

26

¿t

2B

29

30

22

23

24

25

26

27

2B

29

30

t (hrs )

101

6t

74

99

119

71

98.5

66

77.5

101

67

74

99

r19

7t

98.5

66

77.5

g

6.1

4.14

5. s2

tr "ô

7.5

4.ls
5.76

4.36

5.06

4.87

2.87

4.25

5 .49

s.67

4.4

4 .42

4.79

5.33

t/s
l-6.6

]-6.2

13. 4

18.4

15.9

17.1

17.1

15 .1

15.3
16. r

20.7

¿).J

L7 .4

18.0

21.0

16 .1

22 .3

14.s

14.5
18.6

No

.6 x105

. B9 xl05

.31 xl05

.64 x105

.537x105

.59 xl05

.42 x105

.54 xl-05

.355x105

10 ug

,6 xLO5

. BB xl05

.32 xl05
tr

.6I x10'

.54 xlo5

.55 xl05

,46 xtO5

.591x105

.394x105

MENAFClO

NT

4.I2gx106

L.57 x106

I.42 xl06

2.69 xl06

g.75 x106

1.05 x106

2.27 xt06

1.11 x106

1.185x106

aza/mI

1.752x106

6.45 x105

6.10 x105

2.7 4 xtO6

2.75 xI06

1.16 x106

9. B5 x105

I.64 x106

1.59 x1O6
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Colony 418-16-03. Cell counts and estimation
time (t/g) in mass culture

of doubling
for:

Passage

16

L7

1B

19

20

2L

22

23

24

L6

T7

1B

19

20

2I

22

23

24

t (hrs )

72 (?)

94

73

96

72.5

144. s

r16.5

72

95

72 (?)

94

73

96

72.5

L44.5

116 .5

72

95

g

4.2

5.32

4.31

5.09

4 .45

8.2

5.36

3.38

5.58

3:55

5.08

3.36

4.26

4 .11

6.59

5.0

3.8

4.91

L/s

17.1

t7 .7

16 .9

18.9

16 .3

L7 .6

2r.7

21.3

17.0
18.3

2Q.3

18.5

2]-.7

22.5

2I.9

2L.9

¿J.J

18.9

19.3
2Q .4

No

1.2 x105

.62 x105

. 4 9 4x105

.48 x105

.49 xl05

.32 xtO5

.374x105

. 30 Bxl0 5

.32 x105

10 ug

L.2B x105

.62 xl05

,418x105

.98 xl05

.48 xl05

.33 xI05

.319x105

.306xl05

.315x105

IUENAFClO

Nt

2.2 x106

2.47 x106

9. B x105

1.64 x106

1.07 x106

9.35 xl06

1.54 x105

3.2 x105

1.53 xt06

aza/ml

1.5 x106

2.09 x106

4.3 x105

1.835x106

8.3 x105

3.19 xl06

1.02 xI06

4.25 x105

9.5 x105



APPENDTX TX

at 30 Vg aza/rl.I, 42 hours m.utationCol-onÍes selected

expression time.

Colony 4IB-28-01. Cell counts
time (L/s)

and estimation
in mass culture

of doubling
for:

MENAFClO

passage

20

2T

22

¿J

24
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Colony 533-02-01. Cel1 counts and estimation
time (t/g) in mass culture

of d-oubling
for:

MENAFClO

Colony 533-13-01.

10 pg aza/ml

.375x105 z.tg x1o6

.3gtx1o5 e. es x1o5

.399x105 I .gs x1o5

.366x105 t. e xto5

MENAFClO

pas sage

6

7

B

9

6

7

B

9

6

7

B

9

6

7

B

9

t (hrs )

L20

96

98.5

44.5

120

96

98.5

44.5

Lïo

.339x105

.399x105

.36 xt05

.51lxl05

.304x105

.34 xI05

.36 xt05

.34lx]05

Nt

1.596x106

7.2 x105

7.3 x105

2.5 x105

3.4 xtO6

2.0 xI06

3.41 x106

2.75 xt05

g

5.32

4.L7

4 .34

2.29

5. B7

4.13

4.31

2.13

6.81

5.88

6.s7

3.01

5.62

5 .35

s.84

2.s4

L/s

22.6

23.0

22.7

19 .4
2]-.9

2Q .4

23.2

22.9

20.9
2r.9

]-20

96

98

44.5

17 .6

16.3

14.9

14.8
15 .9

L20

96

9B

44.5

10 pg aza/m.I

.3o4xto5 t. s xto6

.3 x1o5 t.22 x1o6

.36Gxro5 z. o95xlo6

3. 34 x1o5 1.94 x1o6

2r.4

19.9

16.8

17.5
18.9



188

Colony 533-15-01. CeII counts and estimation
time (t/g) in mass culture

of doubling
for:
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