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ABSTRACT

Nester, E. W. (University of Washington,
Seattle) aNp B. A. D. StockEer. Biosynthetic
latency in early stages of deoxyribonucleic acid
transformation in Bacillus subtilis. J. Bacteriol.
86:785-796. 1963—In the Bacillus subtilis de-
oxyribonucleic acid (DNA) transformation sys-
tem, transformants do not increase in number for
3 to 5 hr after the addition of DNA. During most
of this period, the transformants are resistant to
the bactericidal action of penicillin under condi-
tions which result in the killing of over 909, of
the recipient population. This lag in growth and
nonmultiplication of the transformants (inferred
from penicillin resistance) is also reflected in a lag
in the synthesis of an enzyme specified by the
donor DNA. Thus, when a cell population defi-
cient in the enzyme tryptophan synthetase is
transformed to tryptophan independence, ac-
tivity of this enzyme cannot be detected in
whole cells until 3 to 4 hr after the cells have
been exposed to the DNA. Recombination be-
tween donor and recipient DNA occurs long be-
fore this. Even 30 min after exposure of a com-
petent population of trys~ his;t cells to tryst
his;~ DNA, 209, of the total try,* activity found
in re-extracted DNA exists as recombinant DNA,
tryst hisyt. This value, the maximal linkage
obtained, remains constant during incubation of
the DNA-treated culture for an additional 5 hr.
In addition to the heterogeneous response of a
DNA-treated competent culture to penicillin
killing, the recipient culture appears to be hetero-
geneous in ability to undergo transformation.
Thus, the frequency of joint transformation of
two unlinked markers is much higher than would

1 Presented in part at the 63rd Annual Meeting
of the American Society for Microbiology, Cleve-
land, Ohio, 5 May 1963.

2 Present address: Guinness-Lister Research
Unit, Lister Institute of Preventive Medicine,
London, England.

be expected on the basis of the random coinci-
dence of more than one DNA molecule entering
the same cell in a uniformly competent recipient
population. A possible relationship between these
two aspects of heterogeneity of a DNA-treated
recipient population is discussed.
———————— e

In the pneumococcus deoxyribonucleic acid
(DNA)-transformation system, integration of
donor DNA occurs within 10 min after its uptake
by the recipient cells (Fox, 1960). Immediately
upon integration, but apparently not before, this
DNA functions in enzyme synthesis (Lacks and
Hotchkiss, 1960), and replicates in concert with
the DNA of the recipient population (Fox and
Hotchkiss, 1960). Under the usual conditions of
transformation in pneumococcus, the majority
of the bacteria in a competent culture appears to
be susceptible to transformation, since the pro-
portion of bacteria simultaneously transformed
for two unlinked loci is approximately equal to,
or often even less than, the product of the pro-
portions of transformants for each of the single
loci (Ephrussi-Taylor, 1959). Competency ap-
pears to be gained and lost in a cyclical fashion,
the duration of the cycle being dependent on the
temperature of incubation (Hotchkiss, 1954). Al-
though the transformation system in Haemophilus
has not been so extensively studied, as far as is
known the same general picture holds true
(Voll and Goodgal, 1961; Goodgal and Herriott,
1961).

In studies on the kinetics of genetic segregation
of markers introduced on DNA molecules in the
Bacillus subtilis transformation system, we made
several observations which were difficult to rec-
oncile with the general sequence of events de-
scribed for the pneumococcus and Haemophilus
transformation systems. Specifically, a lag of 3 to
5 hr was consistently observed before transform-
ants increased in number. Phenotypic expression
of flat (motile) and try* transformants occurred
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TABLE 1. Strains of Bactllus subtilis

Strain no. Genotype*

168 trys

SB1 hisy~trys~ (unlinked)
SB 19 prototroph

SB 25 trys—hiss~ (linked)
SB 32 hisy™

SB 69 hisstyrs~ (linked)
SB 455 mirt

WB 492 trys~mirr (linked)

* Symbols: his = histidine; try = tryptophan;
mirr = 5-methyl-tryptophan resistance; tyr =
tyrosine.

only after a lag of 2.5 to 4 hr (Stocker, 1963). In
addition, the number of double transformations
of unlinked markers was consistently higher than
would be expected on the basis of random coin-
cidence of single markers entering the same cell
in a uniformly competent population. The pres-
ent paper reports studies aimed at elucidating
the significance of these observations.

MATERIALS AND METHODS

The procedure described previously (Nester
and Lederberg, 1961) for preparing competent
cells was modified in the following manner. After
overnight incubation in Penassay Broth (Anti-
biotic Medium No. 3), the culture was washed
once, and was diluted into the minimal medium
described by Spizizen (1958), supplemented
with 0.04%, acid-hydrolyzed casein (Nutritional
Biochemicals Corp., Cleveland, Ohio) and 50 ug
per ml of L-tryptophan. The turbidity of the
culture was adjusted to give a reading of 60 on
a Klett-Summerson colorimeter, with a 66 filter.
After incubation at 37 C for 4 hr, the culture
was diluted 1:10 into the minimal medium, sup-
plemented with 0.19, acid-hydrolyzed -casein
and 50 ug per ml of pL-tryptophan [CHT-10
medium of Nester and Lederberg (1961)]. Ap-
propriate reversion and contamination controls
were run with each experiment.

Chemicals. Chemicals were generally purchased
from Calbiochem, and were used without further
purification. The C* indole was chromatographi-
cally pure and was not further purified. Penicillin
G (E. R. Squibb & Sons) and penicillinase
(Neutrapen, Schenley Laboratories) were both
stored at —20 C after dilution into modified
Davis minimal medium. DNA was prepared by
the procedure of Marmur (1961) or of Nester and
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Lederberg (1961). In all cases, it was depro-
teinized but was not treated to remove ribo-
nucleic acid (RNA).

Enzyme assay. The assay for tryptophan syn-
thetase was performed on whole cells, using a
modification of the procedure of Rachmeler
(1960). A washed-cell suspension was incubated
with C" indole and serine at 37 C, the cells were
toluenized, and the tryptophan was quantita-
tively precipitated as a mercury-sulfate-trypto-
phan complex. A constant amount of unlabeled
carrier L-tryptophan was added to all reaction
mixtures at the completion of the reaction, and
no correction was made for self-absorption.

Bacterial strains. The bacterial strains used are
listed in Table 1. All strains were derived from
the B. subtilis try;~ mutant (168) and thr— mu-
tant (23).

REesuLts

Lag in the multiplication of transformants.
Studies on the kinetics of multiplication of #ry,*
transformants revealed that after DNA addition
a remarkably long lag occurred before trans-
formants increased in number. At 32 C, try.*
transformants do not increase in number even
when incubated for 5 hr after DNA addition.
This corresponds to an increase of eight genera-
tions in the recipient population which is still in
the logarithmic growth phase (Fig. 1). This lag
prevails at 32 C irrespective of whether the
culture is incubated in a medium containing tryp-
tophan (CHT-10), or in an otherwise identical
medium lacking tryptophan (CH). A significant
decrease in the absolute number of transformants
is consistently observed under conditions in
which the nontransformed recipient population
can multiply. This decrease, which often begins
within 30 min after the addition of deoxyribo-
nuclease but generally reaches its maximum 3 to
4 hr later, often obscures the exact time at which
the number of transformants does increase. The
reduction may reach 109, but generally is of the
order of 50 to 75% of the original number of
transformants. This decrease can be markedly
reduced or eliminated if the recipient culture is
washed and then resuspended in a medium free
from tryptophan. Further studies are necessary
to determine the basis of this killing.

At 37 and 40 C, the growth rate of B. subtilis
is greater than at 32 C, and the number of trans-
formants increases at an earlier time as well (Fig.
1). At 37 C, in both CH and CHT-10 medium this
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FIG. 1. Kinetics of transformant try* and viable
count increase at various temperatures, in the pres-
ence and absence of tryptophan. Strain 168 was
prepared for competency by the usual procedure.
SB 19 DNA (2.4 pg/ml, final concentration) was
added, and 30 min later deoxyribonuclease (20 ug/
ml 4+ 0.01 M MgSO., final concentration) was
added. The culture was incubated for an additional
2 min, centrifuged, diluted 1:50 into § ml of pre-
heated CHT-10 (containing tryptophan) or CH (no
tryptophan), and incubation was continued with
aeration at the indicated temperature. Samples were
removed and assayed for transformants and viable
count at the indicated times.

increase begins between 180 and 240 min after
DNA treatment, by which time the viable count
of the total culture has increased about 16-fold.
At 40 C, the lag is even shorter, between 120 and
180 min, by which time the whole population
has increased about eightfold. Thus, the duration
of the lag appears to be dependent on the growth
rate of the recipient population and not on the
temperature per se.
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The delay in the increase of transformants is
not limited to the try, locus, nor is it demon-
strable only in a liquid medium. Thus, when
transformants from the cross SB 19 (his,t tyr*)
—X SB 69 (hiss~ tyri~) were plated on media
supplemented with either histidine or tyrosine,
and the cells were respread after various periods
of incubation at 37 C, there was no increase in
the number of transformants after 5 hr, although
the recipient population, plated on minimal me-
dium supplemented with both histidine and
tyrosine, underwent nearly five divisions in the
same interval (Fig. 2). The lag of 180 min in the
replication of the viable cells is a consequence,
most likely, of transferring the cells from a casein
hydrolysate-supplemented liquid medium (CHT-
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FIG. 2. Kinetics of increase of viable cells and
transformants on solid media. SB 69 (hisy™ tyre™)
was prepared for competency as usual, with the 4-hr
incubation medium supplemented with L-tyrosine
and L-histidine (10 ug/ml, final concentration).
After incubation with SB 19 DNA (8 ug/ml, final
concentration) for 30 min, the culture was plated on
tyrosine, histidine, and tyrosine + histidine supple-
mented minimal agar plates. These plates were
incubated at 37 C, and, at the indicated ttmes, 0.1
ml of sterile minimal medium was added and spread
over the entire surface of a plate with a bent glass
rod; the plates were reincubated at 37 C.
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FI1G. 3. Kinetics of penicillin killing of viable
cells and transformants. SB 19 DNA (3 pg/ml,
final concentration) was added to competent 168, and
80 min later deoxyribonuclease (4 ug/ml in 6 X
1073 ¥ MgS80., final concentration) was added.
Incubation was continued for an additional § min,
the culture was then diluted 1:5 into CHT-10 me-
dium prewarmed to 32 C, containing 200 units/ml of
penicillin G where indicated, and 0.1-ml samples
were removed at the specified times for assay of
total viable cells and transformants. Whenever peni-
cillin was used, the initial dilution was made into a
dilution blank, supplemented with 400 pg/ml of
penicillinase. This was incubated for § min before
Sfurther dilutions were made.

10) to a solid minimal agar supplemented only
with histidine and tyrosine.

Thus, regardless of whether DN A-treated auxo-
trophic cells are incubated in a complete medium
permitting the multiplication of untransformed
bacteria, or in a deficient medium, permitting
multiplication only of transformants, the number
of bacteria able to produce transformant colonies
does not detectably increase until after a lag of
2 to 5 hr.

The time at which the multiplication of trans-
formants can first be demonstrated is markedly
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dependent on the temperature of incubation.
Temperatures which approach the optimal tem-
perature for growth of the recipient population
(37 or 40 C) give a shorter lag time than does
32C.

Effect of penicillin on viability of transformants.
Several explanations can be proposed for the lag
observed before an increase in transformants can
be demonstrated. The three most likely possibili-
ties are (i) lag in nuclear segregation in the trans-
formants, (ii) transmission without replication of
the exogenous DNA among the progeny of a
multiplying recipient, or (iii) a lag before onset of
growth or division of the transformants. These
possibilities involve either a growing and multi-
plying transformant (i and ii) or one which is not
multiplying (iii). Since our strain 168, unlike
many B. subtilis strains, produces no detectable
penicillinase (D. A. Dubnau, personal communica-
tton) and is highly susceptible to penicillin, a dis-
tinction can be made in theory between hypothe-
sis iii and the other two with respect to resistance
of the transformants to penicillin. Delay in
growth and multiplication of the transformants
should be manifest as a resistance to penicillin,
which kills only growing bacteria. To test this
possibility, strain 168 was prepared for com-
petency by the standard procedure and exposed
to DNA for 30 min. At this time, deoxyribo-
nuclease was added, and the culture was diluted
fivefold into two samples of CHT-10, prewarmed
to 30 C. Penicillin (200 units/ml) was added to
one sample, and the treated and control cultures
were incubated at 30 C with aeration. Samples
were removed periodically (into diluent contain-
ing 400 units per ml of penicillinase in the case
of the treated culture), and were assayed on
nutrient agar for a total viable count and on
minimal medium supplemented with casein hy-
drolysate for transformants. The results of this
experiment (Fig. 3) demonstrate that in the
presence of penicillin the total number of viable
cells decreases with approximately first-order
kinetics for the first 120 min, then remains al-
most constant for approximately 90 min before
decreasing again at a somewhat slower rate. On
the other hand, the absolute number of trans-
formants both in the presence and absence of
penicillin is parallel until approximately 210 to
240 min after deoxyribonuclease and penicillin
addition. At this time, the transformants become
susceptible to penicillin killing. These data il-
lustrate that transformants are totally resistant
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to the killing action of penicillin during an in-
terval in which over 909, of the total population
is killed. The kinetics of penicillin killing (Fig. 3)
are generally quite reproducible, in particular, a
nearly exponential killing of the total population
during the first 2 hr (£30 min), and the signifi-
cantly decreased rate of killing lasting 1 to 2 hr.
Transformants are routinely resistant to penicillin
killing for at least 3 to 5 hr under controlled con-
ditions of transformation. The reduction in the
number of transformants in control cultures
without penicillin may be so variable that the
exact time at which transformants become sensi-
tive to penicillin may be obscured.

The above evidence clearly shows that bacteria
of a DNA-treated competent culture behave
heterogeneously on incubation in a complete
medium. Most cells are killed if exposed to peni-
cillin; a minority, the transformants, do not
multiply and are not killed by exposure to peni-
cillin.

Additional evidence for heterogeneity in the re-
cipient population. A different line of investigation
indicates that the “competent’ culture is hetero-
geneous even before exposure to DNA, a majority
of the bacteria being insusceptible and a minority
being highly susceptible to transformation. If the
culture exposed to DNA consisted of uninucleate
cells of uniform susceptibility to transformation
and if transformation of one nucleus by the up-
take and integration of one molecule of DNA did
not affect the probability of this nucleus taking
up and being transformed by another DNA
molecule, then the proportion of bacteria doubly
transformed for two unlinked loci, by the uptake
of two different molecules of DNA, would be the
product of the proportions of bacteria trans-
formed for each single locus. This relation would
hold whether the culture was exposed to a saturat-
ing or to a limiting concentration of DNA. In the
B. subtilis transformation system, however, the
observed frequency per bacterium of double trans-
formations for any pair of unlinked loci is con-
sistently much higher than the product of the
frequency for the two single transformations
(Anagnostopoulos and Crawford, 1961; Nester,
Schafer, and Lederberg, 1963). For instance, the
transformation by wild-type DNA of strain SB
1, carrying the two unlinked loci, ks, and try.,
yields a proportion of hist ¢ry* transformants
much greater than the product of the proportions
of try* and hist transformants (Table 2). The
most plausible explanation for this excess fre-
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quency is a heterogeneity of the “competent’”
culture, a majority of the bacteria being insus-
ceptible or poorly susceptible and a minority
highly susceptible to transformation.

If the competent minority, uniformly suscepti-
ble to transformation and uninucleate, forms a
fraction 1/x of the whole population, the pro-
portion of competent bacteria theoretically
transformed for a single character will be =z
times greater than the actually observed pro-
portion of single transformations per bacterium
in the whole population. Therefore, the theoreti-
cally predicted rate of double transformations per
competent bactertum will be x? times greater than
the product of the observed proportions of
single transformations per bacterium. The theo-
retical rate of double transformations calculated
per bacterium instead of per competent bacterium
will be z times the product of the observed rates
of single transformations per bacterium. On this
oversimplified model, the expected proportion of
double transformants per bactertum for any two
unlinked characters divided by the observed pro-
portion of double transformations for these char-
acters then gives the value 1/z, the fraction of
competent bacteria in the culture. Experimen-
tally, mutant cultures vary greatly in their
ability to undergo DNA transformation (Nester
et al., 1963). With cultures of high competence,
exposure to excess DNA results in 0.001 to
0.005 of single transformations in the total popu-
lation, and the size of the competent fraction
calculated as above is generally about 0.01 to
0.05 (Table 2). As theoretically predicted, sub-
saturating as well as saturating DNA concentra-
tions on the same culture yield similar estimates
by calculation from the frequency of single and
double transformations (Table 2). If the stand-
ard procedure for obtaining competence as meas-
ured by the proportion of single transformations
resulting from exposure to saturating DNA con-
centrations is deliberately varied or, for unknown
reasons, is suboptimal, the fraction of competent
bacteria, calculated as above, may be as low as
0.0002, or even lower (Table 2).

Other factors possibly tnvolved in the lag in the
increase of transformants. Although the lack of
growth and multiplication of transformants, in-
ferred from their penicillin resistance, suffices to
account for part of the lag in the multiplication
of transformants, other factors may be involved.
Transformation of a bacterium results in only a
part of the entire genetic complement of the
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TABLE 2. Calculation of competency of recipient cultures*

Frequency of transformants Product of single Proportion of

Expt no. DNA concn - frequencies competent cellst
tryt hist try* hist (=3X4) (=6/5 X 100)

ng/ml %

1t 15 8.8 X 10-¢ 11 X 10-¢ 4 X 1077 9.7 X 10711 0.024

2 23.1 1.3 X 1073 1.5 X 1073 8.3 X 105 2.0 X108 2.4

2.3 1.2 X 1073 9.0 X 10~ 2.1 X 10°5 1.1 X 10-¢ 5.2

0.23 3.5 X 10 4.9 X 104 3.8 X 10°¢ 1.7 X 1077 4.5

0.023 4.0 X 1075 4.3 X 1078 6.7 X 1078 1.7 X 10°* 2.6

* Recipient culture, SB 1 (trys~ his;™); DNA, SB 19 (iry.* his;*). The cultures were prepared for com-
petency by the procedure of Nester and Lederberg (1961) with a supplementation of L-histidine (10
pg/ml) in CHT-2. After 4 hr of growth, the culture was diluted with 2 parts of CHT-10. After contact
with DNA for 30 min, the cells were centrifuged and washed once prior to plating on supplemented and
unsupplemented media.

1 Percentage of competent cells = (frequency try*) (frequency his*) X 100. (See text for diseussion.)

frequency hist try*
The data in this paper give a much smaller value for the proportion of competent cells in the population
than can be calculated from data presented in a previous paper (Nester and Lederberg, 1961; Table 3).
This may be explained in part at least by a misleadingly high proportion of single transformants hav-
ing been recovered in the earlier work (approximately two- to threefold) as a result of using chilled
diluent blanks in the assay for total viable and transformed cells. This procedure was subsequently
shown to reduce the viable count more than the count of transformants because of the longer exposure
of the former sample to the cold diluent. No significant differential killing effect of the low temperature
on the total viable cells and the transformants was detected when the time in the cold blanks was equal.
A misplaced decimal point in the value of the column entitled ‘‘calculated as random coincidence’’ ac-
counts for the high calculated value for the cotransfer of the unlinked markers, his; and ¢rys (ind). On
the data presented, the value 0.02 should be changed to 0.002.
1 The explanation for the poor competence of the recipient culture of experiment 1 is not known.

bacterium being genetically altered. Findings of
Nester (unpublished data) as well as those of
Stocker (1963) are consistent with the hypothesis
that a competent cell contains more than one
copy of each locus, but that only one becomes
transformed. Thus, a transformed cell (either to
streptomyecin resistance or tryptophan independ-
ence) plated on nutrient agar 30 min after DNA
addition produces a colony consisting of 75 to
909, cells of the recipient genotype. If the trans-
formed bacterium contains two nuclei, only one
of which is transformed, at least two generations
would be required for an observable doubling in
the number of transformants.

Further, at 37 C, transformants are not quanti-
tatively resistant to the killing effect of penicillin
for any appreciable time, although there is a
delay of approximately 3 hr before any increase in
number can be detected. Transformants are
killed by penicillin at a significant rate shortly
after transformation, although the rate of killing
is generally less during the first hour than the
rate of killing of the total population. One possible

interpretation is that under some conditions
transformants may be growing and multiplying
more slowly than the total population (Fig. 4).
A second possibility to account for the penicillin
sensitivity without any detectable increase in
transformants would be a growth without divi-
sion of transformants.

Time of enzyme synthesis in newly transformed
cells. The data of Stocker (1963) indicate that
transformed cells do not express their transformed
character until several hours after DNA addition.
He observed a delay of 2.5 to 4 hr before the ex-
pression of two transformed characters, motility
and tryptophan independence, could be detected
by microscopy. Although this technique does not
detect the first expression of transformant protein
synthesis, the observations nevertheless indicate
that the biosynthetic processes specified by donor
DNA are greatly delayed, for flagella and other
protein syntheses are normally geared to a gen-
eration time of approximately 40 min under
these environmental conditions.

Since enzyme formation represents a more
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sensitive manifestation of the biological activity
of the newly introduced DNA, this phenotypic
delay was evaluated by determining the kinetics
of the appearance of tryptophan synthetase
activity after transformation of try~ to try*. In
the pneumococcus transformation system, en-
zyme synthesis could be detected within minutes
after uptake of the DNA (Lacks and Hotchkiss,
1960).

For the present study, DNA was isolated from
a prototroph (SB455) which has a gene mutation,
linked to the tryptophan synthetase locus, mani-
fested as resistance to 5-methyl tryptophan
(mtrr). This mutation maintains the enzyme
tryptophan synthetase in a derepressed state in-
dependent of the level of exogenous tryptophan
and has been tentatively identified as a regulator
gene mutation (Nester et al., 1963). The recipient
strain (WB 492) has the same regulator gene
mutation, as well as a deficiency for the synthesis
of tryptophan synthetase. The use of derepressed
mutants was essential to assay the initial expres-
sion of protein synthesis and not the state of
derepression of enzyme synthesis. The genetically
derepressed state of both donor and recipient
insures that tryptophan synthetase activity will
appear as soon as the transformants become
able to express the genetic information of the
exogenous {ry™ gene. There should be no delay
resulting from an initially repressed state of the
try genes of either the donor or the recipient.
Strains carrying the mir® locus manifest ap-
proximately 10 to 20 times as much tryptophan
synthetase activity in the presence of 20 ug per
ml of tryptophan as do wild-type strains in the
absence of exogenous tryptophan.

A control experiment demonstrated that 107
viable cells of strain SB 455 (try*, mtr®) donor
cells could convert a measurable amount of C4
indole into tryptophan (Fig. 5), approximately
four times the background radioactivity given by
a boiled-cell suspension (250 counts/min vs. a
background of 65). There is a reasonable linearity
of conversion of indole to tryptophan with in-
creasing cell concentration.

A series of competent WB 492 cultures (100
ml per flask) were exposed to DNA for 30 min.
The cultures were then centrifuged, and the
bacteria were resuspended in CH (no tryptophan)
and aerated at 32 C. At periodic intervals, the
cultures were centrifuged, and the whole cell
pellet was assayed for tryptophan synthetase
activity. The kinetics of detection of tryptophan
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FI1G. 4. Effect of temperature on the resistance of
transformants to penicillin. SB 19 DNA (2.4 ug/ml,
final concentration) was added to competent 168
cells, followed 30 min later by 20 ug/ml of deoxy-
ribonuclease + 0.01 ¥ MgSO0, (final concentration)
Jor 6 min. The cells were then diluted 1:6 into CHT-
10 prewarmed to either 32 or 37 C with or without
penicillin (200 units/ml). Samples were removed and
assayed for transformants and viable count at the
indicated times.

synthetase activity resulting from the cross SB
455— X WB 492 is illustrated in Fig. 6. The re-
sults indicate that there is a lag of at least 150
min after the end of the DNA treatment before
enzymatic activity can be detected. Activity
rises sharply from 250 min to reach a level ap-
proximately 100-fold greater than the activity
measured up to 150 min. During this same
time interval of 390 min, there is only a twofold
increase in the observed number of transformants.

These data, in concert with those of Stocker
(1963), suggest that at 32 C, not only is the
transformed cell unable to grow and multiply
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FIG. 5. Viable cell concentration vs. tryptophan
synthetase activity. SB 466 (trys*tmirr) was pre-
pared for competency by the usual procedure. At
the usual time for DNA addition, the culture was
centrifuged, washed once in minimal medium, and
resuspended in the original cell concentration in a
reaction mizture containing the following (us/ml):
pr-serine, 60; pyridoxal HCl, 0.2; tris (pH 7.8),
80. This cell suspension was assayed for total viable
cells and then diluted into individual tubes of reac-
tion mizture to give cell concentration moted; 0.17
umole of indole-2-(ring)-C-14 (spectfic activity, 0.6
mec/mmole) was added to each tube, and the culture
was incubated at 37 C with vigorous aeration for 60
min. The tryptophan was precipitated as a HgSO,-
tryptophan complex, plated on Whatman no. 42
filter paper, and counted in a very thin window Nu-
clear-Chicago gas-flow counter. The counts/min
plotted represent the radioactivity after the subtrac-
tion of the counts of a reaction mizture containing
a botled-cell suspension. The background counts were
not significantly higher when unbotiled WB 492 (trys~
mirt) was incubated with C indole.

for several hours after DNA addition, but that
during this time transforming DNA molecules
introduced into the recipient cell may not be
functional in protein synthesis.

Integration of donor DNA into the recipient
genome. Although this lag in the synthesis of
tryptophan synthetase may be a result of a gen-
eral biosynthetic latency of the newly trans-
formed cell, as manifested by its penicillin re-
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sistance, it may also be due to the fact that the
exogenous DNA has not yet been integrated into
the recipient genome because of this metabolic
latency or for some other reason. In the pneumo-
coccus system, unintegrated DNA apparently
does not function to direct enzyme synthesis
(Lacks and Hotchkiss, 1960). This possibility
was studied by determining the kinetics of the
establishment of linkage between a marker,
try™, located on the donor DNA molecule and
another marker, his;*, resident in the recipient
genome. DNA was extracted at intervals from
samples of a competent culture of try,~ his,*
(linked) cells treated with DNA from a #rys*
hiss~ strain. After partial purification, this DNA
was assayed at a limiting dilution on a competent
culture of a try,~ hisy~ (SB 25) strain for the pres-
ence of htst (endogenous), try™ (exogenous), and
try™ hist (recombinant) transforming activities.
The appearance of try* hist (recombinant) trans-
forming activity establishes that the exogenous
try* gene has become associated with the endog-
enous hist gene, presumably by completion of
the integration of the relevant part of the foreign
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FIG. 6. Kinetics of tryptophan synthetase forma-
tion. WB 492 (trys~mirr) was prepared for com-
petency in 100-ml samples of CHT-10 in the second
incubation period. The culture was in contact with
8B 466 DNA (1.8 ug/ml, final concentration) for 30
min, after which the culture was centrifuged, and
the cells were resuspended in the same volume of CH
medium (no tryptophan). Incubation was continued
at 32 C and, at the indicated times, a 100-ml sample
was assayed for transformants and viable count, and
centrifuged and assayed for tryptophan synthetase
activity as described in Fig. 6. The counts/min
in tryptophan represent the counts after subtraction
of the radioactivity (76 counts/min) in the trypto-
phan precipitate given by a nontransformed culture
of WB 492 taken through all steps in the transforma-
tion procedure and subsequent assay.
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TABLE 3. Kinetics of integration of donor DNA
into recipient genomes™®

Transformants (per ml) of | i+
Time after | Lransfor-\re-extracted DNA— X SB 25| py+
DNA removal fr?;&;:léy try*
Iry* (X 109) [his* try* (X 10)| (=3/2)
min
30 0.0035 2.5 5.8 0.23
60 0.0014 1.5 3.0 0.20
90 0.00082| 1.5 2.5 0.17
150 0.00039| 2.1 6.9 0.31
330 0.00035| 0.62 1.3 0.21
SB 19— X 8.8 X 10% 7.12 X 105 0.81
SB 25

* Strain 168 was prepared for competency by
the usual procedure. The incubation in CHT-10
was carried out in 150-ml! samples. SB 32 DNA
(1.0 ug/ml, final concentration) was added to 168.
After 30 min of contact, all cells were centrifuged,
and the supernatant was discarded. The remaining
supernatant and cell pellet were treated with de-
oxyribonuclease (20 pg) in 1072 M MgSO, for 5 min.
The cells were then resuspended to the original
volume (150 ml) of CHT-10, and incubation was
continued for various periods of time. This initial
time is 0. After the specified intervals, the culture
was centrifuged at 4 C, washed once with 0.14 M
NaCl + 0.10 m Na citrate. The DNA was then
isolated after lysozyme lysis at 44 C, essentially
by the technique of Marmur (1961), through the
first deproteinization (with the exception that
Duponol and the heating to 60 C were not in-
cluded). The re-extracted DNA was assayed at a
limiting concentration against SB 25, using pour
plates. The data of SB 19— X SB 25, done asa part
of this experiment, are included for comparison.
The try* include the ¢ry*™ hist transformants.

DNA molecule. The results of one such experi-
ment are presented in Table 3. The linkage
value of the DNA extracted from the treated
culture, i.e., its tryt hist activity divided by its
tryt activity, 1 hr from the beginning of contact
of the try;~ his,* culture with ¢ry*™ hts™ DNA was
0.23, at a time when tryptophan synthetase
activity was undetectable (Fig. 5). This value
did not change significantly during the next 300
min, in which time the tryptophan synthetase
activity of the treated culture became well estab-
lished (Fig. 5).

These results indicate that the inability to
detect the activity of an enzyme specified by the
donor DNA 150 min after termination of DNA
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treatment probably does not result from the non-
incorporation of the DNA into the genome.
Control experiments, designed to determine
whether the try.* his;~ and try;~ his;t markers
might undergo a nonspecific association with
each other, were performed. Try,* his;~ and
trys— his; DNA did not produce a significant
number of #ry,T his,t transformants when as-
sayed on SB 25, even when the DNA mixture
had been heated and slowly cooled to permit
strand separation and reformation.

DiscussioN

The present studies indicate that a newly
transformed cell of B. subtilis is unable to carry
out several different biosynthetic reactions. The
penicillin resistance of new transformants sug-
gests that these reactions include at least one or
more concerned with the growth and multiplica-
tion of the cell. Further, they appear to include all
of the synthetic reactions specified by the donor
DNA thus far studied. This is suggested by the
fact that tryptophan synthetase enzyme activity
is undetectable in whole cells until approximately
3 hr after transformation and that a similar lag
occurs before motility and prototrophy are ex-
pressed (Stocker, 1963). It also appears that DNA
synthesis in newly transformed cells does not
parallel DNA synthesis in the remainder of the
population. Thus, when DNA is added to a
“competent” population, samples are removed
after various periods of incubation, and the DNA
is isolated, the ratio of the transforming activity
of the newly introduced DNA to the recipient
DNA does not remain constant when the total
DNA is assayed against a strain capable of
detecting both the original donor and recipient
activities. Instead, the ratio of donor to recipient
activity steadily decreases, suggesting that, on in-
cubation after addition of the donor DNA, the
recipient population is synthesizing a propor-
tionately greater amount of recipient DNA com-
pared with the donor (Nester, unpublished
results). For these reasons, we tentatively con-
sider the newly transformed cell to be latent in
certain biosynthetic functions. Since our observa-
tions have been limited to relatively few bio-
synthetic functions, a more detailed analysis of
the biosynthesis of additional macromoles and
structural components will be required to define
this unusual latency of competent cells.

The pneumococcus transformation literature is
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dotted with observations of a lag in the multipli-
cation of transformants. Thus, Hotchkiss (1953)
noted that the number of streptomyecin-resistant
transformants did not increase for several hours
after DNA addition. He later stated that trans-
formants multiply more slowly than the re-
mainder of the recipient population (Hotchkiss,
1957). Ravin (1960) suggested that cells which
have just absorbed transforming DNA are set
back in their growth. Ephrussi-Taylor (1959)
observed a lag in the replication of the newly in-
troduced genes, which she interpreted as trans-
mission of the marker without replication for
two generations. These data appear discrepant
with the definitive studies of Fox and Hotchkiss
(1960), who showed that the donor DNA is
rapidly integrated into the recipient genome and
thereafter multiplies in concert with it. However,
in view of the marked effect that temperature
plays in the penicillin resistance of the newly
transformed B. subtilis cells, different procedures
for preparing competent cells and subsequent
treatment of transformed pneumococcus cultures
might yield strikingly different results in the
growth and multiplication of transformants. The
frequency of the reports from different investiga-
tors on the slow growth of transformants com-
pared with the remainder of the recipient cells
suggests that, under appropriate conditions,
newly transformed cells of pneumococcus may
also display a biosynthetic latency similar to
that demonstrated for B. subtilis. On the other
hand, the results may reflect the presence of
multiple nuclei or clumping of cells, or both, in
the pneumococcus system, resulting in a nuclear
segregation lag.

The relationship of the penicillin-resistant
population to the transformation process is cur-
rently under investigation. The resistance of the
newly transformed cell to penicillin, contrasted to
the marked sensitivity of the majority of the
population to killing by this antibiotic, strongly
suggests that penicillin specifically differentiates
transformants from nontransformants. Presum-
ably, transformants would include all those cells
which had integrated DNA and not only those
specifically selected and scored as transformants.
Whether this latency is a property of the compe-
tent cell (one capable of undergoing irreversible
transformation), tpso facto, or whether it is a
consequence of the uptake or integration of DNA
by a competent cell is of prime importance.
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Recent studies (Nester, 1963) strongly indicate
that the competent cell is penicillin-resistant.
Thus, the addition of penicillin to a “competent”
culture and its subsequent removal prior to DNA
addition leads to a five- to tenfold increase in the
transformation frequency, compared with an
identical culture not treated with penicillin. This
is most economically explained by assuming that
the noncompetent cells are readily killed by the
penicillin, whereas the competent cells are re-
sistant. In addition, the kinetics of killing of a
recipient population by penicillin are identical
whether or not DNA has been added (Nester,
1963). All these data are consistent with the
observations reported in this paper that the
recipient population is heterogenous with only a
minority of cells capable of undergoing trans-
formation.

Studies are also in progress to clarify pre-
cisely why we are not able to detect tryptophan
synthetase activity until several hours after DNA
addition. The kinetics of the appearance of
linkage between markers in the donor and re-
cipient DNA indicate that all of the biologically
active exogenotic DNA isolatable by our pro-
cedure has been integrated at a time when tryp-
tophan synthetase is not detectable. These same
studies indicate that this early recombinant DNA
does represent a major fraction of the total exo-
genotic DNA which eventually becomes inte-
grated into the recipient genome, as calculated
from the number of iry,* transformants obtained
with the isolated DNA compared with the num-
ber expected from the transformation frequency
of the ¢ry, marker. Since no attempt was made to
quantitatively isolate the DNA, this calculation
assumes that the exogenotic and endogenotic
markers are equally isolatable and equally capa-
ble of transforming the #ry,~ hts,~ strain. Further
studies are necessary to validate these assump-
tions. Nevertheless, it is unlikely that the lack of
enzyme activity can be explained merely by a
lack of integration of the donor DNA.

Since it was conceivable that the enzyme was
synthesized very shortly after DNA addition but
could not be detected because of the imper-
meability of the cell to the C indole or serine,
similar kinetic studies were performed on lyso-
zyme lysates of the DNA-treated population
(Schwartz and Bonner, 1963). The results on
cell-free extracts parallel the results gained with
whole cells, namely, no significant enzyme ac-
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tivity detectable until several hours after DNA
addition. Thus, it appears likely that the enzyme
is not being synthesized until several hours after
DNA addition. Since the duration of penicillin
resistance of transformants and the time during
which tryptophan synthetase cannot be detected
are approximately the same, it is likely that the
two phenomena are related to the same basic
cause—the biosynthetic latency of the newly
transformed cell.

In contrast to these data, in the pneumococcus
system new enzyme formation begins almost as
soon as DNA integration occurs, about 6 min
after DNA addition. The apparent discrepancy
between B. subtilis and pneumococcus probably
does not reflect any basic differences between
the two genera in the functioning and replication
of the DNA after its uptake and integration by
the competent cell. If, indeed, the pneumococcus
and B. subtilts transformants both undergo a
period of biosynthetic latency, and if this latency
is related to competency, the time at which en-
zyme synthesis occurs may reflect the time at
which the transformed cell emerges from the
resting state and begins actively multiplying. In
pneumococcus, Hotchkiss (1954) showed that
under certain conditions competence is related to
a part of the normal life cycle of a cell, and lasts
for approximately 15 min. In B. subtilis, a trans-
formed cell (and therefore a cell which must
have been competent) does not appear to multiply
for several hours, as shown by its resistance to
penicillin killing. Thus, while the cell remains in
this nonmultiplying state, it is incapable of ex-
pressing certain metabolic functions. In pneumo-
coccus this state is transient; in B. subtilis,
under certain conditions, it may last for several
hours.

Although our data indicate that the cell popu-
lation is heterogenous with respect to com-
petency, the quantitative calculation of the frac-
tion of competent cells is questionable. Our
model, the simplest one possible, assumes only
two classes of cells, the competent minority and
the noncompetent majority. However, there may
be intermediate degrees of competence in indi-
vidual cells. It is also possible that under some
conditions the uptake or integration, or both, of
one molecule of DNA facilitates the subsequent
uptake or integration, or both, of a second mole-
cule. Thus, in occasional experiments unusually
high values of joint incorporation of markers,

BIOSYNTHETIC LATENCY IN DNA TRANSFORMATION

795

either linked or unlinked, have been observed at
high DNA concentrations (Nester et al., 1963).
In these experiments, the greater than theoretical
incidence of double transformants might reflect
the greater competence of cells which, by chance,
are first transformed, in addition to a hetero-
geneity of the recipient population prior to the
addition of the DNA. The calculated competent
fraction of the recipient population in B. subtilis,
in which the percentage of transformation for
single markers is 0.1 to 0.59, at saturating levels
of DNA, is less than 109, of that in the pneumo-
coccus and Haemophilus transformation systems,
where the frequency of single transformants may
reach 59%. In these latter systems, calculations
similar to those employed with the B. subtilis
system indicate that 70 to 1009, of the popula-
tion is competent (Goodgal and Herriott, 1960;
Fox and Hotchkiss, 1957). However, all calcula-
tions based on this model probably overestimate
the proportion of competent cells in a population,
since the model assumes that the transformable
cells are uninucleate. If the bacteria were bi-
nucleate, then the proportion of nuclei trans-
formed for each single character would be one-
half the observed proportion of single transfor-
mations per bacterium. The predicted rate for
double transformation, calculated per bacterium,
would be one-half the product of the observed
proportions of the single transformations per bac-
terium. Thus, the presence of more than one
nucleus per bacterium would result in the ob-
served rate of double transformations for a pair
of unlinked loci being lower than the product of
the rates observed for single transformations.
Accordingly, if the bacteria are multinucleate or
contain more than one nucleus per colony-form-
ing unit, the size of the competent fraction calcu-
lated in this way will be an overestimate.
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