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The Influence of Recent Growth History on the Phenotype df

Escherichia coli

BY V. MOSES AND PAMELA B. SHARP

Laboratory of Chemical Biodynamics and Lawrence Radiation Laboratory,

University of Ca]ifornia, Berkeley, Ca]ifornie,‘U.S.A. 94720

SUMMARY

' E. coli, strain 300U, was grown for 450 generations in 6

different media. Each Tine was then subcultured into each of the

6 media, and a]TOwed to gfontfor:about 12 generations. Measure-
ments were made of the growth rates and of the differentiei rates

of induced B—ga]actosidase synthesis. Samples were a]so taken from
each culture for 1nvestigat10n of the soluble protein profiles deter-
mined by po]yacryiamide gel eiectrophoreSis The growth rates and
the rates of synthe51s of B-galactosidase were, as expected highly
dependent on the medium 1n,wh1ch the cells were growing at the time
of sampling. Both parameters also showed some influence of the
medium in which the cells had previously been grown; this was mdre
pronounced with B-ge]actosidase synthesis than with growth rate. Of
the 26 soluble protein'components separated by gel e]ectrophdresis,
9 were -highly dependent on the current medium, with insignificant
effects of the previous growth conditions; 4 were significantly

affected by the previous medium but were not influenced by the cufrent

medium; 3 were influenced both by current and earlier growth conditions;

and 10 components showed no variation. In further experiments, the
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kinetits of labelled pheny1aTanfne incorporation into soluble pro-
teins were studied by pu]se-1abe1]ing during growth upshifts and
downsh{fts.l The_responses‘ofvthe various prote{n components to the
growth shift were kinetically variable. Some responded immediately |
to the gnowth shift, while in others the response was delayed. In
other cases, a series of oSci]1ations were observed after an initial
response. A final category showed no response to the growth shift.

The exper1ments cont1nued for one or two generat1ons after the shift,
and the proportional 1ncorporat1on of pheny]a]an1ne into the different
bands was still chang1ng at that time. It is cone]uded'that a-long
period of adaptat1on is requ1red for cells to reach a new equ1]1br1um
after a growth shift. .Th1s period appears to last for at least 12

generations.

 INTRODUCTION |
The bacter1a1 phenotype is known to be strong]y 1nf]uenced by ;
the growth medlum Th1s has been demonstrated both for the broad
spectrum of soluble proteins (Moses & w11d, ]969), and for 1nd1v1dua1
.5protefns as in the secondary.regu1ation of inducible enzyme synthesis

by catabo]ite repression (Magasanik 1961). Some phenotypic changes

occur rap1d1y when the growth medium is a]tered In'EsCherichia'coTi,

for examp]e, the rate of synthes1s of 1nduc1b]e enzymes subJect to
catabollte repress1on falls marked]y w1th1n avfew m1nute5'when the
medium is enriched (Moses & Prevost, 1966; Tyler & Magasanik,'1967),
Some spontaneous escape from this intense transient repression subse-

quently occurs at periods up to an hour or more after enrichment. .
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An aftempt has been méde to correlate this transient repreééion res-
ponse wiih fluctuations of the intrace]]u]ar concentrations of cata-
bolites (PreQéstI&IMoses, 1967).

Other responseévoccUr'mofe s]owly, Yudkfn (1969)’h§s reported
that growth of several strains of'£445911_fnirich medium results in
an increased susceptibi]ity to glucose repressfon ofvé -galactosidase
synthes1s when the cells were returned to m1n1ma] medium. He found
that the 1ncreased suscept1b111ty per51sted for at least several cell
generat1ons Ungar & Moses (197 ) found in growth shifts with E. coli
that the increase in the d1fferent1a1 rate of ribosome synthes1s
lagged beh1nd the 1ncrease in the growth rate. After passing through
a maximum more than an hour after the growth rate increase, the diffe-
rential synthésis of ribosomd] protein declined to a lower rate.

We have studied the phenomenon of pro]onged adaptation in cel]s
wh1ch have been grown ‘for several hundred doub]1ngs in one medium
before being transferred to another. Three sets of parameters have
been investigated: the mass doubling times, the différentia] rates of
B-galactosidase syntheéis, and the distribution of components' among
the soluble cell proteins. While these parameters were found to
depend largely on the current growth conditions, we obtained evidence
for some inf]uence‘Of the growth history.

Further studies have been perfbrméd on the pattern of labelled
amino acid incorpofation into soihb]e proteins during growth shifts.
Labelling of some_brotein components respdnded immediately to changes
in the growth medium, while other responses_weré delayed; the cells
continued to adest to the new medium more than one generation after

the growth shift,
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:'METHODS-

Bacterial strafns Two'strains of E. co]i were employed: 300U

+(lac jfg_x_) from Dr. J. Monod and €600-1 (Tac 1+z X.) from Dr.
A. B. Pardee. ' ' '
Media. Minimal medium 63.(Pardee &_Prestidge,t196]),fcontaining

thiamine, was subpjemented as follows: (a) 33 mM-Na acetate; (b)

17 mM-Na suecinate; (c)'éézmM-g1ycerbi (d) 11 mM—glucose, (e) 17 mM-Na -

succinate + 0.1% (w/v) casein hydro]ysate, (f) 1 mM-glucose + 0.1%
(w/v) casein hydro]ysate Before this work started, the stock cu]-.
tures of both stra1ns had been ma1nta1ned for several years on |
g]ycero]—m1n1ma1 agar. .

Growth conditions. Cultures were grown‘aerobica]]y at 37° with agi-

tation.. For successive sUbéu]tureé, 0.0S'mT. of the prevfous cul ture
was added to 50 ml. of fresh medlum This provfded for'about”]O mass
doub11ngs in each subcu]ture N

When required for exper1menta1 study, 0.05 m] portion§'of the
appropr1ate fu]]y grown cu]ture were transferred to 50.ml. of the
desired med1a and 1ncubated overn1ght The cu]tures were  then d11uted
1nto the same medla, and were used durlng exponent1a1 growth about 2
mass doublings later. . Growth was followed by measur1ng E650 inal cm.
cuvette, us1ng a Beckman DK-2 double- beam spectrophotometer It has
been shown that E650 is d1rect]y proportiona] to the concentration of

bacterial protein in the suspension (Moses & Prevost 1966).

Induct1on and measurement of B- ga]actos1dase s-Ga]actos1dase synthesisn

was induced by adding 0.5 mM-Tsopropyl th1oga1actoside to growing ceT]s.

Samples of the suspension were assayed for enzyme activ1ty as described

prev1ously (Pa]mer & Moses, 1968).
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Soluble protein profi]es These were determ1ned us1ng polyacrylamide

gels as described by Moses & Sharp (1970) Measurement of protein in
~solution (Lowry, Rosebrough., Farr &:Randall, 1951) aften'1ysis and

t removal of cell debris showed that about 80% of the ee]]u]ar protein
was soluble. |

Labelling df soluble protein. Samples'(]o ml . ) of the cuTture were
-5

mixed with 1.7 x 107> M-L- (G- ]4C] phenylalanine (specific rad1oact1v1ty
55 mCi;/mno1e). -After 1ncubat10n at 37° for 5 min., 1 ml. of chloram-
phenicol soTution (2.5 mg./m].) was added. The soluble proteins were
separated on po]yacnylemide gel as before° The gels were dried by
being placed on a ‘pad df'filter naper in a frame witn a porous base.
The ge] Was covered by a sheet of fmpervious p]astic film (Saran Wrap,
Dow Chemical Co., Mid]énd Michigan U.S.A.) c]amped tightly over the
gel. Suction was applied to the 1ower portion of the porous plate,
and the gels were a]]owed to,dry at room temp. for several days
(Fainbanks, Levinthal & Reeder, 1965). The dried gel remained
firm]y.étuck to the top sheet of.filter paper on the péd. Drying
sometimes resulted in Creeking‘and contraction of the gel slab; such
damaged gels were discafded.'

Radioaqtograms of the dried ge1s‘were obtained by pressing them
against Kodak SingTe»Coated Blue-Sensitive Medica]‘x—ray film for
~periods up to 2 months. After deve]opment, the intensities of the
film blackening were measured with a Gel-Scan scanner connected to a

Servogor recorder (Gelman Instrument Co., Ann Arbor, Michigan, U.S.A.).

Labelling of total protein. This was measured by the accumulation of
trichloroacetic acid-precipitable radioactivity following the addition

of L4§~]4C]phenylalanine to the culture. Prepération of the samples
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for radioaetivity measurements’USed the techniques described by
Moses &‘Prevost (1966);

lpChemicals and radiochéhicals L- [G-]4C]Pheny]a1an1ne was obta1ned

from New England Nuclear Corp , Boston, Msss » U.S.A. Isopropy]-th1o-

galactoside: was from Ca]biochem.,-Los Angeles, Calif., U.S.A.

RESULTS

Growth rates

Measurements were ‘made of the rates of growth (as mass doub11ngs/
hr.) of cells maintained for about 450 generat1ons in each of the 6

media, each I1ne then be1ng tested in each of the 6 media. The re-

sults are presented in Tab]e 1 wh1ch includes an ana]ys1s of variance.

As expected the 1nf]uence of the current medlum in which the cells
A [Insert Table 1 near here] o ‘
were grow1ng (1nd1cated as "present exper1menta] med1um")_was highTy
s1gn1f1cant in determ1n1ng growth rates ' However, the previous' |
medium, in wh1ch the ce]]s had been grown for 450 generatlons (1nd1-
cated as "hlstor1ca1 med1um"), a]so appeared to exert some 1nT1uence.
There was a slight tendency for the highest current growth rates in
'acetate, succ1nate and g]ycero] med1a to be. exh1b1ted by cu]tures_

prev1ous]y grown in media conta1n1ng the same carbon source.

Differential rates of s-galactos1dase synthe51s v
iThe rate of é-ga]actosidase synthesis'is governed both by the
primary induction-repression control mecheniSm, and by.the secondary
regulation afforded byvcatabolite repression (Magasanik, 1961)v The
magn1tude of the latter effect is related, in turn, to the phys1o-

Iog1ca1 state of the cells. Comparative measurements of the rates
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of synthes1s thus prov1de an 1nd1cat1on of the s1m11ar1ty of meta-
bolic state between different cu]tures )

Table 2-presents the differential rates of enzyhe synthesis in
the same cultures as those reported in Table 1;-analysis of variance
of these measurements in 1nc1uded in Table 2. More variation was

[Insert Tab]e 2 near here] | |
observed here than among the growth rates Current media were again

highly significant in determ1n1ng these rates. The effect ofphistorical

*)medium was significant at the 0.05-0.01 level. Cells previously grown

in acetate, or in succinate plus casein hydrolysate, showed relatively

Tow differential rates of B~ga1actosidase synthesis in five out of six
current media; cells earlier grown in g]ucose showed hlgh rates in four -
out of six current media. |

Soluble prote1n prof1]es

The prote1n prof11es of ce]]s in the same exper1ment as that
reported in Tables l'and 2 were studied. Samp]es of each culture
were removed intO'Ch]Oramphenicol during exponentiangrowth when the.
cultures contained QOvug. bacterial protein/m]f The heights ‘of 26
peaks in absorbance scans for each'profile were measured; the height
of each.peak‘was expressed as a percentage of the sum of all the
peak heights from_that'profile.‘ Comparison of the areas under each
peak_as percentages of the sum of the areas under all the peaks was
less sat1sfactory than a compar1son of peak he1ghts Th1s was due
largely to doubt as to the - boundary between one area and the next.
With measurement of peak he1ghts, uncerta1nt1es rarely occurred and

were always satlsfactor11y reso]ved In some stained cases peaks
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on the tracing were not visible as distinct entities'although bands

on the‘stained.ge] were visible by eye; it was neverthe]ess simp]e

to determlne the p051t1ons of such apparent1y mlss1ng components by

reference to the1r ne1ghbours The.ext1nctlon at that p051t1on was.

then taken as app1y1ng to the apparent]y m1ss1ng component In some

prof1]es, 1n wh1ch “the. boundarles between adJacent areas were c]early
d1scern1b]e assessment of the contr1but1on of each peak to the

total using the peak heights was compared with 1ts contr1but1on

us1ng areas. The differences between the two methods were trivial.

Fig. 1 shows a typ1ca1 proteln prof11e with each peak 1dent1f1ed by

an 1ndex ‘number. ,

[Insert F1g. ] near here]
The magn1tudes of each des1gnated peak from each of the 36 ex-

'per1menta1 cu]tures were compared by ana]ys1s of-var1ance Four
types of behav1our were observed and typ1ca] ana]yses are shown in
: Tab]es 3-6: (a) S1gn1f1cant 1nf1uence of current medlum, w1th weak

or insignificant effects of hlstor1ca] med1um:»Peaksv2, 3, 4,6, 7,

7 '[Insert Tables 3-6 near here] _ .

9, 14, 15, 23 (Table 3)' (b) Slgn1f1cant 1nf1uence of h1stor1ca1
medium, w1th weak or insignificant effects of current medium: Peaks 17,
18, 21, 26 (Table 4), (c) Significant 1nf1uences.of both hTstor1ca1 -
and current media: Peaks ] 12,716 (Tab]e 5 (_) S1gn1f1cant in- ‘
f]oences of neither historical nor current medium (i.e., magn1tudes
constant)' Peaks 5v 8, 10, 11 13 19, 20 22, 24 25 (Table 6). A
_summary of the conclusions for-all 26 peaks is g1ven in Table 7.

[Insert Table 7 near here]
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This shows the mean percentage cohtributioh df_each.peak, as well
as the-coefficiehts_df variation, and the probabilities for the
current and historical medfa -

Change of prote1n prof1les during growth shifts

Moses & Wild (1969) showed that some aspects of the proteln
profiles are dependent upon the current growth medium. The’ data in
Table 7, while conf1rm1ng this conclus1on, indicate a significant
res1dua1 effect of a prev1ous growth med1um (Tasting for at least 12
mass doub]1ngs) on the relative proportions of some components. It
was of 1nterest to examine kinetica]]y the changes in the protein
profiles dufing growth shifts.

Labe]]1ng with L- [G ijhehyla]anine for 5 minu'pu1ses; prior
to b]ock1ng further prote1n synthe51s with ch]oramphenlco] was
chosenvas_a-means of measuring the rates of synthesis of proteins
contributing to the bands qf ihe prdfi]e. All expériments were de-
signed o) that, even at the:highest ce]i densitiés'employed, no moré
than 50% of thé labelled amino‘acid would be jncorporated iﬁtd the
protein during the 5 min. pulse period. ' .

Labelled protein profiles during growth on succinate

It was necessary”to insure that any changes in the‘incorporqtion
pattern during a growth shift.wére'really dependeht on the shift, and
were not simply a functipnvqfvincréaSing density of the culture.
Cells growihg in succinate-minimal medium were therefore pulsed
with labelled phenylalanine at intervals during growth the culture
dens1ty increasing from 21 ug. bacterial prote1n/m1 ‘at the beglnn1ng

of the sequence to 288 ug. proteln/ml at the end. Exponential
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growth (at a rate of ] 0 mass doub11ng/hr ) Waspachievedehen the
cell dens1ty reached 34 ug. proteln/mI | |
A typical scan tracing of a rad1oautogrem from this series is
shown in Fig. 2. Variations in the cdntributfons to the total made
. [Insert Fig. 2 near here]
by the uariOus protein bands were sTight Fig. 3 illustrates the
percentages of three peaks as a function of growth. Peak 5 showed
[Insert F1g 3 near here]
essentieliy no change throughout exponential growth, and similar
patterns were obtained with peaks 2,3,7,8,9, 11, 12, 14, 15, 16,
and 17. Peak ]3 showed a slow proportxona] rise with 1ncreas1ng age
of the culture, and this was a?so observed with peak 10. Peak 1
exhibfted a maximum'mfdway.through grthh' peak 4.showed a slight
maximum ear]y in growth, wh1]e some increase in prominence in peak 6

was seen near the end.

Labe]led protein proflles dur1ng shift from glycero] to g]ycero] plus
glucose '

Add1t1on of glucose to cells growxng in glycero]-m1n1ma1 medium

*abrupt]y increased their rate of growth from 1.07 to 1.50 doub]1ngs/hr.

(Fig. 4) A number of samples were pu]sed w1th labe]]ed pheny]a]an1ne
[Insert F1g 4 near here]

before and after the growth Shlft Fig. 5 shows a scan tracing of a

rad1oautogram from this exper1ment. The addition of g]ucose produced

| [Insert Fig. 5 near here]

a wide variety of responses_In the labelling patterns. These are

presented in Fig. 6: (i) lTittle or no change in relative proportions

[Insert Fig. 6 near here]

?‘\
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(peaks 10, 17, 24); '('ﬁf)» marked change in relative amount within
5 min. of adding glucose, with no return.to‘the>origina1'1eve1
(peaks 3, 4, 11. 18); (iii) marked change'within 5 min.'wifh a sub-
sequent return towards'the'originel level (peeks 8, 19, 20, 23);
(iv) marked change more thahFS_mih..efter adding glucose (peaks 12,
15, 16, 21); (v) rapid change, pdssib]yvfollowed by osci}]ations
(peaks 5, 6, 9); (vi) boﬁhvfn{tial endbdelayed.changes'(peaks 7, 13,
14, 22). The cells fhus responded tp the addition of glucose by a
series ofva]terations'ﬁn'the rates'ofvphenyfa]ahine incorporation

into the various protein components. The responses were spread

| throughout the 80 miﬁ.'peind of.étudy following glucose additions;

- during that time the cells had‘undekgene‘about 2 mass doublings.

For the most part, no complete sepabation'was obtained between
adjacent pedks in the radioautogram Scaps; The'poséibi1ify must
therefore be considered that.whefe 2 édjacent peaks‘showed'simi]ar
responses to the gfowth shiff; a‘ehange in the meaéufed height of
one peak inf]uehced'that of the other. vFor this reaspn,‘there is
sbme‘doubt of the independent_behaviour,of peeks 10, 11, and 12, and
of peaks ]3 and‘14, and possibly 15. However, fn many cases adjacent
peaks c]early'did not»influence one another. For examp]e, peaks 3
and 4 behaved 1ndependent1y, a]though peak 4 appeared as a shoulder
on peak 3. Peaks 4 and 5 5and 6, 6 and 7, 8 and 9, 12 and 13, 15
and 16, 16 and 17, 17 and 18, 20 and 21, 21 and 22, and 23'and 24
are further instances of adjacent‘peaks acting independently.' In
some}caSES, such as'peaks 7 and 8, two adjacent”peaks behaved
similarly although the separation between them waS'mbre'compTete )

than usual.
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Labelled protein profiles during shift frbm g]uéose to glycerol
'CeTls of Strain_CGOOél, pkevibﬂs]yvgrown'in g]ucdse-minima]
medium, Qere'inocu1ated'into glycerol-minimal medium containing a
Timited amount of glucose. Growth proceeded-atva rate of 1.43
doubfings/hr. until a ce11:density of 47 ug. bacterial protein/ml.
was reached. An abrupt cessation of growth then occurred. Growth
kesﬁmed 22 min. later at a rate of 1.13 doub]ings/hr. (Fig. 7)., We
concTude that ih the first phase of growth Ohly gidéose was used as
'térbon sohrcé,_second phase utilizing glycero].' Samples for
o [Insert Fig. 7 near hére]‘
pulse-]abé]]ing wifh’L-fG-14C]pheny1a1anine Were taken af intervals
dUrihg the grbwth ddwnshift} A radibéutograh écén traéing from one
ofvthe'sdmpTes is shown in Fig. 8. | o |
'_[Insert Fig. 8 ‘near here]

As in the case of the growfh upshift repdrted'in'Figs. 4-6, a

number of responses to the downshift were seen; these are presented

in Fig.'9. They can be divided into seven categorieszb (i) Tittle
“ | | e tInsért Fig. 9 near here] .
50r no change in relative proportions (peaks 10, 11, 12, 14, 18, 22,
23, 24, 25); (ii) marked fall in proportion,during_the'interfubtion
of growth, with.a return towards the ofigina] level ering‘the.
period of growth on glycerol (peaks_ls, 16, 17); (iii) mafked rise -
during the interruption of gfowth, with a later return towards the .
original level (peaks 4, 5); (iv) change in relative proportion only

during the glycerol period (peaks 13, 19, 21); (v) change when

growth was absent, with a return to the original state when growth was

resumed (peak 9)§ (vi) change occurring late in the

[
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period.of interrupted gdetﬁ (peak 6); (vii)‘osti11atioﬁs in fe]a-
tive prdportion begihhing'when g?thh Was absent and continbihg
into the period of growth on giycero]-(peaks 1,2, 3,7, 8, 20).

Tﬁe time required fdr the cells to adjust completely to gly-
cerol as a carbon souree was thus protfacted. By the end of the
exbériment (60 min. and 1 mass dodbling‘after growth started on
giycero1) the relative rates at which ]4C was being incorporated
into the various protein fractions were still changing. In both
the growth upshift and downshift exper1ments there was evidence of
changes occurr1ng consecutlvely. whlle the rate of ]4C 1ncorporat1on
into sqme fractwons was 1mmed1ate1y influenced by change of the
carbon source, in other cases the responses were deiayed for varying
periods of time. | | '

Several upshift and downshift experiments were performed. Al-
though they differed in detéi], fhe general conclusions drawn'above

were applicable to all of them.

‘DISCUSSION - .

Bacterial cells possess. a w1de range of adaptive capab111t1es
They respond spec1f1ca1]y to the presence or absence of a var1ety
of substrates and metabolltes in the medium by the induction or re-
'press1op of specific enzyme synthes;s.v They are subject to contro]
of enzyme activity by the intrateliuler ]eveTs of effectors. Pre-
sumab]y‘intracellular~effectors,a]sovcontro] the rates of synthesis’
of many proteins. The bacterial cell may thus be regarded as‘a

complex interlinked network of reactions.and control mechanisms.
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In a humber of speeific instances it has:been shown that
alteration of the rates of inducible or repressible enzyme syn-
thesis occurs rapidly when effectors are added to'the medium'or
removed from it (Pardee & Prestidge, 1961; Branscomb & Stuart,

1968; Kepes, 1963). The magnitudebof ionger-term,changes in the
bacterial phenotype is more difficult to assess. The work reported_
in th1s paper has been d1rected towards determ1n1ng the ]ength of
the adaptat1on per1od when bacter1a1 ce]]s are subaected to a marked
change in thexr external env1ronment We have measured parameters
which provide information at three levels of prec1s1on |

The rate of growth under var1ous cond1t1ons is a very rough
indication of the phys1o]og1ca1 state of.the ce]]s. With minor ex-
ceptions, as noted in the ReSu]tS'section, prolonged cU]ture of Cells
in one growth medium did not affect their growth rates in the same
or other media.

:Ahalysis‘dfbthe soluble protein profi]es;'Which account for
about'BO% of the total cell protein, provided. more detailed infor-
”'mation. :Protein profiles of eystems as complex as the whole‘bac-
“terial ce]]’suffer; hdwever, from two drawbacks. 'E. coli is believed
to cdntain,vat any one time, several hundredvdifferent.types of
'protein, yet no more than 30-50 diScrete behds here vieib]e ona
-po]yacrylamide'ge1 separation df the soluble éomponents. Each band
was thus composed of an unknown number of different components which
were grouped solely on the basis of their rates of migrationtin the
gel system used. In no case have we fdentified a specific compenent

of any of the bands. The bands themselves were only partially

v
L7
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discrete and the p0551b111ty exists of the hGTth of one peak in
a tracing being 1nf]uenced by the heights of others close to it

In spite of these drawbacks many distinctions can be drawn
between ceiis in different growth medie, and residuai effects of |
recent growth historiesvhave also been detected. Thus, cultures
of the same bacterial strain,vderiVing from different cultural con-
ditibns, and grbwing in the same medium for at Jeast 12 mass
doublings, remained appkeciabiy different when their soluble protein
profiies were compared. Cohn & Horibata (1959) showed with the lac-
tose system of E;_Egli'that preinduced‘and‘non-preinduced'cei]s of
the same stkain, inoculated into identical media containing appro-
priate concentratidns of g]ueose and inducer,‘exnibited different
biosynthetic rates for s ga]actOSidase The differences between the
two cultures cou]d be maintained for many generations Our results,
using the who]e of the so]ub]e protein profile, suggest that main-
tenance phenomena are widespreed end that comp]ete adjustment of a
cell to new cultural conditions takes many generations to achieve.

The shorter-term experiments u51ng pulse- labelling with 1-[G- 14¢ C]
phenylalanine also showed that adaptation to a different growth sub-
strate was not comp]ete in-J‘dr'Z_generations. With a number of
protein bands there was a suggestion df a series of oscillations in
the rates of 1abe1]ing whieh Started'af the time of the‘growth shift
and continued at least for 1 of'2 Qeneratidns. Our data are not
sufficiently extensive-tovobserve damping_ef the oscillations,
though we presume that eventué]]y this.would occur.

Maalge & Kjeldgaard (iQSd)\have described a number of deieyed :

responses to growth shifts. Studies by Moses & Prevost (1966)_and'



';]6;”
by Pa1gen (1966)'hove shotha transﬁent'repression.and subsequent
escape in the synthesis of g- ga]actos1dase and other inducible. en-
- zymes dur1ng growth sh1fts Ungar & Moses (197 ) found that the
rate of ribosome synthes1s did not respond 1mmed1ate1y to enr1chment
of the growth med ium, and ‘that in their system a per1od of more

than 2 hr. was requ1red for the estab]1shment of the new rate of

r1bosome synthesis characterlst1c of the enr1ched med1um They also

showed that overshoot of r1bosome synthes1s occurred but did not
carry on the1r exper1ments 1ong enough to see whether oscillations
deve]oped It is thus clear that a growth shift resu]ts in a pro-
tracted period of readjustment, the full 1mp11cat1ons of wh1ch may
not become man1fest for many generat1ons

Measurements of the rates of B ga]actos1dase synthes1s y1e1d
more prec1se 1nformat1on about one ce]]u]ar component They suggest
considerable metabo]1c var1at1ons, both in cells current]y in diffe-
rent media and in those with different histories. The differential
rate of e-gaiactooidase‘QyntheSts is known to.be eftectedEby:the-”
nutritional state of the ce11'(Magasanfk,-1961)._vwhiie the mle-
cular origins of this variation have not'yet.been elucidated, it :

appears likely .at the present time that they are in some way re-

lated to the intrdce]lulaf,Ievels of specific controlling metabolites.

Another example of the effect of recent growth_history on the rate of

g-galactosidase synthesis has recently been repohted'by Yudkin (1969).

~ The prolonged period required for full adaptation to a new
growth medium, taken together with the deTayed reéponSe exhibited

by some parameters, and the suggestion of oscillatory behaviour of
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others, suggests that bacterial cells respond to a complex series

of metabo]1c s1gnals in balanc1ng the1r overa11 compos1t1on Some'
of these are 1n1e1ated ear]y in the growth sh1ft Kxnet1c tracer
experiments in g;.cgll;have shown rap1d changes in thev1evels of
some intermediarv‘metaholftes when the‘medium is enrichedr(Prevost
& Moses, 1967) The rap1d response of the growth rate to enrichment
a]so 1nd1cates that the ba1ance of 1ntermed1ary metabolism undergoes
cons1derab]e a]teratlon within a short period. Our present results
suggest, however, that not all changes occur quickly and there is no
rapid attainment of a new steady state. We take this to mean that
a considerah1e neriod is required for 311 thelinterrelated reactions
of metabo]lsm, dependent as they are on metabo]1te ]eve]s, on intra-
ce]]u]ar enzyme concentrat1ons, and on enzyme activities, to ach1eve
the new equi]ibrium characteristic of growth after the shift.
One'aspeCt of our study which remains unanswered is whether, in
our serial subcu]tures in d1fferent media, we produced cells of dif-
fering phenotype which neverthe]ess retained an identical genotype,
or whether different genotypes were selected. Dean & Hinshelwood
(1966) have considered the questlon of adaptation versus selection
as the predomlnant factor accountIng for the long lag per1od some-
times observed when bacter1a are presented with a new growth substrate.

They concluded in the cases of Aerobacter aerogenes presented with

D-arabanose, and E. coli supp11ed w1th D-arabanose, lactose or du1c1—

~tol, that selection is not a significant factor.

In the experiments reported in this paper it might be argued

that had selection occurred, resulting in various sub-strains
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posse551ng different growth propert1es, the growth rates on a part1-
cu]ar substrate wou]d be h1ghest in the sub- stra1n grown through |
vmany subcu]tures on that substrate. In 3 casesvthere was a slight
effect in this direction; in the 3 other Cases there was a slight
‘effect in the opposite direction (Table 1). While these individual
_ grthn rate differenoes have not been rigorousTy investigated vsuch
se]ect1on as mIth have occurred appeared to have no significant

, effect on the resu]ts.

The work reported in this paper was sponsored by the U.S. Atomic
Energy CommisSion We are grateful to Dr. John Mowbray for advice on

methods of statlstical ana]ys1s.
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Table 7. Summary of statistical evaluation of 26 peaks

Peak No. Overall values , Probabilities
Mean S.D. Coefficient ' Present Historical
of variation experimental “medium
medium '
1. 3.66 0.761 - 20.8 <0.001 <0.001
2. 4.58 0.850 18.5 | <0.001 0.001 - 0.01
3. 3.60 0.627 17.4 <0.001 0.001 - 0.01
4. 4.67 1.221 26.2 . ~ <0.001 >0.2
5. 3.48 0.724 -20.8 0.2 >0.2
6. 3.28 0.618 18.8 <0, 001 0.01 - 0.05
7. 3.54 0.608 17.2 <0.001 0.001 - 0.01
8. 2.71 0.476 17.6 0.2 0.01 - 0.05
9. 5.00 1.442 28.8 1<0.001 0.2
10.. 3.22 0.478 4.8 0.05 - 0.2 . 0.05
1. 3.63 0.368 . _ 10.1 0.01 - 0.05 >0.2
2. 4.4 0.967 21.9 <0.001 <0.001
13. 3.70 0.545 4.8 0.001 - 0.01 0.001 - 0.01
14, 3.91 0.875 - 22.4 <0.001 0.01 - 0.05
15. 4.30 0.565 13.1 - <0.001 0.01 - 0.05
16. 8.30 1.664 20.1 <0.001 | <0.001
17. 6.97 1:386 19.9 - 0.01' = 0.05 <0.001
18. 7.01 0.862 12.3 0.05 - 0.2 *<0.001
19, 4.56 0.354 7.8 . »0.2 >0.2
20. 3.27 0.529 16.2 >0.2 0.2
21. 2.73 0.674 24.7 0.001 - 0.01 <0.001
22. 2.83 0.653 23.0 0.05 - 0.2 0.01 - 0.05
23. 2.62. 0.748 ~ 28.6 ~ <0.001 0.001 - 0.01
24, 1.44 0.653 45.4 - 0.01 - 0.05 0.0l - 0.05
25. 1.34 0.614 45.8 0.05 - 0.2 0.001 - 0.01
26. 1.37 0. |

523 138.2 ~0.01 <0.001

*Coefficient of variation is S.D. expressed as % of mean.
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'CAPTIONS FOR FIGURES

1. ~ Densitometric tracing.of,typical gel electrophoretic separation
of soluble proteins from experiments with strain 300U reported in
Tables 1-7. The 1ndex numbers of the _peaks correspond to those of

Tables 3-7. Experimental details as in Tab]e ]

2. Den51tometr1c trac1ng of radioautogram taken from eiectrophoreto-»
gram of labelled soluble proteins from celis of strain C600-1 grow1ng

in succinate. Index_numbers correspond to those of Fig. 3.

3. Kinetic behaviour of so]ubie,protein components from cells of strain
C600-1 growing in succinate, Index numbers correspond to those in Fig. 2.
At each sampling time,‘the extent of labelling in each peak is expressed

as a % of the sum of the label‘in all the peaks from that sample.

4, Kinetics of growth of strain C600-1 during g]ycero] to g]ycero] +

glucose shift. Arrow indicates time giucose was added

5. Densitometric tracing of_radioautogram taken from e]ectrophoretogram
of labelled soluble protein from cel]S~of}strain C600-1 during growth up-

shift reported in Fig.'4. 'Index numbers correspondvto those in Fig. 6.

6. Kinetic.behaviour'of soluble protein components'from cells of strain
C600-1 during growth npshift reported in Figs. 4 and 5. Index numbers
correspond to those in Fig. 5. Arrows indicate time of adding glucose.
At each sampling tine, the~eXtent'of labelling in each peak is expressed-

as a~%_of the sum of the label from all the peaks from'that-sample;'

7. Kinetics of growth of strain C600-1 with limiting g]ucose and

excess glycerol.’
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CAPTIONS FOR FIGURES (CONTINUED)

Fig.

“

Fig}

8.  Densitometric tracing of radioautogram taken from electrophoreto-
gram.of'labelled soluble proteins from cells of strain C600-1 during
growth.dbwnshift~reported in Fig. 7. Index numbers correspond to

those in Fig. 9.

9. Kinetic behaviour of soluble protein cOmponenté from cells of
strain C600-1 during growth downshift feporte& in’Figs.'7 and 8. Index
numbers correspond to those in Fig. 8. Period bracketed by. arrows indi-
cates the time of no growth, as shown in Fig. 7. At each sémpling time,
the extent of labelling in each peak is expressed as a % of the sum of

the label from all the peaks in that sample.

Running title: Effect_of growth history on E. ¢oli phenotype

— ——— ¥ _

Correspondence and proofs to: V. Moses
- Laboratory of Chemical Biodynamics
Lawrence Radiation Laboratory ,
University of California
- Berkeley, California
U.S.A. 94720
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LEGAL NOTICE

This report was prepared as an account of Government sponsored.work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty- or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person actirig on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor. ' '




-

Pr B R

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

— =G



