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ABSTRACT. The bacterial  and  tissue cells can grow in ba t ch  and  continuous oulture. I n  ba t ch  culture 
the  cells have  different physiological s tates  during incubation.  The generat ion t ime changes f rom t ime to 
t ime during growth,  except in the  exponential  phase. I n  cont inuous culture the  cell growth takes place 
under  s teady-s ta te  conditions. I n  different s teady-states the  generat ion t imes reached remain  cons tan t  
at a certain level. This paper  presents evidence of how the  generat ion t ime influences the  cell size, the  chain 
formation,  the  mult ipl icat ion of viruses, the  development  of competence bo th  in t ransformat ion  and  
t ransfeet ion and  the  quant i ta t ive  changes of lyric factor. I n  the  experiments  i t  is necessary to give the  
values of the  generation ~imes. This parameter  helps the  experimenters to compare the  results and  to avoid 
some errors in  their  conclusions. 

There are a lot of variables during 
growth. In  a particular medium the 
cell size and composition changes in 
a characteristic manner during incuba- 
tion (Hershey & Bronfenbrenner, 1938). 

The shorter the generation time, the 
larger the cell size (Ecker-& Schaechter, 
1963), and the higher the number of nuclei 
.per cell. The variation in  mass per cell 
is due to changes in the number of 
nuclei per cell. 

The rate of protein synthesis per unit 
ribonucleic acid (RNA) is nearly inde- 
pendent  of the generation time. The 
protein fraction must  vary greatly in 
composition if the bacterial cells multi- 
ply at different generation times. The 
protein may change qualitatively. In- 
duction or repression of enzymes may 
occur during growth. The longer the 
generation time the greater the ratio of 
ribosomal RNA to deoxyribonucleic acid 
(DNA) changes at different generation 
times (Maal~e & Kjeldgaard, 1966). 

In  the late exponential growth the 
proteolytic activity is increased. The 
specific activity of fumarase and alanine 
dehydrogenase increase after the end 

of exponential growth (Warren, 1968). 
Amylase production in Aspergillus oryzae 
depends upon the growth rate (Meyrath, 
1965). 

This paper presents evidence of how 
the microbiological results depend upon 
the generation times. The following probl- 
ems are analysed: correction of the  
viable count, bacterial growth in batch 
and continuous culture; the influence of 
the generation t ime on cell size and on 
chain formation, on the number of phage- 
resistant spontaneous mutants,  on the 
multiplication of viruses, on the develop- 
ment  of competence both in transform- 
ation and transfgction, on the quanti- 
tative changes of lyric factor. Finally, 
the significance of the generation t ime 
in the microbiological experiments is 
discussed. 

MATERIALS AND METHODS 

Bacteria and viruses. Bacillus subtilis 
Marburg, 168 try-, 168M try- Tits (SPO-1 
phage-sensitive), 168M try- phr (SPO-1 
phage-resistant), SB25 try- his- bacterial 
strains were used. 



260 s. HORV/t~Ttt Vol. 15 

SPO-1 subtilis phage and the Aujeszky 
(pseudorabies) virhs strain marked X X V  
(Horv~th, 1959) were used in the experi- 
ments. 

Tissue culture. Chicken heart  fibre- 
blast  tissue culture was prepared and 
maintained in the roiling drum accord- 
ing to Horv~th 's  method (Horvs 1954; 
Horv~th  & Bal~zs, 1958). 

Media. The bacterial strains were 
maintained in minimal glucose yeast  
(MGY) liquid medium. T medium was 
used for t ransformation and MG agar 
for the selection of transformants.  The 
composition of the media are described 
by  Horvs  (1967). 

The composition of  the media used in 
tissue culture is found in an earlier paper 
(Horvs 1959). 

Cell lysis was assayed in a buffer-salt 
solution (Horvs 1968b). 

D N A  preparation. Transforming DNA 
of Bacillus subtilis Marburg was prepared 
b y  the phenol extract ion method of  
Saito and Miura (1963). The infectious 
phage DNA was prepared from the con- 
centrated SPO-1 phage suspension by  
the phenol extract ion method of Mandell 
and Hersey (1960). 

Cultivation of the bacterial suspension. 
The bacterial experiments  were carried 
out  in 100 ml Erlenmeyer  flasks fitted 
with a side arm for optical density (OD) 
measurements.  The bacterial cells were 
suspended in 10 ml M G u  liquid medium 
and were shaken in a water  ba th  at 
37 C. During incubation the bacterial 
multiplication was foliowed by  a densite- 
meter. The generation t ime was found 
to be exact ly the mass doubling time (~). 

RESULTS 

Correction of the viable count 

The bacterial cell count is important ,  
because it permits the calculation of the 
generation t ime and the quant i ta t ive 
s tudy of bacterial metabolism. 

A useful method for counting the 
total  number  of organisms is the opaci ty 

method. I t  is widely used at the present 
time. The OD is evaluated not  only by  
bacterial numbers  but  also by  their size. 
The OD gives good information on the 
total  amount  of bacterial protoplasm. 

According to the  plating method the 
average number  of colonies per plate in 
a given dilution is the basis for estimating 
the number  of  colony-forming units 
(c.f.u.). 

~Most of the bacterial strains used in 
the experiments form cell-aggregates and 
the celia remain at tached to one another 
by  their cell-membranes after their div- 
isions (chain -formation, irregular groups 
of  cocci etc.). 

When the exact number  of living bac- 
terial cells needs to be determined in 
a chain-forming bacterial strain, a cor- 
rection must  be made, which is calculated 
from the c.f.u, in the following way. Smears 
of the  bacteria are examined by  the 
light microscope. The different length of  
chains (including single cells) are counted 
in some fields and the results are analysed 
statistically. The ratio of the total  number  
of cells to the number  of chains (includ- 
ing single cells) gives a factor. By  multi- 
plying the c.f.u, by  this factor, the cor- 
rected value is obtained, which shows 
the exact number  of  single cells found in 
the population. 

Bacterial growth in batch and continuous 
culture 

(A) In  batch culture the generation t ime 
changes from t ime to time during growth. 
Only in the exponential phase does it re- 
main nearly constant. Depending on the 
cultural conditions the doubling t ime may 
be the following: (1) the division t ime 
of individual cells is the individual gen- 
eration t ime or the interdivision time; 
(2) the  arithmetic average of  the indi- 
vidual generation time is the mean gen- 
eration t ime or the average interdivision 
time; (3) the number  doubling time or the 
mean effective generation t ime (~e); 
(4) the mass doubling time (~d). 
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The following experiment shows how 
the mass doubling time changes in the 
same bacterial populations during incu- 
bation using different kinds of  glass- 
ware and cultural conditions. An over- 
night culture of B a c i l l u s  s u b t i l i s  168M 
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Fig. l. The g rowth  curves of  5 ~ B. subtilis 168M 
t ry-  :phs cell suspensions  cul t ivated in different 
condit ions a t  37 C. � 9 1 4 9  -- in a 100 ml  Erlen- 
meyer  flask, shaking;  . . . .  in a 100 ml  Erlon- 
meyer  flask, in horizontal  posi t ion;  - ~ -  + -- 
in a 50 ml  Er lenmeyer  flask, in horizontal  pos- 
ition; A - - - A  -- in a tube,  in oblique posit ion; 
C)-- "C) - in a tube,  in vertical position. 

t r y -  was suspended in M G u  liquid me- 
dium to 0.025 OD. 5 ml of this bac- 
terial suspension were measured into 
different kinds of glassware. During 
incubation at 37 C the ODs were followed 
and the results are shown in Fig. 1. 

From the growth curves the mass 
doubling times were determined in each 
case (Fig. 2). 

In the Figures it is seen tha t  there are 
big differences among the growth curves 
and among the doubling times as well. 

The growth of an exponentially grow- 
ing bacterial suspension may  be ex- 
pressed by  the following equation: 

d n  
dt  = vmn (1) 

o r  
n = n o e l ( t - t ~  (2) 

where n is the  number  of bacteria at  
t ime t, no is the number  of bacteria at  

I 
6 ,  I 

I 

~ 5 -  \ 
~ P 

~4. Y 
J. 

o 

I- 

T i m e  (hours)  

Fig. 2. The generat ion time curves  of  5 ml B. sub- 
t//ie 168M try- ph~ cell suspension cul t ivated in 
different condit ions a t  37 C. Details of  explanat ions  
in Fig. 1. 

t ime 0, vm is the growth rate constant  
and t is time. Taking logarithms of 
equation 2 yields 

i n n  = In no -~ v , , ( t  - -  to) . (3) 

The growth may  be characterized 
by  Te, the number  doubling time. 

In 2n0 = In no + v,,'Ce (4) 
and 

In 2 
~'e - -  (5)  

Vm 

I t  is convenient to distinguish the 
mass doubling time, ~d, which is equal 
to the following equation: 

In 2 
X d  - -  , (6) ~u~ 

where #m is the mass growth rate con- 
stant  (Powell, 1956). 

(B) In continuous culture the exper- 
imenter can control the flow rate or the 
bacterial densi ty depending upon what  
kind of apparatus  is used; the chemostat  
(Novick & Szilard, 1950; Monod, 1950) 
or the  turbidosta t  (Bryson & Szybalski, 
1952). 

In  continuous culture the net rate of 
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increase of concentration of bacterial  
cells is given by  the following equation:  

dx  
"dr = g x  - -  D x ,  (7) 

where x is the concentration of bacteria 
in the vessel, # is the  specific growth 
rate and D is the  dilution rate (Herbert ,  
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Fig. 3. The values  of  t he  relative cell size and the  
correction fac tor  in  B .  subti l is  168 t ry -  cell suspen- 
sion mult ipl ied in different generat ion times. 
O - - Q  --  re la t ive cell size; O - - - O  -- correction 
ac tor ;  + - -  + - -  genera t ion  t ime.  

Eisworth & Telling, 1956). When ff == 
= D,  dx/dt  = 0, and x is constant;  
s teady-state  of growth occurs. I t  means 
tha t  the concentration of bacterial cells 
and substrates  does not  change during 
incubation, bu t  remains constant  and the 
population must  be growing exponen- 
tially. Between zero and the critical 
value of the dilution rates a large number  
of s teady-states  can be obtained (Monod, 
1942; 1950). 

Influences of the generation t ime on cell 
size and on chain formation 

Bacil lus  subtiIis 168 t r y -  was cult ivated 
in MGY medium and the correction fac- 
tor was determined, because this s train 
formed chains. The relative size of the 
cells was also calculated (Fig. 3). 

In  Fig. 3 it is seen tha t  there are some 
correlations between generation t ime and 
both  the correction factor  and the rela- 
tive cell size. The shorter the generation 

t ime the higher the values of both  the  
correction factor and the relative cell 
size. 

Influence of the  generation t ime in the  
number  of  phage-resistant spontaneous 
mutan ts  

To determine the number  of phage- 
resistant spontaneous mutan t  Baci l lus  
subtilis 168M t ry -  phs  strain was culti- 
va ted  in MGY medium. During growth, 
samples were taken and adjus ted  to  
0.025 OD with MGY medium. To 1 ml 
of this suspension 1 ml MGY medium 
containing 5.4 • 10s SPO-1 phage par- 
t ides  was measured. After 10 rain incu- 
bat ion at  room temperature  it was plated 
on MGY agar. The phage-resistant col- 
onies were counted the following day 
(Fig. 4). 

I t  is seen tha t  the shor ter  the gen- 
eration time the smaller the  number  
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Fig. 4. Changes in the  n u m b e r  of  SPO-1 phage-  
res is tant  spontaneous  m u t a n t  in  B.  s'ubtili~ 1681V[ 
t ry-  phs  cells dur ing  incubation.  O - - � 9  -- spon- 
t aneous  m u t a n t s ;  O - - - O  -- OD; + - - -  d- -- gener- 
a t ion t ime. 

of spontaneous phage-resistant mutants .  
This correlation is easy to unders tand 
because the bacterial ceils are more 
sensitive to the phage particles w h e n  
they  grow well. 
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Bacter iophage  and  virus  mul t ip l i ca t ion  
in cells mul t ip ly ing  a t  d i f ferent  genera t ion  
t imes 

In  t he  following expe r imen t s  the  
SPO-1 phage  a nd  the  virus  of  Au jeszky ' s  
disease mul t ip l i ca t ion  were  inves t iga ted :  

9 o, 
-i 

o i 6 
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Fig. 5. The relation between doubling per hour 
and the BS in B. 8ubtilis 168~r try-ph~ infected by 
SPO-1 phage. � 9 1 4 9  -- BS; O - O  - doublings 
per hour. 

(a) Bacillus subtilis 168M try- phs cells 
mul t ip l ing at  d i f ferent  genera t ion  t imes  
were in fec ted  b y  SPO-1 phage  a t  an  
average  mul t ip l i c i ty  o f  1 phage  per  bac-  
t e r ium.  One s tep  g rowth  e x p e r i m e n t  was 
carr ied  ou t  a nd  the  bu r s t  size (BS) was 
calculated.  The  resul ts  and  the  va lues  of  
doubl ings  per  hour  (reciprocal  va lue  of  
genera t ion  t ime)  are shown in Fig. 5. 

The  charac ter i s t ics  of  the  curves  are 
nea r ly  t he  same and  the  peaks  were 
f o u n d  a t  t he  same t ime.  Thus  the  shor te r  
the  genera t ion  t ime  the  h igher  the  BS. 
(b) Au jeszky  virus  was used  in the  nex~ 
expe r imen t .  The  f ibroblas t  t issue cul- 
tu res  were  p r e c u l t i v a t e d  for  v a r y i n g  
per iods  of  t ime,  hav ing  dif ferent  gener-  
a t ion  t imes  before  the  vi rus  inocula t ion.  
The  t i t e rs  of  the  same v i rus  suspension 
were different  depending  u p o n  the  t ime  
of  p recu l t iva t ion .  The  resul ts  of  the  ex- 
pe r i me n t  car r ied  ou t  in 15 paral lel  t ubes  
per  d i lu t ion  are  seen in Fig. 6. 

The  highest  t i t e r  was ob t a ined  when  
the  genera t ion  t ime  was t h e  shor tes t .  
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Fig. 6. Titers of Aujeszky virus suspension using 
ohicken heart fibroblast culture having different 
generation times at the time of inoculation. 
�9 - - � 9  -- TCD 50 tit~rs of virus; -[- -- ~ -- 
doublings per 100 hours. 

Inf luence  of  the  genera t ion  t ime  in the  
d e v e l o p m e n t  of  compe tence  in 
t r a n s f o r m a t i o n  an d  t r ans fec t ion  

(a) M a n y  bac te r ia l  species are  able to  
t ak e  up  D N A  when  in a s t a t e  o f  "corn  
p e t e n c e "  an d  can be t r a n s f o r m e d  (Ravin ,  
1961; Braun ,  1965). I n  the  t r a n s f o r m -  
a t ion  e x p e r i m e n t  the  rec ip ien t  s t ra in  was 
Bacillus subtilis 168M try- phr. Th e  
t r ans fo rming  D N A  was i so la ted  f ro m  
Bacillus subtilis Marburg.  Th e  bac te r ia l  
cells were m a in t a in ed  in M G Y  med ium.  
Dur ing  growth ,  samples were  t a k e n  an d  
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Fig. 7. Number of transformants and transfeetants 
in B. ~SGl~ 168M try- phr suspension during 
incubation. � 9 1 4 9  -- OD; O- -O -- transform. 
ants; Q--O -- transfeetants; + - - +  -- gener- 
ation time. 
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assayed for the number  of try + trans- 
formants (Fig. 7). 

In  Fig. 7 it is seen tha t  the generation 
t ime played an important  role in the  
development  of competence, which fol- 
lowed a definitive course during incu- 
bation. I t  is clear tha t  there is some 
regulari ty in the development  of com- 
petence, and it is related to the changes 
in generation time. The peak of com- 
petence develops in the late exponential 
phase of growth when the bacterial  cells 
mult iply at a certain rate, when the mass 
doubling t ime is about  1 hour 40 mi- 
nutes. 
(b) In  transfection the competent  phage- 
sensitive and phage-resistant cell surface 
as well are able to adsorb the infectious 
phage DNA molecules and in both cases 
infective phage particles are produced 
(Romig, 1962; Okubo, Strauss & Stodol- 
sky, 1964; Reilly & Spizizen, 1965). 

In  transfection, Bacillus subtilis 168M 
t r y - p h r  cell suspension multipling at 
different generation times was adjusted 
to 0 . 1 0 D  with MGY medium. 0.25 ml 
of this cell suspension was measured to 
0.25 ml SPO-1 phage DNA to give 
a final concentration of about  10 ~g 
DNA/ml. The mixture was then shaken 
for 90 min in a water  ba th  at 37 C and 
the plaque forming units were determined 
on a plastic t r ay  (Horvs & AlfSldi, 
1954). The results are demonstra ted in 
Fig. 7. 

I t  seems t h a t  the curve of competence 
is nearly the  same as tha t  in transform- 
ation. The peak of  competence was ob- 
tained in the laCe exponential phase of 
growth, where the highest number  of 
t ransfectants  were found, and the bac- 
terial cells multiplied at a generation time 
of about  2 hours. 

Relationship between the act ivi ty  of the 
lyric factor and the generation t ime 

Young and Spizizen (1961; 1963) de- 
monst ra ted  the presence of a lyric factor 
in ~he wall of competent  Bacillus sub- 
tilis cells. In  the following experiment  

the act ivi ty  of the lyric factor is demon- 
strated in the cells multipling at different 
generation times. Bacillus subtilis SB25 
t ry -  h is ;  was shaken in MGY liquid 
medium, at 37 C. During growth, samples 
were taken and centrifuged, then re- 
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Fig 8 The activity of the lyric factor in B sub. 
tili8 SB25 try- h/s2- during incubation. � 9  �9 -- 
activity of the lyCic factor; q- -- q- -- generation 
time. 

suspended in balanced salt solution (Hor- 
vs 1968b) to 0 . 4 0 D  and was shaken 
in a water  ba th  at 37 C. The lysis was 
est imated b y  controlling the change in 
OD. The reciprocal value of the 50% 
lysis t ime in hours was regarded as the 
act ivi ty of the lyric factor (Fig. 8). 

The peak of the  act ivi ty of the lyric 
factor occurred when the generation t ime 
was of about  1 hour 30 min. 

Importance of the generation t ime in the 
microbiological experiments 

I f  the generation time is known the 
other parameters  can be calculated so 
tha t  growth can be described precisely. 
For  the determination of the generation 
t ime it is important  to count the number  
of bacterial cells with a certain exactness 
during incubation. Often, it is difficult 
to do this because the bacterial strains 
form cell-aggregates. Bacterial chains, 
groups of cocci etc. mainly influence the 
precise determination of the number  of 
cells. The opaci ty method expresses only 
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the mass of the cells. For  this reason it 
is necessary to make a correction when- 
ever it is possible. 

All the physiological states of the cells 
are impor tant  either from scientific or 
practical points of view. Using batch 
culture it is possible to determine the 
curve of a certain biological condition 
concerning different generation times. 
In batch culture the exponential  growth 
takes only a short period of  time, de- 
pending upon the size of  the inoculum. 
In  a semilogarithmic plot the exponential 
growth is nearly a straight line, bu t  the 
level of energy and the physiological 
state of the cells a re  different along this 
line. At the beginning of the exponential 
growth the cells divide as fast as they  
can, depending upon the cultural con- 
ditions. 

In  expressing the level of a physio- 
logical s tate it is necessary also to give 
the values of the generation times in all 
c a s e s .  

Calculating the rate of muta t ion  
of  phage-resistant spontaneous mutants  
(Luria & Delbrfick, 1943), it is necessary 
to give the generation t ime when the 
cells are infected by  the phage particles. 

In  virus t i t rat ion the shorter the gen- 
eration t ime the higher the infective 
t i ter  and the BS. A big difference may  be 
found in the infectious titers of a virus 
suspension when the cells are infected at 
different generation times. 

The competence in transformation and 
transfection exist when the bacterial 
cells multiply at a certain rate. The cells 
multipling in the shortest  generation 
t ime cannot be t ransformed or trans- 
fected. The competence can be "f ixed" 
at an optimal level in balanced growth. 
A different level of competence can be 
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