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ciation. The D N A  used in this study was total cellular D N A  
and therefore may have contained plasmid DNA, if present. 
However, plasmid DNA being only a small fraction of total 
D N A  should not appreciably affect the data presented here. 
C0t,/~ values were calculated from the Cot corresponding to the 
50% of  observed maximum hybridization. 
The Cot,/, of DNA reassociation of the fast-growing species of  
Rhizobium ; R. meliloti (SU216), R. phaseoli (CC365), R. tr i f  olii 
(T19), R.leguminosarum (SU391), were found to be 4.1, 4.4, 
3.9 and 4.9, respectively. These values are considered to be 
very close to each other. On the other hand the D N A  of R.ja- 
ponicum (SB16), a slowgrower, has a Cot,/, of 9.8 which is 
about  double that  of the fastgrowing species studied, indicat- 
ing that  it has a genome size almost twice that  of the fast- 

Genome size estimates for strains of Rhizobium 

Strain Calculated genome size 
in daltons x 10 -9 

R. meliloti (SU216) 3.22 
R.phaseoli (CC365) 3.46 
R. trifolii (T19) 3.06 
R. leguminosarum (SU391) 3.84 
R.japonicum (SB16) 7.69 
R.japonicum (CC409) 7.62* 
R. lupini (RL3001) 5.42* 
R.sp. Cowpea (U8) 6.91" 

*Values are quoted from our previous study 11. 
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The kinetics of reassociation of DNA of Rhizobium species. The sam- 
ples were sheared by partial depurination and alkaline cleavage, made 
up to 0.12 M in phosphate buffer, pH 6.8, denatured by heat and incu- 
bated at 60 ~ Kinetic points were then taken. Each point was analyzed 
by fractionation on hydroxyapatite. E. eoli B DNA was determined to 
have a C0ty 2 of 2.8 (not shown here). R. trifolii (T19), 0-----0; R.meli- 
loti (SU216), A----~; R.phaseoli (CC365), O O; R.leguminosarum 
(SU391), -* -*; R.japonicum (SBI6), [] D. 

1291 

growing ones. The DNA of E. coli B was found to have a Cot ~ 
of 2.8. The table presents the calculated genome size of the 
strains of fast- and slow-growing rhizobia. E. coli B has a mo- 
lecular weight of  2.2 x 109 daltons for the genome size 19. The 
value has been used as a primary molecular-weight s tandard 
for measurement of  the rhizobial D N A  genome by proportio- 
nality relationship of C0t,/, of reassociation. The values for the 
genome size of R.japonieum (CC409), R.lupini (RL3001) and 
R.sp. Cowpea (Us) were obtained from our previous study u 
and have been used for comparison (table). The genome sizes 
of the fast-growing and the slow-growing species fall in the 
range of  3.1 to 3.9 x 109 and 5.4 to 7.7 x 109 dalton, respec- 
tively. The fast-growers and the slow-growers, therefore, have 
genome sizes in 2 distinct ranges of values and the 2 groups 
differ by a factor of approximately 1.5 to 2. If  this is confirmed 
in general for the 2 groups of rhizobia, this difference would 
support the proposal 7 to establish 2 distinct genera. 
2 classes, distinct as regards their genome size, have already 
been found in mycoplasma 2~ On the basis of that, and of the 
frequency distribution of prokaryotic genome sizes, an evolu- 
tionary scheme by genome duplication has been suggested 1~ If 
increase in genome size is a primary step of evolution, we feel 
that  slow-growing strains of rhizobia having a larger genome 
size are to be considered more advanced in the evolutionary 
scale than their fast-growing counterparts.  
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Bacterial growth in artificial capillary spaces 
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Summary. In experiments on the influence of microscopic capillaries on the growth of Escherichia coli, Brevibacterium linens, 
Micrococcus flavus and Bacillus cereus, a distinct delay in growth was observed. The difference in counts was greatest after 8 h. 
Later a slight equilibration of counts was noted. With B. cereus, only slight or no spore formation was observed under microcapil- 
lary conditions. 
Key words. Bacterial growth; capillary space; spore formation; microcapillary conditions; ecological niche. 
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The growth rate and biochemical activity of microorganisms 
are regarded ecologically as responses to a number of physio- 
logical factors which are also controlled by the essential influ- 
ence of external conditions. Within the human body, the di- 
mensions of the habitats populated by microorganisms differ 
from site to site. Distinct biochemical and physiological prop- 
erties result from the microscopic communities to which they 
are closely linked 2. The host-regulated environments such as 
mouth or intestine produce varying levels of  hydrostatic tensile 
stress on the microbial cells. It was found that an abnormally 
low pressure exists in several liquids in micron-size isolated 
capillarities 3. O'Brien et al. 4 reported that the growth rates of 
bacteria were enhanced when the growth media were subjected 
to hydrostatic tensile stress. 
The present study is concerned with changes in the growth rate 
of various microorganisms in living spaces of different volume. 
Different capillary properties were simulated by using glass 
beads of defined size in the nutrient medium. 
Material  and methods'. Microorganisms. Escherichia coli, Brevi- 
bacterium linens, Micrococcus flavus, Bacillus cereus. 
Preparation of the inoculum, All experiments were carried out 
with tryptone soya broth (Oxoid, CM 129) to which 0.3% 
yeast extract (Oxoid, L 21) was added. The inoculated broth 
was shaken at 32~ in Erlenmeyer flasks. Subsequently 1-ml 
portions each of the bacterial suspensions were transferred to 
sterile tubes and frozen at -50~ 

Determination of bacterial counts. The number of c.f.u, was 
determined by decimal dilution and the transferring of 0.1 ml 
of the suspension to the surface of a nutrient agar plate (tryp- 
tone soya broth +0.3% yeast extract +1.5% agar). The sam- 
ples were incubated under aerobic conditions for 2 days at 
30 ~ 
Determination of spores. The suspension was heated for 10 
min at 80~ in a waterbath; the number of spores was deter- 
mined in the same way as described above for c.f.u. 
Hollow-space systems. The growth rates were studied in the 
following systems: nutrient broth without solid bodies, and nu- 
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Figure 1. Geometry of capillary systems based on glass beads (two-di- 
mensional representation). 
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Figure 2. Growth of E. coli, B. cereus, M.flavus 
and B.linens in homogenous and heterogenous 
media (glass beads 25 100-110 ~tm) under mi- 
croaerobic conditions. H ,  E. eoli, homo- 
genous medium; ~ ,  E. coli, heterogenous 
medium; I!-----tl, B.cereus, homogenous me- 
dium; [] D, B. cereus, heterogenous me- 
dium; �9 "$ ,", M.flavus, homogenous medium; 
V----V, M.flavus, heterogenous medium; 
x - - x ,  B.linens, homogenous medium; 
+ - - + ,  B. linens, heterogenous medium. 
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Figure 3. Growth of E.coli, B.cereus and 
M.flavus in homogenous and heterogenous me- 
dia (glass beads ~ 100-110 ~tm) under an- 
aerobic conditions. O-----O, E.coli, homoge- 
nous medium; (2)-----(3, E. coli, heterogenous 
medium; R - - i ,  &cereus, homogenous me- 
dium; [] [3, B.cereus, heterogenous me- 
dium; -" -', M.flavus, homogenous medium; 
~ - - ~ ,  M.flavus, heterogenous medium. 
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Figure 4. Growth and spore formation of 
B. cereus in homogenous and heterogenous 
media (glass beads of 250~300 /am) under mi- 
croaerobic conditions. O-----O, Total c.f.u., 
homogenous medium; O O, total c.f.u., 
heterogenous medium; D-----I, c.f.u, of spores, 
homogenous medium; C3----D, c.f.u, of spores, 
heterogenous medium. 
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trient broth containing glass beads. The diameter of the glass 
beads was 100.110 gm, 250-300 gm and 1000 gm (B. Braun, 
Melsungen, Cat. No.854140/0, 854160/1 and 854180/9). The 
cleaned glass beads were sterilized for 2 h at 180~ The total 
volume of the liquid phase was 10 ml in each case. Immedi- 
ately after inoculation of the nutrient broth the preheated 
beads (30~ were added to the test tubes and shaken, in order 
to eliminate any air bubble residues in the system. In addition, 
a layer of dry beads of about  10 mm height was added to the 
test tubes above the liquid surface to make sure that  the condi- 
tions at the liquid surface corresponded to those of the capil- 
lary system. Immediately after the test tubes had been filled, 
they were incubated at 30 ~ under aerobic conditions or under 
an atmosphere of nitrogen. 
Geometry of the capillary spaces. If  the beads are arranged 
regularly, the size of the hollow spaces formed may be charac- 
terized by an auxiliary parameter, namely the diameter of a 
sphere fitting into the hollow space (fig. 1). 
Determination of the bacterial growth rates. At 6, 8, 12, 16 
and 24 h after inoculation, 3 parallel samples (test tubes) were 
withdrawn. The entire content (nutrient broth plus beads) was 
quantitatively transferred to a sterile plastic pouch; 90 ml of 
sterile nutrient broth were added and the c.f.u, assay was car- 
ried out. In order to estimate the adherence of bacteria to the 
bead surfaces, the nutrient broth plus beads was treated in a 
Waring blender (Model 32 BL 79, Waring, Conn.) for 60 sec. 
Immediately after this procedure the c.f.u, was determined. 
Resu l t s  and  discussion. In the experiments using E. coli  the 
logarithmic phase of growth was delayed both under aerobic 
and anaerobic conditions in the heterogenous medium contain- 
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Figure 5. Influence of the different size of the capillary spaces on the 
growth of B. cereus under microaerobic conditions. O--~O, Total 
c.f.u., homogenous medium; O O, total c.f.u., glass beads ~ 1000 
gin; ~ D, total c.f.u., glass beads ~ 100-110 ~tm. 

ing glass beads of 100 gm in diameter, with differences in 
counts being greatest after 8 h. Later, a slight equilibration of 
counts was observed. In order to find out whether the inhibi- 
tory effect is different in bacteria of different cell sizes, further 
experiments were made also with M . f l a v u s ,  B. cereus and B. li- 
nens.  These strains also showed a clearly reduced growth rate 
in heterogeneous media. Their growth is shown in figure 2 
(aerobic conditions) and figure 3 (anaerobic conditions). B. li- 
nens  is not shown in figure 3 because no growth was found in 
either system under anaerobic conditions. 
The possibility that  the ratio of microbial counts to nutrients 
available was the reason for the different growth rates of 
microorganisms was tested by experiments using different ini- 
tial counts. For these experiments B. cereus was selected and 
used in 3 different counts (2.92-102; 2.5. 101; 4.5.10~ It 
x~as li.)und that thc growth phases of all samples were taking a 
similar course, i.e. the growth was delayed to a certain extent 
in the heterogeneous medium. So the influence of nutrient defi- 
ciency as the cause of the growth delay can be excluded. The 
question of sporulation was also studied in B. cereus. Condi- 
tions for the initiation of this morphological sequence have 
already been discussed 5 but the influence of very small living 
volumes was neglected. In the presence of beads of 100 lam in 
diameter no spore formation was observed within 24 h. A 
weak spore formation was observed in heterogenous medium 
with beads of 250 lam in diameter (fig.4). Comparing studies 
with B. cereus using beads of 100-110 ~tm and 1000 gm in di- 
ameter showed that the delay in growth seems to be the greater 
the smaller the capillarity spaces (fig. 5). 
None of the microorganisms studied form polymers from glu- 
cose, so no adhesion to the glass surface occurred. The data so 
far indicate a distinct decrease in the growth rate of bacteria as 
a function of the limited size of niches in which they live, and 
not as a function of a limited nutrient  or oxygen concentra- 
tion. 
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