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Fig.1. (a) A typical example of a bacterial DLA colony pattern on an agar plate. The
bacteria was inoculated on the surface of the agar plate containing 1 g/1 of peptone and
then incubated at 35C in a humidified box. The colony was photographed 20 days after
inoculation. Its diameter is 55 mm. (b) The estimation of the fractal dimension of the
colony pattern. The pattern shown in (a) was analyzed to obtain a fractal dimension
using the box counting method. The abscissa R is the box size and the ordinate is the
number of boxes with the size R supporting the pattern. The part of the regression line
between two vertical lines was used to determine the fractal dimension.
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Fig. 2. A screening effect of bacterial inner branches by main ones during incubation. The
strain was spotted on an agar plate with the peptone concentration of 1g/l. Figures
were photographed (a)8, (b)13 and (c) 19days after inoculation. Arrows show
branches which stopped growing afterwards.
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Fig. 3. An example of a “metal-forest” morphology of the bacterial colony. The organism was
inoculated linearly on the surface of an agar plate with 1 g/I of peptone and incubated
at 35C. The colony was photographed 20 days after inoculation. The height of the
highest “tree” is about 30 mm.
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Fig.4. (a) Bacterial colony growth on an agar plate without peptone. The organism was
spotted on the plate and incubated at 35°C. The colony was photographed 18 days after
inoculation. (b) Bacterial branch development towards a place with higher peptone
concentration on an agar plate. The unidirectional gradient of peptone concentration
(0-2 g/1, center to left of the plate) was made in the plate. The bacteria was spotted at
a place where the initial peptone concentration was zero (marked x). The colony was
photographed 13 days after inoculation.

Knote, ThMEMRoEzmEN, BROXERE, H5VAERFEROBFROEI L
kb eEELZONSD, DLA 27 522 1375 v VR FHMEREOBE T, Lo bEEE
WEHETTHELTWS,



HiEzar=—D75 27 2 LVEE 65

(a) (b)

) (d

Fig.5. Bacterial colony patterns grown on agar plates with various peptone concentrations.
The concentrations were (a) 0.25, (b) 0.5, (c) 1, (d) 2, (e) 4, (f) 16 and (g) 64 g/l. The
colonies were photographed (a) 18, (b) 18, (¢) 18, (d) 8, (e) 8, (f) 6 and (g) 3 days after
inoculation. Their diameters are (a) 18, (b) 31, (c) 55, (d) 51, (e) 58, (f) 50 and (g) 62
mm.
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Fig.5. (continued)
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Fig. 6. An example of a dense branching colony morphology. The organism
was inoculated on an agar plate containing 1 g/1 of peptone, whose

surface had a certain moisture. The colony was photographed one
day after inoculation. Its diameter is about 65 mm.
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Fig. 7. A schematic phase diagram of the colony patterns in terms of surface
moisture and nutrient of agar plates.
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Fig. 8. Repulsion between two neighboring colonies. The organism was spotted
simultaneously at two points at a distance of (a) 1, (b) 2, (¢c) 2 and (d) 4 cm
on the plate surface. The peptone concentrations of the plates were (a) 1, (b)
1, (c¢) 40 and (d) 1g/1. The colonies were photographed (a) 12, (b) 12, (c) 3
and (d) 1 day after inoculation. The surface of the agar plate (d) has certain
moisture.
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Fig. 8. (continued)
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Fig. 9. A round colony morphology on an agar plate covered with glycerol.
The strain was inoculated in an agar plate with 1g/l of peptone,
whose surface was covered with a thin layer of glycerol. The colony
was photographed 3 days after inoculation. Its diameter is 30 mm.

FHEWCEE L., FOMEHOBERFIBZE X -1,
kDX 5icfar ==, ThbbZOlKE A D =R 212X »T, 2 2r=—HIChBS
DB ZTFTREI R HED (DLABIODBMA) %5 Tlundb o N -7,

6. BFFRIRER A HZX A

4l B. subtilis % A\ TcHFRFE R D, ED L 5 fEED N7 57 ) 7 EARINTITHED
EKEETCEVCTREHEED 7 r t AL > THRETHDO TRt H#AITE S, F12F
RRCliE o = » = —R Iz OFRAEERS, MRRSHOF ML &L oME B &1 F OB LR
FItI R ERANC L > CHHREIND EEFELOND, ZORFIIKRERIAESMED 2 = = -
HEAEB ST TV B EHEINS, avEa—&—2 ialb—vavickBuTi}, BIRE
BAI2SDLA < 2 — v iz Bt x5 25 Z Enmb T b (Meakin (1988)), BAE ¥ THRAEX
WS O DEEOMBEICOWTAEER LGS Tar = —BREYHAXTE L, Lo LAEUS}
DEHETDLARREZ T2 DR ELFER I Ty, ZoEHO—212, KE MBOM
HICHARTar = —0BKENEFICHCZ ENELOLNE, ThbbERFER ETar =~
EKEEMRIRI LT, KEIMOMEX » 27 b B E G, Dbz EnbEABEOR
FTIR R BRI 2 B85 2 B TR O X 5 fe KB a il i,

<7 vEE g/l DEREMCH BRI Z )V er — AR BML, 7O FICKEYERET
5Ear=—HRIRIEESE KA -7 (Fig.9), 20X 5 kB 5 FEREIRETH
L0, BHHYWEHER, flzEar=—FNTTor ) tr —LDOREEN 2R = —%2AF
T 5D0TREVWHEEZLNRD,

FRAEEY ST L VIEE g/l 0FEREHR Lo L, K8 (fl: 25°C) CEEHLICES, »
HVIERREOSVER ET (Fl: 30g/D B2E LSS, ar=—XDLA <2 —-vXhi



HMEzrm=—D77272LKE 71

BEOBEWERRESCLHE L., Chb0BERERFTORT | v OIESBEE L MEORE
EHELOBNERZERL TS EE 2R3,

L%, £ ) TREBENLRETPRERNZ#EAT A 1L, ar = —-DBREHRLH
o35 Ee¥ETETHEEREL, pOBEBEICRLTHAS, FLMEO = —HRICE TS
DLA, Eden =54, DBMBOHEEERBR X OREZLDSOWTOMESERFICEETHD EE L
Shb,

B

AFRCH1 ) BERBRZ W WICRILRSEER GiEAE BEE), 81077274
WIRTTIENT 2 B T iSOG e SFE, NHRZ, HILE (RRAF WD) O RICRBEL
Ea ”

2 £ X M

Ben-Jacob, E., Deutcher, G., Garik, P., Goldenfeld, N. and Lareah, Y. (1986). Formation of a dense
branching morphology in interfacial growth, Phys. Rev. Lett., 57, 1903-1906.

Claus, D. and Berkeley, R.C.W. (1986). Bergey’s Mannual of Systematic Bacterology (ed. P.H.A.
Sneath), 2, p. 1108, Williams and Wilkins, Baltimore, Maryland.

Fujikawa, H. and Matsushita, M. (1989). Fractal growth of Bacillus subtilis on agar plates, J. Phys.
Soc. Japan, 58, 3875-3878.

Grier, D., Ben-Jacob, E,, Clarke, R. and Sander, L.M. (1986). Morphology and microstructure in
electrochemical deposition of zinc, Phys. Rev. Leit., 56, 1264-1267.

Majumdar, S. and Prasad, R.R. (1988). The fractal dimension of cerebral surfaces using magnetic
resonance images, Computers in Physics, 2, 69-73.

Mandelbrot, B.B. (1982). The Fractal Geometry of Nature, Freeman, San Francisco, California.

Matsushita, M. (1989). Experimental observation of aggregations, The Fractal Approach to Heteroge-
neous Chemistry (ed. D. Avnir), 161-179, Wiley, Chichester, UK.

Matsushita, M., Sano, M., Hayakawa, Y., Honjo, H. and Sawada, Y. (1984). Fractal structures of
zinc metal leaves grown by electrodeposition, Phys. Rev. Lett., 53, 286~289.

Matsushita, M., Hayakawa, Y. and Sawada, Y. (1985). Fractal structure and cluster statistics of zinc
metal “trees” deposited on a line electrode, Phys. Rev. A, 32, 3814-3816.

Matsuyama, T., Sogawa, M. and Nakagawa, Y. (1989). Fractal spreading growth of Serratia
marcescens which produces surface active exolipids, Federation of European Microbiological
Societies, Microbiology Letters, 61, 243-246.

Meakin, P. (1983). Diffusion controlled deposition on fibers and surfaces, Phys. Rev. A, 27, 2616-2623.

Meakin, P. (1986). A new model for biological pattern formation, J. Theoret. Biol., 118, 101-113.

Meakin, P. (1988). The growth of fractal aggregates and their fractal measures, Phase Transitions
and Critical Phenomena (eds. C. Domb and J.L. Lebowitz), Vol. 12, 335-489, Academic Press,
New York.

Peters, H.P., Stauffer, D., Holters, H.P. and Loewenich, K. (1979). Radius, perimeter, and density
profile for percolation clusters and lattice animals, Z. Phys. B, 34, 399-408.

Sawada, Y., Dougherty, A. and Gollub, J.P. (1986). Dendritic and fractal patterns in electrolytic
metal deposits, Phys. Rev. Lett., 56, 1260-1263.

Tsonis, A.A. and Tsonis, P.A. (1987). Fractals: a new look at biological shape and patterning,
Perspectives in Biology and Medicine, 30, 355-361.

West, B.J., Bhargava, V. and Goldberger, A.L. (1986). Beyond the principle of similitude : renormal-
ization in the bronchial tree, Journal of Applied Physiology, 60, 1089-1097.

Witten, T.A. and Sander, L.M. (1981). Diffusion-limited aggregation, a kinetic critical phenomenon,
Phys. Rev. Lett., 47, 1400-1403.



72 Proceedings of the Institute of Statistical Mathematics Vol. 38, No. 1, 61-72 (1990)

Fractal Growth of Bacterial Colonies
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A Bacillus subtilis strain is inoculated on an agar plate containing a low concentration
(1 g/D of peptone as nutrient and incubated at 35°C. Colonies grow two-dimensionally
with random branches, similar to clusters of the diffusion-limited aggregation (DLA)
model. Colony pattern is found to be self-similar with the fractal dimension of 1.73, in
good agreement with the value of the DLA model. During the growth of a colony the
existence of a screening effect is confirmed. These results clearly show that the colony
grows through a simple physical mechanism, that is, the DLA process.

What makes a diffusion field for the bacterial DLA type growth? No remarkable
growth is observed on an agar plate without any peptone. When the organism is spotted
on an agar plate with the unidirectional concentration gradient of peptone (0-2 g/1), colony
branches develop predominantly in the direction of higher peptone concentration. These
results strongly suggest that the diffusion field of nutrient in an agar plate is essential for
the bacterial DLA growth.

The colony morphology varies a great deal with the nutrient concentration and the
surface moisture of agar plates, including a DLA type, dense branching morphology, a
round type, and fast spreading without any openings.

Repulsion between two neighboring colonies is observed in the DLA and dense branch-
ing morphologies only, suggesting that these growths may be strongly influenced by the
concentration field of nutrient.

Local growth mechanism characterized by an organism itself is also considered to
affect its colony formation. When the agar plate is covered with a thin layer of glycerol,
the colony morphology of our strain becomes thoroughly round. This may come from
some physical factor such as surface tension of glycerol.

Key words : Fractal, diffusion-limited aggregation, bacterial colony.



