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bstract. Studies of biological objects like yeast cells are usually
omplicated due to seemingly unpredictable changes in various
roperties of the living organisms. This study represents an attempt

o show how various time dependent properties of yeast can be
aptured and precisely quantified by modern image analysis meth-
ds. During the course of this study, various complications which
ad been anticipated were encountered and resolved. As each
train differs by various properties like average size, shape, and
ellular membrane thickness, the necessary adjustments to data
apture and processing for automated data analysis were the big-
est complication encountered. The study successfully shows the
pplicability of the chosen method of image analysis to various
hapes of yeast, with cell shapes varying from elliptical, cylindrical
itrical, tube-shaped, to oblong. The yeast properties’ quantification
as based on calculated fractal dimension and fractal measure of

he studied strains. The information about speed of growth of the
olony as well as about the changes occurring within individual cells
as correlated to the change of the fractal parameters in the cap-

ured images of the yeast. The studied parameters were: growth of
he cells, changes in the thickness of the cellular wall, number of
ells present in the sample, and changes in the shape of the cells.
amples were probed with a Nikon Eclipse E400 optical microscope
nd a Nikon Eclipse E200 optical microscope with phase contrast.
arFA 5.1 (Harmonic and Fractal Image Analyzer) (HarFA) software
as used for processing the obtained images. Custom developed
arFA software is designed to facilitate fractal image analysis.
2006 Society for Imaging Science and Technology.

DOI: 10.2352/J.ImagingSci.Technol.�2006�50:6�583��

NTRODUCTION
recent development in digital imaging technology makes it

elatively easy to obtain and store image data from experi-
ents for later analysis of studied microscopic objects.1 Ob-

ained and archived data are then not only used for primary
nalysis, but also to verify the findings by other methods as
ell as to facilitate further development of existing image

nalysis methods.
The highest quality of the obtained and stored image

ata is a necessary precondition for obtaining reasonable
esults during the image analysis phase of the experiment.
herefore, all the data have to be stored in the formats pre-

erving quality of the data like tagged image file format
TIFF) or BMP (for smaller data volume) formats.

The quality of the data is not only influenced by the
heer amount of data, but also by the precision of captured

eceived Dec. 19, 2005; accepted for publication Jun. 7, 2006.
062-3701/2006/50�6�/583/7/$20.00.
mages. In order to achieve the required precision, various
ptical systems were evaluated in course of the study.

Another element contributing to the quality of obtained
esults is the choice of the observation method itself. To
tudy the growth and division of cells one of the methods of
irect microscopic observation has to be used. The most
seful method seems to be one of the variants of the count-

ng chamber method (Thom, Neubauer, or Bürker).
The calibrated chamber allows for observation of cell

rowth and multiplication with precisely defined surface
rea and depth.

Due to the length of the experiment itself it is necessary
o ensure the chamber is filled with nutrition rich media. It
s also necessary to compensate for loss of water due to
vaporation during the experiment. Bürker compartment
esign allows for compensation of water loss and to provide
dditional nutrition to facilitate growth, water based nutri-
ion rich media was periodically added to the chamber dur-
ng the experiment without interruption.

Due to reasons stated above the observation of the bio-
ogical objects in cultivation media in the counting (Bürker)
ompartment seems to be the most suitable method for our
xperiments.

The pictures can be recorded using classical or digital
ameras, though a high resolution camera (three million
ixels or above) is required. In case a classical camera is
sed, pictures would have to be digitalized later on. Due to

he size of the yeast it was necessary to use equipment that
llows direct connectivity between the camera and the mi-
roscope itself. The amount of detail in the measured object
s crucial to the quality of the analysis output. It is necessary
o ensure the size of the analyzed cell does not drop below
56 pixels in the final image. Smaller resolution would de-
rease the ability of the method to capture changes in the
ell surface caused by budding. The minimal raster size then
ets the experiment observation equipment requirements. A

icroscope with a magnification of 800� and a camera with
minimum 3 megapixel resolution are necessary to obtain

uitable images.
More than 1000-fold accretion was mostly used

hroughout the experiment, but the exact level of magnifi-
ation varied based on the probed cell (compensating for
ifferent absolute size of strains).
Various data about the probed object are obtained dur-
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ng analysis, for example, the length and area covered by the
nalyzed object, etc.2–4 It is possible to analyze the whole
btained image, or only certain regions of interest and there-

ore calculate the local maximum of the properties.
The main advantage of the chosen image analysis

ethod is that it works with the whole picture as a block,
ather than with the individual pixels only. The method is
ased on the counting of repeated motifs and their close

mperfect copies, with disrespect to the absolute position (in
erms of transition or rotation) of the copy to the original

otifs. The analysis of the repeated motifs is commonly
nown as “fractal analysis.” The results of the analysis are
escribed by two parameters: fractal dimension, D and

ractal measure, K. Calculated fractal properties can then be
sed to estimate the total amount of present objects (cells in

his case) or to determine other properties of the examined
ell, like their shape, growth factor, aging of cell and colony
rowth, etc.5,6

There are other commercially available image analysis
oftware on the market, for example AccuPress (from Aware,
nc.)—using wavelet analysis or other software for analyzing

edical and biological images—Neurolucida (MicroBright
ield, Inc.), Alice (Perceptive Informatics), respectively, or
ioSystematica—used for image analysis of electrophoresis
els. All the software products described above allow for
nalysis of images of microbiological structures in stationary
ode based on proprietary algorithms. In contrast to that,

he product used throughout the experiment—Harmonic
nd Fractal Imager Analyzer7 (HarFA) allows not only static,
ut also dynamic analysis of video streams. The video
tream based analysis takes into account dynamic properties
f analyzed cells and better captures the complexity of evolv-

ng dynamic systems such as a living cell. Based on many
arameters of captured images (or frames in the sequence)

n many different modes (RGB, HSB, HLS), HarFA allows
election of the best parameters for main analysis. In our
ase main analysis consists of the description of dynamic
roperties—growth and cell multiplication. These are de-
cribed by fractal dimension and fractal measure obtained
rom analyzed images by wavelet (Haar) transformation.

ATERIALS AND METHODS
east
he culture of yeast used for the experimental work was

aken from Slovakia Collection Culture Yeasts (CCY)—
ratislava, Slovakia Republic. Saccharomyces fragilis CCY 51-
-1, form of cell: ellipsoid right to cylindrical. Candida vini
CY 29-39-3, form of cell: ellipsoid right to tube-shaped.
loeckera apiculata CCY 25-6-22, form of cell: citrical.
eotrichum candidum CCY 16-1-16, form of cell: cylindrical

ight to ellipsoid. Dipodascus magnusii CCY 42-1-2, form of
ell: tube-shaped.

ultivation Media
edium 1—Glucose �4 g�, peptone �0.5 g�, yeast extract

0.5 g�, distilled water �100 ml�. Medium was sterilized in
10 °C for the period of 10 min.

edium 2—Beer worth with vitamins: worth (75 ml, pH a

84
,5, glucose �3 g�, nicotine acid �20 mg�, aminobenzoic acid
20 mg�, adermin �20 mg�, thiamine �10 mg�, distilled water
50 ml�. Medium was sterilized in 110 °C for the period of
0 min.

ethodology
he images of cells were obtained using binocular light mi-
roscope with phase contrast Nikon Eclipse E200 and light
icroscope Nikon Eclipse E400 connected with a digital

amera Nikon Coolpix 990 with resolution of 2048�1536
nd TV card. The charge coupled device camera PixeLink
ith resolution of 1280�1024 and the Lucia Net 1.16.5

oftware were used in the process for monitoring of move-
ent, adjustment, and focusing of the yeast. Images were

aken using a planar chromatic objective with 40� magni-
cation. The focus of the camera lens was fixed on the ocu-

ar of the microscope with 20� magnification. The green
lter with wavelength 540 nm on microscope E200 was used

o increase the quality of acquired images. Initiation of im-
ge capturing process was done by remote trigger, in order
o prevent possible accidental defocusing of the camera. Bi-
olar and multipolar observation modes of the microscope
ere used throughout the experiment to obtain images most

uitable for analysis.
Cultures of yeasts 17–24 hours old (see Materials and

ethods section, Yeast subsection) were used throughout
he experiment. Cultivation was done on agar at laboratory
emperature �24 °C�. Yeast cells were seeded from the test
ube to the cultivation media. Cells were cultivated for a

inimum period of at least 1 hour. This was done to allow
or the yeast cells to adapt to the new surroundings and
upplied nutrition. The sample was then transferred into the
ürker compartment by a sterile pipette once the adaptation
eriod was over. The compartment is usually used for ob-

aining a count of cells in a visible field. To do so, the sample
s first covered by a determination glass. The glass ensures
o bubbles of the air are introduced into the sample. The
overed compartment is then put on a sliding table of the
icroscope where the number of cells in each field of the

etermination glass can be counted. An advantage of using
he Bürker compartment throughout the experiment was its
bility to minimize movement of yeast and its ability to pro-
ote growth of cells in the horizontal area under the deter-
ination glass. Yet another advantage is the length of time

eriod during which the sample is in a state capable of mea-
urement. This is achieved by the presence of channels,
here the excess cultivation media is kept. It is very impor-

ant to secure the durability of the sample in the compart-
ent for an appropriate length of time (several hours) and

o prevent it from drying out. Keeping the sample alive over

long time period can be arranged either by reducing the

J. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
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emperature in laboratory or by placing a Petri dish with
old water on the condenser. Another method is with the
ssistance of the micropipette—adding the cultivation me-
ium to the channel of the Bürker compartment. The latter
ption has one major disadvantage, however, thanks to the
olume of liquid inserted, an extended motion may appear
caused by the incoming stream of the cultivation media) in
he sample and can a cause disappearance of examined cells
rom the visual field.

The compartment channel width visible in the obtained
mages was used was to calibrate the size of a single pixel in
he image. Channel width of the compartment used was
xactly 0.1 mm. Sizes of examined cells have then been cal-
ulated as real size represented by a single pixel multiplied by
he count of pixels covering the cell in the same image.

It was necessary to ensure illumination of the sample by
omogenous light during the entire experiment otherwise

he quality of the recorded images would be inconsistent
blurred images with different shades of color) and would
ntroduce error in the analysis results. The effect of illumi-
ation inconsistencies was mitigated by the use of the white
alancing features of the digital camera. Another option
ould be to isolate the experiment from daylight in the lab

nd illuminate it by a consistent artificial light source only.
The lens must be continuously refocused on a cell dur-

ng the experiment, because nutrient media dries out and
he thickness of the liquid slightly decreases and causes cells
o move. A cell also tends to rotate around its z-axis (verti-
al), shifts along the compartment, and finally sometimes
uring the cell division rotates around the horizontal
x ,y�-axes. The last mentioned situation results in termina-
ion of the experiment as it makes it impossible to determine
urther changes in cell properties.

The limited depth of sharpness of the planchromatic
0� objective makes it difficult, if not impossible, to focus a
omplete cell with its bud due to differences in thickness of
he parent cell and its bud. It has been confirmed through-
ut the experiment that small cells (Kloeckera apiculata)
ends to move more rapidly, while big cells (Geotrichum
andidum) are more or less static and do not move at all.
ntensity of the cell motion depends on viscosity of nutrient

edia used and also on living conditions of the yeast cells in
he environment. The experiment was focused on monitor-
ng of the cells which stayed in the visible area throughout
he whole division cycle and did not move too rapidly.

While taking images of cells in the experiment, two dif-
erent strategies were evaluated. In the first strategy, the lens
as focused on the “inside” of the cell. In second strategy,

he focus was kept on the cellular wall. The best images of
ells were captured when the camera focus was kept on the
uter wall of the cell rather than on the inner parts of the
ell.7,8

When the camera focus was kept on the inside of the
ell, big organelles present in the cell were visible in captured
mages and made such images less suitable for the analysis.
he analysis focuses on repeating motifs in captured images.

rganelles present with the shape or similar to the shape of t

. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
bserved cells represent such motifs as well and thus intro-
uce the error in the analysis result when present. Although

t may be possible to preprocess captured images and remove
hapes representing organelles programmatically we have
hosen to mitigate the problem presented by organelles vis-
bility by keeping camera focus on the outer wall.

The main advantage of taking images with the focus on
he outer wall is a clear separation line between the environ-

ent and the area occupied by the cell in the resulting im-
ge. A clear separation line makes it easier to remove/ignore
ll noise in the image by setting an appropriate threshold
alue for further processing of the image data. The clear
eparation line between the cell and its surroundings was at
imes broken by a growing bud. The effect of the growing
ud on the resulting image was gradually changing. At the
eginning, new buds were too small and were under-

ocused, resulting in grayish areas on a side of cell in the
aptured images. In later stage when buds grew in size they
ecame clearly visible and made the captured images better
uited for analysis.

The described experiment was focused on tracking the
ingle cell’s growth, however, it was possible to monitor mul-
iple cells in a single experiment as long as the time interval
etween the capture of the following images was short
nough to track the movement of the cells and the visible
rea was big enough to ensure the cells stay visible during
he entire experiment.9

The images were captured during the experiment with a
onstant time interval. Since the rate of growth varied be-
ween different strains, different intervals were tested and a

min interval was chosen as most appropriate to capture
eaningful changes in the cell lifecycle while trying not to

enerate redundant data. All experiments were then mea-
ured with a constant time interval of 2 min between cap-
ured images and then saved in TIFF (without compression).

btained images were cropped to contain only area of the
nterest using harmonic fractal analyzer HarFA 5.1 and then
aved in BMP format for further processing. Prior to crop-
ing, the area of interest in the image was centred on the
xamined cell in order to eliminate the effects of cell move-
ent throughout the experiment and to position the cell in

he center of the resulting image. Resulting images were then
ompiled into a video file in AVI format with 7 frames/s
atio and each frame was represented by single image. The
esulting video file therefore represented a 1:840 time com-
ression of the experiment (e.g., 14 hours experiment would
e represented by 1 min video file).

Such preprocessed images were then further modified in
arFA to obtain a thresholded black-and-white view of the

ell. HarFa was then used to obtain fractal dimension and
ractal measure from such images.10

arFA
arFA is the image analysis software developed by the Insti-

ute of Physical and Applied Chemistry, Faculty of Chemis-
ry, Brno University of Technology. The software is used to
etermine fractals parameters of the analyzed objects using
he box counting, wavelet, or Fourier transformation based
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ethods. Very important functionality provided by the soft-
are is its ability to threshold images (transfer color image

nto black-and-white). The thresholding operation is critical
or the successful image analysis and the setting of its pa-
ameters has a high impact on the obtained analysis results.

The optimal thresholding color value has to be deter-
ined first. This can be done for example using the range
ethod (see Fig. 1). The optimal value is usually the value

resent on line intersections or in areas where significant
hanges to the shape of the object occur.11

The thresholding operation itself can be performed as
oon as the thresholding color intensity is determined. In
ur experiment the thresholding color intensity was selected

n the range of 0–135 points of the total 240 intensity scale
first rapid change). Before the thresholding operation, the
mage size was reduced by eliminating areas of the image
utside of the area of the interest to the size of
30–530 pixels. Figure 2 shows all the individual steps taken
uring the thresholding: the filtration of colored compo-
ents followed by the removal of the noise and the remnants
f organelles, which would otherwise have a negative effect
n the measured fractal dimension of yeast cells. As already
entioned above, visible organelles as well as big dark blobs

n nutrient media would increase the error of the analysis
nd had to be removed prior the fractal properties calcula-
ion. The thresholded images were then subjected to the
ractal image analysis using wavelet (Haar) transformation.12

Haar transformation or the wavelet transformation in
eneral, provides a count of differently colored squares for
ifferent sizes of a laid mesh more effectively than the clas-
ical box counting method, provided that a square area of
ize 2n is being analyzed. This transformation comes out
rom the system of orthogonal Haar functions which acquire
alues +1, 0, −1 multiplied by the power of number 2i /2,
here i=0,1 ,2 , . . . ,n. The first two Haar rectangular func-

ions are identical with the Walsh functions. Higher Haar
unctions are obtained from the lower (i.e., previous) ones
y changing the measure and shift. Based on the coefficients

igure 1. Fractal spectrum created by the programme HarFA, method
ange
f the Haar transformation it is easy to determinate the d

86
ount of black NB, partially black NBW, and white NW

quares for different sizes of mesh n �1�1 ,2�2 ,3
3 , . . . ,n�n pixels�. The power of a square count is a

unction of the measure size. So it is again possible to deter-
ine the basic structure parameters, the fractal dimension
, and the fractal measure K of black areas (DBBW, KBBW),
hite areas (DWBW, KWBW), and partially black and white

reas (DBW, KBW). These parameters can be used to evaluate
rdering of the image, but also to specify the number of
efined objects without having to count them explicitly.13

The five independent values were obtained from each of
he analyzed images (image size was 530�530 pixels, but
nalysis matrix size only 512�512 pixels). The obtained
alues were then averaged to minimize the measurement er-
or. Obtained properties were the average value of fractal
imension D and the average of fractal measure K. The seg-
entation of the observed object can be determined, from

ts fractal dimension. The segmentation is determined by the
omparison of the fractal dimension of the object—area
DBBW, DWBW) or its border �DBW�) to the topological di-

ension of the area or curve. The flat (not segmented) area
ill have the fractal dimension (DBBW, DWBW) very close to

he value of two. The flat (not segmented) curve will have
he fractal dimension value �DBW� equal to unity. During the
egmentation of surface (e.g., during cell budding) the
ractal dimension of the surface (DBBW, DWBW) is getting
maller, while the fractal dimension of the border region
DBW� value is increasing.

The fractal measure dictates the number of pixels of the
ame color in the picture and gives information about how

uch of the area is filled by the observed object. The fractal
easure is represented by a number of isochromatic pixels,

bsolutely or in percentage with respect to whole area of the
mage.1,14

A regression line establishing the relation between the
quare number of the size of mesh used can be calculated
rom the graph (Fig. 3). We can see three regression lines,
ne for each of the three fractal dimensions. For black
DWBW =1.4621�, white �DWBW =1.9903�, and partially black
nd white areas �DBW =1.1321�. The second column shows a
ractal measure (log of the values divided by the Kmax

262144 (constant value for 512�512 matrix)). Again three

igure 2. Original picture �left� is thresholded �by the thresholding
ethod, center� and consecutively arranged by eliminating dirt �right�.
ifferent fractal measures can be obtained: one for black

J. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
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KBBW /Kmax=3.4% �, one for white �KWBW /Kmax=95.4% �
nd one for the black-white area �KBW /Kmax=0.7% � (see
ig. 3). The regression coefficient signifying reliability of the
esult is displayed in the fourth column. The fractal dimen-
ion of the individual image series is put into relation with
eal time.

To compare each individual experiment in the same or
ifferent species of yeast, the process differed only in the

hreshold value. The change was necessary due to differences
n the thickness of the cellular wall between species. Some of
he encountered differences between the results from differ-
nt experiments were caused by changes in the focus (sharp-
ess) and finally by differences in background light available

n captured images of the sample. Effects of all those differ-
nces have been removed by setting appropriate thresholding
alues. Other parameters (temperature, etc.) of the experi-
ent were standardized and kept at constant values

hroughout the experiment.
The fractal analysis was performed five times per each

aptured image, always in different parts of the picture: left
pper part, right upper part, right lower part, left lower part,
nd central part of picture. The same means of the deter-
ining of the fractal and the fractal measure were used.15

The camera focus was kept on the outer wall of the cell
uring each experiment. The focus level was kept intact dur-

ng the experiment as its changes would negatively impact
btained fractal parameters. Main constrains during
hresholding were not to break continuity of cellular wall
nd to remove all existing visual noise. Effects of such noise,
f not removed, would cause systematic error (constant value
ncrease) in measured fractal properties, although progress
as far as time is concerned) would be the same. Trimming
as done on 270�270 (analyze 256) pixels, 530�530 (ana-

yze 512) pixels.16

ESULTS
he yeast Kloeckera apiculata was separated during
bservation.17,18 The images were captured every 2 min; the

Figure 3. Fractal analysis of a representative picture.
ultivation media number 1 was used at the temperature r

. Imaging Sci. Technol. 50�6�/Nov.-Dec. 2006
4 °C. The captured images were then thresholded at the
ntensity range 0—130. The yeast began to bud after 9 hours
nd 30 min from seeding to the cultivation media. After
nother 90 min, the bud and its parent cells were completely
plit apart. During the separation the original cell was forced
ut by a new bud, which then began to bud at the same
lace. Fig. 4 represents the fractal dimension and the fractal
easure of the original cell and also progress of life of the

eparated cells (daughter cells). The cells began division
gain shortly after finishing the first separation process. This
an be seen in the graph as the initial increase of the fractal
imension and measure. The increase of the fractal measure

s slower than that of the dimension. This species of yeast
ould be distinguished by the fast cell division process and
y the fast separation of the individual cells from a chain.
he disadvantage of observing this species is its tendency to

orm bigger colonies that tends to begin to turn upside-
own and create a vertical spiral. Currently such turning
akes it impossible to further focus the camera on cells in

he colony. Due to this complication, the observation was
one for only 4 hours after the cell division process was
tarted. The size of the species maybe a reason for this ob-
erved tendency. This species was the smallest from all spe-
ies used in the experiment. The cells of Kloeckera apiculata
ere very vital and changed their location vigorously.

Figure 5 shows a typical plot of the fractal dimension in
time for simple and multiple cell division of Candida. The

hree different phases can be recognized in the plot, each
ith a different characteristic growth followed by the satu-

igure 5. Dependency of yeast fractal dimension on time. Time constants
re indicated by arrows.

Figure 4. Dependence of yeast fractal measure on time.
ation phase. The cell creates the store of the energy for

587
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urther growth and for the multiplication during each of the
aturation phases. Table I shows the values of time constants
f the saturation and that of the growth assuming exponen-
ial characteristic of the phases. The time constant �BW1 rep-
esents the time when cell of the yeast bud for the very first
ime (the colony has only one daughter cell and one mother
ell), �BW2 represents the time when the cell of yeast buds for
he second time (the colony has two daughter cells and one

other cell) etc. (see Table I). The first column shows the
verage percentage increase of the cell mass.

ONCLUSIONS
he article shows a possible use of the image analysis meth-
ds to study the dynamic properties of yeast cells. The fractal
imension and the fractal measure have been used to char-
cterize the growth and the budding of the selected yeast
trains. The change in those parameters in time shows and
llows for a quantification of kinematics of the processes in
he cells.

It is possible to use a culture younger than 48 hours
when cultivated on agar) for long term observation. The
isadvantage is the loss of the ability to adapt the other
ultivation surroundings and prolonged times between the
ndividual periods of the cell division; 1 to 2 hours are usu-
lly sufficient for the adaptation to new surrounding after
he transfer of the cells from agar to the liquid cultivation

edia.
The comparison of the progress of yeast cell size in-

rease for all the five used yeast types can be seen on Figs. 6
nd 7. The characteristic of the individual samples were dif-
erent, but they all shared the basic trends: cells were grow-
ng and multiplying over a time.

Figure 6 shows that the original simple fractal structure
f the cell with the fractal dimension of boundary DBW �1
xhibits growth over time owing to the increase in segmen-
ation caused by budding. Such changes in fractal dimension
ould allow for experiments monitoring, for example, adap-

ation of the cells to a different living environment. Time
ntervals with constant fractal dimension were observed in
he three of five tested strains (Kloeckera apiculata, Candida
ini, Geotrichum candidum). Those time intervals show the
aturation phase and nutrient extraction during the process

able I. The time constants for saturation and the average increase in cellular mass as
n index of the fractal dimension.

Yeast KBW / Kmax �%� �BW1 �min� �BW2 �min� �BW3 �min�

accharomyces fragilis 0.0158 1.200 1.210 1.840

andida vini 0.0105 1.105 1.145 1.190

loeckera apiculata 0.0154 1.270 1.400 —

eotrichum candidum 0.0068 1.200 1.500 —

ipodascus magnusii 0.0147 1.500 — —
f growing. The two remaining strains (Saccharomyces t

88
ragilis a Dipodascus magnusii) have shown continuous
ractal dimension changes pointing to metabolic differences
n comparison to other strains and to their ability to skip the
xtract nutrition/saturation phase.

Similar observations were made from plots of the
hanges in fractal measure in time (Fig. 7). The fractal mea-
ure shows how much the cellular wall grows in time. A

ore segmented wall results in the increase of the value of
he fractal measure. The fractal measure KBW (%) shows
ow much of the surface area of the whole image is covered
y the cell. Figure 7 shows an increase from the initial value
f KBW �1% to as much as 5% of the coverage. The wall
ize growth therefore is fivefold.

The highest expansion of fractal measure was observed
or Saccharomyces fragilis. The reduction of the fractal di-

ension is product of appearance of the bud on a mother
ell. The extraction of the nutrient by the cell is the cause for
part of the experiment captured as a line parallel to the

ime axis in the graph. The fractal dimension growth gets
teeper with growth of more buds of the daughter cells and
he fractal measure in that case is without any decrease. The
ast reproduction rate makes Kloeckera apiculata an ideal
bservational object. The same is true for Dipodascus
agnusii for its thick cell wall that simplifies the analysis of

igure 6. Comparison of the dependence of the fractal dimensions of
ifferent species of yeast on time: Candida vini ���, Kloeckera apiculata
��, Saccharomyces fragilis ���, Geotrichum candidum ���,
ipodascus magnusii ���

igure 7. Comparison of the dependence of the fractal measure of dif-
erent species of yeast on time: Candida vini ���, Kloeckera apiculata
��, Saccharomyces fragilis ���, Geotrichum candidum ���,
ipodascus magnusii ���
he captured images.
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Furthermore correlations with the growth curves were
bserved. The growth of the cell can be characterized by the
ime constant from Table I. The time constants characterize
he different phases of the growth of the yeast. The constant
alue shows Candida vini as the fastest growing �70 s�, while
ipodascus magnusii is the slowest �90 s�. The constants also

hows that the daughter cell growth is getting slower in time.
or example for Saccharomyces fragilis, where three genera-
ions have been captured in the experiment, the time re-
uired for next generation to come to life increases from
0 to 110 s.
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