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Abstract

In this study, an image analysis system for
fungal pellets was developed using the
commercial software system analySIS® and the
protocol was evaluated in morphological studies
of pellet formation in submerged cultures of the
basidiomycete Coprinopsis cinerea. Pellets were
analysed on large scale (60 to 130 pellets per
image, 225 to 400 pellets per culture).
Morphologies of pellets were characterised by
the parameters grey value, pellet area, convexity,
shape factor, sphericity and pellet diameter.
Threshold values were defined for all parameters
for object filtering. By application of the
parameter filter, aggregated hyphal fragments
present in larger amounts particularly in cultures
grown at higher temperature (37°C) could be
clearly distinguished in image analysis from
compact pellets. At a lower growth temperature
(25°C), there was little background of loose
hyphal material, fungal pellets were regularly
shaped and the pellets remained constant in shape
and size over a longer cultivation period.
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Introduction

Various filamentous fungi are used in
biotechnology for production of biomass,

secondary metabolites, polysaccharides and/or
enzymes and other proteins. Usually, filamentous
fungi are cultivated in liquid medium in suitable
fermenters. Typically, the fungi will grow in a
pelleted form (1, 2). Determination of pelleted
growth of filamentous organisms in liquid
cultures is mostly done by image analysis, which
can be conducted manually (3, 4) or automatically
(5, 6). Automatic image analysis implies that
pictures of the pellet culture are taken and
analysed by a computer based programme
regarding specific parameters, which can be e.g.
pellet concentration and pellet diameter. Studies
exist where such an automatic image analysis was
performed on liquid cultures of basidiomycetes
(7-9).

In an early study, Michel et al. (3) analysed
manually just 15 pellets obtained from
Phanerochaete chrysosporium cultures with
respect to pellet diameter. Later on, Marquez-
Rocha et al. (6) determined by automated image
analysis the diameter of Pleurotus ostreatus
pellets but only 20 pellets per culture were
surveyed. However, also in more recent studies
of three Phellinus species and of Ganoderma
resinaceum (8, 9) only the diameter of 50 pellets
were analysed per fungal sample. In contrast,
Gehrig et al. (7) gave a more complete picture of
pellets of Cyathus striatus during a fermentation
process. The authors analysed in total about 2000
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pellets and a broad spectrum of parameters, such
as pellet concentration, pellet diameters, total
pellet volume (by using average diameter values)
and pellet density (from the total biomass dry
weight and the total pellet volume).

The studies have in common that all used a
CCD camera to obtain photos either on the
microscopic scale or on a larger scale with images
of areas of up to a few cm? [e.g. 2.25 cm? in the
study by Gehrig et al. (7)]. The photos were
required for determination of pellet parameters.
For evaluation of the images, different image
analysis software was applied, some of which
were commercially (6, 8) and some of which were
especially written for the analysis of pellet
morphology [programme by Defren (10)
appointed in Gehrig et al. (7)].

In the following, using shake flask cultures
of the basidiomycete Coprinopsis cinerea, a
protocol is defined to be applied for
morphological studies of fungal pellets and
bioreactor cultures. For the analysis of the fungal
morphology in liquid cultures, complete shaken
flask cultures or samples taken from the
bioreactor cultures are poured onto a bordered
glass plate. Detailed images are taken with a CCD
camera and the software analySIS® (Soft Imaging
System GmbH, Miinster, Germany) is used to
analyse the fungal morphology from obtained
images. The so obtained raw data are filtered by
defined parameters that unequivocally
distinguish pellets from other objects (small
hyphal fragments and loosely aggregated hyphal
filaments). Data processing obtains afterwards
the final data describing the actual fungal
morphology (Fig. 1).

Material and Methods
Fungal cultures

A monokaryotic C. cinerea strain (FA2222)
transformed with the pY SK7 plasmid expressing
the laccase gene /ccl from C. cinerea under
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Fig. 1 Flow chart of the steps to be performed during
the process of pellet morphology determination.

control of the gpdll-promoter of Agaricus
bisporus was used (11). The pY SK7-transformant
(clone 26) was grown on YMG -agar (per litre:
4 g yeast; 10 g malt extract; 4 g glucose; 10 g
agar) plates at 37°C until the mycelium reached
the edge of the petri dish. Sterile water (ddH,0)
was poured onto the plates and the mycelium with
the asexual spores was scraped with a sterile
spatula from the agar. Spore solutions were
filtered using a sterile funnel filled with glass
wool in order to hold back the fungal hyphae. A
Thoma counting chamber was used to determine
spore concentrations in the solutions.

For shake flask cultures, pre-cultures
inoculated with 10° spores/ml medium were
prepared in 500 ml flasks filled with 50 ml of
modified Kjalke medium [(12); per litre: 10 g
yeast, 20 g glucose, 0.5 g CaCl, x 2 HO, 2 g
KH,PO,, 50 mg MgSO, x 7 H,0O]. Inoculated
flasks were incubated for 4 days at 37°C as
stationary (standing) cultures. Pre-cultures were
homogenised by an Ultra-Turrax® (IKA Werke
GmbH & Co. KG, Staufen, Germany) for 30 sec
at 8000 rpm and 30 sec at 9500 rpm (rotations
per minute). For main-cultures, 500 ml flasks
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with 100 ml of sterile modified Kjalke medium
supplemented with 0.1 mM CuSO, were
inoculated with each 5 ml of the homogenised
pre-culture. Cultivation took place at 25°C and
37°C on a rotary shaker at 120 rpm for 4 and 10
days, respectively. Per culture day and cultivation
temperature, two or three parallel cultures were
analysed.

Fungal shaken cultures were poured onto a
glass plate (28.5 cm x 38.5 cm, Fig. 2) whose
edges were sealed by a silicone border in order
to keep the liquid samples on the plate. Water
(200 to 300 ml) was added to equally distribute
the mycelium as a monolayer of pellets on the
glass plate. When necessary, pellets lumped
together were manually dispersed with the help
of a spatula or forceps.

Total fungal biomass was determined after
taking images by filtering complete cultures
through a Biichner funnel containing a cellulose
filter of known dry weight. The filters together
with the wet biomass were dried at 80°C and the
dry weights of the biomass were determined.

Imaging

To record pellet growth, the glass plate with
a fungal sample was placed onto the illuminated
translucent plate of a camera stand (Kaiser
Copylizer eVision ini.tial HF, Kaiser Fototechnik
GmbH & Co. KG, Buchen, Germany) with a
digital CCD camera (Color View II, Soft Imaging
System GmbH, Miinster, Germany) installed at
a distance of 28 cm to the glass plate. Images
were recorded with the CCD camera to which a
Lametar 2.8/25 objective (Jenoptik GmbH, Jena,
Germany) was fixed. Three non-overlapping
photographs (dashed lines in Fig. 2) were taken
of each culture.

Analysis of the images

Pictures were evaluated using analySIS®
(Soft Imaging System GmbH, Miinster,
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Fig. 2 Scheme of a glass plate (solid line representing the
silicone border; size 28.5 cm x 38.5 cm) onto which liquid
fungal cultures are poured and the positions of fields (dashed
lines; each field size 6.4 cm x 8.5 cm) of which photographs
are routinely taken.

Germany), a software tool for the analysis of
microscopic images of biological materials. The
magnification, defined by the specific objective
at the CCD camera used at a distance of 28 cm to
the specimen, was set to be 0.132 (equivalent to
0.0418 mm/pixel).

The subsequent steps for the process of
automated image analysis using predefined
functions of the software analySIS® are explained
in the following:

. Function RGB reduction: The coloured
photograph (Fig. 3A) were reduced to their
RGB (red, green and blue) colours. Of the
three pictures obtained, the green
monochromatic images (Fig. 3B) gave the
best contrast between pellets and
background. The green monochromatic
images were therefore used for further
analysis in form of a grey value scale.

. Function Define ROI: A region of interest
(RO, Fig. 3C) had to be defined and loaded
into a picture. This ROI defines the area in
the image, where objects were analysed.
With the magnification as defined above, a
ROI of 40.66 cm? was used (Fig. 3C).

Automated image analysis of C. cinerea



Current Trends in Biotechnology and Pharmacy 244
Vol. 3 (3) 241 -253, July 2009. ISSN 0973-8916

. » ¥ 'l Y * . = il - " e -
d " "-:‘.hr"“ ' L ‘ g .n:.l‘_.“' ' ..
- L P . .. » ¥ #* . '
S - L S e 0 ‘ -
™ |'- . . W ¥ & .' i *
. s ¥ s * .* a s Do . ¥ ®
-‘ L L = ] ® i L L B [ ] "
- R oy * 8 . e -, e e
oo ® O 4 ° - E' <L R -

A Coloured image

B Monochromatic image

v
_ T = v e s R ;
N1 S5 BT R ARG
\ Y : T '.‘I w o Ve .
\. . -..,': o R e F
| O s, e Moo 0o N

Q:::E W T, "* .,‘ B, ."""-l,' - "f:.

3 h"\“‘% Y ‘ . f-:. & ‘h 3 ‘ &7 l-'!i
D Fellet analysis . C Region of interest (ROI)

- — W - —

Fig. 3 Processing of photographs of fungal cultures with the analySIS® software. A photograph of the
fungal culture (A) is reduced to a monochromatic image (B). A region of interest (ROI) for pellet determi-
nation is defined (C) and, after setting a specific threshold for best distinction of pellets and background
(see Fig. 4), the pellets are detected by analySIS® (D) as documented in Fig. 5.

Function Define measurement: In
analySIS®, a pre-defined set of object
parameters can be chosen of which the
following were selected for pellet detection
and description (Fig. 3D): grey value mean,
area, convexity, shape factor and sphericity.
Moreover, the average diameters of the
individual pellets were determined in
analySIS® from 180 measurements of
diameters per object, i.e. one at every angle.

Function Set threshold: To distinguish the
compact mycelial pellets from loose hyphal
fragments as background, the settings of the
analySIS® software had to be manually
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adjusted in the programme to a specific
threshold determined by the background in
a given monochromatic image. Usually, the
threshold was set to 180 in order to reject
the large peak of smaller objects (hyphal
fragments) and other background within the
bimodal distribution of greyness level as
shown in Fig. 4.

Function Define Detection: A projected area
per object is determined by counting the
pixels per object being connected within the
object area due to a same grey value
contrast. A minimum pixel amount of 10
per object was set to exclude any remaining
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Fig. 4 Differences in the background noise of culture images taken at day 4 of cultivation of C. cinerea in
modified Kjalke medium at 25°C and 37°C, respectively (A and C). The bimodal distribution of greyness
levels (on a scale from 0 = black to 255 = white; black is at the left and white is at the right side of the
histograms shown) deduced from these images and the corresponding settings for defining the background
threshold for the monochromatic images are presented in B and D, respectively.

smaller loosely aggregated filamentous
fragments from further analysis. Detection
of the fungal pellets covered by the ROI
was done twice: Include and Exclude. In
case of the Include function, all pellets
inside the ROI plus those that cross the ROI
borders were measured. In case of the
Exclude function, only pellets localised
fully within the ROI were detected (Fig. 5).

. Function Particle Results: Parameters for
all pellets were calculated for the Include
and for the Exclude setting, respectively,
and obtained data were saved in separate
spreadsheet files, where each row presents
the information for one specific object and
each column specific object parameters as
defined above.

Data processing

All calculations were done for the raw
data set and for filtered data sets. Object data from
the three analysed images per culture were
combined (Include and Exclude measurements
separately) and the amount of objects, the average
value of the projected object areas and the average
object diameter were calculated with the help of
a self-implemented programme constructed with
pre-defined analysis objects (average with
standard deviation and general histogram used
to automatically cluster objects into 19 distinct
groups of 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1.0,
1-2,2-4,4-6,6-8, 8-10, 10-12, 12-14, 14-16, 16-
18, 18-20, 21-25, 25-30, 30-50 and 50-500 mm?
pellet area) of the programming language
LabView™. The object data were saved
automatically in individual spreadsheet files for

Automated image analysis of C. cinerea



Current Trends in Biotechnology and Pharmacy
Vol. 3 (3) 241 - 253, July 2009. ISSN 0973-8916

X

246

Includa =xclude

i i z

i . ®e

Pl e’

: . : .

S SV

: : 9
® C . ®

Fig. 5 Each image was analysed twice by analySIS®. The settings for the determination (A) were used for an
Include-recording (B) of the ROI (dashed line). For an Exclude-recording (C), the border particles were

respectively set onto function Exclude.

further analysis of Include and Exclude data in
Excel (Excel 2002, Microsoft). The average
Include data and, respectively, the average
Exclude data for the projected area and the object
diameter from two or three parallel cultures per
growth condition were combined and averaged.
Next, values derived from Include and Exclude
measurements were averaged in order to include
a proportionate fraction of objects into the
analysis that either touch or cross the ROI border
lines so that the complete ROIs are best covered.
For calculating the average amounts of objects
per culture, the total amounts of objects in the
three ROIs analysed per culture were determined
and averaged between the cultures of a same
growth condition separately for the Include and
Exclude data set, respectively. Subsequently, the
values derived from Include and Exclude
measurements were averaged and this average
value was multiplied by a factor of 9.0 resulting
in the average number of pellets per 100 ml
culture liquid.

Results
Upon inoculation of fresh C. cinerea
cultures in modified Kjalke medium, compact

round to oval pellets dominated at day 4 of
cultivation in the shaken cultures, both at 25°C
and 37°C. In the monochromatic images of the
cultures, pellets had a strong grey-shade.
However, at the higher cultivation temperature
the background including fine hyphal material
was generally higher and, in addition, lighter
shaded loosely aggregated hyphal fragments were
also present (Fig. 6). In older cultures at day 10
of cultivation at 25° C, there were no larger
differences of pellet structure in the views of the
cultures as compared to day 4 of cultivation. In
contrast, in addition to dark-shaded compact
pellets and loose aggregates of filamentous
fragments, pellets of less dense structure and
lighter grey shading accumulated in the aging
cultures grown for 10 days at 37°C (Fig. 6).

Particularly in the 37°C cultures, the
projected areas of some of the loosely aggregated
filamentous fragments were larger than the
minimum size of 10 pixel (projected area =
0.017mm?) per object as fixed for pellet
recognition in the analysis software (see below
and Fig. 7 for further details). Such filamentous
fragments will thus interfere with pellet analysis.

Rihl and Kiies
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Fig. 6 Monochromatic images of C. cinerea cultures
grown for different times in modified Kjalke medium
at 25°C and 37°C, respectively. The size bars in the
images represent 20 mm.

In addition to the mean grey value and the
projected area of an object, convexity, shape
factor and sphericity (Table 1) were therefore
chosen as other parameters in order to better
describe pellet morphology and clearly
distinguish between fungal pellets and loose
filamentous aggregates. Threshold values for
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filtering as given in Table 1 were empirically
defined in order to confidently exclude any loose
filamentous aggregates from further pellet
analysis.

For processing the raw data sets in the
spreadsheet files obtained from the function
‘Particle Results’, at least 3 of the measured
values per row (each row defining one detected
object) have to pass the defined threshold values
for positive filtering of an object as a pellet. If
not achieved, a row will automatically be deleted
from the raw data set. Fig. 7 demonstrates
examples of such positive and negative filtering.
Each recognised object in Fig. 7A was identified
by a number and overlaid with a shading
representing the projected area of an object (Fig.
7B). When comparing the objects in the original
monochromatic image (Fig. 7A) with the shades
overlaid by the analySIS® programme (Fig. 7B),
it becomes clear that the objects with the number
18 and 21 having a projected area above 10 pixel
(0.06 and 0.09 mm?, respectively) are not pellets
but loosely aggregated filaments. The filter
implemented for the pellet data however remove
these objects from the raw data set, because the
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Fig. 7 Monochromatic pellet images taken from a C. cinerea culture at day 4 of cultivation at 37 °C (A),
shades overlaid by analySIS® on present objects defining object areas for calculation (B) and a data sheet of
parameters measured for these objects. The data for each object obtained by the software were used for
distinguishing pellets and loosely aggregated hyphal fragments, respectively. Values shaded in grey did not

reach the defined limits.
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Table 1 Parameters for definition of pellet morphology

@ meter provided by the
.'|.|.'r|.l_1.'.':i.1E software

D escripiomn a8 oiven by the
.'|.|.1'|.I._1.'.':i.1E saftware

T hirealwdd value fop

puositive [iltering as
set in this shudy

O

The aithmetic mean of all grey

< mammum object
ey valus o a gieen

rew value
- values o [ the partcle image menus 10 ool
ENEEE .
this aeim grey
walue *
The meaofapatcle 15 (munher
. of prxels o fthe paticle) mes . 3
Bren > 0.1 mme
(caltbration Betors m -
X and Y directuon)
I =
Ak 0.8 o The Factonofthe particle's aea
@[?L/ Comeesty ol the area o€ its come s bell =1
' The shape factorprowides
0.8 Zhan mbrenation e 5 “rmud pese
1 Pty "al ] = 1
— Eactor of the particle. For a sphevical =10
-T i S particle the shape Sctor s 1, frall
ar ) - . - '
othier particles 1t s smaller than |
0.8 Describes the sphericity or
A e ! roandoess’ ofthe paticle
: ! > L3

i | Splericaty

Ty usar E cepbral mioments —

* Note that for the grey value mean, the absolute values may vary between different images because of the
different background values; e.g. for a maximum grey value of 180 measured in an image, the maximum

value for positive filtering is 162 (= 180 - 10% of 180).

threshold values for parameters grey value, area
and shape factor were not reached (see Fig. 7 data
sheet). In other cases of loosely aggregated
filaments, the threshold values e.g. for the
combination grey value, shape factor and
sphericity or for the combination grey value,
convexity and shape factor were not reached
(data not shown). In extensive empirical data
analysis, a minimum of three parameters were
found to be necessary for save pellet filtering
from other objects in order not to eliminate very
small pellets of low grey shading and/or low
convexity from the raw data sets (not further
shown).

The defined filter were applied to the raw
data sets (Include and Exclude separately), the

Include and Exclude data were combined and
averaged as described in the methods in order to
obtain the average number of pellets per culture.
After applying the filter, the number of objects
from the raw data sets reduced by 2-24%,
respectively, depending on the type of cultures
analysed (Table 2). In total, about 225 to 400
pellets (30 to 160 per individual image) were
analysed per individual culture. The calculated
total pellet numbers per culture varied from about
2300 to 3400 (Table 2).

With the time in 25°C cultures, there was a
strong increase in absolute numbers of detected
pellets per culture (about 2400 pellets at day 4 to
about 3400 pellets at day 10) and a little increase
in average pellet area [about 4.8 mm? at day 4 to
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about 5.0 mm? at day 10; both values
corresponded well with the peak value in
histograms of the individual pellet areas (not
shown)], whereas the average pellet diameter
decreased slightly from about 2.57 mm at day 4
to about 2.51 mm at day 10. The percentage of
non-pellet objects (loose hyphal aggregates)
increased from 2% at day 4 of cultivation to 9%
at day 10 of cultivation. These data from
automated image analysis confirm the impression
of the former rough overview that pellets in
cultures at 25°C change little in shape and size
within the 6 following days of incubation.

The situation in the 37°C cultures was
different. Absolute pellet numbers decreased
from about 3000 pellets per flask at day 4 of
cultivation to 2300 per flask at day 10 of
cultivation, but the average pellet area
[corresponded again well with the peak value in
histograms of the individual pellet areas (not
shown)] increased from 5.1 mm? at day 4 of
cultivation to about 5.5 mm? at day 10 of
cultivation along with the average pellet diameter
(from 2.4 mm at day 4 to 2.7 mm at day 10). As
documented in Fig. 8, the 4 day-old cultures at
37°C had generally a higher background of small
hyphal fragments and a larger fraction of total

day 4 day 10

i

Fig. 8 Enlargement of sectors of photographs from
Fig. 6 showing fungal pellets, small hyphal frag-
ments and loose filamentous aggregates in the cul-
ture broth of C. cinerea cultivated in modified
Kjalke medium at 37 °C for 4 and 10 days, respec-
tively.
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detected objects (21%; Table 2) were identified
in the raw data set as loose filamentous
aggregates. At day 10 of cultivation, the amount
of hyphal fragments in the background was lower
(Fig. 8) and, in parallel, also the amount of loose
aggregated filaments detected by the automated
image analysis (9%; Table 2). In summary, the
data imply that major morphological changes
occur at 37°C during the period of cultivation
from day 4 to day 10.

At both growth temperatures, the
differences in average pellet numbers and average
pellet areas (Table 2) corresponded well with
changes in biomass. The 25°C cultures had a
mycelial biomass of 5.6 + 0.2 g/l and 8.3 £ 0.1
g/l at day 4 and day 10 of cultivation, respectively.
The 37°C cultures had a biomass of 8.3 £0.2 g/l
and 5.5 g/l £ 0.3 g/l at day 4 and day 10 of
cultivation, respectively. At 25°C as the
suboptimal temperature for growth of C. cinerea
(14), 10 days are obviously required to achieve
highest biomass yields whereas the reduction in
total biomass at 37°C implies that the fungus is
at day 10 of cultivation already in a major phase
of biomass degeneration.

Discussion

Pellet morphology is known to be
influenced by culture conditions and, in turn, to
affect biomass formation and production yields
in submerged fungal fermentations (2, 13).
Effects of temperature and age on submerged
growth of Ccinerea used as an example in this
study are obvious from the photographs shown
in Fig. 6 and Fig. 8 and from the data presented
in Table 2. This fungus has its growth optimum
at 37°C (14). Accordingly, we observe that
cultures at this temperature have a faster growth
rate, reach the highest possible biomass levels
earlier and undergo faster biomass degeneration
than cultures kept at the lower temperature of
25° C (Table 2 and Riihl et al. unpublished
results). With the lower growth rate and the delay

Automated image analysis of C. cinerea
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Table 2 Pellet distribution in C. cinerea cultures at day 4 and day 10 of cultivation in modified Kjalke medium

Raw object data Filtered object data .
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* For each culture condition, three flasks were analysed except for day 4 of cultivation at 37°C where only two
flasks were used. Absolute numbers of objects analysed per culture condition were added from the two or

three cultures, respectively.

in biomass degeneration, the overall pellet
structures of the cultures grown at 25°C were
much more compact and uniformly than the
structures of pellets grown at 37°C. Moreover in
the 25°C cultures, there was much less
background of small hyphal fragments and of
loose aggregated hyphal filaments (Fig. 6 and Fig.
8). C. cinerea is a filamentous basidiomycete that
can easily be manipulated by genetic
transformation (15, 16). The fungus has thus
found interest for production of glycosylated
enzymes from higher basidiomycetes that will
not or only poorly be expressed and most possible
wrongly be glycosylated in established
ascomycete systems for recombinant enzyme
production (11, 17, 18). Laccases are for
examples enzymes in focus for recombinant
production with C. cinerea in efficient
fermentation processes (11, 19, Riihl et al.
unpublished results). Studying fungal pellet
morphology will be beneficial for optimising the
fermentation processes and enzyme production
yields.

An efficient and easy to apply routine
technique for observation and large scale pellet
analysis for C. cinerea but also other filamentous
fungi is presented in this work. By taking three
images per culture, 225 to 400 pellets per culture
are simultaneously and easily characterised by
applying specific functions of the commercial
analySIS® software. If higher pellet numbers of
the same culture are required, further non-
overlapping images might easily be taken of other
areas of the glass plates onto which the pellets
were poured (compare Fig. 2). Pellets for taking
photographs are easily spread on the bordered
glass plate from cultures with a pellet number of
about 2000-2500 per 100 ml. With increasing
pellet numbers, in some cases pellets were found
packed in densely clusters on the glass plate and
had to be separated manually with a spatula or
forceps. When wanting most accurate numbers
of pellets per culture, simply diluting the cultures
is not as advisable since the fungal pellets sink
quickly and are difficult to be kept evenly
dispersed in solution. Evenly distributing of
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pellets from dense cultures on the glass plate was
therefore in our hands the most time consuming
step in the procedure leading in the worst case to
20 min preparation time per culture until images
could be taken. Subsequent usage of the
analySIS#® software helped in a fast and,
especially, representative determination of pellet
morphology, as up to 400 pellets (or more) can
be analysed per culture in a few minutes.
Considering the parameters grey value, pellet
area, convexity, shape factor and sphericity with
the implemented filter, fungal pellets and
filamentous aggregates could clearly be
recognised at the same time and distinguished as
such both when relative low and when relative
high amounts of these two growth forms were
obtained in C. cinerea cultures. Such data will
allow to quantify the nature of mycelial
aggregates, fragmentation of pellets as well as
pellet regrowth (20).

Most literature studies on fungal
morphology during submerged cultivation
consider only small samples of pellets (see
examples for basidiomycetes in the introduction).
Gehrig et al. (7), in contrast, observed
approximately 2000 pellets by image analysis in
a C. striatus culture by taking pictures of pellets
(1-6 mm in diameter) present in a reference area
of 15 mm x 15 mm. Total pellet volume was
defined by the authors from determination of an
average pellet diameter measured from the
images of fungal pellets. Moreover, Kelly (21)
studied the ascomycete Aspergillus niger and
similarly determined the pellet diameter of 500
to 1000 pellets per 4. niger culture. The
description of the method used by Kelly (21) is
not presented in much detail in the publication
but it appears that also this author used a relatively
small reference area with maximum 30 to 35
pellets when these were comparably small and
laying quite crowded on the area, forcing the
researcher to take many different images for
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obtaining high numbers of different pellets for
large scale analysis. In other cases, pellets of
A.niger were observed on 1 mm-deep cavity
slides in case of very small sizes under a
microscope or in case of larger pellets on an
adjustable camera stand equipped with a CCD
camera fitted with a macroscopic zoom lens.
Since the size of the images are restricted by the
width of the cavity slide, also in these studies
numerous pictures have to be taken for analysing
high pellet numbers (20, 22, 23).

The protocol presented here allows analysis
of much higher numbers of pellets (60-130
pellets) per single image. Moreover, additional
parameters of morphology were considered in
this study. For simplification of analysis, Gehrig
etal. (7) and Kelly (21) assumed a spherical shape
of'the fungal pellets. The photographs and images
in Fig. 3 to 8 show that fungal pellets may be
stretched in one dimension and that pellets can
be of fringy shape. Therefore, a definition of the
projected area calculated from all connected
pixels of an object by the software analySIS® will
give much more accurate pellet area values than
is possible by only considering the pellet
diameters. Although not analysed in more detail
in this study, the independently collected
individual values for the extra parameters
convexity, shape factor and sphericity of the
pellets are available from the same analysis if a
more deep insight into such extra growth
parameters for a more detailed description of
pellet morphology in C. cinerea will be required.
Furthermore, analysing the individual grey
shades of pellets can serve to define a relative
distribution of more compact and less dense
pellets in a culture. The usefulness of such data
for morphological classification of fungal pellets
by automated image analysis has been
demonstrated before for 4. niger (22, 23).

Automated image analysis of C. cinerea



Current Trends in Biotechnology and Pharmacy
Vol. 3 (3) 241 - 253, July 2009. ISSN 0973-8916

References

1.

Braun, S. and Vecht-Lifshitz, S.E. (1991).
Mycelial morphology and metabolite
production. Trends in Biotechnology, 9: 63-
68.

Fazenda, M.L., Seviour, R., McNeil, B. and
Harvey, L.M. (2008). Submerged culture
fermentation of ‘higher fungi’: the
macrofungi. Advances in Applied
Microbiology, 63, 63: 33-103.

Michel, F.C., Grulke, E.A. and Reddy, C.A.
(1990). Development of a stirred tank
reactor system for the production of lignin
peroxidases (ligninases) by Phanerochaete
chrysosporium Bkm-F-1767. Journal of
Industrial Microbiology, 5: 103-112.

Nielsen, J., Johansen, C.L., Jacobsen, M.,
Krabben, P. and Villadsen, J. (1995). Pellet
formation and fragmentation in submerged
cultures of Penicillium chrysogenum and its
relation to penicillin production.
Biotechnology Progress, 11: 93-98.

Marquez-Rocha, F.J., Guillén, G.K.,
Siinchez, J.E. and Vazquez-Duhalt, R.
(1999). Growth characteristics of Pleurotus
ostreatus in bioreactors. Biotechnology
Techniques, 13: 29-32.

Kelly, S., Grimm, L.H., Jonas, R., Hempel,
D.C. and Krull, R. (2006). Investigations
of the morphogenesis of filamentous
microorganisms. Engineering in Life
Sciences, 6: 475-480.

Gehrig, 1., Bart, H.J., Anke, T. and
Germerdonk, R. (1998). Influence of
morphology and rheology on the production
characteristics of the basidiomycete
Cyathus striatus. Biotechnology and
Bioengineering, 59: 525-533.

Hwang, H.J., Kim, S.W., Xu, C.P., Choi,
J.W. and Yun, J.W. (2004). Morphological

Riihl and Kiies

10.

I1.

12.

13.

14.

252

and rheological properties of the three
different species of basidiomycetes
Phellinus in submerged cultures. Journal of
Applied Microbiology, 96: 1296-1305.

Kim, H.M., Kim, S.W., Hwang, H.J., Park,
M.K., Mahmoud, Y.A.G., Choi, J.W. and
Yun, J.W. (2006). Influence of agitation
intensity and aeration rate on production of
antioxidative exopolysaccharides from
submerged mycelial culture of Ganoderma

resinaceum. Journal of Microbiology and
Biotechnology, 16: 1240-1247.

Defren, K. (1993). Untersuchung der
Auswirkungen von Riithrertyp und
Rithrergrofle auf das Fermentation
sverhalten des Pilzes Cyathus striatus. VDI-
Fortschrittsbericht Nr. 91, Reihe 17, VDI-
Verlag, Diisseldorf, Germany.

Kilaru, S., Hoegger, P.J., Majcherczyk, A.,
Burns, C., Shishido, K., Bailey, A., Foster,
G.D. and Kiies, U. (2006). Expression of
laccase gene lccl in Coprinopsis cinerea
under control of various basidiomycetous
promoters. Applied Microbiology and
Biotechnology, 71: 200-210.

Kjalke, M., Andersen, M.B., Schneider, P.,
Christensen, B., Schulein, M. and Welinder,
K.G. (1992). Comparison of structure and
activities of peroxidases from Coprinus
cinereus, Coprinus macrorhizus and

Arthromyces ramosus. Biochimica and
Biophysica Acta, 1120: 248-256.

Papagianni, M. (2004). Fungal morphology
and metabolite production in submerged
mycelial processes. Biotechnology
Advances, 22: 189-259.

Kiies, U. (2000). Life history and
developmental processes in the
basidiomycete Coprinus cinereus.
Microbiology and Molecular Biology
Reviews, 64: 316-353.



Current Trends in Biotechnology and Pharmacy
Vol. 3 (3) 241 - 253, July 2009. ISSN 0973-8916

15.

16.

17.

18.

Binninger, D.M., Skrzynia, C., Pukkila, P.J.
and Casselton, L.A. (1987). DNA-mediated
tranformation of the basidiomycete
Coprinus cinereus. EMBO Journal, 6: 835-
840.

Granado, J.D., Kertesz-Chaloupkova, K.,
Aebi, M. and Kiies, U. (1997). Restriction
enzyme-mediated DNA integration in
Coprinus cinereus. Molecular & General
Genetics, 256: 28-36.

Ogawa, K., Yamazaki, T., Kajiwara, S.,
Watanabe, A., Asada, Y. and Shishido, K.
(1998). Molecular breeding of the
basidiomycete Coprinus cinereus strains
with high lignin-decolorization and -
degradation activities using novel
heterologous protein expression vectors.
Applied Microbiology and Biotechnology,
49: 285-289.

Kikuchi, M., Ogawa, K., Yamazaki, T.,
Kajiwara, S., Sugio, A., Nakamura, S. and
Shishido, K. (1999). Secretional expression
of a Bacillus subtilis xylanase gene in the
Basidiomycete Coprinus cinereus. FEMS
Microbiology Letters, 178: 277-282.

20.

21.

22.

23.

253

Kilaru, S. (2006). Identification of fungal
multi-copper oxidase gene families:
Overexpression and characterization of
Coprinopsis cinerea laccases for
applications in biotechnology. PhD thesis,
Georg-August-University of Gottingen,
Gottingen, Germany.

Papagianni, M. (2006). Quantification of
the fractal nature of mycelial aggregation
in Aspergillus niger submerged cultures.
Microbial Cell Factories, 5:5, doi:10.1186/
1475-2859-5-5.

Kelly, S. (2006). Fluiddynamischer Einfluss
auf die Morphogenese von Biopellets
filamentdser Pilze. FIT-Verlag, Paderborn,
Germany.

Cox, P.W. and Thomas, C.R. (1992).
Classification and measurement of fungal
pellets by automated image-analysis.
Biotechnology and Bioengineering, 39:
945-952.

Paul, G.C. and Thomas, C.R. (1998).
Characterisation of mycelial morphology
using image analysis. Advances in
Biochemical Engineering Biotechnology,
60: 1-59.

Automated image analysis of C. cinerea



