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ISBCXVI Special Issue
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Abstract Fungal colony size development, often mea-

sured as the increase in colony diameter, is used frequently

as a parameter for presenting and modelling fungi’s bio-

mass growth. Another measure of fungal growth is the heat

production rate (thermal power), which represents the

metabolic activities of the fungi. In this study, the colony

size and the heat production rate were simultaneously

measured on a filamentous fungus, Penicillium brevicom-

pactum, at five temperatures. The colony growth was

recorded by digital photography and the colony size

was quantified by image analysis. The heat production rate

was measured by an isothermal calorimeter. The results

showed that the growth of mould is temperature dependent.

During the active growing stage, the colony size increase is

correlated to the heat produced by the mould.

Keywords Isothermal calorimetry � Digital photography �
Image analysis � Fungal growth � Colony size � Penicillium

brevicompactum

Introduction

Growth can be defined as ‘the increases in cell size and

number that take place during the life history of an organ-

ism’ [1]. Therefore, the general concept of the growth of an

organism is the increase of its biomass. There are many

methods by which one can study fungal growth: hyphal

elongation rate, ergosterol content, biomass, heat produc-

tion rate, colony diameter, etc. Each of these methods is

unique, and it is important to realize that different methods

in most cases quantify different aspects of a fungal growth

process. For example, biomass is a fundamental property

that reflects the mass production capacity of a specimen,

while the colony diameter reflects the surface area that a

specimen covers. Biomass determination is also normally a

destructive technique, while diameter measurements are

non-destructive. Colony diameter has the advantage of

being a simple technique, but may or may not be a good

proxy for biomass, depending on whether the thickness

and density of the colony change during a measurement.

However, it is still one of the most common methods in

evaluating fungal growth because it is one of the few non-

destructive methods. It is perceived as a ‘Reliable Measure

of Growth’ in fungal studies [2, 3].

When a filamentous fungal spore germinates, it typically

produces one or more germ tubes which elongate expo-

nentially. The extension rate eventually reaches a nearly

constant value, probably when transport of material from

the sub-apical region becomes limiting. Exponential

growth of the colony is achieved by formation of sub-

apical branches, each of which becomes an apically elon-

gating hypha showing a linear increase in length [4]. When

on a smooth surface, e.g., an agar media, the fungus starts

growing from the inoculation point and expands to form

a round colony. Normally, the thickness of the surface

colony is thin and assumed to be even. The difference in

surface area, therefore, is perceived as the difference in its

total biomass. The diameter of fungal colony can be

measured and used as a measure of growth [2, 3] or used to

model fungal growth [5, 6].

A relatively uncommon method in fungal studies is

isothermal calorimetry, i.e., the measurement of heat
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production rate (thermal power) [7, 8]. The measured heat

is produced by the respiration of the fungi, and the thermal

power is thus a measure of its metabolic activity, origi-

nating from both growth and maintenance. Isothermal

calorimetry has the advantage of being a non-destructive

technique and offers a continuous recording of the thermal

power as a function of time [9]. During exponential

growth, the measured thermal power will be proportional to

the rate of increase in the biomass, but the thermal power

can also—in later growth phases—come mainly from

maintenance processes [7].

There are some special features of isothermal calorim-

etry method in measuring the activity of mould fungi.

– It is a general and unspecific technique that can be used

for any types of substrate and organisms.

– During a calorimetric measurement, the thermal power

is continuously measured. One can thus monitor

processes in detail while they take place.

– It is a non-destructive technique.

– As heat flows through all materials, one can monitor

processes taking places inside opaque materials and

packages.

– It is often a sensitive technique.

Biomass and thermal power are two quite different

measures of growth. One looks at an external aspect (bio-

mass) and the other one relates to its internal activity

(thermal power). However, during the active growth period

of an organism, the biomass accumulation is closely related

to its anabolic and catabolic activities since the biomass is

the result of organism’s anabolism—the conversion of

carbon substrate into biomass coupled to the transformation

of ADP to ATP. Anabolism is driven by catabolism—the

combustion of substrate carbon with oxygen to give carbon

dioxide, which generates the energy carrier ATP from ADP.

From this perspective biomass and thermal power are

related; the thermal power comes from the catabolism that

drives the anabolism that results in new biomass. The

thermal power from an organism can be measured and used

as an indicator of the organism’s activity level. The mea-

surement of thermal power has therefore been used in

studying the growth of filamentous fungi [7, 8].

In this study, the colony size development of a mould

fungus, Penicillium brevicompactum, growing on agar

media at different temperature levels was recorded by

digital photography and quantified by image analysis. At

the same time the thermal power of the mould sample was

measured with isothermal calorimetry.

The purpose of this study is to compare these two

methods, i.e., to compare the colony size development and

its thermal power of a mould, and therefore to investigate

the correlation between these two aspects of mould during

its growth.

Materials and methods

The mould P. brevicompactum (CBS 119375, Centraal-

bureau voor Schimmelcultures (CBS), Fungal Biodiversiry

Centre, Utrecht, the Netherlands) was grown on 2% malt

extract agar (MEA) made with Bacto malt extract (BD

Biosciences, San Jose, CA, USA). Spores were collected

from fresh fungal colonies (1 week) and suspended in

sterile water containing 0.1% v/v Tween. The spore con-

centration was controlled at about 106 spores per mL.

The mould sample was inoculated in the middle of the

agar media (5 mL 2% MEA substrate with a water activity

close to 1.0) in a sterile glass vial (inner diameter 25 mm,

TA Instruments, New Castle DE, US) with a sterile inoc-

ulation needle, which was dipped in the spore suspension.

The glass vial was immediately connected to an endoscope

and inserted into calorimeter.

The thermal power produced by the mould samples were

measured by a TAM Air (TA Instruments, New Castle

DE, US) continuously during the whole period of the

mould growth. The calorimeter was calibrated by electrical

calibrations.

The agar surface in the glass vial could be observed with

an endoscope (Tesco 318, Testo AG, Lenzkirch, Germany),

which was inserted into the glass vial through a modified

silicon stopper. A light source (a white LED) was placed

outside of the glass vial. The light was diffusedly reflected

before entering into the transparent vial. The light was

controlled by a computer program through a USB power

switch (Fig. 1).

A CCD camera (DeltaPix Infinity X, DeltaPix Aps,

Maalov, Denmark) was connected to the endoscope by an

extra lens. The camera was connected to the computer. The

image was displayed in the computer and saved as digital

image file (resolution: 1248 9 1024). The schematic setup

of the devices is shown in Fig. 1.

The growths of P. brevicompactum samples at five

temperatures (15, 20, 25, 27 and 30 �C) were measured.

These temperatures were controlled by the TAM Air

thermostat. For each temperature group, there were four

identical inoculated samples. One was connected to the

endoscope. The other three samples were measured for

their thermal power only as references. There was also one

blank with 5 mL MEA media only (without any

inoculation).

The calorimetric measurement started immediately after

the sample was inserted into the TAM air. The first picture

was photographed at the start of the measurement with the

LED light on. Thereafter every 2 h, the light source was

switched on for 1 min which provided the time for the

pictures to be taken and saved. The light switch and the

photo-taking were controlled automatically by an own-

made computer program. The measurements and the
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photography continued until the mould colony nearly

covered the agar surface.

The digital images were saved as jpg files. The image

files were analysed by an image analysis program written

in MATLAB. The jpg-images were transformed into grey

scale by taking the mean of the red–green–blue colour

levels. Five points at the outer ring of the agar surface in an

image were selected and used to define the agar surface

area (diameter 25 mm). The grey scale was then inverted

so that 0 was black and 255 white. For each group, the light

level for detecting mould colony was defined manually,

since for each sample there were minor differences in light

or reflection level and colony appearance. After the colony

area was detected, the colony surface area was quantified

by comparing to the total surface area of the agar.

Results

The colony growth

Samples of P. brevicompactum grew well at 15, 20, 25 and

27 �C, but there was neither growth visually detected nor

thermal power measured for samples at 30 �C.

It took a certain period of time before the mould colony

was visible on the agar surface (Table 1). At the beginning

the colony had a very light colour (nearly white). This is the

colour of the new grown hyphae (e.g., Fig. 2, Day 2).

Afterwards a dark green colour appeared from the middle of

the colony (e.g., Fig. 2, from Day 3). This is the colour of

the P. brevicompactum spores. During the colony expan-

sion, the edge of the colony still has the white colour due to

elongation of the new hyphae which do not have spores on

the tip. When the colony diameter reached the edge of the

agar media, the white edge of the colony became less

obvious, probably due to lower nutrients/space availability.

Examples of the growth of the P. brevicompactum at 25 �C

from inoculation (Day 1) are shown in Fig. 2.

The length of time that it took for a P. brevicompactum

colony to be visually detectable is different at different

temperatures. In this study, the first time that a colony was

visually detectable on the agar surface is defined as the

start-time. As the start, a mold colony’s color was similar

to that of the agar, and it was difficult for the image

analysis software to distinguish between the modal and the

agar. Therefore, visual inspection was used to determine

the start-time, which was shortest for the sample growing at

25 �C, followed by 20 and 27 �C. It took the longest period

of time for P. brevicompactum to start growing at 15 �C

(Table 1).

For each image, the colony surface area was detected

and quantified by the image analysis program, such as

shown in Fig. 3. The total results of the colony surface area

developments at different temperatures are shown in

Fig. 4.

The colony diameter values can be calculated from the

colony surface area. The colony diameter growth at dif-

ferent temperatures was shown in Fig. 5. The colony

diameter increase was nearly linear. The colony diameter

growth rates at the active growth period at different tem-

peratures are compared in Table 1. It shows that P. brev-

icompactum had the highest colony expansion speed when

Heat flow sensor

MEA media

Mould colony

LED USB power switch
Computer

CCD camera

Endoscope

Calorimeter

light

Fig. 1 A schematic picture of

the experimental setup

(calorimetry and photography)

Table 1 Start time and colony diameter growth speed of P. brevi-
compatum at different temperatures

Temperature 15 �C 20 �C 25 �C 27 �C 30 �C

Start-time/h 62 39 16 46 –

Speed/mm/h 0.17 0.28 0.18 0.10 –
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growing at 20 �C. The growth speed at 25 and 15 �C were

similar. The growth at 27 �C was the slowest for the

samples grown.

The heat produced

The thermal power levels of P. brevicompactum were

different at different temperatures (Fig. 6). At 25 �C, the

increase of the thermal power of P. brevicompactum was

the quickest and had the highest peak level while lowest at

15 �C. The total heat produced at different stages of its

growth is shown in Fig. 7.

Since the measurements were done simultaneously, it is

possible to calculate the heat produced per area of colony

Fig. 2 Colony development

images of P. brevicompactum
growing at 25 �C during the

measurement (top, left to right
Day 1, 2, 3; bottom, left to right
Day 4, 5, 6)

Method: 10 < level < 78
300

200

100

0
0 500 1000 1500

Area = 69612

Fig. 3 Example of image analysis process: top left the colour image

was converted to grey scale, top right an example line for analysis,

bottom left the brightness level of the line selected, bottom right
colony area (in pixels)
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different temperatures
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growth. The thermal power per colony area during the

P. brevicompactum growth at different temperatures is

shown in Fig. 8. The heat produced per colony area during

the growth is shown in Fig. 9.

Discussion

The temperature dependence of the growth of P. brevi-

compactum agrees with the literature values [10]. Although

the growth first started at 25 �C, it took a shorter time for

the colony to reach the same size when growing at 20 �C,

which means that the growth speed was the fastest at 20 �C

in this study. No growth at 30 �C suggests that P. brevi-

compactum is sensitive to high temperatures.

The linear increase rate of colony diameters during the

active growth period agrees with the literature [2].

The combined use of two measurement techniques

based on very different principles gives much more infor-

mation than either of the techniques on their own. This is

especially true when one is working with such a complex

phenomenon as microbial growth/activity. In this case, the

combination of thermal power (and heat) and the colony

area gave new insights into the different phases of surface

mould growth on an agar. The initial growth phase is

characterized by an increase in area and an increasing

thermal power. Figure 8 shows the thermal power plotted

as a function of the area, and it is seen that before mould

colony reaches about half size of the agar surface, the

samples grown at 27 �C had higher thermal power than the

ones grown at 20 and 25 �C, while the samples grown at

15 �C had the lowest thermal power. When the colony

continued its growth, the thermal power of the samples at
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Fig. 6 Thermal power of P. brevicompactum grown at different

temperatures
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tum grown at different temperatures
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25 �C continued to increase and became higher than the

samples at the other temperatures. Although the colony

area does not increase, still heat was produced. This is, for

example, seen in the 15 �C measurements in which the area

was essentially constant (at the inner diameter of the vial)

after 220 h, while there was still a significant thermal

power at the end of the measurement at 350 h. This is

possibly the signature of a maintenance phase in which the

biomass is constant and the produced heat comes from

maintenance processes (not growth). However, there is also

the possibility that the colony continues to grow by

increasing its density and/or its thickness. As the colony

density/thickness or biomass have not been measured, the

authors cannot clearly differentiate between growth and

maintenance in this case.

Although the thermal power levels of P. brevicompac-

tum varied at different temperatures, the average heat

produced per area of colony were similar for the samples

grown at 15 (second half), 20 and 25 �C (about 3.5 J/mm2).

If it is assumed that the colony thicknesses were similar,

then it can be suggested that at these three temperatures,

although the growth speeds were different, their growth

efficiencies were alike. For the sample grown at 27 �C,

much higher amount of heat was produced per unit of

colony. This suggested that the growth at higher tempera-

ture had much higher stress.

Some previous studies have used photography to mon-

itor samples inside of calorimeters and use this to correlate

the changes in the sample to the thermal power [11, 12].

However, this study attempts to introduce for the first time

digital photography to monitor the continuous growth of an

organism inside of a calorimeter and use image analysis to

quantify the growth, and thereby to correlate the growth

and its heat production. The availability of digital pho-

tography makes it easier to set up such device and perform

the experiment design.

The external light needed for the photography brings

disturbances to the calorimetric measurement, because the

light produces heat. A low power LED light was used in

our experiment since it produces much less heat than does

conventional light source. The duration of the light time

was also short in order to minimize the heat produced by

the LED light. However, still disturbances were measured

each time that the light was switched on. However, these

disturbed parts were not included in the analysis (not

shown in the results).

The image analysis was successful (Fig. 4) in detecting

the colony area and quantifying its size. For the mould

grown at 20, 25 and 27 �C, the development of colony size

proceeded very well. However, the image analysis works

best when the colour of the colony surface is darker than

the agar surface colour since the light colour of new hyphae

was very close to the light range of the agar surface.

Therefore, the detection of the beginning of the colony

growth by the image analysis program was difficult. In this

case, a visual inspection was more sensitive and could be

used to supplement the experiment. Therefore, the start-

time was determined by visual inspection.

For the mould grown at 15 �C, the colony had a very

light colour at the beginning of the growth for a longer

period than the other colonies had at higher temperature.

There was also a light reflection at the agar surface which

was in the same light range as the colony surface. This

disturbance was difficult to exclude with the used analysis

program. Therefore, for the colony at 15 �C during the

first 160 h, the calculated colony size was slightly higher

than its real size. The errors were due to the disturbance

from the light reflection. From about 160 h, the colony

size expanded and covered the light reflection area.

Therefore, the colony size after 160 h, was close to its

real value.

The method above mentioned might be improved. A

more diffused light source might reduce the light reflection

on the agar surface, thereby reducing the disturbance for

image analysis. An improved image analysis program with

more detailed analysis on each colour range (RGB: red,

green and blue levels) might help one to define colony

range with higher sensitivity and precision.
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