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The relation between germination time and lag timeofmyceliumgrowth of individual sporeswas studied by com-
bining microscopic and macroscopic techniques. The radial growth of a large number (100–200) of Penicillium
expansum and Aspergillus nigermycelia originating from single spores was monitored macroscopically at isother-
mal conditions ranging from 0 to 30 °C and 10 to 41.5 °C, respectively. The radial growth curve for eachmycelium
was fitted to a linear model for the estimation of mycelium lag time. The results showed that the lag time varied
significantly among single spores. The cumulative frequency distributions of the lag times were fitted to the
modified Gompertz model and compared with the respective distributions for the germination time, which
were obtained microscopically. The distributions of the measured mycelium lag time were found to be similar
to the germination time distributions under the same conditions but shifted in time with the lag times showing
a significant delay compared to germination times. A numerical comparison was also performed based on the dis-
tribution parameters λm and λg, which indicate the time required from the spores to start the germination process
and the completion of the lag phase, respectively. The relative differences %(λm−λg)/λm were not found to be
significantly affected by temperatures tested with mean values of 72.5±5.1 and 60.7±2.1 for P. expansum for
A. niger, respectively. In order to investigate the source of the above difference, a time-lapse microscopy method
was developed providing videoswith the behavior of single fungal spore from germination until mycelium forma-
tion. The distances of the apexes of the first germ tubes that emerged from the swollen spore were measured in
each frame of the videos and these data were expressed as a function of time. The results showed that in the
early hyphal development, themeasured radii appear to increase exponentially, until a certain time,where growth
becomes linear. The two phases of hyphal development can explain the difference between germination and lag
time. Since the lag time is estimated from the extrapolation of the regression line of the linear part of the graph
only, its value is significantly higher than the germination time, tG. The relation of germination and lag time was
further investigated by comparing their temperature dependence using the Cardinal Model with Inflection. The
estimatedvalues of the cardinal parameters (Tmin, Topt, and Tmax) for 1/λgwere found to be very close to the respec-
tive values for 1/λm, indicating similar temperature dependence between them.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Fungi are ubiquitous in nature and have evolved over time to colo-
nize a wide range of ecosystems including foods. Airborne transfer of
fungal spores is now seen as a significant route for contamination in
many sectors of the food industry. If environmental conditions allow
growth, the colonization of foods results in spoiled products and subse-
quent significant economic losses (Burfoot et al., 2000; McCartney and
West, 2007). Although industrial standards have been greatly improved
in the last years, food spoilage by fungi is still a major concern for the
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food industry (Dantigny et al., 2005a; Garcia et al., 2009; van Egmond
et al., 2007). Fungal presence in food may adversely affect not only
the organoleptic value of the commodity, but most importantly its
nutritional value.

The concept of predictive mycology has been used to forecast the
behavior of spoilage and mycotoxigenic fungi (germination or inacti-
vation, growth, and mycotoxin production) in order to study the shelf
life of food products (Dantigny, 2004; Dantigny et al., 2005a, 2005b).
Although this approach has, in many cases (Dantigny et al., 2005b;
Garcia et al., 2009; Gougouli et al., 2011; Membré et al., 2001),
plugged the gap in knowledge on prevention and control of fungi
presence and reduced challenge tests applied from the food industry,
further research in understanding the dynamics of fungal spores is
necessary. More specifically, one area that needs improvement is
the modeling of mycelium lag phase, since lag time duration can be
a significant part of the total shelf life of foods (Gougouli et al.,
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2011; Gougouli and Koutsoumanis, in press). Within the domain of
quantitative mycology, a series of reports have been based, up until
now, on empirical descriptions of population kinetics (deterministic
approaches), without taking into account realistic events of contam-
ination of foods with low number of fungal spores. However, in order
to improve mechanistic descriptions of mycelium lag time, it is im-
portant to study the distributions of the lag time of mycelia that orig-
inate from individual spores, since that would potentially provide
important information with regards to the ability of a single spore to
germinate, grow and spoil a food product (Garcia et al., 2010;
Samapundo et al., 2007).

As soon as a fungal spore is exposed to favourable conditions it tran-
sits from a dormant to an actively metabolizing cell, which gives rise
after an ordered sequence of steps to the formation of a visible myceli-
um. In particular, in the stage of germination, the conversion of the
resting spore into an active one occurs and a period of gradual swelling
of the spore, including increase in both diameter and weight, follows
(Gervais et al., 1988; Nielsen, 1992; Osherov and May, 2001). After a
given time the growth polarity is established and a germ tube emerges
from the enlarged spore (d'Enfert, 1997; Nielsen, 1992). When the
germ tube reaches a certain length, the spore is considered germinated.
Eventually, in the next steps, germ tube elongation and branching take
place until the mycelium forms a colony (Gougouli and Koutsoumanis,
in press). From the early stages of expansion, the peripheral zone of
mycelium grows linearly, and from the plot of the mycelium radius
versus time, the lag time can be obtained by extrapolating the linear
part of the graph to a zero increase in radius. It is obvious here, that
the lag time is a geometrically estimated kinetic parameter, which
measures the period required for a spore to adjust to the new envi-
ronment and form into a growing colony (Dantigny et al., 2005a).
One significant component of lag time is the germination time, but,
currently, very little is known about the relationship between them
(Dantigny et al., 2002).

Studies on germination of fungal spores have shown that spores
with the same historic treatment (physiological state) and the same
germination conditions are very heterogeneous in terms of individual
germination time (Gougouli and Koutsoumanis, 2012; Judet et al.,
2008; Nanguy et al., 2010). This observed variability in germination
time is likely to result from multiple biological sources, such as the
existence of self-inhibitors and auto-stimulators that prevent prema-
ture and rapid germination of all spores at the same time (Barrios-
González et al., 1989; Chitarra and Dijksterhuis, 2007; Chitarra et al.,
2004; Feofilova et al., 2012). Thus, the germination time of a spore is
not a fixed value and can be characterized better by a probability distri-
bution. Considering the variation characterising the germination time
of individual spores, the formation and growth of mycelium colonies
originating from these spores is expected to be dependent on this
variation in terms of lag time measurements. Up until now, however,
kinetic studies of single spores have focused on examining only germi-
nation distributions (Dantigny and Nanguy, 2009; Gougouli and
Koutsoumanis, 2012; Judet et al., 2008; Marín et al., 1998; Nanguy
et al., 2010; Pardo et al., 2006; Schubert et al., 2010), while data on
the link between germination and mycelium growth at a single spore
level are missing.

In the present study, the relation between germination time and
lag time of mycelial growth of individual spores was studied by com-
bining macroscopic and microscopic techniques. The objectives of the
study were: i) to determine the lag time of a large number (100–200)
of Penicillium expansum and Aspergillus nigermycelia originating from
single spores, ii) to compare the distributions of the lag times with
the respective distributions for the germination time of single spores
and evaluate the relationship between them, iii) to confirm the above
relation using a time-lapse microscopy method which provides
videos with the behavior of single fungal spore from germination
until mycelium formation, and iv) to evaluate and compare the tem-
perature dependence of lag time and germination time.
2. Materials and methods

2.1. Fungal strains

P. expansum (strain PE-YV1) and A. niger (strain AN-YV7) examined
in this studywere isolated from the environment of a yogurt production
unit (Gougouli et al., 2011). The above isolates, which are deposited in
the strain collection of the Laboratory of Food Microbiology and
Hygiene of Aristotle University of Thessaloniki, were maintained
on sterile distilled water containing 0.1% (vol/vol) wetting agent
(Tween 80; Merck, Darmstadt, Germany) at 5 °C and were subcultured
bimonthly.

2.2. Preparation of inocula

P. expansum and A. niger were routinely grown at 25 °C on malt
extract agar (MEA; LAB M Limited, Lancashire, United Kingdom) for
7 and 5 days, respectively, to obtain heavily sporulating cultures.
Spores were then suspended in sterile distilled water containing
0.1% (vol/vol) Tween 80 by gently scraping the surface of the medium
with a sterile spatula. After filtering the spore suspensions through
four layers of sterile medical tissue (Aseptica, Athens, Greece) in
order to remove any debris (mostly mycelial fragments), their final
concentration was determined using a Neubauer counting chamber
(Precicolor, HBG, Germany). Immediately after preparation, each
spore suspension of each of the fungal strains tested was diluted in
Ringer's solution (LabM Limited) to yield an inoculum count of approx-
imately 107 spores/ml and used as quickly as possible. Appropriately
diluted spore suspensions were then used to inoculate the samples.
For all experiments time zero was defined the time at which the sus-
pension was made.

2.3. Preparation of medium

The standard growth medium used in all experiments was MEA,
which was acidified with 10% (vol/vol) lactic acid (Fluka, Buchs,
Germany) to pH 4.2. Water activity measurements of uninoculated
agar samples at initial and final treatment time of each experiment
were made using an AquaLab water activity meter (Model series 3;
Decagon Devices, Inc., Pullman, Washington, United States). The
water activity values for each treatment remained constant during
the storage period, being 0.997 at 25 °C. The pH of the agar before
inoculation was also determined at 25 °C by using a pH meter with
a glass electrode (pH 211 Microprocessor, Hanna Instruments BV,
Ijsselstein, the Netherlands).

2.4. Assessment of germination

The germination kinetic data used in this work were generated
in a previous study undertaken in our laboratory (Gougouli and
Koutsoumanis, 2012). To evaluate the effect of storage temperature
on the germination kinetics of the tested isolates, the germination
kinetic behavior of P. expansum and A. niger was assessed on MEA at
isothermal conditions ranging from 0 to 33 °C and 5 to 41.5 °C,
respectively. Germination time was defined as the time at which the
length of the germ tube was equal to the diameter of the swollen
spore. The percentage of germinated spores was calculated as
P(%)=(Ngerminated spores/Ntotal spores)·100 and expressed as percent-
age germination (% P) versus time at each tested temperature.

2.5. Assessment of growth

Large Petri plates (diameter=145 mm) containing 50 ml of solidi-
fied MEA were inoculated (0.1- ml) by surface plating from the appro-
priate dilution of spore suspensions in order to obtain approximately 10
mycelia in each Petri plate. After inoculation plates were sealed with
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Parafilm to avoid dehydration and stored under controlled isothermal
storage conditions (20 Petri plates at each temperature) in
high-precision (±0.2 °C) low-temperature programmable incubators
(model MIR 153, Sanyo Electric Co., Ora-Gun, Gunma, Japan), which
were set at 0, 5, 10, 15, 20, 25, 27.5 and 30 °C for P. expansum and at
10, 12.5, 15, 20, 25, 30, 35, 37, 40 and 41.5 °C for A. niger. The tempera-
tures tested for each fungal species at the present study were selected
considering the findings of previous studies undertaken to characterize
the effect of temperature on their growth (Gougouli and Koutsoumanis,
2010) and germination (Gougouli and Koutsoumanis, 2012), to cover
the growth region of the species to the greatest possible extent. The
temperature during the experiments was monitored using electronic
data loggers (Cox tracer, Cox Technologies, Belmont N.C., United States)
with the internal and external sensors monitoring temperature of the
incubator and MEA, respectively.

The inoculated Petri dishes were examined at appropriate time
intervals during storage depending on the tested temperature and
fungal isolate, for a maximum of 90 days. Perpendicular diameters
(mm) of the developed mycelia were measured using a ruler without
opening the dishes, to enable efficient kinetic analysis. The measure-
ments were made at the early stages of growth to assess the linear
part of growth and to avoid interactions of the growing colonies.
Based on the above inoculation procedure, each mycelium that
appeared was assumed to originate from a single spore. In total, the
growth of 100–200mycelia wasmonitored for each isolate and temper-
ature condition.

2.6. Preparation of an experimental device for microscopic observation

Aiming at monitoring the kinetic behavior of the same fungal spore
for prolonged periods (from germination to mycelium formation) an
experimental device was developed. The device was prepared in a bio-
logical safety cabinet by placing a portion (0.1- ml) of the appropriate
dilution of P. expansum spore suspension in a defined area (diame-
ter=1 mm) on the surface of air-permeable polyethylene plastic film
in order to obtain one spore on this area. After 30 min drying time,
the inoculated areawas coveredwith 1 ml ofmoltenMEA and left to so-
lidify for 1 min. Then, the film was turned upside down and was placed
aseptically stretching it over a lid of a Petri plate (diameter=35 mm),
which contained peripherally hydrated cotton. In this way, the desicca-
tion of themediumwasminimized for the period of themeasurements,
as shown from aw measurements of preliminary experiments. In order
for the microscopic observation to be facilitated, the inoculated area
was positioned in the center of the lid. Once prepared, the sealed device
was quickly transferred from the cabinet to the microscope stage and
measurement was started. Measurement began between 10 and
20 min after addition of MEA, due to the difficulty of manually finding
the spore in the field of view.

2.7. Microscopy

Spore kinetic behaviorwasmonitored by phase contrastmicroscopy
at magnification of ×40 (Olympus, Tokyo, Japan) initially, and then at
×4 (Olympus) with an Olympus (BX61) optical microscope at room
temperature. The experimental device was maintained at 25 °C using
a temperature controlled stage (Linkam PE60, Linkam Scientific Instru-
ments, Surrey, United Kingdom). The microscope was equipped with a
Z stage with a motor controller, which was controlled by the ScopePro
module of the Image-Pro Plus image analysis software version 6.3
(MediaCybernetics Inc., Bethesda, United States) and an auto-focus
system, so that the stage could be moved to multiple positions in
order to find the plane of the spore during each experiment. Images of
the field of view were acquired every 5 min for 48 h using a high reso-
lution device camera (Olympus DP71) and the lamp of the microscope
was turned on automatically during the capture of the image. The
auto-focus procedure in conjunction with an Extended Depth of Focus
system allowed for multiple serial images in different Z-axis planes to
be captured, and then combined the best focal areas of the serial images
into a single in-focus image (z-stack) providing high quality images.
Individual images were compiled to give a sequence of frames for the
field of view, allowing the same spore to be monitored throughout the
entire experiment. In total, spore's kinetic behavior data were collected
from 3 replicate experiments.

The compiled image sequence allowed the individual spore to be
followed during dormancy, germination, germ tube elongation, and
finally mycelium formation. From the point at which the first tube
started emerging, the distance of the apex hyphae from the swollen
spore (Distance 1) was measured using the Image-Pro Plus image
analysis software until it reached the edge of the optical view. The
same procedure was followed for the next three emerged germ tubes
from the enlarged spore. The kinetics of each distance were assessed
via the use of Image-Pro Plus, which automatically can convert pixels
into μm by setting the resolution of the image and the magnification
at which the image was captured. After measuring the distances
(Distance 1, Distance 2, Distance 3, and Distance 4), data was plotted
versus time. Germination timewas defined, as in the case of the germi-
nation study (Gougouli and Koutsoumanis, 2012), as the time at which
the length of the first germ tube was greater than equal to the greatest
dimension of the swollen spore.

2.8. Data analysis

For the germination study, for each fungal strain and storage tem-
perature, data of P(%) over time were fitted to the modified Gompertz
equation (Eq. (1)) (Zwietering et al., 1990) for the estimation of the
germination kinetic parameters (μg and λg):

Pt ¼ Pmax exp − exp
μge 1ð Þ
Pmax

λg−t
� �

þ 1
� �� �

ð1Þ

where t (h) is the time, Pt (%) is the percentage of germinated spores at
time t, Pmax (%) is the asymptotic Pt value at t→+∞, μg (1/h) is the slope
of tangent line through the inflection point, and λg (h) is the geometri-
cal lag time (t-axis intercept of the tangent through the inflection
point). In this study, all spores (100%) were germinated in all the treat-
ments examined. By replacing t with λg in Eq. (1) it can be estimated
that the geometrical lag time λg corresponds to the time at which 6.6%
of spores have been germinated (Pλg=100·exp(−exp(0+1))=
100·0.066=6.6%). The inflection point tig is determined as: tig=λg+
Pmax/(μg e(1)).

For the growth study, the growth responses of the formedmycelia of
each tested fungus, at each storage temperature were plotted against
time and fitted to a linear model (Eq. (2)) for the estimation of their
growth rate (μ) (mm/h) and their apparent lag time for growth (λ)
(h) using Microsoft Excel.

D tð Þ ¼ μ t−λð Þ ð2Þ

where t (h) is time and D(t) is the diameter at time t. The apparent lag
(λ) can be estimated by extrapolating the regression line to D(t)=0.

The obtained distributions of λ were transformed to % cumulative
frequencies and fitted to the Gompertz equation as follows:

λt ¼ 100 exp − exp
μme 1ð Þ
100

λm−tð Þ þ 1
� �� �

ð3Þ

where t (h) is the time, λt (%) is the percentage of mycelia which have
completed their lag for growth at time t, μm (1/h) is the slope of tangent
line through the inflection point, and λm (h) corresponds to the time
at which 6.6% of mycelia have been completed their lag time for
growth. The inflection point was determined as follows: tim=λm+
100/(μm e(1)).
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Fig. 1. Representative growth curves of Penicillium expansum (a) and Aspergillus niger
(b) colonies at 10.5 °C and 41.4 °C, respectively, when growth initiates from individual
spores. Inset: % Probability distributions of the lag time as estimated from the linear
model for each colony.
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The effect of temperature on x (x=1/λg, 1/λm) was modeled using
the Cardinal Model with Inflection (CMI) originally developed by
Rosso et al. (1993).

x ¼ xopt T−T maxð Þ T−T minð Þ2

Topt−T min

� �
Topt−T min

� �
T−Topt

� �
− Topt−T max

� �
Topt þ T min−2T

� �h i

ð4Þ

where Topt, Tmin and Tmax (°C) are the theoretical optimum, minimum
and maximum temperature, respectively, for germination or growth
depending on the case, and xopt is the x at the optimum temperature.
Table 1
Descriptive statistics for lag time for growth of Penicillium expansum and Aspergillus niger m

Fungus T (°C)a Mean Median St. dev

Penicillium expansum 0.1 800.0 803.1 71.2
5.2 182.1 185.5 25.9

10.5 91.4 92.3 11.1
15 55.5 55.6 6.4
19.5 37.7 37.2 4.2
25.5 30.1 30.1 2.7
27.5 35.9 35.9 3.9
30.5 89.1 89.9 18.8

Aspergillus niger 15 93.1 93.2 14.4
19.5 48.5 48.2 3.0
25.5 27.2 27.3 1.5
30 18.1 18.1 1.2
35 16.4 16.8 1.2
37 17.2 16.9 1.6
40.1 19.3 19.2 1.6
41.4 29.2 28.3 7.7

a Temperature in the agar during storage as recorded by the temperature monitoring de
The Table Curve 2D software (Systat Software Inc., San Jose, CA,
United States)was used for fitting the data to themodels. The goodness
of fit of the developedmodels was evaluated graphically and also by the
coefficient of determination r2 and the root mean square error (RMSE)
(Ratkowsky, 2004).

3. Results and discussion

The radial growth of a large number (100–200) of P. expansum and
A. niger mycelia which originated from single spores was monitored
at isothermal conditions ranging from 0 to 33 °C and 10 to 41.5 °C, re-
spectively. Representative plots for mycelium growth of single spores
of P. expansum at 10.5 °C and A. niger at 41.4 °C are presented in Fig. 1.
The radial growth curves were fitted to a linear model (Eq. (2)) for
the estimation of mycelium lag time (λ). The statistics and the %
frequency distributions of the estimated lag times for all tested temper-
atures are presented in Table 1 and Fig. 2, where it can be seen that λ
varied significantly among single spores. In addition, the results showed
that the distributions of lag time of single spores were shifted to higher
values and became more variable as temperature conditions became
more stressful. The same trend of increased variance in lag time at
stressful conditions was also reported in the study of Samapundo
et al. (2007) as well as in investigations conducted with mycelia
derived from high number of spores (Baert et al., 2008; Gougouli and
Koutsoumanis, 2010). Cumulative (%) frequency distributions were
reconstructed from % frequency distributions of the lag time of single
spores for each isolate and temperature tested and further fitted to
the modified Gompertz model (Eq. (3)). The fitted model described
satisfactorily the percentage of spores that completed their lag phase
over time for both fungi tested, with coefficients of determination (r2)
ranging from 0.994 to 0.998 for P. expansum and from 0.987 to 0.998
for A. niger. The estimated kinetic parameters μm and λm from Eq. (3)
are shown in Table 2. The parameter μm determines the slope of the
cumulative frequency distribution of lag time for single spores. This
parameter is related in a reverse manner with the standard deviation
of the distribution and constitutes an indication for the spread of the
distribution (Dantigny et al., 2007; Gougouli and Koutsoumanis, in
press; Judet et al., 2008). The parameter λm represents the time at
which 6.6% of mycelia from single spores have completed their lag
and, furthermore, specifies the position of the distribution.

The main objective of the present study was to investigate how the
germination time of individual spores is linked with their imminent
mycelium lag time. Dantigny et al. (2002), aiming at substituting a mi-
croscopic observation by amacroscopic one, showed that the lag time of
Mucor racemosus mycelia originating from an inoculum of 225 spores
coincided with the completion of the germination process of this inoc-
ulum, where more than 99% of spores were germinated. The above
ycelia originating from single spores.

. Kurtosis Skewness Min. Max. n

−0.25 −0.20 627.9 946.6 102
−0.50 −0.16 125.7 244.0 197
−0.47 −0.09 60.6 116.2 205
−0.72 0.12 41.7 68.8 101
−0.17 0.14 27.1 50.2 158
−0.48 −0.09 23.2 35.8 153
−0.36 −0.03 26.2 46.5 132

0.16 0.03 38.2 140.7 114
−0.78 0.03 62.0 122.5 126

1.37 0.27 40.8 60.5 160
1.28 0.05 23.3 32.7 117

−0.15 −0.18 15.0 20.8 157
−0.73 −0.52 13.2 18.4 103
−0.98 0.17 13.4 20.6 149
−0.65 0.03 15.8 22.7 102

2.61 1.05 15.2 62.6 147

vices.
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Fig. 2. % Frequency distributions of Penicillium expansum (a) and Aspergillus niger (b) single spores lag time estimated from the linear model at different temperature conditions.
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observation however, is not applicable in the case of single spores. In
order to investigate the relation of germination timewith themycelium
lag times of single spores, a comparison between the distributions of
germination times for single spores of P. expansum and A. niger pro-
duced in a previous work (Gougouli and Koutsoumanis, 2012) with
the distributions of mycelium lag times derived from single spores pro-
duced in the present study was performed. The germination data were
compared graphically (Fig. 3) and numerically with the mycelium lag
time data at the different tested temperature conditions. Fig. 3 shows
that the % cumulative distributions of the measured mycelium lag
time are similar to the germination time distributions under the same
Table 2
Estimated parameters for Gompertz equation (Eq. (3)).

T (°C) a Penicillium expansum T (°C) a Aspergillus niger

μm (1/h) b,d λm (h) c,d μm b,d λm
c,d

0.1 0.6±0.04 707.6±5.7 15 3.4±0.3 76.4±1.4
5.2 1.7±0.1 149.0±2.3 19.5 15.0±1.9 44.1±0.4
10.5 3.8±0.3 75.7±1.1 25.5 28.2±2.1 25.2±0.1
15 6.4±0.4 49.5±0.4 30 38.4±2.2 16.7±0.1
19.5 10.1±0.5 31.7±0.3 35 36.4±4.6 15.0±0.2
25.5 16.0±0.8 26.5±0.2 37 29.2±1.9 15.1±0.1
27.5 11.1±0.8 30.4±0.3 40.1 24.3±1.1 17.0±0.1
30.5 2.0±0.1 59.2±1.7 41.4 7.5±0.5 21.2±0.5

a Temperature in the agar during storage as recorded by the temperature monitoring
devices.

b The slope term of tangent line through the inflection point.
c Corresponds to the time at which 6.6% of mycelia have been completed their lag

time for growth.
d ±: Standard error of fit.
conditions but shifted in time with the lag times showing a significant
delay compared to germination times. In the case of stressful environ-
ments (e.g., 0.1 and 30.5 °C for P. expansum, and 15 and 41.4 °C for
A. niger) the slope of the cumulative distributions for the lag times
were lower indicating a more spread distribution compared to germi-
nation times. This can be attributed to the fact that the total variance
of the lag time includes not only the biological variability of the single
spores, but also the uncertainty that arose from the measurement tech-
nique used for the assessment of mycelium growth of single spores, as
well as from the fitting to the linear model. The above uncertainty is
generally higher at conditions close to the boundary of growth
(Gougouli and Koutsoumanis, 2010; Marín et al., 2008).

The delay of themycelium lag times compared to germination times
shown in Fig. 3 was analyzed by comparing the λg and λm derived from
Eqs. (1) and (3), respectively. As demonstrated in Fig. 4, where the
relative difference %(λm−λg)/λm is presented for both isolates as a
function of temperature, the environment did not significantly affect
the relation of these two variables. In particular, it was found that the
difference %(λm−λg)/λm was relatively constant for all temperatures
tested with mean values of 72.5±5.1 (mean±st.dev) and 60.7±2.1
for P. expansum for A. niger, respectively. A similar relative difference
was also observed for the inflection points tig and tim with %(tim−tig)/
tim being 72.5±5.5 and 60.6±2.9, for P. expansum and A. niger,
respectively.

The question that arises here is why the lag times of single spores
estimated macroscopically from the mycelium growth curve are sig-
nificantly higher than the germination times. Considering that the
lag time is estimated by extrapolating the mycelium radial growth
curve to radius=0 it would be expected to coincide with the germi-
nation time which is the start point of the mycelium growth. The
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Fig. 3. % Cumulative frequency distributions of the germination times (♦) and lag times (■) of Penicillium expansum (a) and Aspergillus niger (b) single spores at different temper-
atures. The lines depict the fitting of the Gompertz model to the germination (gray lines) and lag time data (black lines).
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research on the relation between germination and mycelium growth
at a single spore level is, in general, limited to the outstanding early
studies of Trinci published 40 years ago (Trinci, 1969, 1971a, 1971b,
1974). This can be partly explained by the technical challenge in
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Fig. 4. % Relative difference (λm−λg)/λm for Penicillium expansum and Aspergillus niger at differ
cumulative frequency distributions of single spores' germination time and lag time, respective
monitoring the same spore continuously, from germination to com-
plete mycelium development.

In the present study we developed a time-lapsemicroscopymethod
for monitoring the behavior of single fungal spore from germination
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ent temperatures. The λg and λm valueswere estimated from the fitting of the germination
ly, on the Gompertz model.
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Fig. 5. Selected frames from a time-lapse video of growth of Penicillium expansum spore on malt extract agar at 25 °C (first line: magnification ×400, second line: magnification
×40).
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until mycelium formation in order to directly relate the germination
time with the lag time of mycelium growth. The method is based on
an auto-focus procedure in conjunction with an Extended Depth of
Focus system (EDF). This procedure allowed for multiple serial images
in different z-axis planes to be captured and then combine the best
focal areas of the serial images into a single in-focus image (z-stack)
providing high quality images. Using the time-lapse microscopy, the
behavior of individual spores of P. expansum was monitored at 25 °C.
Images were captured periodically (Fig. 5) from inoculation to myceli-
um formation and then compiled to create time-lapse videos
(Video 1). The distances of the apexes of the first germ tubes emerged
from the swollen spore were measured in each frame, and these data
were expressed as a function of time (Fig. 6). As demonstrated in
Fig. 6, in the phase of germ tubes emergence and in the early hyphal
development, the measured radii appear to increase exponentially,
until a certain time (ca. 40 h), where growth becomes linear. The
above results are in agreement with the finding of Trinci (1969,
1971b) who examined the kinetics of hyphal extension of several
fungi via the use of time lapse photography. The increasing radial
growth rate in the early stages of growth has been associated with the
depletion of the spore's internal storage components and the biosyn-
thesis of new materials during the expansion of the hyphae (Bizukojc
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Fig. 6. Resultant graph of distances, which have been measured with the aid of
Image-Pro Plus software in a series of images monitoring the growth of a Penicillium
expansum spore on malt extract agar at 25 °C, against time. Distances 1 and 2 are the
distances of the growth zone from the spore at the directions of emergence of the
first and the second germ tube, respectively. Germination time was defined as the
time at which the first emerged tube has equal length with the greatest dimension of
the swollen spore. The lag time for mycelium formation was estimated via the extrap-
olation of the regression line (from the data observed in linear growth) to x-axis.
and Ledakowicz, 2006; Papagianni, 2004; Trinci, 1971b). Furthermore,
considering that fungal hyphae increase in length only at their apices
when a mycelium is formed (Trinci, 1971a), the observed transition
from exponential to linear growth can be attributed to the weakness
of the hyphal tips to incorporate the increasing material that is being
supplied or the deficiency of transporting material from distal hyphal
regions, probably because of the formation of septa (Prosser, 1994;
Prosser and Trinci, 1979).

As it is shown in Fig. 6, the two phases of hyphal development can
explain the difference between germination and lag time. Since the
lag time λ1 is estimated from the extrapolation of the regression
line of the linear part of the graph only, its value is significantly higher
than the germination time tG. The relative difference %(λ1− tG)/λ1 for
all replicates estimated from data generated by the time-lapse mi-
croscopy method was found to be 52.3±4.0 (mean±st.dev). This
value is not far to the one obtained in the first part of the study
(72.5±5.1) considering that due to the low number of spores tested
it is calculated from single values of λ1 and tG and not from the distri-
bution parameters λm and λg. It should be noted that the mycelium
growth kinetics from the time-lapse microscopy are in agreement
with those obtained macroscopically for P. expansum in the first part
of the study. In particular, the mean estimated radius growth rate
and lag time obtained from the time-lapse microscopy at 25 °C
were 0.114 mm/h and 27.4 h, respectively, while the respective
values for the mycelia observed macroscopically at the same temper-
ature were 0.105 mm/h and 30.1 h.

The relation of germination and lag time was further investigated
by comparing their temperature dependence. Since both germination
and lag time are considered as major factors affecting the level of risk
for spoilage and mycotoxin production (Dantigny et al., 2002; Pardo
et al., 2004, 2005a, 2005b, 2006; Samapundo et al., 2007), the knowl-
edge of their temperature dependence in terms of Tmin−Tmax range is
considered of great importance. The CMI (Eq. (4)) as chosen to de-
scribe this effect, since it incorporates parameters (Tmin, Topt, Tmax)
which are regarded as biologically interpretable (Cuppers et al.,
1997; Ratkowsky, 2004). The r2 and RMSE values (Table 3), as well
as the graphical evaluation from the fittings curves (Fig. 7) indicate
the satisfactory performance of the CMI in describing the effect of
temperature on 1/λg and 1/λm for both isolates. The estimated values
of the cardinal parameters for 1/λg were found to be close to the re-
spective values for 1/λm (Table 3), indicating a similar temperature
dependence between them (Fig. 7). Only in the case of Tmax for P.
expansum germination the estimated value was found to be slightly
higher compared to mycelium growth and this can be attributed to
the fact that at conditions close to the germination boundaries, the
spores can germinate but are not always able to form a mycelium
(Pardo et al., 2004, 2006).



Table 3
Cardinal parameter values and statistics of Cardinal Model with Inflection (Eq. (4)) describing the temperature dependence of the parameters λg and λm estimated from the
Gompertz model (Eqs. (1) and (3)).

Fungus λg λm

Parameter Estimated
value

Lower
95% CI

Upper
95% CI

r2 RMSE Parameter Estimated
value

Lower
95% CI

Upper
95% CI

r2 RMSE

Penicillium expansum Tmin (°C) −4.0 −13.7 5.7 0.975 0.010 Tmin (°C) −4.0 −7.2 −0.8 0.997 0.000001
Tmax (°C) 33.5 29.1 37.9 Tmax (°C) 31.8 31.2 32.3
Topt (°C) 25.1 22.5 27.7 Topt (°C) 24.8 24.0 25.7
1/λg opt (1/h) 0.126 0.108 0.144 1/λm opt (1/h) 0.037 0.035 0.039

Aspergillus niger Tmin (°C) 4.0 1.5 5.7 0.997 0.004 Tmin (°C) 4.6 −0.7 9.9 0.993 0.000005
Tmax (°C) 44.5 43 46 Tmax (°C) 44.3 42.1 46.5
Topt (°C) 36.2 35.4 36.9 Topt (°C) 36.1 34.8 37.4
1/λg opt (1/h) 0.167 0.160 0.174 1/λm opt (1/h) 0.068 0.064 0.072
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In conclusion, the results of the present study provide detailed
information on the relation between germination time and mycelium
lag time at a single spore level for P. expansum and A. niger. The
observed mirror relationship between germination and lag time indi-
cates that the variability observed in the lag time of mycelia originating
from single spores is mainly a result of the biological variability in the
stage of germination and, thus, it is feasible to predict the duration of
lag time from early growth events, such as germination. In addition,
the study provides a quantitative description of the variability of single
spore behavior as affected by storage temperature,which can be used as
the basis for risk assessment of mould spoilage.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ijfoodmicro.2012.12.006.
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