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Abstract

Studies of morphological measurements from the outgrowth of cells to a network of hyphae have been extended
from Candida albicans (Nagy et al. in Appl Microbiol Biotechnol 98(11):5185-5194. https://doi.org/10.1007/50025
3-014-5696-5, 2014) to invasive conidiospores of Aspergillus fumigatus upon treatment with antifungal agents. The

understanding of mycelial processes is important to optimize industrial processes such as fermentation and contrib-
utes to the fight against pathogenic fungi. This brief study combines TLS with digital image analysis. The TLS system
was adapted to get information related to the adherence and growth dynamics of filamentous fungi. This approach
was used earlier to distinguish among subphases of bacterial and fungal infections of mammal cells by detecting
Mycoplasma infection in cell cultures causing serious damages in cell cultures. We describe changes in adherence,
germination of spores, and hyphal growth of A. fumigatus, taking place in the absence and presence of amphotericin
B (AMB) and voriconazole (VRC). These growth parameters were measured by TLS in CO, incubator under physiologi-
cal Photomicrography by TLS and extended for a longer period of time up to several weeks combined with image
analysis represents a comfortable and reliable means to characterize the growth dynamism of A. fumigatus. The most
important observation of medical importance related to the pathomechanism of VRC was that it did not adhere to
conidiospores, i.e. that it did not contribute to the attachment of spores to the growth surface, and did not prevent
germination but delayed hypha protrusion and elongation. In contrast AMB adhered to conidia, inhibited germina-
tion, hypha elongation and branching. It was concluded that AMB was efficient against the therapy of growth but not

against the prevention of fungal infection.

movement, Spatio-temporal analysis
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Introduction

Filamentous fungi play an important role in the so-
called ‘white biotechnology, by producing antibiotics
and enzymes. ‘“White biotechnology’ uses living cells
to synthesize products that are biodegradable, require
less energy and create less waste during their produc-
tion (Frazzetto 2003) and in a more general term during
the implementation of biotechnology in the industrial
sphere (Heux et al. 2015). Some of the filamentous fungi
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and indicate if changes were made.

are human pathogens, including different Aspergillus
species. The human pathogen Aspergillus fumigatus can
cause among others invasive pulmonary aspergillosis,
aspergilloma, immunoglobulin-mediated allergic rhinitis,
asthma, hypersensitive pneumonitis, chronic necrotiz-
ing pneumonia, allergic bronchopulmonary aspergil-
losis in immunocompromised individuals (Chaudhary
and Marr 2011; Simon-Nobbe et al. 2008). The route of
infection of Aspergillus conidia is mostly by inhalation to
the alveoli of lung due to their small size (2-3 pm) and
subjected to conidium-host interactions by exposure to
alveolar macrophages. Aspergillus fumigatus can invade
the host through alternative routes causing other serious
biomaterial-related biofilm infections, through catheters,
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joint replacements, cardiac pacemakers, heart valves and
breast augmentation implants (Escande et al. 2011; Jeloka
et al. 2011; Muldoon et al. 2017). A. fumigatus can form
biofilms on biomaterials and on other medical instru-
ments: sensors, gloves, incubators and blankets (Gallais
et al. 2017; Groll et al. 1998; Miiller et al. 2011; Miiller
2014; Perzigian and Faix 1993; Singer et al. 1998; Stock
et al. 2010). In the past decades the number of immu-
nocompromised patients increased due to the escalated
use of biomaterials in medicine, which led to the elevated
number of invasive pulmonary aspergillosis (Blankenship
and Mitchell 2006; Calton et al. 2014; Munoz et al. 2014).

Of the four major classes of antifungals against asper-
gillosis: (1) polyenes, (2) triazoles, (3) echinocandins,
and (4) allylamines (Maertens et al. 2016; Patterson et al.
2000; Sanglard and White 2006; Valiante et al. 2015)
AMB is the best known and oldest polyene. It has a wide
spectrum, and is effective against most fungal pathogens
(Patterson et al. 2000).

Ergosterol is a crystalline fungal sterol formerly iso-
lated from the fungus grown on ergot (Claviceps purpu-
rea). Ergosterol is present in the membranes of fungi and
protozoa serving the same function as cholesterol in ani-
mal cells. Due to its importance in these cells it became a
target to develop drugs against ergosterol to defend fun-
gal and protozoan infections (Banfalvi 2016).

Voriconazole the best known antifungal triazole inhib-
its the cytochrome P450-dependent 14a-lanosterol dem-
ethylase, that catalyzes the vital step in the cell membrane
ergosterol synthesis of fungi (Sanati et al. 1997; Macura
et al. 2000; Edlind et al. 2001; Pawlik et al. 2006). Flu-
conazole another first generation triazole is active against
yeast (e.g. Candida) species but the mold A. fumigatus
is resistant to fluconazole (Jacobs et al. 2012; Sable et al.
2002). Since fluconazole has no effect against A. fumiga-
tus (Jacobs et al. 2012; Sable et al. 2002), VRC was chosen
as an antifungal agent beside AMB in our experiments.

The aims of our study was to test the antifungal effect
of AMB and VRC by measuring growth parameters
including the adherence and germination of conidia of
the lethal filamentous fungus A. fumigatus.

Materials and methods

Preparation and outgrowth of conidia

Aspergillus fumigatus Af293 (FGSC A1100, IHEM18963,
clinical isolate from human lung tissue) was cultured in
nitrate minimal medium (Barratt et al. 1965). To obtain
sufficient amount of conidia for the tests, A. fumigatus
was grown as described (Balazs et al. 2010). Preparation
of conidia followed this established protocol. For anti-
fungal treatment 50 pl conidia suspension was added to
4.95 ml Roswell Memorial Institute 1640 medium (Sigma
Aldrich) medium in a T-25 flask to a final 5 x 10*/ml final
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conidium concentration. For the treatment AMB or VRC
was used at 0.25 pg/ml concentration.

Time-lapse imaging
The system and protocols for TLS were composed of:

(@) Incubator A SANYOMCOI18-AC (Wood Dale,
IL, US) CO, incubator was used with a back-side
instrument port. The chamber of the microscope
hosted four identical microscopes.

(b) Microscopes Olympus (Tokyo, Japan) upright
microscopes were modified for inverted usage, and
revolver turrets were installed to replace the origi-
nal illumination. CCD camera boards were placed
under the turrets, using the monocular adapter
lower parts of Olympus Tokyo as housing. Speci-
men tables were unmodified, but the slide orienta-
tion mechanisms were removed. Ocular sockets
were used for illuminators.

(¢) IHlumination Diodes (LED: 5 mm diameter; 1.2 V
and 50 mA, driven at 5 V using a serial 82 Ohm
resistor) emitting light at 940 nm were used to illu-
minate cells at minimized heat and phototoxicity.
Longer wavelength offered a deeper penetration
(up to 3-mm thickness) and less light dispersion
through the culture medium and the wall of the
T-flask. The theoretical limit of resolution under
our conditions using a 940- nm wavelength at 1.25
numerical aperture was 1.88 nm based on the Abbe
equation. The original 5 mm spherical LED was
used as a condenser for a better reproducibility of
the setup. [lluminators were centered and glued to
the ocular tubes of the microscope. The distance
between the upper surface of the T-25 culture flask
and the spherical ball-head of the LED was 120 mm.
[lumination of cells was limited to the image acqui-
sition periods (~5 s/timepoint).

(d) Microscope objectives Carl Zeiss (Jena, Germany)
plan achromatic objectives (*10/0.25 NA) were
used to enable a broad field of view to be imaged.

(e) Cameras Custom-modified 2 megapixel UVC USB
2.0 camera boards (Asus Computer International,
Fremont, CA, USA) were modified by removing the
camera housing, objectives, and infrared-cut filters.
Status indicator LEDs and attached resistors were
desoldered, and driver circuit terminals were elon-
gated with wires for near infrared illumination.

Digital image analysis

Image analysis plug-ins were developed by a Java-
based image processing software, The Image] v1.39d
(US National Institutes of Health) program enabled the
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quantitative analysis of fungi. The software is requesting
a set of data for the analysis from the user, along with the
directory in which the bank of images to be analysed are
contained.

Image processing

Image pre-processing begun with the filtering of images
to compensate the low-frequency, uneven illumination,
which could have resulted in shading and a non-uniform,
flickering background. This necessitated a segmenta-
tion process since grey levels exist within images that are
common to both objects and background. The selection
of a single threshold level to separate objects and back-
ground was therefore not feasible. Applying a single grey-
level threshold to such images would have resulted in a
high level of artefacts.

Median bypass filter

Variations in the background grey level could be cor-
rected by handling an image as a 2D signal and subjecting
it to high-pass filtering, which is implemented by using
Image]’s inbuilt “Bandpass Filter” function. This removes
image noises by Gaussian filtering in a Fourier space. The
radius of the filter was set to 40 pm (40 pixels for images
of hyphae, 200 pixels for spores). The radius of the width
of filter is large relative to the size of a typical hypha
(approximately 2—4 pm). Any high-frequency speckles
of background noise is subsequently removed by median
filtering.

Binary image formation

The images were then divided into three, 8-bit grey-scale
images, representing the three primary colour compo-
nents (red, green, blue). The red component exhibits
the greatest contrast for images of the lactophenol cot-
ton blue-stained fungal samples. These components were
retained for image processing; the green and blue com-
ponents discarded. A grey-level threshold, calculated by
Image] using the iso-data algorithm, was then applied,
resulting in a binary image.

Temporal distinction of hyphae

The next stage of the routine depended on whether
spores or hyphae were the primary object of study. It
was unlikely that the experimental setup viable spores
and hyphae were present in the same image. Preliminary
results indicated that most spores germinated approxi-
mately 8 h after inoculation. Spores present in a sample
taken after this time were considered to be non-viable
and regarded by the system as artefacts.
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Distinction of spores

The “Watershed” function was used to separate any
touching objects, primarily spores. The command cal-
culated the Euclidean Long Distance Map first then was
finding the final Eucledian Eroded Points (UEP). It then
extended the individual UEPs up to the edge of the parti-
cle or to another UEP region. Water jet segmentation was
best suited for smooth, round or convex objects that did
not overlap.

Digital analysis based on the cessation of Brown'’s
movement

To evaluate the speed and time of sedimentation (T,)
of spores to the growth surface the background was
removed from the image in the aforementioned way.
The differences were expressed in square pixels and sub-
tracted from successive moving images. These numeric
values provided information regarding the displacement
of spores compared to the previous state of motion.
Mobility values were used to determine the time when
the spores reached the bottom of the flask (Nagy et al.
2014; Talas et al. 2017). This way, the time of disappear-
ance of Brown’s movement became measurable. Digital
image analysis at population level was subjected to 50
randomly selected conidia, both in the control and after
antifungal treatment.

Measurement of time of branch formation

To estimate the appearance and growth of the hypha
branches we have measured the spore areas of the digi-
tally enhanced binary sequence. The increase in size of
single spores was determined by the temporal accumu-
lation method, the growth of population of conidia were
measured by the spatiotemporal (ST) map method origi-
nally described for Candida albicans cells (Nagy et al.
2014).

The essence of the ST method in the recent study was
similar to that of individual yeast cells. A. fumigatus
conidia could be examined in a 10 x 10-pixel square,
where the processes of spores extended outward as
spines and the time of their appearance could be deter-
mined. We have filtered out objects of poor surface
adhesion, excluded those floating and tubular particles
that would have distorted or falsified the measurements.
Using the ST method only those individual spores were
investigated that were within the same focal plane (Nagy
etal. 2014).

Validation of image-analysis

A semi-automatic image analysis was performed to vali-
date the use of ST and temporal accumulation meth-
ods. Noise was removed by grey-level thresholding and
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selection of hyphal elements from the image were per-
formed both manually, as was artefact removal by join-
ing breaks and filling up holes inside the hyphal elements.
The elements were then skeletonised and analysed by the
automatic method.

Image capture and display

The collection of images taken within 5-s intervals is
regarded high time resolution. Images collected with four
cameras were displayed simultaneously on the screen
to show time-matched morphological changes between
control and antifungal agents treated A. fumigatus
conidia. Details of growth and mobility of conidia of A.
fumigatus are included in the figure legends.

Attachment of conidia and hyphae outgrowth

For the analysis of the movement of conidia the back-
ground was removed from images. Differences were
given in square pixels subtracted from consecutive
images. Consecutive numerical values gave information
about the movement of conidia, relative to their previ-
ous status. Mobility values were used to define the time
of adherence of conidia to the bottom of the T-flasks. The
time of disappearance of mobility could be determined
and indicated the cessation of Brown’s molecular move-
ment. Experiments were carried out in triplicates in con-
trol and treated cell cultures. Digital image analysis of
conidia was performed in five selected regions of interest.

Statistical analysis

Standard deviation was calculated as a measure of disper-
sion of data from it’s mean and the ¢ test, one-way analy-
sis of variance (ANOVA) for statistical significance. Data
were presented as mean=+ SD. **p<0.01 was considered
as statistically highly significant.

Results

Analysis of hyphal growth

The early stage of A. fumigatus conidial development
was determined by the time of disappearance of Brown’s
movement (T;). To establish digitally enhanced binary
image sequences, areas of conidia were selected in the
visual field of TLS. Enlargement of the area of conidia
revealed conidia, germinating and protruding hyphae. As
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it would have been cumbersome to study the spatial and
temporal aspects of conidia outgrowth in a 10 x 10 pixel
square, those hyphae were filtered out that did not attach
to the growth surface and the growth of those conidia
was followed that adhered to the base and moved in the
direction of the same plane of focus.

Figure 1 shows the outgrowth of a conidiospore by the
ST map method: (a) T, time of adhesion of conidium
to the growth surface (26 min) (b) T;: swelling of conid-
ium (T,+48 min), (c) T, time of germination of spore
(T; 4163 min), (d) T3: time of appearance of hypha
branches (T,+ 181 min), (e) T4: time of first ramifica-
tion (T3+297 min). Of the intermediate stages seen in
Fig. 1 two parameters could be measured reliably, the
disappearance of Brown’s movement (T;) and the time
of hyphal outgrowth. The germination of spores and the
ramification of hyphae varied within a large time interval
and were not determined in the next experiments.

Disappearance of Brown’s movement

After treatment with the antifungal AMB or VRC, the
time of disappearance of Brown’s movement of conidia
of A. fumigatus was traced by TLS. The time that passed
from the addition of conidia to the growth medium and
their attachment to the growth surface corresponds
to the time of standstill of Brown’s movement (T).
Dynamic steps of hypha outgrowth from the conidium
outgrowth in the absence of antifungal agents consisted
of distinguishable stages (Fig. 1) including: (a) appear-
ance of conidium in the field of view, (b) adhesion to the
growth surface, i.e. cessation of Brown’s movement, (c)
bulging of conidium as the first sign of germination, (d)
appearance of hypha branches, (e) appearance of the first
ramification (upper right hypha).

The average time of disappearance of Brown’s move-
ment is shown at population level in Fig. 2. Digital image
analysis is shown in 50 control conidia and in 50 conidia
after antifungal treatment (Fig. 2a). The average adher-
ence time of 50 control conidia was nearly 28 min, the
average adherence time of AMB treated conidia was
12 min and the adherence time of VRC treated conidia
was about 11 min (Fig. 2b). In the presence of AMB and
VRC the Brown’s movement stopped earlier than in the
control population. By comparing different treatments,
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Fig. 1 Aspergillus fumigatus conidiospore outgrowth phases from germination to hypha formation and ramification visualized by TLS
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Fig. 2 Time of adherence of A. fumigatus conidia to the growth
surface in the absence and presence of antifungal agents. a Control:
Time of disappearance of Brown's movement of 50 conidia in the
absence of antifungal agents (upper blue line). Effect of antifungal
agents: average time of disappearance of Brown's movement of a
selected population of 50 conidia in the presence of AMB (green) and
in the presence of VRC (red). b Average time of adherence measured
in selected populations of conidia. Data are presented as mean = SD.
**p<0.01 considered as statistically highly significant

Control

it was found that the time of attachment of conidia after
AMB or VRC treatment was similar but took place in a
significantly shorter period of time than without these
treatments (Fig. 2b).

Time of hypha outgrowth

After germination the time of formation of the first
hypha was measured. AMB inhibited the germination
of conidia, the growth of hyphae could be followed only
in control and in VRC treated conidia (Fig. 3). The aver-
age time that passed from the attachment of conidia to
the appearance of hyphae in a population consisting of
50 conidia was 181 min in the control and 374 min after
VRC treatment (Fig. 3a). VRC delayed germination and
hypha formation in a significant manner (Fig. 3b). The
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Fig. 3 Time of hypha outgrowth. a Germination times of 50 selected
conidia of A. fumigatus. b Average time of the appearance of hyphae.
Upon treatment with AMB, conidia did not germinate. Treatment of
conidia with VRC did not stop but significantly delayed germination

Control

early appearance of hyphae is an important virulence
indicator of pathogenic fungi whereas delayed hyphae
outgrowth is an indication of antifungal effect.

Hypha branching

We have observed hyphal branching in the control
(Fig. le) but not after antifungal treatment. The time of
ramification was ~297 min. Ramification was blocked by
VRC. VRC treatment did not block germination, delayed
hyphal growth, and inhibited branching. AMB treatment
inhibited conidial growth in the earlier germination stage
and prevented later stages of hyphal outgrowth including
ramification.

Discussion

Parameters that distinguish between the stages of infec-
tion of conidiospores and the time of sporal outgrowth
serve as important data to be utilized in the antifungal
therapy against filamentous fungi such as Aspergillus,
Fusarium and yeast cells e.g. Candida or Cryptococ-
cus species. Images of conidiosporal development of A.
fumigatus obtained by TLS were subjected to digital
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Fig. 4 Cellular membrane of eukaryotic cells with embedded intramembrane and transmembrane proteins, cholesterol, alpha helix, ion channel,
glycoproteins containing carbohydrates. Ergosterol replaces cholesterol in fungi and protozoans (Modified with permission (Banfalvi 2016)

image analysis to understand fermentation processes
related to apical filament growth. In this work the conid-
ial and hyphal morphology were analysed to understand
the mechanism of action of the best known antifungal
agents. Methods based on image analysis were originally
applied to Candida albicans (Nagy et al. 2014) to avoid
the use of expensive commercial software. These meth-
ods were extended to the measurement of outgrowth
of conidiospores of A. fumigatus. After preparation of
conidia and young hyphae as well as their separation it is
recommended to analyze all forms of fungi from conid-
ium to the growth of branching hyphae.
The advantages of analysis include:

+ High-resolution power of image analyser system
(640 x 480 pixels per images) contributes to the fast
description of fungal morphology,

+ Study of large size and large number of images within
a short period of time taking few minutes.

The measurements started with the disappearance of
Brown’s movement corresponding to the time of adher-
ence to growth surface in the T-flasks. It was found that
treatment of conidia with antifungal agents slowed down
and stopped the Brown’s movement earlier than in the

absence of AMB and VCR. Control conidia adhered to
surface of flasks. At the applied 0.25 ug/ml concentra-
tions of antifungals (AMB, VRC) the adherence was
faster. AMB inhibited germination and hyphal growth.
The explanation to this phenomenon could be that
reduced adhesion and biofilm formation could serve as a
defending mechanisms for fungi (Bom et al. 2015). The
VRC caused delayed hypha protrusion and elongation we
have observed could be related to the inhibition of ergos-
terol synthesis (Edlind et al. 2001; Macura et al. 2000;
Pawlik et al. 2006; Sanati et al. 1997). Hypha branching
was seen only in control conidia. The inhibition of hypha
ramification seems to be related to the effect of proteins
on branching observed with hyphae of A. fumigatus
(Lamarre et al. 2009).

As far as the mode of action of polyenes is concerned,
it was found by freeze-fracture electron microscopy that
large amphoteric polyenes, such as amphotericin B and
nystatin caused random segregation of the fungal plasma
membrane. These observations were explained by dif-
ferent mechanisms of polyene-sterol interactions and by
their higher affinity to ergosterol than to cholesterol in
membranes (Kitajima et al. 1976). AMB-ergosterol inter-
action (Umegawa et al. 2012) renders membrane perme-
able and fungals cells susceptible to AMB. AMB attaches
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to ergosterol in the membrane of yeast cells of fungi and
extracts ergosterol from membranes (Anderson et al.
2014). AMB by inserting spontaneously into ergos-
terol containing changes the integrity of the membrane
by forming pores (Kitajima et al. 1976; Brajtburg and
Bolard 1996). The formation of aqueous pores by AMB
has been linked to a diverse set of gradual responses lead-
ing to the emergence of resistance genes that protect the
membrane against the disruptive effects of the antibi-
otic (Cohen 2014). AMB induces the desorganization of
plasma membrane leading to loss of essential ions (e.g.
K*) (Butler et al. 1965) and pore formation in the cellu-
lar membrane resulting in metabolical changes and may
result in cell death (White et al. 1998). Recent investiga-
tions show that the antifungal activity of AMB can be
attributed to the formation of an ion-channel assembly
in the presence of ergosterol in which there are two dif-
ferent AMB-ergosterol orientations, parallel and antipar-
allel addition coplexes are created within a few minutes
(Nakagawa et al. 2016).

The common target of AMB and VRC in the inhibi-
tion of fungal growth is ergosterol (Fig. 4). In contrast to
AMB, VRC is known to block the synthesis of ergosterol
(Sanati et al. 1997; Macura et al. 2000; Edlind et al. 2001;
Pawlik et al. 2006). We have observed that VRC contrib-
utes to the fast adherence of hyphae, but does not inhibit
as effectively germination as AMB and is completely
blocking ramification of hyphae similarly to AMB. The
reason could be that VRC by interfering with the biosyn-
thesis of ergosterol reduces the rigidity and increases the
flexibility of cellular membrane especially at the unset of
hyphal growth and during ramification of hyphae.

As far as the industrial aspects of fungal fermentation
processes are concerned, the relationship between the
adhesive properties and the productivity of fungal cul-
ture help to improve automatic image analyzing tech-
niques, contribute to the development of fast methods to
determine the optimal parameters for fungal growth and
inhibition.
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