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ABSTRACT 
According to the IPCC, human-induced climate change is responsible for an increase in extreme 
weather events such as heatwaves. Besides the adverse effects of heatwaves on humans, heatwaves 
also negatively affect natural systems. It impacts all types of ecosystems and their trophic levels, 
including the smallest microorganisms. Such tiny and essential microorganisms are saprotrophic soil 
fungi; they play a crucial role in ecosystem functioning. They are the dominant decomposers of soil 
organic matter and release CO2 into the atmosphere, mediating carbon exchanges between the 
biosphere and atmosphere. Increased fungal activity due to heatwaves could lead to more significant 
soil carbon losses and increase positive climate feedback. However, it is thought that thermal 
acclimation (physiological down-regulation) could mitigate the potential adverse effects of elevated 
temperatures. Nonetheless, little is known about how heatwaves and thermal acclimation influence 
density-driven population regulation through intraspecific competition. Therefore, we tested the 
hypotheses that (1) heatwave temperatures increase the growth rate and intraspecific competition 
and (2) thermal acclimation to heatwave temperatures will result in slowed growth rates and a shift 
in intraspecific interactions. Our results proved our first hypothesis that under heatwave 
temperatures, there is a significant increase in growth rate and severity of intraspecific competition, 
leading to a lowered carrying capacity and, thus, a lower sustainable population size. However, unlike 
the second hypothesis, no effects of thermal acclimation on intrinsic growth rate, intraspecific 
competition and carrying capacity were measured. Addressing these ecological impacts of acclimation 
in a changing environment is crucial for more accurate ecological predictions 
 
INTRODUCTION 

Human-induced climate change is 
responsible for an increase in extreme weather 
events such as heavy rainfall, temperature 
extremes, droughts, and floods, as well as 
compound events such as heatwaves (1,2). 
According to the IPCC (Intergovernmental Panel 
on Climate Change), it is virtually certain that the 
intensity and frequency of heatwaves will 
continue to increase, even if global warming will 
be stabilised at 1.5ºC (2,3). By 2040 the land areas 
affected by heatwaves are thought to be 
quadrupled (4). This could come with various  

 
problems as heatwaves lead to multiple adverse 
events, such as impacts on human health, causing 
increased mortality (5). Additionally, it could 
impact agriculture, leading to an increased risk of 
crop failure (6). Besides affecting us humans, it is 
also widely known that heatwaves cause negative 
consequences for natural systems, where it 
impacts all types of ecosystems and their trophic 
levels, from large animals to the smallest soil 
microorganisms (7,8).  

These soil microorganisms play a crucial role 
in ecosystem functioning. Most events visible on 
the above-ground level are driven by the below-
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ground processes and interactions of soil 
microbes (9). Efforts have been made to classify 
soil microbes into three broad functional groups. 
The first group (mainly represented by bacteria 
and soil fungi) are the chemical engineers 
responsible for nutrient cycling and 
decomposition of organic matter (9). A second 
group (mainly represented by microfauna as well 
as soil fungi) are the biological regulators (also 
known as bio controllers) who are responsible for 
the regulation of population dynamics and pests 
(9,10). The third group (consisting of microfauna, 
soil fungi, and bacteria) are the ecosystem 
engineers responsible for regulating the soil 
structure and simultaneously the availability of 
resources to other species (9,10). According to 
this classification, we can see that soil fungi 
belong to all three functional groups and are 
therefore considered key players in ecosystem 
functioning. Additionally, soil fungi are the 
dominant members of many soil communities 
(11). It is, therefore, essential to understand how 
soil fungi are affected by climate change events 
such as heatwaves.   

This study focuses on a specific group of soil 
fungi, namely the cord-forming saprotrophic 
fungi (also known as decomposer fungi). In the 
plant litter zone, these soil saprotrophs are the 
dominant decomposers of soil organic matter 
(SOM) (12). Complex SOM compounds get 
broken down and converted into smaller 
inorganic nutrients, which are released into the 
environment or used for their own growth, 
making them the primary regulators of soil 
nutrients and carbon cycling (11,12).  However, 
during the decomposition of SOM, there is a 
respiratory release of CO2, making soil 
saprotrophs key players in soil carbon fluxes 
between the biosphere and atmosphere and hence 
in climate feedback (11–13). An increasing 
temperature within the optimum growth range of 
most saprotrophic soil fungi (25 ºC – 30 ºC) 
accelerates activity and hence growth rates 
(14,15). Such an increasing fungal activity could 
potentially have negative consequences for 
climate feedback by an increased respiratory 
release of CO2 into the atmosphere, enhancing 
global warming (11,13). Despite the fact that an 
increase in temperature will enhance fungal 
activity, it is also known that soil saprotrophs 

possess a high level of phenotypic plasticity 
(10,16). This phenotypic plasticity can be 
described as the ability to respond to different 
environmental conditions with a wide range of 
physiological and morphological changes (16). 
Acclimation is a specific type of phenotypic 
plasticity, also known as a reversible non-genetic 
change in response to a specific environmental 
stressor (17,18). When this stressor is 
temperature, this phenomenon is called thermal 
acclimation (13,17,18). The ability to undergo 
thermal acclimation has been proven for many 
organisms, such as plants, cyanobacteria, and 
mycorrhizal fungi (12,18–20). Even more, In 
2013, Crowther and Bradford studied the ability 
of soil saprotrophs to undergo thermal 
acclimation in agar plate experiments (13). These 
thermal acclimation experiments showed that, in 
most cases, warm-acclimated individuals had a 
lower growth and respiration rate than cold-
acclimated individuals (13). These results suggest 
that thermal acclimation can mitigate the 
increased soil carbon efflux expected during 
heatwave events and consequently mitigate the 
positive climate feedback (13,22,23). 
Nonetheless, the relevance of testing in more 
realistic settings than petri dishes has been 
demonstrated by Klingen et al., who in 2001 
tested the inhibitory effect of isothiocyanate on 
insect pathogenic fungi and showed that in petri 
dishes, the fungi were inhibited, while in 
microcosms, there was no inhibition at all (24). 
However, empirical data on the effects of thermal 
acclimation on soil saprotrophs in more realistic 
experimental settings, like a microcosm, remain 
scarce. 

Nevertheless, in a recent study conducted by 
Alster et al. in 2021, the phenotypic plasticity of 
soil fungi in response to temperature and moisture 
was tested using sterile litter microcosms. The 
study results suggest that fungal biomass and 
extracellular enzyme activity varied in different 
moisture and temperature environments. 
Furthermore, the response also varied between 
different fungal isolates. These results thus 
indicate that soil fungi studied in a more complex 
setting exhibit a plastic response to temperature 
and moisture (16).   

Besides the effect of temperature and thermal 
acclimation on physiological responses such as 
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growth, very little is known about how these 
factors will influence soil fungal populations and 
communities. Both populations and communities 
are shaped by two factors, namely, environmental 
parameters (e.g. resources, temperature, water 
availability, space) and interactions (i.e. intra- and 
interspecific competition) (25,26). To study the 
effects of heatwaves on soil fungal 
populations/communities, it is besides 
understanding how single environmental factors 
affect physiological responses such as growth, 
also essential to understand how interactions are 
affected (27). As already stated, there are two 
types of interactions. The first type is intraspecific 
competition which represents the competition for 
limited resources between members of the same 
population and is known to induce plastic changes 
in growth rates (28). The second type is 
interspecific competition, representing the 
competition for limited resources between 
members of different populations (28). The ratio 
between intraspecific and interspecific 
competition within a community is mainly caused 
by the niche overlap between the present species 
(29). However, in communities with coexisting 
species, the force of intraspecific competition is 

stronger than that of interspecific competition 
(12,30). In other words, population growth within 
a (healthy) community is mainly controlled by 
self-limitation rather than species limiting the 
population growth of their competitors (30). 
These factors make intra- and interspecific 
competition the drivers of population and 
community responses. Therefore, they are 
interesting parameters to study in relation to 
environmental stressors caused by human-
induced climate change (27). Theoretical studies 
on the effect of temperature on intraspecific 
competition in ectotherms show that intraspecific 
competition is positively correlated with 
temperature (31,32). This hypothesis is mainly 
expected when due to a higher temperature, 
activity levels increase, consequently leading to 
increased resource requirements (31,33). Despite 
the importance of understanding how 
intraspecific competition is affected by 
temperature and thermal acclimation and how soil 
fungal population dynamics are affected, this 
topic remains understudied. So far, studies mainly 
focused on plants and insects (34).  

Therefore, this study focuses on determining 
the effect of heatwaves and thermal acclimation 

Fig. 1 – Modified Lotka-Volterra regression model: The regression model compares the per-capita 
growth rate (Y-axis) calculated as ln(Nf/Ni)/Δt and species biomass (X-axis) when grown in monoculture. 
The Lotka-Volterra demographic population parameters can be distracted from this model, the Y-intercept 
represents the intrinsic growth rate (r), the slope of the model represents the sign and intensity of 
intraspecific competition (aii), and the X-intercept represents carrying capacity (K). Nf: final abundance; Ni: 
initial abundance; Δt: difference in time. (Figure derived from Mühlbauer et al. 2020) (39). 
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on the growth and intraspecific competition of the 
common soil saprotroph Trichoderma harzianum 
(phylum: Ascomycota). This study compares the 
mycelial biomass of ambient- and warm-
acclimated (environmental history) T. harzianum 
when grown in ambient and heatwave 
temperatures (environmental conditions) in 
sterilised soil microcosms. Soil microcosms were 
chosen because they are more ecologically 
realistic regarding physicochemical properties 
(e.g., nutrient availability, 3D growth matrix, 
water-holding capacity) than simple agar plate 
experiments (24). Mycelial biomass was chosen 
as a measure of mycelial growth because it will 
tell us something about the capacity of the fungus 
to encounter and decompose SOM and thus 
provide essential knowledge of the effects of 
temperature on fungal functioning (13). The 
DNA-based technique digital droplet PCR (dd-
PCR) was used to measure mycelial biomass. dd-
PCR shows high accuracy and sensitivity 
compared to other DNA-based techniques, such 
as qPCR (35–37). High accuracy and sensitivity 
are essential when working with microcosms 
because they hold very small fungal biomasses.  
However, dd-PCR is mainly used in clinical 
studies, leading to protocols that deliver 
suboptimal results when used on environmental 
samples with a rather complex chemical and 
biological origin (36).  Therefore, in this study, a 
newly designed and optimised dd-PCR protocol 
for soil samples containing mycelium was 
prepared. 

Ultimately, measurements of mycelial 
biomass in response to environmental history 
(EH) and environmental conditions (EC) were 
used to prepare modified Lotka-Volterra 
regression models. These models describe the 
change in species abundance over time, also 
known as Per-capita Growth Rate (PCGR). 
Furthermore, these models are used to obtain 
demographic population parameters such as 
intrinsic growth rate (r), intraspecific competition 
(aii) and carrying capacity (K) (38,39) (Fig 1). The 
intrinsic growth rate is a measure of the maximal 
per capita growth rate of a species within a 
population at low density and in the absence of 
other species (39). The intensity of the 
intraspecific competition parameter shows how a 
species will affect its own growth (31,39). The 

parameter carrying capacity is used as a measure 
of the maximal sustainable abundance of a species 
in a given environment (39). Altogether, the use 
of modified Lotka-Volterra models to study the 
effects of EC and EH on the common soil 
saprotroph T. harzianum will gain us valuable 
insights into how population dynamics of this 
strain will respond to temperature stress as well as 
thermal acclimation in controlled laboratory 
settings when grown in monoculture in soil 
microcosms.  

We hypothesise that (1) exposure to different 
temperatures (EC) will influence the growth and 
intraspecific competition of T. harzianum when 
grown in sterile soil microcosms. We predict that 
at heatwave conditions of 25ºC, there is an 
increased growth rate and stronger intraspecific 
competition. (2) Thermal acclimation (EH) will 
result in slowed growth rates when warm-
acclimated and accelerated growth rates when 
ambient-acclimated, leading to a shift in 
intraspecific interactions.  
 
EXPERIMENTAL PROCEDURES  

Origin of soil and fungal strain – The used 
soil originated from a meadow in South-West 
Germany (Rheinland-Pfalz/Leimersheim) and 
was not exposed to pesticides, biocidal fertilisers, 
or organic manure at least five years before 
sampling. The soil was taken at a 0-20 cm depth 
and sieved with a 2mm screen by the supplier 
(Lufa-Speyer). The fungal strain of Trichoderma 
harzianum (MUCL 29707) used for the 
experiments originated from an unspecified soil 
type in Flemish-Brabant, Belgium, provided by 
the Belgian coordinated collections of 
microorganisms. Strain stocks were prepared on 
Minimum Merlin Norkans (MMN) agar (40). 
Plates were sealed with Parafilm®, and mycelium 
was grown at 25ºC in an incubator for 
approximately 2 days and stored in a cold room 
(5ºC). 
 

Strain incubation, microcosm preparation, 
and mycelium processing – The strain was 
cultured for 7d at 25ºC/18ºC on sterilised MMN-
agar in 9-cm diameter Petri dishes (n=25 per 
temperature) containing sterilised cellophane 
sheets or accurately collecting mycelium without 
collecting agar. The defined heatwave 
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temperature of 25ºC was based on previous 
experiments in the Ecotron facility of Hasselt 
University. The ambient temperature of 18ºC 
functions as a reference condition. Petri dishes 
were sealed with Parafilm® to reduce risks of 
contamination. Per dish, one fungal plug (⌀:	7,50 
mm) was used. Experiments took place in 
microcosms containing 15-gram sterilised soil. 
Soil sterilisation was done by a three-time 
autoclaving cycle at 121ºC for 20 minutes. After 
every cycle, the soil was left to rest for 48 hours 
to ensure the growth of remaining resistant 
spores. After sterilisation, the soil was replaced 
into sterile 50mL falcon tubes. Mycelium that was 
grown on MMN plates was collected and 
transferred into 150mL 1/6 diluted Fries medium 
(41) and mixed in a blender (3x 20s) to obtain 
mycelium pieces of ~2mm. Based on the mycelial 
growth standard curves (see supplement S2, Fig 
S2) and the mycelial dry biomass approximation 
(see supplement S1, Fig S1), dilutions were made 
to obtain 4 different relevant initial mycelial 
abundances and a negative control that were 
inoculated and mixed as a 5mL solution in 
sterilised 15-gram soil microcosms (0,0 mg/ g 
soil; 0,04 mg/ g soil; 0,16 mg/ g soil; 0,64 mg/ g 
soil; and 1,9 mg/g soil) all initial abundances are 
ecological relevant as they are within the range of 
measured natural occurring fungal biomasses 
(~0.013 – 5.2 mg dry weight / g soil) (42,43). 
 

Pre-experiment: growth dynamic of T. 
harzianum – To determine the maximum possible 
duration of a heatwave experiment, it was 
necessary to investigate the growth dynamics of 
T. harzianum in soil microcosms. The maximum 
possible duration of the heatwave experiment 
depended on the length of the exponential growth 
phase of the strain, which means that for accurate 
predictions of final abundances, the heatwave 
should last no longer than the length of this 
growth phase. Mycelium was grown at 25ºC and 
processed as described in the “strain incubation”, 
“microcosm preparation”, and “mycelium 
processing” section. All microcosms were 
exposed to 25ºC for 0,2,4 and 7 days. At every 
time point, one microcosm for every initial 
abundance was sacrificed. Ultimately, this 
resulted in 20 microcosms containing (4 initial 
abundances + negative control) * 4-time points. 

The experiments were terminated by freezing the 
soil at -80ºC. All soil samples were homogenised 
using a mortar, pestle, and liquid nitrogen. Soil 
samples of ~ 0.25g were taken from all 
microcosms, and phenol: chloroform DNA 
extractions took place. DNA extracts were further 
analysed with dd-PCR to obtain the growth 
dynamics of T. harzianum. 
 

Heatwave experiment experimental set-up– 
To determine the effects of thermal acclimation 
on the growth response of T. harzianum during a 
heatwave and ambient conditions, T. harzianum 
was acclimated for seven days to ambient 
conditions of 18ºC (n=25) and heatwave 
conditions of 25ºC (n=25), according to the 
“strain incubation” section. After acclimation, the 
mycelium of each temperature treatment was 
processed as previously described in the 
“mycelium processing” section. The obtained 
initial abundances and negative control were 
inoculated into the soil microcosms. In total, 80 
microcosms were used in this experiment, 
comprising four experiments for all the initial 
abundances (+ negative control), all in 
quadruplicate (1) mycelium acclimated to 25 ºC 
exposed to a heatwave of 25ºC; (2) mycelium 
acclimated to 25 exposed to an ambient condition 
of 18ºC; (3) mycelium acclimated 18ºC exposed 
to a heatwave of 25ºC; (4) mycelium acclimated 
18ºC exposed to an ambient condition of 18ºC 
(see Fig. 2 for a schematic overview of the 
experimental design). After 3 days, the 
experiments were terminated by freezing the 
microcosms at -80ºC. All soil samples were 
homogenised using a mortar, pestle, and liquid 
nitrogen. Finally, soil samples of ~0.25g were 
taken from all microcosms and phenol: 
chloroform DNA extractions took place. DNA 
extracts were further analysed with dd-PCR, and 
data output was used to fit modified Lotka-
Volterra regression models. 
 

DNA extraction and quality control - Up to 
0.25g of homogenised soil of each microcosm 
was collected in Eppendorf’s, followed by adding 
0.7 mm Garnet beads, 600 μL Bead solution (181 
mM NaPO4, 121 mM guanidinium 
isothiocyanate, pH 7.5), and 60 μL SR1 solution 
(150 mM NaCl, 4% SDS, 0.5 M tris, pH 10) to 
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disperse cells and soil particles, aid cell lysis and 
break down fatty acids and lipids of cell 
membranes. 600 μL phenol:chloroform:isoamyl 
alcohol (pH 8) was added for optimal lysis 
efficiency by separating the lysed cell 
components and proteins from the nucleic acids. 
Cell lysis was obtained by mixing samples for 10 
min at 25Hz in a Retsch mixer. The tubes were 
centrifuged at 13,400 rpm for 2 min to obtain 
phase separation of the mixture. The upper 
aqueous phase containing total nucleic acids was 
transferred to clean tubes and centrifugated at 
max speed for 2 min to pellet the proteins and 
humic acids. Up to 450μL supernatants were 
transferred to a 2mL deep well block and mixed 
with 25μL NucleoMag B-beads (Machery Nagel) 
and 475μL MWA2 binding buffer (95-100% 
isopropanol). A suitable DNA extraction protocol 
was run on the MagMAX™ Express magnetic 
particle processors (Thermo Fisher Scientific, 

inc., U.S.). DNA samples were washed in 850μL 
MWA3 solution (3.2M Guanidine hydrochloride, 
30 mM tris, 30% ETOH, pH 6.8) and 850μL 
MWA4 solution (10 mM Tris, 100 mM NaCl, 
50% EtOH, pH 7.5). Finally, the DNA extracts 
were eluted in 100μL Rnase-free H2O. After DNA 
extraction, quality control with Nanodrop was 
done to determine the purity of the DNA extract, 
and Qubit 2.0 Fluorometer (Thermo Fisher 
Scientific, inc., U.S.) was used to determine the 
DNA concentration present in samples. DNA 
samples were stored at -20 ℃.     
 
dd-PCR procedure – DNA samples were diluted 
(1/200) with RNase-free water to overcome PCR 
inhibition by humic acids in the soil samples. dd-
PCR reaction mix (per reaction) contained 10μL 
2x QX200™ ddPCR™ EvaGreen® Supermix 
(Bio-Rad), 1μL Forward primer (ITS1S: 5′-
TACAACTCCCAA ACCCAATGTGA-3’), 1μL 

Fig. 2 – Experimental design heatwave experiment: Mycelium of T. harzianum was acclimated (EH) to 
18ºC and 25ºC for 7 days on MMN-agar (n=25 for each EH).  Acclimated mycelium was collected, and 4 
different initial abundances and a negative control were inoculated into sterilised soil microcosms. Each 
initial abundance of acclimated mycelium (EH:25ºC/18ºC) was exposed to 18ºC or 25ºC (EC) for 3 days. 
Ultimately final abundances were measured by using dd-PCR and modified transformed Lotka-Volterra 
regression were prepared to study the effect of EH and EC on the growth and intraspecific competition of T. 
harzianum monocultures in sterilised soil microcosms. A total of n=80 microcosms was used in this 
experiment. 
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Reverse primer (ITS1R: 5′-
CCGTTGTTGAAAGTTTTGATTC ATTT-3′); 
both primers were designed by Lopez-Mondejar 
et al. (44). ITS (Internal Transcribed Spacer) 
regions (Fig. S3) were used because they show a 
high probability of successful identification for a 
broad range of fungi and are the most used 
barcode for fungal identification at the species 
level (45,46). For the reduction of mid-amplitude 
droplets (rain) in the dd-PCR output, the protocol 
was optimised by adding 6μL of 0.4μg/μL BSA 
dissolved in RNase-free water (see S4 - dd-PCR 
optimisation experiments, Fig. S4) (47). 18μL 
reaction mix and 2μL of diluted DNA were loaded 
into the DG8™ Cartridge for the 
QX200™/QX100™ droplet generator, followed 
by the addition of 70μL oil for EvaGreen®. 
Droplets were generated using the QX200™ 
Droplet Generator (Bio-Rad). After droplet 
generation, 40μL of droplets (per sample) were 
carefully loaded into a 96-wells plate (Bio-Rad) 
and heat sealed at 180°C for 5 sec using the 
PX1™ PCR Plate Sealer (Bio-Rad). DNA 
amplification was obtained by using C1000 
Touch™ Thermal cycler (Bio-Rad), with the 
following cycling conditions: enzyme activation 
at 95°C for 5 min, denaturation at 95°C for 30 sec, 
annealing/extension (40 cycles) at 59,5°C for 1 
min, signal stabilisation at 4 °C for 5 min 
followed by 90°C for 5 min, hold at 4 °C for 
infinity. A ramp rate of 2°C/sec was used during 
all thermal cycling steps. Optimal 
annealing/extension temperatures were 
determined by using a temperature gradient (see 
S5 - dd-PCR temperature gradient, Fig. S5) 

 
Statistical analysis – dd-PCR output (ITS 

copies/μL) of the heatwave experiment in 
combination with the standard curve giving the 
relationship between absolute fungal biomass 
(mg mycelium/g soil) – DNA content (ITS 
copies/μL) (see supplement S1, Fig S1) was used 
to calculate absolute fungal biomass. This data 
was then used to prepare transformed modified 
Lotka-Volterra linear regression models by first 
calculating the dependent variable Per-capita 
growth rate (PCGT) according to the following 
formula (PCGR = !"	(%!/%")

()
), with Nf being the 

final abundance, Ni being the initial abundance, 

and Δt being the length of the experiment. PCGR 
was then plotted against the natural logarithm of 
the independent variable Ni. The model was used 
to calculate different population parameters, such 
as intrinsic growth rate (ri), sign and intensity of 
intraspecific competition between individuals of 
the same species (aii) and the carrying capacity 
(K). Following this, an unpaired two-sample T-
test analysis was conducted to compare the means 
of the dependent variables intraspecific 
competition, intrinsic growth rate and carrying 
capacity, the independent variables 
environmental history (EH) (18ºC/25ºC), 
environmental conditions (EC) (18ºC / 25ºC).  
Additionally, a two-way ANOVA was conducted 
to test the effect of EH and EC on the PCGR of 
the lowest initial abundance in the experimental 
design (0.04 mg mycelium/ g soil). For this test, 
independent variables were EH (18ºC / 25ºC), EC 
(18ºC / 25ºC), and the dependent variable was 
PCGR. Before the statistical tests were 
conducted, assumptions of normality and 
homogeneity of variances were tested using 
Shapiro-Wilk and Bartlett’s tests. Non-parametric 
alternatives (Wilcoxon-test for t-test / aligned 
ranks transformation ANOVA for Two-way 
ANOVA) were used when assumptions were not 
met. All statistical analyses were conducted in R-
studio (version: 2023.03.0+386) and R (version: 
4.3.0) (48). 
 
RESULTS 

Growth dynamics of T. harzianum – Initial 
abundances 1.9 and 0.04 mg mycelium/g soil 
reached the exponential growth phase around 3 
days of growth in sterile soil microcosm at 25ºC 
(Fig S6: dark blue and orange lines). An initial 
abundance of 0.16 mg mycelium/g soil reached 
exponential growth at ~5 days in sterile soil 
microcosms at 25ºC (Fig S6: yellow line). No real 
growth was measured for the initial abundance of 
0.64 mg mycelium/g soil (Fig S6: light blue line). 
The negative control showed no growth of T. 
harzianum (Fig S6: red line), indicating that no T. 
harzianum is present in the sterilised soil. Based 
on the exponential growth phase of T. harzianum, 
which reaches a plateau phase at a biomass of 
>5.4 mg/mycelium (see results of log-regression 
growth standard curve – supplement S2 and Fig 
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S2), the maximal duration of the heatwave 
experiment was set to 3 days.  

 
Effect of temperature (EC) on the intrinsic 

growth rate, intraspecific competition and 
carrying capacity – Transformed Lotka-Volterra 
regression models for EC (Fig 3A) show the 
PCGR of T. harzianum in monoculture under 
different EC (18ºC and 25ºC). Slopes (aii) of the 
lines represent the intensity of intraspecific 
competition of T. harzianum in a soil microcosm. 
Due to the model transformation (ln(Ni)), the 
intrinsic growth rate (the theoretical maximal 

increase of a population per individual at very low 
density) could not be readily based on the Y-
intercept as proposed in Fig 1. In this transformed 
modified Lotka-Volterra regression model, the Y-
intercepts represent an initial abundance of 1 mg 
mycelium/g soil (ln Ni = 0 equals Ni = 1). 
Therefore, the intrinsic growth rate (ri) at a lower 
Ni (~ 0 mg mycelium/ g soil) was calculated using 
the estimate of ln Ni = -200 mg mycelium/g soil 
(not visible on the graph). X-intercepts represent 
the population carrying capacity (maximum 
sustainable population density). Our results show 
that EC significantly affected the intrinsic growth 

Fig. 3 – Transformed Lotka-Volterra regression model showing the effect of environmental 
conditions (EC) on the intrinsic growth rate, intraspecific competition and carrying capacity of T. 
harzianum:  (A) Y-axis: represents the Per Capita Growth Rate calculated as ln(Nf/Ni)/Δt, X-axis: 
represents the natural logarithm of the Ni in mg mycelium/ gram soil, green line represents T. harzianum 
exposed to EC 18ºC (R2 = 0.1519) , orange line represents  T. harzianum exposed to EC 25ºC (R2 = 
0.7194) ; shaded regions are the 95% CI of the regression lines. (B-D) Boxplots show mean ± SE for each 
Lotka-Volterra regression parameter; (B) The effect of EC on intrinsic growth rate (EC 18ºC: 
7.453±14.139; EC 25ºC: 61.078±17.059); (C) The effect of EC on intraspecific competition (EC 18ºC: -
0.065±0.026; EC 25ºC: -0.197±0.029); (D) The effect of EC on carrying capacity (EC 18ºC: -0.4±1.2; EC 
25ºC: -1.938±2.079). Boxplots with different letters indicate a significant difference (p <0.05) 
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rate (p-value = < 2.2 *10-16, Fig 3B). At EC 25ºC, 
the mean intrinsic growth rate was ~8.2x higher 
than at EC 18ºC (ri 18ºC: 7.453 vs ri 25ºC: 
61.078). EC also significantly affected 
intraspecific competition intensity (p-value = < 
2.2 *10-16, Fig 3C). At 25ºC, the intraspecific 
competition was ~3x more intense than at 18ºC 
(aii 18ºC: -0.065 vs aii 25ºC: -0.197).  Ultimately, 
EC also significantly affected the carrying 
capacity of the strain grown in sterile soil 
microcosms in monoculture (p-value = 0.0002, 
Fig 3D). At 25ºC, the carrying capacity was ~5x 
lower than at 18ºC (K 18ºC: -0.4 vs K 25ºC: -
1.938). 

The effect of acclimation (EH) on the 
intrinsic growth rate, intraspecific competition 
and carrying capacity – Transformed Lotka-
Volterra regression models representing the effect 
of EH on PCGR (Fig 4A) were prepared the same 
way as the models representing the effect of EC. 
Regression parameters (intrinsic growth rate, 
intraspecific competition, and carrying capacity) 
were also calculated similarly. EH had no 
significant effect on the intrinsic growth rate (p-
value = 0.5563, Fig 4B), nor on the intensity of 
intraspecific competition (p-value = 0.1259, Fig 
4C), and the carrying capacity (p-value = 
0.05417, Fig 4 D). 

Fig. 4 – Transformed Lotka-Volterra regression model showing the effect of environmental history 
(EH) on the intrinsic growth rate, intraspecific competition and carrying capacity of T. harzianum: 
(A) Y-axis: represents the Per Capita Growth Rate calculated as ln(Nf/Ni)/Δt, X-axis: represents the natural 
logarithm of the Ni in mg mycelium/ gram soil, green line represents T. harzianum acclimated to EH 18ºC 
(R2 = 0.3306), orange line represents  T. harzianum acclimated to EC 25ºC (R2 = 0.4116); shaded regions 
are the 95% CI of the regression lines. (B-D) Boxplots show mean ± SE for each Lotka-Volterra regression 
parameter; (B) The effect of EH on intrinsic growth rate (EH 18ºC: 24.82 ±6.089; EH 25ºC: 23.66 ±6.735); 
(C) The effect of EH on intraspecific competition (EH 18ºC: -0.125 ±0.03075; EH 25ºC: -0.119 ±0.034); 
(D) The effect of EH on carrying capacity (EH 18ºC: -1.156 ±1.977; EH 25ºC: -1.938 ±2.079). Boxplots 
with different letters indicate a significant difference (p <0.05) 
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Effects of EC and EH on the PCGR of T. 
harzianum with an initial abundance of 0.04 mg/g 
soil – An additional statistical analysis on the 
effect of EC and EH on the PCGR at an initial 
abundance of 0.04 mg mycelium/g soil showed 
that the PCGR was not significantly affected by 
EC (p-value = 0.21111, Fig 5). However, EH 
significantly affected PCGR (p-value = 0.02367, 
Fig 5). At an EH of 25ºC, the PCGR was ~1.5x 
lower than at an EH of 18ºC. No interaction 
between EH and EC was found. The PCGR of T. 
harzianum acclimated to EH 18ºC (standard 
deviation EC 18ºC: 0.0986; EC 25ºC: 0.0920) 
showed higher variance than when acclimated to 
25ºC (standard deviation EC 18ºC: 0.0228; EC 
25ºC: 0.0326). 

DISCUSSION 
Heatwave temperatures enhance growth rate 

and intraspecific competition – Our findings 
show that the intrinsic growth rate, as well as the 
intraspecific competition, was higher when T. 
harzianum was exposed to heatwave 
temperatures of 25ºC. These findings prove our 
first hypothesis stating that exposure to different 
temperatures (EC) will influence the growth and 
intraspecific competition of T. harzianum grown 
in sterile soil microcosms. Additionally, we found 
that at 25ºC, the carrying capacity of the tested T. 
harzianum strain was significantly lower than at 
18ºC. This finding suggests that during a 25ºC 
heatwave event lasting three days, the maximum 
sustainable population density is lower than when 

Fig. 5 – Boxplots representing the effects of environmental conditions (EC), and environmental history (EH) 
on the PCGR of T. harzianum at an initial abundance of 0.04 mg mycelium/ gram soil: boxplots show the 
median ± standard deviation for each PCGR of each EC and EH( EH18:EC18: 0.31±0.0986; EH18EC25: 
0.37±0.0920; EH25:EC18: 0.2 ± 0.0228; EH25:EC25: 0.24±0.0326). Boxplots with different letters indicate a 
significant difference (p<0.05).   
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exposed to 18ºC. There are multiple possible 
explanations for the strain’s higher intrinsic 
growth rates at 25ºC.  

The first explanation could be that at 25ºC, 
the metabolic activity of the strain is higher, as 
25ºC is closer to the Topt of T. harzianum (Topt 
Trichoderma spp. 27-30ºC) (49). According to 
the metabolic theory of ecology (MTE), the 
metabolic rates of organisms are temperature 
dependent (50). This indicates that at a 
temperature closer to the optimum, the energy 
taken up is more likely to be metabolised towards 
growth (51). At 18ºC, the metabolic rates are 
lower, which could simply lead to lower growth 
rates (50,51). The MTE could also explain the 
observed lowered carrying capacity at 25ºC. It has 
been proven that a negative relationship exists 
between temperature and carrying capacity, 
mediated by an increased per capita metabolic 
resource demand driven by an increased 
respiration rate (52,53).  

Another possible explanation which 
elaborates on the first explanation could be to 
look at the lifestyle strategies for microbes, also 
known as the Y-A-S framework (originally 
proposed by Malik et al., 2020) (54). The Y-A-S 
framework is a modification of Grime’s C-S-R 
(competitor- stress tolerator – ruderals) 
framework designed for plants (55). Y-A-S is a 
classification for three microbial life history 
strategies that are placed along two main axes of 
environmental variation (resource availability and 
abiotic stress). The first strategy is the high yield 
(Y) strategy, which maximises resource uptake of 
fractions allocated towards the central 
metabolism and assimilatory pathways for 
building cellular components. The high-yield 
strategy is favoured in circumstances with 
resource abundance and absence of abiotic stress 
(54,56). Important to note is that high yield does 
not perse reflect growth rate, as the growth rate 
depends on both growth yield and resource 
acquisition (54). Resource acquisition (A), the 
second strategy, is the production of extracellular 
enzymes needed to break down the complex 
resources in the environment (54,57). It is 
proposed that this strategy prevails in 
environments with low resources leading to a 
decline in growth yield (54). The last strategy is 
stress tolerance (S) which prevails when microbes 

are exposed to suboptimal abiotic conditions, 
which may lead to investing in traits that are 
linked to stress tolerance (molecular as well as 
phenotypical traits) (54). Soil fungi are known for 
their high plasticity and ability to adapt to the 
environment they live in (10). Also, soil fungi 
cannot be classified into one life history strategy 
by itself, but they consist of different 
combinations of traits belonging to different 
strategies (58). We can thus assume that within 
their preferred life-history strategies, they also 
consist of a certain degree of plasticity. As 
discussed, the strategies are based on trait trade-
offs, which were not measured during this 
experiment. However, if we place our results of 
lower intrinsic growth rate at 18ºC in this 
framework, we can hypothesise that the mycelium 
grown at 18ºC in the soil microcosm was exposed 
to stressful abiotic conditions and resource 
limitation. According to the previously discussed 
Y-A-S framework, this would mean that T. 
harzianum exposed to 18ºC mainly invests in 
stress tolerance (S) and resource acquisition (A), 
which will go at the expense of growth yield (Y). 
When growth yield and growth rate are positively 
correlated, as first suggested by Ng H. in 1969, 
this will lead to a decrease in growth rate 
(54,57,59). When we place T. harzianum that was 
grown at 25ºC in a soil microcosm with limited 
resource conditions in this framework, we can 
assume that in this condition, there will be more 
investment in resource acquisition (A), this will 
also go in the expense of growth yield (Y) and 
ultimately growth rate. However, more energy is 
still available for growth as there is no investment 
in stress tolerance (S) needed. Other research 
done by Alster et al. in 2021 on Californian 
grassland field experiments of decomposer fungi 
in response to abiotic stress (drought) proposes a 
modification of the Y-A-S framework. This new 
framework combines the Y and A strategies (60).  
When placing our findings in this framework, we 
could assume that at 18ºC, there is more 
investment in stress tolerance at the expense of 
growth yield and resource acquisition. While at 
25ºC, there is more investment in growth yield 
and resource acquisition, ultimately leading to a 
higher growth rate. By following this framework, 
the uncertainty of explaining the effect of the 
different strategies on the growth rate is solved, as 
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here growth rate depends on both the Y and A 
strategies (57). Additional trait measurements 
would be needed to prove whether trait trade-offs 
exist between the proposed microbial life history 
strategies in the current experimental design.   

Connecting these observations with potential 
outcomes for carbon efflux, we suggest that the 
increased activity of T. harzianum when 
temperatures rise towards heatwave conditions, in 
the first instance, could lead to increased carbon 
efflux into the atmosphere and thus accelerate 
positive climate feedback. This is expected 
because theoretical and experimental studies have 
proven that under soil warming conditions, the 
carbon use efficiency of soil microorganisms is 
expected to drop, even when temperatures have 
not reached the optimal growth temperature 
(52,53,61). However, we also detected that at 
25ºC, the strain has a significantly lowered 
carrying capacity and increased mortality. If the 
pattern of higher mortality at higher temperatures 
is general for soil fungi, this could ultimately lead 
to increased carbon sequestration in the soil 
during long-term soil warming events; however, 
this depends highly on the recalcitrance of fungal 
biomass in the soil (13,62).  

 
No effect of thermal acclimation of T. 

harzianum – No significant effect of EH 
(acclimation) was seen on the intrinsic growth 
rates nor the intraspecific competition. These 
findings disprove our second hypothesis, stating 
that thermal acclimation (EH) will result in 
slowed growth rates when warm-acclimated and 
accelerated growth rates when ambient-
acclimated, leading to a shift in intraspecific 
interactions. This result can also be explained in 
multiple ways. 

The first possible explanation for no thermal 
acclimation effect is that the duration of 
acclimation we choose (7 days) is not long 
enough. When looking at the acclimation period 
of symbiotic fungi, Malcom et al. showed in 2008 
that seven days of acclimation could be enough 
for some ectomycorrhizal strains but definitely 
not all (19). However, for most members of the 
soil microbial community, it is thought that 
thermal acclimation will manifest over several 
weeks (18). Hence, previous research done by 
Crowther et al. in 2013 focused on the thermal 

acclimation effect in cord-forming basidiomycete 
fungi used an acclimation period of 9 weeks. 
Results indicated as one of the first studies in this 
field that saprotrophs could undergo thermal 
acclimation. However, the acclimation period was 
highly species-specific (13). Nonetheless, the 
choice of the 7-days acclimation period for this 
experiment is more realistic in terms of an actual 
heatwave duration compared to more extended 
periods of up to 9 weeks.  

For a second possible explanation, we can 
again involve the Y-A-S framework for microbial 
lifestyle strategies. As previously discussed, we 
can assume that soil fungi possess a certain degree 
of plasticity within their preferred life history 
strategy, making them able to have the ability to 
contain characteristics of multiple strategies 
under different environmental conditions 
(54,58,60). The fact that we acclimated the fungal 
strain on MMN agar in petri dishes but exposed 
them to the environmental conditions in soil 
microcosms could lead to no observable thermal 
acclimation effect. During the acclimation on agar 
plates, the mycelium grows in an environment 
with resource abundance  (19). Hence, when 
exposed to the tested temperatures in soil 
microcosms, the environment changes at many 
levels (e.g., nutrients, 3d matrix, water content), 
leading to a resource-limited environment. As 
already discussed, the Y-A-S framework is a 
classification for three microbial life history 
strategies that are placed along two main axes of 
environmental variation (resource availability and 
abiotic stress) (54). We suggest that during the 
acclimation in a resource-abundant environment, 
the strain invests in acclimating certain traits (i.e., 
Y and A traits). However, it could be that those 
specific traits do not come into play in a resource-
limited environment. In our case, this could be 
seen as follows. When the mycelium is 
acclimated at 25ºC, the strain may invest 
primarily in central metabolism and assimilation 
for building cellular components (i.e., Y-strategy 
traits). While at 18ºC, there could already be an 
investment in stress tolerance traits. When the 
mycelium is then placed in the soil microcosms 
with resource limitation, the mycelium still must 
invest in other traits (i.e., A-strategy traits), 
meaning that they have not been acclimated to the 
right combination of characteristics of different 
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strategies. Ultimately, this could lead to no 
detected thermal acclimation. The possible effect 
of low humidity on the fact that we did not detect 
thermal acclimation can be ruled out, as the soil 
of the microcosms stayed wet during the 3-day 
incubation. Nonetheless, one way to still be able 
to measure a possible but smaller effect of 
acclimation could be to add an intermediate 
acclimation temperature to which the current EH 
are compared.  

Another important point to consider is that 
based on the PCGR of the measured initial 
abundances, we see that above 0.16 mg 
mycelium/gram soil mortality is already observed 
(negative PCGR), which means three of the four 
initial abundances we measured exceeded 
carrying capacity. To obtain more robust 
modified Lotka-Volterra regression models, it is 
necessary and recommended to repeat this same 
experiment but shift the scope to smaller initial 
abundances (Ni < 0.16 mg mycelium/gram soil). 
By doing this, the obtained regression model will 
be less biased by mortality, and hence, a better 
linear relationship could be observed without the 
need for model transformations. Hence, a possible 
effect of acclimation might be observed, as 
already suggested by the results of acclimation on 
the PCGR of the lowest initial abundance. 
Shifting the scope to lower initial abundances will 
still be ecologically relevant, as observed fungal 
biomass in real-life ecosystems is estimated 
between (~0.013 – 5.2 mg dry weight / g soil) 
(42,43). 

Nonetheless, we can conclude that these 
results thus show that this T. harzianum strain in 
the currently used experimental set-up does not 
thermally acclimate; ultimately, this will mean 
that there is most likely no mitigating effect on the 
expected carbon efflux and positive climate 
feedback (13). 
 

Thermal acclimation influences the PCGR of 
T. harzianum – An additional statistical analysis 
was conducted on the effects of EC and EH on the 
PCGR of T. harzianum because of the appearance 
of mortality at Ni >0.16 mg mycelium/ gram soil. 
PCGR is a parameter that consists of the effects 
of intrinsic growth rate and intraspecific 
competition. Therefore, this result will not allow 
us to base conclusions on the effect of those two 

parameters separately. Nonetheless, we saw that 
PCGR was not significantly affected by EC. 
However, a significant effect of EH was noticed, 
showing a lower PCGR for T. harzianum that has 
been acclimated to 25ºC compared to when it has 
been acclimated to 18ºC. Our results and literature 
clearly show that the optimum growth 
temperature of this specific T. harzianum strain is 
≥ 25ºC, meaning that at 18ºC, the strain will be 
exposed to cold stress (49). According to our 
second hypothesis, our results suggest that in this 
initial abundance, the growth rate is accelerated 
when acclimated to ambient conditions and 
slowed when acclimated to heatwave conditions. 

 A possible way of explaining this 
accelerated PCGR when acclimated to 18ºC could 
be based on the theory of hormesis. Hormesis is 
the effect that, at low stress,  growth and activity 
can be stimulated (63). These hormetic responses 
have been found in all sorts of organisms, 
including fungi (63). In our case, 18ºC can be 
considered as mild cold stress, which could, for 
example, mean that the strain stores more energy 
for growth than when acclimated to more optimal 
conditions (25ºC). Ultimately this could lead to a 
higher fitness in terms of PCGR for the strain 
when acclimated to 18ºC (65).  

Nonetheless, we also noticed higher 
variability (bigger standard deviation) in the 
PCGR when acclimated to 18ºC, meaning that the 
response of the strain acclimated to this condition 
is less predictable and uniform than when 
acclimated to more optimal temperatures. 
However, this analysis is based only on one initial 
abundance with only four replicates per EH:EC 
combination. As previously stated, to prove this 
acclimation effect, it is necessary to repeat this 
experiment with multiple initial abundances (< 
0.16 mg mycelium/gram soil).  

Hence, contradictory to the previous results, 
this result indicates that there might still be a 
possible effect of acclimation on the population 
parameters, which ultimately can have mitigating 
effects on carbon efflux and positive climate 
feedback. However, this effect might have gone 
unnoticed due to the high mortality measured in 
the regression models. 
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The use of dd-PCR in environmental samples 
– A newly optimised dd-PCR protocol was 
designed for this experiment. dd-PCR uses a 
partitioning technique in which DNA is divided 
over ~10.000 droplets, making this technique less 
vulnerable to PCR inhibition than qPCR, which is 
currently the golden standard DNA-based method 
in environmental research (36,66). According to 
previous research on the use of dd-PCR on soil 
fungal samples, the lowest detection for fungal 
(Cadophora luteo-olivacea) DNA derived from 
soil samples was around 25 fg DNA/ul. In 
contrast, the limit of detection of qPCR in this 
experiment was found to be 125 fg DNA/ul (67). 
The lowest initial abundance (0.04 mg mycelium/ 
g soil) tested during our dd-PCR experiments was 
~15 fg DNA/ul, even lower than the lowest DNA 
concentration measured in the previously 
mentioned experiment. Based on the standard 
curve (S2- mycelium growth standard curves, Fig 
S2), the estimated biomass was 0.064 mg 
mycelium/gram soil. The difference between the 
estimated value and the aimed initial abundance 
could be explained by the difficulty of preparing 
a mycelial dilution of exactly the wanted mycelial 
biomass. Difficulties in doing this include that the 
collected mycelium to prepare this initial 
abundance is estimated based on earlier dry-
weight experiments. Thus, the amount of 
mycelium grown on a Petri dish can change from 
time to time, as growing conditions will never be 
completely the same (e.g., nutrients in agar or 
incubator conditions). Besides this, the accuracy 
of pipetting the exact right amounts of mycelium 
for making dilutions could be prone to pipetting 
errors as the volumes were rather large.  

Nonetheless, the accuracy of the estimated 
biomass in these types of experiments is rather 
promising. We can thus conclude that dd-PCR, 
when correctly optimised for soil fungal samples, 
can be used way below the limit of detection of 
qPCR and is thus a useful alternative, especially 
when working with small DNA concentrations or 
in studies requiring high resolution (36). 
Additionally, in microcosm experiments like the 
one presented in this study, dd-PCR allows us to 
measure the effect of environmental stressors on 
the population parameters of multiple species 
when using species-specific primers (36). This 
approach is advantageous when working with 

multiple species in one microcosm and makes it 
possible to measure both intraspecific and 
interspecific competition. 

 
Future research – For future research on the 

impact of heatwaves on soil microbial 
communities, more realistic circumstances are 
needed by using more complex experimental 
designs. In this study, only monocultures have 
been tested. However, in natural ecosystems, one 
fungal strain never appears alone. According to 
the coexistence theory, the outcome of species 
interactions (intra- and inter-specific competition) 
and growth are influenced by the diversity in 
response of different species to stressors (23). 
Recent research done by Lammel et al. in 2023 on 
the effect of recurring heatwave events on the 
growth and interactions of saprotrophic soil fungi 
proves this theory. The study showed that not only 
temperature can affect the growth of these soil 
fungi but also the co-occurrence between 
different strains (23). Besides adding multiple 
fungal (and bacterial) species, another important 
stressor to be included in future studies is drought. 
A heatwave is a compound event between high 
temperatures and extreme drought (2). Including 
drought in the experimental design would 
increase the ecological relevance of these kinds of 
studies; however, the complexity of disentangling 
the effects of drought and temperature separately, 
as well as their interaction, will be challenging.  

Additionally, as already mentioned, 
measuring traits to determine trade-offs during 
heatwaves is necessary to show whether the fungi 
(and other soil microbes) use their plasticity to 
deal with heatwave events. Ultimately, testing 
trait trade-offs could further make it possible to 
use the Y-A-S framework with more certainty. 
Possible traits that could be valuable measures for 
the specific lifestyle strategies are biomass and 
respiration rate measures as a metric of growth 
yield (Y) (54). By measuring how much of the 
carbon (C) substrate is invested in biomass related 
to the C lost through respiration, the growth 
efficiency (and thus growth yield) could be 
measured (54,60). Resource acquisition (A) traits 
measurements could include siderophore assays; 
siderophores are small organic compounds that 
can chelate the essential but low bioavailable 
growth element ferric iron (Fe(III)) and solubilise 
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it for uptake by the fungus (54,68). Additionally, 
extracellular enzyme assays giving a measure of 
the degradation of complex substrates such as 
cellulose and hemicellulose could be interesting 
(54,60). Simple measures for stress tolerance (S) 
traits that could be used are pigmentation and 
(conidial) spore count. Fungi that increase 
pigmentation could increase their 
thermotolerance, while sporulation increases the 
chances of the fungus surviving unfavourable 
conditions (2,69).  An interesting extension of this 
type of research could be to study how possible 
changes in life-history traits due to environmental 
stress could affect interactions between different 
trophic levels (e.g., plants, bacteria, microfauna) 
and ultimately lead to phenological mismatches in 
soil ecosystems (15,25).  

The current study design did only include a 
single heatwave event. However, heatwave–
ambient temperature cycles are projected to 
increase in frequency (1–3). Therefore, the 
experimental design could be more realistic by 
including multiple heatwave-ambient events. 
This type of experiment could also reveal a 
possible lagged acclimation response.  

Lastly, including higher heatwave 
temperatures could be an interesting addition,  as 
the severity of heatwaves is also projected to 
increase (1–3). Even more, it could be considered 
that the current extremes we measure now could 
become the new-normal natural fluctuations and 
that more severe temperature stress should be 
considered in experimental designs (70). 
 
CONCLUSION 

In this study, we aimed to show the effects of 
heatwaves and thermal acclimation on the growth 
and intraspecific competition of the common soil 
saprotroph T. harzianum. Unlike what we 
hypothesised, we did not see an effect of thermal 
acclimation on the population parameters 
intrinsic growth rate, intraspecific competition 
and carrying capacity. However, the fact that 
there was no observable acclimation effect could 
be due to the experimental design, and there are 
indications that thermal acclimation of this T. 
harzianum strain in the tested conditions might 
still be possible.  

 

Furthermore, our hypothesis stating that 
higher temperatures will lead to increased 
intraspecific competition and growth rates was 
proven. Ultimately, this led to a lower carrying 
capacity during heatwave conditions. These 
results suggest that heatwaves could lead to a 
decrease in the growth efficiency of   T. 
harzianum. In the short term, this could lead to an 
increase in carbon efflux from the soil and lead to 
an increase in positive climate feedback.  

However, further research using more 
complex experimental designs with more species 
(also including other soil microbes such as 
bacteria) is needed to predict the effect of 
heatwaves and thermal acclimation on soil 
microbial communities. 
  



                           Senior internship- 2nd master BMW 
 
 

16 
 
 
 

 

REFERENCES 
1.  Seneviratne SI, Zhang X, Adnan M, Badi W, Dereczynski C, Di Luca A, et al. Weather and Climate 

Extreme Events in a Changing Climate. Climate Change 2021: The Physical Science Basis. 
Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel 
on Climate Change. 2021. 1513–1766 p.  

2.  Bérard A, Sassi M Ben, Kaisermann A, Renault P. Soil microbial community responses to heat wave 
components: Drought and high temperature. Clim Res. 2015;66(3):243–64.  

3.  H.-O. Pörtner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegría, M. Craig, S. 
Langsdorf, S. Löschke, V. Möller, A. Okem BR. IPCC, 2022: Climate Change 2022: Impacts, 
Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change. Climate Change 2021: The Physical Science 
Basis. 2021. 3949 p.  

4.  Ruthrof KX, Breshears DD, Fontaine JB, Froend RH, Matusick G, Kala J, et al. Subcontinental heat 
wave triggers terrestrial and marine, multi-taxa responses. Sci Rep [Internet]. 2018;8(1):1–9. 
Available from: http://dx.doi.org/10.1038/s41598-018-31236-5 

5.  McMichael AJ, Lindgren E. Climate change: Present and future risks to health, and necessary 
responses. J Intern Med. 2011;270(5):401–13.  

6.  Agyeman RYK, Huo F, Li Z, Li Y.  Projected changes in the hotspots for agriculturally relevant 
compound events in Western Canada cropping regions under the RCP8 .5 scenario . Q J R Meteorol 
Soc. 2023;(January):1–13.  

7.  Szymczak A, Ryo M, Roy J, Rillig MC. Diversity of Growth Responses of Soil Saprobic Fungi to 
Recurring Heat Events. Front Microbiol. 2020;11(June):1–8.  

8.  Polazzo F, Roth SK, Hermann M, Mangold-Döring A, Rico A, Sobek A, et al. Combined effects of 
heatwaves and micropollutants on freshwater ecosystems: Towards an integrated assessment of 
extreme events in multiple stressors research. Glob Chang Biol [Internet]. 2022 Feb 1 [cited 2022 
Oct 4];28(4):1248–67. Available from: https://onlinelibrary-wiley-com.bib-
proxy.uhasselt.be/doi/full/10.1111/gcb.15971 

9.  Saccá ML, Caracciolo AB, Lenola M Di. Soil Biological Communities and Ecosystem Resilience. 
Soil Biol Communities Ecosyst Resil. 2017;(October).  

10.  Frac M, Hannula SE, Belka M, Jȩdryczka M. Fungal biodiversity and their role in soil health. Front 
Microbiol. 2018;9(APR):1–9.  

11.  Treseder KK, Lennon JT. Fungal Traits That Drive Ecosystem Dynamics on Land. Microbiol Mol 
Biol Rev [Internet]. 2015 Jun [cited 2023 May 22];79(2):243–62. Available from: 
https://journals.asm.org/journal/mmbr 

12.  Crowther TW, Boddy L, Hefin Jones T. Functional and ecological consequences of saprotrophic 
fungus-grazer interactions. ISME J [Internet]. 2012;6(11):1992–2001. Available from: 
http://dx.doi.org/10.1038/ismej.2012.53 

13.  Crowther TW, Bradford MA. Thermal acclimation in widespread heterotrophic soil microbes. Ecol 
Lett. 2013;16(4):469–77.  

14.  Pietikäinen J, Pettersson M, Bååth E. Comparison of temperature effects on soil respiration and 
bacterial and fungal growth rates. FEMS Microbiol Ecol [Internet]. 2005 Mar 1 [cited 2022 Sep 
14];52(1):49–58. Available from: https://academic.oup.com/femsec/article/52/1/49/483427 

15.  Damialis A, Mohammad AB, Halley JM, Gange AC. Fungi in a changing world: growth rates will 
be elevated, but spore production may decrease in future climates. Int J Biometeorol [Internet]. 2015 
Sep 13 [cited 2022 Oct 6];59(9):1157–67. Available from: 
https://link.springer.com/article/10.1007/s00484-014-0927-0 

 
 



                           Senior internship- 2nd master BMW 
 
 

17 
 
 
 

16.  Alster CJ, Allison SD, Johnson NG, Glassman SI, Treseder KK. Phenotypic plasticity of fungal 
traits in response to moisture and temperature. ISME Commun 2021 11 [Internet]. 2021 Aug 28 
[cited 2023 May 22];1(1):1–8. Available from: https://www.nature.com/articles/s43705-021-
00045-9 

17.  Collier RJ, Baumgard LH, Zimbelman RB, Xiao $ Y. Heat stress: physiology of acclimation and 
adaptation. 2019 [cited 2023 May 22];9(1). Available from: http://creativecommons. 

18.  Bradford MA, Davies CA, Frey SD, Maddox TR, Melillo JM, Mohan JE, et al. Thermal adaptation 
of soil microbial respiration to elevated temperature. Ecol Lett. 2008 Dec;11(12):1316–27.  

19.  Malcolm G, López-Gutiérrez J, Koide R, Eissenstat D. Acclimation to temperature and temperature 
sensitivity of metabolism by ectomycorrhizal fungi. Glob Chang Biol [Internet]. 2008 [cited 2023 
May 17];14:1169–80. Available from: https://onlinelibrary.wiley.com/doi/10.1111/j.1365-
2486.2008.01555.x 

20.  Allison SD, Romero-Olivares AL, Lu L, Taylor JW, Treseder KK. Temperature acclimation and 
adaptation of enzyme physiology in Neurospora discreta. Fungal Ecol. 2018 Oct 1;35:78–86.  

21.  Layden TJ, Kremer CT, Brubaker DL, Kolk MA, Trout-Haney J V., Vasseur DA, et al. Thermal 
acclimation influences the growth and toxin production of freshwater cyanobacteria. Limnol 
Oceanogr Lett. 2022 Feb 1;7(1):34–42.  

22.  Jansson JK, Hofmockel KS. Soil microbiomes and climate change. Nat Rev Microbiol 2019 181 
[Internet]. 2019 Oct 4 [cited 2023 May 22];18(1):35–46. Available from: 
https://www.nature.com/articles/s41579-019-0265-7 

23.  Lammel DR, Szymczak A, Bielcik M, Rillig MC. Fungal growth response to recurring heating 
events is modulated by species interactions. Front Ecol Evol. 2023;10(February).  

24.  Klingen I, Hajek A, Meadow R, Renwick JAA. Effect of brassicaceous plants on the survival and 
infectivity of insect pathogenic fungi. BioControl. 2002;47(4):411–25.  

25.  Mugabo M, Gilljam D, Petteway L, Yuan C, Fowler MS, Sait SM. Environmental degradation 
amplifies species’ responses to temperature variation in a trophic interaction. J Anim Ecol. 2019 
Nov 1;88(11):1657–69.  

26.  Smith T, Smith R. Elements of ECOLOGY. 9th ed. Pearson Education Limited; 2015.  
27.  Franken O, Huizinga M, Ellers J, Berg MP. Heated communities : large inter ‑ and intraspecific 

variation in heat tolerance across trophic levels of a soil arthropod community. Oecologia [Internet]. 
2018;186(2):311–22. Available from: https://doi.org/10.1007/s00442-017-4032-z 

28.  Boddy L. Interactions Between Fungi and Other Microbes. Fungi Third Ed. 2016;337–60.  
29.  Zhou Z-S, Chen Z-P, Xu Z-F. Niches and interspecific competitive relationships of the parasitoids, 

Microplitis prodeniae and Campoletis chlorideae, of the Oriental leafworm moth, Spodoptera litura, 
in tobacco. J Insect Sci [Internet]. 2008 [cited 2023 May 26];10(10). Available from: 
www.insectscience.org 

30.  Adler PB, Smull D, Beard KH, Choi RT, Furniss T, Kulmatiski A, et al. Competition and 
coexistence in plant communities: intraspecific competition is stronger than interspecific 
competition. Ecol Lett [Internet]. 2018 Sep 1 [cited 2023 May 22];21(9):1319–29. Available from: 
https://onlinelibrary.wiley.com/doi/full/10.1111/ele.13098 

31.  Mallard F, Le Bourlot V, Le Coeur C, Avnaim M, Péronnet R, Claessen D, et al. From individuals 
to populations: How intraspecific competition shapes thermal reaction norms. Funct Ecol [Internet]. 
2020 Mar 1 [cited 2023 May 22];34(3):669–83. Available from: 
https://onlinelibrary.wiley.com/doi/full/10.1111/1365-2435.13516 

32.  Amarasekare P, Coutinho RM. Effects of Temperature on Intraspecific Competition in Ectotherms. 
2014;184(3).  

33.  Ohlberger J, Edeline E, Vøllestad LA, Stenseth NC, Ohlberger J, Edeline E, et al. Temperature-
Driven Regime Shifts in the Dynamics of Size-Structured Populations. 2016;177(2):211–23.  

34.  Jensen A, Alemu T, Alemneh T, Pertoldi C, Bahrndorff S. Thermal acclimation and adaptation 
across populations in a broadly distributed soil arthropod. Funct Ecol. 2019 May 1;33(5):833–45.  



                           Senior internship- 2nd master BMW 
 
 

18 
 
 
 

35.  Cavé L, Brothier E, Abrouk D, Bouda PS, Hien E, Nazaret S. Efficiency and sensitivity of the digital 
droplet PCR for the quantification of antibiotic resistance genes in soils and organic residues. Appl 
Microbiol Biotechnol [Internet]. 2016;100(24):10597–608. Available from: 
http://dx.doi.org/10.1007/s00253-016-7950-5 

36.  Kokkoris V, Vukicevich E, Richards A, Thomsen C, Hart MM. Challenges Using Droplet Digital 
PCR for Environmental Samples. Appl Microbiol. 2021;1(1):74–88.  

37.  Wang D, Wang S, Du X, He Q, Liu Y, Wang Z, et al. ddPCR surpasses classical qPCR technology 
in quantitating bacteria and fungi in the environment. Mol Ecol Resour. 2022;22(7):2587–98.  

38.  Gilad O, Ecology B. Competition and Competition Models. 2008;(1994):707–12.  
39.  Mühlbauer LK, Schulze M, Harpole WS, Clark AT. gauseR: Simple methods for fitting Lotka-

Volterra models describing Gause’s “Struggle for Existence.” Vol. 10, Ecology and Evolution. 
2020. p. 13275–83.  

40.  Rineau F, Shah F, Smits MM, Persson P, Johansson T, Carleer R, et al. Carbon availability triggers 
the decomposition of plant litter and assimilation of nitrogen by an ectomycorrhizal fungus. ISME 
J. 2013;7(10):2010–22.  

41.  Beadle GW, Tatum EL. Genetic Control of Biochemical Reactions in Neurospora Author ( s ): G . 
W . Beadle and E . L . Tatum Source : Proceedings of the National Academy of Sciences of the 
United States of America , Published by : National Academy of Sciences Stable URL : http: Proc 
Natl Acad Sci Uniteds States Am. 1941;27(11):499–506.  

42.  Awad A, Majcherczyk A, Schall P, Schröter K, Schöning I, Schrumpf M, et al. Ectomycorrhizal and 
saprotrophic soil fungal biomass are driven by different factors and vary among broadleaf and 
coniferous temperate forests. Soil Biol Biochem [Internet]. 2019;131(April 2018):9–18. Available 
from: https://doi.org/10.1016/j.soilbio.2018.12.014 

43.  Kaczmarek W. A comparison of bacterial and fungal biomass in sevreal cultivated soil. Acta 
Microbiol Polanica. 1984;33(3–4):239–47.  

44.  López-Mondéjar R, Antón A, Raidl S, Ros M, Pascual JA. Quantification of the biocontrol agent 
Trichoderma harzianum with real-time TaqMan PCR and its potential extrapolation to the hyphal 
biomass. Bioresour Technol [Internet]. 2010;101(8):2888–91. Available from: 
http://dx.doi.org/10.1016/j.biortech.2009.10.019 

45.  Raja HA, Miller AN, Pearce CJ, Oberlies NH. Fungal Identification Using Molecular Tools: A 
Primer for the Natural Products Research Community. J Nat Prod. 2017;80(3):756–70.  

46.  Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, et al. Nuclear ribosomal 
internal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. Proc Natl 
Acad Sci U S A [Internet]. 2012 Apr 17 [cited 2022 Oct 15];109(16):6241–6. Available from: 
https://www.pnas.org/doi/abs/10.1073/pnas.1117018109 

47.  Iotti M, Zambonelli A. A quick and precise technique for identifying ectomycorrhizas by PCR. 
Mycol Res. 2006;110(1):60–5.  

48.  Core Team R. R: A language and environment for statistical computing. Vienna, Austria: R 
Foundation for Statistical Computing; 2016.  

49.  Qiu Z, Wu X, Zhang J, Huang C. High temperature enhances the ability of Trichoderma asperellum 
to infect Pleurotus ostreatus mycelia. 2017 [cited 2023 May 16]; Available from: 
https://doi.org/10.1371/journal.pone.0187055 

50.  Clarke A, Fraser KPP. Why does metabolism scale with temperature? Funct Ecol. 2004 
Apr;18(2):243–51.  

51.  Humphries MM, Mccann KS. METABOLIC CONSTRAINTS AND CURRENCIES IN ANIMAL 
ECOLOGY Metabolic ecology. 2013 [cited 2023 May 16]; Available from: 
https://besjournals.onlinelibrary.wiley.com/doi/10.1111/1365-2656.12124 

52.  Bernhardt JR, Sunday JM, O’connor MI. Metabolic theory and the temperature-size rule explain the 
temperature dependence of population carrying capacity. Am Nat. 2018;192(6):687–97.  

 



                           Senior internship- 2nd master BMW 
 
 

19 
 
 
 

53.  Savage VM, Gillooly JF, Brown JH, West GB, Charnov EL. Effects of Body Size and Temperature 
on Population Growth. 2004;163(3).  

54.  Malik AA, Martiny JBH, Brodie EL, Martiny AC, Treseder KK, Allison SD. Defining trait-based 
microbial strategies with consequences for soil carbon cycling under climate change. ISME J 
[Internet]. 2020 [cited 2023 May 16];14:1–9. Available from: https://doi.org/10.1038/s41396-019-
0510-0 

55.  Grime JP. Evidence for the existence of three primary strategies in plants and its relevance to 
ecological and evolutionary theory. Am Nat. 1977;111(982):1169–94.  

56.  Moorhead DL, Blagodatskaya E, Lipson DA. The complex relationship between microbial growth 
rate and yield and its implications for ecosystem processes. Front Microbiol | www.frontiersin.org 
[Internet]. 2015 [cited 2023 May 16];1:615. Available from: www.frontiersin.org 

57.  Lipson DA. The complex relationship between microbial growth rate and yield and its implications 
for ecosystem processes. Front Microbiol | www.frontiersin.org [Internet]. 2015 [cited 2023 May 
16];1:615. Available from: www.frontiersin.org 

58.  Boddy L, Hiscox J. Fungal Ecology : Principles and Mechanisms of Colonization and Competition 
by Saprotrophic Fungi. 2016;  

59.  Ng H. Effect of decreasing growth temperature on cell yield of Escherichia coli. J Bacteriol 
[Internet]. 1969 [cited 2023 May 16];98(1):232–7. Available from: 
https://journals.asm.org/journal/jb 

60.  Alster CJ, Allison SD, Treseder KK. Trait relationships of fungal decomposers in response to 
drought using a dual field and laboratory approach. Ecosphere [Internet]. 2022 Jun 24 [cited 2023 
May 16];13(6). Available from: https://onlinelibrary.wiley.com/doi/10.1002/ecs2.4063 

61.  Manzoni S, Taylor P, Richter A, Porporato A, Ågren GI. Environmental and stoichiometric controls 
on microbial carbon-use efficiency in soils. New Phytol. 2012;196(1):79–91.  

62.  Heinemeyer A, Ineson P, Ostle N, Fitter AH. Respiration of the external mycelium in the arbuscular 
mycorrhizal symbiosis shows strong dependence on recent photosynthates and acclimation to 
temperature. New Phytol. 2006;171(1):159–70.  

63.  Jakobsen I, Murmann LM, Rosendahl S. Hormetic responses to fungicides in arbuscular mycorrhizal 
fungi. Soil Biol Biochem. 2021;159(May):1–6.  

64.  Jakobsen I, Murmann LM, Rosendahl S. Hormetic responses to fungicides in arbuscular mycorrhizal 
fungi. Soil Biol Biochem. 2021;159(March):1–6.  

65.  Costantini D, Metcalfe NB, Monaghan P. Ecological processes in a hormetic framework. Ecol Lett. 
2010;13(11):1435–47.  

66.  Palumbo JD, O’Keeffe TL, Fidelibus MW. Characterisation of Aspergillus section Nigri species 
populations in vineyard soil using droplet digital PCR. Lett Appl Microbiol. 2016;63(6):458–65.  

67.  Maldonado-González MM, Martínez-Diz M del P, Andrés-Sodupe M, Bujanda R, Díaz-Losada E, 
Gramaje D. Quantification of Cadophora luteo-olivacea From Grapevine Nursery Stock and 
Vineyard Soil Using Droplet Digital PCR. Plant Dis. 2020;104(8):2269–74.  

68.  Ahmed E, Holmström SJM. Minireview Siderophores in environmental research : roles and 
applications. 2014;  

69.  Singaravelan N, Grishkan I, Beharav A, Wakamatsu K, Ito S, Nevo E. Adaptive Melanin Response 
of the Soil Fungus Aspergillus niger to UV Radiation Stress at “‘Evolution Canyon’”, Mount 
Carmel, Israel. [cited 2023 May 24]; Available from: www.plosone.org 

70.  Asiegbu F, Santos C, Dissanayake AJ, Rillig MC, Szymczak A, Ryo M, et al. Diversity of Growth 
Responses of Soil Saprobic Fungi to Recurring Heat Events. 2020; Available from: 
www.frontiersin.org 

71.  Braid MD, Daniels LM, Kitts CL. Removal of PCR inhibitors from soil DNA by chemical 
flocculation. J Microbiol Methods. 2003;52(3):389–93.  

72.  Lourdes Muoz M de, Lopez-Armenta M, Moreno-Galeana M, Daz-Badillo A, Prez-Ramirez G, 
Herrera-Salazar A, et al. Extraction and Electrophoresis of DNA from the Remains of Mexican 



                           Senior internship- 2nd master BMW 
 
 

20 
 
 
 

Ancient Populations. Gel Electrophor - Adv Tech. 2012;(August 2017).  
73.  Schriewer A, Wehlmann A, Wuertz S. Improving qPCR efficiency in environmental samples by 

selective removal of humic acids with DAX-8. J Microbiol Methods [Internet]. 2011;85(1):16–21. 
Available from: http://dx.doi.org/10.1016/j.mimet.2010.12.027 

74.  Varadharajan B, Madasamy P. DMSO and betaine significantly enhance the PCR amplification of 
ITS2 DNA barcodes from plants. Genome. 2021(64):165–71.  

 
Acknowledgements – I would like to thank María Moreno Druet for the excellent supervision and nice time 
we had in the lab together. Also, a big thank you to François Rineau and Nadia Soudzilovskaia for helping 
me during the weekly meetings and the nice future-career opportunities you gave me during this internship. 
Additionally, I would like to thank Dr. Dries Martens for giving an introduction to dd-PCR and helping 
with the first experiment. Finally, I also want to thank Frederik De Laender of UNamur for shining his light 
on the regression models and helping to interpret them correctly. 
 
Author contributions – Who did what? Prof. Dr. François Rineau and MSc. María Moreno Druet conceived 
and designed the research. María Moreno Druet and Vera Claessens performed experiments and data 
analysis. Vera Claessens wrote the paper. All authors carefully edited the manuscript



                           Senior internship- 2nd master BMW 
 
 

21 
 
 
 

SUPPLEMENTARY MATERIAL 
S1 – MYCELIAL DRY BIOMASS APPROXIMATION  
Trichoderma harzianum was incubated on sterilised Minimum Melin Norkans (MMN) agar plates (40) for 
7 days to 18ºC (n= 5) and 25ºC (n=5). Afterwards, all mycelium per plate was collected in pinched 
Eppendorf tubes and frozen at -20ºC. Eppendorf’s with mycelium were freeze-dried overnight in a 
lyophilisator. Finally, the dry weight of mycelium grown on MMN medium in different conditions was 
determined, and data was ultimately used for making dilutions in the heatwave experiment.  
 

 
Fig S1 –boxplots of mycelial biomass of T. harzianum grown at 25ºC and 18ºC: boxplots representing 
temperature in ºC. Whiskers represent the minimum and maximum biomass (25ºC: 0.0202 – 0.05180; 18ºC: 
0.02720 – 0.05770), borders of the box represent the first quartile (25ºC: 0.02610; 18ºC: 0.03397) and the 
third quartile (25ºC: 0.04325; 18ºC: 0.03857), the middle line of the box represents the median 
(25ºC:0.03195; 18ºC: 0.03725), t-test p-value: 0.4376. 
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S2- MYCELIUM GROWTH STANDARD CURVES  
To obtain an approximation of the absolute abundance of mycelium in soil microcosms, 25 MMN plates 
were grown at 25ºC for 7 days. The mycelial biomass is based on the results of mycelial biomass 
approximation (S1, fig S1). All the mycelium of the remaining 25 plates (~0.86 grams) was collected in 
150 mL 1/6 diluted Fries medium (41), and a serial dilution series was prepared (0; 0.04; 0.16; 0.64; 1.90; 
5.4 mg mycelium/ g soil). The dilutions were then inoculated in sterilised 15-gram soil microcosms, 
followed by immediate soil homogenisation using a pestle and mortar. The soil was then frozen in 50 mL 
Falcon tubes at -80ºC. Ultimately, soil samples of ~ 250 mg were taken from all dilutions and phenol: 
chloroform: isoamyl alcohol DNA extractions took place. DNA extracts were further analysed with dd-
PCR to obtain standard curves showing the relationship between biomass – DNA content. Data was fitted 
in log-regression models to find the highest possible R2, and with this the maximum possible abundance of 
mycelium showing log-regression. The final standard curve is presented in Fig. S2.  
 

 
Fig S2 – Standard curve of mycelium growth of T. harzianum in 15-gram soil microcosms: A 
logarithmic relationship between biomass and DNA content was found. X-axis: biomass of T. harzianum 
mycelium in mg mycelium/ g soil. Y-axis: DNA content in ITS copies/μL. After fitting log-regression 
models, a maximum amount of mycelium showing a log-regression curve was set at 5,4 mg mycelium/g 
soil. Hence, for accurate biomass predictions in the experiments, the final abundance should not exceed this 
5,4 mg mycelium/g soil threshold.  
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S3 – rDNA Internal Transcriber Spacer region (ITS) 

 
Fig S3 – Schematic representation of the rDNA Internal Transcribed Spacer region (ITS): For the 
experiment, the ITS1 region was used to identify Trichoderma harzianum using the forward primer ITS1 S 
and the reverse primer ITS1 R (44). The ITS regions of the rDNA are prone to fast evolution, making them 
suitable for identifying fungi at the species level. Moreover, ITS regions are present in tandem repeats, 
making them identifiable in samples with low DNA content (45,46). ITS1 region is flanked by the 18S 
small subunit (SSU) on the 5’ end and by the 5.8S subunit downstream. The ITS2 region is flanked by the 
28S large subunit (LSU) on the 3’ end and by the 5.8S subunit upstream. The length of the ITS1 amplicons 
generated during the experiments was 211 bp (44) - figure made by myself. 
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S4 - dd-PCR optimisation experiments  
Different approaches were taken to optimise the dd-PCR protocol for soil samples containing mycelium. 
Non-optimised dd-PCR output showed a high degree of so-called “rain”, also known as mid-amplitude 
droplets. A large subset of these droplets might represent false positive signals and are most likely caused 
by the presence of inhibitors (e.g., humic acids) in the DNA-Extracts (36). Different DNA extract 
purification methods (addition of CaCl2, BSA, DMSO) were tested to reduce the “rain” and increase the 
measurement accuracy. CaCl2 consists of multivalent cations that are capable of eliminating inhibitors 
present in the soil during the extraction process (71). BSA increases PCR yield and binds to lipids and 
organic compounds such as humic acids during the PCR reaction (47,72,73). DMSO mainly reduces 
secondary structures in DNA samples (74). Results indicated that 0.4 μg/μL BSA was the best purification 
method as the rain was substantially reduced compared to other treatments or combinations of treatments 
(Fig S4A and B). Additionally, the detected concentration of DNA was not substantially reduced compared 
to dd-PCR measurements, where no treatments were used (Fig S4B: sample A02).  

Fig S4 – dd-PCR output of different purification methods (CaCl2, BSA and DMSO) for fungal DNA 
in soil samples to reduce PCR inhibition and mid-amplitude droplets (rain): CaCl2 consists of 
multivalent cations that are capable of eliminating inhibitors present in the soil during the extraction process 
(71). BSA increases PCR yield and binds to lipids and organic compounds such as humic acids during the 
PCR reaction (47,72,73). DMSO is mostly used to reduce secondary structures in DNA samples (74). (A) 
dd-PCR output of DNA samples extracted with the addition of 0.150 mM CaCl2 alone or with the addition 
of BSA (0.4 μg/μL / 0.8 μg/μL) or DMSO (2.5% / 5%). A01: CaCl2; B01: CaCl2 + 0.8 μg/μL BSA; C01: 
CaCl2 + 0.4 μg/μL BSA; D01: CaCl2 + 5% DMSO; E01: CaCl2 + 2.5% DMSO; F01: NTC. (B) dd-PCR 
output of DNA samples extracted with the normal phenol:chloroform: isoamyl alcohol protocol alone or 
with the addition of BSA (0.4 μg/μL / 0.8 μg/μL) or DMSO (2.5% / 5%). A02: No additions; B02: 0.4 
μg/μL BSA; C02: 0.8 μg/μL BSA; D02: 2.5% DMSO; E02: 5% DMSO; F02: pure mycelium. The DNA 
extraction with the addition of 0.4 μg/μL BSA (B02) shows the least rain. Comparing the DNA 
concentration between the different treatments, we see that adding CaCl2 reduced DNA content by ~3x 
(A01 vs A02). The EvaGreen® dye fluorescence amplitude of the amplified droplets is represented on the 
Y-axis. Blue dots represent positive droplets (containing target DNA), and grey dots represent negative 
droplets (no target DNA). X-axis represents the number of droplets number (event number). 
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S5 - dd-PCR temperature gradient 
Optimal annealing/extension conditions for the used primers were determined by using a temperature 
gradient. The most optimal temperature was determined based on the separation between positive droplets 
(blue dots) and negative droplets (grey dots) and was ultimately set to 59.5ºC (Fig. S5) 
 

 
 
Fig S5 – dd-PCR output of the temperature gradient experiment (65°C - 58°C) on soil samples with 
T. harzianum: The cycling conditions used for this experiment were: enzyme activation at 95°C for 5 min, 
denaturation at 95°C for 30 sec, annealing/extension (40 cycles) at a gradient (65°C - 58°C) for 1 min, 
signal stabilisation at 4°C for 5 min, followed by 90°C for 5 min, hold at 4°C for infinity. For all cycling 
steps, a ramp rate of 2°C/sec was used. The EvaGreen® dye fluorescence amplitude of the amplified droplets 
is represented on the Y-axis. Blue dots represent positive droplets (containing target DNA), and grey dots 
represent negative droplets (no target DNA). X-axis represents the number of droplets number (event 
number). Annealing/extension temperature of 59.5°C (F02) resulted in the most optimal separation between 
negative and positive droplets and the least mid-amplitude droplets (“rain”).  
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S6 – Growth dynamics of T. harzianum  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig S6 – Growth dynamics of T. harzianum when acclimated at 25ºC for seven days on MMN-agar 
and exposed to 25ºC in sterilised soil microcosms for seven days. Y-axis: biomass in mg mycelium/g 
soil calculated using dd-PCR #ITS copies output. X-axis: time in days, points resemble the days at which 
the biomass was measured. The graph represents the results of 4 different initial abundances in mg 
mycelium/gram soil (Ni: 0.04; 0.16; 0.64; 1.9) and a negative control (Ni = 0). 
 


