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An increasing frequency of heat events can affect key organisms related to

ecosystem functions. Soil saprobic fungi have important roles in carbon and nutrient

cycling in soils, and they are clearly affected by heat events. When tested individually,

saprobic soil fungi showed a variety of growth responses to a series of two heat

events. However, in nature, these fungi rarely grow alone. Coexistence theory

predicts that diversity in the response to stressors can influence the outcome of

species interactions and growth. This means that the co-cultivation of different fungi

may affect their growth response to heat events. To test if recurring heat events affect

fungal growth in small synthetic communities, we evaluated fungi previously known

to respond to recurring heat events in experimental small communities composed

of two and three species. For the fungi growing in pairs, surprisingly, most of

the responses could not be predicted by how the isolates responded individually.

In some cases, facilitation or increased competition was observed. For the three

fungi growing together, results were also not predicted by the individual or pair

responses. Both the heat events and the small communities influenced the growth

of the fungi and growth properties emerged from the interactions among isolates

and the heat stress. We show that not only do environmental conditions influence

fungal interactions and growth rates but also that the co-cultivation of different

fungi affects the fungal response to recurring heat events. These results indicate that

more complex experimental designs are needed to better understand the effects of

recurring heat events and climate change on soil fungi.
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1. Introduction

There is a growing interest in advancing our understanding of the role that soil microbial
communities play in the Anthropocene (Geisen et al., 2019). The urgent need to advance
research and knowledge comes from two directions, as soil microorganisms are both an
important subject and object in the dynamics of global change. On one hand, considering soil as
a subject, we need to deepen and refine our knowledge of the role of soil microbial communities
in mitigating the impacts of global change on human societies and ecological and climatic
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systems (Hannula and Morriën, 2022). On the other hand,
considering soil as an object, we need to better understand
how soil communities themselves are affected by global change
(Geisen et al., 2019). Our understanding of the risks and resilience
of soil microbial communities is still rudimentary and needs to be
rapidly refined.

In recent years, an increasing occurrence of extreme weather
has been reported around the world, including heat waves (Perkins-
Kirkpatrick and Gibson, 2017). The effects of such heat waves on
soil saprobic fungi are understudied, despite the important role of
soil fungi on the feedback loops between the soil and atmospheric
carbon (Hannula and Morriën, 2022). Soil saprobic fungi may be
susceptible to abrupt changes in air temperature, especially in top
soils, and soil fungal species have been shown to be affected by heat
events (Andrade-Linares et al., 2016a; Szymczak et al., 2020).

A high diversity of soil fungi lives in top soils, mainly by
decomposing plant and organic material and cycling nutrients
(Baldrian et al., 2012; Hannula and Morriën, 2022). These soil
fungi rarely live alone, but in complex microbial communities,
with many fungal species interacting (Baldrian et al., 2012). Most
biotic interactions are context dependent and interactions outcomes
may change according to environmental conditions, including
temperature (Hiscox et al., 2016; de Oliveira et al., 2020). Although
temperature is a very important factor, its effect has been usually
tested in laboratory experiments with the temperature at a constant
value, while in ecosystems temperature is a dynamic variable, with
diurnal and seasonal variations (de Oliveira et al., 2020). Thus,
recurring heat events may be an important factor that influences
fungal species interactions and their consequent growth rates.
Temporal temperature variability in environmental conditions may
shift hierarchical interactions toward intransitive interactions, with
important consequences for coexistence (Crowther et al., 2012;
Hiscox et al., 2016).

Saprobic soil fungi exhibit a variety of responses to recurring
heat events (Szymczak et al., 2020). The effects of recurring heat
events can be neutral (no evident effect), antagonistic (the first event
reduces the effect of the second event, which is also called a stress
priming effect), additive (the total effect is the sum of individual
events), or synergistic (when the overall effect is bigger than the
individual events) (Szymczak et al., 2020). It has been previously
shown that the community composition of fungi can be affected by
the trade-offs between stress tolerance and competitive (interference)
capacities, possibly acting also as a variation dependent coexistence
mechanism at the local scale (Maynard et al., 2019). Furthermore, a
trade-off between competitive dominance and stress resistance can
enable organisms’ coexistence (Haegeman et al., 2014).

It has been previously proposed that microbial priming responses
can be modulated in a community context and conversely, differences
in priming capacity together with differences in competition-related
traits (e.g., growth rate) could affect species coexistence (Rillig et al.,
2015; Wesener et al., 2021). Here, we developed this idea further using
an experiment, by co-cultivating a collection of fungal species in pairs
or triplets and applying temporally variable temperature regimes
(recurring heat events), and evaluating their growth responses
(Szymczak et al., 2020). We tested how the co-cultivation of different
fungi affected the capacity of individual isolates to respond to heat
events either by the direct effect of co-cultivation on the priming
ability of the focal species or by the effect of heat events on the
strength of competition (Rillig et al., 2015; Wesener et al., 2021).

2. Materials and methods

2.1. Fungal strains

In a previous study, 32 soil fungi isolates (isolated from the same
soil environment) were tested for their response to recurring heat
events (Szymczak et al., 2020). Fungi were isolated from 0 to 10 cm
deep soil collected in grassland in Mallnow Lebus, Brandenburg
Germany (Andrade-Linares et al., 2016b).

Based on the previous performance of the isolates in
monoculture, we selected a subset of six isolates with contrasting
responses and combined them as pairs or three species growing on
Petri dishes containing potato dextrose agar medium (PDA). We
then subjected them to the same recurring heat events as previously
used in monocultures (Szymczak et al., 2020).

We selected three isolates that previously did not show
priming ability: RLCS06 (Chaetominum anustispirale), RLCS07
(Amphisphaeriaceae sp.), and RLCS16 (Pleurotus sapidus), and three
that showed priming ability: RLCS02 (Mortierella elongate), RLCS05
(Fusarium sp.), and RLCS32 (Fusarium oxysporum) (more details
about the isolates in Supplementary Figure 1 and Szymczak et al.,
2020). For ease of following the results, we refer to the different
isolates with a code that combines their priming response (np, for
no priming, and p, for priming) with the strain identity information
(isolate numbers). Then, we refer to the isolates that previously did
not show priming as np06, npo07, and np16 and the isolates that
showed priming as p02, p05, and p32. All the fungal isolates were
kept active in PDA at 20◦C until used in the experiments.

We ran a test of the isolates growing with themselves in pairs
or triplets at control temperature (C, constant temperature of 22◦C)
and the colonies looked very symmetrical and presented very similar
growth patterns (Supplementary Figure 2). Consequently, to reduce
experimental units, we did not apply the temperature treatment
combinations on isolates growing with themselves, but only in the
combinations of different isolates, as described in the following text.

2.2. Experiment I (species pairs)

First, the six selected isolates were co-cultivated in pairs in
Petri dishes containing PDA and received different heat treatments.
The heat treatments were previously established by simulating
hypothetical heat waves near the soil surface and using temperatures
and duration tested in previous experiments, as described in
Szymczak et al. (2020): control (C, constant temperature of 22◦C),
mild perturbation (M, 35◦C for 2 h), severe perturbation (S, 45◦C
during 1 h), and sequence of the two perturbations (MS, 35◦C during
2 h, followed by 45◦C during 1 h). The heat treatments were applied
in a 2 × 2 fully factorial design, composed of mild perturbation (35◦C
per 2 h, yes or no) followed by a severe perturbation (45◦C per 1 h,
yes or no) (Szymczak et al., 2020).

For the experiment set up, the fungal isolates were first grown
on PDA at 22◦C and handled as previously described (Szymczak
et al., 2020). Later, plugs were taken from the edge of the active
colonies and transferred to new PDA plates according to the fungal
combinations. The plugs were inoculated equidistantly from the
border of the plate and between each other. After the inoculation
of fungal combinations, six replicated plates for each treatment
(fungal pairs and temperatures) were placed in replicate incubators
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according to the treatments (plates were placed in pairs in three
different incubators). This means that the treatments were applied
to two technical replicates (agar plates) nested within each of the
three experimental units (three incubators). For the experiment I, we
tested 15 combinations of fungal isolates with four heat treatments
(2 × 2 factorial design) applied to six replicated plates (two agar
plates placed/nested in three different incubators), in a total of
15 × 4 × 6 = 360 plates.

After the heat treatments, the fungal combinations were grown at
22◦C for 2 weeks. Finally, the diameter of the colonies was measured
and the growth rate of each strain was calculated for the incubation
period, both for mycelial pairs that did and did not contact during
the experiment period (Szymczak et al., 2020). Thus, the experiment
design treated fungal interactions as an aggregate of interaction at
distance, interference upon contact, and competition for space.

2.3. Experiment II (three species)

Later, the six selected strains described above were inoculated
in 20 random combinations of three species in PDA media and
submitted to the treatments previously described (the combinations
are stated in Figure 3). The experiment had the same design
described earlier and followed all the same laboratory steps but co-
cultivated three isolates instead of two. For experiment II, we tested
20 combinations of fungal isolates, with four heat treatments and six
replicates, in a total of 20 × 4 × 6 = 480 plates. Both experiments
summed, 360 plates + 480 plates, resulting in 840 plates.

2.4. Statistical analysis

Analysis followed a previously proposed factorial design
considering the factors as mild perturbation (yes or no) and severe
perturbation (yes or no) (Hilker et al., 2016; Szymczak et al., 2020).
The experimental design included a nested design, where duplicated
cultivation plates were nested within three replicated incubators.
Accordingly, the factorial design was fitted to a nested design (plates
nested to the replicated incubators) in a linear-mixed effects model
(lme). The model was fit using the software R (R Core Team,
2013) and the package nlme (Pinheiro and Bates, 2000). Some data
did not fit normality (even though we tested a box-cox optimal
transformation), thus, the models were analyzed by robust analysis
of variance (rANOVA) using the R package Rfit (Hettmansperger
and McKean, 2010). The p-values were adjusted by the Benjamini-
Hochberg (BH) false discovery rate procedure to reduce the chance
of type I error (Benjamini and Hochberg, 1995).

The individual responses of the isolates for the fungal
combinations and thermal treatments were analyzed as univariate
data (rANOVA), while the reciprocal effect of one isolate on the
companion strains was analyzed as multivariate data (bivariate for the
pairs and trivariate for the three-species combinations). The bivariate
and trivariate data were analyzed by permutational multivariate
analysis of variance (perMANOVA) using the R package vegan
(Anderson, 2017; Oksanen et al., 2019). We also analyzed the data
as a factorial focusing on each isolate and considering in addition
to thermal treatments the company strains as a factor, i.e., mild
perturbation (yes or no) and severe perturbation (yes or no) and
company strain (combinations). This provided general insight into

how the focal isolates’ growth rates overall changed when growing in
pairs or triplets. For experiment I, we also plotted a chord diagram
to indicate when a company strain changed the response of the focal
strain compared to the control (according to the rANOVA result).

The combinations of two species were scatter plotted to
visualize the effects of the heating treatments on the pair species
simultaneously, while the responses of the individual isolates were
visualized by box plots. For the combinations with three species, the
data were visualized in ternary graphs plotted using the R package
ggternary (Hamilton and Ferry, 2018), as also as box plots focusing
on individual isolates, to allow a general comparison of the two
experiments (pairs or triplets).

3. Results

3.1. Experiment I (species pairs)

The six fungal isolates were first tested in pairs (Figure 1). The
effects of the co-cultivation in response to the thermal treatments
were either negative (the growth of one or both strains decreased
after the heating treatments), neutral (no effect on the growth of the
isolates), or facilitative (one or both isolates had increased growth
rates after the heat events), depending on the pairs.

Compared to the control of each combination, four pairs had
a changed interaction after the mild heating, all 15 combinations
responded to the strong heating and three responded simultaneously
to the MS heating event (Figure 1, perMANOVA p < 0.05).
Observing the scatter plots (Figure 1 and Supplementary Figure 3),
the moderate heating event had no evident effect on the co-
cultivation growth rate of some isolates (e.g., combination np06-
np07). On the other hand, some isolates grew better after the heat
event, compared to the control without such a heat event. For
example, there was a growth rate shift in the combination np06-np16,
since the growth rate of np06 was reduced after the strong and mild-
strong heating events in comparison to the control, while the growth
rate of np16 increased after the strong and mild-strong heating events
in comparison to the control (Figures 1, 2, 3.1). Furthermore, some
isolates were severely affected by the strong heat event, resulting
in a shift of growth rates in some combinations (Figure 1 and
Supplementary Figure 2). For example, the isolate p02 co-cultivated
with np07 had a growth rate of around 170 mm2 day−1 in the control,
but the rate was reduced to less than 100 mm2 day−1 after the
strong heat event. Simultaneously to this reduction, the isolate np07
doubled its growth rate from less than 50 mm2 day−1 in the control
to 50–150 mm2 day−1 after the heat treatments (Figures 1, 2, 3.2).

When comparing the isolates individually, these changes were
more evident and the growth of some fungi in response to heat events
depended on the presence of the accompanying fungi (Figure 1,
details in Supplementary Figures 3, 4 and Supplementary Table 1).
For example, np06 was not affected by the mild, strong, and
mild-strong heat events when this isolate was grown in pairs
with the strains np07 or p05; nevertheless, some heat effects were
observed when this strain was paired with strains p02, np16, or p32
(Figures 1, 3.3, 3.4). In another example, for p02 paired with np16,
isolate p02 had a stable growth independent of the heat treatments.
Yet, when paired with isolates p05, np07, or p32 (Figures 1, 3.5),
isolate p02 had a strong reduction in growth rates after the strong
heat event, compared to its growth in the control.
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FIGURE 1

The effects of none (control, C), mild (M), strong (S), and both (MS) heat stress events on fungal isolate growth rates for fungal isolates cultivated in pairs
[p-values from permutational multivariate analysis of variance (perMANOVA)]. Each dot represents one petri dish (one replicate for each treatment), while
the rhombuses indicate the averages and the error bars the standard deviations for each treatment. The axes were scaled to optimize the comparison
across pairs (for comparison of individual pairs refer to Supplementary Figure 2).

The positive effect of co-culturing was observed in some
cases, e.g., p32 growing in the combinations with np06 and p02
(Figures 1, 3.6), had improved growth after the heat events (mild
or strong), compared to the control, which did not occur in any
other combination (Figure 1, details in Supplementary Figure 3
and Supplementary Table 1). Surprisingly, isolates that had priming
ability in the previous study lost their ability to benefit from it when
growing in combinations (Supplementary Table 1). Only the isolate
np06, which did not have priming ability in the previous study
growing alone (Szymczak et al., 2020), showed priming-like behavior
in the present study when paired with isolate np16 (Supplementary
Figure 4 and Supplementary Table 1).

Plotting the data for each isolate (Figure 2A) and analyzing also
the fungal pair combinations as a factor (Figure 2B), showed that all

isolates suffered interference of a company strain, while the thermal
effect was variable according to each isolate (Figure 2).

3.2. Experiment II (triplets)

The six fungal isolates were then tested in triplets in 20 random
combinations (Figures 4, 5 and Supplementary Figure 5). The
heat events changed the growth pattern of the isolates for some
combinations. For example, in combination 1, p02-np06-p32, the
isolate p02 growth rate in the triplet was largely suppressed by
the strong and mild-strong heat event compared to the control
(Figures 3.7, 4.1). A similar effect was observed in combination 3,
np07-np06-p02 (Figures 3.8, 4.3), however, the suppression was less
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FIGURE 2

The effects of none (control, C), mild (M), strong (S), and both (MS) heat stress events on fungal isolate growth rates for fungal isolates cultivated in pairs.
The panel containing box-plots with average and standard error for each focal isolate according to the pairs (A), and the robust analysis of variance
(rANOVA) p-values for the isolates analyzed in a factorial design considering the heat treatments mild (yes or no), strong (yes or no) and company strains
combinations (B). For the boxplots, the gray lines are references to the isolates growing alone in control conditions (data from Supplementary Figure 2)
and the black lines are the average of all controls for each focal isolate.

Frontiers in Ecology and Evolution 05 frontiersin.org

https://doi.org/10.3389/fevo.2022.1028136
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-1028136 February 4, 2023 Time: 13:49 # 6

Lammel et al. 10.3389/fevo.2022.1028136

FIGURE 3

Panel with pictures of plates of isolates discussed in the text grown in pairs (1–6) and triplets (7,8) according to the treatments control (C) and mild strong
(MS).

intense as the example before. In some other combinations, the heat
event had no effect on the interaction of the isolates. For example,
in combination 14, np07-np06-p05, all the isolates had no change in
their growth pattern (Figure 4.14).

Surprisingly, the occurrence of the interaction of recurring
heating events (mild-strong) was more frequently observed in
the triplets than in the pairs (Figure 4), where 10 significant
events were observed out of 20 combinations, 50% (perMANOVA
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FIGURE 4

Ternary plots depicting the effects of none (control, C), mild (M), strong (S), and both (MS) heat stress events on fungal isolates cultivated in triplets
[p-values from permutational multivariate analysis of variance (perMANOVA)]. Each dot represents one petri dish (one replicate for each treatment) and
the circles are the 95% confidence intervals for each treatment. Values were scaled in the percentage of growth of each isolate in a triplet in relation to
the maximum growth of that isolate in the full experiment (for information on actual growth rates of each isolate refer to Supplementary Figure 4).

p < 0.05). In the pairs (Figure 1), only five significant events
were observed out of 15 combinations, 33% (perMANOVA
p < 0.05).

When analyzing the data considering the fungal triplet
combinations as a factor (Figure 5), the result was slightly
different from when the strains grew in pairs (Figure 2). For
example, for triplets, the mild treatment was statistically significant

across all the isolates, while for pairs it was only for half of
the isolates (rANOVA p < 0.05). However, in both, pairs and
triplets, it was evident that there was always an effect of the
fungal combinations on the focal isolate growth rate (rANOVA
p < 0.01), while the thermal effects were variable according to
isolates (Figures 2, 5 and Supplementary Figures 4, 5). Among
all isolates, p02 was the one that had the most interactions
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FIGURE 5

The effects of none (control, C), mild (M), strong (S), and both (MS) heat stress events on fungal isolate growth rates for fungal isolates cultivated in
triplets. The panel containing box-plots with average and standard error of each focal isolate according to the triplets (A), and the robust analysis of
variance (rANOVA) p-values for the isolates analyzed in a factorial design considering the heat treatments mild (yes or no), strong (yes or no) and
company strains combinations (B). For the boxplots, the gray lines are references to the isolates growing alone in control conditions (data from
Supplementary Figure 2) and the black lines are the average of all controls for each focal isolate.

with other isolates. This isolate influenced the heat response of
other isolates and it was also influenced by the other isolates
(Figures 2, 5 and Supplementary Table 1). This isolate is the
one with the highest growth rate (Supplementary Figure 2), and
consequently, it has potentially the best advantage in the competition
for space. However, our data showed that this isolate potential
advantage was challenged by the isolate responses to the different
temperature treatments, which was modulated by the pair and triplet
combinations.

4. Discussion

We experimentally tested the hypothesis that species interactions
can modulate the response capacity of fungal species, e.g., by affecting
their response to heating and priming (Rillig et al., 2015; Wesener
et al., 2021). We found support for this hypothesis since several fungal
isolates had a different response to the heat events when co-cultivated
with different isolates in pairs or triples.
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Here, we tested this hypothesis by co-cultivating fungal isolates
grown in combinations of mild and strong temperature stress
treatments in pairs and triplets. In the previous study, the isolates
we used here were shown to have a diverse response to heat stress
events when cultivated in monocultures and some of the isolates
presented a heat stress priming response (Szymczak et al., 2020). In
our new study, the fungal response to recurring heat stress was shown
to be modulated also by co-cultivation and fungal isolates interactions
(Figures 2, 3). However, surprisingly, the isolates that previously
demonstrated priming ability to the same heating treatments (i.e.,
p02, p05, and p32 in Szymczak et al., 2020) did not have a special
growth advantage after the mild-strong temperature treatments when
co-cultivated with other strains. Additionally, the co-cultivation
made the thermal effects more complex and difficult to predict, since
the isolates showed different responses to the temperature treatments
according to the different company fungi or when growing in pairs or
triplets (Figures 2, 4).

The variability of species in response to environmental stressors,
such as mild and strong temperature stress, can alter fungal
interactions in at least four ways. First, temperature changes can
alter competitive hierarchies between fungal competitors (Crowther
et al., 2012; Hiscox et al., 2016). Second, tolerance to changing
temperature can be traded for competitive ability, with resulting
trade-offs structuring the community and possibly leading to
species coexistence (Kneitel and Chase, 2004; Maynard et al.,
2019). Furthermore, the trade-off between stress tolerance and
competitiveness can be further modulated by species specific
responses, e.g., priming. For instance, in the third case, the presence
of competing species can alter the focal species’ ability to express
priming (Rillig et al., 2015; Wesener et al., 2021). Additionally, in
the fourth case, the presence of a competitor can alter the ability of
focal species to benefit from its priming ability, even if the priming
ability remains unchanged. The latter two possibilities are harder
to disentangle experimentally, even though previous research has
indicated their potential importance (Rillig et al., 2015; Wesener et al.,
2021).

While the present experiment cannot disentangle between
community-level mechanisms modulating the heat response, we
clearly showed the limits of making predictions on temperature stress
effects, for example, heat waves, by studying responses of fungal
species grown as monocultures (Szymczak et al., 2020). In fact, in
natural soil fungi grow in communities, thus, it is of high relevance
that our results clearly showed that a focal fungal isolate growth
response to temperature stress is modulated by a company fungal
isolate.

Some mechanisms modulating the heat response can be
speculated. A focal isolate could have improved growth under heat
treatment either by having relatively higher heat-related fitness
than its competitor (e.g., heat generates an antagonist release),
or the exudates and interference mechanisms of the co-cultivated
competitor can increase the priming ability and thermal tolerance
of the focal isolate. In the opposite direction (i.e., reduced growth
rates in co-cultivation and heat stress), it is plausible that the adverse
effects of competition and heat stress simply summed up, reducing
their growth rate. Additionally, the metabolism of focal isolates could
be affected by the presence of a co-cultivated fungus in such a way that
prevented the focal fungus from optimally reacting to the heat event.
In the previous study (Szymczak et al., 2020), the authors suggested
that metabolic changes caused by the heating stress could include
reduced growth after the stress because of the use of energy and
resources to adjust membrane and carbon fluxes or an altered state in

a transition to dormancy or sporulation (Morano et al., 2012; Bérard
et al., 2015). In our present study, the co-cultivation of the isolates
could induce competition of the isolates for resources and also induce
other species interactions, such as facilitation, potentially inducing
further metabolism changes to the heating stress response.

Regardless of the directions and mechanisms by which other
community members influence the performance of focal species
under abiotic stress, this interaction adds a new layer of complexity
to fungal community assembly and ecology under climate change.
These findings are important for ecological models that consider
fungal growth and diversity outputs based on data produced at
constant temperatures and based on monocultures. The experimental
design and modeling of further works should take into consideration
not only the heat pulses but also simultaneously possible biotic
interactions of organisms growing in communities (Rillig et al., 2015;
Wesener et al., 2021).

5. Conclusion

In conclusion, both the recurring heat events and the species
interactions influenced the growth of focal fungal isolates and the
interactions of the fungal pairs and triplets. We found that not only do
environmental conditions influence fungal interactions and growth
rates, but the co-cultivation of different fungi can affect the fungal
response to recurring heat events. These results indicate that more
complex experimental designs are needed to better understand the
effects of recurring heat events and climate change on soil fungi.
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