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Rapid but narrow - Evolutionary adaptation and transcriptional
response of Drosophila melanogaster to toxic mould

Monika Trienens?® | Joachim Kurtz2® | Bregje Wertheim!

1Groningen Institute for Evolutionary
Life Sciences, University of Groningen, Abstract

Groningen, The Netherlands Insects have adapted to a multitude of environmental conditions, including the pres-

?|nstitute for Evolution and Biodiversity,

University of Miinster, Miinster, Germany ence of xenobiotic noxious substances. Environmental microorganisms, particularly

rich on ephemeral resources, employ these noxious chemicals in a chemical warfare
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Monika Trienens, Groningen Institute for against predators and competitors, driving co-evolutionary adaptations. In order
Evolutionary Life Sciences, University of to analyse how environmental microbes may be driving such evolutionary adapta-
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Email: m.trienens@rug.nl tions, we experimentally evolved Drosophila melanogaster populations by exposing

larvae to the toxin-producing mould Aspergillus nidulans that infests the flies' breed-
Handling Editor: Jacob A Russell ing substrate. To disentangle the effects of the mycotoxin Sterigmatocystin from
other substrate modifications inflicted by the mould, we used the following four
selection regimes: (i) control without fungus, (ii) A. nidulans wild type, (iii) a mutant
of A. nidulans AlaeA with impaired toxin production, (iv) synthetic Sterigmatocystin.
Experimental evolution was carried out in five independent D. melanogaster popula-
tions each, for a total of 11 generations. We further combined our evolution experi-
ment with transcriptome analysis to identify evolutionary shifts in gene expression
due to the selection regimes and mould confrontation. Populations that evolved in
presence of the toxin-producing mould or the pure mycotoxin rapidly adapted to the
respective conditions and showed higher viability in subsequent confrontations. Yet,
mycotoxin-selected populations had no advantage in A. nidulans wild type confronta-
tion. Moreover, distinctive changes in gene expression related to the selection-regime
contrast were only associated with the toxin-producing-fungus regime and comprised
a narrow set of genes. Thus, it needs the specific conditions of the selection agent to

enable adaptation to the fungus.

KEYWORDS
chemical defence, experimental evolution, filamentous fungus, insects, transcriptome

1 | INTRODUCTION linked adaptions in host-pathogen and host-microbiome systems.

However, not only specialized parasites or obligatory symbionts
The ubiquitous interactions between animals and microbes have are a selective force in animal-microbe interactions, but environ-
led to adaptations through (co-) evolutionary processes in numer- mental microbes can also be evolutionary drivers; through utili-
ous ways. Special attention has been given to the often tightly zation of same habitats, e.g., ephemeral rotting organic substrate,
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in any medium, provided the original work is properly cited and is not used for commercial purposes.
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where recurrent encounters of the same species can be expected
(Dubinkina et al., 2019; Téfit et al., 2018). It is conceivable that these
encounters may affect fitness positively or negatively. Although less
tightly linked than, e.g., host-pathogen interactions, this can lead to
long-standing associations between specific insects and microbes,
and may provide the conditions to facilitate (co-)evolutionary adap-
tations (Sieber et al., 2021).

The saprotrophic insect Drosophila melanogaster is a classic ex-
ample of an organism that evolved many traits related to interac-
tions with diverse environmental microbes. It prefers fermenting
fruits as egg-laying sites, has developed high resistance to alcohol,
and is strongly attracted to the odours emitted by yeasts, which
it perceives with distinct odorant receptors (Becher et al., 2010;
McKenzie & Parsons, 1972; Semmelhack & Wang, 2009). The de-
veloping larvae feed not solely on fruit substrate but also on micro-
organisms that provide essential nutrients for which the larvae have
deficiencies in their metabolism (Carvalho et al., 2010). This depen-
dency on microorganisms as a food source may leads to hardwired
preferences in their resource seeking behaviour. However, diverse
microorganisms have the ability to produce highly toxic metabolites,
which they deploy as a means to defend themselves and their sub-
strate against microbial and other competitors. These biocidal sub-
stances, such as antibiotics and particularly mycotoxins, can have
highly deleterious impacts on the development and survival of D.
melanogaster larvae (Trienens & Rohlfs, 2011). Fungal-produced
insect juvenile hormones may interfere with larval development
(Nielsen et al., 2013). Nevertheless, larvae can be found foraging
in close proximity to colonies of toxin-producing filamentous fungi,
e.g., Aspergillus spp. (Trienens et al., 2010; Trienens & Rohlfs, 2011);
they are attracted by fungal volatiles, seek out fungal colonies
rather than avoiding them, and aggregate around their perimeter
(Stotefeld et al., 2015; Trienens et al., 2017). Yet, D. melanogaster
evolved a defensive repertoire as a counter-adaptation to cope with
these noxious fungi, including behavioural adaptations like aggre-
gated grazing (Trienens & Rohlfs, 2020), which can severely limit the
growth of fungi, and an array of detoxification mechanisms (Trienens
et al., 2010; Trienens & Rohlfs, 2011; Wertheim et al., 2002, 2006),
including cytochrome P450 monooxygenases (CYPs), glutathione
S-transferases (GSTs), the Keapl, cnc, AP-1 and AHR pathways
(Luque & O'Reilly, 2002; Saisawang et al., 2012; Tijet et al., 2001;
Trienens et al., 2017), and excretion of toxic substances through the
Malpighian tubules (Chahine & O'Donnell, 2011).

We used our experimental system consisting of D. melanogaster
populations and the saprotrophic filamentous fungus Aspergillus nid-
ulans to study the potential of environmental microbes as evolution-
ary drivers. Both the fly and the fungus can utilize decaying organic
resources, where they compete through interference. The effects
of such competition are negative for both opponents as each can
considerably decrease the fitness and survival of the other. While D.
melanogaster larvae destroy fungal hyphae by feeding and moving ac-
tivities at the perimeter of fungal colonies, the fungus produces and
excretes toxic secondary metabolites that kill the larvae (Caballero
Ortiz et al., 2018; Trienens et al., 2010; Trienens & Rohlfs, 2012).

Previously, we showed that when larvae are exposed to A. nidulans,
it can severely reduce larval survival (Trienens et al., 2010; Trienens
& Rohlfs, 2011), but D. melanogaster can rapidly evolve higher toler-
ance (Trienens & Rohlfs, 2011; Wélfle et al., 2009). Further, expo-
sure of larvae (from a base population) to the toxin-producing fungus
had far more pervasive effects on gene expression than exposure to
the isolated mycotoxin, Sterigmatocystin (Trienens et al., 2017). This
indicates that the fungus introduces more complex changes to the
environment - e.g., excretion of mycotoxins, antibiotics, and meta-
bolic waste products, depletion of nutrients, change of pH-level -,
which may also affect the counter-adaptations that Drosophila can
evolve. Elucidating the genomic basis for the tolerance or resistance
will provide novel insights into the full complexity of adapting to
environmental microbes, and whether a defined feature, the toxic
secondary metabolites, is the driving factor of the evolutionary
counter-adaptations in Drosophila.

In the present study, we conducted an extended experimental
evolution experiment to disentangle the insect's evolutionary re-
sponse to the different substrate alterations inflicted by the toxic
filamentous fungus and subsequently link them to changes in gene
expression patterns induced by the different selection regimes. For
this, D. melanogaster larvae of replicated populations developed over
several generations repeatedly on breeding substrate infested with
the toxin-producing A. nidulans. We compared viability, development
time, and transcriptional responses of these evolved D. melanogaster
populations with populations that were kept in parallel in three con-
trol selection treatments in order to account for distinct aspects of
the fungal biology. Therefore, our selection treatments include: (i)
absence of the fungus - no substrate alteration, (ii) exposure to A.
nidulans wild type - substrate alterations including toxicity effect,
(iii) exposure to A. nidulans mutant with impaired toxin production
- substrate alterations with limited toxicity effects, (iv) exposure to
a synthetic application of the purified mycotoxin - toxicity effect
without further substrate alterations. Based on the severe detrimen-
tal impact that the wild type fungus and the mycotoxin can exert
on D. melanogaster, we hypothesised that populations which en-
countered the toxin-producing wild type or the pure mycotoxin will
evolve towards individuals that possess higher resistance or toler-
ance towards these agents, and potentially that cross-resistance can
be found, considering the shared feature. However, the encountering
of the toxin-production impaired mutant fungus was hypothesised
to have limited selective force on D. melanogaster populations, as it
is lacking the detrimental toxic feature. We found that the selection
regimes with the toxin-producing fungus and the pure mycotoxin in-
deed rapidly changed the viability of those populations, after only a
few generations, when exposed to their respective selection agents.
However, populations that were selected on the isolated mycotoxin
had no advantage when confronted with the toxin-producing fun-
gus. We further tested whether changes in larval viability correlated
with the extent to which the larvae suppress fungal growth, yet fun-
gal growth was suppressed to similar extents by all populations of
all selection regimes; which may indicate evolved tolerance rather
than resistance.
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Overall, in response to the toxin-producing fungus D. melanogas-
ter larvae changed the expression of about 3000 genes; yet, with
regard to the selection regimes, only populations that were selected
on the toxin-producing A. nidulans showed considerable changes of
a narrow set of genes.

2 | MATERIALS AND METHODS
2.1 | Organisms, substrate, and general conditions

We used a Drosophila melanogaster lab population of flies collected in
Germany (surrounding of Kiel) that was established from 113 isofe-
male lines shortly after collection and kept at high numbers but low
larval density in the lab for 123 generations prior to this study. The
population was reared with non-overlapping generations on larvae-
breeding substrate (see below) in breeding flasks, and eclosed adults
were released into a population cage with supply of water and a
sugar-inactivated-yeast mix. Rearing took place at 25°Cand 12h/12h
light/dark cycle. During the first selection-confrontation (see selec-
tion procedure below) larvae of this base population were randomly
assigned to a given selection regime and population therein.

We used the toxin-producing Aspergillus nidulans RDIT2.3 as a
wild type (WT) and the toxin-production impaired AlaeA-mutant-
stain RJW 46.4 (LA) - provided by Nancy P. Keller, Wisconsin, USA.
The gene product of laeA is part of a regulatory complex (velvet) and
considered the master regulator of secondary metabolite produc-
tion in filamentous fungi (Calvo, 2008). In A. nidulans it affects the
synthesis of, e.g., Sterigmatocystin, Penicillin, and Lovastatin (Bok
& Keller, 2004), as well as pigmentation. Conidia were rinsed from
colonies with saline solution (8.6 g NaCl, 300 mg KCI, 300mg CaCl,,
1mL Tween80® per litre), counted with haemocytometry (Neubauer
Improved), and titre adjusted to 1000 conidia/pL.

The mycotoxin Sterigmatocystin (ST) was purchased from Sigma
Aldrich and dissolved in acetone. Sterigmatocystin was used as a
single-agent selection pressure as it is present in the wild type fungus
yet absent in the mutant strain. Further, as the metabolite of A. nidu-
lans with the highest toxicity it has high potency as a selective force.

The larvae-breeding substrate consisted of 62.5g of inactivated
yeast (Leiber GmbH Bramsche), sugar and cornmeal, and 12.5g of
Agar, and 1L purified water, and supplemented with 3g Nipagin,

1g Chloramphenicol, and 1g Nystatin. This substrate was used in
the selection- and exposure-experiments (see below), yet without
the supplementation of anti-microbial substances. We used steam-
sterilized solutions, media, and tools for all experiments. Although
neither saline-solution (solvent for conidia) nor acetone (solvent
for Sterigmatocystin) after evaporation of 15min have an effect on
larval survival or development, all substrates were pre-treated with
the respectively lacking solvents prior to experimental treatment
application.

For all assays, we transferred first-instar larvae that hatched
from sodium hypochlorite treated eggs (‘axenic larvae’) to exposure-
and confrontation-units to avoid the introduction of other microbes.
Incubation took place at 25°C and 12/12h light/dark cycle, if not
stated otherwise.

2.2 | Selection procedure

We conducted four different selection regimes: (i) control without
fungus (sel.CO), (ii) A. nidulans wild type (sel. WT), (iii) a mutant of A.
nidulans AlaeA with impaired toxin production (sel.LA), and (iv) syn-
thetic Sterigmatocystin (sel.ST) (Figure 1a) in which we transferred
D. melanogaster larvae for development to the respectively treated
breeding substrate. Fungal conidia were applied by placing a 1pL
droplet of conidia solution in the centre of substrate surface, and
Sterigmatocystin by applying 50 L Sterigmatocystin-acetone solu-
tion, which spread over the entire substrate surface. To increase the
selective pressure over the course of the evolution experiment, we
first used fungal colonies of both strains with a development head-
start of 1day and 1pg of Sterigmatocystin per confrontation vial
(selection cycle 1), then fungal colonies with 2-days head-start and
2 ug Sterigmatocystin (selection cycle Il), and finally 3days old fungal
colonies and 3 pug Sterigmatocystin (selection cycle Ill). We repeated
the selection cycle | and Il four times each, and selection cycle Il
three times (Figure 1b). Each selection round included one selection-
and one relaxation-generation. This was done to prevent population
depression due to reduced fecundity of flies in populations with con-
tinually confronted generations (unpublished data). Further, the se-
lection pressure alternation may reflect natural selection conditions
in environmental microbe-insect interactions, as not each substrate

patch available at times of different generations is inhabited to the

FIGURE 1 Scheme of selection procedure and exposure trials. (a) The four selection regimes applied to five independent Drosophila
melanogaster populations per regime, with fungus-free and toxin-free control breeding substrate (sel.CO), breeding substrate inoculated
with the toxin-producing A. nidulans wild type (se. WT) or the toxin-production impaired mutant strain AlaeA (sel.LA), or breeding substrate
supplemented with the mycotoxin sterigmatocystin (sel.ST). (b) The selection progression was conducted with alternating selection- and
relaxation-generations, where D. melanogaster larvae were confronted with the selection treatments and reared under standard breeding
conditions, respectively. Selection intensity was gradually increased in three selection cycles, each of which included several selection
confrontations. Prior to trials testing the viability of the selection lines three relaxation-generation were included to alleviate parental
effects on offspring performance. (c) Setup of the exposure trials for viability assays: exposure treatment (‘exp.xx’) depicted as frames (solid:
control, dash-dotted: wild type fungus, dashed: mutant fungus, dotted: mycotoxin) and selection treatment (‘sel.xx’) depicted as coloured
circles. In trials | and Il direct responses were assayed to the respective selection regime and control conditions, while trial Ill also included
cross-responses to the other selection agents. (d) Overview of selection- and exposure-combinations used to define contrasts in the

transcriptome data analysis.
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exact same extent and with the exact same microbe composition,
and thus selection pressure may not be uniform in each generation.

For each selection regime we conducted five independent fly pop-
ulations of about 500 individuals each. For selection-confrontations,
larvae were reared in respectively treated 50mL vials (see above)
with a density of 50 larvae per confrontation vial. As the selection
treatment caused moderate mortality (up to approx. 25% in WT- and
ST- selection regimes) 15 vials per population were prepared in order
to ensure that 500 flies per population were gained. For relaxation-
generations six larger breeding flasks (250mL) with larvae-breeding
substrate and 100-150 eggs per flask were used per population
(Figure 1b). In each generation flies of a given population were
merged in one population-cage shortly after eclosion for blending
and mating, and population size adjusted to approx. 500 flies, each.

Prior to trials testing larval viability, populations were reared
under relaxation conditions for three generations to eliminate the
impact of epigenetic effects (Figure 1b).

2.3 | Viability of D. melanogaster larvae during
exposure to A. nidulans and Sterigmatocystin

To test changes in the ability to develop in presence of the respec-
tive selection pressures, we exposed larvae in 2mL tubes containing
1 mL breeding substrate that was inoculated with 1000 conidia of A.
nidulans WT or LA (exp.WT, exp.LA), or Sterigmatocystin (exp.ST),
or as fungi and toxin free controls (exp.CO). Acetone was allowed to
evaporate for 15min. Wild type colonies grew for 1day and mutant
strain colonies for 3days prior to larval transfer. Sterigmatocystin
was inoculated with 0.5, 1.0, and 1.25pg per tube for trials after
selection cycle I, I, and lll, respectively. With these treatments we
aimed to inflict a moderate mortality; where wild-type colonies with
a longer development head start potentially induce a 100% mortal-
ity, whereas younger mutant-strain colonies have no measurable
effect. We conducted 12 replicates per population and exposure
condition, where larvae were exposed in groups of 10 per tube (120
larvae/population/condition). After first eclosion was observed we
removed flies from tubes on a daily basis until no flies emerged across
all conditions. Flies were counted and emergence day recorded to
calculate viability and development time. Note, throughout the text
we refer to the selection regime with ‘sel.xx’ and to exposure condi-
tions for viability assessment as ‘exp.xx’, where xx represents the ini-
tials for the respective agents (CO, WT, LA and ST; Figures 1c and 2).

2.4 | Fungal growth suppression

We inoculated 1pL conidia solution of A. nidulans WT on 4mL fly
breeding substrate in 35mm Petri dishes and incubated them for
48h. Then we transferred 10 D. melanogaster first-instar larvae to
each dish and incubated them further. After 24- and 72-h confronta-
tion with larvae we took pictures (~8 Mpix), analysed the propor-
tion of substrate surface that was covered by fungal colonies using
IMAGeJ (https://imagej.nih.gov/ij/), and calculated the fungal growth

between the two time points. For larvae-free controls we conducted
20 replicates and for larvae-confronted colonies 10 replicates for
each of the 20 populations. To reduce variation due to measuring
error we measured each colony three times independently and used
the mean for further analysis.

2.5 | Exposure and sampling for
transcriptome analysis

We inoculated 4 mL breeding substrate in 35mm Petri dishes with
1pL A. nidulans WT conidia solution (exp.WT) or as fungi- and toxin-
free controls (exp.CO) and incubated the Petri dishes at 25°C and
12h/12h light/dark cycle for 3.5days. We transferred 20 axenic
first-instar larvae to each dish and incubated them further for 24 h
in darkness. Our earlier study showed that under these given condi-
tions no significant differences in larval mortality or development
time occurred (Trienens et al., 2017). We collected larvae after
these 24 h of exposure, where we pooled 52 larvae for one bio-
logical replicate collected from four independent dishes (balanced
design with 13 larvae per dish). Sampling order was randomized.
Larvae were snap frozen in liquid nitrogen. The larvae used in this
experiment were generated nine generations after the last selec-
tion generation. This was done to eliminate differences in gene
expression patterns that are due to carry-over effects, such as
epigenetics, and thus to emphasis gene expression changes due to
evolutionary changes. It was further done to have the results from
the viability assays available prior to sample generation for the tran-
scriptome analysis.

For RNA extraction we combined phenol-chloroform and
column-based methods (TRIzol® until ethanol addition followed
by RNeasy mini, QIAGEN, according to manufacturer's instruction).
Of the five populations per selection regime, we randomly selected
three populations for library preparation for a total of 24 libraries (2
treatments x4 selection regimes x 3 replicated populations). PolyA+
isolation, library preparation, and sequencing were performed by
Eurofins Genomics (Ebersberg, Germany). We made use of lllumina
HiSeq2500 technology and paired-end 125 base sequence chemis-
try. Samples were multiplexed in groups of 8; to efficaciously con-
trast the differences between selection-regime responses, a given
population of each selection regime exposed to A. nidulans and to
control conditions was blocked on one lane. Sequencing yielded on
average 5.96 Giga base calls (Gbp) per library, with a minimum of
4.73 Gbp and a maximum of 7.18 Gbp.

2.6 | Transcriptome data analysis

We filtered the sequenced reads for a 99% probability of cor-
rectly identified bases (FASTX 0.10.1, FASTQ Quality Filter).
Paired-end reads were mapped to the Drosophila melanogaster-
reference-genome version 6.06 (flybase.org) allowing for 10% mis-
matches [GMAP-GSNAP 2015-07-23 (Wu et al., 2016)]. Duplicates
and non-unique reads were excluded from counting reads to
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FIGURE 2 Adaptation through experimental evolution. Number
of eclosed flies from larvae of the four different selection regimes
(control: sel.CO, A. nidulans WT: se. WT, A. nidulans LA mutant: sel.
LA, and sterigmatocystin: sel.ST) developing on breeding substrate
supplemented with (a) control solvents, (b) toxin-producing A.
nidulans WT, (c) toxin-impaired A. nidulans LA mutant, or (d) the
mycotoxin Sterigmatocystin after selection cycle |, Il, and 11l
(columns from left to right). The WT colonies were 1day and LA
colonies 3days old at time of larval transfer. Sterigmatocystin

was applied with 0.5, 1.0, and 1.25 pg per confrontation unit,
respectively. Boxplots represent cumulative data of each selection
regime with 600 larvae per boxplot - that is, five populations per
selection regime and 12 replicates per population with 10 larvae
per confrontation unit - and red dots within boxplots represent
the means of the five replicated populations, numerically ordered
from left to right. In trial | and Il, direct responses to the respective
selection regimes were assayed, while trial lll was conducted in
full-factorial design.

features (gene sequences; HTSEQ 0.601; Anders et al., 2014). Final
feature count resulted on average in 9.74M reads +1.9 (SD) per li-

brary. For the analyses of differentially expressed genes (DEGs) we

used R (version 3.3.2; R Core Team, 2019) and the package ebceR
(Robinson et al., 2009; version 3.16.5, limma version 3.30.9). We
used the subsample methods for normalization; that is, only librar-
ies (read counts of samples) included in a given comparison were
normalized together. Prior to analysis we removed all features that
yielded less than 5 counts per million reads in less than 4 libraries
in a given contrast. We then estimated tagwise dispersion and fit-
ted the model with the grouping factor selection:exposure. For a first
overview of the data set we generated a multi-dimensional-scaling
(MDS) plot using epceR standard setting.

We set contrasts to analyse between-selection-regimes differ-
ences with ‘se WT vs sel.CO’, ‘sel.LA vs sel.CO’, and ‘sel.ST vs sel.
CO'’ separately for control exposure (exp.CO, 3.3.1) and A. nidulans
wild type exposure (exp.WT, 3.3.2; both Figure 5a). We further an-
alysed between-exposure differences with the contrasts ‘exp.WT vs
exp.CO’ within the different selection regimes (sel.CO, sel. WT, sel.
LA, and sel.ST; 3.3.3, Figure 5b). These separate analyses provided
us with insights in the constitutive differences in gene expression
among selection regimes under control conditions, the induced dif-
ferences in gene expression among selection regimes after exposure
to the wild-type fungus, as well as the inducible differences in gene
expression within each selection regime after exposure to the wild-
type fungus. We considered genes to be differentially expressed
when the false discovery rate (FDR) was <0.05 (BH adjustment
method, eDGeR).

We used DAVID Bioinformatics Resources 6.8 (Huang et al., 2008)
including functional categories, gene ontology (biological processes,
cell component, and molecular functions), pathway involvement
(KEGG) and protein domains (Interpro, Pfam) for functional annota-
tion cluster analysis. We included genes that were marked as DEGs
with an FDR<0.05.

2.7 | Statistic procedures

We analysed the viability of larvae with the glmer procedure [R
package LMe4 (Bates et al., 2015) version 1.1-12] as a binomial dis-
tribution and corrected for over-dispersion. We fitted the model to
test the main effects of ‘selection’, ‘exposure’, and ‘trial’ as fixed fac-
tor. By including interaction terms of the fixed factors we tested the
effect of selection in a given exposure and trial. Initially ‘population’
was included as random factor, yet removed during model reduction
as applicable. For the analysis of the length of time until flies eclosed
we used the R package coxMe [(Therneau, 2012) version 2.2-7] with
‘selection’ as fixed factor and fitted the Cox mixed-effects model by
maximum likelihood on a survival object of type ‘counting’, including
‘population’ and ‘tube-id’ as random factors.

We analysed the fungal fitness inferred by substrate surface
covered by hyphae with the glmer procedure, REML fitted, with ‘se-
lection’ as fixed factor and ‘population’ as random factor (LmMe4 ver-
sion 1.1-12), and type Il analysis of variance (R package car; Fox &
Howlett, 2008; version 2.1-4).
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3 | RESULTS

3.1 | Fitness-traits screening of evolved D.
melanogaster populations after selection cycle I, II,
and Il

We conducted experimental evolution with four selection regimes:
control without the fungus (sel.CO), A. nidulans wild type infested
substrate (sel. WT), toxin-production impaired mutant A. nidulans
AlaeA infested substrate (sel.LA), and Sterigmatocystin supple-
mented substrate (sel.ST) on five independent D. melanogaster pop-
ulations each, for in total 11 generations of selection (see Figure 1).
At the end of each of the three selection cycles with increasing se-
lective pressure (1, I, and Ill) the 20 D. melanogaster populations were
exposed as larvae to the same four different treatments that were
used as selection agents (see above; exposure labels: exp.CO, exp.
WT, exp.LA, and exp.ST). The viability and development time of lar-
vae were documented.

3.1.1 | Viability of D. melanogaster larvae during
exposure to A. nidulans and Sterigmatocystin

Under control exposure conditions (exp.CO) all 20 populations
showed high viability and little variation in the numbers of larvae
that developed to adults. The lack of a global effect indicates that
differences between selection regimes (sel. WT, sel.LA, and sel.ST)
under control conditions were not significant (sel WT: p=.7577, sel.
LA: p=.5299, and sel.ST: p=.6323; Figure 2a and Table S1); yet in
trial Il two populations of sel.CO showed a slightly reduced number
of eclosed flies. In contrast, all exposures (exp.WT, exp.LA, and exp.
ST) had a negative effect on the viability of larvae from all selection
regimes (exp.WT: p<.0001, exp.LA: p<.0001, and exp.ST: p<.0001;
Figure 2a-d and Table S1) compared to control conditions (exp.CO).

Depending on the exposure the two most stringent selection-
regimes had a positive effect on larval viability as a direct response.
When exposed to wild type A. nidulans colonies (exp.WT) wild-type-
fungus selected populations (se. WT) had a higher viability compared
to sel.CO populations (interaction term sel WT*exp.WT: p=.0409;
Figure 2b and Table S1) already after the first four selection gen-
erations. The difference in viability increased significantly from
about 12% in trial | and Il to 38% in trial lll (sel WT*exp.WT*trial.lll:
p=.0100; Figure 2b and Table S1). The mortality inflicted by the wild
type fungus differed between the trials, with trial Il having a lower
reduction in the number of eclosed flies despite same age of the
fungal colonies at time of confrontation. In this exposure two living
organisms interact with each other, where external factors beyond
control may affect this interaction, like, e.g., season, weather, and
atmospheric pressure.

The mycotoxin selected populations (sel.ST) in exposure to the
mycotoxin (exp.ST) had more variation in viability between the trials.

However, compared to sel.CO populations, sel.ST populations also

had a significantly higher viability from the first trial on (interaction
term sel.ST*exp.ST: p=.0357, Figure 2d and Table S1), with a larger
difference in viability in trial 1l (sel.ST*exp.ST*trial.ll: p=.0087;
Figure 2d and Table S1).

This increase of viability in subsequent exposures to the re-
spective selection agents after only a few generations of selection
shows that D. melanogaster populations can rapidly adapt to other-
wise detrimental conditions created by toxic fungi or to the purified
mycotoxin.

In contrast, although exposure to the toxin-production impaired
mutant strain of A. nidulans (exp.LA) also led to a slight but signifi-
cant reduction in viability compared to control exposure (Figure 2c),
differences in viability between sel.CO and sel.LA in exposure to the
mutant fungus (exp.LA) were not significant (interaction term sel.
LA*exp.LA: p=.2534; Figure 2c and Table S1). With a 3days devel-
opmental head start, the colony covers nearly the entire surface of
the substrate. However, the fungus impaired in its toxic arsenal is
incapable of eliminating the insect larvae.

In trial Il populations of the different selection regimes were ex-
posed to the respective other selection agents to test for changes
in viability as an indication for cross-resistance. Whilst the selection
with the single toxic agent (mycotoxin, sel.ST) did not elicit cross-
resistance towards a multifaceted noxious agent (toxin producing
WT fungus, interaction term sel.ST*exp.WT: p=.2903; Figure 2b
and Table S1), selection on a non-toxic and on the toxic fungus
resulted in reduced sensitivity to a mycotoxin (Sterigmatocystin,
Figure 2d). However only for sel. WT-populations the difference was
significant (interaction term sel WT*exp.ST: p=.0325, sel.LA*exp.ST:
p=.1213, Figure 2d and Table S1). No further cross-resistance was
observed in any combination of selection regime and exposure con-
dition (Figure 2 and Table S1).

3.1.2 | Development time of D. melanogaster larvae
during exposure to A. nidulans and Sterigmatocystin

To characterize in more detail the potential effects of the different
exposures on larval health and fitness, and the ameliorating effect
of selection regimes on these exposures, we monitored develop-
ment time of the larvae (from first instar larvae until eclosion of
flies, Section 2.3). Across all exposure conditions, developmental
time was on average fastest under control conditions and long-
est after exposure to Sterigmatocystin (Figure S1 and Table S3).
Differences among larvae from different selection regimes in
developmental time after the various exposures were overall
marginal, except for the exposure with Sterigmatocystin after
selection cycle Il. Further, some of the selected populations also
showed slight differences in developmental time compared with
the control selected populations (sel.CO) under control conditions
(exp.CO), as well as under the exposures they had been selected
for, but these differences were only minor (for further details see
Figure S1 and Table S3).
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3.2 | Fungal growth suppression by selected D.
melanogaster populations

The populations of all selection lines reduced the growth of A.
nidulans WT colonies by about 34% compared to the growth of
un-confronted colonies (F1'218=213.4, p<.001). However, the
populations of the different selection regimes did not differ in the
degree of the inflicted growth reduction (Figure 3, glmer and type
Il analysis of variance, excluding data of un-confronted colonies:
F31,=0.4433,p=.725).

3.3 | Gene expression analysis - Comparison
within and between selection regimes

To screen for changes in gene expression in larvae of all four selec-
tion regimes, both under unexposed (control) conditions and after
exposure to A. nidulans wild type, larvae were collected after 24h
of exposure duration. In the multidimensional scaling plot (MDS)
the samples are predominantly divided into groups that had been
exposed to A. nidulans opposing the fungal-free control condition
(MDS, dimension 1; Figure 4 - solid versus open symbols). Further,
the samples are distributed along dimension 2, which roughly groups
the samples into sel.CO and sel.ST versus sel WT and sel.LA.
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FIGURE 3 Fungal growth of WT colonies confronted with
larvae of the selection lines. Fungal growth of Aspergillus nidulans
WT colonies when confronted with larvae of the four different
selection regimes (control: sel.CO, A. nidulans WT: sel WT, A.
nidulans LA mutant: sel.LA, and sterigmatocystin: sel.ST). The WT
colonies were 48 h old at time of larval transfer (10 larvae per Petri
dish), and growth was measured after 24 and 48 h as the increase
in surface area of the colony. The graph represents data of the five
populations for each selection regime, with 10 confrontations per
selection regime per population.
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FIGURE 4 Multidimensional scaling plot (MDS plot).
Multidimensional scaling analysis of the normalized mRNA
sequence libraries (EnceR) from D. melanogaster larvae unexposed
(control conditions, open symbols) and exposed to the toxic fungus
A. nidulans (filled symbols). Three populations of each selection
regime were randomly chosen for gene expression profiling. Symbol
shapes represents populations from circle=sel.CO, square =sel.
WT, diamond=sel.LA, and triangle =sel.ST. Sample names are
composed of selection regime and population-number.

3.3.1 | Between selection regimes contrast -
Constitutive response

We first analysed gene expression patterns of larvae on fungal- and
toxin-free breeding substrate (exp.CO), comparing the selection re-
gimes sel.WT, sel.LA, and sel.ST to the control selection regime sel.
CO. The exp.CO-contrasts resulted in detection of a low number
of differentially expressed genes (DEGs; Figure 5a and Table S4/
DEGs) and thus, the constitutive gene expression of all popula-
tions under standard breeding conditions remained predominantly
unchanged.

3.3.2 | Between selection regimes contrast -
Induced response

When we compared the gene expression under wild type exposure
(exp.WT)among selection regimes to the control regime, it resulted in
53 DEGs for ‘sel. WT vs. sel.CO’-contrast, 10 DEGs for ‘sel.LA vs. sel.
CQO’-contrast, and 2 DEGs for ‘sel.ST vs. sel.CO’-contrast (FDR <0.05,
eDGER; Figure 5a and Table S4/DEGs), showing a more pronounced
difference in the induced response of se WT populations than in
the other selected populations. Of the 53 DEGs in the ‘sel WT vs.
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sel.CO’-contrast 44 were upregulated only in this contrast. Despite
the relatively low number of these genes for functional annotation
cluster analysis, six clusters with significant over-represented anno-
tation terms were detected (Benjamini correction <0.05, DAVID 6.8).
The 44 up-regulated genes clustered in terms like Epidermal growth
factor-like domain (enrichment score 4.14), Calcium ion binding,
Laminin G domain, Insulin-like growth factor binding protein, Cadherin,
receptor activity, and cell adhesion molecule binding (enrichment score
3.40), Plexin-like fold (enrichment score 3.29), membrane depolariza-
tion during action potential and Voltage-dependent potassium channel
(enrichment score 2.56), Imnmunoglobulin-like fold (enrichment 2.25),
and Glycoprotein (enrichment score 2.23).

3.3.3 | Between exposure contrast - Response to
fungus within selection regimes

We further compared the response of the larvae to the exposure
to A. nidulans wild type fungus (‘exp.WT vs exp.CO’) within each
selection regime. Comparisons resulted in 611 DEGs for sel.CO-
populations, 493 DEGs for sel. WT-populations, 599 for sel.LA-
populations, and 785 for sel.ST-populations, of which 80%-85%
were down-regulated (Figure 5b). About 26.3% of the 904 down-
regulated genes were shared between all contrasts and about 4.3%
uniquely down-regulated in sel WT and sel.LA, whereas 11.2% and
18.6% were uniquely down-regulated in sel.CO and sel.ST, respec-
tively (Figure 5b). Of the 252 up-regulated genes throughout all
contrasts about 12.3% were shared between all contrasts and about
12.3%-17.5% were uniquely up-regulated in only one given contrast.
Cluster annotation analysis (using an 0.05 cut-off for clusters after
Benjamini correction, DAVID 6.8) resulted in only few significant
terms for the 31 shared up-regulated genes, namely Glycosidase
and mannose metabolic process (enrichment score 3.48), and the 238
shared down-regulated genes in terms of chitin-based cuticle devel-
opment (enrichment score 7.70), DUF1676 (‘Osiris’; enrichment score
5.61), proteolysis, disulphide bond (enrichment score 3.16), apical con-
striction, zona pellucida domain, regulation of embryonic cell (enrich-
ment score 2.49), and integral component of membrane (enrichment
score 2.19).

No significant clusters were detected for up-regulated DEGs of
unique sets of sel.CO, sel.WT, sel.ST, whereas DEG cluster analysis
of uniquely up-regulated genes in sel.LA clustered in terms like pro-
teolysis and serine protease (enrichment score 3.58). Exclusively in sel.
CO, down-regulated genes clustered in terms like immunoglobulin-
like domain, Fibronectin type Il domain (enrichment score 4.47), and
transmembrane helix (enrichment score 3.37). DEGs down-regulated
in sel.ST only clustered in terms like Chitin binding domain (enrich-
ment score 4.79), integral component of membrane (enrichment score
2.94), and Monooxygenase (enrichment score 1.98).

No enrichment was found in genes involved in metabolic and de-
toxification processes, however, individual genes were consistently
up-regulated (cyp28d2, gstD2) or down-regulated (cyp18a, cyp301al,
cyp318a1) in all selection regimes (Figure S3).

4 | DISCUSSION

Environmental microbes inhabiting natural resources can change
the conditions for other organisms that rely on these resources in
different ways. In such manner, the harmful filamentous fungus
Aspergillus nidulans has a significant negative impact on the breeding
environment of saprotroph Drosophila melanogaster larvae. Larvae
that developed in the presence of the fungus or its isolated myco-
toxin Sterigmatocystin had a reduced viability. To investigate how D.
melanogaster larvae adapt to microbial-induced substrate changes by
A. nidulans we used experimental evolution including four comple-
mentary selection regimes. We further analysed the transcriptome
of the selected D. melanogaster populations to dissect the insect's
traits that aid the larvae to cope with the detrimental impacts the

fungus can exert.

4.1 | Rapid evolution of increased tolerance

The two most stringent selection regimes - toxin-producing fungus
and pure mycotoxin - led the D. melanogaster populations evolve
rapidly towards a higher ability to cope with the respective chal-
lenging condition, while the more lenient selection regime - toxin-
impaired fungus - did not result in improved performance.

Cross-resistance between selection- and exposure-conditions
was limited; populations that had evolved in the presence of the
isolated mycotoxin did not achieve higher viability in the presence
of the toxin-producing fungus. However, populations evolving on
either of the two A. nidulans strains tended to a slightly improved vi-
ability towards the isolated mycotoxin compared to the control pop-
ulation. Note, A. nidulans does not infect Drosophila melanogaster as
unlike some entomopathogenic fungi may infect insects (Lemaitre
et al., 1996; Tinsley et al., 2006; Trienens et al., 2010).

Sterigmatocystin is one of the most potent mycotoxins of
A. nidulans. As a single agent it severely hampers D. melano-
gaster development. Thus, the reduced susceptibility towards
Sterigmatocystin of sel.ST-populations might be underlain by a
specific mechanism that is directed at structural characteristics
of the toxin. Which kind of mechanism leads to the reduced sus-
ceptibility to the isolated mycotoxin, e.g., more efficient degrada-
tion or faster emission via cellular drug efflux pumps, needs to be
further investigated. However, these adaptations did not support
further tolerance or resistance to other more versatile substrate
alterations inflicted by A. nidulans. This implies that traits to de-
fend against the isolated mycotoxin are not sufficient to provide
cross-resistance towards related challenges, such as fungal expo-
sure. In contrast, both in this study and a previously conducted
experimental evolution experiment using D. melanogaster and A.
nidulans as a model system (Trienens & Rohlfs, 2011), a selection
regime that exposed fly populations to the toxin-producing A.
nidulans showed an increased viability when larvae developed on
Sterigmatocystin-supplemented breeding substrate, indicating an
evolved cross-resistance.
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FIGURE 5 Gene expression of evolved lines upon exposure to control conditions or toxin-producing fungus. (a) ‘Between-selection-
regime’ contrast within a given exposure condition; illustration of constitutive- (control condition) and induced- (fungus exposure condition)
responses with numbers of differentially expressed genes (DEGs) and total number of analysed genes per contrast. (b) ‘Between-exposure’
contrast within a given selection regime; illustration of fungus exposure contrast with numbers of DEGs and total number of analysed genes
per contrast. Venn diagrams of DEGs from ‘between-exposure’ contrast showing overlap of up- and down-regulated genes between the four

selection regimes. The cut-off of DEG is FDR <0.05 (epceR, GLMLRT).

Unexpectedly, in the present study we also found that popula-
tions selected on the toxin-production impaired fungus showed a
tendency to a reduced susceptibility to Sterigmatocystin. In fungi,
genes that are involved in the synthesis of secondary metabolites
are clustered within the genome (Bok & Keller, 2004; Keller, 2019;
Yu & Keller, 2005), where LaeA is considered to be a ‘master
switch’ of positive expression regulation. In the toxin-production
impaired strain AlaeA the laeA-gene has been disrupted, leading

to arrested synthesis of several secondary metabolites (Bok &
Keller, 2004). Under the assumption that the populations selected
on the impaired fungus had not been in contact with mycotoxins,
this suggests that the repeated confrontation with the A. nidulans
toxin-impaired strain during development induced a form of in-
herited non-specific stress response that simultaneously reduced
susceptibility to Sterigmatocystin, leading to the cross-resistance.
Alternatively, some toxic and non-toxic fungal metabolites have the
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capacity to act in synergy leading to elevated or newly generated
toxicity (Klari¢ et al., 2013). Thus, it is conceivable that toxic or non-
toxic metabolites with synergistic effects that are not regulated
by LaeA induced an evolutionary change in the respective popu-
lations. However, this cross-resistance did not extend towards the
toxin-producing fungus, which holds the same toxic and non-toxic
metabolites. Based on these findings it is thus premature to discrim-
inate whether the underlying mechanism that led to increased larval
survival in sel. WT-populations is of specific directed nature or of a
general stress response.

With our selection procedure of selection- and relaxation-
generations we generated a fluctuating environment. Potentially
different traits were favourable in these two conditions that are of
antagonistic nature. Then, the selection pressure imposed by the
toxin-impaired fungus was not sufficient to shift the population to-
wards increased viability, while the detrimental effects of the toxin
producing wild type and the mycotoxin did.

The delay in development on fungal- and toxin-free breeding
substrate of sel. WT- and sel.LA-populations (Figure S1a) might be
caused by an investment in defence traits that require the alloca-
tion of resources that consequently are not available for other pro-
cesses. Alternatively, rather than costs of defences inducing a shift
in resource allocation, standing genetic variation in tolerance of A.
nidulans within the base population for the selection regimes may
be associated with slight variations in developmental time. Overall,
however, the development time was much less effected than the vi-
ability of the larvae.

Reduced susceptibility of WT-selected populations was not re-
lated to a more efficient suppression of fungal growth by the larvae.
Hence, we consider the evolutionary response as increased toler-

ance rather than resistance.

4.2 | Narrow evolution of divergent gene
expression patterns

In the present study, multidimensional scaling analyses of gene ex-
pression patterns of D. melanogaster larvae showed pronounced
separation into groups of larvae unexposed and exposed to A. nidu-
lans. A further less pronounced separation was identified between
sel. WT and sel.LA contrasting sel.CO and sel.ST (Figure 4). We previ-
ously assessed the gene expression patterns of the unselected base
population after exposure to these same four different treatments
used here as selection regimes (before the start of the experimental
evolution), where we found similar patterns in the MDS-separation
of the treatments, with larvae confronted with A. nidulans WT and
AlaeA strains separating from Sterigmatocystin and control condi-
tions (Figure Sé in Trienens et al., 2017).

The similar separation in both analyses suggests that the fungi,
irrespective of whether they are toxin-producing or toxin-impaired,
induce changes that affects the flies, both through an immediate and
an evolutionary response. Both fungal strains deplete the substrate
for their own growth and may affect the metabolic or nutritional

composition and the acidity. Thus, the impact of the fungus on a food
resource goes well beyond the potential virulence factors (toxins) it
may release. The separation of populations that evolved with and
without fungus in this current study indicates that the flies adapted
to the various facets of this fungal manipulation of the environment.

Within each selection regime we saw substantial variation among
the three populations included in the RNAseq assay, as inferred from
the divergent responses in the MDS-plot (Figure 4). Populations may
be showing different molecular patterns underling similar pheno-
typic outcomes. Furthermore, while the selection regimes did not
substantially vary in constitutive expression patterns in the absence
of the toxin-producing fungus, exposure to the fungus resulted in a
change in induced gene expression patterns that was fairly specific
for each selection regime. We saw mostly that the induced response
in the sel WT-populations had changed (Figure 5a). This involved
a narrow set of genes, but with several shared, yet eclectic com-
binations of functional annotations, including epidermal and insulin-
growth factor binding, trans-membrane receptors (Laminin, Cadherin,
Plexin) that may function in cell adhesion, Voltage-dependent potas-
sium channel, Inmunoglobulin-like fold, and Glycoprotein. Further, in
sel. WT-populations the gene CG7900 was increased in its expres-
sion, both constitutively and through induction. CG7900 codes for
a predicted Acylglycerol lipase (Flybase.org), yet how it may support
larval viability in the WT selected populations is unclear.

The selection regimes were more concordant in the responses of
down-regulated genes, but even there, less than half of the down-
regulated genes upon confrontation were shared among all four re-
gimes. This indicates that both within and among selection regimes
the evolutionary responses had varied considerably, and that the
different environmental changes that these fungi induce may select

for different adaptive strategies.

421 | Comparison of two transcriptome studies

Comparison of our data of the evolved populations to an earlier
transcriptome study on the unselected base population, in which
larvae were confronted with A. nidulans wild-type using similar
experimental conditions and analyses (24 h exposure in Trienens
et al., 2017) showed large congruency in overall gene expression
pattern, with similar expression changes for about 58% of the here
detected DEGs. Genes up-regulated in both studies clustered in
annotation terms of Glycosidase and lysosome (enrichment score
3.43). Currently, it remains speculative how and why these pro-
cesses are consistently associated with confrontation with both
toxic and toxin-impaired fungi. Perhaps it reflects the metabolism
of ingested fungal hyphae. Genes that were down-regulated in
both studies included the over-represented annotation terms of
Protein of unknown function DUF1676 (‘Osiris’), Zona pellucida do-
main, proteolysis, Transmembrane helix, and Chitin binding domain
(enrichment scores: 6.99, 3.54, 3.4, 2.91, and 2.63, respectively).
In contrast to our study of 2017 (Trienens et al.), genes whose
products are involved in metabolic- and detoxification-processes
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(CYPs, GSTs, UTGs) were not upregulated to an extent that re-
sulted in significant enrichment scores. However, individual genes
showed significant up- or down-regulation. For example, cyp28d2
was up-regulated in exposure to A. nidulans in both studies. A
complete list and comparison of expression of these genes be-
tween both studies can be found in Figure S3.

Thus, the transcriptional response to confrontation with the
toxin-producing fungus in the populations that evolved with the
toxin-producing fungus for several generations was largely similar to
the response of the unselected base population and the control se-
lection line, although it also included the up- and the down-regulation
of several genes that were not responsive to such confrontation in

the control selected or the unselected base population.

4.2.2 | Change in expression of Osiris genes

Both the present and the Trienens et al. (2017) study show a sig-
nificant down-regulation of Osiris genes in D. melanogaster larvae at
24 h of exposure to A. nidulans wild type. The earlier study also in-
cluded a sampling time point at 12h of exposure; where, first instar
larvae showed a peak expression of 4 Osiris members (Osié, Osi7,
Osi15 and Osi20). This expression peak had the highest fold changes
of expression of any of the differentially expressed genes (Trienens
et al., 2017). It is known that Osiris genes in D. melanogaster have
a peak-expression profile at mid-embryonal-, second instar-, and
pupal-stage (Flyatlas: Chintapalli et al., 2007; Smith et al., 2018).
Yet, the exact function of this gene family remains to be illuminated.
Based on co-expression analysis, expression profile at distinct
growth stages, and functional analysis it is hypothesised that Osiris
genes may have a function in cuticle formation during development
(Smith et al., 2018), including the formation of mouth hooks (Ando
et al., 2019). However, the observed increase in expression of Osié,
Osi7, Osi15 and Osi20 at 12 h of exposure is outside of the typically
expected expression peak in development, and the changed expres-
sion in response to exposure with toxic fungus could suggest that
these genes may also have a function in coping with the effect that
these fungi have on the breeding substrate.

Pathogenic fungi can destruct insect cuticle's integrity with pro-
teinases to penetrate into the insect's cavity or cross the lumen bar-
rier after oral intake (Ortiz-Urquiza & Keyhani, 2013). Further, toxic
microbial substances can damage chitinous structures. Evidence is
accumulating that Osiris genes might be involved in reinforcement
or repair of protective barriers, such as the insect's integument and
peritrophic membrane, which both contain chitin. As summarized in
more detail in Trienens et al. (2017), Osiris genes have been found
to show genomic modifications, changes in expression, and direct
functions in several Drosophilidae in the context of evolutionary
adaptation to a toxic fruit utilized as breeding habitat (Morinda
citrifolia), in response to food derived glucosinolates, and octa-
noic acid (Andrade Lépez et al., 2017; Huang & Erezyilmaz, 2015;
Whiteman et al., 2012; Yassin et al., 2016). Also, oral infections
of Tribolium castaneum larvae with the toxin-producing bacterium

Bacillus thuringiensis, which induces pore formation in the gut of
beetle larvae, modified gene expression of Osiris genes (Greenwood
et al., 2017). Thus, Osiris genes are possibly involved in the repair or
reinforcement of cuticular structures in response to fungal destruc-
tion of such features.

5 | CONCLUSION

Exploring evolutionary adaptation and life-history adaptation in
D. melanogaster, we found that confrontations with a living and re-
sponding fungus (A. nidulans) comprises more versatile impacts than
an isolated mycotoxic agent (Sterigmatocystin) and requires a more
complex adjustment to environmental conditions by the insect.
Naturally, whilst a single substance may affect only distinct (physi-
ological) functions the fungus introduces more complex changes to
the environment. These may include synergistic - toxic or otherwise
detrimental - effects of metabolites and proteins, changes on abiotic
factors (e.g., pH-level), and a response to the activities of the insect.

We showed that rapid evolutionary adaptation and transcrip-
tomic changes in D. melanogaster can be induced by confrontations
with toxin-producing filamentous fungi. Moreover, experimental
settings often simplify the components and conditions, yet adapta-
tion to natural conditions is likely to affect multiple traits simulta-
neously (Lazzaro & Little, 2009). Indeed, while we found a highly
specific response to Sterigmatocystin selection, we also found that a
general (stress) response in A. nidulans mutant-strain-selection pop-
ulations led to cross-resistance to a toxin that was not experienced
before. The transcriptomic changes in these evolved populations
were rather dissimilar, both within and between selection regimes,
suggesting the evolution of alternative strategies or molecular
mechanisms. This signifies the versatile effects that environmental
microbes may have on organisms, and their potential importance as

evolutionary drivers.
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