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Abstract

buzzatii prefers Opuntia hosts.

Background: The chance to compare patterns of differential gene expression in related ecologically distinct species
can be particularly fruitful to investigate the genetics of adaptation and phenotypic plasticity. In this regard, a power-
ful technique such as RNA-Seq applied to ecologically amenable taxa allows to address issues that are not possible
in classic model species. Here, we study gene expression profiles and larval performance of the cactophilic siblings
Drosophila buzzatii and D. koepferae reared in media that approximate natural conditions and evaluate both chemical
and nutritional components of the diet. These closely related species are complementary in terms of host-plant use
since the primary host of one is the secondary of the other. D. koepferae is mainly a columnar cactus dweller while D.

Results: Our comparative study shows that D. buzzatii and D. koepferae have different transcriptional strategies to
face the challenges posed by their natural resources. The former has greater transcriptional plasticity, and its response
is mainly modulated by alkaloids of its secondary host, while the latter has a more canalized genetic response, and its
transcriptional plasticity is associated with the cactus species.

Conclusions: Our study unveils a complex pleiotropic genetic landscape in both species, with functional links that
relate detox responses and redox mechanisms with developmental and neurobiological processes. These results con-
tribute to deepen our understanding of the role of host plant shifts and natural stress driving ecological specialization.
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Background

For many insects, host plants constitute the fundamental
environmental factor, decisively affecting stages of their
life cycles [1]. Since plants can synthesize a large variety
of secondary metabolites as defences to herbivores, insect
populations undergoing a host-plant shift can be exposed
to chemical environments that may be dramatically dif-
ferent from the ancestral host [2]. Therefore, shifting to
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new hosts may impose novel selective pressures driving
phenotypic and genetic change, promoting divergence
and, eventually, speciation as consequences of adapta-
tion to the new environment [3, 4]. Thus, acquisition of
new hosts may lead to ecological specialization produc-
ing biological diversity, enabling the coexistence of multi-
ple species [5]. Such specialization may be a consequence
of adaptive changes in mechanisms that allow an insect
to face the potential chemical stress inherent to a host-
plant shift and define the range of resource exploitation
[6]. In this context, the transcriptional plasticity that ena-
bles phenotypic accommodation to the novel host may
facilitate the posterior adaptation [7] since plastic traits
can be canalized through the fixation of genetic changes
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that modulate environmental responsiveness to optimize
performance [8].

Genomic and post-genomic approaches provide
unprecedented opportunities to understand host shifts
and the consequent potential to survive environmen-
tal changes [9]. Studying transcriptomic responses to
alternative host plants helps to identify genetic ele-
ments deployed and unravel the complexity of the gene
network involved in each case [10]. A detailed under-
standing of gene expression differences between related
species adapted to alternative hosts can shed light on the
role of plasticity in adaptation to novel environments,
as well as the evolution of host plant specialization and
species divergence [11]. Nowadays, the maturity of high-
throughput sequencing platforms allows unprecedented
resolution in these kinds of studies in organisms exploit-
ing particularly interesting natural environments, open-
ing new dimensions to ecology and evolutionary biology
research [12, 13].

In the genus Drosophila, species of the repleta group
are particularly tractable for eco-evolutionary studies
[14]. Most of these flies can use decaying cactus tissues as
breeding and feeding substrates and be classified in two
main groups, one breeding chiefly on cacti of the genus
Opuntia and the other mainly in columnar cacti of the
subfamily Cactoideae [15]. Moreover, regarding evolu-
tion of host plant use in these flies, the evidence points
to Opuntia cacti as the ancestral state [16]. Switches to
columnar cacti of greater chemical complexity occurred
independently on several occasions along the evolution-
ary history of the group. Some columnar specialists lost
the ability to use Opuntia as alternative hosts, while
others can use both types of plants. This highlights the
potential of ecological specialization during the radiation
of cactophilic flies in American deserts.

The cactophilic sibling species Drosophila buzzatii and
Drosophila koepferae are members of the buzzatii clus-
ter (buzzatii complex, repleta group), a guild of seven
closely-related species endemic to semiarid zones of
South America. A recent study pointed out that D. buz-
zatii and D. koepferae diverged 2-3 million years ago
[17]. The former is the only species of the cluster that
became sub-cosmopolitan following the expansion of its
main hosts across the world, Opuntia cacti [18]. D. koep-
ferae inhabits the eastern slopes of pre-Andean mountain
ranges in northwestern Argentina and southern Bolivia,
where columnar cacti of the genera Trichocereus, Cereus
and Neoraimondia are its primary hosts [15]. These spe-
cies have partially overlapping distributions across most
of D. koepferae geographic range, where the primary host
of one species is the secondary host of the other. In some
areas, the most common hosts of D. buzzatii and D. koep-
ferae are Opuntia sulphurea and Trichocereus terscheckii,
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respectively [15]. Studies addressing the nutritional com-
position of O. sulphurea and T. terscheckii showed that
the former has slightly more free sugars and total fats
[19, 20]. However, the most distinctive compositional dif-
ference between these cacti is that T. terscheckii has ten
times more alkaloids than O. sulphurea. Moreover, the
characterization of alkaloid fractions isolated from each
species revealed phenethylamine derivatives, mainly
mescaline (3,4,5-trimethoxyphenethylamine) and tricho-
cerein (N,N-dimethylmescaline) in T. terscheckii, and
proline derivatives of unreported toxicity in O. sulphurea
[21].

Field and laboratory studies evaluated the influence
that developing in alternative cactus hosts has on several
fitness-related traits in both species. The general con-
clusion is that these hosts impose differential selective
pressures on both species suggesting that performance
traits have probably evolved as adaptations to exploit
resources with different ecological (spatial and tempo-
ral predictability) and compositional (nutritional qual-
ity and allelochemical) properties (reviewed in [15]).
Moreover, T. terscheckii alkaloids were shown to be less
harmful to D. koepferae than to D. buzzatii [22, 23], sug-
gesting its prominent role in host-plant specificity. More
recently, we showed that the switch from O. sulphurea to
T. terscheckii triggers in D. buzzatii a wide transcriptomic
response modulated mainly by the presence of alkaloids
[21]. Such transcriptional plasticity involved detox and
stress-response genes, but also genes related to redox and
developmental processes. Based on this background, the
study of transcriptional strategies deployed in response
to alternative breeding environments may help to under-
stand the adaptations that evolved in each species in
response to the use of their host plants in nature.

Intra and interspecific transcriptomic comparisons
between closely-related species adapted to novel host
plants provide an excellent opportunity to study pro-
cesses driving divergence [11]. Inferring the adaptive
value of plastic responses to new environments in the
complex transcriptional landscapes shown by whole
insects in their hosts remains challenging [10]. To tackle
this problem, looking at the functional links of differen-
tially expressed genes (DEGs) in ecologically amenable
species proves fundamental [9].

In this paper, we report the results of a comparative
transcriptomic study aimed to understand the genetic
responses deployed by the recently diverged species D.
buzzatii and D. koepferae to breeding in alternative host
cacti under different chemical (added alkaloids or native
concentration) and nutritional conditions (addition
of protein extract) (see Table 2 in Material and Meth-
ods section for details of the experimental design). To
this end, we assessed expression profiles in both species
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under various rearing conditions. We also performed
an exploratory analysis of expression profiles between
species within each treatment. We hypothesise that D.
buzzatii deploys more plastic transcriptomic responses
than its sibling D. koepferae upon changes in rearing
conditions. These expectations are based on the fact that
D. koepferae is a phylogenetically derived species [24]
that experienced a shift to more chemically hostile host
plants, like columnar cacti, and therefore should show
canalized gene expression patterns in comparison to D.
buzzatii, a dweller of the benignant ancestral host plants.
In addition, we report the first de novo genome assembly
for D. koepferae to use as reference.

Our survey revealed quite different transcriptional
responses between these sibling species, as gene expres-
sion profiles were mainly modulated by alkaloids in D.
buzzatii, while alternative host cacti were the main fac-
tor driving differential gene expression in D. koepferae.
These results point to divergent genetic outcomes result-
ing from ecological specialization. Finally, we discuss the
functional relationships of transcriptional responses in
the ecological context of both species.

Results

Fitness-related trait variation across treatments

Analyzes of Developmental Time (DT) as a proxy of lar-
val performance in the same semi-natural conditions
aimed to assess gene expression showed that D. buzzatii
reared in T. terscheckii 'Low nutrition’ took significantly
more time to reach adulthood than in the remaining
treatments. Moreover, we found that this species signifi-
cantly extended DT when raised in 'Low nutrition’ treat-
ments (Fig. 1.A). Finally, we observed a trend (p <0.095)
towards longer DT in treatments with higher alkaloids
concentration (Fig. 1.C). In turn, D. koepferae reared
in O. sulphurea took significantly longer time to reach
adulthood than in 7. terscheckii, both in 'Native’ and "2X
alkaloids’ conditions (Fig. 1.D). However, this trend was
reversed in flies raised in 'Low nutrition’ condition, since
DT was significantly longer in T terscheckii than in O.
sulphurea (Fig. 1.B).

Genome assembly, annotation and mapping

Assuming a genome size similar to D. buzzatii, we
obtained a total 263X coverage for D. koepferae after
quality control and filtering of genomic reads (Support-
ing Information, C.3). Using the assembly protocol sche-
matized in Fig. S1, we produced an assembly of size and
quality similar to the available for D. buzzatii (Table 1).
We annotated 14,134 protein-coding genes in D. koep-
ferae genome, an amount in the range of the available
in D. buzzatii (13,567 protein-coding genes, Supporting
Information E.1). Next, we functionally annotated both
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genomes using the same strategy. The percentages of
fully annotated genes were 84% for D. koepferae (of the
remaining, up to 10% with annotation hints) and 80% for
D. buzzatii (of the remaining, up to 13% with annotation
hints) (Fig. S2).

RNA-Seq reads were mapped to the reference genomes
after quality control and filtering. Mapping efficiency was
within the 3rd quantile (>40-60%) across all genotypes of
both species using D. mojavensis as reference in explora-
tory INTER-specific analyzes and did not differ between
species (F; 3p=2,841; p=0.102). In turn, mapping effi-
ciency was within the 5th quantile (>80-100%) for the
respective genotypes using D. buzzatii or D. koepferae in
INTRA-specific analyzes (Supporting Information, F.1).

INTER-specific gene expression analyzes

A total of 2972 genes were differentially expressed con-
sidering all INTER-specific pairwise comparisons within
treatments (i.e. between fly species for each treatment).
Both in exploratory two-replicate as three-replicate com-
parisons, we found more genes overexpressed in D. buz-
zatii than in D. koepferae, while the largest expression
asymmetry was observed in the treatment O. sulphurea
"2X alkaloids’ (Fig. S3).

To visualize general patterns of gene expression in
comparisons between species, expression values of each
one of the DEGs within each treatment were reduced to
3 dimensions by means of MDS. With this methodol-
ogy, we observed that the two fly species occupy clearly
separated expression spaces within the set of evaluated
treatments (Fig. 2). Moreover, it can be seen that treat-
ments are arranged according to cactus species in D.
koepferae (Fig. 2). Similar results were obtained using
an analytical approach based on principal component
analysis (Fig. S4).

Comparative characterization of transcriptomic responses

Functional enrichment analyzes of INTER-specific com-
parisons revealed marked differences between the sets
of DEGs in each species exposed to the same treatments.
For exploratory 'Low nutrition’ treatments, we obtained
only a few GO enriched terms and therefore a clear pic-
ture of the DEGs functionality cannot be ascertained.
On the contrary, the remaining treatments provided
a clearer idea about the processes in which the sets of
DEGs are involved (Table S1). Genes with higher com-
parative expression in D. buzzatii raised in O. sulphu-
rea 'Native’ were mainly related to aromatic amino acid
metabolism, protein degradation, cuticle development,
and pigmentation. In contrast, genes overexpressed in
D. koepferae were mainly enriched in cellular respira-
tion and energy metabolism, synthesis of amino acids,
peptides and nucleic acids. In O. sulphurea 2X alkaloids,
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Table 1 Scaffolds length distribution and classic contiguity
indicators to evaluate the genome assembly of D. koepferae
(genotype F) and its functional annotation. The BUSCO
parameters are used to estimate the assembly completeness
based on the expected gene content. All values were
also calculated for the reference genome of D. buzzatii for
comparative purposes

Assembly D. koepferae D. buzzatii (reference)
(genotype F)

Total length (bp) 169,200,914 160,803,536

Total scaffolds 1,373 722

Scaffolds > 5000 bp 772 588

Scaffolds > 50,000 bp 347 256

Longest scaffold (bp) 5,773,295 16,306,990

N50 (bp) 807,095 1,380,942

L50 63 30

Total Ns (bp) 5,747,328 14,818,525

% GC 380 385

BUSCO Completeness (%) 98.0 97.0

BUSCO Fragmented (%) 13 1.7

BUSCO Missing (%) 0.2 04

Fully annotated genes 11,804 10,983
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the set of genes comparatively more expressed in D. buz-
zatii was strongly enriched in functions related to oxi-
dation-reduction and detoxification processes (though
some terms observed in O. sulphurea 'Native’ were also
detected). Instead, the functional profiling of genes over-
expressed in D. koepferae in O. sulphurea '2X alkaloids’
was mainly related to muscle development, besides some
other terms also observed in O. sulphurea 'Native. Inter-
estingly, the functional enrichment of DEGs with higher
comparative expression in D. buzzatii raised in T. ters-
checkii 'Native’ showed a strong redox-detox component
as well as other previously obtained terms. In turn, signal
of functions related to muscle development was observed
in genes overexpressed in D. koepferae in T. terscheckii
‘Native! Finally, genes comparatively more expressed in
D. buzzatii raised in T. terscheckii ’2X alkaloids’” exhibited
a strong signal of redox-detox related terms as well as
peptide synthesis. In contrast, the genes overexpressed in
D. koepferae involved terms related to development.
Heatmaps with DEGs belonging to six enzymatic
groups related to xenobiotic metabolism were built
to explore the relative differential expression analysis
between species (Fig. S5). The general pattern emerging
throughout all comparisons from most groups of genes
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Fig. 2 Multidimensional Scaling of expression values of all DEGs between D. buzzatii and D. koepferae across treatments in exploratory
INTER-specific analyzes. Ellipses of concentration with a confidence of 95% are represented around the dataset of each species. Dots represent
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. sulphurea 'Native'

. sulphurea '2X alkaloids'
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4~ 44000
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Fig. 3 Multidimensional Scaling based on gene expression values using all DEGs in D. buzzatii (A) and D. koepferae (B) across treatments in
INTRA-specific analyzes. Biological replicates represented by dots are linked for each treatment by a line or a triangular plane (depending on the
number of replicates) for better visualization. A Ellipses of concentration with a confidence of 95% are represented around data for a given alkaloid
concentration (0X, 1X or 2X). B Ellipses of concentration with a confidence of 95% are represented around data for a given cactus species (O.

O. sulphurea

showed that the numbers of overexpressed genes were
greater in D. buzzatii than in D. koepferae, except for Gly-
cosyltransferases that exhibited roughly the same amount
of DEGs in both species, and GSTs that only showed
overexpression in D. buzzatii. Also, we constructed
another heatmap including the 100 most-variable DEGs.
Among these, 17 belong to the enzymatic groups men-
tioned above and 17 were genes with an unknown associ-
ated function (Fig. S6).

INTRA-specific differential gene expression

Transcriptional responses in each species were evalu-
ated by means of pairwise comparisons between cacti
for each condition (i.e., O. sulphurea vs T. terscheckii for
"Low nutrition, 'Native’ and "2X alkaloids’), and between
conditions for each cactus (i.e., 'Low nutrition’ vs 'Native,

and 'Native’ vs "2X alkaloids, for O. sulphurea and T.
terscheckii).

The three-replicate contrasts revealed higher levels of
differential gene expression in the comparisons between
treatments that differed in alkaloids concentration in D.
buzzatii (Table S2), whereas differential expression was
higher in comparisons between cacti in D. koepferae
(Table S3).

In the MDS obtained for each species using all DEGs
in all pairwise comparisons, treatments are clearly sepa-
rated in the gene expression space according to alkaloids
concentration (i.e., 0X, 1X or 2X) in D. buzzatii, and, as
glimpsed in the exploratory INTER-specific analysis,
depending on the cactus host in D. koepferae (Fig. 3).
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Characterization of each species transcriptional profiles
We observed enrichment of GO terms related to energy
metabolism and development in D. buzzatii raised in O.
sulphurea ’Native, and mainly to detox and redox pro-
cesses in treatments with higher alkaloids concentration
(Tables S4, S6). In D. koepferae we detected enrichment
in terms associated with energy metabolism, protein syn-
thesis and development in O. sulphurea and regulation
of pigmentation and neurobiological processes in T. ter-
scheckii across 'Native’ conditions and "2X alkaloids’ con-
ditions. In turn, in the exploratory comparison between
cacti across 'Low nutrition’ conditions we observed
detox terms in both cacti, and energy metabolism terms
only in T. terscheckii (Tables S5,S7). In addition, for the
main ontology terms of each species taking into account
all DEGs, we observed a greater component of catalytic
functions (e.g., redox) in D. buzzatii and development
and regulation components besides response to chemical
stimuli and stress in D. koepferae (Fig. S7).

To refine the characterization of transcriptional
responses we constructed heatmaps involving differ-
ent sets of DEGs. The trends described in the previous
paragraph can be observed in such heatmaps. First, we
selected the subset of DEGs belonging to any of the six
enzymatic groups related to xenobiotic metabolism to
build heatmaps. For D. buzzatii, it included 3 SLC trans-
porters, 1 Carboxylesterase, 43 Oxidoreductases, 6 GSTs,
and 4 Glycosyltransferases (no ABC transporters were
found differentially expressed considering the employed
cutoff). The heatmap for D. koepferae included 15 SLC
transporters, 4 Carboxylesterases, 54 Oxidoreductases,
3 GSTs, 6 Glycosyltransferases, and 3 ABC transporters
(Fig. S8-S9). Second, we constructed heatmaps including
the 100 most-variable DEGs in each species, to extend
the analysis and explore not necessarily-expected genes
(Fig. S10).

Discussion

During adaptation to new hosts, genetic changes cause
the evolution of multiple traits. However, a phenotype
is not entirely controlled by the genotype since envi-
ronmental conditions can also contribute to variation.
Moreover, the genetic background affects the resulting
phenotype, suggesting that compensatory mechanisms
can buffer the environmental effects. Thus, the resulting
phenotype in a particular environment may be a trade-
off between phenotypic plasticity and canalization [25].
The model system defined by the sibling species D. buz-
zatii and D. koepferae in their natural breeding resources
is particularly attractive for comparative studies aimed
to understand the role of host plant shifts and the stress
associated with specialization to novel environments.
The results of the analyzes of larval performance in the
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semi-natural media are in line with previous field and
laboratory reports (reviewed in [15]), validating our
experimental design. This suggests that each species’ per-
formance was differentially affected by the hosts’ chemi-
cal and nutritional conditions in which they were reared,
the latter being an aspect not previously investigated in
this model.

The transcriptional plasticity observed in D. buzza-
tii, particularly in alkaloid-rich media, offers a plausible
explanation of its ability to exploit a wide host-range. In
contrast, D. koepferae’s transcriptome is more canalized
towards this challenge, a likely outcome of specialization
to chemically complex columnar cacti that constitute the
core of its diet. Assuming D. buzzatii as representative
of the ancestral state of host-plant utilization, D. koep-
ferae represents the derived state entailing adaptation to
chemically-complex hosts. In this scenario, the host shift
to columnar cacti experienced by D. koepferae seems
to have involved the assimilation of variants of detox-
related genes. Such divergent patterns of host use are
dramatically reflected in our study by the distinct gene
expression spaces occupied by both species. Moreover,
our comparative study shows differential transcriptional
plasticity between D. buzzatii and D. koepferae. The first
exhibited plastic responses to varying alkaloids concen-
trations, while the latter to alternative host plants.

INTER-specific exploratory analyzes revealed a large
volume of DEGs overexpressed in both species, suggest-
ing that each one has transcriptional programs involving
different genetic elements in the same rearing conditions.
These comparisons also showed that D. koepferae overex-
pressed more genes in 1. terscheckii than in O. sulphurea,
while D. buzzatii in nutritionally supplemented media
with higher alkaloids concentration. The higher amount
of DEGs in some of the INTRA-specific comparisons
involving an alkaloids-free treatment in D. buzzatii sug-
gests that in media with an equivalent protein compo-
nent, transcriptomic responses are largely conditioned
by the presence of alkaloids. Indeed, numbers of DEGs
in comparisons involving O. sulphurea 'Native’ were sev-
eral times lower than in comparisons between hosts with
added alkaloids and T. terscheckii 'Native’ vs '2X alka-
loids; pointing that D. buzzatii is more sensitive to alka-
loids presence rather than any other difference between
cacti. Moreover, the number of DEGs in the comparison
between T. terscheckii treatments differing in alkaloid
concentration suggests a subtle dose-sensitive response.
D. koepferae’s transcriptional responses were clearly dif-
ferent. The amount of DEGs in the comparison between
hosts with added alkaloids and supplemented with dead-
yeast extract indicates a higher sensitivity towards the
type of cactus, neither related to the chemical nor the
protein component.
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The general picture emerging from these results points
to species-specific transcriptional strategies, with D.
buzzatii responding to the chemical challenge imposed
by alkaloids with a classic redox-detox imprint, and D.
koepferae to the type of cactus involving elements linked
to development. By exploring functional relationships
and the background of DEGs, we found evidence that
points to a wide-transcriptomic response linking diverse
processes.

Though we are interested in genome-wide gene expres-
sion patterns, it is relevant to point out that we employed
lines homozygous for different chromosomal arrange-
ments as biological replicates in each species. Therefore,
these lines may potentially have different gene combina-
tions co-expressed due to physical proximity (or even
behave like ‘supergenes’) in non-collinear chromosomes.
However, to investigate this possible effect and properly
evaluate co-expression of DEGs, we may need not only
chromosome-level genomes assemblies for gene mapping
with higher-resolution in both species but also additional
lines homozygous for the same arrangements.

In the subsequent sections, we delve into the main pro-
cesses shown to be overrepresented to give context and
possible clues about previously observed phenotypes.

Detox component of transcriptomic responses
In the exploratory INTER-specific comparisons, more
genes related to xenobiotic metabolism were overex-
pressed in D. buzzatii than in D. koepferae (Fig. S5),
which may be indicative of a comparatively greater mod-
ulation of the detox genetic response in the former.
INTRA-specific analyzes showed some DEGs with the
same annotation in both D. buzzatii and D. koepferae.
Many are Phase I genes related to xenobiotic metabo-
lism, like Cytochrome P450s, and Phase II genes, like
Glutathione S-transferases and Glycosyltransferases (Fig.
S8-59). CYP enzymes are fundamental elements in insect
adaptation due to their role in metabolism and detoxi-
fication [26]. This function is shared especially with the
insect-specific Delta and Epsilon classes of GSTs [27]
and with UGTs that play a role in detoxification and
resistance by regulating bioactivity and solubility of dif-
ferent compounds [28]. These genes were similarly over-
expressed in media containing alkaloids in both species.
Other detox-related genes exhibited species-specific
patterns. In D. buzzatii, we found overexpression in
alkaloids-containing treatments of CYP and GST genes,
and the gene related to pesticide resistance CHKovI [29].
Though we expected to detect these kinds of genes dif-
ferentially expressed under chemical stress conditions
because they are associated with responses to alterna-
tive hosts or xenobiotics like insecticides [30], our study
highlights the connection between these genes and the
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phenethylamines-rich T. terscheckii (Fig. S8). Also, many
genes related to redox processes were overexpressed
at higher alkaloids concentration, posing a direct func-
tional link with detox processes, like Frmo-2 known to be
recruited during insect adaptation to plants that accu-
mulate toxic alkaloids [31]. Additionally, we found other
genes related to cellular redox-state homeostasis or coun-
terparts of detoxification [32], like peroxidases, overex-
pressed in alkaloids-containing treatments. Interestingly,
some genes related to detox-redox were also overex-
pressed in treatments a priori considered less chemically
stressful (e.g., O. sulphurea 'Native’).

In D. koepferae, we detected a few genes directly related
to detoxification processes (Fig. S9). Among these,
Ugt301D1 was overexpressed in T. terscheckii treatments,
while GstD10 and the esterase a-Est7 in O. sulphurea
treatments. Likewise, we found other genes linked to
detox processes through the response to oxidative stress
and redox homeostasis. In this group, some genes like
the Jafrac thioredoxin peroxidases were overexpressed
in alkaloid-containing media, while others were overex-
pressed in O. sulphurea.

These results illustrate that D. buzzatii and D. koep-
ferae can regulate coordinated transcriptional responses
to xenobiotics as reported in other insects [33]. Moreo-
ver, DEGs related to detoxification in alkaloids-rich treat-
ments may be considered as candidate genes involved in
adaptation to natural resources containing mescaline-like
alkaloids. Furthermore, genes sharing similar expression
patterns may be part of detox responses common to both
species. Nevertheless, species-specific expression involv-
ing alternative sets of genes was triggered in alkaloid-rich
media. Lastly, reactive oxygen species (ROS) are pro-
duced by CYP enzymes under stress conditions induced
by xenobiotic substances, and excessive ROS can modify
the cellular redox state, leading to oxidative stress and
protein damage [32]. Thus, some detox-related redox
genes seem to be involved in physiological countermeas-
ures to cope with that kind of disruption, suggesting a
detox-derived oxidative-stress scenario [21].

Host change and genes associated with development
Several DEGs related to xenobiotic metabolism are also
associated with developmental processes. Perhaps the
most prominent case can be found among CYP enzymes
since many also participate in pathways related to insect
hormones that regulate growth and development [26].
Oxidoreductases like Aldh, involved in juvenile hormone
(JH) biosynthesis, and Jkeh2, involved in JH hydrolysis,
were overexpressed in alkaloids-containing treatments in
both species. Insect hormones are not only instrumen-
tal in orchestrating development but are also involved in
stress-response, behaviour and diapause [34].
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Other genes related to insect hormones like Fdx2,
involved in regulation of ecdysteroids synthesis, were
overexpressed in alkaloids-containing media, and Eo,
which encodes an ecdysteroid-inactivating oxidase,
underexpressed in '2X alkaloids’ treatments in D. buz-
zatii. Likewise, in D. koepferae we found an ecdysone-
inducible ABC transporter gene related to circadian
rhythm regulation, capable of modulating the ecdysone
response and linked to phenotypic abnormalities [35],
underexpressed in O. sulphurea 'Native’ and 2X alka-
loids’ treatments. Similarly, ecdysone-inducible Eip
genes, involved in response to oxidative stress and tran-
scription regulation, and Imp genes, related to imaginal
disks morphogenesis, were underexpressed in nutrition-
ally-supplemented O. sulphurea. Moreover, in D. koep-
ferae hormone-receptor genes related to developmental
progression were underexpressed in nutritionally-sup-
plemented O. sulphurea treatments. The differential
expression of these hormone-related genes, tightly linked
to the insect’s growth program, is likely to translate
into developmental delay [36] and could reasonably be
related to our DT results. In this vein, the oxidase Lox/I
whose inhibition is related to developmental delay [37],
was overexpressed in D. koepferae larvae raised in 7. ter-
scheckii treatments, consistent with its longer DT in O.
sulphurea.

Many of the 100 most-variable DEGs in D. koepferae
are related to body structures development (Fig. S10).
Particularly interesting are those that regulate wing
development since they may account for phenotypic
syndromes, like abnormalities in wing morphology and
venation reported in both D. buzzatii and D. koepferae
reared in alternative hosts and alkaloids-containing
media [38]. Moreover, along with DEGs linked to flight
behaviour like Gpdh, genes involved in wing develop-
ment offer a plausible explanation for courtship-song
plasticity induced by rearing cacti [39].

Differential expression of cuticle and pigmentation genes

Detection of cuticle-related genes is not surprising since
it is a key component in insect-environment interac-
tions [40]. Many of the 100 most-variable DEGs detected
in INTRA-specific analysis in both species are related
to cuticle development (Fig. S10). In D. buzzatii, a few
of these genes seemed to be modulated by alkaloids-
containing media, and by cactus hosts in D. koepferae.
Interestingly, differential expression of genes related
to chitin metabolism and cuticle may provide signa-
tures of delayed development [36], adding more genetic
background to account for our results of DT variation.
Besides, cuticle genes are related to increased protec-
tion against surface exposure to toxic compounds [33],
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minimizing xenobiotics entry by thickening the cuticle
and stabilizing gut structure [41], providing a link with
the detox response.

In addition, several genes instrumental in the bio-
transformation of precursors into pigment molecules
to be later incorporated in the cuticle were differentially
expressed in both species. In D. koepferae, the genes
pale, Ddc and yellow involved in the production of
DOPA, dopamine and melanin were underexpressed in
nutritionally-supplemented O. sulphurea. Dopamine,
a monoamine neurotransmitter that notably belongs
to the phenethylamines like T. terscheckii alkaloids, is a
precursor of melanin, the insects’ central pigment [42].
In D. buzzatii, Ddc and yellow were overexpressed in O.
sulphurea 'Native. Moreover, other genes like serine pro-
teinase inhibitors related to melanization, linked to dopa-
mine biosynthesis or production of precursors involved
in pigmentation and cuticle hardening like black and
ebony [43], were differentially expressed in D. koepferae
and D. buzzatii in distinct conditions.

Some of these pigmentation genes are known to exhibit
a high degree of transcriptional plasticity modulated by
the environment in Drosophila, in agreement with our
results. Thus, variation in wing development as found
in previous studies in D. buzzatii and D. koepferae in
its hosts may impact melanization since precursors dif-
fusion through wing venation is related to pigmenta-
tion patterns [44]. Therefore, our results offer a likely
genetic mechanism to explain abnormalities in wing
melanization observed in D. buzzatii reared in alkaloids-
containing media [45]. Further, since different stressing
conditions can modulate expression of some of these
genes [46] and T. terscheckii is a stressful environment
for D. buzzatii larvae [23], a breeding environment effect
on some of these genes is plausible, either directly or
indirectly.

Cactus, alkaloids and neuro-related processes
Pigmentation is intrinsically related to fly’s neurobiol-
ogy. Dopamine is a widely conserved neurotransmit-
ter, responsible for the control of voluntary movement,
arousal, sleep, male courtship behaviour and learning in
Drosophila [47]. Furthermore, genes essential in melanin
pathways like pale, Ddc, ebony and black, also regulate
dopamine synthesis and availability in the insect brain
[48], affecting neural functions.

Many alkaloids found in columnar cacti are known to
affect neurotransmission [1]. 7. terscheckii’s mescaline
and trichocereine are psychoactive substituted phenethy-
lamines. Interestingly, these alkaloids are biosynthesized
from dopamine, which is also present in lesser quanti-
ties in T. terscheckii [49]. This provides another potential
point of chemical modulation by the rearing medium



De Panis et al. BMC Genomics (2022) 23:515

since ingested dopamine can affect fly’s nervous system
[48]. Additionally, some DEGs like Aldh that degrades
dopamine metabolites as well as other toxic species [50]
link detox-redox with neuro functions, while others could
play a role in mescaline inactivation by mediating dopa-
mine clearance in the synaptic cleft [48]. Furthermore,
the fact that dopamine self-oxidizes generating ROS
[51], points to a relationship between genes with protec-
tive roles in oxidative damage and dopaminergic neuron
function [52]. Dopamine is also a neuromodulator and
neurohormone that can impact insect development [53],
providing another glimpse of the complexity of the inter-
actions between processes affected by the rearing envi-
ronment in Drosophila.

Transcriptional profiles and nutritional challenge

Many DEGs mentioned so far are related to oxidative-
stress responses, pointing towards a scenario of appar-
ent mitochondrial high-demand. These redox-related
responses also share intermediaries and mechanisms
with processes of energy metabolism. Additionally, dif-
ferential expression of other mitochondria-related genes
may be interpreted as nutritional stress responses [36].

Several DEGs were related to nutritional metabo-
lism, either linked to catabolism and energy generation
along with the regeneration of both redox potential (e.g.
NAD+) and citric acid cycle intermediates, or to pro-
cesses like biosynthesis and storage. Interestingly, some
of these genes were overexpressed in alkaloids-con-
taining treatments in both D. buzzatii and D. koepferae.
Such expression patterns may indicate that the xenobi-
otic detox-redox response can also have consequences in
nutrition-related processes, an example being the already
mentioned gene Jafrac in D. koepferae, which is also
linked to starvation response.

Nutritionally relevant genes related to proteolysis,
that were differentially expressed in Opuntia sulphurea
treatments in both D. buzzatii and D. koepferae, may
be involved in adaptation to alternative host plants that
could contain different sets of protease inhibitors [41].
Though there is evidence of protease inhibitors in some
Opuntia species [54], whether the host cacti used in our
experiments produce these inhibitors is unknown.

All in all, the genes associated with nutritional chal-
lenges and other stress conditions [36], such as those
posed by alternative host-cacti, suggest common ele-
ments and pathways. For instance, SLCs that play a role
in dietary absorption in addition to xenobiotics excretion
were differentially expressed across treatments particu-
larly in D. koepferae.
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Concluding remarks and perspectives
Transcriptomic responses to natural breeding environ-
ments are nothing less than wide and complex, making
genetic landscapes hard to interpret. Our study explores
the biological responses underlying patterns of differ-
ential gene expression, shedding light on how differ-
ent physiological processes may be interlinked. Such
multigenic response involved in adaptation to chal-
lenging conditions spreads genome-wide over inter-
connected pathways in a way not fully understood and
with outcomes hard to predict [55]. For instance, dif-
ferential expression of redox genes involved in anti-
oxidant response can impact downstream phenomena
like lifespan [56]. Jheh2 is an example, since it is asso-
ciated with pesticide resistance and oxidative-stress
response in addition to regulating JH and, therefore,
having multiple effects on development and physiology.
Our study suggests a transcriptomic and physiological
cross-talk between the detox-redox response to xenobi-
otics and developmental programs. Another example of
genes affecting diverse traits can be found among those
involved in determining body colour. These highly pleio-
tropic pigmentation genes affect multiple processes and
its interplays, like vision or mating behaviour [57].
Altogether, our study contributes new insights into the
biological functions associated with particular conditions
and the genes involved. Moreover, it helps to deepen
our understanding of the genetic and ecological factors
implied in host plant shifts and the role of transcriptional
plasticity in adaptation and specialization in a group of
recently diverged Drosophila.

Methods

Samples collection and alkaloids extraction

D. buzzatii and D. koepferae isofemale lines used in this
study were obtained during a summer collection trip
to sites of north-western Argentina where both spe-
cies coexist. Flies were recovered (in different propor-
tions) from rotting pieces of both O. sulphurea and T.
terscheckii. Posteriorly, the progenies of wild insemi-
nated females were used to establish inbred lines fixed
for the most frequent second chromosomal arrange-
ments by sib-mating for eight generations. At the end of
this procedure, we obtained three lines homozygous for
arrangements standard, j and jz° (genotypes A, B and C,
respectively) of D. buzzatii, and three D. koepferae lines
homozygous for arrangements °’m’, P’m°n’ and Pm’®
(genotypes D, E and F, respectively). Genotype F was also
homozygous for inversions &, m and w in chromosomes
3, 4 and 5, respectively. We considered each isofemale
line as a particular genotype containing different genetic
backgrounds and used them as biological replicates.
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Chromosomal arrangements that went fixed as a result of
inbreeding allowed us to control the maintenance of the
genotype before the experiments described below (Sup-
porting Information, A.1).

Fresh pieces of O. sulphurea and T. terscheckii were col-
lected in northwestern Argentina where native cacti are
abundant and D. buzzatii and D. koepferae are sympatric.
Plant material was identified [58] and stored frozen since
collection (Supporting Information, A.2). Finally, an alka-
loid fraction enriched in phenethylamines was obtained
from fresh tissues of T. terscheckii as described in [21].

Experimental design and treatments

The treatments used in the present study were conceived
as good approximations to evaluate the effects of cactus
hosts and phenethylamine alkaloids on gene expression
profiles. We avoided adding fractions over which we can-
not exert clear control like the microflora associated with
decomposing cacti. Instead, we exploratorily investigated
a nutritional component through the addition of a sup-
plement composed of dead yeast to mimic the protein
fraction contributed by cactophilic yeasts to flies’ natural
diet. In this vein, treatments without the nutritional sup-
plement can be thought of as a scenario of early coloniza-
tion of potential breeding sites, where the necrotic cactus
pocket is young and microorganisms’ load low. To this
end, batches of 50 individuals of the different genotypes
of each species (biological replicates) were exposed to
six rearing media (treatments) from the first to the third
instar larval stages (Supporting Information, B.1).

Thus, two treatments aimed to assess the host plant
effect consisted in rearing larvae in semi-natural media
prepared with fresh tissues of O. sulphurea or T. ters-
checkii, supplemented with a dead-yeast extract (hereaf-
ter, 'Native’ condition). The dead-yeast extract was added
to emulate the protein contribution made by cactophilic
yeasts involved in plant’s decaying process in flies’ natural
diet, avoiding a possible nutritional deficiency due to lack
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of this macronutrient [59]. Two other treatments aimed
to evaluate the effects of T. terscheckii alkaloids involved
the same semi-natural media described above plus the
addition of the proper amount of the alkaloids extract to
reach a final concentration of two-fold the native in fresh
T. terscheckii (hereafter, '2X alkaloids’ condition). Finally,
we included two treatments to exploratorily investigate
the effect of the manipulated nutritional component,
which consisted of media elaborated with fresh tissues of
O. sulphurea or T. terscheckii, without dead-yeast extract
(hereafter, 'Low nutrition’ condition). All treatments are
summarized in Table 2.

For each treatment, groups of 50 first-instar larvae
were transferred to vials with the corresponding rearing
medium (Supporting Information, B.2). From a total of
15 vials for each combination of treatment, species and
genotype, 10 were randomly set apart to obtain batches
of third-instar larvae for RNA-Seq and the remaining 5
were assigned for DT measurement. All vials were incu-
bated at 2541 °C, 12:12 h light:dark photoperiod and
60 £ 10% relative humidity. Vials for RNA-Seq were incu-
bated until larvae reached the third-instar stage (diag-
nosed with the beginning of the wandering phase) and
were gently removed, rapidly washed thrice in sterile
PBS, snap-frozen with liquid nitrogen and finally stored
at -80 °C until RNA extraction. Vials for DT were incu-
bated until adults’ emergence.

Developmental time measurement

DT is widely used as an indicator of the degree of adap-
tation of an organism to a particular environment [60].
We measured DT as the time elapsed from the transfer of
first-instar larvae to vials until adult emergence.

A generalized linear mixed-effects model (GLMM) was
fitted to test DT differences across treatments, using vials
as experimental units (mean DT per vial as dependent
variable), and “Cactus” (O. sulphurea, T. terscheckii) and
“Condition” (Native, 2X alkaloids, Low nutrition) as fixed

Table 2 Experimental design. Summary of the treatment. Since O. sulphurea contains no phenethylamine alkaloids, its basal
concentration is 0X, whereas for T. terscheckii the basal concentration is 1X

Treatments
Cactus O. sulphurea T. terscheckii
Condition Low Native 2X Low Native 2X

nutrition alkaloids nutrition alkaloids
Cactus host of D. buzzatii / D. buzzatii / D. buzzatii / D. koepferae / D. koepferae / D. koepferae /
(primary / secondary) D. koepferae D. koepferae D. koepferae D. buzzatii D. buzzatii D. buzzatii
Dead-yeast No Yes Yes No Yes Yes
extract added
Alkaloids added No No Yes No No Yes
Total alkaloids (04 (04 2X 1X X 2X




De Panis et al. BMC Genomics (2022) 23:515

crossed-factors. Each fly species dataset was analyzed
separately due to significant interactions among factors
(Supporting information, G). Specific random terms used
in the final model for each species included biological
replicates (genotypes) and were selected using the Akaike
Information Criterion (AIC) and significant in Likelihood
Ratio. Finally, to evaluate the effects of the nutritional
and chemical components on DT, the previous data sets
were split. Thus, for each fly species, the data were fitted
to two new models: one including 'Low nutrition’ and
‘Native’ conditions and another 'Native’ and ’2X alka-
loids’ conditions (Supporting information, G). All statis-
tical analyzes and respective visualizations were carried
outinR 3.6 [61].

Genome sequencing, assembly and annotation

Because there is not genomic data available, we
sequenced the genome of D. koepferae to use as map-
ping reference for RNA-Seq reads in the respective gene
expression analysis. To this end, high-molecular-weight
DNA was extracted from adult flies of genotype F using
a purification protocol optimized for D. melanogaster
(Gentra® Puregene® Cell Kit) coupled with a standard
Phenol:Chloroform extraction for final clean-up. DNA
was sequenced in an Illumina HiSeq 2000 platform using
paired-end libraries (2 x 101 bp, insert size=400 bp,
coverage >100X), and a mate-pair library (2x50 bp,
insert size=>5 Kbp, coverage >25X). Another sample was
sequenced in a Pacific Biosciences (PacBio) RS II plat-
form employing 2 SMRT cells (P6/C4), using a library
suitable to obtain an average read size of 10 Kbp and cov-
erage >5X (Supporting Information, C.2).

After reads were quality controlled and processed
accordingly, we worked on a de novo genome assem-
bly protocol that integrates data obtained with different
technologies using available software (Supporting infor-
mation, C.3-D.1). The protocol is depicted in Fig. SI.
The assembled genome of D. koepferae was structurally-
annotated using GenSAS v5.0 [62]. The identification
of protein-coding genes and other features along the
scaffolds was based on evidence from multiple sources,
and posteriorly integrated into a single final annotation
(Supporting information, D.2-E.1). Functional annota-
tion of protein-coding genes of D. koepferae and D. buz-
zatii genomes was performed with Blast2GO 5 [63]. The
high-quality functional annotation available for D. mela-
nogaster [64] was used to assign identity to all the genes
to facilitate the understanding of the transcriptional
landscape and the comparison of results (Supporting
information, E.2).
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Transcriptome sequencing and gene expression analysis
Total RNA was extracted from third-instar larvae sam-
ples using a combined TRIzol®/RNeasy® protocol opti-
mized for Drosophila [65]. RNA concentration, quality
and integrity were checked before libraries preparation
(Supporting Information, C.3). Thirty-two paired-end
libraries (2 x 101 bp, insert size =150 bp) were sequenced
in an Illumina HiSeq 2000 platform. RNA samples of
genotypes C (D. buzzatii) and F (D. koepferae) reared in
"Low nutrition’ treatments were not sequenced because
of logistical reasons.

After quality control and processing, we mapped RNA-
Seq reads to the D. buzzatii or D. koepferae genome to
estimate gene expression of each genotype within each
species (INTRA-specific) under the evaluated conditions
using the program STAR v2. 6 [66]. To obtain unbiased
between-species exploratory comparisons (INTER-spe-
cific), we also mapped RNA-Seq reads of each genotype
to the D. mojavensis reference genome v1.04 [67], a spe-
cies of the repleta group that is phylogenetically equi-
distant from D. buzzatii and D. koepferae [24]. Thus,
though a lower mapping efficiency may be expected, it
would be the same for both species. To evaluate this, we
checked for mapping bias in the dataset using Quali-
map v2.2.1 [68] (Supporting Information, F.1). The
quantification of gene expression in each case was calcu-
lated with StringTie wv1.3.5 [69]. Differential gene
expression analyzes were performed with the NOISe-
gBIO method implemented in the R package NOISeq
v2.18 [70] using TMM-normalized raw reads counts.
The statistical strategy of this package considers both
differences in mean expression and orders of magnitude
of differences to measure the change in gene expres-
sion between conditions and therefore identify DEGs.
NOISegBIO is optimized for the use of at least two bio-
logical replicates per condition and has a sensitivity (pro-
portion of true DE calls out of the total number of DEGs)
of 90% and 95% and FDR slightly above 5% and lower
than 5% with two and three replicates per condition,
respectively (see Supporting information F.2 for further
insight on the method). However, it is worth mentioning
that all comparisons involving 'Low nutrition’ treatments
(two replicates each) were considered as exploratory. In
all cases, a False Discovery Rate (FDR) <0.01 was used as
stringent cut-off value.

Analysis of gene expression patterns

We used the Multi-Dimensional Scaling (MDS) func-
tion in the SMACOF R package [71] to visualise
transcriptional similarities across treatments and bio-
logical replicates. Functional enrichment analyzes of
Gene Ontology (GO) terms and biological pathways
were performed on the DEG sets across the evaluated
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comparisons to characterize the transcriptional profiles
(Supporting information, F.2). The identity assigned to
each DEG was based on the respective D. melanogaster
homologue. Since searching without regard to particu-
lar candidate genes should reveal a wider spectrum of
genes that would have otherwise been ignored [10],
our analysis was not limited to specific genes. How-
ever, based on previous studies that showed a strong
presence of DEGs related to detoxification processes,
we looked for DEGs belonging to classes and fami-
lies involved in the four phases of general xenobiotic
transport and metabolism [72, 73]. These correspond
mainly to six enzymatic groups: Solute carriers (SLC)
transporters involved in Phase 0; Carboxylesterases and
Oxidoreductases like Cytochrome P450s (CYP) and
Alcohol dehydrogenases (ADH) in Phase I; Glutathione
S-transferases (GST) and Glycosyltransferases like
UDP-glucuronosyltransferases (GT) in Phase II; and
ATP-binding cassette (ABC) transporters in Phase IIIL.
Finally, to study possible trends emerging from expres-
sion patterns within treatments and conditions, we
visualized groups of DEGs using the functions hclust
(ward.D2 clustering method) and heatmap from the R
packages GRAPHICS and STATS, respectively.
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