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ABSTRACT
Amino acids are the building blocks of proteins that perform essential physiological functions. Theory suggests that the proteome 
composition—the amino acid frequencies across all proteins in a genome—is associated with an organism's optimal growth 
temperature, offering insights into species' temperature limits. This hypothesis, however, is largely based on prokaryotic models 
and has not been thoroughly tested in complex multicellular eukaryotes, where many amino acids must be acquired through 
diet. Here, we integrated multiple databases and analysed amino acid frequencies in the proteomes of orthologous and non-
orthologous genes from 35 Lepidoptera species to test for correlations with maximum observed temperatures and diet breadth. 
Using a robust phylogenetic comparative approach, we found no evidence that proteome composition correlates with temperature 
or diet breadth, which are important ecological traits for Lepidopterans and affect their interactions with other species. These 
results suggest that, unlike in simpler organisms, animal proteome composition is shaped more strongly by intrinsic biophysical 
and energetic constraints than by ecological factors such as temperature exposure or dietary specialisation. Our study bridges 
evolutionary genetics with ecological physiology across a diverse group of insects and highlights the importance of publishing 
well-designed null results. These findings also emphasise the limitations of using proteome composition as a proxy for ecological 
adaptation in multicellular species, while opening avenues of future research to further explore the complex interplay between 
genetics, physiology, and environment in shaping biodiversity.

1   |   Introduction

The Anthropocene is marked by rising temperatures 
(Summerhayes and Zalasiewicz  2018), climate extremes 
(Pradhan et  al.  2022), and biodiversity loss (Dirzo et  al.  2014; 
Johnson et al. 2017; Turvey and Crees 2019). To survive, species 
must rapidly adapt to unpredictable conditions at the genomic, 
organismal, and behavioural levels, which is an unprecedented 
task in evolution (Bradshaw and Holzapfel  2006; Gienapp 

et  al.  2008; Hoffmann and Sgrò  2011). Research has focused 
on understanding the correlations and causes associated with 
species' response to, and interaction with, their environment, 
seeking biological patterns that can be used to conserve what 
is left of our biodiversity (Mawdsley et al. 2009; Hannah 2010; 
Lancaster 2016).

Insects are particularly interesting subjects of insights in re-
lation to thermal biology. Thermal adaptation in insects is 
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correlated (although not necessarily causally) with changes in 
gene expression and ultimately, the genome. For instance, ad-
aptation to warmer temperatures is known to trigger plastic 
transient increases in heat-shock protein expression that, in the 
long term, lead to an increase in developmental rate and reduced 
genetic variability (Gilbert and Raworth 1996), all of which can 
contribute to changes in allele frequencies that modulate the ge-
nome composition (Quan et al. 2020; Mutamiswa et al. 2023). 
Importantly, insects tend to explore new environments to which 
they are not adapted in response to changes or fluctuations in 
thermal environments (Franks and Hoffmann 2012). This leads 
to rapid evolutionary change that facilitates thermal adapta-
tion but that can also shape the genome through adaptations 
to this novel environment, particularly in relation to diet which 
is a major ecological factor for insects (Gilchrist and Lee 2007; 
Mutamiswa et  al.  2023). Indeed, locally adapted Drosophila 
melanogaster populations in a latitudinal cline with varying 
thermal exposure display population-specific dietary responses 
(Zanco et al. 2025). However, there are still many aspects of or-
ganismal biology and its relationship to the environment that 
remain unexplored (Merilä 2012; Bozinovic and Pörtner 2015).

One such case is the environmental effects on the proteome—
that is, the collection and frequency of amino acids from 
coding sequences of a genome, also referred to as ‘exome’ 
(Du et al. 2018). Theory predicts that changes in amino acid 
frequencies across proteomes are associated with optimal 
growth temperatures of the species, and past empirical work 
has shown that mesophilic and thermophilic prokaryotes in-
deed have distinct amino acid frequencies in their proteomes 
(Dufton  1997; Seligmann  2003; Singer and Hickey  2003; 
Tekaia and Yeramian 2006; Swire 2007). Work from our group 
has shown that amino acid frequencies in the proteomes of 
three domains of life (archaea, bacteria, and eukaryotes) re-
spond to growth temperature, although this effect appears to 
be relatively small (Morimoto and Pietras 2024). Nevertheless, 
proteome composition can be linked to life-history traits 
under selection, such as lifespan (Morimoto and Pietras 2025). 
Thus, these findings suggest that proteome composition is 
sensitive to temperature, is correlated to life-history traits 
under selection and therefore, can have signs of adaptation to 
ecological conditions. To date, however, we lack studies to in-
vestigate the effects of temperature on proteome composition 
in multicellular eukaryotes (Roberts 1999; but see e.g., Jensen 
et al. 2021). This is because in multicellular organisms—espe-
cially ectotherms—often there are microclimatic conditions 
that can dilute our ability to ascertain with precision optimal 
growth temperatures (Pincebourde et  al.  2007; Kemppinen 
et al. 2024). As a result, even though there are efforts to cre-
ate databases for optimal growth temperature for prokaryotes 
(e.g., Helena-Bueno et al. 2021), we lack similar resources for 
multicellular eukaryotes. An alternative is to use macrocli-
matic information as proxies for species' thermal tolerance 
and limits since, at least in insects, they interact and are both 
important to determine their macroecological distribution 
and occupancy (König et  al.  2024). However, to our knowl-
edge, there have been no studies investigating the thermal bi-
ology with proteomes in multicellular eukaryotes.

In addition to temperature, diet also plays a role in thermal 
adaptation (Hardison and Eliason  2024) and as a result, the 

proteome can also evolve and be shaped in response to diet 
(Luca et  al.  2010; Birnbaum and Abbot  2020). Recent stud-
ies which focused on the proteome of multicellular eukary-
otes have shown that the amino acid frequencies in fruit 
flies (Drosophila melanogaster) and mice (Mus musculus) 
contain information about their dietary requirements (Piper 
et al. 2017; Gómez Ortega et al. 2023). Matching the dietary 
amino acid availability to the proteome amino acid frequencies 
improved reproduction without associated lifespan costs to 
flies and improved the growth rate in mice (Piper et al. 2017). 
This effect in flies was observed so long as the amino acid 
availability in the diet matched the absolute amino acid fre-
quencies of the proteome, not the amino acid frequencies 
weighted by gene transcription (Gómez Ortega et  al.  2023). 
Feeding is one process among many through which organisms 
interact with their environments, and diet availability and 
quality are known to be affected by climate change (Stephens 
and Krebs 1986; Simpson and Raubenheimer 2012; Rosenblatt 
and Schmitz 2016; Macdiarmid and Whybrow 2019; European 
Food Safety Authority (EFSA) et  al.  2020). Feeding allows 
multicellular organisms to acquire essential amino acids that 
compose proteins and ultimately, the proteome (Simpson and 
Raubenheimer 2012; Piper et al. 2017). In insect pollinators, 
it is known that temperature modulates the availability of 
nutrients (Shrestha et al. 2018). Therefore, it is plausible, al-
though untested, that proteomes with certain compositions 
belong to generalist (or specialist) species which can tolerate 
higher temperatures. This would result in an association be-
tween proteome composition, diet breadth, and the maximum 
temperature in which species are encountered. Finding such 
patterns would be groundbreaking since proteome data are 
relatively cheap to obtain and there are well-curated databases 
available for investigations, as opposed to time-consuming, 
labour-intensive experiments to ascertain diet breadth and 
thermal limits.

In this study, we set out to test whether two key ecological 
traits—realised thermal limit and dietary breadth—are cor-
related with the proteome composition of 35 Lepidoptera 
species. Herbivorous insects such as Lepidopterans are ideal 
models to test the effects of temperature and diet on proteomes 
for three reasons. First, Lepidopterans and other arthro-
pods are particularly vulnerable to climate change (Harvey 
et al. 2023), have been declining at an incredible pace (Habel 
et  al.  2019; Warren et  al.  2021), but are often overlooked in 
conservation policies (Duffus and Morimoto  2022). Second, 
the effects of climate change and urbanisation on biodiversity 
loss appear to disproportionately affect diet specialist species, 
which may be more vulnerable to rapid and unpredictable 
changes in food supply or quality (Merckx and Van Dyck 2019; 
Hulshof et al. 2024). And third, there are multiple fully anno-
tated genomes available for butterflies and other insects, mak-
ing the study of amino acid profiles across proteomes feasible 
at larger scales (Espeland et al. 2018; Liu et al. 2020; Kawahara 
et  al.  2023). Thus, better understanding how Lepidopteran 
proteomes correlate (or not) with ecological traits can open 
fruitful avenues of fundamental and applied research on in-
sect physiology, ecology, and conservation. The 35 species 
of Lepidopterans were here selected due to the availability 
of data across different databases, which enabled data inte-
gration about their amino acid frequencies in the proteome 
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(NCBI database), their dietary breadth (HOSTS database) and 
their occurrence (GBIF database) (Figure 1). We acknowledge 
this is only a subset of all Lepidopterans for which data are 
available within each individual database, but we opted to 
conduct an analysis of species for which full data integration 
was possible as opposed to using alternative methods such as 
imputation. This consolidated data allowed us to test whether 
amino acid frequencies in the proteome were associated with 
species' diet breadth, the recorded maximum temperature 
where each species was observed (henceforth ‘climatic high 
temperatures’), or an interaction between them.

As there has been no prior study linking proteome with 
temperature or diet breadth, we based our hypothesis on 
the prokaryote literature. Specifically, we expected ther-
molabile amino acids such as cysteine to be negatively cor-
related with maximum temperature (Seligmann  2003; 
Singer and Hickey 2003; Hickey and Singer 2004; Tekaia and 
Yeramian 2006; Swire 2007; Morimoto and Pietras 2024). We 
also hypothesised—albeit without literature to support this—
that narrower dietary breadth could be positively and neg-
atively associated with at least some amino acids (although 

there is no reason to a priori pinpoint the specific amino 
acids), because we reasoned that diet specialists would have 
proteomes with highly specialised compositions as opposed to 
the more balanced proteome of generalists. This could drive 
the relationship between certain amino acids positively or 
negatively. To test our hypotheses, we first analysed whether 
the overall amino acid frequencies in the proteomes correlated 
with the maximum temperature at which species occur and 
species' diet breadth. Next, we separated the amino acid fre-
quencies of orthologous and non-orthologous genes. Our ra-
tionale was that, due to differences in evolutionary patterns 
and selective pressures, these two classes of genes could give 
us different insights into the relationship between proteomes 
and species' ecology. This is because we know that orthologs 
and non-orthologs can be under different selective pressures 
(e.g., Przytycka et al. 2008). As a result, we predicted that be-
cause orthologous genes are often under selection to maintain 
ancestral functions across multiple species (Gabaldón and 
Koonin 2013), they could be less likely to diversify to the ex-
tent that allows us to capture associations with species' tem-
perature limits or diet breadth. Conversely, non-orthologous 
genes could evolve and gain functions in specific lineages, 

FIGURE 1    |    Data integration for hypothesis testing. We integrated data from several databases to gain a full understanding of how amino acid 
frequency in the proteome correlates with diet breadth and realised thermal niche from occurrence data. Data for the proteome, occurrence and diet 
breadth of Lepidoptera species were obtained from NCBI, GBIF, HOSTS, and DBIF. This resulted in the final number of 35 species for which we had 
a complete dataset (i.e., information on amino acid frequencies and occurrences and diet breadth).
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providing a better subset of the proteome to identify correla-
tions with species' temperature limits or diet breadth. Our 
work provides a unique and innovative perspective onto evo-
lutionary genomics, opening future avenues of research into 
the links between proteome composition and life-history and 
ecological traits.

2   |   Materials and Methods

2.1   |   Proteome Analysis

The NCBI database from which the proteome for the 35 
Lepidoptera species was retrieved was accessed on or before 
6 January 2024 (Morimoto and Pietras  2024). We retrieved 
proteome information for species which had complete and 
annotated reference sequence (RefSeq) genomes with suitable 
taxonomic identification in the NCBI database. This approach 
ensured that our estimates of amino acid frequencies were 
true representatives of amino acids from coding sequences. 
The proteome fasta files were downloaded from FTP servers 
and were processed in the statistical software R version 4.3.2 
(R Core Team 2013) to estimate amino acid profiles. Because 
of the positive correlation between the number of redundant 
codons and the frequency of amino (Estimate: 0.0102, SE: 
0.00032; t-value: 32.08; p < 0.001), we standardised our amino 
acid profiles, dividing amino acid frequency by the number 
of redundant codons. For all analyses, we normalised amino 
acid frequencies using the ‘scale()’ function in R with default 
parameters. This, and the following steps of the methodology, 
are exemplified in Figure 1.

2.2   |   Orthologous Analysis

Inferring orthologous and non-orthologous genes from the 
proteomes of the studied species requires effective algorithms 
which form accurate gene trees. OrthoFinder is a recently de-
veloped orthologue inference algorithm that has innovated 
in providing more accurate ortholog inferences without sac-
rificing time costs (Emms and Kelly 2019). OrthoFinder's al-
gorithm was run on the collective Lepidoptera proteomes and 
inferred orthologs from orthogroup trees it produced. Within 
OrthoFinder's default algorithm, the sequence search method 
used was DIAMOND (Buchfink et  al.  2015) and the or-
thogroup tree inference method used was DendroBlast (Kelly 
and Maini 2013). This method has been proven to achieve ac-
curate results with low run time costs (Emms and Kelly 2015; 
Altenhoff et al. 2016). Amino acid frequency for each orthol-
ogous and non-orthologous gene in each species as well as for 
each species' whole proteome was calculated for the phyloge-
netic comparative analysis.

2.3   |   Phylogenetic Reconstruction

To assess the correlation between Lepidoptera's traits, we 
needed to reconstruct the phylogeny of the species in the pres-
ent study. To do this, we obtained COI sequences from each spe-
cies from GenBank (last accessed 20 August 2024; Table S1). 
Additionally, we obtained sequences for two outgroup species 

(Cheumatopsyche brevilineata and Hydromanicus wulaianus) 
that allowed us to root the estimated phylogeny. The se-
quences were aligned using an auto strategy in MAFFT on-
line service v.7 (Kuraku et al. 2013; Katoh et al. 2019). Then, 
we reconstructed the phylogenetic relationships of the spe-
cies on IQ-TREE v.2.3.6 (Minh et  al.  2020). Simultaneously, 
we ran ModelFinder using the option -m MFP + MERGE 
to find the best evolutionary model for each codon position 
(Kalyaanamoorthy et al. 2017). We also ran an ultrafast boot-
strap (Hoang et  al.  2018) with 1000 replicates with branch 
lengths to assess phylogenetic uncertainty in the subse-
quent analyses. The resulting maximum likelihood tree did 
not show unusually long branches that could indicate poor 
alignment or obvious identification errors in some species. 
Finally, all bootstrap replicates were calibrated with PATHd8 
(Britton et al. 2007). The calibrations used were obtained from 
Kawahara et al. (2023). As these authors used several distinct 
calibration schemes, we chose the calibration scheme that 
they used in their subsequent analyses while filtering (sub-
setting) the nodes we had present in our phylogeny (Table S2; 
Figure 2). We assigned a maximum age and a minimum age 
to each calibration, except for the oldest calibration. This is 
due to the requirement of PATHd8 that at least one calibration 
be fixed.

2.4   |   Ecological and Occurrence Data

We retrieved and consolidated diet breadth data from two data-
bases on 6 March 2024: (1) HOSTS, a database on host plants for 
insects by the Natural History Museum in London (Robinson 
et al. 2010) and (2) DBIF, also a resource for recorded host plants 
for insects which have been recorded in Great Britain (Smith 
and Roy 2008; Ward et al. 2019). There are limitations to using 
these public databases, such as the potential for taxonomic mis-
identification of either plants or insects, but they provide an 
invaluable resource to explore biological phenomena at larger 
scales (see e.g., Padovani et al. 2020). We estimated diet breadth 
at the genus level; that is, the number of different plant genera 
that a butterfly species has been recorded using as a food source. 
Occurrences of each species were retrieved from GBIF (https://​
doi.​org/​10.​15468/​​dl.​q74xtz, 11 March 2024; Figure 1). Climatic 
variables where each species occurs were obtained using the 
worldclim_global function with a resolution of 2.5 in the geo-
data package v.0.6-2 (Hijmans et al. 2023). For the subsequent 
analyses, we calculated the maximum temperature that each 
species has been found as a proxy of their thermal limit using 
the bio5 variable (maximum temperature of warmest month). 
Our rationale was that the maximum upper temperature where 
the species has been observed represented an upper limit on 
their thermal tolerance.

2.5   |   Phylogenetic Comparative Analyses

We performed a Phylogenetic Least Squares Regression 
(PGLS) to assess the effect of diet and temperature on amino 
acid counts. Diet breadth and maximum temperature were 
log-transformed prior to the analyses. A PGLS analysis 
was done for the thermal limit and diet breadth, repeated 
for the 1000 topology replicates to account for phylogenetic 

 20457758, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.72608 by Fernanda C

aron - U
FPR

 - U
niversidade Federal do Parana , W

iley O
nline L

ibrary on [04/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.15468/dl.q74xtz
https://doi.org/10.15468/dl.q74xtz


5 of 15Ecology and Evolution, 2025

uncertainty. We ran a PGLS for each amino acid separately 
as their frequencies vary widely. We repeated the PGLS 
three times considering the amino acid frequency of all 
genes pooled together at first, then only orthologous or non-
orthologous genes. To control for multiple comparisons, we 
adjusted the p-value reported in this study by using the ‘p.ad-
just()’ function specifying the Benjamini and Hochberg (1995) 
correction method.

It is important to mention that this study integrates species' data 
from multiple databases (i.e., NCBI, GBIF, HOSTS). The absence 
of data in any of these databases precludes us from using the 

species in the analysis. For example, if we lacked data on spe-
cies' diet breadth, we had to exclude this species from the final 
analysis even if they had a RefSeq genome available to estimate 
amino acid frequencies in their proteome. Thus, even though 
there are many RefSeq genomes from butterflies, including their 
well-established phylogenetic relationships (e.g., Cicconardi 
et al. 2023), most of those species lack data on their diet breadth 
and/or distribution. Frankly, diet breadth data is often the most 
constraining data to obtain for our analysis. Thus, our final sam-
ple size of 35 cosmopolitan Lepidoptera species is a result of this 
trade-off between statistical power and the ability to integrate 
multiple databases with complete information. The continuing 

FIGURE 2    |    Ecological traits and phylogenetic relationships. (A) Coverage of our observation points for the 35 species from which maximum tem-
perature and diet breadth were used to test associations with proteome composition. (B) Phylogenetic reconstruction of the relationship between the 
35 species in our database (including 2 outgroups) along with the distribution of maximum temperature and dietary niche breadth of each species 
(right-hand side bars).
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data collection and recording of butterflies will help improve 
this resolution.

3   |   Results

Our PGLS showed no evidence that individual amino acid 
frequencies in the proteome correlated with maximum tem-
perature or diet breadth (Table 1). This was consistent for the 
analysis of the entire proteome (all genes), orthologous, and non-
orthologous genes (Table  1). Together, these results show that 
proteome composition is not correlated with ecological traits 
related to thermal limit and diet breadth in the 35 species of cos-
mopolitan Lepidopterans analysed in this study.

4   |   Discussion

Lepidopterans are cornerstone species for biodiversity conser-
vation and ecosystem services (Noriega et al. 2018). Their ther-
mal limit provides insights into their strategies to cope with 
fluctuating climates (e.g., Kingsolver and Watt  1983; Davies 
et al. 2006; Ashe-Jepson et al. 2023). Likewise, their diet breadth 
can predict their ability to respond to varying environments 
and ascertain their aptitude to adapt and specialise to new hosts 
(e.g., Descombes et al. 2016; Hausharter et al. 2023; Seifert and 
Fiedler  2024). We presented the first comprehensive test for 
the hypothesis that amino acid frequencies in the proteome—
the proteome composition—are associated with diet and tem-
perature across Lepidopterans. This hypothesis is derived 
from previous literature in prokaryotes which showed that the 
amino acid frequencies in the proteome are dependent upon the 
optimal growth temperature of a species, raising the intrigu-
ing possibility that the proteome contains information about 
the thermal ecology of the organism (Dufton  1997; Chen and 
Nielsen 2022; Seligmann 2003; Singer and Hickey 2003; Tekaia 
and Yeramian 2006; Swire 2007). Our most recent comprehen-
sive study tested this hypothesis across three domains of life (ar-
chaea, bacteria, eukaryotes) and found supporting evidence that 
the frequency of thermolabile amino acids such as cysteine in the 
proteome is negatively associated with optimal growth tempera-
ture (Morimoto and Pietras 2024). With the growing impacts of 
climate change, uncovering new relationships between species' 
biology and ecology—such as the link between proteome, tem-
perature, and diet studied here—is paramount to help under-
stand species' potential to tolerate increasing temperatures (see 
also Lancaster 2016). Our data revealed no evidence that amino 
acid frequencies in the proteome were associated with maxi-
mum temperature or diet breadth of the 35 Lepidoptera species. 
These results suggest that complex animal proteomes are likely 
shaped by energetic and biophysical constraints rather than by 
ecological factors portending to the temperature and diet niches 
which species can explore. We know that Lepidopterans respond 
to thermal conditions through plastic expression of heat-shock 
proteins that ultimately leads to evolutionary adaptations at 
the genome (and consequently, proteome) level (Mutamiswa 
et al. 2023). Likewise, as they colonise new environments in re-
sponse to thermal conditions, Lepidopterans also need to adapt 
to new host plants, resulting in additional pressures that also 
shape the genome and proteome. Our findings suggest that 
those changes are not linked to substantial changes in proteome 

composition, and that neither temperature nor diet breadth cor-
related with the frequency of any amino acid in the proteome.

Amino acid frequencies in the proteome contain information 
about dietary needs underpinning life-history traits, but our 
data show that this does not necessarily apply to broader eco-
logical traits. For instance, Piper et  al.  (2017) showed that D. 
melanogaster and M. musculus fed diets with amino acids that 
were proportional to the amino acid frequencies of the proteome 
(“exome-matched” diets) optimise growth and reproduction 
without associated costs to lifespan. Gómez Ortega et al. (2023) 
corroborated this in D. melanogaster and showed that diets that 
matched amino acid proteome composition were better at im-
proving fecundity from both sexes compared with diets with 
amino acids with transcriptome-weighted proteome composi-
tions. This suggests that differential gene expression does not 
influence the broader information on amino acid needs of the 
organism and that the proteome inherently contains informa-
tion about organismal nutritional needs above and beyond gene 
expression levels. Together, these findings show that proteome 
composition informs dietary needs for life-history traits. Given 
this, we hypothesised that the proteome could also contain infor-
mation about how organisms interact with their environment, 
under the assumption that the relationships between proteome 
composition, diet, and optimal growth temperature extend to 
other ecological traits. Here, we tested these relationships using 
analogous ecological traits to those found to correlate with pro-
teome composition, namely maximum temperature (analogous 
to growth temperature) and dietary niche breadth (analogous to 
dietary needs). Yet, our results found no evidence that proteome 
composition was associated with either of these ecological traits. 
Thus, it appears that proteome compositions are linked to in-
trinsic (physiological) organismal needs (optimal growth tem-
perature and diet to realise life histories) but not with extrinsic 
(ecological) organismal responses (maximum temperature, di-
etary breadth). Whether this is a broader pattern across all mul-
ticellular organisms and across all ecological traits remains to 
be ascertained. Nonetheless, our findings show for the first time 
that, despite being linked to optimal growth temperature and 
dietary needs, proteome composition is not a good indicator of 
species thermal limits or dietary niches.

While innovative, our work has limitations and should be in-
terpreted with caution. First, it is possible that the lack of statis-
tical significance reported here stems from our relatively small 
(35 species) sample size. It is possible to increase power by bet-
ter integrating databases. For example, if we prioritise data col-
lection of ecological traits of species for which there is genome 
sequenced and annotated, we can have a complete picture of 
how ecology and genomics interact. This would benefit the field 
of comparative ecological genomics by enabling integrative 
approaches such as the one conducted here. A second caveat 
worth highlighting is the use of the maximum temperature in 
which the species are found—effectively their realised thermal 
limit—as an ecological trait for correlations with proteome 
composition. Even though there is a strong phylogenetic signal 
in species' upper thermal limit in insects (see e.g., Hoffmann 
et  al.  2013), our occurrence data could reflect a constrained 
distribution pattern where individuals occur below their lim-
its. Moreover, microclimatic factors could also add uncer-
tainty to our estimates of species' true realised thermal limits. 
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Unfortunately, thermal physiological limits have not been esti-
mated experimentally for many Lepidoptera species—includ-
ing those used in this study (Diamond et al. 2024). Moreover, 
we lack a comprehensive database of microclimatic tempera-
tures for most insects even though microclimate plays a key role 
in insect persistence in climate change (Kerr et al. 2025). With 
improved remote sensing technologies (Zellweger et al. 2019), 
we expect to have microclimatic data which will allow us to 
test how micro- and macro-climate correlate or not with pro-
teome composition. Despite these limitations, our methodology 
is robust and makes use of the most comprehensive integrated 
database available to test our hypotheses at the time. We hope 
our approach will inspire future integrative approaches such as 
this—and the efforts to expand the underlying databases which 
make them possible.

5   |   Conclusion

Proteomes are a fundamental feature of biological systems and 
inform about the global amino acid requirements of a genome. 
Our work on Lepidoptera suggests that proteomes are largely 
independent of observable ecological traits related to thermal 
limits and diet breadth. This allows for the possibility that pro-
teomes are primarily shaped by evolutionary constraints and do 
not contain signatures of ecological conditions in which species 
exist. This knowledge expands our understanding of evolution-
ary versus ecological constraints in proteome composition and 
partly contradicts evidence from prokaryotes and unicellular 
eukaryotes which showed that some ecological traits influence 
proteome composition. Multicellular organisms are complex 
and might rely on more stable proteome compositions to achieve 
the multitude of physiological control and homeostasis across 
environments. Future studies in other taxonomic groups will 
provide valuable tests of this hypothesis.
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