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Down Syndrome Cell Adhesion Molecules (DSCAM) are transmembrane domain proteins belonging to the immunoglobulin superfamily and are 
expressed during brain development. While present in many other organisms, DSCAM has gone through multiple independent duplication events 
in arthropods and can form over 10,000 different isoforms through alternative splicing. Due to DSCAM’s role in brain development and immune 
system functions, we investigated the relationship of DSCAM1 evolution to the evolution of sociality in arthropods. To assess structural variation, 
we examined phylogenetic trees derived from variable exons against the full DSCAM1 gene tree. Additionally, we performed likelihood ratio tests 
to identify regions undergoing evolutionary conservation or acceleration. Our findings reveal evidence of evolutionary acceleration in DSCAM1 
within Hymenoptera, particularly in exons 4, 5, and 6, which correspond to the second and third immunoglobulin domains. Interestingly, this 
acceleration occurs regardless of social structure in bees and wasps. Accelerated evolution in these regions could have significant implications 
for neural circuit development in Hymenoptera, as these variable regions are responsible for generating diverse protein isoforms. This pattern of 
accelerated evolution potentially suggests that Hymenoptera have developed more complex neural circuits or undergone substantial changes in 
neuronal wiring.
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Introduction
Sociality in arthropods is incredibly diverse, ranging from 
solitary to eusocial organization, with many other social clas-
sifications in between; eusociality is described as being one of 
the most complex examples of social organization throughout 
the animal kingdom (Nowak et al. 2010). The evolution of 
social complexity has been investigated through many differ-
ent perspectives, including behavioral and ecological to 
genomic and transcriptomic (Wilson and Hölldobler 2005, 
Ferreira et al. 2013, Rehan 2021). Eusocial evolution is asso-
ciated with the rapid evolution of gene regulation, constrained 
protein evolution, and a decrease in the abundance and diver-
sity of transposable elements (Kapheim et al. 2015). Genes 
involved with synaptogenesis and neurogenesis, namely 
derailed 2 and frizzled, experience constrained evolution 
within eusocial bees (Kapheim et al. 2015). In primitively 
eusocial bees, genes involved with neuronal development and 
differentiation were shown to have evidence of accelerated 
evolution (Woodard et al. 2011) and chemoreceptors 

experienced elevated positive selection in the transition to 
eusociality as well as the tendency to have expansion events 
in eusocial species (Terrapon et al. 2014, Zhou et al. 2015). 
These results suggest that genes important in neuronal devel-
opment are often tied to social structure complexity.

Many interconnected gene trees contribute complex road-
ways to eusociality and the broader story of the evolution of 
eusociality. Given these complexities, the Down Syndrome Cell 
Adhesion Molecule (DSCAM) protein is a compelling candi-
date for further investigation. DSCAM are immunoglobulin 
proteins crucial for neuronal development; specifically, respon-
sible for guiding neuronal cells to form the neural circuit 
through homophilic interactions, isoform-specific binding, 
chemoattraction, and self-avoidance (Agarwala et al. 2000, 
Garrett et al. 2012). The complexity of the neural network can 
be partially attributed to the extensive diversity of isoforms 
that DSCAM genes can generate through alternative splicing 
in the variable exon regions (Schmucker et al. 2000, Wojtowicz 
et al. 2004, Chen et al. 2006). The importance of DSCAM gene 
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variation is underscored by findings that link social immunity 
in hygienic bees to structural brain differences, which are likely 
mediated by differential expression of neuronal development 
genes such as DSCAM (Harpur et al. 2019). In addition to 
producing thousands of different isoforms, DSCAM has under-
gone multiple independent gene duplication events in arthro-
pods, resulting in most having 4 to 6 DSCAM paralogs 
(Armitage et al. 2012). The presence of these DSCAM paralogs 
across the arthropod tree provides opportunities for the poten-
tial complex involvement in the evolution of social structure.

DSCAM can have 2 different forms: a membrane-bound 
protein involved with neural development and a soluble protein 
that plays a role in the innate immune system (Li 2021). The 
diversity of alternatively spliced isoforms allows DSCAM to 
specifically bind to pathogens and subsequently initiate phago-
cytosis and immune priming (Dong et al. 2006, Armitage et al. 
2015, Li et al. 2018). With the loss of many immune genes in 
bees (Evans et al. 2006), DSCAM has undergone positive selec-
tion in the fifth immunoglobulin I-set domain before the evo-
lution of sociality (Barribeau et al. 2015). Immune system 
evolution plays an important role in sociality, as many social 
insects have gained defenses against diseases (Cremer et al. 
2007, Rosengaus et al. 2011), highlighting the importance of 
investigating DSCAM1’s potential relationship to the evolution 
of eusociality.

Despite these well-documented roles in neuronal development 
and immune functions, research on DSCAM evolution has been 
predominantly focused on eusocial bees, mosquitos, and flies 
(Schmucker et al. 2000, Chen et al. 2006, Dong et al. 2006, 
Harpur et al. 2019). This narrow focus has resulted in a signif-
icant knowledge gap regarding DSCAM evolution and its rela-
tionship to sociality in other eusocial hymenopterans and 
different arthropod groups with complex social structures. To 
address this, we investigated the relationship between DSCAM1 
evolution and the evolution of sociality across insects. We com-
pared topologies and branch lengths between gene trees con-
structed from the DSCAM1 gene and the representative species 
tree using the same taxa, as well as comparing the topologies 
and branch lengths of the variable exons (4, 6, and 9) and the 
gene tree. Note, variable exon 11 was not reconstructed and 
compared as it only generates two protein isoforms in compar-
ison to the dozens 4, 6, and 9 can generate (Armitage et al. 
2012). We also investigate the conservation/acceleration of the 
DSCAM1 gene across the phylogeny between different orders 
and social structures. This investigation further elucidates the 
relationship between sociality and DSCAM1 evolution within 
hymenopterans.

Methods
Data Collection
For our phylogenetic tree reconstructions, we collected the 
DSCAM1 gene sequences in the NCBI GenBank database for 
196 arthropods using the “rentrez” package in R (Winter 
2017). Searches were conducted in November 2024, with the 
search term “DSCAM1[Gene name] AND Insecta[Organ-
ism]”. Our search queries were specifically chosen to avoid 
the inclusion of other DSCAM paralogs. For our database, we 
extracted the species name, taxonomic order and family, gene 
ID, accession number, gene position, exon positions, and soci-
ality. Using the entrez_fetch function in the “rentrez” package, 

we collected the entire DSCAM1 gene region for all 196 spe-
cies into a fasta file and then trimmed out the introns using 
the annotated exon positions. All of the code used for collect-
ing sequence data, fetching data, and trimming out introns is 
available at https://github.com/remingtonrimo/DSCAM-proj-
ect and https://doi.org/10.5281/zenodo.15311036.

A species tree, with branch lengths measured in units of time, 
was taken from TimeTree.org (Kumar et al. 2022) and used 
for the comparison of node heights. Divergence estimates were 
collected from 2,274 studies, and hierarchical average linking 
was employed in order to ensure consistency across all of the 
studies (Hedges et al. 2015).

We categorized the sociality of each species (eusocial, social, 
and solitary) based on previously established definitions (Batra 
1966, Gadagkar 1987, Crespi and Yanega 1995, Toth and 
Rehan 2017). Eusocial species were defined as those that share 
a common nesting site, cooperatively care for their young, 
exhibit reproductive castes, and display colony labor while the 
previous generation is still alive. For simplification, any species 
that lacked one or more of these characteristics (sub-social, 
quasi-social, or semi-social) was classified as social, and any 
species that lacked all of these traits were classified as solitary. 
Further classifications of hymenopterans for phyloP subgroup 
analyses included: long-tongue bees (Apidae and Megachili-
dae), short-tongue bees (Colletidae and Halictidae), vespids, 
parasitoids, sawflies, and ants.

Phylogeny Reconstruction
Using the online version of MAFFTv.7.407_1 (Katoh and 
Standley 2013), we generated an alignment for the DSCAM1 
sequences. Preliminary maximum likelihood trees were also 
constructed using the FastTree2 parameters in NGPhylogeny 
to ensure taxonomic placement was in agreement with previous 
phylogenetic trees (Lemoine et al. 2019). Species that were 
missing large sections of the DSCAM1 gene or did not align 
very well and had erroneous placement compared to previous 
phylogenetic inferences were removed from future analyses (see 
dscam.csv in the supplementary data for a list of removed spe-
cies). Some species sequences that were collected from NCBI 
did not have enough taxonomic information in TimeTree, so 
they were removed from the species tree versus gene tree com-
parison, which resulted in 117 species (see dscam.csv in the 
supplementary data for a list of removed species).

For tree reconstruction, we utilized BEAST v2.7.6 with the 
GTR+G + I substitution model, as determined using MEGA 
v11 (Tamura et al. 2021). The birth–death model was selected 
as the most appropriate for our dataset, given the extensive 
and diverse sampling of DSCAM1 across Insecta, while 
accounting for sparse lineage representation (Bouckaert et al. 
2019). Additionally, we tested both the optimized relaxed 
clock model and the strict clock model. The species tree 
extracted from TimeTree.org was incorporated as a 
multi-monophyletic prior to ensure congruence between trees. 
To achieve sufficient effective sample sizes (ESS), the analyses 
were run for 50 million generations with the relaxed clock 
model and 150 million generations with the strict clock model. 
The assessment of our trees was conducted using Trac-
er.v.2.7.7, part of the BEAST package.

To compare the variable exon trees to the gene tree, we 
first reconstructed the DSCAM1 gene tree using maximum 
likelihood in IQtree using the GTR+G + I substitution model. 
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After constructing the initial DSCAM1 gene tree with 192 
species, we used it as a prior—excluding species with minimal 
or no exon information—and as a constraint for exon tree 
reconstructions in BEAST v2.7.6. The same parameters used 
to reconstruct the gene tree from the previous comparison 
were used to reconstruct the exon trees. Species with a lack 
of annotation in the variable regions were removed from the 
analysis, resulting in 187 species in the comparison. BEAU-
ti.v.2.7.6 and TreeAnnotator.v.2.7.6, included in the BEAST 
package, were used to convert the Nexus alignment file and 
generate a maximum credibility consensus tree with a 25% 
burn-in. The first 25 million trees for the exon trees were 
used to generate consensus trees so as not to include non-con-
verged samples.

Comparing Phylogenies
Once the trees were reconstructed, the root nodes of each were 
constrained to 401 million years in accordance with an esti-
mated divergence of Odonata and Hymenoptera when refer-
ring to TimeTree.org using the chronos function in the “ape” 
package (Paradis and Schliep 2019). By constraining the root 
of both trees at 401 million years, we assumed that any differ-
ences in node height after the initial splitting at the root are 
attributable to evolutionary change in DSCAM1. For example, 
if a DSCAM1 node appears deeper in time compared to the 
corresponding node in the TimeTree, it suggests that more evo-
lutionary change has occurred in DSCAM1 at that node. Con-
versely, if the DSCAM1 node is shallower, it indicates slower 
evolution or conservation in that gene. To investigate the rate 
of evolution for DSCAM1, we compared the node heights of 
the species tree and DSCAM1 trees using an edited compare.
chronograms function in “phytools” (Revell 2024). The com-
pare.chronogram function was edited to include node rotation 
optimization from the cophylo function in “phytools.”

We quantified the difference in estimated divergence times 
between the DSCAM1 and species trees by subtracting Time-
Trees’ branch lengths from DSCAM1 branch lengths. This was 
accomplished by creating a matrix of branch lengths for each 
phylogenetic tree using the cophenetic function in the “ape” 
package (Paradis and Schliep 2019) and subtracted the matrices 
[T(TimeTree)-T(DSCAM1)] in R. We followed the same pro-
cedure to compare the node heights of all 3 variable exon trees 
to the DSCAM1 gene maximum likelihood tree [T(gene)-T(ex-
ons)] on the family level rather than the species level. To visu-
alize these differences in estimated divergence between the trees, 
we constructed a heatmap using the heatmap.2 function in the 
“ggplot” package in R (Wickham 2016). Positive values indi-
cate DSCAM1 conservation, whereas negative values indicate 
accelerated DSCAM1 evolution.

phyloP Analysis
We conducted a base-by-base likelihood ratio test on the 
DSCAM1 alignment of 192 species using the phyloP function 
available in the “rPHAST” package (Hubisz et al. 2011). First, 
we generated a model of neutral evolution from the DSCAM1 
alignment and the maximum likelihood tree using the phyloFit 
program applying the GTR substitution model with four rate 
categories. The tree_doctor function was not available in 
rPHAST, so the interior nodes of our model file were named 
using the in-terminal version of PHAST. To investigate the 

impact of social structures on DSCAM1 evolution, we used the 
branch option in phyloP to partition the phylogeny according 
to these social structures. This allowed us to compare the con-
servation and acceleration of DSCAM1 across the different 
branches of the phylogeny. Additionally, we performed a phy-
loP analysis among insect orders and specifically within Hyme-
noptera to assess whether the rate of evolution is related to 
sociality or specific lineages. While social structure and euso-
ciality occur outside of Hymenoptera, focusing within Hyme-
noptera also allowed us to control for confounding effects that 
haplodiploidy may have on the rate of evolution. We set our 
thresholds for acceleration and conservation at phyloP scores 
of –2 and 2, respectively, as these correspond to a P value of 
0.01 (since log10(0.01) = –2).

Results
Most branches were estimated to be identical under both clock 
models (Fig. 1B). In comparison to the relaxed clock model, the 
strict clock produced longer branches in Hymenoptera and 
Hemiptera (ranges between 10 and 30 million years), but slightly 
shorter ones in Diptera (specifically Drosophila) and Lepidop-
tera (ranges between –10 and –20 million years)(Fig. 1B bottom). 
We obtained sufficient ESS values for the reconstruction under 
the relaxed clock model; however, despite running the strict clock 
model for 150 million generations, the ESS values were below 
100 (see supplemental files on GitHub). We observed consistent 
patterns of branch length differences between the species tree 
and the gene tree across both clock models, with variations only 
in the magnitude of those differences.

When comparing the node heights of the DSCAM1 gene tree 
and the species tree (Fig. 1B, Supplementary Fig. S4), a clear 
pattern emerges: branch lengths in the species tree are generally 
longer than those in the DSCAM1 tree. However, notable 
exceptions occur in Hymenoptera, Lepidoptera, and Diptera 
(specifically Drosophila). Bees, wasps, and ants are estimated 
to have diverged approximately 100–150 million years ago 
during the Cretaceous period; the split in the DSCAM1 tree 
occurs earlier. The DSCAM1 tree also estimates earlier diver-
gence times within Diptera (from the Paleogene to the upper 
Cretaceous) as well as Lepidoptera (from the lower Cretaceous 
to the Jurassic) (Supplementary Fig. S4).

The longer branch lengths in the DSCAM1 tree (regardless 
of clock model) compared to the species tree suggest greater 
sequence divergence and potentially a higher rate of evolution-
ary change. Conversely, in most other parts of the tree, diver-
gence times occur later than expected, indicating that DSCAM1 
is a highly conserved gene relative to the species tree. The areas 
showing the greatest conservation compared to the species tree 
are Coleoptera and Hemiptera, where branch length differences 
exceed 100 million years (Fig. 1). Similar patterns are observed 
when comparing node heights of exon- and gene family-level 
trees (Supplementary Fig. S2). Variable exons in Hymenoptera 
and Lepidoptera show longer branch lengths and greater 
sequence divergence, while other insect orders display shorter, 
more uniform branches. Hemiptera shows the least divergence, 
followed by the Lepidoptera–Diptera order split and Neurop-
teroidea–Panorpida superorder split.

The likelihood ratio test results from phyloP provide strong 
evidence for accelerated evolution in eusocial organisms (Fig. 2B). 
The lowest phyloP scores, ranging from 1300 to 2200 
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nucleotides, correspond to exons 4, 5, and 6, which encode the 
second and third immunoglobulin domains (Fig. 3A). In solitary 
and social species, phyloP scores typically fall within the range 
of –2 to 2, with occasional outlier nucleotides. A closer examina-
tion at the nucleotide level reveals a higher proportion of nucle-
otides undergoing evolutionary acceleration in eusocial species 
compared to solitary or social species (Fig. 3C). Notably, the 
likelihood ratio test results remained consistent regardless of the 
number of rate categories specified in the phylogenetic model.

Hymenoptera shows the strongest evidence for acceleration 
in exons 4, 5, and 6 as well as a greater proportion of acceler-
ated nucleotides in this region (Supplementary Fig. S1). Other 
orders (Coleoptera, Diptera, Hemiptera, Lepidoptera, and 
Orthoptera) show minimal evidence of accelerated evolution 
in comparison. Occasional nucleotides for these orders do 
show high levels of acceleration, for instance, a nucleotide in 
the Fibronectin Domain III for Lepidoptera (Supplementary 
Fig. S1A). A closer analysis of Hymenoptera reveals distinctly 
lower phyloP scores in Apidae and Megachilidae (long-tongue 
bees), alongside evidence of evolutionary acceleration in vespid 

wasps (Fig. 3A, Supplementary Fig. S3). In contrast, short-
tongue bees, ants, parasitic wasps, and sawflies DSCAM1 
remains under neutral evolution, with minimal deviation of 
phyloP scores from zero. For long-tongue bees, most acceler-
ation is concentrated in exons 4 and 5, while vespids exhibit 
acceleration near the end of exon 4 as well as in exons 5 and 
6. Additionally, long-tongue bees and vespid wasps have a 
higher proportion of nucleotides that are accelerated (Fig. 3B). 
Notably, no consistent patterns of phyloP scores were identified 
across all eusocial or solitary organisms.

Discussion
The initial results from the base-by-base likelihood ratio test 
indicate that DSCAM1 experienced accelerated evolution within 
eusocial species; however, taking a closer examination of Hyme-
noptera we do not see the same pattern. The acceleration of 
exons 4, 5, and 6 appears to result more from lineage-specific 
shifts in Apidae, Megachilidae, and Vespidae, rather than broad, 
repeated patterns tied to the independent origins of eusociality 

Fig. 1.  Node height comparison between TimeTree and DSCAM1. A) Shows the species-level DSCAM1 gene tree (made in IQtree) with a geological time 
scale plotted using coord_geo function in the “deeptime” and “ggtree” package (Xu et al. 2022, Gearty 2024). Orders not represented with a silhouette 
due to limited species sampling include Blattodea, Odonata, Phasmatodea, Siphonaptera, and Thysanoptera. B) Heatmaps for each method used, 
comparing the branch lengths between the TimeTree and the DSCAM1 gene tree (constrained by TimeTree topology, made in BEAST). Strict clock dating: 
log-Lik = –0.8339983, PHIIC = 695.67, relaxed clock dating: log-Lik = –3.550347, PHIIC = 701.1. DSCAM1 branch lengths were longer relative to the 
species tree in Hymenoptera, Lepidoptera and Drosophila and shorter in Hemiptera and Coleoptera. Compared to the strict clock model, the relaxed clock 
model estimated longer branch lengths within Hymenoptera and Hemiptera and shorter branch lengths in Lepidoptera and Drosophila. [public domain 
species silhouettes are from PhyloPic  (Gearty and Jones 2023)].
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(Fig. 3), as similar acceleration was not observed in ants or Hal-
ictidae. It is plausible that signs of acceleration in solitary bees 
were obscured by other solitary organisms across the phylogeny 
during the initial likelihood ratio test, leading to biased results. 
This inference is supported by a comparison of branch lengths 
between the DSCAM1 phylogeny and the species tree, which 
reveals longer branch lengths for bees.

Comparing the phyloP scores across each order, we do not 
see strong evidence of acceleration in any specific area for Dro-
sophila or Lepidoptera (Supplementary Fig. S1) despite seeing 
differences in branch lengths between the gene tree and species 
tree. Several factors could explain these discrepancies. One 
possibility is that the inclusion of additional species in the like-
lihood base-by-base test may have helped normalize some of 
the branch lengths. Another potential explanation is the impo-
sition of a species-tree topology on the DSCAM1 gene tree may 
have artificially inflated branch lengths, particularly in 

Lepidoptera, a group known to have a history of hybridization 
(Lushai et al. 2005, Kronforst et al. 2006). The branch length 
differences between the species tree and gene trees in Drosoph-
ila may also be amplified by gene tree discordance (Rosenberg 
and Tao 2008). This discordance tends to become more com-
plex with increasing taxon sampling, and Drosophila was the 
most densely sampled group in our analysis.

Our results for Hymenoptera (Fig. 3) are consistent with previous 
research on bee immune system genes, which identified strong pos-
itive selection acting on DSCAM across the social gradient (Barri-
beau et al. 2015). Similar patterns in gene evolution related to social 
structure have been found in the expansion of chemoreceptors, 
where the rate and patterns of evolution were not confined to any 
social order in Hymenoptera (Zhou et al. 2015, Karpe  
et al. 2017). Together, our findings, alongside evidence from prior 
research, suggest that accelerated or conserved evolution in genes 
related to brain development is not strictly tied to social structure.

Fig. 2.  Base-by-base likelihood ratio test using the phyloP function available in the “rPHAST” package. A) Shows the 10 immunoglobulin domains and 
the 6 fibronectin domains in DSCAM1 for Drosophila melanogaster as well as the MAFFT alignment used for phylogenetic reconstruction. Shaded areas  
correspond to the variable exons 4, 6, and 9 (immunoglobulin domains 2, 3, and 7) from left to right. B) The phyloP scores for eusocial (top), social 
(middle), and solitary organisms (bottom)  across the length of the DSCAM1 alignment (Wickham 2016). PhyloP scores that are positive represent 
constrained evolution, whereas negative phyloP scores represent evolutionary acceleration. Accelerated regions in eusocial species are highlighted in 
boxes, as well as the corresponding areas for social and solitary organisms. C) Corresponding phyloP scores for each exon in the 1,300–2,200 area 
highlighted in panel B.
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Previous research identified positive selection acting on the 
fifth I-set immunoglobulin domain in bees (Barribeau et al. 
2015). In contrast, our study provides evidence of positive 
selection within the variable regions (4 and 6) of the DSCAM1 
gene, corresponding to the second and third immunoglobulin 
domains. It is important to note that Barribeau et al. (2015) 
did not assess these domains due to missing data, so their 
absence from their findings does not rule out similar patterns. 
The acceleration observed in these variable regions has 
intriguing neurological implications. The variable exons of 
DSCAM1 enable the generation of tens of thousands of dis-
tinct protein isoforms, a feature critical for axonal guidance 
as it facilitates the precise formation of neural circuits 
(Schmucker et al. 2000). Accelerated evolution in these 
regions could significantly influence neural circuitry, poten-
tially indicating hymenopterans have developed a more com-
plex neural circuit or other substantial changes in neuronal 
wiring have occurred.

Throughout this investigation, we considered incorporating 
a dN/dS analysis; however, the presence of variable regions in 
our alignment posed significant challenges. These regions con-
tain numerous gaps, which would introduce uncertainties and 
potentially yield inaccurate results in a dN/dS analysis. The 
gaps likely arise from incomplete annotations for some species 
and the possibility that not all species possess the same variable 
exons. One potential solution would be to remove the variable 
exons from the alignment, but this approach risks discarding 
critical evolutionary information contained within these 
regions. Alternatively, we could include both introns and exons 
in the analysis to capture the full sequence context. However, 
this approach would require excluding introns from the 

calculations to avoid overestimating synonymous mutations, 
which could bias the results. Additionally, including introns 
would not necessarily improve alignment quality and would 
significantly increase the complexity of the analysis.

Other studies have used the dN/dS approach in bees and 
on similar genes (Kapheim et al. 2015, Warner et al. 2019); 
however, our study differs in specificity. For instance, 
Kapheim et al. (2015) focused on 10 bee species, and Warner 
et al. (2019) concentrated on the pharaoh ant and honey 
bees, whereas our study included a much broader selection 
of species. We selected phyloP as the most suitable method 
for analyzing evolutionary acceleration and conservation 
because it enables lineage-specific comparisons and the iden-
tification of hotspot regions within DSCAM1 (Hubisz et al. 
2011). Additionally, phyloP incorporates neutral substitution 
models, avoiding the reliance on the assumption of synony-
mous site neutrality (Spielman and Wilke 2015) and allows 
us to integrate the phylogeny into the analysis (Hubisz et al. 
2011).

The scope of this study only investigated the evolution of 
DSCAM1 and did not include other DSCAM paralogs (2, 3, 
and 4). Expanding the analysis to incorporate these paralogs 
could provide a deeper understanding of the complexities of 
neuronal development across Arthropoda. For instance, while 
ants did not exhibit acceleration within this paralog of DSCAM, 
they may show such patterns in other paralogs. We excluded 
sequences named “Dscam2-like” in our analysis due to the 
uncertainty regarding their identity. As a result, many social 
bee species, including Lasioglossum and the well-known Apis 
mellifera, were likely unintentionally omitted. The effect of 
excluding A. mellifera is likely minimal due to our inclusion of 

Fig. 3.  Base-by-base likelihood ratio phyloP scores for ant, short-tongue bees, long-tongue bees, parasitoids, sawfly, and vespid branches. A) The phyloP 
scores for ants, apid and megachilid bees, colletid and halictid bees, parasitic wasps, sawflies, vespid wasps across exons 4, 5, and 6. See Supplementary 
Fig. S2 for the phyloP scores across the entire length of the DSCAM1 gene. B) Proportion of sites that are conserved (score > 2), neutral (–2 ≤ score ≤ 2) 
or accelerated (score < –2) in exons 4, 5, and 6. The cutoff was determined because phyloP = 2 corresponds to a P value of 0.01 (log10(0.01) = 2). 10% of 
the nucleotides in this region for apid and megachilid bees were accelerated, as well as 4% for vespid wasps, 2% for ants, 1% for parasitoids, and >1% 
for sawflies and colletids/halictid bees.
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other Apis species. However, the exclusion of Lasioglossum 
may limit our ability to fully capture patterns of DSCAM1 
evolution associated with the emergence of sociality.

This study would benefit from the inclusion of eusocial spe-
cies from diverse orders, as well as more social/social species in 
general. Notably, termites were underrepresented, with only 
Zootermopsis nevadensis included in the analysis. Other key 
species to consider include ambrosia beetles, gall-dwelling 
aphids, thrips, and other social organisms. While the results of 
this study do not suggest a clear relationship between acceler-
ation and sociality, incorporating these species could offer a 
more comprehensive view of DSCAM evolution and its poten-
tial connections to sociality. That being said, analyzing the evo-
lution of DSCAM in relation to sociality does not encapsulate 
the complexities of eusocial evolution. The evolution of euso-
ciality is likely the culmination of complex interactions of many 
genes, including other DSCAM and neurological genes. More-
over, these gene interactions may differ across species as certain 
genes may not be involved in every instance of eusociality.

Other promising avenues for investigating the role of neu-
rological genes in the evolution of sociality include clustered 
protocadherins (PCDHs). These genes are organized into 3 
major clusters (α, β, and γ) and share homologous functions 
with DSCAM, particularly in neurodevelopment and neurite 
self-avoidance (Chen and Maniatis 2013). Notable PCDHs to 
explore include PCDH19 (Lim et al. 2019), whose deletion has 
been linked to autism-like behaviors in mice; PCDH11X/Y, 
which has been associated with verbal language development 
in humans (Nardello et al. 2021); and PCDH17, which is con-
nected to cognition and personality (Chang et al. 2018). There 
are likely many other PCDH genes worth investigating in this 
context as well.

Conclusion
Our findings suggest that accelerated evolution in DSCAM1 is 
not exclusive to any particular social classification but appears 
to be specific to long-tongue bees and wasps. This acceleration 
is primarily observed within the variable regions of the gene, 
which may reflect a more complex neural circuit or other signif-
icant changes. Further research is needed to explore the impact 
of accelerated evolution in these variable regions on brain and 
neuron morphology, as well as associated behaviors. The emer-
gence of eusociality in arthropods is likely the result of complex 
interactions between many genes, and our study only begins to 
address these intricate gene interactions. Future research should 
include a broader range of eusocial species and investigate other 
DSCAM paralogs to determine whether these evolutionary pat-
terns extend beyond Hymenoptera and DSCAM1.
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