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RESUMEN 

Xylocopa darwini, la única abeja endémica de las islas Galápagos, desempeña un 

papel ecológico vital como polinizador supergeneralista. A pesar de su importancia, poco 

se sabe sobre su composición genómica o su comportamiento social. Este estudio presenta 

el primer ensamblaje genómico y transcriptoma de alta calidad de X. darwini, 

proporcionando información relevante para comprender su ecología evolutiva. Utilizando 

datos de secuenciación PacBio long-read y RNA-seq de glándulas venenosas, hemos 

anotado genes relacionados con el veneno y evaluado sus trayectorias evolutivas. Los 

análisis comparativos con himenópteros solitarios y eusociales (avispas y abejas) 

revelaron que varios componentes del veneno (fosfatasa ácida, alérgeno 3 del veneno, 

carboxilesterasa 6 y serina proteasa) presentan patrones moleculares relacionados con el 

comportamiento social. Las reconstrucciones filogenéticas y del estado ancestral sugieren 

que los perfiles del veneno de X. darwini están más estrechamente alineados con los 

taxones eusociales, a pesar de su socialidad desconocida. Estos hallazgos destacan el 

veneno como una firma molecular de la evolución social y sugieren que X. darwini puede 

poseer rasgos sociales latentes o facultativos moldeados por presiones ecológicas. Este 

trabajo contribuye a nuestra comprensión de la evolución del veneno, el comportamiento 

social y la genómica de la conservación en especies insulares endémicas, y sienta las 

bases para futuros estudios funcionales y comparativos en todo el género Xylocopa. 

Palabras clave: Islas Galápagos, comportamiento social, abeja carpintera endémica, 

ensamblaje del genoma, proteínas del veneno 
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ABSTRACT 

Xylocopa darwini, the only endemic bee of the Galapagos Islands, plays a vital 

ecological role as a super-generalist pollinator. Despite its importance, little is known 

about its genomic makeup or social behavior. This study presents the first high-quality 

genome assembly and transcriptome of X. darwini, providing relevant information for 

understanding its evolutionary ecology. Using PacBio long-read sequencing and RNA-

seq data from venom glands, we annotated venom-related genes and assessed their 

evolutionary trajectories. Comparative analyses with solitary and eusocial Hymenoptera 

(wasps and bees) revealed that several venom components (acid phosphatase, venom 

allergen 3, carboxylesterase 6, and serine protease) exhibit molecular patterns linked to 

social behavior. Phylogenetic and ancestral state reconstructions suggest that X. darwini 

venom profiles are more closely aligned with eusocial taxa, despite its unknown sociality. 

These findings highlight venom as a molecular signature of social evolution and suggest 

that X. darwini may possess latent or facultative social traits shaped by ecological 

pressures. This work contributes to our understanding of venom evolution, social 

behavior, and conservation genomics in endemic island species, and lays the groundwork 

for future functional and comparative studies across the genus Xylocopa. 

 

Key words: Galapagos Islands, social behavior, endemic carpenter bee, genome 

assembly, venom proteins 
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INTRODUCTION 

In the Galapagos Islands, the carpenter bee X. darwini is the only endemic bee species in 

the archipelago (Linsley et al., 1966; Rasmussen et al., 2012). This species is believed to 

have reached the islands primarily via sea dispersal from South America, utilizing tree 

trunks for nesting structures capable of traveling by sea or on boats as driftwood 

(Chamorro et al., 2012; Vargas et al., 2015). Their capacity for inter-island immigration 

suggests an ability to cross sea barriers between islands (Chamorro et al., 2012) and the 

high migratory potential of the Galapagos carpenter bee is probably facilitated by active 

flight by adults (Vargas et al.,2015). Indeed, carpenter bees have often been observed 

flying several miles offshore from boats (Vargas et al., 2015). The successful colonization 

of the archipelago by X. darwini has been supported not only by these dispersal strategies 

but also by its role as a super generalist within the plant–pollinator networks of the islands 

(Chamorro et al., 2012; Traveset et al., 2013). X. darwini is recognized as a super 

pollinator, visiting at least 60 plant species (Linsley et al., 1966; Cockerell, 1935; 

Rasmussen et al., 2012), predominantly native and endemic flowers such as Scalesia 

affinis and Centratherum punctatum (McMullen, 1989; Linsley et al., 1966; McMullen, 

1999; Rasmussen et al., 2012). This ecological versatility has contributed to its presence 

on nine of the twelve major islands (Vargas et al., 2015). 

Due to its endemic status and ecological importance as a pollinator, X. darwini warrants 

significant conservation attention in the Galapagos Islands (Linsley, 1966; Chamorro et 

al., 2012; Vargas et al., 2015). However, introduced bird species such as the smooth-

billed ani have been reported to prey on X. darwini, posing a potential threat to its 

populations (Schluter, 1986; Chamorro et al., 2012; Cooke et al., 2020). X. darwini is not 

currently listed on the IUCN Red List (Environment NSW, n.d.), however, the Galapagos 
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Conservation Trust classifies it as vulnerable species (Galapagos Conservation Trust, 

n.d.). 

Genetic research on X. darwini remains limited, highlighting the need for deeper studies 

in this field. Vargas et al. (2015) reconstructed the colonization history of X. darwini 

using the mitochondrial COII gene. Their analysis revealed 12 distinct haplotypes among 

118 individuals, indicating early colonization of most islands, followed by isolation, 

where limited gene flow over time led to the divergence of populations. This droves the 

formation of two main genetic groups: one in the eastern islands and another in the 

central-western islands. Although informative, this study relied on a single molecular 

marker, underscoring the need for whole-genome data. 

A high-quality genome assembly and annotation of X. darwini could facilitate a 

comprehensive characterization of the species' genetic diversity, evolutionary history, and 

population structure which is critical for the evaluating of conservation strategies  across 

the Galapagos archipelago. Furthermore, a well-annotated genome would facilitate the 

identification and characterization of functionally genes with important biological roles, 

such as those responsible for producing venom components, which could also contribute 

to broader scientific initiatives aimed at understanding how proteins evolved in species 

that have been underexplored (Sunagar et al., 2016). 

Venom-related proteins offer an opportunity to explore evolutionary questions related to 

sociality. The rationale behind this approach lies in the established links between venom 

composition, ecological adaptations, and evolutionary trajectories in bees, especially 

within the genus Xylocopa (Sless & Rehan, 2023: Koludarov et al., 2023). Venom 

composition in Hymenoptera, including carpenter bees, has been shown to co-evolve with 

species’ social behavior (Schmidt et al., 2014; Lee et al., 2016). The subfamily 

Xylocopinae exhibits a broad range of social organization, from solitary to eusocial, 
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which is associated with distinct ecological and defensive pressures. Solitary bees 

generally use venom for individual defense, while eusocial species rely on venom to 

protect the colony, including brood and resources. These differences have led to the 

hypothesis that venom composition reflects adaptations to these varying lifestyles (Tan 

et al., 2020; Zhu et al., 2022;Shi et al., 2022; Koludarov et al., 2023). 

Since bee and wasp venom components are thought to reflect evolutionary adaptations to 

ecological pressures, particularly sociality (Qiu et al., 2011; Lee et al., 2016; Yoon et al., 

2020), it is important to study proteins that exhibit dual roles in both allergenicity and 

defense, as it is hypothesized that these proteins may diverge in their functions between 

solitary and eusocial lineages (Grunwald et al., 2006;Cardinal & Danforth.,2011; Choo 

et al., 2012; Lee et al., 2016). Acid phosphatase, is a neurotoxic venom component, is a 

major allergen in honeybee venom (A. mellifera and Apis cerana), known for inducing 

histamine release and allergic reactions (Grunwald et al., 2006). Its role appears 

conserved in these species (Kim & Jin, 2016; Hossen et al., 2017). Venom allergens 3 

and 5 are highly expressed in social wasps and play key roles in defense and allergenicity. 

Phylogenetic analyses suggest that while venom allergen 5 originated in a common 

ancestor of Aculeata, it is absent from the venom gland transcriptomes of solitary wasps, 

indicating possible functional divergence aligned with sociality (Lee et al., 2016; Yoon 

et al., 2020). Carboxylesterase 6 (Api m 8), another honeybee allergen, exhibits high 

expression in social species like Polistes varia and bumblebees (Bombus consobrinus, B. 

ussurensis), but is nearly absent in solitary wasps, suggesting a defensive function 

specific to social taxa (Yoon et al., 2020). In Bombus terrestris, venom serine protease 

(Bt-VSP) enhances venom diffusion by degrading fibrinogen, a function largely absent 

in Apis, which retains only trace amounts of this enzyme and relies more on pain-inducing 

compounds for colony defense (Qiu et al., 2011; Lima & Brochetto-Braga, 2003). These 
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differences imply functional shifts in venom composition depending on social behavior 

and ecological context (Choo et al., 2012; Lee et al., 2023). 

This study explores the evolutionary divergence of venom-associated proteins—acid 

phosphatase, venom allergen 3, venom carboxylesterase 6, and venom serine protease—

in X. darwini, comparing them with both solitary and eusocial species. Specifically, it 

hypothesizes the following: 

1.Venom-associated proteins in solitary bee species differ in evolutionary 

trajectory from those in eusocial species, offering insights into the molecular evolution of 

X. darwini. 

2.Venom components such as allergen 3, acid phosphatase, venom 

carboxylesterase 6, and venom serine have undergone differential selection pressures 

linked to social behavior in bees. If these proteins exhibit distinct evolutionary signatures 

between eusocial and solitary species, a comparative analysis involving X. darwini (a 

species with unknown sociality) could provide valuable insights into its behavioral 

ecology. By aligning X. darwini with lineages of known social or solitary behavior, it 

may be possible to identify adaptive selection patterns related to venom defense 

strategies, shedding light on the molecular-behavioral links in bee social organization. 

By integrating genomic resources with comparative analyses of venom components, this 

study aims to shed light on the evolutionary dynamics of venom in carpenter bees 

particularly in relation to social behavior. Understanding how venom composition varies 

across solitary and eusocial lineages will provide valuable insights into the molecular 

adaptations that accompany shifts in sociality. For X. darwini, a key pollinator in the 

Galapagos whose behavior and social organization remain largely undocumented, this 

research offers a unique opportunity to infer aspects of its ecology through molecular 
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signatures. Ultimately, this work contributes to a broader understanding of venom 

evolution in Xylocopinae could contribute to conservation efforts by deepening our 

knowledge of a critical endemic species in one of the world's most iconic archipelagos. 

 

METHODS 

Sample collection  

The sampling was carried out under the permit MAATE-DBI-CM-2022-0268. The 

collection of the male carpenter bee used to obtain the genome was carried out at ‘La 

Galapaguera’, San Cristobal Island. Using a net, the male was captured and placed in a 

falcon tube and immediately placed in a cooler with ice packs. The sample was then 

transported to the Galapagos Science Center and was kept at -20°C until DNA extraction. 

For the analysis of RNA from the venom glands, three females were collected in San 

Cristobal near the Galapagos Science Center and captured following the same procedure 

as mentioned before.  

DNA extraction and sequencing 

The DNA was obtained from 35 mg of the abdomen of a male from “La Galapaguera”. 

DNA was extracted using the High Molecular Weight Extraction Kit (Omega). DNA 

quality and concentration was quantified using NanoDrop (Thermo Scientific), and 

agarose gel electrophoresis was performed to determine the integrity of DNA. Finally, 

the sample was sent to the Plant Biotechnology Laboratory of the University of San 

Francisco de Quito with the permit (067-2023 DNPG) and was stored at -20°C. The DNA 

was then sent to the University of South Carolina for Hi-Fi PacBio sequencing. 
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Genome assembly of X. darwini 

With the reads obtained from PacBio sequencing, we first used the Jellyfish v2.3.0 

pipeline to obtain the estimated size of the genome (Marçais and Kingsford 2011). In 

addition, we performed a de novo genome assembly using several assembly algorithms, 

including Mecat (Xiao et al. 2017), Verkko(Rautiainen et al. 2023), HiCanu(Nurk et 

al.2020), Hifiasm(Cheng et al.2024), and Flye. All assemblies were generated using 

default parameters. For the Flye assembly, we use the PacBio-hifi option, and the genome 

size obtained by the Jellyfish pipeline. Comparisons of quantitative and qualitative 

metrics corresponding to the obtained assemblies were performed to evaluate their 

quality, continuity and completeness with Quast v5.2.0 (Gurevich et al., 2013). We also 

use the Hymenoptera library of BUSCO v5.4.7 (Mosè et al., 2021), to assess the quality 

and completeness of genome assemblies, annotated gene sets. BUSCO bioinformatics 

tool that generates a report summarizing the completeness of your genome based on the 

presence and status of Hymenoptera orthologs. The output includes a summary file that 

provides the overall completeness score (percentage of complete orthologs), as well as 

detailed information about each ortholog (complete, duplicated, fragmented, or missing). 

A SnailPlot was generated using BlobTools v1 (Challis et al., 2020) to comprehensively 

analyze assembly quality metrics, including N50, L50, N90, L90, the total number of 

contigs, the size of the largest contig, and the BUSCO completeness score. In addition, 

we use the AGAT tool with the agat_sp_statistics.pl script (Dainat., SF) to have a detail 

of the statistics of the genome.   

RNA extraction of venom glands from X. darwini 

The venom glands were extracted from three female bees using blades and tweezers under 

a safety cabinet, with all materials cleaned using RNAzap and UV light. The glands, 
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located in the lower abdomen, were removed using the stinger as a guide. Each gland was 

placed in a 1.5 ml Eppendorf tube containing 500 µL of RNA later to prevent degradation, 

and samples were stored at -20°C. The samples were transported in a cooler with ice 

packs from San Cristóbal to Quito and stored at -20°C at the Plant Biotechnology 

Laboratory at USFQ until RNA extraction, which was performed two days later. 

RNA was extracted using a modified Trizol protocol (Invitrogen). Samples were lysed in 

1 mL Trizol, mechanically disrupted with a micropestle, and incubated for 5 minutes. 

After adding 500 µL chloroform, the mixture was centrifuged at 16,000 x g for 15 minutes 

at 4°C. The aqueous RNA-containing phase was transferred to a new tube, precipitated 

with 500 µL isopropanol and 2 µL Glycoblue, and incubated at 4°C for 20 minutes with 

periodic mixing. Following centrifugation at 16,000 x g for 45 minutes at 4°C, the RNA 

pellet was washed twice with 75% ethanol, centrifuging at 16,000 x g for 5 minutes each 

time. The pellet was air-dried for 5 minutes and quantified using Qubit RNA HS and 

Nanodrop One. 

RNA sequencing and genome annotation  

An initial genome annotation was performed using the Augustus 3.5.0 pipeline in the 

OmicsBox software using the default specifications (Hoff et al. 2019) and as organism 

model B. terrestris. Due to the absence of X. darwini specific protein resources, homology 

evidence from the Apidae family (NCBI databases) was incorporated. To improve gene 

prediction, RNA-seq data from X. darwini were sequenced on the Illumina NovaSeq 

platform (paired-end 150 bp) and assembled into transcripts from the three individuals 

using Trinity (Haas et al. 2013). This X. darwini transcript assembly was then used as 

species-specific evidence in a refined annotation step. To address the lack of species-

specific protein data for X.darwini, RNA-seq data from the same species was integrated 
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as a critical step. This approach aimed to improve the accuracy of gene predictions, 

especially for venom-associated genes. To evaluate improvement of the annotation, a 

BUSCO analysis (Hymenoptera lineage library) was applied to both the initial and the 

refined annotations. A successful result for the genome and annotated genome is a 

completeness higher than 90%  (Feron et al. 2022). 

We also assembled and annotated genomes for X. virginica and C. australensis due to the 

lack of venom components data in the NCBI. For X. virginica, PacBio long-read 

sequencing data (SRX26426276) were assembled de novo using Flye. Genome quality 

was assessed using BUSCO (Hymenoptera dataset) and QUAST to evaluate 

completeness and contiguity. The genome of C. australensis (GCA_004307685.1) was 

annotated using Augustus 3.5.0 from the software OmicsBox (Hoff et al. 2019).  

Functional annotation of the genomes of X. darwini, X. violacea, X. virginica and C. 

australensis  

The protein FASTA file of genes of the carpenter bees (X. darwini, X. violacea, X. 

virginica and C. australensis) predicted by Augustus was functionally annotated using 

the Diamond BLASTp tool in OmicsBox focusing on matches within the genera 

Xylocopa, Apis, Bombus, and Ceratina (Altschul et al., 1990; Buchfink et al., 2021), with 

a focus on identifying venom-related proteins through homology searches against the 

NCBI non-redundant database. Particular attention was given to identifying venom-

related proteins. Additionally, we utilized the annotated protein file from X. violacea 

(Koludarov et al., 2023) to perform Diamond BLASTp searches for further identification 

of venom-associated genes. Sequences of venom acid phosphatase, venom 

carboxylesterase 6, venom serine and venom allergen 3 from Apis, Bombus, and C. 

calcarata were retrieved from NCBI to expand the venom dataset. Notably, Bombus and 
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Apis, X. virginica and C. australensis represent eusocial species, whereas X. violacea and 

C. calcarata are solitary (Sless & Rehan, 2023). To assess structural and functional 

similarities between X. darwini venom proteins and those of related taxa, homology 

modeling was performed using SWISS-Model (Waterhouse et al., 2018). Amino acid 

sequences were aligned and modeled against the closest homologs reported in 

hymenopteran species. Proteins with significant sequence homology (>30% identity) to 

hymenopteran venom components were identified and reported in this study.  

Phylogenetic tree and ancestral reconstruction of sociality 

Venom protein sequences (acid phosphatase, venom allergen 3, carboxylesterase 6, and 

serine protease) from eusocial species (Apis, Bombus, C. australensis, X. virginica) and 

solitary species (C. calcarata, X. violacea) and unknown sociality (X. darwini) were 

aligned using MAFFT implemented in Geneious Prime 2025.03 (Biomatters Ltd.,2025). 

To ensure the comparability of the data, the isoform of each venom component was 

selected based on two criteria: first, its availability in NCBI, and second, its identification 

in the functional annotation reported in this study. This was done  to prioritize consistency 

across species. This focused approach minimizes noise from isoform-specific variation 

(Ye et al., 2023). 

The phylogenetic trees for each venom protein were reconstructed using Bayesian 

inference in BEAUti (Drummond et al., 2012), applying the LG + Γ (gamma-distributed 

rate variation) substitution model. For the ancestral reconstruction states the reconstruct 

state ancestor and reconstruct change count were selected and with a length chain of 10 

million. Later, Beast v1.10.4 (Drummond et al., 2012), was used to create the trees. Tree 

annotator (Drummond et al., 2012), was used to select the best tree using the burning 

number of trees 1000, target tree type of maximum clade credibility tree, node heights 

with mean heights and a posterior probability of 0.95. 
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Ancestral state estimation for sociality was conducted using the fastAnc function from 

the phytools R package (Revell, 2024), in combination with the ape package (Paradis & 

Schliep., 2019). Sociality was coded as a continuous trait with eusocial species assigned 

a value of 1, solitary species a value of 0, and X. darwini as 0.5 to reflect its unknown or 

intermediate status. To visualize continuous trait evolution on the venom protein trees, 

we used the contMap function from phytools (Revell, 2024), which allowed the 

identification of shifts in venom composition associated with transitions in social 

behavior. Moreover, the ancestral value at each branch node was added using the 

nodelabels() function, based on the estimates obtained from fastAnc. 

Analysis of venom components and sociality in X. darwini 

For phylogenetically informed statistical modeling, we applied phylogenetic generalized 

least squares (PGLS) using the gls() function from the nlme package in R (Pinheiro et al., 

2025). To account for phylogenetic non-independence, we modeled the error structure 

using a Brownian motion model of trait evolution (corBrownian) from the ape package 

(Paradis & Schliep., 2019). For this analysis the phylogenetic tree of the species from this 

study was generated using phyluce, a software package designed for the analysis of 

ultraconserved elements (UCEs) (Faircloth, 2016). This UCE-based species tree provided 

a robust phylogenetic framework for interpreting venom evolution in a comparative 

context. By leveraging this approach, we were able to disentangle the effects of social 

behavior from underlying phylogenetic signal in the evolution of venom-associated 

proteins. 

To assess the evolutionary relationships of X. darwini in the context of venom gene 

variation, we conducted a principal component analysis (PCA) using aligned sequences 

of a single isoform for each venom protein (selected based on NCBI and functional 
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annotation, as described earlier). For consistency, we used the same sequence alignment 

employed in the phylogenetic tree reconstruction, ensuring direct comparability between 

the PCA results and the tree topology. This PCA, performed in R, reduced sequence 

variation into major axes and allowed us to statistically evaluate the relationship between 

venom protein composition and sociality. The PCs used for plotting were selected based 

on their significance in the PGLS analysis that is, the axes where sociality had the 

strongest explanatory power (lowest p-values). Using these informative components, we 

also calculated which species was closest to X. darwini in multivariate space. Dashed 

lines were drawn to connect X. darwini to the closest species and to both eusocial and 

solitary centroids, helping to visualize its proximity to different sociality groups. 

Centroids for eusocial and solitary groups were calculated as the mean of the selected PC 

values for each group, and the euclidean distance between X. darwini and each centroid 

was computed to assess its molecular similarity to either social strategy. The use of 

centroids and distance calculations quantifies this relationship and supports the idea that 

venom gene evolution may be shaped by social structure, beyond phylogenetic 

relatedness alone. Plotting centroids is particularly valuable because individual species 

(represented as points) can overlap in PCA space, making broader patterns difficult to 

interpret. Centroids provide a clear reference for the typical venom composition of each 

social group, removing individual variation and highlighting overall trends. The resulting 

PCA plot thus offers a comparative framework for evaluating X. darwini molecular 

affinity, helping to infer its potential social behavior based on venom composition and its 

relative position among bees with known sociality (eusocial and solitary). 
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RESULTS 

De novo genome assembly of X. darwini 

Flye produce the most contiguous genome assembly for our study, archiving superior 

contiguity metrics (highest N50 and N90 values and lowest L50 and L90 values; Table 

1) and the fewest contigs (433), resulting in a  215 Mb genome (Figure 1). To visualize 

Flye's assembly (selected for its optimal balance of contiguity and completeness), we 

generate a BlobToolkit Snailplot (Figure 1), which integrates contig size distribution 

(N50/N90) and sequence composition with BUSCO completeness scores. The radial plot 

highlights Flye strong performance:  a large N50, minimal fragmentation (L90 = 36) and 

a BUSCO completeness score of 97.5%, with only 0,3% of fragmented and 2.2% missing 

values indicating a highly complete genome (Figure 1).  

RNA-seq sequencing of venom glands 

The RNA-seq of the venom glands displays a Q30 of 94-95% and an error rate of 0.01, 

which indicates a high sequencing accuracy. The assembly of the reads generated from 

the RNA-Seq of the three venom glands shows a BUSCO completeness score of 92.3%, 

indicating a high-quality assembly suitable for downstream analyses such as genome 

annotation. Of the expected genes, 87.8% are present as single-copy BUSCOs, and 5.8% 

appear as duplicates. A smaller portion of the genes (2.5%) are fragmented, while 5.4% 

are completely missing. The high proportion of complete BUSCOs strongly supports the 

completeness and reliability of the assembled transcript set. 

The initial genome annotation, based on publicly available bee evidence from NCBI, 

identified 13,182 genes with a BUSCO completeness score of 84.6% (Supplementary 

Figure 1). In contrast, when incorporating the RNA-Seq assembly from X. darwini venom 
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glands as additional evidence, we annotated 14,471 genes, achieving a higher BUSCO 

protein completeness score of 91.8% (Figure 1). This substantial improvement reflects 

the enhanced quality and completeness of the annotation. The inclusion of X. darwini-

specific transcriptomic data (Figure 2) allowed the Augustus algorithm to generate more 

accurate gene models. Additionally, functional annotation using BLAST searches against 

the NCBI protein database identified six venom-related homologous proteins: acid 

phosphatase, venom allergen 3/5, venom carboxylesterase 6, venom dipeptidyl peptidase, 

venom serine protease, and icarapin. These findings further support the reliability of the 

gene predictions and highlight the biological relevance of the annotation. 

De novo genome assembly of X. virginica to support comparative venom analysis 

To enable downstream functional analysis of X.darwini, we generated a De novo genome 

assembly for X. virginica, a species with limited prior genomic resources and performed 

its annotation. Using the Flye assembler, we obtained a total assembly size of 368 Mb 

comprising 4,725 contigs, with a largest contig of 1.82 Mb and an N50 of 0.18 Mb 

(Supplementary Table 1). The assembly shows a high level of completeness, with 97% 

of Benchmarking Universal Single-Copy Orthologs (BUSCOs) detected, indicating 

strong representation of conserved genes. Assembly contiguity and completeness are 

further illustrated in the Snailplot (Supplementary Figure 2), providing a visual summary 

of scaffold size distribution and coverage. This genome resource was critical for 

improving ortholog genes assignment and comparative venom analysis, particularly given 

the absence of annotated proteins from X. virginica in public databases. 

Genome annotation, venom genes and isoform comparison in three Xylocopinae 
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species: X. darwini, X. virginica and C. australensis 

The total number of genes annotated in X. darwini was 14,471. When this number is 

compared to other members of the subfamily Xylocopinae, we see that X. darwini shows 

a higher number of genes than the eusocial C. australensis (8,269) and the solitary X. 

violacea (10,152), but fewer than the eusocial X. virginica (22,019) (Table 2).In terms of 

venom gene isoforms, X. darwini shows the highest diversity (16 isoforms) whereas 

solitary and eusocial relatives, such as X. violacea (15 isoforms), X. virginica (11), and 

C. australensis (8). Notably, all species share core venom components like acid 

phosphatases, serine proteases, and venom allergens, but differ in the number of isoforms 

per component (Table 2). 

Comparative  analysis of venom components in different bee species  

To investigate the composition and evolutionary dynamics of venom in X. darwini, we 

performed a detailed analysis of four venom-associated proteins identified through 

genome annotation. For each gene, we conducted functional annotation. These 

components were selected based on known functions in other hymenopterans and their 

relevance to venom activity. Additionally, comparative analyses such as phylogenetic 

reconstruction and principal component analysis were used to explore patterns related to 

social behavior in different bee species. 

Venom allergen 3 

To explore how venom components may be linked to the evolution of social behavior, we 

reconstructed the ancestral states of venom allergen 3 across a range of solitary and 

eusocial bee species. Figure 3a integrates phylogenetic relationships with sociality data 

to assess whether sequence patterns of this protein reflect transitions in social 
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organization. Using character mapping, the resulting phylogenetic tree reveals a gradient 

of sociality-associated signals, allowing us to infer how venom allergen 3 may have 

evolved in relation to solitary or eusocial lifestyles. Eusocial species such as A. mellifera 

and B. flavifrons cluster together with high ancestral values (~0.98), indicating a strongly 

eusocial origin for this clade. C. australensis, which is considered eusocial, shows an 

ancestral state value of 0.74, while the solitary X. violacea and C. calcarata exhibit lower 

values(~0.28–0.54). X. darwini, a species with unknow sociality, falls in a transitional 

position with an inferred ancestral value of ~0.61, suggesting its venom allergen 3 

sequence is more similar to those of eusocial species than to solitary ones. 

The principal component analysis (PCA) of amino acid variation in venom allergen 3 

(Figure 3b) reveals distinct clustering of bee species based on sociality, with clear 

separation between eusocial and solitary groups along PC4 (11.74%) and PC6 (2.52%). 

X. darwini, marked as an unknown in terms of social behavior, is positioned closer to the 

eusocial centroid than to the solitary one, suggesting that its venom allergen 3 sequence 

is more similar to B. flavifrons. Together with the PGLS models, which take into account 

phylogenetic relatedness, a statistically significant association between sociality and 

venom allergen variation is confirmed (p < 0.05 Supplementary Table 2).  

Venom acid phosphatase  

The evolutionary analysis of venom acid phosphatase (Acph-1) (Figure 4a) reveals 

intermediate ancestral state values across the phylogeny, with most nodes ranging from 

0.57 to 0.73. Notably, X. darwini exhibits an ancestral reconstruction value of 

approximately 0.73, placing it on the higher end of the eusociality scale being clustered 

with X. virginica. The PCA plot of Acph-1 (Figure 4b) sequence variation (PC4: 17.86%, 

PC6: 9.46%) further supports this observation: X. darwini is positioned closer to the 
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eusocial species X. virginica and more distant from solitary taxa like C. calcarata and X. 

violacea.  

Venom carboxylesterase 6  

The evolutionary analysis of the venom carboxylesterase 6 (Figure 5a) shows a range of 

intermediate ancestral state values, with most nodes centered around 0.5, indicating 

ambiguity in the sociality signal. X. darwini is reconstructed with a value of 0.5, the same 

as several other species, placing it in an intermediate position between solitary and 

eusocial tendencies. The PCA plot (Figure 5b) variation (PC4: 2.31%, PC6: 1.21%) 

shows a less pronounced clustering pattern compared to other venom components, but X. 

darwini remains closer to the eusocial species, particularly A. mellifera, than to the 

solitary group. Although the variation explained by PC4 and PC6 is limited, shows 

consistent proximity of X. darwini to eusocial species. 

Venom serine protease 

The ancestral state reconstruction for the venom serine protease component (Figure 6a) 

indicates that X. darwini has an intermediate reconstructed value of 0.61, again suggesting 

partial similarity to eusocial species in this venom component. The PCA plot (Figure 6b) 

(PC2: 19.53%, PC6: 2.01%) further supports this, showing X. darwini positioned near 

eusocial taxa like A. mellifera, rather than with the solitary cluster. Although PC6 explains 

limited variation, the strong signal in PC2 captures clear sociality-related structure in the 

data. These findings reinforce the pattern observed across other venom components: X. 

darwini consistently exhibits molecular features more aligned with eusocial species.  
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DISCUSSION 

Genome assembly, annotation, and functional analysis  

Both X. darwini and X. virginica were sequenced using PacBio long-read technology, but 

their assembly results are different. The X. darwini assembly (215 Mb) was more 

contiguous and compact (evidenced by its thick dark orange ring in (Figure 1), with high 

BUSCO completeness (97.5%), a low duplication rate (0.1%), and fewer contigs (Figure 

1). In contrast, X. virginica (Supplementary Figure 2) had a substantially larger and more 

fragmented genome (369 Mb), with a lower N50 supported by its thinner dark orange ring 

and a higher duplication rate (16.4%) (Supplementary Figure 2), suggesting expanded 

repeat content, or structural complexity (Nash et al., 2024). While Flye is among the top-

performing assemblers for long-read data capable of reconstructing even complex 

segmental duplications, extensive repeat expansion, may have challenged Flye repeat-

collapsing capabilities (Kolmogorov et al., 2019). This comparison highlights how 

species-specific genome architecture and sequence complexity can shape assembly 

performance, even under similar sequencing and assembly protocols (Rhie et al., 2021; 

Meng et al., 2022). 

When comparing X. darwini with X. violacea, a related species with a larger genome (1 

Gb, 1301 scaffolds) (Nash et al., 2024), the differences in sequencing strategies and 

repetitive content become even more apparent. Unlike X. darwini, which relied solely on 

PacBio, the X. violacea genome was assembled using a combination of Hi-C and Iso-Seq 

data. Despite a similar BUSCO completeness (96.5%) and low duplication rate (0.6%), 

the expanded genome size of X. violacea underscores the role of repetitive elements in 

driving structural variance within Xylocopa (Nash et al., 2024). Over 80% of its genome 

consists of repetitive sequences especially unclassified and satellite repeats consistent 
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with the presence of pseudo-acrocentric chromosomes and heterochromatin-rich regions 

commonly found in bees (Hoshiba  & Imai, 1993; Nash et al., 2024). Together, these 

comparisons highlight how assembly outcomes reflect both algorithmic limitations (e.g., 

Flye handling of repeats) and biological factors (e.g., lineage-specific repeat expansions) 

(Rhie et al., 2021; Meng et al., 2022). 

In this study, the genomes of X. darwini and X. virginica, which represent the second and 

third genomes reported for the genus Xylocopa, after X. violacea (Nash et al., 2024), were 

assembled and represent key resources for understanding venom evolution and sociality 

in carpenter bees. No genomic information or protein data was available for X. darwini 

prior to this research. Thanks to the venom gland RNA-seq data generated in this 

investigation improved gene prediction using Augustus, allowing accurate annotation of 

venom-related genes by BLASTp searches of NCBI protein databases (Table 2; Sunagar 

et al., 2016). In addition, genome assembly and venom gene data were also lacking for X. 

virginica, limiting comparative analyses; the genome generated here now provides a basis 

for studying venom components in a eusocial Xylocopa species (Sunagar et al., 2016; 

Koludarov et al., 2023).  

To further support this comparative framework, we conducted functional annotation of 

the previously published genomes of X. violacea and C. australensis (Table 2), which had 

no venom genes reported in the NCBI prior to this study. The inclusion of these species, 

which represent solitary and eusocial lineages respectively, enabled a more refined 

analysis of venom gene diversity in the subfamily Xylocopinae.  

As shown in Table 2, venom gene isoform counts vary between species, with X. darwini 

showing the highest number (16 isoforms), followed by X. violacea (15), X. virginica 

(11), and C. australensis (8). These differences may reflect both assembly quality and 
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lineage-specific variation in venom repertoires (Sunagar et al., 2016; Ye et al., 2023). The 

consistent presence of gene families such as acid phosphatases, venom allergens, serine 

proteases, and dipeptidyl peptidases across species highlights conserved components, 

while the variation in isoform number may reflect adaptations linked to sociality or 

ecological niches (Koludarov et al., 2023; Ye et al., 2023). 

 

Venom Proteins: Phylogenetic Signals and Functional Divergence 

Venom composition is thought to co-evolve with social behavior in bees, as different 

levels of sociality impose distinct defensive demands (Shi et al., 2022; Koludarov et al., 

2023). If venom genes have co-evolved with sociality, one would expect this to be 

reflected in their phylogeny; conversely, a discrepancy would suggest neutrality or 

adaptation to other ecological pressures (Sless & Rehan, 2023). This evolutionary 

dynamic is particularly evident in carpenter bees, a group in which social behavior has 

evolved multiple times independently from solitary ancestor, with several reversals back 

to solitary life (von Reumont et al., 2022;Koludarov et al., 2023;Sless & Rehan, 

2023).Understanding how venom gene evolution tracks these shifts in sociality could 

reveal whether venom adaptations are shaped primarily by social behavior or other 

ecological factors (Drukewitz & von Reumont, 2019; Schendel et al., 2019;Koludarov et 

al., 2022).  

The phylogenetic tree of venom allergen 3 (Figure 3a) shows a major cluster composed 

of two subclusters: one containing Xylocopa species and the other Ceratina species, while 

Apis and Bombus form a separate lineage. This topology captures the broad separation 

between major lineages such as Apis/Bombus versus Xylocopa/Ceratina but differs in the 

specific relationships among lineages, particularly within the Xylocopa and Ceratina 
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clade. For example, the species tree (Supplementary Figure 3) places Ceratina more 

distantly related to Xylocopa, whereas the venom gene tree of venom allergen 3 shows 

Ceratina clustering more closely with Xylocopa, suggesting differences from the 

expected species relationships. Given the close evolutionary relationship between bees 

and wasps and venom allergen 5 having similar roles like antimicrobial activity or prey-

specific toxicity to venom allergen 3 in bees (Brock et al., 2017; von Reumont et al., 

2022), the comparison between wasp allergen 5 and venom allergen 3 in bees is relevant, 

where a similar discordance has been observed. Despite high amino acid conservation, 

the phylogenetic topology is different from the species tree (Yoon et al., 2020).  

The ancestral state reconstruction of venom allergen 3 further shows that eusocial species 

such as A. mellifera and B. flavifrons exhibit high ancestral values (Figure 3a), reflecting 

strong retention of venom traits associated with social defense (Schmidt, 2014). In 

contrast, solitary species like X. violacea, X. darwini and C. calcarata display lower 

values (Figure 3a). While the eusocial X. virginica and C. australensis displays a 

moderate value (Figure 3a).These values in carpenter bees reveal that lineages retain 

ancestral venom features, potentially serving as molecular preadaptations for shifts in 

social behavior (Sless & Rehan, 2023). The distribution of values across species 

highlights the dynamic interplay between phylogenetic history and ecological adaptation 

Koludarov et al., 2022).  

To further investigate the dynamic interplay between phylogenetic history and sociality 

in venom allergen 3 we performed a PCA using amino acid sequence variation in this 

component 3 and tested for associations with sociality using phylogenetic generalized 

least squares (PGLS), which incorporated the species tree to control the phylogenetic 

signal. Interestingly, the PCA (Figure 3b) showed that X. darwini clusters closely with B. 

flavifrons, a eusocial species, with a Euclidean distance of 0.75. This suggests that X. 
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darwini could share molecular similarities with eusocial species in some dimensions of 

venom allergen 3 variation (Chang et al., 2015; Yoon et al., 2020). 

Additionally, the PGLS from venom allergen 3 revealed that PC4 is significantly 

associated with solitary species, and PC6 is significantly associated with unknown 

sociality of X. darwini (Supplementary Table 2). These p-values indicate that variation 

along PC4 is consistently structured by solitary behavior across the phylogeny, while 

variation along PC6 specifically captures a pattern unique to X. darwini. This distinction 

is important: although X. darwini is close to Bombus flavifrons in the reduced PCA space 

of venom allergen 3, the significant PGLS results reveal a distinct evolutionary signal in 

X. darwini that aligns neither strictly with solitary nor eusocial patterns, but instead with 

a lineage-specific trajectory of this species. 

These findings underscore a critical insight: while the ancestral reconstruction reflects 

deep phylogenetic similarity between X. darwini and solitary species (as indicated by the 

low ancestral value), the PCA focused on molecular variation reveals a more complex 

picture. The proximity to Bombus flavifrons in the PCA space may reflect convergent 

evolution or functional similarity, potentially hinting at a shift toward eusocial features. 

Thus, the combined analyses suggest that X. darwini may be undergoing molecular 

changes in venom allergen 3 that distance it from its solitary ancestry, reflecting  

flexibility that may facilitate rapid behavioral transitions in response to ecological 

pressures (Sless & Rehan, 2023). 

Homology modeling using SWISS-Model (Waterhouse et al., 2018) revealed that, among 

X. darwini venom proteins, only venom allergen 3 exhibited sufficient sequence identity 

(>30%) with the model structures of the hymenopteran taxa (Supplementary Figure 4). 

Notably, its closest structural homolog was found in Vespula vulgaris, a well-
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characterized eusocial species (Harrop et al., 2020). This alignment underscores both 

conserved sequence motifs and structural domains suggesting potential functional 

retention of ancestral defensive or immune-related roles that are often associated with 

social behavior (Breed et al., 2004; Wan et al., 2014). 

Acid phosphatase (Figure 4) provide another compelling example of how venom 

composition could evolve under social ecological pressures, independent of strict 

phylogenetic constraints. In the phylogenetic tree of this component  (Figure 4a), A. 

mellifera forms a distinct branch, while B. flavifrons and C. calcarata cluster together 

with intermediate ancestral values (Figure 4a). From within this subcluster X. darwini and 

the eusocial X. virginica group closely and both exhibit higher ancestral values, whereas 

C. australensis and X. violacea, appear on more distantly related branches. This 

phylogenetic pattern aligns with the PCA results for acid phosphatase (Figure 4b) using 

significant principal components identified by PGLS (Supplementary Table 2).  X. 

darwini is positioned very closely to X. virginica, with a Euclidean distance of 0.12, 

reinforcing its similarity in amino acid sequence with a known eusocial species. While 

the PGLS analysis (Supplementary Table 2) identifies significant associations in PC4 and 

solitary species, PC6 captures an independent trajectory for X. darwini. These significant 

p-values reflect that variation captured in these axes is influenced both by solitary 

ancestry and the unknown position of X. darwini, suggesting that while it clusters with 

eusocial species in PCA space, its venom profile still retains evolutionary signals linked 

to solitary behavior. This may suggest that acid phosphatase in X. darwini is evolving 

towards a similar profile to eusocial species (Yoon et al., 2020). Venom acid phosphatase 

in eusocial species such as Bombus, is similar to Apis and is capable of causing tissue 

damage (Schmidt, 2014). Conversely, solitary bees are known to repurpose acid 

phosphatases for predation or niche-specific threats (von Reumont et al., 2022). This 
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highlights how sociality can reshape venom function in two distinct ways: convergent 

evolution (e.g., tissue-damaging acid phosphatase in Apis and Bombus) (Yoon et al., 

2020), and through divergent evolution, where closely related species adapt their venom 

to different ecological roles, such as solitary bees repurposing acid phosphatases for 

predation or niche-specific defense (Schmidt, 2014: von Reumont et al., 2022). 

Another venom component that underlines the evolutionary distinction in the context of 

sociality is carboxylesterase 6 (Figure 5). The phylogenetic divergence observed in Figure 

5a underscores a potential link between eusociality and ancestral venom composition. 

The  high ancestral value in the A. mellifera and B. flavifrons cluster aligns with their 

highly derived eusocial lifestyles (Figure 5a).  In contrast, the heterogeneous clustering 

of carpenter bee species, particularly the intermediate ancestral value in X. darwini 

(Figure 5a) and its relatives, raises questions about transitional evolutionary states. This 

pattern could reflect a dynamic interplay between ancestral traits and emerging 

adaptations in species with less rigid social hierarchies (Koludarov et al., 2023; Sless & 

Rehan, 2023). Further, the PCA based on principal components (Figure 5b) significantly 

associated with sociality in the PGLS analysis (PC4 and PC6) (Supplementary Table 2) 

reveals that X. darwini is most closely positioned to A. mellifera, a eusocial species, with 

a Euclidean distance of 0.77 (Supplementary Table 2). The contrast between tree-based 

ancestral reconstruction and the PCA-PGLS analysis reveals different evolutionary path 

of carboxylesterase 6. While the tree places X. darwini in an intermediate position 

suggesting shared ancestry with both solitary and eusocial taxa (Koludarov et al., 2023; 

von Reumont et al., 2022), the PCA indicates that the carboxylesterase 6 maybe shifting 

toward a profile more similar to eusocial lineages (Argiolas et al., 1985; Yoon et al., 2020; 

Shi et al., 2022; Sless & Rehan, 2023). 
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Building on the patterns observed in carboxylesterase 6, venom serine protease (Figure 

6) also reveals a trajectory of divergence shaped by social behavior. The phylogenetic 

tree (Figure 6a) places X. darwini on a distinct branch within a cluster of mainly eusocial 

taxa (A. mellifera, B. flavifrons and X. virginica), with an ancestral value (0.64). In 

particular, X. darwini diverges from A. mellifera and Bombus (Figure 6a), although it falls 

within the broader clade that includes these eusocial lineages, supporting potential 

historical links to social traits (von Reumont et al., 2022;Koludarov et al., 2023; Sless & 

Rehan, 2023). In the PGLS, PC2 shows a significant association with the 'unknown' 

category corresponding to X. darwini while PC6 is associated with solitary species 

(Supplementary Table 2), again highlighting a dual signal of eusocial and solitary traits 

in this species. The PCA (Figure 6b) places X. darwini closest to A. mellifera, with a 

Euclidean distance of 2.24. This could suggest some molecular convergence, as 

functional differences in serine proteases in B.terrestris have been shown to degrade 

fibrinogen, which prevents clot formation, enhancing venom spread in vertebrates (Qiu 

et al., 2011) while in Apis serine proteases are present in trace amounts and lack 

fibrinolytic activity possibly favoring pain-inducing amines for colony defense (Lima & 

Brochetto-Braga, 2003; Qiu et al., 2011; Choo et al., 2012;Lee et al., 2023). However, 

Apis serine protease exhibit antimicrobial activity (Wan et al., 2014; Kim et al., 2013b), 

a characteristic of  eusocialiality (Dashevsky et al., 2023). Thus, X. darwini molecular 

similarity to A. mellifera and its phylogenetic position may reflect adaptative shifts tied 

to eusocial behavior. This again supports the idea that venom evolution can lead to social 

traits, consistent with the hypothesis that venom serves as a flexible toolkit in the 

evolution of sociality (Choo et al., 2012; Schendel et al., 2019).  

Despite revealing intriguing patterns of molecular convergence and sociality-linked 

divergence, these analyses of venom components face some limitations due to lack of 
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studies on the social behavior of X. darwini which complicates the interpretation of its 

molecular proximity to eusocial taxa. Additionally, PCA and PGLS rely on reduced 

dimensions and statistical associations that may overlook complex interactions between 

genes, behavior, and ecology (Yoon et al., 2020; Guido-Patiño & Plisson, 2022).  

Phylogenetic reconstructions provide valuable insights into ancestral states but may mask 

more recent adaptive changes (Sless & Rehan, 2023). Moreover, many functional 

annotations rely on homologous proteins characterized in well studied taxa like Bombus 

and Apis, while sequences for these venom components are lacking in databases for 

species such as C. australensis, X. virginica, X. violacea, and X. darwini. As a result, the 

venom proteins studied here only partially reflect the phylogenetic relationships of these 

species. This is in part because other venom proteins that could provide additional 

evolutionary insights were not included in the analysis due to limited sequence 

availability or incomplete annotations in these less well-characterized taxa. Moreover, the 

modeling of venom proteins via SWISS-model (Waterhouse et al., 2018) for comparative 

analysis is limited due to the lack of sufficient structurally characterized templates from 

solitary or less-studied lineages. The gap in hymenopteran structural databases, 

underscore the importance of integrating ecological, behavioral, and molecular 

approaches to strengthen comparative interpretations (Sunagar et al., 2016). 

 

Tracing sociality in X. darwini  

Defense is a central driver of caste evolution and collective behavior in social insects 

(Breed et al., 2004; Baracchi et al., 2011). Survival strategies reflect coordinated nest and 

territory protection, with defenders employing threat-responsive tactics (Qiu et al., 2011; 

Choo et al., 2012;Lee et al., 2023). However, defense is energetically costly and risky, 
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leading species to adopt context-dependent strategies (Sunagar et al., 2016; Schendel et 

al., 2019; Abbot., 2022). This cost-benefit balance likely served as a critical ecological 

precondition for the transition from solitary to group living. Ancestral insects that 

separated offspring in fortified nests, providing progressive provisioning and extended 

parental care, established foundational traits for eusociality. Nest security, sustained 

resource investment, and intergenerational care thus emerged as precursors to complex 

social systems (Buchmann & Minckley., 2019;Abbot., 2022). 

Carpenter bees (Xylocopa) illustrate how ecological pressures shape social flexibility 

(Sless & Rehan, 2023; Koludarov et al., 2023). Their labor-intensive excavation of nests 

in hard wood creates durable but vulnerable resources, targeted by predators such as ants, 

woodpeckers, and parasitoids (Buchmann & Minckley., 2019). Foundresses exhibit 

remarkable longevity (up to 3 years), facilitating prolonged interactions with offspring a 

trait that, along with sibling assemblies, acts as a preadaptation buffering the costs of 

social experimentation (Michener, 1990; Buchmann & Minckley., 2019). Nests consist 

of linear tunnels partitioned into larval cells, each provisioned with pollen and nectar and 

protected by large, resilient eggs. Nest durability, influenced by wood type, further 

modulates opportunities for social dynamics (Buchmann & Minckley., 2019; Sless & 

Rehan., 2023). 

The transitional signals in X. darwini venom components intermediate ancestral values 

yet molecular proximity to eusocial taxa reinforce the dynamic origins of sociality 

proposed by Sless & Rehan (2023). While phylogenetically constrained in some 

components (venom allergen 3 and carboxylesterase 6), its venom shows molecular 

proximity to eusocial taxa in all venom components suggesting evolution patterns 

probably driven by ecological roles like defense and nest sanitation rather than by deep 

ancestry (Schendel et al., 2019; Sunagar et al., 2016). This molecular plasticity aligns 
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with facultative sociality, enabling repeated shifts between solitary and cooperative 

strategies. For X. darwini, such traits may reveal ancestral retention or convergent 

evolution under colony-defense pressures (Schmidt, 2014; Yoon et al., 2020), reflecting 

the behavioral flexibility seen in other carpenter bees (Buchmann & Minckley., 2019). 

Notably, while obligate eusocial groups such as Apis may cross a "point of no return", 

facultative taxa such as Xylocopa retain adaptive versatility (Wilson & Hölldobler, 2005; 

Buchmann & Minckley., 2019; Sless & Rehan., 2023). The venom profiles and social 

behaviors of these taxa highlight a dynamic interplay: ecological pressures (e.g. 

predation, nest site scarcity) select for molecular and behavioral traits, which in turn 

modulate the costs and benefits of group living. This dynamic interplay provides a 

potential explanation for the coexistence of both solitary and social nesting behaviors 

within a population, as individuals evaluate and trade-off factors such as resource 

investment, kinship, and predation risk (Buchmann & Minckley, 2019).  

Xylocopa genus exemplifies how sociality can emerge from the dynamic interplay 

between phylogenetic legacy and ecological opportunity (Buchmann & Minckley, 

2019;Sless & Rehan., 2023. In the Galapagos Islands, the endemic carpenter bee, X. 

darwini, the archipelago’s sole bee species faces unique biogeographical pressures 

(Linsley et al., 1966; Rasmussen et al., 2012; Chamorro et al., 2012; Vargas et al., 2015), 

and the inter-island migration of this carpenter bee may reflect local adaptation in the 

islands (Chamorro et al., 2012; Vargas et al., 2015). To understand whether the observed 

venom signatures in X. darwini reflect convergent evolution due to shared ecological 

pressures or independent evolutionary trajectories, future work should incorporate 

functional assays of enzymatic activity tests to assess the physiological roles of specific 

venom components with behavioral ecology studies. Additionally, analyzing specific 

amino acid sequences and peptides in venom evolution is crucial for understanding how 
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ecological pressures (e.g., eusociality vs. solitary lifestyles) drive biochemical 

adaptations (Lee et al., 2016). For example, novel peptides in carpenter bee venom may 

reflect solitary-specific innovations, while a dominant toxin that diverges between 

eusocial (honeybees, bumblebees) and solitary bees, may suggst sociality-driven selective 

pressures (Lee et al., 2016; von Reumont et al., 2022).  

Functional differences in venom composition, such as toxin synergy and structural 

peptide optimization, underscore how subtle molecular variations enhance ecological 

efficacy (Lee et al., 2016; Schendel et al., 2019). However, disparities in isoform diversity 

seen, for example, in the understudied carpenter bee’s unique peptides compared to the 

well-documented toxins of honeybees may reflect biases in research focus, uneven data 

quality, or limited proteomic/genomic resources for non-model species (Shi et al., 2022; 

Ye et al., 2023). This gap highlights the critical need to prioritize understudied species, 

as their venoms may hold unrecognized evolutionary innovations. By integrating 

proteomic, genomic, and functional analyses, we can unravel how specific peptide 

regions and interactions drive venom evolution, ultimately connecting sequence-level 

adaptations to broader ecological and behavioral shifts such as those differentiating 

solitary and eusocial lifestyles (Sunagar et al., 2016).This is particularly critical given X. 

darwini role as a super-generalist pollinator, visiting over 60 plant species a niche range 

that may favor flexible social strategies to exploit dispersed floral resources (Linsley et 

al., 1966; Rasmussen et al., 2012; Chamorro et al., 2012).  

Additionally, comparative genomic analyses across both solitary and social Xylocopa 

species will be crucial for identifying lineage-specific adaptations versus conserved 

molecular features (Koludarov et al., 2023; Sless & Rehan, 2023). For X. darwini, such 

studies could clarify how island isolation and novel predation pressures (e.g., from 

invasive smooth-billed anis) interact with preadaptations like longevity and nest-site 
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fidelity to drive sociality (Cooke et al., 2020). This may connect molecular function to 

colony-level strategies, reinforcing that social evolution is not a linear process, but a 

context-dependent mosaic of adaptations (Buchmann & Minckley, 2019; Sless & Rehan, 

2023).  

As a keystone pollinator endemic to the Galapagos Islands, X. darwini plays a vital role 

in maintaining the archipelago’s unique ecosystems, which are shaped by extreme 

isolation and adaptive radiation (Linsley et al., 1966; Cockerell, 1935; Rasmussen et al., 

2012). Despite its ecological importance, X. darwini remains understudied, with limited 

genomic or behavioral data (Linsley et al., 1966; Cockerell, 1935; Rasmussen et al., 

2012;Vargas et al.2015). The genome assembly reported in this study fills a critical gap, 

enabling researchers to investigate conservation genetics, given the vulnerability of island 

species to climate change and invasive competitors (Cockerell, 1926; 

McMullen.,1989;Galapagos Conservation Trust, s.f).  The combined use of phylogenetic 

reconstruction and PCA-PGLS reveals how different analytical approaches uncover 

complementary aspects of venom evolution, emphasizing the importance of integrating 

molecular, functional, and ecological data to interpret adaptive shifts in social behavior 

(Sunagar et al., 2016). In this context, the case of X. darwini illustrates how social 

plasticity may reflect evolutionary responses to resource-limited island environments 

(Cockerell, 1926; Chamorro et al., 2012; Vargas et al., 2015; Chang et al., 2015). As such, 

the X. darwini genome not only provides a foundation to investigate the molecular basis 

of venom evolution but also bridges the gap between evolutionary genomics and 

conservation efforts in one of the world’s most iconic ecosystems. 
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Tables 

Table 1. Comparative metrics of genome assemblies for X. darwini 

 

  Verkko hicanu hifiasm Mecat Flye 

Number of contigs 992 1615 1430 420 433 

Total length (Mb) 226 274 283 199 215 

Largest contig (Mb) 20.69 20.69 20.69 9.8 20.68 

N50 (Mb) 11.97 10.43 10.47 4.26 11.66 

N90 (Mb) 0.10 0.04 0.05 0.49 0.27 

L50 8 11 11 16 8 

L90 72 510 503 60 36 

BUSCO % >95% >95% >95% 95% 97.5% 
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Table 2. Number of genes and venom gene isoforms in assembled genomes of the 

Xylocopine bees   

 

Species Sociality Gene 

number 

(Source) 

Total 

venom 

isoforms 

number 

Venom component  Isoforms 

count 

C. australensis Eusocial 8,269 

(This 

study) 

8 Acid phosphatase 

Allergen 3/5 

Carboxylesterase 6 

Serine protease 

Icarapin 

Dipeptidyl peptidase 

 

2 

1 

1 

2 

1 

1 

X. violacea Solitary 10,152 

(Nash et 

al. 2024) 

15 Acid phosphatase 

Allergen 3/5 

Carboxylesterase 6 

Serine protease 

Icarapin 

Dipeptidyl peptidase 

 

4 

3 

1 

2 

1 

4 

X. darwini Unknown 14,471 

(This 

study) 

16 Acid phosphatase 

Allergen 3/5 

Carboxylesterase 6 

Serine protease 

Icarapin 

Dipeptidyl peptidase 

 

5 

3 

2 

2 

1 

3  

X. virginica Eusocial 22,019 

(This 

study) 

11 Acid phosphatase 

Allergen 3/5 

Carboxylesterase 6 

Serine protease 

Icarapin 

Dipeptidyl peptidase 

 

4 

2 

1 

2 

1 

1  
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Figures 
 

 

 

Figure 1. Snail plot of genome assembly for X. darwini.  

The BlobToolKit Snailplot shows N50 metrics and BUSCO gene completeness. The main 

plot is divided into 1,000 size-ordered bins around the circumference with each bin 

representing 0.1% of the 215 Mb assembly. The distribution of contigs lengths is shown 

in dark grey with the plot radius scaled to the longest contig present in the assembly 

(20,7Mb, shown in red). Orange and pale-orange arcs show the N50 and N90 scaffold 

lengths (11.97Mb and 277 k (0.277Mb) respectively). The pale grey spiral shows the 

cumulative contig count on a log scale with white scale lines showing successive orders 

of magnitude. The blue and pale-blue area around the outside of the plot shows the 

distribution of GC, AT. A summary of complete, fragmented, duplicated and missing 

BUSCO genes in the hymenoptera_odb10 set is shown in the top right. 
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Figure 2. BUSCO completeness assessment of X. darwini RNA-seq read assembly.  

The BUSCO plot displays the completeness of the transcriptome assembly using four 

color-coded categories. Pale blue represents the proportion of complete single-copy 

BUSCO genes, while dark blue indicates complete duplicated BUSCOs. Fragmented 

BUSCOs are shown in yellow, and missing BUSCOs are highlighted in red. Together, 

these categories illustrate the overall quality and completeness of the assembled transcript 

sequences. 
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Figure 3. Reconstruction of the ancestral state of venom allergen 3 and PCA to 

trace sociality in bees.  

a) A maximum-likelihood phylogenetic tree was constructed to examine the clustering 

patterns of venom allergen 3 across bee species. Node colors and values indicate sociality, 

ranging from solitary (0, red) to eusocial (1, blue). The tree includes species from the 

genera Xylocopa, Ceratina, Apis, and Bombus, capturing both solitary and eusocial 

lineages. b) The PCA plot visualizes the relationship between X. darwini and other 

solitary and eusocial species taking into account the significant PC4 and PC6. Each point 

represents a species, colored by sociality classification (Eusocial = blue, Solitary = red, 

Unknown = green). Larger, semi-transparent points mark the centroids of eusocial and 

solitary species. X. darwini is highlighted as a black triangle, with dashed lines 

representing its Euclidean distance to both centroids. The closest species to X. darwini is 

labeled. 

 

 

 

a) b) 
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Figure 4. Reconstruction of the ancestral state of venom acid phosphatase and 

PCA to trace sociality in bees.  

a) A maximum-likelihood phylogenetic tree was constructed to examine the clustering 

patterns of venom acid phosphatase across bee species. Node colors and values indicate 

sociality, ranging from solitary (0, red) to eusocial (1, blue). The tree includes species 

from the genera Xylocopa, Ceratina, Apis, and Bombus, capturing both solitary and 

eusocial lineages. b) The PCA plot visualizes the relationship between X. darwini and 

other solitary and eusocial species using the significant PC4 and PC6. Each point 

represents a species, colored by sociality classification (Eusocial = blue, Solitary = red, 

Unknown = green). Larger, semi-transparent points mark the centroids of eusocial and 

solitary species. X. darwini is highlighted as a black triangle, with dashed lines 

representing its Euclidean distance to both centroids. The closest species to X. darwini is 

labeled 

a) b) 
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Figure 5. Reconstruction of the ancestral state of venom carboxylesterase 6 and 

PCA to trace sociality in bees.  

a) A maximum-likelihood phylogenetic tree was constructed to examine the clustering 

patterns of venom carboxylesterase 6 across bee species. Node colors and values indicate 

reconstructed ancestral states of sociality, ranging from solitary (0, red) to eusocial (1, 

blue). The tree includes species from the genera Xylocopa, Ceratina, Apis, and Bombus, 

representing both solitary and eusocial lineages. b) The PCA plot visualizes the 

relationship between X. darwini with solitary and eusocial species taking into account the 

significant PC4 and PC6 from the PGLS analysis. Each point represents a species, colored 

by sociality classification (Eusocial = blue, Solitary = red, Unknown = green). Larger, 

semi-transparent points mark the centroids of eusocial and solitary species. X. darwini is 

highlighted as a black triangle, with dashed lines indicating its Euclidean distance to each 

centroid. The closest species to X. darwini is labeled. 

 

 

a) b) 
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Figure 6. Reconstruction of the ancestral state of venom serine and PCA to trace 

sociality in bees.  

a) A maximum-likelihood phylogenetic tree was constructed to examine the clustering 

patterns of venom serine  across bee species. Node colors and values represent 

reconstructed ancestral sociality values, ranging from solitary (0, red) to eusocial (1, 

blue). The tree includes representatives from the genera Xylocopa, Ceratina, Apis, and 

Bombus, reflecting a range of social behaviors. b)  PCA plot visualizes the relationship 

between X. darwini and other bee species considering the significant PC2 and PC6. Each 

point represents a species, colored according to its sociality classification (Eusocial = 

blue, Solitary = red, Unknown = green). Larger, semi-transparent points mark the 

centroids of eusocial and solitary species. X. darwini is shown as a black triangle, with 

dashed lines indicating its Euclidean distance to each centroid. The closest species to X. 

darwini is labeled. 

 

 

a) b) 
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Supplementary Information 

 

 

 

Supplementary Figure 1. BUSCO completeness of X. darwini genome assembly 

annotation using evidence available in NCBI for the Apidae family.  

Out of 5,811 BUSCO groups searched, 4,827 were identified as complete and single-

copy, and 984 as complete and duplicated. The figure displays the distribution of these 

categories as part of the overall assessment of annotation completeness using the 

Hymenoptera lineage dataset. 
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Supplementary Figure 2. Snail plot of genome assembly for X. virginica.  

The snail plot generated by BlobTools represents the genome assembly with a total length 

of 369 Mb, with the longest contig reaching 1.82 Mb. The N50 length is 181 k (0.18 Mb), 

while the N90 length is 31.9 k (0.03Mb), indicating the distribution of the assembly with 

the plot radius scaled to the longest contig present in the assembly (shown in red). Orange 

and pale-orange arcs show the N50 and N90 contigs lengths. The blue and pale-blue area 

around the outside of the plot shows the distribution of GC, AT. A summary of complete, 

fragmented, duplicated and missing BUSCO genes in the hymenoptera_odb10 set is 

shown in the top right. 
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Supplementary Figure 3. Phylogenetic relationships among eusocial and solitary 

bee species based on UCE data.  

This tree illustrates the evolutionary relationships of species used in this study, inferred 

from ultra-conserved element (UCE) sequences. Branch labels indicate posterior 

probabilities, with a value of 1.0 representing maximal statistical support. 
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Supplementary Figure 4. Predicted 3D structures of allergen proteins from X. 

darwini and Vespula vulgaris.  

a) Structural model of Allergen 3 protein from X. darwini, showing a mix of α-helices 

(purple) and β-sheets (green), characteristic of venom allergen proteins. b) Structural 

model of Ves v 5, an allergen protein from Vespula vulgaris venom, displaying a complex 

fold with abundant α-helices (purple) and extended loop regions (orange). These models 

highlight conserved structural motifs potentially linked to allergenic function across 

different hymenopteran venoms. 

 

a) Model allergen 3 protein X. darwini  

b) Model Ves v 5 an allergen protein from Vespula vulgaris venom 
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Supplementary Table 1. Assembly statistics and BUSCO completeness of X. 

virginica genome using Flye assembler 

 

 Flye 

Number of contigs 4725 

Total length(Mb) 368 

Largest contig (Mb) 1.82 

N50 (Mb) 0.18 

N90 (Mb) 0.03 

L50 527 

L90 2504 

BUSCO % 97% 
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Supplementary Table 2: P-values for generalized least squares fits of venom 

components across principal components, including distance from the 

closest species to X. darwini 

Venom 

Component 
PC Intercept SocialitySolitary SocialityUnknown 

Euclidean 

distance from 

X. darwini to 

closest species 

Acid phosphatase 
PC4 0.8623 0.0374** 0.6668 

0.12 
PC6 0.4078 0.0762 0.0129** 

Allergen 3/5 
PC4 0.4530 0.0302** 0.1721 

0.75 
PC6 0.8364 0.0577 0.0410** 

Carboxylesterase 6 
PC4 0.2303 0.0448** 0.0018** 

0.77 
PC6 0.5294 0.0278** 0.9494 

Serine protease 
PC2 0.1909 0.7826 0.0004** 

2.24 
PC6 0.5669 0.0564 0.4604 
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