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A B S T R A C T   

The increasing availability of large molecular phylogenies has provided new opportunities to study the evolution 
of species traits, their origins and diversification, and biogeography; yet there are limited attempts to synthesise 
existing phylogenetic information for major insect groups. Bees (Hymenoptera: Anthophila) are a large group of 
insect pollinators that have a worldwide distribution, and a wide variation in ecology, morphology, and life- 
history traits, including sociality. For these reasons, as well as their major economic importance as pollina
tors, numerous molecular phylogenetic studies of family and genus-level relationships have been published, 
providing an opportunity to assemble a bee ‘tree-of-life’. We used publicly available genetic sequence data, 
including phylogenomic data, reconciled to a taxonomic database, to produce a concatenated supermatrix 
phylogeny for the Anthophila comprising 4,586 bee species, representing 23% of species and 82% of genera. At 
family, subfamily, and tribe levels, support for expected relationships was robust, but between and within some 
genera relationships remain uncertain. Within families, sampling of genera ranged from 67 to 100% but species 
coverage was lower (17–41%). Our phylogeny mostly reproduces the relationships found in recent phylogenomic 
studies with a few exceptions. We provide a summary of these differences and the current state of molecular data 
available and its gaps. We discuss the advantages and limitations of this bee supermatrix phylogeny (available 
online at beetreeoflife.org), which may enable new insights into long standing questions about evolutionary 
drivers in bees, and potentially insects more generally.   

1. Introduction 

In the last two decades, multigene supermatrices have been widely 
used for phylogenetic reconstruction across the diversity of life, opening 
new opportunities for comparative and macroevolutionary studies of 
species traits, diversification and biogeography. Within the animal 
kingdom, these supermatrix phylogenies comprise mainly vertebrate 
groups such as marsupials, bats, passerine birds, gobies, and cetaceans, 
to name a few (Amador et al., 2018; Jønsson et al., 2016; McCraney 
et al., 2020; McGowen et al., 2009; Mitchell et al., 2014). Despite insects 
constituting most of the species on earth (Stork, 2018), phylogenies with 
a comprehensive and balanced sampling of known diversity are 
currently lacking for major insect groups, with the exception of butter
flies (Chazot et al., 2021; Foottit and Adler, 2018; Kawahara et al., 
2023). 

Bees (Hymenoptera: Anthophila) are a large and diverse group of 
insect pollinators with over twenty thousand described species and a 
worldwide distribution (Orr et al., 2021). This group has received 

increased attention in recent decades given their importance as polli
nators in the context of insect decline (Potts et al., 2016; Wagner, 2020; 
Winfree et al., 2009). Bees also hold special interest for understanding 
life-history evolution (Michener, 2007). Species broadly fall into one of 
three life-history categories (Danforth et al., 2019): i. Solitary, 
comprising more than 75% of described species where all females are 
able to produce offspring and each build and provision their own nest; ii. 
Social, representing little less than 10%; where species display division 
of labour, cooperative brood care and generational overlap; iii. Parasitic, 
including close to 13% of species, where most are brood parasites which 
lay their eggs in the nest of other bee species, and a few are social 
parasites where the female replaces the queen, takes over the colony and 
co-opts worker females to rear her offspring. For some species the lines 
between these categories are blurred, mainly in the bee family Hal
ictidae, where some species are socially polymorphic (Davison and 
Field, 2018; McFrederick et al., 2014; Plateaux-Quénu et al., 2000; 
Richards et al., 2003). Bee species also differ in their morphological 
features, annual life cycle, diet breadth, and nesting behaviour. The 
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latter includes a variety of substrates such as soil, wood, or pithy stems, 
and the use of diverse materials including their own glandular secre
tions, and a wide range of foreign resources (e.g., floral oils, leaves, 
resin, sand, pebbles) (Michener, 2007). The diverse life history and 
natural history of this remarkable group of insects make them ideal for 
macroecological and macroevolutionary analyses. 

The first large supermatrix phylogeny for bees was by Hedtke et al. 
(2013), with several more recent attempts (albeit with similar or fewer 
species: Chesters, 2020; Chesters et al., 2023). Numerous molecular 
phylogenetic studies of relationships between and/or within families or 
genera for bees have been published over the years (Supplementary 
Table S1), increasingly using new and powerful phylogenomic data (e. 
g., Almeida et al. 2023; Peters et al. 2017). In addition, comprehensive 
molecular phylogenies have been published for the seven bee families 
(Melittidae, Andrenidae, Halictidae, Colletidae, Stenotritidae, Mega
chilidae and Apidae (as defined by Michener (2007)). Although some 
uncertainties remain, most evolutionary relationships between families 
and subfamilies are robust (Almeida et al., 2023, 2019, 2012; Bossert 
et al., 2021, 2019; Danforth et al., 2008; Gonzalez et al., 2012; Litman 
et al., 2011; Michez et al., 2009; Peters et al., 2011; Sann et al., 2018). 
Considering the resulting substantial amount of gene and phylogenomic 
data, it is timely to generate a new time-calibrated bee ‘tree-of-life’ 
supermatrix phylogeny. 

We used the supermatrix approach (e.g., Driskell et al., 2004) to 
combine diverse publicly available gene and phylogenomic sequence data, 
all reconciled to a taxonomic database to ensure nomenclatural consis
tency. We focused on curating and analysing widely sampled loci used in 
previously published phylogenies to maximize overlap of data among 
lineages and reduce supermatrix sparseness. The supermatrix was then 
used to infer, by maximum likelihood, the largest bee phylogeny to date 
with 4,586 species (23% of described species and 82% of genera). While 
this supermatrix phylogeny does not aim to solve current uncertainties in 
phylogenetic relationships, it provides a single curated synthesis that in
creases species sampling, which may enable multiple new research op
portunities. In addition, it provides information regarding data gaps that 
need to be addressed to improve resolution for some bee genera. This 
supermatrix is available for download and can be subsetted through the 
online tool beetreeoflife.org. In addition, the website also hosts 1,000 
bootstrap sample trees converted to dated chronograms to represent the 
phylogenetic information and uncertainty in the supermatrix. 

2. Methods 

2.1. Taxonomic database 

Large scale phylogenies require a consistent taxonomy and nomen
clature to which all data can be reconciled (e.g., Driskell et al., 2004; 
Hosner et al., 2022; Thomas et al., 2013). For this work, to reconcile 
binomial nomenclature of the molecular data used to build the super
matrix phylogeny, a taxonomic database was developed for Anthophila 
based on data provided by Orr et al. (2021), which included synonyms 
and a more accurate and curated version of current nomenclature than 
the Open Tree of Life project (Rees and Cranston, 2017). We modified 
this database to reflect revised generic-level classification from more 
recent published taxonomic references that have provided generic sta
bility. In addition, final binomial nomenclature was run in the BeeDC R 
package to flag potential nomenclature issues (Dorey et al., 2023), 
which were crosschecked against the literature. Our taxonomic database 
only includes species that are part of the phylogeny, recognises seven 
bee families and 28 subfamilies, and provides a list of genera, species, 
and notes on nomenclature decisions and the taxonomic research that 
supports them (Supplementary file 1). In addition, differences exist 
regarding nomenclature between some databases (e.g., Integrated 
Taxonomic Information System, Catálogo Moure para as espécies de 
abelhas neotropicais, Atlas Hymenoptera, Catalogue of Life), and thus 
the taxonomic database also includes alternate names for those species 

with names that have not been updated to follow the most recent 
nomenclature decisions. Because taxonomy and nomenclature are 
constantly changing, especially for taxa where relationships are yet to be 
resolved, the goal of this taxonomic database is to make it easier for 
researchers to track binomial nomenclature changes in the phylogeny 
and easily change them if necessary. 

2.2. Supermatrix data components 

We selected the widely-used supermatrix approach (Chesters, 2020; 
Driskell et al., 2004; Hedtke et al., 2013) to build a large bee ‘tree-of-life’ 
over other composite ‘supertree’ type methods (e.g., Chesters et al., 2023; 
Sanderson et al., 1998; Upham et al., 2019). Supermatrix methods use all 
available genetic sequences to simultaneously estimate relationships, 
branch length and uncertainty (bootstrap resampling). We built our 
phylogenetic supermatrix database for bees based on four key compo
nents: i. multi-gene sequence data downloaded from global sequence 
databases (NCBI and BOLD); ii. a phylogenomic dataset to provide a 
strong backbone across the major lineages, both in topology and relative 
branch length; iii. published ultra conserved element (UCE) datasets 
combined and condensed; and iv. nomenclature reconciled to the taxo
nomic database. Collation and curation of each component was done with 
custom Bash scripts and Microsoft Excel (see Supplementary file 2 and 
Supplementary file 3) (Microsoft Corporation, 2023); details for each 
component are given in the following sections. Given the multiple data 
sources, bespoke taxonomic database, and the need for hands-on refine
ment, we expanded our supermatrix assembly system used in previous 
works (e.g., Hugall and Stuart-Fox, 2012; Oliver et al., 2023). 

2.2.1. Multi-gene sequence data 
Data were downloaded from the NCBI nucleotide collection (https:// 

www.ncbi.nlm.nih.gov/genbank). We used gene sequences obtained 
from key phylogenetic references in BLAST+organism searches with an E- 
value threshold of 5e-6 and retained aligned regions, excluding model and 
environmental data. For protein coding genes and ribosomal RNA genes 
we used tblastn and blastn respectively. In total, we obtained data for 
seven nuclear protein-coding genes (ArgK, CAD, NaK, Pol II, Wnt-1, LW 
Rh, and EF-1α), two ribosomal genes (16S and 28S), and two mitochon
drial protein coding genes (Cytb and COI) (Table 1). We focussed on these 
widely sampled loci with the greatest proportion of taxa and phylogenetic 
spread to maximize overlap of data among lineages. This approach makes 
it easier to check individual genes, and limits the proportion of taxa 
without data in common, which can distort phylogenetic inference 
(Freyman, 2015; Sanderson et al., 2010; Wiens and Morrill, 2011). 

We focused on protein coding regions (e.g., exons), as they are easier 
to align, and make it simple to add new data. For the purposes of this 
work, we did not include the widely sequenced ribosomal 18S gene due to 
its low and poor phylogenetic signal at this intrafamilial scale (Soltis et al., 
1999). Because of the limited coverage of whole mitogenome data for 
bees (Husemann et al., 2021), we extracted only near full-length mito
chondrial genes (16S, Cytb, COI) with the reference BLAST. Rather than 
selecting one ‘best’ longest species sequence per locus, we retained all 
sequence data to first assess the gene tree monophyly of nominate species 
as well as genera. Due to the great number of sequences, EF-1α, LW Rh 
and COI genes were split into two sets: Apidae and the rest. 

Gene sequences were aligned with MAFFT v. 7.245 (Katoh and 
Standley, 2013) using the ‘AUTO’ setting. We then assembled align
ments into a custom Microsoft Excel database, and reconciled nomen
clature with the taxonomic list (Supplementary file 1). We refined 
protein coding gene alignments by hand in BioEdit (Hall, 1999) using 
the original references as a guide, to have all coding regions strictly in- 
frame. Despite being time consuming, aligning protein coding genes this 
way makes adding taxa simpler. For the ribosomal RNA genes, we used 
the MAFFT alignment as is. 

We inferred gene trees through IQ-TREE (Nguyen et al., 2015), and 
in some cases RAxML (Stamatakis, 2014). IQ-TREE used ultrafast 
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bootstrap consensus (Hoang et al., 2018) with models of sequence 
evolution identified by ModelFinder implemented in IQ-TREE (Kalyaa
namoorthy et al., 2017). RAxML used fast bootstrap and the GTR+G 
model, with the standard -f a setting implemented on CIPRES (Miller 
et al., 2010). We assessed gene trees for non-monophyletic genera and 
species, and aberrant sequences such as paralogs (e.g., EF-1α and LW Rh 
variants) and gross misalignments (long terminal branches). This was 
done via Bash scripts for assessing taxon monophyly, followed by visual 
inspection of trees and alignments for the final decision. Then, we 
updated the dataset by removing abnormal sequence data and in some 
cases revising the nomenclature. Datasets were realigned if necessary. 

The mitochondrial COI was processed slightly differently because it is 
a gene extensively sampled in bees, intra-specific diversity, and because it 
is often sequenced in separate fragments. We reduced this gene alignment 
to a single consensus sequence per species, based on the most common 
base per site (with ties scored as ambiguous). This approach tends to
wards the most commonly sequenced sub-lineage and is a simple way to 
combine data, discount rarer aberrant sequences and rationalize choice of 
intra-specific lineage complexity. The consensus alignment was then 
subjected to the same procedure of gene tree and genera monophyly 
assessment as described for the other genes included in this work. Addi
tionally, we included COI data from The Barcode of Life Data System 
(BOLD, http://www.boldsystems.org) for a selection of species that had 
multiple samples that clustered closely (>5%), or that represented taxa 
we already had with other genes if there was only one sequence available, 
and that fell within the lowest rank (genus or subfamily depending on 
taxon sampling) in our working COI tree. Information on data sources for 
all taxa and genes is summarized in Supplementary file 3. 

2.2.2. Higher-level phylogenomic backbone 
Sparse supermatrices are best if the data is phylogenetically struc

tured across the major lineages but information in global sequence re
positories can be quite uneven in this regard (Beaulieu and O’Meara, 
2018; Wiens and Morrill, 2011). Fortunately, phylogenomic data is now 
filling this gap, providing the desired strong backbone to tie together the 
assemblage of species data. Several suitable family-level datasets have 
been available for bees (e.g., Branstetter et al., 2017; Peters et al., 2017), 
but the recent UCE phylogenomic work of Almeida et al. (2023) now 
provides a broader estimate of the higher level phylogenetic tree for 
Anthophila, spanning 216 species in all seven families and 28 sub
families, and most tribes. This length of sequence (830 loci) is unnec
essary for our purposes and overly computationally taxing, thus we 
condensed down the original Bossert and Almeida (2023) from 364.3 kb 
to a more practical 21.5 kb, by filtering sites by taxon coverage (>74%) 

then randomly sub-sampling one tenth (jack-knife), thereby reducing 
the proportion of missing data from the original 79% complete to 87% 
complete. A phylogeny was then inferred from this phylogenomic ‘stub’ 
(as previously described for the gene fragment datasets) and compared 
to the original published trees (Almeida et al., 2023). 

2.2.3. Composite UCE dataset 
Currently there are a growing number of published studies of groups 

of bees using separate UCE datasets that do not overlap in taxa. There 
are several approaches to combining these into a single common 
alignment: i. reconstruct from primary reads; ii. reconstruct from locus 
datasets; iii. reconstruct from the final processed and refined datamatrix. 
We took the third approach, as a simple compromise that has the benefit 
of leveraging from previous bioinformatic work, and be preferable to 
composite ‘supertree’ approaches (e.g., Chesters et al., 2023; Kimball 
et al., 2019). 

We combined a subset of data from five previously published data- 
matrices (Bossert, 2021a, 2021b; Freitas et al., 2020; Pisanty et al., 
2022; Sless, 2021). First, we produced consensus sequences for each of 
the five data-matrices (similar approach as described for the COI gene). 
Then the 1,388 UCE consensus loci obtained from Bossert (2021a) were 
mapped onto the consensus sequences of the other data-matrices with 
BLAST v2.13.0, to identify the corresponding orthologous sections. We 
then selected a subset of suitable UCE loci using several criteria: 
maximum e-value of 1e-50, >150 sites, and >50% sites matched to the 
consensus reference. We aligned these loci with MAFFT as previously 
described for gene fragments, concatenated them into a UCE datamatrix, 
and reconciled species names with the taxonomic database. This data
matrix (57.9 kb in 94 loci for 777 samples) was then compacted down to 
an amount adequate to reconstruct key tree shape, without excess 
computational burden, by filtering sites by taxon coverage (>74%) then 
further reduced by one third jack-knifing, resulting in a dataset of 13.3 
kb; 85% complete. We then produced a tree to compare to the original 
published UCE phylogenies, and assess for non-monophyletic genera 
and aberrant sequences as previously described. Details of the phylo
genomic data sources are provided in Supplementary file 3. 

2.3. Supermatrix assembly and analysis 

Once all supermatrix data components were reconciled to the taxo
nomic database, aligned and assessed for aberrant elements, they were 
concatenated and used to produce a supermatrix phylogeny. We did this 
by taking the best (longest accepted) single exemplar sequence per 
‘gene’ per species, for all species with a total of >500 sites of any data. 

Table 1 
Sampling summary across genetic data. Molecular data was sourced from published datasets, NCBI and BOLD.  

Gene* Sites Genera Species p-sp Description 

Nuclear      
Phylogenomic ‘stub’ 21,546 135 200  0.04 Almeida et al. (2023) UCE phylogenomic alignment subset 
UCE ‘stub’ 13,250 183 678  0.15 Composite UCE data subset (Bossert, Sless, Freitas, and Pisanty) 
ArgK 546 62 611  0.13 Arginine kinase gene, exon 2 
CAD 450 138 677  0.15 Conserved ATPase domain protein gene exon 
EF-1α 1,107 332 2,049  0.45 Elongation factor 1-alpha gene exon 
LW Rh 642 318 1,846  0.40 Long wavelength sensitive opsin 1 gene exon 
NaK 1,461 233 790  0.17 Sodium potassium adenosine triphosphatase gene exon 
Pol II 840 198 853  0.19 RNA polymerase II gene exon 
Wnt-1 456 257 841  0.18 Wingless gene exon 
28S rDNA 1,440 339 1,253  0.27 Large subunit nuclear ribosomal RNA gene 
Mitochondrial      
16S rDNA 522 74 508  0.11 Mitochondrial large subunit ribosomal RNA gene 
COI 1,473 330 3,839  0.84 Mitochondrial cytochrome oxidase subunit 1 gene 
Cytb 1,047 67 487  0.11 Mitochondrial cytochrome b gene 
Total 44,780 2,666 14,632   

p-sp: proportion of bee species in the phylogeny with that gene. 
Genera with at least one species with gene sequence. 
‘stub’ is an informal description of a reduced subset of originally much larger data. 

* For our purposes, ‘gene’ refers to a discrete genetic data unit. 
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The supermatrix was then compacted by removing regions with little or 
no data (<20% taxa with any data per ‘gene’) and ambiguous alignment 
regions with Aliscore v2.2 (Misof and Misof, 2009), while maintaining 
protein coding reading frames. 

Sparse, patchy supermatrices often include taxa groups that share no 
data in common, which can bias phylogenetic inference (Sanderson 
et al., 2010; Smirnov and Warnow, 2021; Wiens and Morrill, 2011). For 
example, for blocks of phylogenomic backbone data to work effectively, 
the taxa in these blocks should also have as many other genes as possible 
in the rest of the supermatrix. To ameliorate this issue, we implemented 
minimal taxonomic rank substitution to improve data density on the 
phylogenomic ‘stub’, and species with no overlap of data within genera 
(Pennell et al., 2016). For genera that contained species that did not 
share any data with any other member, we reassigned the data to the 
member of the genus with the most data and removed the source species. 
In total 63 substitutions were made (0.43% of the matrix). Thus, we 
ensured that all 200 taxa with the phylogenomic stub, and 68% of the 
678 species with the UCE stub, also had at least one other gene. Ninety- 
four species had both phylogenomic and UCE stub data. However, due to 
our sub-setting approach there was minimal (<2%) duplication of the 
UCE data (i.e., the same sequence in both phylogenomic and UCE stubs). 
In effect these 94 species had a combined 21.5 + 13.3 = 34.8 kb of UCE. 

We included five outgroups representing four Apoid wasps families, 
following the classification proposed by Sann et al. (2018) and based on 
the phylogenomic ‘stub’ from Almeida et al. (2023) plus a small amount 
of gene fragments: Pulverro (Ammoplanidae), Bembix (Bembicidae), 
Cerceris (Philanthidae), Philanthus (Philanthidae) and Tachysphex 
(Crabronidae). As gene data were patchy across outgroups, taxonomic 
rank-substitution was also used to bolster some of these. 

To reduce computational burden, the supermatrix was split into three 
highly supported subsets comprising the families Megachilidae +
Andrenidae + Melittidae, Halictidae + Colletidae + Stenotritidae, and 
Apidae, each sharing a core set of 18 family representatives with maximal 
data, and the five outgroups. In addition, we extracted one species with 
the most data for each nominal genus to create a genus-level supermatrix. 
For each of these supermatrix subsets, phylogenetic inference was done 
by IQ-TREE with ultrafast bootstrap, using a RAxML starting tree, all 
nearest-neighbour interchange and refined tree search settings (-allnni, 
-beps 8, -bnni, -bcor 0.98, -wbtl, -pers 0.4, -nstop 200, –sprrad 8; via 
CIPRES). IQ-TREE was run for three iterations. The intention was to focus 
effort on tree support space, in what can be a difficult problem (Shen et al., 
2020). The optimal partitioned sequence evolution model was deter
mined with ModelFinder (in IQ-Tree) using the genus-level supermatrix, 
and this 8-partition model scheme was then used for all remaining ana
lyses (see Supplementary file 3). This ensures a common model irre
spective of the amount of data per gene per family subset (i.e., as if all 
three were analysed simultaneously). The trees from the three family 
subsets were then joined together again using the common family rep
resentatives, for both the consensus tree and the 1,000 bootstrap trees. 

2.4. Tree dating calibration 

Patchy and missing data can exacerbate unequal/uneven estimates 
of branch length among lineages (how clock-like the tree appears), over 
and above inherent rate variation (Roure et al., 2013; Zheng and Wiens, 
2015). To reduce this calibration problem, it is necessary to rely on 
common partition models, and relaxed-clock models. The species-level 
supermatrices were far too large to properly run Bayesian relaxed- 
clock methods (Fisher et al., 2022), and the divide and graft approach 
is complicated and constraining (e.g., Jetz et al., 2012; Upham et al., 
2019). Thus, we used the simpler but still widely used Penalised Like
lihood Rate Smoothing (PLRS) method (Sanderson, 2002), as imple
mented in treePL (Smith and O’Meara, 2012). To enforce chronograms 
to remain fully bifurcating and improve the efficiency of the PLRS 
iteration, a small length increment was added to any branch of length 
>0.0005 (amounting to mean 0.43% of the original total tree length, 

affecting 6.8% of branches). TreePL was run with log_penalty, ‘thorough 
prime’ optimized settings and smoothing factor drawn from a uniform 
distribution 15–30. 

There has been considerable variation among published works 
regarding the crown age for bees (e.g., Almeida et al., 2012; Cardinal 
et al., 2018; Cardinal and Danforth, 2013; Freitas et al., 2022; Peters 
et al., 2017; Schwarz et al., 2006). The recent study of Almeida et al. 
(2023), combining phylogenomic data with Bayesian fossilized birth
–death model (FBD) incorporating an extensive fossil dataset, represents 
the current best overall estimate. Therefore, we calibrated our analysis 
with a secondary root calibration from Almeida, and a set of 34 node 
minimum constraints, based on a version of the Cardinal et al. (2018) 
Table S3 fossil calibration revised with the Almeida et al. (2023) data 
S1B_fossils information (Supplementary Table S7). We calibrated the 
bee root to a broad normal distribution of 120 million years ago (mya) 
SD 6. The normal root calibration and uniform smoothing factor dis
tributions were achieved by randomly drawing values for each of the 
1,000 bootstrap replicates. This calibration scheme was used for both 
the genus-level and the all-species trees. The results were then compared 
to published ages for a suite of key higher clades. 

3. Results and discussion 

Our intention was to produce a useful resource, by collating molec
ular data for bees, summarizing the current state of the data, and 
providing a serviceable large-scale supermatrix phylogeny. Molecular 
data are continuously being generated, and in this process higher tax
onomy is also being reconciled. As a result, most of the higher ranks are 
consistent and well supported: family, subfamily, tribe; but to a lesser 
extent, genera. We kept the tree inference to an efficient approximation, 
with appropriate computational effort to match the level of precision 
inherent in the data. The resulting phylogeny synthesises our current 
understanding of phylogenetic relationships across bee diversity. In the 
following sections we provide information regarding the current state of 
the data, the estimated phylogeny, and the uncertainty for the set of 
phylogenetic trees produced in this work. 

The phylogeny includes 4,586 species and 428 genera, which 
represent 23% of currently described species and 82% of genera, 
respectively (Fig. 1). In addition, the genera included contain 96% of all 
described species. This comprises 44.8 kb sites with a total of 21.8 
million base characters from 14,651 data elements, median 11% com
plete (median 3 genes, 2.5 kb site per species). Supplementary file 3 
provides complete information on genetic data for the entire super
matrix. We took a more hands-on approach to curating suitable data 
rather than an all-in automation to build our dataset (Beaulieu and 
O’Meara, 2018), with several iterations of collation and summary 
inference guiding its development. Our dataset is not exhaustive but a 
substantial representation of the total possible molecular data, as of mid 
2023, providing the largest supermatrix dataset and tree of bees to date 
(Chesters, 2020; Chesters et al., 2023; Hedtke et al., 2013). Tables 1, 2 
and Supplementary Table S2 show brief summaries of our sampling by 
family and by gene. A more detailed breakdown by subfamily is pro
vided in Supplementary Table S3. Within families, genera sampling was 
high (73 to 100%) but much lower for species (19–41%) (Table 2). 
Taxonomic sampling is key for phylogenetic inference accuracy (Nab
han and Sarkar, 2012), and while family, subfamily and tribe level re
lationships are robust, further work is necessary to fill in the gaps and 
reduce uncertainties in relationships between and within genera. 

3.1. Geographic distribution of sampling 

Species in the tree are biased towards the Neartic, followed by the 
Paleartic and Neotropics (Fig. 2, Supplementary Table S4), indicating 
knowledge gaps in bee distribution and under-sampling of all other re
gions (see Supplementary file 4 for a description of the methods used to 
obtain bee distribution data). Despite bees being a diverse insect group 
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Fig. 1. Supermatrix phylogeny for Anthophila built with public and published sequence data. The full tree features 4,586 species in 428 genera, representing 23% of 
species and 82% of genera, inferred with IQ-TREE. Root age is based on the work of Almeida et al. (2023) and dating was done with treePL (see Table S7 for 
calibrations). Taxon coverage is denoted in brackets, and node labels represent ultrafast bootstrap values as a percentage. For more information see the genus level 
tree in Supplementary Fig. S1. Dots on nodes demark the subfamily clades, and arrows the named genera. Some genera highlighted include bumblebees (Bombus) 
which are one of the best-studied bee taxa in the world; orchid bees in part (Euglossa), for their colourful appearance; and two of the largest genera of bees, the sweat 
bees (Lasioglossum) and mining bees (Andrena). Illustrations to the right of the tree show some of the genera included in the phylogeny. Family colour coding used 
throughout. This tree can be downloaded at beetreeoflife.org, which also hosts 1,000 bootstrap sample trees converted to dated chronograms to represent the 
phylogenetic information and uncertainty in our supermatrix. 
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with global distribution (Danforth et al., 2019; Michener, 2007), 
geographical biases remain. This has previously been discussed in terms 
of ecological gaps (Archer et al., 2014), and taxonomic gaps (Orr et al., 
2021), but efforts should also be made to obtain molecular data from 
other regions to better understand the relationships and the evolution of 
bees, especially considering that some of these less studied regions might 
host high bee species richness (Batley and Hogendoorn, 2009; Eardley 
et al., 2009; Freitas et al., 2009; Groom and Schwarz, 2011; Melin and 
Colville, 2019). 

3.2. Gene sampling 

Overall, the data were highly skewed with many species (36%) 
having one gene (86% COI, 13% UCE stub), and only a small number 
(16%) having more than five (Fig. 3A-B). However, data were well 
distributed across lineages and a small number of species with many 

genes were phylogenetically spread across the tree (Fig. 3A-C, Supple
mentary Fig. S3, Supplementary Table S2). In addition, the use of 
shortened subsets of phylogenomic data provided sufficient information 
to ensure the tree was consistent with published higher-level phylog
enies in topology and relative branch length, mostly matching previ
ously published results (see Section 3.4. and Supplementary file 5). 
Thus, the addition of thousands of taxa with little data to the core 
backbone had limited effect on the underlying backbone of the tree. This 
can be seen in the similarity of the genus representative tree and the 
equivalent subtree pruned from the full all-species tree where 92% of 
nodes were recovered; remaining nodes had low support in either or 
both trees (Supplementary Fig. S1). Branch lengths were also very 
similar, as are the inferred clade ages (see section below). 

In total, median IQTree ultrafast bootstrap support value (ufbs) was 
86%, with 30% of nodes below 70%. This varied across the family 
subtrees (Fig. 3D). Apidae and Melittidae had the best support (median 

Fig. 1. (continued). 
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ufbs 91/93%), and Colletidae the least (median 79%). The genus-level 
representative tree returned higher support: median ufbs 99% 
(Fig. 3D, Supplementary Fig. S1). 

3.3. Data structure limitations 

A key issue in supermatrix data structure is how much data are 
shared between true sister taxa, a simple measure being the genes taxa 
have in common (hereafter referred to as ‘GIC’ – genes in common). GIC 
is very similar to taxon triplets measures (Sanderson et al., 2010), and 
provides an indication of data structure limitations by identifying 
groups that are most affected by scarce data overlap, and would there
fore profit from targeted data gap filling (see Freyman, 2015). In a 
cladistic analysis, taxa with no data in common cannot be recovered as 
sister taxa (Sanderson et al., 2010). In principle, a supermatrix would 
have at least one GIC to all species (typically mtDNA) with the 
remaining genes (typically nuclear) limited to key representatives of the 
major lineages. However, in practice supermatrices tend to be patchy 
with much missing data, potentially leaving many true sister taxa with 
little or no data in common. Nonetheless, the most common gene COI 
covers 3,892 species (84%, Table 1). The nuclear genes EF-1a and LW Rh 
are also widely sampled (44 and 40%, respectively). 

At family and subfamily levels, data were highly robust and struc
tured with a minimum of seven GIC (median of nine) among all sub
families (Supplementary Table S5, Fig. 3C). Within genera the overlap of 
data varied (Supplementary Table S5, Supplementary Fig. S2A-B), with 
numerous cases of zero shared data between individuals within a genus 

(Supplementary Table S6; gic0 = proportion of pairwise comparisons 
with zero GIC). A few examples illustrate some issues: The Andrenidae 
genera have robust backbones from UCE data but the problem is linking 
this to taxa with the standard ‘legacy’ genes. In the large genus Megachile 
(207 species) it is unclear if and where the moderate gic0 (0.12) might 
affect the tree but in Stelis it must be substantial despite the apparently 
high bootstrap support (Sanderson et al., 2015). The generally 
increasing GIC deeper into the tree and variation in GIC towards the tips 
is apparent from GIC mapped onto the tree (Supplementary Fig. S2C; 
note that in the tree GIC should be >0). Comparing a few groups, Las
sioglossum and Nomada have generally few genes in common (1) but this 
is quite consistent among taxa hence low proportion of gic0 (spe
cies/gic0; Lassioglossum: 430/0.003; Nomada: 111/0.05; see Supple
mentary Table S6 for details). On the other hand, Hylaeus and Calliopsis 
are poorly structured with a significant minority of gic0 (154/0.18 and 
17/0.24 respectively). There are two approaches when dealing with 
limited GIC, either remove species or fill in the existing gaps. Excluding 
rogue taxa may also help but this can be a complicated process (Smith, 
2022). Until these gaps are filled, species relationships within poorly 
structured genera should be treated with caution, and in the cases where 
analyses are sensitive to tree topology, these genera could be pruned 
back to single genus representatives. 

3.4. Similarity to previous studies 

As intended, our tree largely reproduces the recent best phyloge
nomic scale results for families and subfamilies (e.g., Bossert et al., 2021, 

Table 2 
Summary of taxonomic sampling by family.  

Family Total subfamilies* Total genera Included genera (%) Total species Included species (%) 

Andrenidae 3 50 44 (88) 2,957 639 (22) 
Apidae 5 211 184 (87) 5,829 1,751 (30) 
Colletidae 8 76 66 (87) 2,616 520 (20) 
Halictidae 4 82 61 (74) 4,400 758 (17) 
Megachilidae 4 83 61 (73) 4,099 830 (20) 
Melittidae 3 15 10 (67) 201 82 (41) 
Stenotritidae 1 2 2 (100) 21 6 (29) 
Total 28 519 428 (82) 20,123 4,586 (23)  

* All subfamilies are included in this work and total numbers for each rank are based on our taxonomic database. 

Fig. 2. Distribution of bees with available molecular data that was used to build the supermatrix phylogeny.  
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2019; Branstetter et al., 2017; Peters et al., 2017; Sann et al., 2018; Sless 
et al., 2022). These differ somewhat to older multi-gene studies, the data 
of which we also included (Almeida et al., 2012; Cardinal et al., 2018; 
Cardinal and Danforth, 2013; Ramos et al., 2022; Rehan et al., 2010). All 
family-level relationships had 100% ufbs support. Regarding higher 
groups with more than one taxon in our tree: 25 out of 26 subfamilies 
were monophyletic, all but Euryglossinae with >95% ufbs support. 
Fideliinae appeared paraphyletic, as also seen in Almeida et a. (2023); 
58 out of 60 tribes were monophyletic (with >90% ufbs); the exceptions, 
Centridini and Ancyloscelidini, had equivocal support (monophyletic in 
the species tree, paraphyletic in the genus tree) with weak bootstrap 
values (see Supplementary file 5 for details), in common with previous 
phylogenomic studies (Supplementary Table S1). Of 264 genera with 
more than one species in our tree, nominally 63 were not monophyletic. 
These non-monophyletic genera fall into four broad categories noted 
here and discussed further below: i. not monophyletic (Supplementary 
file 5; but this can depend on the chosen nomenclature); ii. limited 
resolution (i.e., they are recovered in a minority of bootstraps); iii. ar
tefacts of data structure (but most do not appear to have that problem – 
see Supplementary Table S5 and S6); iv. artefacts of imperfect ML tree 
search inference (ameliorated by successive development of the data
matrix culling some highly unstable ‘rogue’ taxa). 

The differences between our full species tree and our genus repre
sentative tree mirror the uncertainties reported in some of the primary 
studies. Most of these differences involve short internodes between 
lineages. Even with massive amounts of multi-locus UCE data such sit
uations can be unresolvable and/or uninformative (Degnan and 
Rosenberg, 2009; Hahn and Nakhleh, 2016). Some key remaining un
certainties include the subgeneric relationships within Andrena 

(Andrenidae: Andreninae) given its high degree of paraphyly and pol
yphyly, where classification changes will likely occur with further ef
forts to resolve such a diverse and complex genus (Pisanty et al., 2022). 
A similar situation applies to the enormous genus Lasioglossum (Hal
ictidae: Halictinae). The position of the subfamily Anthophorinae 
(Apidae) is also uncertain, having been recovered as sister to Nomadinae 
(Bossert et al., 2019), as well as sister to all remaining Apidae sub
families (Orr et al., 2022). We get yet a third result with the Nomadinae 
as sister to the Anthophorinae+all other Apidae in both our species and 
genus trees; but again with short internodes and equivocal support (ufbs 
76/92%). We summarise key differences between our results and pre
viously published work in Supplementary file 5, which also mentions 
some genera that are potentially not monophyletic. 

3.5. Dating results 

For large phylogenies, Bayesian dating methods are computationally 
intensive. Penalised likelihood rate smoothing (PLRS), as implemented 
in TreePL, is an efficient alternative without the complexities of the 
divide and graft approach (e.g., Jetz et al., 2012; Smirnov and Warnow, 
2021; Upham et al., 2019), albeit with more limited scope for incorpo
rating calibration information compared to Bayesian methods. We 
compared a range of groups across families, for which there were mul
tiple previous estimates from 21 different published studies (Supple
mentary Fig. S3, Supplementary Table S8). There is considerable 
variation between studies but in the context of limited precision 
inherent in relaxed-clock dating (Mello and Schrago, 2014; Sanderson, 
2002; Yang and Rannala, 2006), our dating is consistent with the 
emerging broad overall consensus. In particular, our ages tend to be 

Fig. 3. Graphical summaries of data completeness and tree support. A. Number of genetic data elements (‘genes’) per species in the 4,586 species tree and per genus 
in the 428 genus representative tree. B. Proportion of sites with data in the supermatrix not including the phylogenomic stub. C. Number of genes in common 
between all genera within each family, summarized in four categories (number of genera after name, and in histogram left to right in alphabetical order). D. Cu
mulative bootstrap support across nodes by family and the genus representative tree. Colletidae+ includes Stenotritidae. 
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slightly older (~11%) than Almeida et al. (2023) but within the confi
dence interval ranges (Fig. S1B; Bossert and Almeida, 2023). 

3.6. Direction of future efforts 

Considering the amount of UCE data that has become available in 
recent years, we anticipate large projects that will consolidate all primary 
UCE. With these data it would be possible to build a more comprehensive 
bee backbone ‘stub’. In the case of data structure commonality, a targeted 
approach would be the best way to overcome data gaps, such as the one 
recently used by Kawahara et al. (2023) for butterflies. Gaps in bee mo
lecular data that emerged from this work are outlined in our summaries of 
data patchiness. At present most genera are represented, but within 
genera, species sampling is uneven, ranging between zero to 100% but 
often below 20%. Proportional molecular data representation is neces
sary to recover phylogenetic relationships accurately (Dell’Ampio et al., 
2014). Thus, to resolve uncertainty in relationships between and within 
bee genera, future work would benefit from sampling genera that are 
currently underrepresented. A few key ‘legacy genes’ would be needed, at 
least initially, such as COI and EF-1α. Substantial mtDNA often comes 
with raw UCE data (‘genome skimming’; e.g., Branstetter et al. (2021), 
Sann et al. (2021)), so it is worthwhile including this in order to link 
species with UCE to the large COI barcode database. 

It is important to recognise the limitations of this phylogeny. For most 
bee species, there is no molecular data available and thus, their placement 
and relationships remain uncertain. Studies focusing on patterns of 
diversification in space and time have overcome incomplete sampling by 
using the birth–death polytomy resolvers of Kuhn et al. (2011) and 
Thomas et al. (2013), which assign a position to species with no molecular 
data into phylogenetic trees using information based on taxonomy. This 
approach has been used to simulate the phylogenetic positions of taxa in 
mammals and birds (Jetz et al., 2012; Rabosky et al., 2018; Upham et al., 
2019), and while the resulting phylogenies might be reliable for diver
sification and phylogenetic distinctiveness analyses (but see Chang et al., 
2020), they should be used with caution in phylogenetic comparative 
analyses because the placement of these taxa within a phylogeny does not 
take into account their species trait values (Rabosky, 2015). Our super
matrix only includes species with molecular data, accounting for 23% of 
the total number of bee species currently accepted. This is far from the 
coverage of molecular data available for birds or marine fishes (Jetz et al., 
2012; Rabosky et al., 2018), but close to the proportion of seed plants with 
molecular data (Smith and Brown, 2018). For comparative analyses this 
supermatrix phylogeny provides enough species for multiple phyloge
netically independent comparisons (Supplementary Table S4). None
theless, we stress the need to use approaches that deal with missing data 
(Garamszegi and Møller, 2011), and the importance of always assessing 
the assumptions and biases of phylogenetic comparative analyses, to 
avoid poor model fits and misinterpretation of results (Cooper et al., 
2016; Rangel et al., 2015). Future efforts should focus on sampling spe
cies from realms, mainly from the Global South, that currently have a 
limited amount of molecular data available. 

4. Conclusions 

This work presents the most species comprehensive bee phylogeny to 
date, providing a summary of substantial existing sequence data avail
able up to mid 2023, as well as its gaps. The supermatrix phylogeny was 
built with carefully curated public data, yielding a composite of previ
ously published phylogenetic hypotheses regarding bees that can be 
downloaded and subsetted online at beetreeoflife.org. Phylogenetic 
trees in this work show sensible support between bee families, most 
subfamilies and tribes. At the genus level, genera are for the most part 
represented, but within genera low data coverage remains a problem in 
some taxa. Future additional work could improve resolution, particu
larly for genera that remain under-sampled. This in turn could provide a 
better understanding of the evolution of this diverse group of insects. 
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