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Photic niche invasions: phylogenetic history
of the dim-light foraging augochlorine bees

(Halictidae)
Simon M. Tierney1,*, Oris Sanjur1, Grethel G. Grajales1, Leandro

M. Santos2, Eldredge Bermingham1 and William T. Wcislo1,*
1Smithsonian Tropical Research Institute, Apartado Postal 0843-03092, Balboa, Ancón, República de Panamá

2Laboratório de Biologia Comparada de Hymenoptera, Departamento de Zoologia, Universidade Federal do

Paraná, Caixa Postal 19020, 81531-980 Curitiba, Paraná, Brazil

Most bees rely on flowering plants and hence are diurnal foragers. From this ancestral state, dim-light

foraging in bees requires significant adaptations to a new photic environment. We used DNA sequences

to evaluate the phylogenetic history of the most diverse clade of Apoidea that is adapted to dim-light

environments (Augochlorini: Megalopta, Megaloptidia and Megommation). The most speciose lineage,

Megalopta, is distal to the remaining dim-light genera, and its closest diurnal relative (Xenochlora) is recov-

ered as a lineage that has secondarily reverted to diurnal foraging. Tests for adaptive protein evolution

indicate that long-wavelength opsin shows strong evidence of stabilizing selection, with no more than

five codons (2%) under positive selection, depending on analytical procedure. In the branch leading to

Megalopta, the amino acid of the single positively selected codon is conserved among ancestral Halictidae

examined, and is homologous to codons known to influence molecular structure at the chromophore-

binding pocket. Theoretically, such mutations can shift photopigment lmax sensitivity and enable

visual transduction in alternate photic environments. Results are discussed in light of the available evi-

dence on photopigment structure, morphological specialization and biogeographic distributions over

geological time.
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1. INTRODUCTION
The invasion of a novel sensory environment represents a

significant niche shift [1,2]. For photic niche shifts,

photosensitivity of the eye is a target of selection, which

may be associated with evolutionary diversification in

many animal taxa [1,3]. Despite the independent origins

of eyes, many elements of the visual system are conserved,

such as the photopigment proteins (the opsins) that orig-

inate from a common metazoan ancestor [4–6]. Opsin

genes are routinely used for reconstructing phylogenetic

history (e.g. [7] for bees), but they also provide a poten-

tially powerful signal for understanding the molecular

basis of behavioural transitions to novel light environ-

ments, especially when viewed from a comparative

phylogenetic perspective [8].

Visual pigments consist of a photon-absorbing chro-

mophore (11-cis-retinal) which is surrounded by an

apo-protein (opsin), embedded in the transmembrane of

photoreceptor cells, and the expression of variant opsins

(short/medium/long l) permits chromatic vision [4,9].

Changes in either a small set, or single point mutations,

of amino acids relative to the chromophore-binding

pocket can shift spectral sensitivity [10–13]. The same

result also can be achieved via gene duplication within

opsin classes and differential expression of alternate
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copies [14,15], or the use of rhabdomeric filters to

modify photopigment activation [16].

Here we explore the phylogenetic history of the obli-

gate dim-light foraging augochlorine sweat bees

(Megalopta, Megaloptidia and Megommation), the most

diverse radiation of dim-light bees within the Apoidea

(reviewed by Wcislo & Tierney [17]). These bees forage

under light conditions that are orders of magnitude

dimmer than related diurnal taxa [18–20] (reviewed by

Wcislo & Tierney [17] and Warrant [21]), so there are

reasons to expect that augochlorine opsin proteins may

be under strong selection that led to adaptive radiations,

as in other taxa such as cichlid fishes [8,22]. If so, opsin

may be unsuitable for our phylogenetic purposes, which

we test by comparison with two non-photic nuclear

protein-coding genes. We estimate relative rates of non-

synonymous to synonymous mutations using distance

and phylogenetically informed likelihood procedures,

comparing dim-light foraging taxa with their close diurnal

relatives. We also use dating estimates to place the evol-

utionary ecology of the dim-light foraging Augochlorini

within a historical context.
2. MATERIAL AND METHODS
(a) Specimen collection and study taxa

Bees were collected at light traps or from nests (see [23–26])

at localities given in the electronic supplementary material,

table S1. The most abundant genus is Megalopta (approx.

30 species, including five parasites), which are distributed
This journal is q 2011 The Royal Society
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from Mexico to northern Argentina and southern Brazil, pre-

dominantly in lowlands, with one Central American montane

species [24,27–31]. Megaloptidia (three species) occur in the

Amazon basin and Guiana Shield [28,32], and Megommation

s. str. (two species) occur in eastern Brazil, and northern

Argentina and Paraguay [28,33]. Multiple specimens of the

same morphospecies from different locations were used to

assess potential problems associated with prior taxonomy

(see electronic supplementary material, M1). Voucher speci-

mens are located in the dry reference collection of the

Smithsonian Tropical Research Institute.

(b) DNA sequence compilation

Bi-directional fragments of three protein-coding nuclear gene

regions, long-wavelength green opsin (LwOp), the F2 copy of

elongation factor-1 alpha (EF-1a) and wingless (Wg) were

obtained (for gene maps see [34,35]). Primer oligos and

polymerase chain reaction conditions are detailed in the elec-

tronic supplementary material, M2. Sequences were edited

(SEQUENCHER 4.6) and aligned (Se-Al v. 2.0a11 Carbon) to

the coding region sequence of pre-existing halictid bees

accessed from GenBank, and accession numbers JN106067

to JN106163 represent new sequences obtained for this

study (see electronic supplementary material, table S1).

Intron regions were excluded from analyses, identified in

accordance with the coding regions of exemplars: LwOp—

U26026 Apis mellifera; EF-1a—AF015267 A. mellifera;

Wg—J03650 Drosophila melanogaster.

(c) Phylogenetic inference

Phylogenetic inference was performed using MRBAYES 3.1.2.

Data were partitioned by codon position within each gene.

We took an objective approach ([36], see electronic sup-

plementary material, M3), and used the most parameter

rich, yet least restrictive model (GTR þ I þ G), for each par-

tition and used default priors for other all parameters, which

were unlinked across partitions. Default heating procedures

were performed on two independent parallel runs, sampling

likelihoods every 1000th generation. We ran analyses for

100 M generations so that the modelling procedure reached

stationarity, and to obtain a large sample size from which

to assess confidence in estimates of node divergence times.

We used 10 per cent burn-in points (n ¼ 90 K trees)

and ran three analyses: (i) a combined three gene dataset,

(ii) non-photic: EF-1a þWg, and (iii) photic: LwOp only.

(d) Tests for adaptive evolution: relative rates of

dN/dS – v

We followed standard methods to test for signals of adaptive

evolution from nucleotide sequences by assessing the relative

rates (v) of non-synonymous (dN) to synonymous (dS) sub-

stitutions. We first used distance measures (z-tests, MEGA

v. 4.0) to test for positive selection (Ha: dN . dS) within

all gene fragments that were used to construct the phylogeny.

Then we compared LwOp by foraging mode across our data-

set, as well as independent pairwise analyses among 11 pairs

of bee taxa with nocturnal versus diurnal foraging behaviour,

for which comparable sequences are available (listed in the

electronic supplementary material, table S1); behavioural

categorizations were taken from Wcislo & Tierney [17].

Distance measures may suggest selection is operating, but

do not indicate which sequenced regions are undergoing

selection, and hence how selection is operating. Maximum-

likelihood procedures were undertaken within a phylogenetic

context (HYPHY v. 1.0) with consensus LwOp trees derived
Proc. R. Soc. B
from Bayesian analyses. We assessed Global versus Local

(specific branch) models, and a priori we selected clades and

branches that may be expected to be under differential selec-

tion (i.e. dim-light versus diurnal foragers), and used

modified data matrices (a, all specimens; b, single specimen/

species; c, ancestral halictids added to matrix b) to account

for the potential effect that altering outgroups may have

on ingroup comparisons of v. Finally, we used site-specific

modelling procedures, employing both single likelihood

ancestor counting as well as a more thorough branch-site

fixed effect likelihood methodology (further details in

electronic supplementary material, M4).

(e) Divergence time estimation

We use two relaxed clock analytical methods to estimate

divergence dates for internal nodes of the Bayesian consensus

tree, a simplistic path-length analysis with fine-scale optimiz-

ation for smoothing substitutional rate variation (PATHd8

v. 1.0), and a more rigorous penalized likelihood approach

that optimizes smoothing rates across the tree, which then

controls for extreme rate variation among branches, and

importantly permits estimation of confidence measures on

node age (r8s v. 1.71).

Justification of fossil usage, and analytical details are

provided in electronic supplementary material, M5. Synthesiz-

ing the fossil (amber, pollen, compression and trace) and

biogeographic evidence, the existence of ancestral halictid

lineages in Maastrichtian (70.6–65.5 Myr ago) South America

is plausible and conforms to molecular-derived age estimates

of supra-family level for the Aculeata [37]. The most probable

match of any ichnofossil to extant bee lineages is that of

Uruguay (Maastrichtian ichnogenus) to Augochlorini (e.g.

Pseudaugochlora), but see arguments by Michener [28,

p. 101] and Genise & Bown [38]. Thus, we use the root age

of 65 Ma, for the node representing the most recent

common ancestor (MRCA) of Augochlorini þ Caenohalictini

(Halictinae), which agrees with prior phylogenetic studies of

Halictidae [34,39].

We used Dominican amber inclusion fossils of halictine

bees (reviewed by Engel & Peñalver [40]) as an internal mini-

mum age constraint between 15 and 20 Ma [41]. Bees in our

phylogenetic analyses that contain ancestral lineages rep-

resented in Dominican amber include: Augochlora,

Augochloropsis (but see [40]), Caenohalictus and Neocorynura.

To create credible boundaries for the upper and lower ages

for amber calibrates, we identified two nodes: the earliest

possible crown node, Amber Early (MRCA of Augochloropsis

and Augochlora); and the most distal stem node, Amber Late

(MRCA of Augochlora).

The most conservative use of age calibrates was a fixed

Root of 65 Ma and a minimum age constraint of 15 Ma at

Amber Late. We then shifted the minimum age constraint to

the node Amber Early. Next, we removed the internal con-

straint, so that analyses rely solely on the Halictinae Root

age. Finally, we modified the phylogeny into sub-trees so

that the upper (Amber Early) and lower (Amber Late) internal

constraint nodes are transformed to become independent

fixed ages, with all ancestral taxa leading to those nodes

pruned from the tree and analysis. We then explored the

robustness of age estimates by adjusting age constraints at

5 Ma intervals. Thus, five broad variations on node-age

calibration were performed: (i) Root fixed at 65 Ma, Amber

Late constrained to 15/20/25/30/35/40/45 Ma; (ii) Root fixed

at 65 Ma, Amber Early constrained to 15/20/25/30/35/40/

http://rspb.royalsocietypublishing.org/
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45 Ma; (iii) Root fixed at 45/50/55/60/65/70/75/80/85 Ma, no

internal constraint; (iv) ancestral taxa pruned, Amber Late

fixed at 5/10/15/20/25/30/35 Ma; and (v) ancestral taxa

pruned; Amber Early fixed at 15/20/25/30/35/40/45 Ma.

Standard confidence interval measures are not appropri-

ate because placing constraints on node age necessarily

leads to skewed distributions, thus violating assumptions of

normality. Confidence limits for node-age variability were

assessed using the Bayesian analysis consensus tree as a

filter constraint (PAUP* v. 4.0 b10), to yield a pool of topo-

logically alike trees with variable branch lengths, that we then

imported into r8s to assess variation in node age. Central dis-

tribution 95% confidence limits (CLs) were determined by

the upper and lower 2.5 per cent quantile of node ages.
3. RESULTS
(a) Phylogeny

The combined phylogenetic data recovered 2049 aligned

coding region nucleotides (LwOp 702 bp, EF-1a 754 bp,

Wg 593 bp), with introns excluded. The consensus tree

(figure 1a; corresponding phylogram—electronic sup-

plementary material, figure S1a) gives posterior

probability (PP) node support for nodes with less than

100 PP. Relationships among the diurnal augochlorine

taxa are well supported. All dim-light taxa form a mono-

phyletic clade, but with only moderate support (80 PP).

The monophyletic grouping of (Megaloptidia þ
(Megalopta þ Xenochlora)) is maximally supported, as is

the monophyly of Megaloptidia. Megalopta is not mono-

phyletic, as the diurnal Xenochlora forms a fully

supported monophyly with Megalopta atra (the only mon-

tane Megalopta species), which renders Megalopta

paraphyletic. The group (Xenochlora þM. atra) forms a

sister clade to the remaining lowland Megalopta, which

is a fully supported monophyletic group. These lowland

lineages can be broadly divided by sculpturing on the

basal area of the propodeum [42], into two well sup-

ported main clades: (i) one clade is comprised species

with a smooth basal area of the propodeum (84 PP),

which contains all specimens of Megalopta centralis (i.e.

Megalopta ecuadoria in earlier publications); and (ii) one

clade is comprised the parasitic Megalopta byroni and

the remaining Megalopta with striate basal area of the pro-

podeum (100 PP). Resolution among terminal branches

within both of these lowland clades, however, is weak.

In order to assess the effects of including multiple

specimens per morphospecies, we ran a second analysis

with just one representative per taxa. This analysis gener-

ated the identical topological relationships among genera

and subgenera (electronic supplementary material, figure

S1b). Node support was also broadly equivalent, apart

from the MRCA of the augochlorines that dropped

from 99 to 89 PP support and the relationship between

the parasite (M. byroni) and known host (Megalopta gena-

lis) was resolved (90 PP); the remaining members of the

clade with striate basal area of the propodeum collapsed

into a three-way polytomy.

When the opsin fragment was removed from the

matrix, very few of the above relationships hold (elec-

tronic supplementary material, figure S2). The MRCA

of the augochlorines collapsed into a polytomy. The

dim-light taxa no longer form a monophyletic clade;

Megommation and Megaloptidia are grouped with other
Proc. R. Soc. B
diurnal taxa with poor support (less than 67 PP). The

only fully supported monophyletic grouping is that of

Megalopta and Xenochlora, whereby (M. atra þ Xenochlora

nigrofemorata) form a clade (87 PP) that is sister group to

a polytomous grouping of all the remaining lowland

Megalopta.

When only opsin is used to reconstruct the phylogeny

(electronic supplementary material, figure S3a), some

resolution is lost among the diurnal outgroups but again

the dim-light taxa are recovered within a common clade

with strong support (94 PP). Within this clade, the

grouping of Megommation with Megaloptidia is fully sup-

ported, as is Xenochlora with Megalopta. In the latter,

Xenochlora is recovered as a distinct sister group to M.

atra; in this analysis monophyly of the genus Megalopta

is very poorly supported (60 PP). Within Megalopta, the

highland M. atra is again isolated from the lowland Mega-

lopta wherein dichotomous resolution is lost. These

analyses suggest that opsin provides good resolution

among the augochlorine genera included in this study,

but not at the species level for Megalopta. However,

when only a single representative per species is used,

and incomplete sequences are removed, resolution some-

what improves (electronic supplementary material, figure

S3b). If the gene is undergoing positive selection, how-

ever, then the apparent resolution it provides may be

spurious.

(b) Tests for adaptive evolution

(i) Distance measures of v averaged across the matrix

Results from the z-tests (electronic supplementary

material, table S2), for all three gene fragments, showed

evidence of stabilizing selection (all p ,0.001), but no

evidence of positive selection (all p ¼ 1.0). The same

trends and significance values were found when the speci-

mens were split into groups based on foraging mode

(diurnal versus dim-light) for LwOp.

(ii) Pairwise measures of v

Using 15 GenBank sequences of LwOp and five derived

from the current study (electronic supplementary

material, table S3), we found 11 suitable pairs of dim-

light/diurnal foraging bees for pairwise measures. In two

of these analyses (Megalopta versus Xenochlora, and

L. (Sphecodogastra) versus L. (Evylaeus)), neutrality was

not rejected. The other nine comparisons rejected neu-

trality and found very high support for stabilizing

selection (all p , 0.001), and no support for positive

selection.

(iii) Maximum-likelihood measures of v

Likelihood measures on the LwOp coding sequence were

performed on three dataset perturbations with incom-

plete sequences removed: (i) the original taxon matrix

(n ¼ 38) þ electronic supplementary material, figure S3a;

(ii) a single specimen/species matrix (n ¼ 16) þ electronic

supplementary material, figure S3b; and (iii) all available

ancestral halictids added to matrix b (n ¼ 33) þ electronic

supplementary material, figure S3c (sequences sourced

from GenBank; see electronic supplementary material,

table S1). Akaike Information Criterion tests for LwOp

rate procedures selected the HKY85 model. For all

analyses, we used Muse–Gaut likelihood rate matrices

http://rspb.royalsocietypublishing.org/
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Figure 1. Total evidence and opsin-only phylogenies. (a) Consensus chronogram for all three genes, posterior probability node
support indicated when less than 100. Foraging environment denoted by branch colour (diurnal, grey; dim-light, black), and
node colour (diurnal MRCA, white circle; dim-light MRCA, black circle). Open circle with black dot denotes age-calibration
node. Branch lengths derived from r8s analysis: Root fixed 65 Ma; Amber Late constrained 15 Ma. Horizontal bars represent
95% CL’s for a 65 Ma fixed Root and a constraint age of 15 Ma (light grey bars) or 20 Ma (dark grey bars). Mean node age indi-

cated by a vertical black line within these bars. (b) Ancestral halictid LwOp summary cladogram, modified from electronic
supplementary material, figure S3c. Indicates two positions that were positively selected (all datasets) in branches leading to
the MRCA of dim-light foraging clades (see electronic supplementary material, table S5). Codon Gly11Cys is homologous to
the chromophore-binding pocket sites of Papilio-142 and bovine-123. Megalopta is summarized by lineage: diurnal (Xenochlora),

montane (Megalopta atra) and two main lowland clades possessing either smooth (M. centralis) or striate basal area of propodeum
(remaining morphotypes). Asterisk, Dufourea sequence may be questionable (see electronic supplementary material, R2).
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in combination with either a HKY85 or a more par-

ameter-rich GTR codon model, depending on whether

graphical user interface or batch files were used. Consen-

sus trees (electronic supplementary material, figure S3)

were derived from the corresponding Bayesian analysis

and results discussed below are presented in the electronic

supplementary material, table S4. We found no evidence

of recombination events in our data.

Global (shared) estimates of v across the entire tree

corroborate distance-based z-tests in rejecting neutral

evolution, as confidence intervals do not overlap 1.

Analyses (i) and (ii) yielded equivalent values (v � 0.2),

while inclusion of ancestral taxa (analysis (iii)) genera-

ted a slightly weaker indication of directional selection

(v � 0.1). Likelihood ratio tests comparing Global (Ho)

versus Local (Ha) rates provided highly significant evi-

dence for local branch-by-branch variation in v for all

trees. We also found evidence for interclade variation in

v when the tree was split by photic niche for foraging.

All three matrices supported a nested model (dim-light

clade þ branch leading to it, in comparison with the diur-

nal clade), in preference to global estimates, with

evidence of slightly stronger rates of stabilizing selection

in the diurnal clade (v range: 0.1–0.13), when compared
Proc. R. Soc. B
with the dim-light clade (v range: 0.34–0.36). Likelihood

ratio tests comparing v between terminal and internal

branches supported Ha, indicate that terminal branches

experience significantly different rates of v compared

with the rest of the tree.

The general site and branch Single Likelihood Ancestor

Count procedure tested for both positive and stabilizing

selection at each codon (n ¼ 234) in the sequence. The

procedure first counted across the entire tree and then

counted the terminal (T ) and internal (I) branches inde-

pendently. Again, there is evidence of stabilizing selection,

but no indications of sites under positive selection. Full

counts suggested 12–41% of the sequence is undergoing

stabilizing selection, depending on the matrix. Among-

branch analyses of tribe Augochlorini suggest a noticeable

increase in the number of codons under stabilizing selec-

tion in terminal branches versus internal branches (single

specimen/species matrix b: T ¼ 7%, I ¼ 0.4%); these

phylogenetic path-length differences are less pronoun-

ced when ancestral halictids are incorporated (matrix

c: T ¼ 20%, I ¼ 15%).

The site and branch two-rate fixed effects likelihood

analyses were first performed on all branches in the

tree, then on sub-trees rooted at the MRCA node of the

http://rspb.royalsocietypublishing.org/
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dim-light augochlorines and all derived nodes of each

dim-light genus, and finally on the ancestral branches

leading to all of the aforementioned nodes. Electronic

supplementary material, table S4 details the sum count

of directionally selected codons, followed by the position

of positively selected codons. Each dataset gave rise to no

more than five sites undergoing positive selection in each

analysis. Each positively selected codon from data matrix

c analyses (sub-tree and branch-site) was highlighted in

an alignment relative to opsin codon positions in Apis

(honeybee) and Papilio (swallowtail butterfly). Two posi-

tively selected codons were consistently recovered across

matrices in branches leading to dim-light clades (see

figure 1b; electronic supplementary materials, R2 and

table S5). We identified one potentially functional

amino acid mutation within the dim-light clade, relative

to the homologous position of the chromophore-binding

pocket.

(c) Divergence estimates

We used the total data consensus tree for all PATHd8 ana-

lyses, and as the constraint topology to filter trees (n ¼

5144) to gain 95% CLs for r8s analyses. Figure 1a pre-

sents a chronogram with branch lengths derived from a

conservative r8s analysis. Results from all analyses are

presented in electronic supplementary material, table S6

and thoroughly compared in electronic supplementary

material, R3. However, both methods provided similar

age estimates and no unexpected results arose when age

constraints were liberally extended. Table 1 shows a

subset of r8s analyses that independently yield equivalent

results. Removal of internal constraints or alternate fixed-

age placement strengthen the intuitive a priori choice of

rooting the tree at 65 Ma with placement of an internal

minimum constraint of 15 Ma at the Amber Late node.

The Amber Late node is located quite high in the tree,

but the alternate independent use of calibration point

nodes (and even the removal of Megommation—analysis

4X, table 1), suggest our estimates are robust. These cali-

brating procedures and their confidence intervals suggest

that the MRCA of the augochlorine taxa used in this phy-

logenetic reconstruction is at least 46 Ma (95% CL 38–

55 Myr ago). The obligate dim-light foraging augochlor-

ine bees share a common ancestor that is at least 22 Ma

(95% CL 18–28 Myr ago). The most speciose dim-light

foraging genus Megalopta has an MRCA that is at least

11 Ma (95% CL 7–16 Myr ago), and the two most geo-

graphically widespread lowland Megalopta clades are

estimated to have diverged and radiated within the last

5 Ma (95% CL 4–7 Myr ago). A credible upper bound-

ary (Root fixed at 65 Ma; Amber Late constrained to

20 Ma) yields very similar 95% CL’s for all nodes, never

exceeding more than 3.3 Ma difference at either tail.
4. DISCUSSION
(a) Opsin evolution

The functionality of our positively selected amino acid

sites, relative to distantly related opsin proteins, remains

an open question. Recent empirical work shows that

mutations of long-wavelength opsins at positions homolo-

gous to bovine tuning sites alter sensitivity of Drosophila

chromophores [13]. Our codon 11 (Apis 138, Papilio

142, bovine 123 [43]) is the only positively selected
Proc. R. Soc. B
codon on the ancestral branch leading to MRCA of

the most diverse dim-light foraging augochlorine clade

(Megalopta); the amino acid is conserved in ancestral

lineages and then switches Gly11Cys (figure 1b, electronic

supplementary material, table S5). Homology modelling

of the crystal structure and ultimately mutagenic exper-

iments are required to assess the functionality of this

mutation. Comparisons to previous studies on Lepidop-

tera and bees [43], however, suggest that this codon may

be associated with structural changes that influence the

chromophore-binding pocket, and potentially shift the

absorption lmax of the visual pigment.

The functional consequences of differential opsin

expression are beginning to be resolved for bees. A fully

nocturnal carpenter bee (Xylocopa) is capable of colour

discrimination under very dim light [44], whereas honey-

bees (Apis) switch and use achromatic vision at low light

intensities [45]. Bumble-bees express LwOp at much

faster rates than ultraviolet (UV) or blue opsins [46],

suggesting LwOp may play a role in photoreceptors

measuring optic flow. As with diurnal bees, manipulation

of horizontal flow in the visual field alters flight speed in

Megalopta, even at low light intensities [47]. In addition,

Megalopta possess a number of other neuro-physiological

and anatomical adaptations for vision in dim light

(reviewed by Wcislo & Tierney [17] and Warrant [21]).

Future research aims to link these adaptations with

studies of opsin expression.

Are data from long-wavelength opsin valid for reco-

vering phylogenetic history of bees that are likely to

experience strong selection on traits related to their visual

ecology? An examination of rates of dN/dS shows that

this fragment is under stabilizing selection. This finding

is consistent with other studies examining predominantly

diurnal bees (apids, megachilids, colletids and halictids),

whereby the majority of mutations were at synonymous

third codons (e.g. [7,34,35,48]). In augochlorines, only a

handful of codon sites are under positive selection, as

might be expected if point mutations result in spectral

tuning of photopigment wavelength sensitivity. In general,

LwOp provided good resolution at the generic level, except

for the relationship between Megalopta and Xenochlora

(see below).

Gene duplication is one mechanism to shift photopig-

ment sensitivity; duplicate copies LwOp occur in some

bees and butterflies [49]. To assess whether we had

sequenced an alternate copy of LwOp, we re-analysed

our data incorporating all known copies of bee LwOp-

Rh2 (Apidae—Apis, Bombus and Diadasia; Megachili-

dae—Osmia) [50,51]. The resulting tree (electronic

supplementary material, figure S3d) suggests that the

LwOp copy used in the majority of bee phylogenetic

studies [34,52] has an affinity to LwOp-Rh1. This implies

that we have sequenced the LwOp copy expressed in the

compound eyes, as LwOp-Rh2 is only known from bee

ocelli [51]. The ocelli of Megalopta appear to functionally

resemble cockroaches, more so than other bees, in that

they are UV insensitive [53].

Parallel and convergent evolution has been identified

in the rhodopsin gene of bats [54]. In augochlorine

bees, the non-photic gene matrix (EF1-a and Wg) did

not group the dim-light lineages within a single clade,

but the alternate paraphyletic arrangement was not stat-

istically supported (electronic supplementary material,

http://rspb.royalsocietypublishing.org/
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figure S2). A phylogenetic study of Megalopta using

morphological characters [55] yielded a topology similar

to our LwOp-only topology (figure 1b), but the study

did not include the other dim-light augochlorines,

Megommation or Megaloptidia.
(b) Reversion to diurnal foraging

Xenochlora, the closest diurnal relative of Megalopta, was

elevated to generic status [56] based on a suite of mor-

phological characters (e.g. coloration and ocellar size),

but otherwise appears to resemble Megalopta in form,

social behaviour and nesting biology [25]. Owing to a

lack of ethological data, we cannot rule out facultative

crepuscular activity, but we do know they are diurnal fora-

gers (D. W. Roubik 1991, unpublished observation, cited

in Engel et al. [56]). Our data support the incorporation

of Xenochlora within Megalopta, forming a fully suppor-

ted sister clade with M. atra. Males of Xenochlora are

unknown; Michener [28, p. 412] considered that the phy-

logenetic position of Xenochlora was uncertain, but based

on available evidence he would have treated it as a basal

subgenus within Megalopta. Our data show that Megalopta

is paraphyletic, and imply that the common ancestor for

this genus foraged in dim light. If substantiated, Megalopta

(Xenochlora) represents a reversion to diurnal foraging.

There are various examples in vertebrate evolution where

both dim-light vision and colour vision have reversed

(reviewed by Yokoyama [8]). A morphological study

retains X. nigrofemorata as the sister taxon to Megalopta

[55], as per our LwOp results, but we recovered poor sup-

port for M. atra as sister clade to the remaining lowland

Megalopta (electronic supplementary material, figure

S3a). Our total evidence tree recovers the arrangement

of ((M. (Xenochlora) þM. atra), (lowland Megalopta))

with maximal support (figure 1a).
(c) Single tribal origin of dim-light foraging

Our results place Megommation, Megaloptidia and Mega-

lopta within a monophyletic clade, suggesting a single

origin of obligate dim-light foraging, with a reversion to

diurnal foraging from a dim-light common ancestor.

Our conclusions should be considered tentative given

the limited generic sampling in the tribe (9 of 25 (36%)

augochlorine genera recognized by Michener [28]), and

inconsistent support for the node leading to Megommation

(moderate or high support in the total evidence tree

and LwOp tree, respectively). A précis of previous

augochlorine systematics is provided in the electronic

supplementary material, D1. Our tree differs from these

analyses [42,57,58], in that Megalopta is distal to

Megommation and the sister clade of Megaloptidia. This

finding is probably not a sampling artefact, as the

arrangement is robust to data matrix modifications.

Our recovery of Megommation as basal sister group to

the remaining dim-light augochlorines is consistent with

nesting behaviour. The primitive state for Augochlorini

is ground nesting [59], and Megommation is a ground

nester [60]. Nesting behaviour in Megaloptidia is

unknown. Anatomical features of mandibles, and scale-

like setae surrounding the median pseudopygidial slit,

are convergent for wood nesting augochlorines [61];

Megaloptidia possess a broad mandible with a subapical

tooth [32], but differ from Megalopta in lacking:
Proc. R. Soc. B
(i) teeth on the inner surface of the mandible [28,

p. 408]; and (ii) tergal scale-setae. Both Megalopta and

Xenochlora are stem nesters [23–26], which may be

ecologically advantageous in the humid tropics.

(d) Antiquity of dim-light augochlorines: ecological

association with night-flowering plants and

biogeography

Our temporal estimates were robust to perturbations of

fossil-derived calibrates and our root age of 65 Ma for

the origin of Halictinae is consistent with independent

studies of bee phylogenetics [34,39]. Palaeopalynological

evidence suggests that the structure of low latitude South

American forest communities have remained relatively

stable since the Early Eocene [62], which roughly equates

with our estimates for the origin of the Augochlorini. Our

results also suggest that dim-light augochlorines predate

the origin of phyllostomid bats [63]. Megalopta bees use

more than 60 angiosperm species at one site in central

Panama (I. Lopez, A. R. Smith & W. Wcislo 2007,

unpublished data), but little is known of their role as

potential pollinators. Hopkins et al. [64] noted that

Megalopta was the most abundant visitor to Parkia velu-

tina in Brazil, and hypothesized that nocturnal bees may

have played a role in opening a new niche (night-bloom-

ing flowers), which was subsequently exploited by bats

(for a more detailed discussion, see [17]).

Our arrangement places (M. atra þM. (Xenochlora))

as the basal sister clade to all other Megalopta. Megalopta

atra is unique in its montane distribution, found only at

mid-elevations (approx. 1000–1500 m) in Costa Rica

and Panama [24,27]. Mountain peaks as species isolation

mechanisms have been empirically demonstrated [65],

and should be more extreme in the tropics [66], owing

to a decreased range in temperature tolerance relative to

temperate species. Our results suggest a Late Miocene

origin for Megalopta (approx. 11.2 Ma) and the MRCA

of (M. atra þM. (Xenochlora)) (approx. 7.6 Ma). Current

estimates indicate that the final closure of the Panama-

nian isthmus occurred in the Pliocene [67], and it is

feasible [68] that ancestral Megalopta lineages traversed

the Panamanic Seaway before final closure. Colonization

of cloud forests during cooler climes (more broadly dis-

tributed at lower elevations) and subsequent isolation

from younger lineages may be accounted for by more

recent (Quaternary) climatic events, or by competitive

exclusion [69,70]. The contemporary lowland lineages

radiated less than 5 Ma. It seems unlikely that the

common ancestor of Megalopta was a Central American

cloud forest bee, and we hypothesize that M. atra rep-

resents a relictual highland species (for other examples,

see [48,71,72]).
5. SUMMARY
This study provides a phylogenetic platform from which

evolutionary inferences on vision and behaviour in dim-

light augochlorine bees can proceed. Results suggest a

tribal origin of dim-light foraging in the Late Miocene,

with a secondary reversion to diurnal foraging (Xeno-

chlora) within the distal and most diverse lineage

Megalopta. Adaptive selection tests suggest that LwOp is

broadly under stabilizing selection, with a handful of

sites under positive selection. Further investigation is

http://rspb.royalsocietypublishing.org/
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required to fully determine the modes of visual transduc-

tion among these bees, and to relate the molecular

evolution of all opsin proteins with rates of expression.
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 2 

ESM - METHODS 
M1 - Study taxa. 

The taxonomy and systematic relationships of Megalopta are not well 
resolved [1, p. 128; 2, p. 41], excepting Brazilian species [3,4]. There has been 
no comprehensive treatment and most recent taxonomic efforts have 
concentrated on geographically restricted areas [3-6]. Thus, wherever possible 
we included multiple specimens of the same putative species, but from different 
localities.  

Divergence rate estimation requires an additional outgroup taxon that will 
eventually be deleted so that branch lengths leading to the root node (actual 
outgroup) are estimated correctly, for which we used Hylaeus elegans. 
Caenohalictini is the only other halictid bee tribe (aside from Augochlorini) 
represented in Dominican amber deposits, which are used as an internal age 
calibrate in divergence time analyses; the fossil species Eickwortapis dominicana 
[7] shows very close affinities to members of the extant genus Caenohalictus. We 
then included all available diurnal foraging augochlorines (Augochlora, 
Augochloropsis, Augochlorella, Corynura, Neocorynura) as contrasts to the dim-
light foraging in-group (Table S1).  

 
M2 - Gene region data 

We used three protein coding nuclear gene regions, long wavelength 
green opsin (LwOp), the F2 copy of elongation factor-1 alpha (EF-1α), and 
wingless (Wg), which are widely used in phylogenetic studies of bees and other 
insects (e.g., [8] and references therein).  EF-1α transcribes a protein involved 
amino acid extension and thus is a relatively conserved gene due to its ‘house 
keeping’ role [11]. Wg encodes a protein that determines wing pattern formation 
[12] and purportedly evolves at a relatively fast rate for a nuclear gene [13]. 
Primer oligos are described in detail in Ref. [14]:  
LwOp i Forward 5’-AAT TGC TAT TAY GAR ACN TGG GT-3’ [15]  
LwOp i Reverse 5’-ATA TGG AGT CCA NGC CAT RAA CCA-3’ [15] 
LwOp ii Forward 5’- GAG AAR AAY ATG CGB GAR CAA GC -3’ [8] 
LwOp ii Reverse 5’-GGT GGT GGT RCC GGA RAC GGT G-3’ [8] 
EF-1α (f2) Forward 5’-GGG YAA AGG WTC CTT CAA RTA TGC-3’ [16] 
EF-1α (f2) Reverse 5’-AAT CAG CAG CAC CTT TAG GTG G-3’ [16] 
Wg Forward 5’- GGC AGC ATY CAG TCS TGY TCC TGC GA -3’ [14]  
Wg Reverse 5’-ACT ICG CAR CAC CAR TGG AAT GTR CA-3’ [13]. 
 
DNA extraction, PCR and sequencing 

DNA was extracted from either a portion of thoracic muscle or leg muscle, 
depending on availability of specimens. We used Qiagen DNeasy 96® kits 
following standard protocols for animal tissue DNA purification. Tissue was pre-
washed with ddH2O, pestle macerated and lysed overnight.  

PCRs and cycle sequences were done using MJ Research PTC-200 
thermocyclers. Reactions (25µl) for nuclear loci were performed with Applied 
Biosystems Inc. (ABI) reagents (10x Gold buffer; 2mM dNTP’s; 25mM MgCl2; 
Ampli Taq-Gold® polymerase 5 units/µl); whilst COI reactions made use of 



 3 

Qiagen reagents (10x buffer, containing 15mM MgCl2; 2mM dNTP’s; Taq 
polymerase 5 units/µl). PCR products were run on low melting point agarose gels 
(Cambrex Nu-sieve® GTG® Agarose), bands were excised and gel purified: after 
being heated to 70°C for 10 min. and cooled to 45°C for 10 min., 1.25µl of 
Gelase was added and left to soak at 45°C overnight. Cycle sequences (10µl) 
using Big Dye® Terminator v3.1 kits (ABI) were run using the following protocol: 
primary denaturation at 96°C for 1 min.; denaturation at 96°C for 10 sec.; anneal 
at 50-60°C for 5 sec.; extension at 60°C for 4 min.; repeated from step 2 for 29 
cycles. Samples were then purified using Sigma-Aldrich Sephadex® G-50 
columns and dried. 10µl of Hi-Di® formamide (ABI) was added to samples prior to 
autosequencing on an ABI 3700 Automated DNA sequencer. 

 
M3 - Phylogenetic inference 

We used an objective approach to phylogenetic modeling, assuming the 
least restrictive modelling procedure, in favour of a likelihood derived ‘best-fit’ 
model choice procedure, which enables a more thorough exploration of 
parameter space [17]. Recent studies of model choice, tested with a broad range 
of empirical data sets [18], suggest that use of alternative best-fit models (derived 
from different model choice methodologies) generally arrive at the same solution. 
We partitioned the data set by codon position for each gene, and for this reason 
we do not present data on base composition, which is not expected to deviate 
significantly from previous studies on halictid systematics (e.g.,[8]). 

 
M4 - Tests for adaptive evolution - HyPhy procedures 

Prior to all analyses of ω, estimates of nucleotide bias were assessed 
using the HyPhy model compare batch file in order to select an appropriate 
nucleotide model using Akaike Information Criterion (AIC,[19]). Evidence of 
recombination was assessed using the single break point batch file. All Global ω 
rates were initially assessed using the graphical user interface mode in order to 
calculate confidence intervals and later standard analysis batch files were also 
undertaken as a secondary measure. Branch by branch analyses were 
performed using a likelihood ratio test to compare the null Global likelihood 
function with an alternate individual branch or local likelihood function. We then 
used the Selection Likelihood Ratio Test batch file to compare selective 
pressures amongst taxonomic groups within the tree (dim-light vs diurnal foraging 
taxa), using an inter-clade variation approach. This method uses AIC to test 
likelihood values across five different scenarios: beginning with Global estimates 
of ω and then moving through a series of nested clade models with alternating 
internal branch association separating the dim-light and diurnal clades. We also 
examined whether rate of ω differed amongst branches in the tree, specifically 
comparing internal and terminal branches using the Positive Selection Test 
Branch batch file. Site by site rate variation was calculated using the Quick 
Selection Detection batch file and estimating the Global constraint ω bias 
parameter from the data and the nucleotide model. For Single Likelihood 
Ancestor Counting procedures we calculated initially across the entire tree and 



 4 

then calculated amongst internal and terminal branches, with codon ambiguities 
independently treated as averaged. Similarly two-rate Fixed Effects Likelihood 
(measuring both dN and dS parameters independently) was initially calculated 
across the entire tree and then for select branch/clade combinations. 

 
M5 - Divergence time estimates 
Justification of fossil derived calibrated ages  

Most fossil-calibrated molecular studies on bees have exclusively used 
amber inclusion fossils, because of confidence in taxonomic placement ([8,20,21 
p. 98]; but see [22]). Halictids are sparse in Eocene Baltic amber deposits (two 
species designated as Halictini), whereas they are the most species-rich bee 
taxon in Miocene amber of the Dominican Republic, with eight Augochlorini and 
one Caenohalictini [7,23]. Below we justify the use of a 65 Ma root age, based on 
multiple lines of evidence, and then briefly detail the use of Dominican amber 
fossil taxa. 

All body fossils of Halictidae are placed in the derived subfamily Halictinae 
[24,25]. Trace fossils of purported halictine bee nests have been reported from 
Cenomanian deposits in western North America [26] and Maastrichian deposits 
in Patagonia [27] and Uruguay [28], which would imply a halictid origin prior to 
the late Cretaceous (see below). The oldest halictid body fossil is an early 
Eocene compression from British Columbia dated at 53 Ma [29], although precise 
taxonomic designation is uncertain.  

 
Root age justification.  

I. Apoid & angiosperm origins - The oldest known bee-like fossil, 
Mellitosphex burmensis (100 Ma [30]), and the earliest convincing pollen and 
angiosperm macrofossils are also from the Early Cretaceous ∼ 127-132 Ma [31-
35], which suggest an Early Cretaceous origin for the bees. Recent family-level 
molecular phylogenies propose an origin for Apoidea of between 98-138 Ma [36] 
and a most recent common ancestor (MRCA) of Apidae at ∼ 105-115 Ma [37].  

II. Biogeography – The Augochlorini are restricted to the Americas and are 
most diverse in the tropics. Based on disjunct distributions of other bee fauna 
between the New and Old World [2,8,21 p.106-109,38,39], a reasonable 
assumption is that Augochlorini originated after the vicariance of western 
Gondwana ∼ 95 – 105 Ma [40]. The Nomiinae, sister group to Halictinae, are 
most diverse in the southern and tropical regions of the Old World, and are 
completely absent from South America. There are only two North American 
genera, one of which extends as far south as Central America ([21]; Wcislo pers. 
obs). Following Danforth et al. [38], the Augochlorini, Caenohalictini and 
Thrinchostomini are the basal sister tribes to the remaining Halictinae. Given that 
approximately 75% of the > 470 augochlorine species are South American [41], 
all extant members of Caenohalictini and the basal genera of Augochlorini are 
restricted to southern South America, whilst Thrinchostomini are restricted to 
Africa and southern Asia [21], it is a reasonable hypothesis that ancestral 
augochlorine lineages were present in southern South America during the Late 
Cretaceous. 
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III. Trace fossils – The architecture of a variety of Maastrichtian 
ichnofossils from Patagonia and sites in Uruguay closely resemble the structure 
of extant halictine bee nests, except for their size [27,28,42, reviewed in 21 p. 
101,24]; these ichnofossils appear to be too large in both tunnel and brood cell 
diameter to conform to any of the extant species. Both Genise & Bown [28] and 
Michener [21 p. 101] suggest that the most probable match of any ichnofossil to 
the nest structure of extant halictines, is that of Uruguay (ichnogenus) to 
Pseudaugochlora (Augochlorini).  

Synthesizing the fossil and biogeographic evidence, a halictid ancestral 
lineage plausibly could have existed in Maastrichtian South America. Thus we 
use the age of 65 Ma, the beginning of the Tertiary, to root the age of the node 
representing the MRCA of Augochlorini + Caenohalictini (Halictidae; Halictinae).  

 
Amber fossil calibrates 

Dominican amber fossils were used both as an internal node age-
constraints, as well as the fixed-age for modified sub-trees. Because 
determination of precise deposit location for each fossil specimen is not possible 
we use a credible minimum or maximum node age of 15 or 20 Ma, which 
encompasses amber dating estimate ranges for the various deposits within the 
Dominican Republic [20,43,44]. Halictinae is represented in Dominican amber by 
five fossil genera (reviewed in [24]), including the extinct Eickwortapis from 
Caenohalictini, and within Augochlorini, the monotypic Augochlora, 
Augochloropsis, Neocorynura and five species of Oligochlora. A variety of 
possible internal nodes (within the phylogeny) are available for age calibrates; 
our DNA matrix contains five extant members of Halictinae with Dominican 
amber fossil affiliation sourced from GenBank (Table S1): two species of 
Caenohalictus, which show close affinity to the extinct Eickwortapis dominicana 
[7], and one species from each of the augochlorine fossil genera, with the 
exception of Oligochlora. 

 
Penalized likelihood 

We first estimated divergence time estimates using a relaxed clock 
method that includes a penalty function when rates among neighbouring 
branches are highly discrepant [45,46]. The r8s v1.7 software package permits 
use of both fixed and constrained node ages.  We used the truncated Newton 
algorithm with optimum smoothing rate determined via cross validation, prior to 
each independent perturbation of root and internal node age. Analyses were 
performed with the consensus tree derived from MrBayes but with Hylaeus 
elegans pruned from analyses, so that branch lengths of the Caenohalictini and 
Augochlorini, derived from substitutional rates, serve as a proxy of time.  

 
Path length 

We then used another similar dating method, which allows equivalent 
treatment of node age, as an independent alternative measure. PATHd8 
assesses node age via mean path lengths from the root to the terminals of the 
tree and differs slightly from r8s in that the optimization for smoothing rate is 
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performed ‘locally’ among neighbouring branches rather than simultaneously 
across the whole phylogeny [47]. This program does not incorporate multiple tree 
files to simultaneously enable measures of analytical variation, but provides a 
complementary and independent comparison to the penalized likelihood results. 
 

ESM - RESULTS 
R1-Phylogenetic trees 

Phylogenies referred to, but not shown, in the main manuscript are 
provided here: Total Evidence - phylogram of the three gene data set using all 
taxa (Figure S1a), while the following tree presents the phylogram based on only 
one representative per species (Figure S1b); Non-Photic Genes - phylogram of 
EF-1α and Wg using all taxa (Figure S2); Opsin Only - phylogram of LwOp only, 
using all specimens (Figure S3a), while the following tree presents the phylogram 
using only one representative per species (Figure S3b); phylogram of the 
ancestral halictids available from GenBank (Figure S3c); phylogram of Rh1/Rh2 
paralogs (Figure S3d). 

 
R2 - Positively selected opsin codons 

The complete maximum likelihood results of ω analyses are included in 
Table S4. For the branch-site FEL analyses restricted to a single branch leading 
to a clade, only the following two codons are recovered as positively selected in 
all three opsin data matrices: a - all specimens; b – single specimen / species; c 
– ancestral halictids added to matrix b. Results are discussed relative to matrix c, 
as presented in Table S5. First, mutation Gly11Cys is conserved among the 
available ancestral halictid LwOp sequences and switches on the branch leading 
to the MRCA of Megalopta s. str.; but does not revert to Gly in the diurnal 
foraging Xenochlora. The denoted *Thr for Duforea (Table 1) may be 
questionable because the other four sequences for this genus available on 
GenBank were short and may signify poor sequence quality. Second, codon 
Thr37Ser also switches on the branch leading to the MRCA of dim-light foraging 
augochlorines, but this does not align to any positions known to alter the 
structure of the retinal-binding pocket and thus the λmax of the visual pigment, as 
for codon 11. Complete sequencing of the entire coding region and subsequent 
modelling of the compound crystal structure and ultimately mutagenic 
experiments are needed to fully understand the significance of such point 
mutations.  

 
R3 - Divergence estimates 
Fixed root & internal constraint 

The full results from all analyses are displayed in Table S5. The top two 
sets of results (calibrate procedure 1) represent the most credible total evidence 
approach, rooting the tree at 65 Ma with Amber Late constrained to 15 Ma 
(calibrate 1a) and then 20 Ma (calibrate 1b), which corresponds to the estimated 
variability of amber deposit age from the Dominican Republic (see ESM-
Methods). As the enforced age of the Amber Late node is inflated (up to 45 Ma) 
node ages increase proportionally, depending upon the position of the node 
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within the greater phylogeny; for example the dim-light MRCA node is located 
near the middle of tree bifurcations and increases by ~3 Ma, for every 5 Ma 
increment in Amber Late age constraint enforcement. When the Amber Early 
node was substituted as the internal minimum age constraint (calibrate procedure 
2), all of the recovered age estimates for all nodes were stable among the 
15/20/25/30 Ma constraint sequence and closely approximated age estimates of 
the most credible procedures (calibrates 1a & 1b above). Thus, constraining this 
node had very little effect on overall age estimates until the enforced constraint 
was well beyond (≥ 35 Ma) the dated age of Dominican amber deposits. The 
consensus chronogram presented in Figure 1 recovers this node at ~30 Ma. 

 
Altered fixed ages 

When the internal age constraints are removed and we rely solely on the 
Halictinae Root age of 65 Ma (calibrate procedure 3e), all age estimates, 
including those for nodes descending from the amber affiliated nodes, are again 
very similar to results from procedures 1a and 1b. The converse progression 
from this procedure was to only rely on the amber affiliated nodes, pruning sub-
trees at these nodes and removing all antecedent taxa from the analyses.  

If the sub-tree is rooted at the deepest possible node with amber affiliation 
(Amber Early calibrate procedure 5), we again recover ages most closely 
approximating procedure 1a and 1b when the Amber Early age is fixed at 30 Ma. 
Fixing the age of this sub-tree at ≤ 25 Ma recovers age estimates for the Amber 
Late node that are younger than the Dominican amber deposits in which 
Augochlora are fossilized; but does support results from calibrate procedure 2 
whereby minimum-constraint of this node has no affect until it is ≥ 35 Ma.  

The preferred age calibrate procedures (1a & 1b) are further corroborated 
when the sub-tree is more severely pruned and the Amber Late node is used as 
the fixed-age at 15 Ma (procedure 4c). If the fixed-age for this sub-tree is 
increased to the maximal amber age of 20 Ma (procedure 4d), then the mean 
age estimate of the dim-light MRCA node inflates to ~50 Ma, more than double 
other credible estimates, and the huge upper confidence limits (22 – 307 Ma) 
immediately question their validity. If the fixed age is inflated by a further 5 Ma 
(procedure 4e) then the dim-light MRCA pre-dates any known bee fossil. 

The dim-light node (MRCA of Megommation s. str., Megaloptidia and 
Megalopta) is resolved in Figure 1a as being older than the Amber Late node.  
We are missing one gene fragment for Megommation insigne, so we went to 
even more extreme measures to test the robustness of our results by replicating 
calibrate procedure 4, but with M. insigne removed from the sub-tree (calibrate 
procedure 4X). Again the estimated nodes for this sub-tree yields the most 
credible age estimates when the fixed age is set at 15 Ma (procedure 4Xiii), 
which are most similar to those of procedure 1b; and, as soon as the fixed age of 
Amber Late is increased to 20 Ma (procedure 4Xiv), the estimate of the 
Megaloptidia node doubles to ~29 Ma (95% CL 12 – 177 Ma). 
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Comparison of methods 

Generally r8s and PATHd8 gave roughly similar estimates of node age, 
and the PATHd8 estimates largely fell within the confidence limits of the r8s 
analysis, with two exceptions presented in Figure 1 and Table S5 
(inconsistencies denoted by italics). First, the PATHd8 estimates for the MRCA 
caenohalictine node is roughly half that of r8s estimates. However, this node age 
varies little within each analytical technique regardless of variation in age 
constraints and this may be because of its position at the base of the phylogeny; 
with only a single branch leading to this node from the root and having only two 
terminal branches derived from it. Or it may simply be because the same 
consensus tree was used for all PATHd8 analyses. For the r8s analyses 
presented in Figure 1, all mean estimates for the MRCA of the caenohalictine 
node fell between the mean estimates of the Early and Late amber nodes. The 
other discrepant node is the MRCA of Megaloptidia, which is consistently 
overestimated by PATHd8 by 3 – 6 Myr, and in only one analysis is the estimate 
within the confidence bounds of r8s (calibrate procedure 5). 

Our divergence estimates are robust to independent use of each 
calibration point. Our root age of 65 Ma for a common halictid ancestor conforms 
to other molecular phylogenetic studies [8,36,38,48].  

 
ESM - DISCUSSION 

D1 - Précis of augochlorine systematics 
Initial systematic studies of the augochlorine genera united the dim-light 

taxa, possibly because of convergent traits that have evolved repeatedly among 
divergent dim-light species (reviewed by [49]). The first systematic analysis of the 
tribe Augochlorini [50] included the dim-light taxa (Megalopta, Megaloptidia, and 
Megommation) within the tribe and entertained the possibility of treating 
Megommation as a subgenus of Megaloptidia, pending description of males 
(which were not available to Eickwort [50]). Danforth & Eickwort [41] 
subsequently presented a cladistic revision of data in Eickwort [50], which 
generally supported the latter’s conclusions; and posited a single origin of dim-
light foraging, with a reversion to diurnal foraging in Pseudaugochlora (these 
authors considered Ariphanarthra as nocturnal). Engel [2] also provided a 
cladistic analysis of augochlorine genera, using 38 (11 re-interpreted) 
morphological traits from Eickwort [50], along with new data for 46 additional 
traits, and his consensus tree suggested either three independent origins of dim-
light genera; or two origins, one in each of Engel’s ‘Group-Megalopta’ and 
‘Group- Megaloptidia’, with multiple reversions to diurnal foraging in the latter 
group, although relationships among genera in this group are not well resolved [2 
p. 64, Figure 78]. Our tree is consistent with the more parsimonious hypothesis of 
Eickwort [50], but lacks potentially intervening taxa. Our findings do not support 
the elevation of Xenochlora to generic status [51]. But again male specimens are 
missing for Xenochlora, as true for many other taxa.  
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ESM Table Legends 

 
Table S1. Taxa list. Taxa used in this study, listed in order of corresponding 

analysis.  Includes accession number, locality and collector(s). 
 
Table S2. Distance measures of ω. Z-test scores of dN/dS for each gene region 

of the data matrix used to construct the phylogeny presented in Figure 1 of 
main manuscript. 

 
Table S3. Pair-wise comparative ω. Z-test scores of dN/dS for LwOp amongst 

pairs, comprised of dim-light foraging bees (grey shading) and their closest 
diurnal foraging relatives. Data sourced from current study (cs) or GenBank 
(gb). 

 
Table S4. Maximum likelihood measures of ω. Details phylogentically inferred 

dN/dS results for 3 alternate matrices/trees. Testing global ω [Ho] against local 
branch ω [Ha] and interclade ω [Ha]. Difference in ω for internal versus terminal 
branches. Single likelihood ancestor counting (SLAC) at each codon across 
the sequence (full count) and internal versus terminal branches (independent 
count). Fixed effects likelihood (FEL) branch-site analyses at each codon: 
across all branches; branches within dim-light sub-trees (clades); and, 
branches leading to dim-light clades. Trees for matrix (a), (b) and (c) in Figure 
S3; Taxa with incomplete sequences were removed from analyses. 

 
Table S5. Positively selected LwOp codons. Derived from FEL analyses of the 

ancestral halictid matrix. Each column represents a codon under diversifying 
selection, with the corresponding amino acid listed for each species. Codon 
positions of this study are aligned to the equivalent honey bee and swallowtail 
butterfly opsin sequence. Megalopta-11 (shaded green) is homologous to the 
retinal binding pocket sites of Papilio-142 and bovine-123, purportedly capable 
of influencing visual pigment absorption λmax [52]. 

 
Table S6. Divergence date estimates. For each calibration procedure (1-5), 

with fixed age (*) and/or constrained minimum age (**) nodes, penalized 
likelihood (r8s) smoothing rate, mean age (bold type), 95% CL and path 
distance (PATHd8) estimates are provided. Key: MRCA – most recent 
common ancestor; i – inconsistent result between methods. 

 
 



Table S1. Taxa list.

Taxa Source ID LwOp EF-1a Wg Country Region Site Collector [Reference]

PHYLOGENY

Colletidae

Hylaeus elegans NCBI DQ115547 AY585129 DQ884839 AUSTRALIA South Australia 10 km east of Kimba & The Big Galah [Almeida & Danforth 2009]

Halictidae: Halictinae; Augochlorini

Augochlora pura NCBI AY455893 AF140314 AY455897 USA New York Tompkins County [Brady et al 2006]

Augochlorella pomoniella NCBI AY227935 AF435373 AY222572 USA California Inyo County Ascher [Danforth et al 2004]

Augochloropsis metallica NCBI AY227934 AF140315 AY222571 USA New York Tompkins County [Danforth et al 2004]

Corynura patagonica NCBI AY227936 - AY222573 CHILE Region IX near Temuco Packer [Danforth et al 2004]

Megalopta aegis BRAZ B2 JN106067 - - BRAZIL São Paulo APA Vargem Limpa, Bauru Santos & Tierney

Megalopta aeneicollis BRAZ D1 - JN106101 JN106132 BRAZIL Amazonas Palmari Cameron

Megalopta cfr. aeneicollis BOLI A4 - JN106102 JN106133 BOLIVIA Santa Cruz Andres Ibañez, Protrerillos del Guenda Henry,  Lingafelter & Windsor 

Megalopta cf.r aeneicollis BOLI A5 - JN106103 JN106134 BOLIVIA Santa Cruz Andres Ibañez, Protrerillos del Guenda Henry,  Lingafelter & Windsor 

Megalopta atra FORT A1 JN106068 JN106104 JN106135 PANAMA Chiriqui Lago Fortuna, El Vivero Tierney

Megalopta byroni BCIS A1 JN106069 JN106105 JN106136 PANAMA Colon Barro Colorado Island van Zweden

Megalopta centralis BOTO C3 JN106070 JN106106 JN106137 PANAMA Bocas del Toro Isla Bastimentos, Bahia Honda Tierney

Megalopta centralis ECUA B2 JN106071 JN106107 JN106138 ECUADOR Esmeraldas Borbon Tierney

Megalopta centralis ECUA C4 JN106072 JN106108 JN106139 ECUADOR Manabi Punta Prieta Tierney

Megalopta centralis ECUA D3 JN106073 JN106109 JN106140 ECUADOR Pinchincha Rio Palenque Tierney

Megalopta centralis FORT D5 JN106074 JN106110 JN106141 PANAMA Comarca Ngöbe-Bugle Continental Divide, km 54 Tierney

Megalopta centralis FRGU A2 JN106075 JN106111 JN106142 FRENCH GUIANA Maripasoula Saül Tierney

Megalopta centralis FRGU D2 JN106076 JN106112 JN106143 FRENCH GUIANA Kourou Sokoumou, Kourou River Tierney & Wcislo

Megalopta centralis FRGU E5 JN106077 JN106113 JN106144 FRENCH GUIANA Approuague Kaw Kaw Mountain, Camp Caïman Tierney & Wcislo

Megalopta centralis ISCO B1 JN106078 JN106114 JN106145 PANAMA Veraguas Isla Jicaron, Punta David Tierney

Megalopta centralis ISCO C1 JN106079 JN106115 JN106146 PANAMA Veraguas Isla Uva Tierney

Megalopta centralis MEXI B3 - JN106116 JN106147 MEXICO Chiapas Lacanjá Chansayab, Rio Lacanjá Tierney & Wcislo

Megalopta fornix PERU A3 JN106080 JN106117 - PERU Madre de Dios Los Amigos (CICRA) Gonzales-Ojeda & Tierney

Megalopta cfr. fornix PERU C6 JN106081 - JN106148 PERU Loreto San Juan de Huashalado, Rio Yanayacu Tierney

Megalopta aff. fornix ECUA E1 JN106082 JN106118 JN106149 ECUADOR Sucumbio Lumbaqui Tierney

Megalopta aff. fornix ECUA G1 JN106083 JN106119 JN106150 ECUADOR Napo Rio Malo, 10 km SW San Rafael Gowin & Tapia

Megalopta genalis BOTO C2 JN106084 JN106120 JN106151 PANAMA Bocas del Toro Isla Bastimentos, Bahia Honda Tierney

Megalopta genalis FORT D2 JN106085 - JN106152 PANAMA Comarca Ngöbe-Bugle Continental Divide, km 54 Tierney

Megalopta genalis NCBI AY227937 AF140316 AY222574 PANAMA Panama - Engel [Danforth et al 2004]

Megalopta cfr. genalis ECUA A1 JN106086 JN106121 JN106153 ECUADOR Pinchincha La Union de Toachi, Otongachi Station Tierney

Megalopta cfr. genalis ECUA D2 JN106087 JN106122 JN106154 ECUADOR Pinchincha Rio Palenque Tierney

Megalopta cfr. genalis FRGU A3 JN106088 JN106123 JN106155 FRENCH GUIANA Maripasoula Saül Tierney

Megalopta cfr. genalis FRGU E9 JN106089 JN106124 JN106156 FRENCH GUIANA Approuague Kaw Kaw Mountain, Camp Caïman Tierney & Wcislo

Megalopta morph-J FRGU C1 JN106090 JN106125 JN106157 FRENCH GUIANA St. Laurent du Maroni St. Jean Tierney

Megalopta morph-P FRGU E7 JN106091 JN106126 JN106158 FRENCH GUIANA Approuague Kaw Kaw Mountain, Camp Caïman Tierney & Wcislo

Megalopta sodalis BRAZ A2 JN106092 - JN106159 BRAZIL Paraná Antonina, Rio Cachoeira Santos & Tierney

Megaloptidia nocturna ECUA E5 JN106093 JN106127 - ECUADOR Sucumbio Lumbaqui Tierney

Megaloptidia nocturna FRGU E3 JN106094 JN106128 JN106160 FRENCH GUIANA Approuague Kaw Kaw Mountain, Camp Caïman Tierney & Wcislo

Megaloptidia nocturna PERU A2 JN106095 JN106129 - PERU Madre de Dios Los Amigos (CICRA) Gonzales-Ojeda & Tierney

Megaloptidia saulensis FRGU E1 JN106096 JN106130 JN106161 FRENCH GUIANA Approuague Kaw Kaw Mountain, Camp Caïman Tierney & Wcislo

Megommation insigne BRAZ A1 JN106097 - JN106162 BRAZIL Paraná Antonina, Rio Cachoeira Santos & Tierney

Neocorynura discolor NCBI AY227938 AF140317 AY222575 COLOMBIA - - Engel [Danforth et al 2004]

Xenochlora ianthina PERU A6 JN106099 - - PERU Madre de Dios Los Amigos (CICRA) Gonzales-Ojeda & Tierney



Table S1. Taxa list.

Taxa Source ID LwOp EF-1a Wg Country Region Site Collector [Reference]

Xenochlora nigrofemorata PERU A7 JN106100 JN106131 JN106163 PERU Madre de Dios Los Amigos (CICRA) Gonzales-Ojeda & Tierney

Halictidae: Halictinae; Caenohalictini

Caenohalictus sp. 2 NCBI AY227941 AF435376 AY222578 CHILE Region I Socoroma Packer [Danforth et al 2004]

Caenohalictus sp. 3 NCBI AY227942 AF435377 AY222579 BRAZIL Minas Gerais - Yanega [Danforth et al 2004]

MAXIMUM LIKELIHOOD ω  MATRIX (c) ANCETSRAL HALTICTID TAXA

Halictidae: Nomioidinae

Cellariella brooksi NCBI EU203280 - - MADADAGASCAR Tulear [Danforth et al 2008]

Nomioides facilis NCBI AY227929 - - SPAIN Granada - [Danforth et al 2004]

Halictidae: Nomiinae

Dieunomia nevadensis NCBI AY227931 - - USA Arizona Cochise County [Danforth et al 2004]

Dieunomia triangulifera NCBI AY227932 - - USA Kansas Douglas County [Danforth et al 2004]

Lipotriches australica NCBI AY227930 - - AUSTRALIA South Australia Cowell [Danforth et al 2004]

Pseudapis unidentata NCBI AY227933 - - SPAIN Almeria - [Danforth et al 2004]

Halictidae: Rophitinae

Conthalictus wilmattae NCBI AY227916 - - USA California - Neff [Danforth et al 2004]

Dufourea novaeangliae NCBI AY227919 - - USA New York Cayuga County [Danforth et al 2004]

Penapis toroi NCBI AY227922 - - CHILE Region III - Packer [Danforth et al 2004]

Penapis penai NCBI AY227921 - - CHILE Huasco - Rozen Jr [Danforth et al 2004]

Protodufourea sp. BND NCBI AY227920 - - USA Arizona Pima County Packer [Danforth et al 2004]

Sphecodosoma pratti NCBI AY227924 - - USA Texas Mason County Neff [Danforth et al 2004]

Systropha planidens NCBI AY227926 - - AUSTRIA Vienna - Ayasse [Danforth et al 2004]

Systropha curvicornis NCBI AY227925 - - AUSTRIA Vienna - Ayasse [Danforth et al 2004]

Xeralictus bicuspidariae NCBI AY227927 - - USA California San Diego County Snelling [Danforth et al 2004]

Xeralictus timberlakei NCBI AY227928 - - USA California Riverside County Snelling [Danforth et al 2004]

DIM-LIGHT vs DIURNAL PAIRWISE DISTANCE dN/dS (some taxa listed above)

Andrenidae: Oxaeinae

Protoxaea gloriosa NCBI DQ113658 - - USA Arizona Cochise County, Portal Danforth [Danforth et al. 2006]

Megandrena enceliae NCBI DQ113657 - - USA Arizona San Diego County, Borrego Springs Ascher [Danforth et al. 2006]

Halictidae: Halictinae; Caenohalictini

Rhinetula denticrus FIHA A1 JN106098 - - PANAMA Chiriqui Santa Clara Gonzales-Ojeda, Gowin & Tierney

Dinagapostemon sp.1 NCBI AY227943 - - PANAMA Chiriqui - Packer [Danforth et al 2004]

Halictidae: Halictinae; Halictini

L. (Sphecodogastra) noctivaga NCBI AF448905 - - USA Texas Ward County [Danforth et al 2003]

L. (Evylaeus) truncatum NCBI AF448900 - - USA New York Tompkins County [Danforth et al 2003]

L. (Hemihalictus) lustrans NCBI AF448904 - - USA Texas Bastrop County [Danforth et al 2003]

L. (Evylaeus) pectorale NCBI AF448894 - - USA Florida Polk County [Danforth et al 2003]

Colletidae: Diphaglossinae

Caupolicana quadrifasciata NCBI DQ884483 - - CHILE Region IV Parque Nacional Fray Jorge [Almeida & Danforth 2009]

Ptiloglossa tarsata NCBI DQ884488 - - ARGENTINA Salta General Güemes [Almeida & Danforth 2009]

Cadegualina andina NCBI DQ884486 - - COLOMBIA Boyacá El Níspero [Almeida & Danforth 2009]

Apidae: Nomadinae

Nomada maculata NCBI AF344609 - - USA New York Tompkins County, Ithaca [Ascher et al. 2001]

Holcopasites ruthae NCBI AF344602 - - USA California Riverside County, San Jacinto [Ascher et al. 2001]

Apidae: Xylocopinae

X. (Notoxylocopa) tabaniformis NCBI AF344614 - - USA California Santa Clara County, Mt. Hamilton [Ascher et al. 2001]

Xylocopa virginica NCBI AF091730 - - USA Missouri - Cameron [Mardulyn & Cameron 1999]



Table S2. Distance measures of ω.

Gene region: LwOp EF-1a Wg

all taxa n=41 n=39 n=41

Ho:dN=dS Ha:non-neutral Z-score -8.41 -11.74 -9.03
p 0.001 <0.001 <0.001

Ha:positive Z-score -7.98 -11.45 -8.88
p 1 1 1

Ha:stabilizing Z-score 7.96 11.49 9.18
p <0.001 <0.001 <0.001

diurnal foraging taxa n=10 n=8 n=9

Ho:dN=dS Ha:non-neutral Z-score -12.89 -14.18 -10.96
p <0.001 <0.001 <0.001

Ha:positive Z-score -12.73 -14.32 -11.19
p 1 1 1

Ha:stabilizing Z-score 12.74 14.49 10.87
p <0.001 <0.001 <0.001

dim-light foraging taxa n=31 n=31 n=32

Ho:dN=dS Ha:non-neutral Z-score -5.11 -6.16 -4.59
p <0.001 <0.001 <0.001

Ha:positive Z-score -5.07 -6.01 -4.41
p 1 1 1

Ha:stabilizing Z-score 4.95 6.05 4.43
p <0.001 <0.001 <0.001



Table S3. Pair-wise Comparative ω.

uncorrected Ha: non-neutral positive stabilizing
source p-distance selection selection selection

ANDRENIDAE Oxaeinae
Protoxaea gloriosa gb Z-score -10.37 -10.21 10.46
Megandrena enceliae gb p <0.001 1 <0.001

HALICTIDAE Halictinae
Megalopta atra cs Z-score -1.56 - -
Xenochlora nigrofemorata cs p 0.122 - -

Halictinae
Megommation insigne cs Z-score -4.30 -4.13 4.16
Augochlorella pomoniella gb p <0.001 1 <0.001

Halictinae
Megaloptidia saulensis cs Z-score -4.75 -4.76 4.81
Augochlorella pomoniella gb p <0.001 1 <0.001

Halictinae
Rhinetula denticrus cs Z-score -2.671 -2.62 2.62
Dinagapostemon sp. BND1 gb p <0.001 1 <0.001

Halictinae
Lasioglossum (Sphecodogastra) noctivaga gb Z-score 0.06 - -
Lasioglossum (Evylaeus) truncatum gb p 0.951 - -

Halictinae
Lasioglossum (Hemihalictus) lustrans gb Z-score -2.44 -2.39 2.45
Lasioglossum (Evylaeus) pectorale gb p <0.001 1 <0.001

COLLETIDAE Diphaglossinae
Caupolicana quadrifasciata gb Z-score -5.98 -5.85 5.91
Cadegualina andina gb p <0.001 1 <0.001

Diphaglossinae
Ptiloglossa tarsata gb Z-score -5.56 -5.54 5.44
Cadegualina andina gb p <0.001 1 <0.001

APIDAE Nomadinae
Nomada maculata gb Z-score -6.04 -6.45 6.06
Holcopasites ruthae gb p <0.001 1 <0.001

Xylocopinae
Xylocopa tabaniformis gb Z-score -5.16 -4.80 5.45
Xylocopa virginica gb p <0.001 1 <0.001

0.1817

0.0456

0.0613

0.0670

0.1087

0.1363

0.0756

0.0147

0.0273

0.0273

0.0879



Table S4. Maximum likelihood measures of ω.

matrix: (a) (b) (c)

 tree: Figure S3a (complete seq.) Figure S3b (complete seq.) Figure S3c (complete seq.)
# terminal branches:

Global ω
dN/dS Ho

95% CI

Global v Local branch ω
paremeters: shared / local

LRT, df
p accept Ha

Global v Interclade ω
PHASE 3 LRT - p accept Ha

diurnal clade
dN/dS

95% CI
dim-light clade subtree+branch

dN/dS
95% CI

Internal v Terminal branch ω 
LRT, df

p accept Ha

SLAC codon sequence codon sequence codon sequence
count proportion count proportion count proportion

Full tree count
positive - - -
stabilizing 32 14% 29 12% 95 41%

Independent count 
Internal branches

positive - - -
stabilizing 4 2% 1 0.4% 35 15%

Terminal branches
positive - - -
stabilizing 15 6% 16 7% 46 20%

2-rate FEL codon codon codon codon codon codon
count position count position count position

All branches:
positive 3 (1%) 47,54,87 2 (<1%) 54, 87 - -
stabilizing 58 (25%) 59 (25%) 117 (50%)

Branches within sub-tree root node:
MRCA dim-light

positive 4 (2%) 37,46,47,50 3 (1%) 37,46,50 3 (1%) 37,46,229
stabilizing 36 (15%) 34 (15%) 51 (22%)

MRCA Megalopta + Xenochlora
positive 2 (<1%) 43,46 - - 3 (1%) 7,43,46
stabilizing 14 (6%) 11 (5%) 10 (4%)

MRCA Megalopta s.s.
positive 3 (1%) 43,46,47 3 (2%) 7,43,46 5 (2%) 4,7,10,43,46
stabilizing 3 (1%) 1 (<1%) 1 (<1%)

MRCA Xenochlora
positive 2 (<1%) 230,231 1 (<1%) 231 2 (<1%) 83,230
stabilizing - - 1 (<1%)

MRCA Megommation+Megaloptidia
positive 2 (<1%) 37,85 1 (<1%) 37 4 (2%) 37,46,85,229
stabilizing 3 (1%) 4 (2%) 5 (2%)

positive 3 (1%) 37,54,103 4 (2%) 37,46,100,103 5 (2%) 37,46,100,103,226
stabilizing - 2 (<1%) 1 (<1%)

Branch leading to:
MRCA dim-light

positive 2 (<1%) 37,87 2 (<1%) 37,87 1 (<1%) 37
stabilizing - 1 (<1%) 1 (<1%)

MRCA Megalopta + Xenochlora
positive 1 (<1%) 11 1 (<1%) 11 1 (<1%) 11
stabilizing 1 (<1%) 4 (2%) 1 (<1%)

MRCA Megalopta s.s.
positive - - 1 (<1%) 52 2 (<1%) 43, 52
stabilizing - - 1 (<1%)

MRCA Xenochlora
positive - - - - 1 (<1%) 83
stabilizing - 1 (<1%) 1 (<1%)

MRCA Megommation+Megaloptidia
positive - - - - - -
stabilizing - 1 (<1%) 1 (<1%)

positive 1 (<1%) 46 - - 1 (<1%) 46
stabilizing - - 1 (<1%)

(0.0898 - 0.1187)

87.09, 33
< 0.0001

80.60, 38
< 0.0001

62.32, 16
< 0.0001

(0.1668 - 0.2233) (0.1187 - 0.1491)

(0.3019 - 0.4359) (0.2781 - 0.4151) (0.2829 - 0.4203)

240.82, 59
< 0.0001

0.1283 0.1287 0.1035

MRCA Megaloptidia

38 16 33

0.2025 0.1937 0.1333
(0.1780 - 0.2351)

< 0.0001 < 0.0001

MRCA Megaloptidia

5 / 120 5 / 54 5 / 120
127.17, 59
< 0.0001

95.83, 26
< 0.0001

(0.1028 - 0.1575) (0.1032 - 0.1581)

Augochlorini Augochlorini Ancestral Halictidae

0.3647 0.3421 0.3469

all specimens single specimen + matrix (b)

< 0.0001



Table S5. Positively selected LwOp codons.

Papilio codon position: 135 138 141 142 168 174 177 183 214 216 231 234 357 360 361
Apis codon position: 131 134 137 138 164 170 173 179 210 212 227 229 353 356 357

this study: 4 7 10 11 37 43 46 52 83 85 100 103 226 229 230
Lepidoptera

Papilio glaucus Rh3 Gly Leu Thr Val Ser Leu Leu Ser Asp Leu Leu Gly Pro Leu Ileu
Papilio xuthus Rh3 Gly Leu Thr Val Ser Leu Leu Ser Asp Leu Leu Gly Pro Leu Ileu
Hymenoptera

Apidae
Apis mellifera Leu Leu Cys Gly Ser Ileu Ileu Ser Gly Leu Val Phe Pro Leu Ileu

Halictidae
Rhophitinae

Conanthalictus wilmattae Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Phe Phe Ser Ala Ala
Penapis penai Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Val Phe Ala Ala Pro
Penapis toroi Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Val Phe Ala Ala Pro
Protodufourea sp BND Leu Leu Cys Gly Thr Leu Leu Ala Asp Val Ala Phe Ser Ala Ala
Xeralictus bicuspidariae Cys Leu Cys Gly Thr Leu Leu Ser Asp Val Val Phe Ser Ala Ala
Xeralictus timberlakei Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Val Phe Ser Ala Ala
Sphecodosoma pratti Leu Leu Cys Gly Thr Leu Leu Ser Asp Ser Phe Phe Ala Ala Ala
Systropha curvicornis Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Cys Phe Ser Ala Ala
Systropha planidens Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Cys Phe Ser Ala Ala
Dufourea novaeangliae* Leu Leu Cys *Thr Thr Leu Leu Ser Asp Val Val Phe Ala Ala Ala

Nomiinae
Lipotriches australica Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Ala Phe Ser Ala Pro
Pseudapis unidentata Leu Leu Cys Gly Thr Leu Leu Ala Asp Val Cys Phe Ser Ala Pro
Dieunomia triangulifera Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Phe Phe Ser Ala Pro
Dieunomia nevadensis Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Phe Leu Ser Ala Pro
Nomiodinae
Nomioides facilis Phe Leu Cys Gly Thr Leu Leu Ser Asp Val Ala Phe Ser Ala Ala
Cellariella brooksi Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Ala Phe Ala Ala Ala

Halictinae 
Augochlorini

Corynura patagonica Leu Leu Cys Gly Thr Phe Leu Ser Asp Leu Ala Phe Ala Ala Ala
Augochloropsis metallica Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Phe Gly Ser Ala Pro
Neocorynura discolor Leu Leu Cys Gly Thr Leu Leu Ser Asp Leu Phe Gly Ser Ala Pro
Augochlorella pomoniella Leu Leu Cys Gly Thr Leu Leu Ser Asp Val Phe Gly Ala Ala Pro
Megommation insigne Leu Leu Cys Gly Ser Leu Leu Ser Asp Leu Phe Gly Ser Leu Pro
Megaloptidia saulensis Leu Leu Cys Gly Ser Leu Val Ser Asp Val Phe Gly Asn Glu Pro
Megaloptidia nocturna Leu Leu Cys Gly Ser Leu Met Ala Asp Ser Thr Thr Ser Met Pro
Megalopta atra Leu Leu Cys Cys Ser Ileu Leu Ala Asp Val Phe Gly Ser Val Pro
Xenochlora ianthina Leu Leu Cys Cys Ser Leu Leu Ser Glu Leu Phe Gly Ser Ala Pro
Xenochlora nigrofemorata Leu Leu Cys Cys Ser Leu Leu Ser Glu Leu Phe Gly Ser Val Val
Megalopta centralis Ala Leu Cys Cys Ser Ala Leu Ala Asp Ser Cys Gly Asn Leu Pro
Megalopta genalis Ala Phe Cys Cys Ser Ala Met Ala Asp Ser Cys Gly Asn Leu Pro
Megalopta sodalis Ala Phe Phe Cys Ser Ala/Val Leu Ala Asp Ser Ser Gly Asn Leu Pro
Megalopta aegis Ala Phe Cys Cys Ser Ala Leu Ala Asp Ser Cys Gly Asn Leu Pro
Megalopta fornix Ala Leu Phe Cys Ser Val Met Ala Asp Ser Ser Gly Asn Leu Pro

diurnal foraging homologous chromophore-binding site
dim-light foraging * questionable sequence



Table S6. Divergence date estimates.

node: root augochlorine augochlorine caenohalictine dim-light augochlorine Megaloptidia Megalopta montane lowland Xenochlora
ANCESTOR MRCA EARLY MRCA MRCA LATE MRCA MRCA MRCA MRCA MRCA

fossil: Trace - Amber Amber - Amber - - - - -

LEGEND: ** Fixed age node; * Constrained minium age node; MRCA - most recent common ancestor.

Age constraint procedure:
1.  Root fixed 65 Ma | Amber LATE constrained 15-45 Ma
1a.
r8s smoothing 1.5 ** 65 * 15
mean (n=5142) - 45.99 31.22 21.00 21.93 17.18 12.75 11.18 7.57 5.06 4.36
SE - 0.060 0.046 0.050 0.040 0.030 0.030 0.030 0.020 0.020 0.010
95% CL - 38.15-54.64 25.63-38.29 15.08-28.44 17.51-27.86 15.00-22.33 9.70-16.76 8.46-14.92 5.27-10.58 3.63-7.14 2.65-6.66
PATHd8 - 51.20 37.59 11.84 27.17 15.00 18.71 12.47 7.40 5.69 4.76
1b.
r8s smoothing 1.5 ** 65 * 20
mean (n=5144) - 47.49 33.45 21.02 23.91 20.17 13.86 12.16 8.23 5.49 4.73
SE - 0.053 0.037 0.048 0.032 0.010 0.025 0.024 0.021 0.017 0.015
95% CL - 40.49-55.07 28.84-39.09 15.09-28.46 19.86-28.70 20.00-22.33 10.87-17.47 9.35-15.70 5.85-11.28 3.98-7.56 2.90-7.10
PATHd8 - 51.26 37.73 11.84 27.17 20.00 18.71 12.47 7.40 5.69 4.76
1c.
r8s smoothing 4.0 ** 65 * 25
mean (n=5143) - 49.18 36.63 20.83 27.18 25.00 15.88 13.85 9.38 6.25 5.41
SE - 0.046 0.031 0.045 0.029 < 0.001 0.023 0.021 0.019 0.012 0.016
95% CL - 43.09-55.89 32.73-41.15 15.18-27.75 23.36-31.28 25.00-25.00 12.86-19.16 11.06-16.89 6.89-12.26 4.76-8.06 3.39-7.8
PATHd8 - 51.32 37.85 11.84 27.17 25.00 18.71 12.47 7.40 5.69 4.76
1d.
r8s smoothing 4.0 ** 65 * 30
mean (n=5143) - 51.46 40.27 20.93 30.53 flat 17.69 15.41 10.42 6.91 6.00
SE - 0.040 0.027 0.025 0.030 flat 0.025 0.023 0.022 0.013 0.017
95% CL - 46.06-57.30 36.76-44.31 15.26-27.87 26.36-34.87 flat 14.35-21.29 12.34-18.79 7.65-13.60 5.24-8.93 3.75-8.67
PATHd8 - 51.39 37.99 11.84 27.17 30.00 18.71 12.47 7.40 5.69 4.76
1e.
r8s smoothing 4.5 ** 65 * 35
mean (n=5143) - 53.61 43.92 21.01 34.00 flat 19.60 17.07 11.52 7.63 6.63
SE - 0.034 0.024 0.045 0.033 flat 0.027 0.026 0.024 0.014 0.019
95% CL - 48.99-58.59 40.83-47.45 15.35-27.89 29.5-38.61 flat 15.93-23.48 13.68-20.77 8.45-15.06 5.78-9.85 4.14-9.57
PATHd8 - 51.45 38.12 11.84 27.17 35.00 18.71 12.47 7.40 5.69 4.76
1f.
r8s smoothing 4.5 ** 65 * 40
mean (n=5144) - 55.71 47.58 21.08 37.53 flat 21.53 18.76 12.65 8.36 7.27
SE - 0.028 0.020 0.045 0.035 flat 0.03 0.028 0.027 0.016 0.021
95% CL - 51.85-59.82 44.95-50.57 15.41-27.97 32.67-42.37 flat 17.47-25.77 14.98-22.86 9.25-16.58 6.30-10.84 4.53-10.50
PATHd8 51.52 40.00 11.84 27.17 40.00 18.71 12.47 7.40 5.69 4.76
1g.
r8s smoothing 4.5 ** 65 * 45
mean (n=5144) - 57.71 51.18 21.14 41.09 flat 23.51 20.51 13.83 9.13 7.94
SE - 0.023 0.016 0.045 0.038 flat 0.033 0.032 0.030 0.019 0.023
95% CL - 54.64-60.97 49.04-53.61 15.45-28.05 35.82-46.23 flat 19.01-28.18 16.31-25.17 10.05-18.22 6.83-11.95 4.93-11.54
PATHd8 51.58 45.00 11.84 27.17 45.00 18.71 12.47 7.40 5.69 4.76



Table S6. Divergence date estimates.

node: root augochlorine augochlorine caenohalictine dim-light augochlorine Megaloptidia Megalopta montane lowland Xenochlora
ANCESTOR MRCA EARLY MRCA MRCA LATE MRCA MRCA MRCA MRCA MRCA

fossil: Trace - Amber Amber - Amber - - - - -

2.  Root fixed 65 Ma | Amber EARLY constrained 15-45 Ma
2a.
r8s smoothing 1.5 ** 65 * 15
mean (n=5141) - 45.85 31.03 21.00 21.75 16.91 12.66 11.09 7.52 5.02 4.33
SE - 0.061 0.048 0.048 0.039 0.035 0.026 0.025 0.020 0.016 0.015
95% CL - 37.82-54.63 25.13-38.24 15.08-28.45 17.09-27.77 12.64-22.33 9.53-16.68 8.30-14.85 5.18-10.50 3.59-7.10 2.61-6.64
PATHd8 51.18 37.57 11.84 27.17 14.07 18.71 12.47 7.40 5.69 4.76
2b.
r8s smoothing 1.5 ** 65 * 20
mean (n=5144) - 45.85 31.03 21.00 21.76 16.92 12.66 11.10 7.52 5.02 4.33
SE - 0.061 0.048 0.048 0.039 0.035 0.026 0.025 0.020 0.016 0.015
95% CL - 37.82-54.58 25.13-38.20 15.08-28.42 17.09-27.76 12.64-22.31 9.53-16.73 8.30-14.88 5.18-10.52 3.59-7.11 2.61-6.64
PATHd8 51.18 37.57 11.84 27.17 14.07 18.71 12.47 7.40 5.69 4.76
2c.
r8s smoothing 1.5 ** 65 * 25

- 45.86 31.05 21.00 21.77 16.93 12.67 11.10 7.52 5.02 4.33
SE - 0.061 0.047 0.048 0.039 0.035 0.026 0.025 0.020 0.016 0.015
95% CL - 37.89-54.56 25.12-38.20 15.06-28.42 17.23-27.77 12.67-22.32 9.58-16.70 8.31-14.88 5.20-10.50 3.60-7.11 2.61-6.65
PATHd8 51.18 37.57 11.84 27.17 14.07 18.71 12.47 7.40 5.69 4.76
2d.
r8s smoothing 1.5 ** 65 * 30

- 46.47 31.90 21.01 22.33 17.36 12.97 11.37 7.70 5.14 4.43
SE - 0.054 0.035 0.048 0.034 0.032 0.024 0.024 0.020 0.016 0.015
95% CL - 39.86-54.58 30.00-38.20 15.08-28.45 18.44-27.77 13.39-22.32 10.12-16.75 8.81-14.89 5.42-10.56 3.73-7.14 2.71-6.67
PATHd8 51.18 37.57 11.84 27.17 14.07 18.71 12.47 7.40 5.69 4.76
2e.
r8s smoothing 2.0 ** 65 * 35

- 48.52 35.21 20.95 24.55 19.07 14.24 12.45 8.43 5.59 4.85
SE - 0.042 0.011 0.047 0.028 0.030 0.022 0.020 0.018 0.012 0.014
95% CL - 43.27-54.95 35.00-37.75 15.07-28.33 20.82-28.49 15.07-23.46 11.39-17.41 9.86-15.46 6.10-11.17 4.17-7.36 3.02-7.05
PATHd8 51.18 37.57 11.84 27.17 14.07 18.71 12.47 7.40 5.69 4.76
2f.
r8s smoothing 4.0 ** 65 * 40

- 51.27 40.01 20.87 27.89 21.55 16.26 14.17 9.59 6.39 5.53
SE - 0.034 0.002 0.045 0.030 0.033 0.023 0.021 0.020 0.012 0.016
95% CL - 46.91-56.56 40.00-40.00 15.20-27.79 23.79-32.08 17.06-26.38 13.14-19.68 11.39-17.31 7.05-12.53 4.87-8.22 3.49-7.92
PATHd8 52.38 40.00 11.84 28.92 14.98 19.92 13.28 7.88 6.06 5.06
2g.
r8s smoothing 4.0 ** 65 * 45

- 54.23 flat 20.97 31.00 23.96 17.95 15.64 10.57 7.01 6.09
SE - 0.028 flat 0.045 0.035 0.038 0.027 0.024 0.022 0.014 0.018
95% CL - 50.66-58.51 flat 15.28-27.92 26.26-35.84 18.91-29.44 14.40-21.83 12.45-19.30 7.70-13.89 5.30-9.11 3.81-8.77
PATHd8 54.84 45.00 11.84 32.52 16.85 22.41 14.93 8.86 6.82 5.70

mean (n=5144)

mean (n=5144)

mean (n=5141)

mean (n=5143)

mean (n=5142)



Table S6. Divergence date estimates.

node: root augochlorine augochlorine caenohalictine dim-light augochlorine Megaloptidia Megalopta montane lowland Xenochlora
ANCESTOR MRCA EARLY MRCA MRCA LATE MRCA MRCA MRCA MRCA MRCA

fossil: Trace - Amber Amber - Amber - - - - -
3.  Root fixed 45-85 Ma
3a.
r8s smoothing 1.0 ** 45
mean (n=5143) - 31.65 21.51 14.46 15.17 11.78 8.87 7.75 5.26 3.50 3.03
SE - 0.042 0.031 0.032 0.024 0.023 0.016 0.015 0.012 0.008 0.009
95% CL - 26.22-37.59 17.66-26.11 10.42-19.48 12.11-18.85 8.89-15.23 6.82-11.37 5.94-9.99 3.71-7.13 2.58-4.71 1.86-4.49
PATHd8 - 35.44 26.01 8.20 18.81 9.74 12.96 8.63 5.12 3.94 3.29
3b.
r8s smoothing 1.5 ** 50

- 35.16 23.99 16.01 17.01 13.19 9.99 8.73 5.92 3.95 3.42
SE - 0.046 0.033 0.036 0.026 0.025 0.017 0.016 0.014 0.008 0.010
95% CL - 29.20-41.72 19.83-28.98 11.58-21.52 13.70-20.99 10.02-16.95 7.73-12.71 6.75-11.11 4.22-7.96 2.94-5.26 2.11-5.03
PATHd8 - 39.37 28.9 9.11 20.90 10.82 14.39 9.59 5.69 4.38 3.66
3c.
r8s smoothing 1.5 ** 55

- 38.68 26.29 17.67 18.55 14.40 10.85 9.48 6.43 4.28 3.71
SE - 0.051 0.038 0.040 0.029 0.028 0.020 0.018 0.015 0.010 0.011
95% CL - 32.04-45.94 21.59-31.90 12.73-23.80 14.81-23.03 10.86-18.59 8.33-13.88 7.27-12.19 4.54-8.70 3.16-5.75 2.28-5.48
PATHd8 - 43.31 31.79 10.02 22.99 11.90 15.83 10.55 6.26 4.81 4.02
3d.
r8s smoothing 1.5 ** 60

- 42.24 28.63 19.33 20.12 15.64 11.72 10.26 6.95 4.62 4.01
SE - 0.056 0.042 0.044 0.033 0.031 0.022 0.021 0.017 0.011 0.013
95% CL - 34.91-50.23 23.34-34.94 13.90-26.09 15.95-25.27 11.74-20.42 8.93-15.17 7.78-13.39 4.86-9.52 3.37-6.37 2.45-5.98
PATHd8 - 47.25 34.68 10.93 25.08 12.98 17.27 11.51 6.83 5.25 4.39
3e.
r8s smoothing 1.5 ** 65

- 45.85 31.03 21.00 21.76 16.92 12.66 11.09 7.52 5.02 4.33
SE - 0.061 0.048 0.048 0.039 0.035 0.026 0.025 0.020 0.016 0.015
95% CL - 37.82-54.56 25.13-38.20 15.08-28.42 17.09-27.76 12.64-22.32 9.53-16.68 8.30-14.86 5.18-10.50 3.59-7.10 2.61-6.63
PATHd8 - 51.18 37.57 11.84 27.17 14.07 18.71 12.47 7.40 5.69 4.76
3f.
r8s smoothing 1.5 ** 70

- 49.51 33.52 22.67 23.48 18.25 13.65 12.00 8.13 5.47 4.68
SE - 0.067 0.054 0.052 0.045 0.039 0.031 0.031 0.025 0.022 0.017
95% CL - 40.74-58.95 26.96-41.74 16.26-30.74 18.26-30.82 13.51-24.41 10.15-18.57 8.82-16.74 5.51-11.80 3.81-8.06 2.79-7.36
PATHd8 - 55.12 40.46 12.75 29.25 15.15 20.15 13.43 7.96 6.13 5.12
3g.
r8s smoothing 1.5 ** 75

- 53.28 36.17 24.34 25.37 19.71 14.77 13.07 8.85 6.05 5.09
SE - 0.073 0.062 0.056 0.054 0.046 0.038 0.041 0.031 0.032 0.021
95% CL - 43.68-63.46 28.82-46.31 17.40-33.01 19.44-35.34 14.42-27.12 10.78-21.80 9.37-21.59 5.84-14.22 4.04-13.96 2.96-8.65
PATHd8 - 59.06 43.35 13.66 31.34 16.23 21.59 14.39 8.54 6.56 5.49
3h.
r8s smoothing 1.5 ** 80

- 57.16 39.01 26.02 27.47 21.30 16.05 14.34 9.71 6.83 5.58
SE - 0.079 0.073 0.060 0.066 0.053 0.047 0.053 0.039 0.044 0.026
95% CL - 46.64-68.35 30.69-51.70 18.54-35.35 20.64-40.63 15.35-30.41 11.43-25.79 9.93-26.60 6.20-17.77 4.26-18.29 3.15-10.48
PATHd8 - 63.00 46.24 14.58 33.43 17.31 23.03 15.38 9.11 7.00 5.85
3i.
r8s smoothing 1.5 ** 85

- 61.20 42.11 27.70 29.84 23.08 17.54 15.88 10.75 7.85 6.16
SE - 0.086 0.084 0.065 0.080 0.062 0.059 0.068 0.049 0.059 0.031
95% CL - 49.76-73.40 32.64-56.45 19.70-37.70 21.91-44.81 16.36-33.92 12.10-29.08 10.51-29.97 6.56-20.41 4.50-20.91 3.34-12.25
PATHd8 - 66.93 49.13 15.49 35.52 18.39 24.47 16.31 9.68 7.44 6.22

mean (n=5143)

mean (n=5144)

mean (n=5142)

mean (n=5142)

mean (n=5144)

mean (n=5141)

mean (n=5144)

mean (n=5144)



Table S6. Divergence date estimates.

node: root augochlorine augochlorine caenohalictine dim-light augochlorine Megaloptidia Megalopta montane lowland Xenochlora
ANCESTOR MRCA EARLY MRCA MRCA LATE MRCA MRCA MRCA MRCA MRCA

fossil: Trace - Amber Amber - Amber - - - - -
4.  Ancestral taxa pruned - Amber LATE fixed 5-35 Ma
4a.
r8s smoothing 2.0 ** 5
mean (n=5138) - - - - 6.88 - 3.96 3.42 2.29 1.54 1.32
SE - - - - 0.012 - 0.008 0.007 0.006 0.004 0.004
95% CL - - - - 5.36-8.75 - 2.97-5.22 2.57-4.51 1.59-3.18 1.12-2.10 0.81-1.98
PATHd8 - - - - 9.66 - 6.65 4.43 2.60 2.02 1.69
4b.
r8s smoothing 3.0 ** 10
mean (n=5143) - - - - 14.03 - 8.04 6.94 4.65 3.12 2.68
SE - - - - 0.051 - 0.032 0.031 0.021 0.016 0.013
95% CL - - - - 10.75-18.16 - 5.93-10.74 5.14-9.25 3.18-6.54 2.22-4.27 1.61-4.07
PATHd8 - - - - 19.31 - 13.30 8.87 5.26 4.04 3.38
4c.
r8s smoothing 3.5 ** 15
mean (n=5143) - - - - 22.84 - 13.07 11.34 7.65 5.12 4.40
SE - - - - 0.252 - 0.153 0.141 0.103 0.073 0.062
95% CL - - - - 16.24-29.53 - 8.89-17.35 7.71-15.10 4.78-10.54 3.32-6.87 2.44-6.52
PATHd8 - - - - 28.97 - 19.96 13.30 7.89 4.78 5.07
4d.
r8s smoothing 3.5 ** 20
mean (n=5141) - - - - 49.73 - 28.85 26.02 17.85 12.33 10.17
SE - - - - 0.986 - 0.588 0.560 0.397 0.287 0.229
95% CL - - - - 21.88-306.58 - 11.92-179.27 10.32-172.06 6.46-122.43 4.43-86.84 3.30-69.92
PATHd8 - - - - 38.63 - 26.61 17.73 10.52 8.09 6.76
4e.
r8s smoothing 4.0 ** 25
mean (n=5144) - - - - 103.53 - 60.65 56.01 38.92 27.45 22.04
SE - - - - 1.743 - 1.039 0.990 0.705 0.509 0.405
95% CL - - - - 27.58-380.73 - 15.03-227.04 12.98-214.51 8.20-158.68 5.57-110.07 4.19-93.94
PATHd8 - - - - 48.29 - 33.26 21.17 13.15 10.11 8.45
4f.
r8s smoothing 4.5 ** 30
mean (n=5144) - - - - 181.23 - 106.66 99.22 69.59 49.71 39.20
SE - - - - 2.310 - 1.375 1.306 0.939 0.678 0.540
95% CL - - - - 33.51-449.36 - 18.24-265.10 15.77-251.83 10.05-189.26 6.74-130.81 5.18-114.75
PATHd8 - - - - 57.94 - 39.91 26.60 15.78 12.13 10.14
4g.
r8s smoothing 5.0 ** 35
mean (n=5142) - - - - 261.03 - 153.69 144.07 101.42 72.93 56.90
SE - - - - 2.581 - 1.533 1.462 1.059 0.764 0.613
95% CL - - - - 39.72-510.89 - 21.67-302.10 18.71-286.80 11.95-216.80 7.98-150.17 6.22-132.35
PATHd8 - - - - 67.60 - 46.57 31.03 18.41 14.15 11.84



Table S6. Divergence date estimates.

node: root augochlorine augochlorine caenohalictine dim-light augochlorine Megaloptidia Megalopta montane lowland Xenochlora
ANCESTOR MRCA EARLY MRCA MRCA LATE MRCA MRCA MRCA MRCA MRCA

fossil: Trace - Amber Amber - Amber - - - - -

4X.  Ancestral taxa pruned - Amber augochlorine LATE fixed 5-35 Ma [Megommation removed]
4Xi.
r8s smoothing 2.5 ** 5

- - - - - - 3.96 3.40 2.26 1.52 1.30
SE - - - - - - 0.008 0.007 0.006 0.004 0.004
95% CL - - - - - - 2.97-5.21 2.55-4.48 1.57-3.14 1.10-2.06 0.79-1.95
PATHd8 - - - - - - 6.65 4.43 2.63 2.02 1.69
4Xii.
r8s smoothing 3.0 ** 10

- - - - - - 8.01 6.91 4.61 3.07 2.64
SE - - - - - - 0.031 0.030 0.020 0.150 0.013
95% CL - - - - - - 5.94-10.76 5.10-9.25 3.16-6.49 2.18-4.20 1.59-4.03
PATHd8 - - - - - - 13.30 8.87 5.26 4.04 3.38
4Xiii.
r8s smoothing 3.0 ** 15

- - - - - - 14.14 12.30 8.29 5.53 4.77
SE - - - - - - 0.218 0.205 0.146 0.102 0.088
95% CL - - - - - - 8.91-18.16 7.67-15.64 4.76-11.27 3.27-7.18 2.41-6.81
PATHd8 - - - - - - 19.98 13.29 7.89 6.07 5.07
4Xiv.
r8s smoothing 3.5 ** 20

- - - - - - 28.71 25.73 17.65 12.11 10.04
SE - - - - - - 0.581 0.548 0.391 0.280 0.225
95% CL - - - - - - 11.92-177.20 10.29-166.74 6.39-119.07 4.35-84.15 3.25-68.09
PATHd8 - - - - - - 26.61 17.73 10.52 8.09 6.76
4Xv.
r8s smoothing 4.0 ** 25

- - - - - - 60.33 55.54 38.73 27.16 21.87
SE - - - - - - 1.024 0.974 0.699 0.501 0.340
95% CL - - - - - - 15.04-223.64 12.99-210.78 8.08-156.66 5.47-108.47 4.17-92.42
PATHd8 - - - - - - 33.26 22.16 13.15 10.11 8.45
4Xvi.
r8s smoothing 4.0 ** 30

- - - - - - 118.92 111.02 78.15 55.86 43.87
SE - - - - - - 1.333 1.269 0.918 0.661 0.529
95% CL - - - - - - 18.35-257.95 15.87-244.09 10.08-185.14 6.70-127.07 5.27-112.39
PATHd8 - - - - - - 39.91 26.60 15.78 12.13 10.15
4Xvii
r8s smoothing 5.0 ** 35

- - - - - - 150.63 141.02 99.54 71.29 55.85
SE - - - - - - 1.510 1.439 1.048 0.752 0.605
95% CL - - - - - - 21.53-297.78 18.68-281.06 11.89-214.44 7.89-147.03 6.19-130.56
PATHd8 - - - - - - 46.57 31.03 18.41 14.15 11.84

mean (n=5141)

mean (n=5143)

mean (n=5140)

mean (n=5141)

mean (n=5144)

mean (n=5143)

mean (n=5140)



Table S6. Divergence date estimates.

node: root augochlorine augochlorine caenohalictine dim-light augochlorine Megaloptidia Megalopta montane lowland Xenochlora
ANCESTOR MRCA EARLY MRCA MRCA LATE MRCA MRCA MRCA MRCA MRCA

fossil: Trace - Amber Amber - Amber - - - - -

5.  Ancestral taxa pruned - Amber EARLY fixed 15-45 Ma
5a.
r8s smoothing 0.5 ** 15

- - - - 10.50 8.14 6.12 5.34 3.62 2.41 2.09
SE - - - - 0.012 0.013 0.009 0.008 0.008 0.005 0.006
95% CL lower - - - - 8.93-12.10 6.44-9.96 4.91-7.45 4.25-6.58 2.63-4.77 1.82-3.12 1.31-3.00
PATHd8 - - - - 10.85 5.62 7.47 4.98 2.95 2.27 1.90
5b.
r8s smoothing 0.5 ** 20

- - - - 13.93 10.83 8.06 7.07 4.78 3.18 2.75
SE - - - - 0.016 0.017 0.013 0.012 0.011 0.007 0.008
95% CL lower - - - - 11.71-16.16 8.54-13.29 6.37-9.96 5.50-8.90 3.42-6.44 2.32-4.26 1.70-4.04
PATHd8 - - - - 14.46 7.49 9.96 6.64 3.94 3.03 2.53
5c.
r8s smoothing 0.5 ** 25

- - - - 17.55 13.63 10.23 9.11 6.17 4.26 3.54
SE - - - - 0.022 0.022 0.018 0.021 0.017 0.017 0.012
95% CL lower - - - - 14.56-20.64 10.69-16.80 7.88-13.07 6.80-12.82 4.23-8.94 2.86-8.42 2.11-5.48
PATHd8 - - - - 18.08 9.36 12.45 8.30 4.92 3.78 3.17
5d.
r8s smoothing 1.0 ** 30

- - - - 20.90 16.26 12.10 10.63 7.20 4.80 4.13
SE - - - - 0.025 0.026 0.020 0.019 0.017 0.013 0.013
95% CL lower - - - - 17.52-24.32 12.78-19.98 9.54-15.07 8.20-13.56 5.10-9.79 3.46-6.65 2.54-6.14
PATHd8 - - - - 21.69 11.23 14.94 9.96 5.91 4.54 3.80
5e.
r8s smoothing 1.0 ** 35

- - - - 24.55 19.07 14.29 12.72 8.61 5.92 4.94
SE - - - - 0.030 0.031 0.026 0.028 0.023 0.024 0.017
95% CL lower - - - - 20.38-28.84 14.96-23.49 11.03-18.22 9.51-17.77 5.92-12.43 4.00-11.53 2.95-7.63
PATHd8 - - - - 35.31 13.10 17.43 11.62 6.89 5.30 4.43
5f.
r8s smoothing 1.0 ** 40

- - - - 28.49 22.01 16.81 15.32 10.38 7.65 5.94
SE - - - - 0.037 0.036 0.033 0.041 0.032 0.040 0.022
95% CL lower - - - - 23.41-33.51 17.23-27.20 12.63-21.84 10.88-22.27 6.78-15.86 4.57-15.29 3.41-9.68
PATHd8 - - - - 28.92 14.98 19.92 13.28 7.88 6.06 5.06
5g.
r8s smoothing 1.0 ** 45

- - - - 32.72 25.09 19.70 18.51 12.57 10.09 7.16
SE - - - - 0.043 0.041 0.041 0.053 0.042 0.056 0.029
95% CL lower - - - - 26.63-38.22 19.58-30.98 14.35-25.55 12.46-25.88 7.80-19.09 5.23-18.38 3.92-11.92
PATHd8 - - - - 32.54 16.85 22.41 14.94 8.86 6.81 5.70

mean (n=5144)

mean (n=5141)

mean (n=5143)

mean (n=5144)

mean (n=5142)

mean (n=5144)

mean (n=5144)
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ESM Figure Legends 

 
Figure S1. All three genes: (a) all morphotypes phylogram; (b) single 
specimen per species cladogram. For the latter the posterior probability is 
displayed when node support was < 100.  
 
Figure S2. Non-photic genes: EF-1α  & Wg, all morphotypes phylogram. The 
posterior probability is displayed when node support was < 100.  
 
Figure S3. LwOp only phylograms: (a) all morphotypes; (b) single specimen 
per species; (c) ancestral halictids; (d) Rh1/Rh2 paralogs. The posterior 
probability is displayed when node support was < 100. 
 



Figure S1a.  All three genes - all morphotypes phylogram



Figure S1b.  All three genes - single specimen per species cladogram.

89

99

96

80

90



Figure S2.  Non-photic genes (EF-1a & Wg) - all morphotypes cladogram.
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Figure S3a.  LwOp only - all morphotypes phylogram.
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Figure S3b.  LwOp only - single specimen per species (complete sequence) phylogram.
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Figure S3c.  LwOp only - ancestral halictids (complete sequence) phylogram.
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Figure S3d.  LwOp only - Rh1/Rh2 paralogs phylogram.
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