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Trees for bees

Peter J. Lockhart and Sydney A. Cameron

Controversy over the origins and evolution of social behaviour in the major
groups of social bees (the corbiculate bees) has fuelled arguments over different
approaches for building evolutionary trees. However, the application of different
analytical methodologies does not explain why molecular and morphological
data suggest strikingly different hypotheses for the evolution of eusociality in
bees. Determining the phylogenetic root is expected to help resolve the
question of the social evolution of corbiculate bees. However, this requires that
the long branch attraction problem is overcome. This phenomenon affects both
molecular and morphological data for corbiculate bees.

The corbiculate bees include four tribes (Fig. 1), the
highly eusocial honey bees (Apini) and stingless bees
(Meliponini), the intermediately eusocial bumble bees
(Bombini) and the essentially solitary orchid bees
(Euglossini). These tribes include the major groups of
highly social bees, and because they present different
levels of sociality, they are useful for studying the
evolution of social behavior. The phylogenetic
relationships among these four tribes have been
examined by several authors, using morphological
and molecular characters. However, a clear
understanding of their phylogeny has not been
reached. Phylogenies from molecular data sets'
have been interpreted to suggest independent origins
for the two highly eusocial groups (Apini and
Meliponini), whereas those obtained from
morphological data sets® mostly suggest a common
origin.

This lack of consensus has raised questions
concerning the validity of certain methods of DNA
sequence analysis®. It has been argued that the
application of standard statistical tests for
interpreting bee phylogenies!~ is invalid, and that an
alternative approach, termed ‘total evidence’
(simultaneous analysis)®>$, should be used instead, in
which all available morphological and molecular data
sets are combined, and the global best parsimony fit of
the data onto a bifurcating tree is sought. Total
evidence is appealing because it is based on the idea
that evolutionary hypotheses can be tested most
effectively by looking for corroboration among all
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available character data. However, the method has
been criticized on the grounds that not all datain a
combined phylogenetic analysis are necessarily
equivalent™.

Although the controversy surrounding corbiculate
bee origins has been said to stem from a failure to
observe the total evidence philosophy?®, this
suggestion does not explain why phylogenetic
inference from morphology and molecular analysis
leads to different conclusions on the evolution of
eusociality. Here, we examine the complexity of the
corbiculate bee problem. We show that the
phylogenetic question studied is a difficult one, that
incompatibility exists between the data sets studied
by comparative morphologists and molecular
systematists, and that the controversy will not be
resolved by advocating one evolutionary tree-building
philosophy in preference to another.

Building trees for bees: a classic problem

The corbiculate bee phylogeny represents a classic
example of an evolutionary tree model in which the
juxtaposition of long external branches and a short
internal branch (Fig. 2a) makes it difficult to place
outgroups correctly!®. With this tree shape, the root
and direction of evolution are difficult to determine. In
both morphological and molecular bee data, this
problem can be visualized using splits graphs!!, which
can represent more of the information contained in the
data than is possible using a bifurcating tree
representation. Figure 2 illustrates how the problem
of identifying the root presents itself as reticulation
when using morphological data (Fig. 2b), and
sometimes as a collapse of internal tree structure
when using molecular data (Fig. 2¢). This uncertainty
of the root position, although not explaining the
disagreement between molecular and morphological
results, makes it difficult to know whether highly
eusocial behavior was an ancestral characteristic of
corbiculate bees before tribal lineages diverged. As we
discuss later, knowing the position of the root might
help explain the corbiculate bee controversy.

Incongruence between morphological and molecular
data forms

Tree-building analyses of molecular and
morphological data have suggested strikingly
different phylogenetic relationships among
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Fig. 2. Postitioning of outgroups in evolutionary models. (a) With the evolutionary tree model studied
by Hendy and Penny' (i.e. where there are long external branches and short internal branches), it can
be difficult to use outgroups to identify the root of the tree, because homoplasy is expected to resultin
conflicting signals indicating root placement. Irrespective of the true placement, outgroups tend to be
drawn towards the long external branches in the tree. (b) An outgroup-rooted network built from
morphological characters under split decomposition™ with parsimony scoring criteria. Signals for
conflicting root placement in the data cause a box-like reticulation, suggesting that the root could be
either on the Euglossini lineage or between the highly eusocial, and primitively eusocial and solitary
tribes. (c) An outgroup-rooted network built using first codon position opsin sequences under split
decomposition with parsimony scoring criteria. In this case, conflicting signals for root placement
resultin an unresolved polytomy. Outgroups are indicated by stars, and in (b) and (c) highly eusocial
species are indicated by open circles and squares.
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Fig. 1. Representatives of the four tribes of corbiculate bees: the clade
encompassing honey bees (Apis mellifera, a), orchid bees (Euglossa
mixta, b), bumble bees (Bombus edwardsii, ¢) and stingless bees
(Trigona fulviventris, d). Photographs, reproduced with permission,
from E.S. Ross (a—c) and from the late L. Johnson (d).

corbiculate bee tribes!->. Parsimony splits graphs!!
illustrate that morphological and protein encoding
sequence data sets have strongly incompatible signals.
The morphological data group the highly eusocial
tribes together and partition them from the Bombini
and Euglossini tribes (Fig. 3a). By contrast,
information from the first codon positions in the opsin
sequences (Fig. 3b) and at the second codon positions
in the cytochrome b sequences (Fig. 3c) indicates a
split that groups together the Bombini and the highly
eusocial Meliponini tribe. The differences between the
morphological and sequence splits graphs cannot be
explained by error in sequence alignment (a question
that was raised® when the first rDNA sequences were
reported!) as the alignments are unambiguous for the
protein-encoding sequence data sets.

The evolution of molecular and morphological data
The total evidence philosophy of combining molecular
with morphological data has been accepted and
applied in diverse studies of both animals!415 and
plants'6. The study of corbiculate bees is only one of
many examples. An important assumption when
using total evidence is that the levels of ‘homoplasy’
(similarity which does not reflect phylogenetic
relationships) are similar in both data forms?®. In fact,
the processes underlying morphological evolution
differ greatly from the processes underlying the
evolution of most molecular sequences!™27. A
consequence of this is that the nature and level of
homoplasy can differ between the two data forms, and
this limits the analysis of combined data.

One of the advantages of using only sequence data
for tree building is that it allows the assumption of a
common evolutionary process at different nucleotide
and/or amino acid positions?®29, This assumption
enables hypotheses to be tested using more
sophisticated model-based approaches!®-30, These
methods cannot be used when morphological and
molecular data are combined, and need to be used
cautiously when different genes or sequence data
partitions are combined” %1921, In particular, tree
building models might not accommodate
heterogeneity in evolutionary rates and/or differences
in the processes of character evolution that could
occur in joint data sets”S.

Empirical observations have shown that sequence
evolution is constrained by cellular processes in a way
that can give rise to patterns unexpected under the
simple bifurcating divergence models used in
analyses of morphological data. More commonly
recognized complexities of sequence data include
irregular nucleotide and amino acid frequencies!®-22,
the presence and changing distributions of invariable
sites (sites that are inferred to be unable to
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Fig. 3. Groupings of the corbiculate bees. Unrooted parsimony splits graphs for (a) morphological
data, (b) first codon position opsin data and (c) second codon position cytochrome b data. Quartet
puzzle ‘reliability values’'? shown on the figures have been calculated under parsimony criteria'.
These indicate the high degree of compatible signals within data sets for hypotheses of eusocial
origins, and the incongruence between morphological and molecular data forms. Open circles and
squares identify highly eusocial species.

change)?324, positional substitution rate
heterogeneity (the general form of having variable
and invariable sites in a single analysis)??, non-
independence of change due to secondary structure
interactions?®, and recombination?’. If sufficient

consideration is not given to the biological properties
of sequence data, tree building from sequences could

be unreliable. This problem will affect not only
parsimony tree building, but also more explicitly
model-based methods, such as those involving
maximum likelihood inference or asymmetric

substitution models!922, Problems could also exist in

analyses of morphological data, for example, in the

form of functionally correlated characters. However,

in the absence of a common mechanism underlying
the evolution of different morphological characters,
these problems are expected to be more difficult to
identify and compensate for in the way that can be
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done with molecular data. Perhaps morphologists do
not expect systematic biases to be as pervasive as
they are in some molecular data sets, but the issue
needs to be considered seriously.

Are the molecular analyses of corbiculate bee data
wrong?
An obvious question concerning corbiculate bee
sequence analyses is whether systematic biases in
sequence data (such as those mentioned in the previous
section) might explain the different results from
analyses of molecular and morphological data.
However, no such biases have been detected. Figure 4
illustrates one approach used to investigate the
potentially misleading effect of compositional
heterogeneity and invariable sites in bee sequence
data, by showing the phylogenetic signal in opsin and
cytochrome b sequences for and against the grouping of
Bombini and Meliponini tribes. The height of the
histograms in this distance Hadamard spectrum3%31
indicate the support (above the x-axis) and conflict
(below the x-axis) in the data for this grouping of tribes.
The phylogenetic signal has been corrected for
sequence composition irregularity and the presence of
invariable sites using a LogDet/invariable sites
model?!22, The key observation is that the signal in the
data for the Bombini and Meliponini grouping always
remains much greater than the signal for other
possible groupings of tribes. By contrast, one of us?2
recently reported an example using similar analyses.
In this earlier study, as invariable sites in an
alignment of insect rDNA sequences were removed, the
support for a partition grouping ‘Strepsiptera and
Diptera’ became greatly reduced, favoring other
possible hypotheses. This observation suggested that
the grouping of Strepsiptera and Diptera in tree
building analyses was unreliable because it was largely
caused by compositional differences and positional rate
heterogenity in the molecular sequences??.
Observations such as those in Fig. 4 suggest that
the grouping of Bombini and Meliponini tribes in
molecular analyses cannot be easily dismissed. Of
course, it remains possible that unrecognized biases
might still mislead the phylogenetic interpretation of
corbiculate bee sequences. However, the observation
that bias in substitution processes would need to
similarly affect sequences in both the nuclear (opsin,
28S rDNA sequences)? and mitochondrial genomes
(16SrDNA, cytochrome b sequences)® would seem to
make this possibility unlikely.

Resolving the controversy
A better understanding of the evolution of eusociality
in corbiculate bees can be expected with the
acquisition of more data. Additional molecular
sequences might help to identify hidden biases in the
current data, test the strength of support for unrooted
data partitions, and confirm the position of the root.
The potential value of additional sequence data is
indicated from the conservative substitution patterns
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Fig. 4. Distance Hadamard spectra indicating support under the LogDet transformation for the
groupings Bombini with Meliponini, and Apini with Euglossini. The analysis used (a) opsin —first
codon position and (b) cytochrome b - second codon position data. LogDet values were calculated
following the removal of different proportions of unvaried sites (observed not to have changed).
Values on the x-axis indicate the proportion of unvaried sites removed. These were removed to test
the effect of potential substitution rate differences at different sequence positions on the LogDet path-

length estimates?'22,
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observed in the protein genes studied to date. These
data show low amounts of contradictory signal in
distance Hadamard spectra (Fig. 4). Thus, efforts to
obtain complete mitochondrial genome and nuclear
sequences seem very worthwhile. With the use of new
sequence data there will be debate over the use of
homogeneity tests™?2! and whether or not sequences
and sequence partitions should be combined when
building trees. It could be that not all sequence data
can be combined and jointly analysed using only one
tree building method or sequence evolution model. In
this case, sequences and/or data partitions which
have evolved under similar processes (i.e.
homogeneous data) will need to be identified, and
studied under appropriate evolutionary tree building
models. Where data cannot be combined, consensus
methods for comparing trees built using different
criteria should help evaluate the best phylogenetic
estimates for tribal phylogeny®.
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Improvements in the resolution of morphological
data could come from several areas. New independent
morphological character sets could reduce the impact
of any bias or sampling error in character selection,
which can be one of the less objective aspects of
morphological analyses?2. In existing analyses, some
of the morphological characters are not discrete, but,
nevertheless, have been directly coded as discrete
characters?®3. These data could be further investigated
using methods for converting continuous data to
discrete phylogenetic characters34. An additional
aspect to consider is the degree to which some of the
morphological characters are functionally or
developmentally, rather than phylogenetically,
correlated?®. With respect to this issue, it is
noteworthy that some molecular analyses?® place
outgroups on the highly eusocial lineages. This
observation raises the possibility that the last
common ancestor of corbiculate bees might have been
eusocial; a hypothesis that has not arisen from
analyses of morphological data (e.g. Fig. 2b). If
additional sequencing studies strongly support the
suggestion that the root is on one of the highly
eusocial lineages (Apini or Meliponini), there will be a
need for closer examination of the morphological
data, in case some characters currently used for
phylogeny are correlated with an ancestral social
condition. Finally, many of the analyses have used
supraspecific taxa as terminals in the analysis, and
over-simplifications of data could potentially be
contributing to bias33. In these cases, the individual
exemplar taxa might be more carefully coded for their
actual morphological character states (this also
applies to coding for outgroup taxa).

In summary, efforts to resolve the controversy over
the origins of bee social behavior need to be made by
both molecular systematists and morphologists.
Disagreement exists because analyses of sequences
and morphology suggest different hypotheses, and
not because researchers have used different criteria
for building and testing evolutionary trees'-5. Future
consideration must be given to identifying more
clearly the phylogenetic information contained in
different data sources.
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