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Few insects exhibit the striking colour pattern radiation found in bumble bees (Bombus), which have diversified
globally into a wide range of colours and patterns. Their potent sting is often advertised by conspicuous bands of
contrasting colour commonly mimicked by scores of harmless (Batesian mimics) and noxious species (Müllerian
co-mimics). Despite extensive documentation of colour pattern diversification, next to nothing is known about the
genetic regulation of pattern formation in bumble bees, hindering progress toward a more general model of the
evolution of colour pattern mimicry. A critical first step in understanding the colour pattern genotype is an
unambiguous understanding of the phenotype under selection, which has not been objectively defined in bumble
bees. Here, we quantitatively define the principal colour pattern elements that comprise the phenotype array
across all species. Matrix analysis of meticulously scored colour patterns of ∼95% of described species indicates
there are 12 discrete primary ‘ground plan’ elements in common among all species, many of which correspond to
segmentation patterning. Additional secondary elements characterize individual species and geographical variants.
The boundaries of these elements appear to correspond to expression patterns of Hox genes in Drosophila and Apis
but also suggest novel post-Hox specialization of abdominal patterning. Our findings provide the first foundation
for exploring candidate genes regulating adaptive pattern variation in bumble bees and broaden the framework for
understanding common genetic mechanisms of pattern evolution in insects. © 2014 The Linnean Society of
London, Biological Journal of the Linnean Society, 2014, 113, 384–404.

ADDITIONAL KEYWORDS: Apidae – evo devo – Hymenoptera – mimetic evolution – Müllerian mimicry –
pattern elements.

INTRODUCTION

Colour pattern variation and convergence among
organisms provide stunning examples of adaptive
evolution, the genetic regulation of which is in the
early stages of discovery (Wittkopp, True & Carroll,
2002; Hoekstra & Nachman, 2003; Steiner et al.,
2009; Goncalves, Hoekstra & de Freitas, 2011; Hines
et al., 2011; Manceau et al., 2011; Reed et al., 2011;
Martin et al., 2012; Papa et al., 2013). To broaden our
understanding of pattern evolution and the develop-
mental genetics underlying colour pattern adaptation,
we present a promising new system for study, the
bumble bees (Bombus), which exhibit exceptional
diversity in adaptive colour patterns (Williams, 2007;

Hines & Williams, 2012). Within a geographic region,
unrelated species often converge on a common
pattern (Williams, 2007; Hines & Williams, 2012),
while many species also diverge into distinct colour
pattern sublineages across different parts of their
geographic range (Vogt, 1909, 1911; Ings et al., 2010;
Duennes et al., 2012; Hines & Williams, 2012),
forming colour pattern complexes with other local
congeners (Hines & Williams, 2012). Using a novel
quantitative analysis of the world’s bumble bee fauna,
we show that 12 homologous pattern elements con-
stitute the ground plan for the elaboration of the vast
array of colour patterns observed among hundreds of
species. The boundaries of these elements, many of
which correspond to segmental divisions, appear to
correspond to known expression patterns of Hox
genes in Drosophila and Apis, but also suggest post-
Hox specialization of patterning that may be novel.*Corresponding author. E-mail: scameron@life.illinois.edu
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Renowned for their robust size, venomous sting and
brightly coloured dorsal banding patterns, bumble
bees have undergone some of the most remarkable
colour pattern radiations among animals (Plowright
& Owen, 1980; Williams, 2007; Hines & Williams,
2012). Their potent sting is advertised in many
species by conspicuous banding patterns that
are commonly mimicked by scores of harmless
species (Batesian mimics) such as flies (Waldbauer,
Sternburg & Maier, 1977) and beetles (Heinrich,
2012), and noxious relatives (Müllerian co-mimics).
Comparison of Bombus colour pattern complexes with
the Bombus phylogeny (Cameron, Hines & Williams,
2007) suggests that extant colour patterns have
evolved recently with respect to bumble bee evolution
(Hines & Williams, 2012). Despite a long history of
taxonomic and geographical study of bumble bee
colour patterns (Vogt, 1909, 1911; Williams, 1991;
Williams, 2007; Ings et al., 2010; Duennes et al., 2012;
Hines & Williams, 2012), nothing is known about the
underlying developmental genetic regulation of the
pattern. Classical genetic research conducted on two
species more than three decades ago showed that
either a single locus (unidentified) of two alleles
(B. melanopygus) or more complex polygenic inherit-
ance (B. rufocinctus) can govern pigment switches
in coloration (Owen & Plowright, 1980; Owen &
Plowright, 1988).

In stark contrast to these two sole pioneering
genetic analyses of Bombus pattern variation, exten-
sive molecular genetic and developmental research on
colour pattern regulation of butterfly wings (Nijhout,
1991; Mallet & Joron, 1999; Tong, Lindemann &
Monteiro, 2012) has recently propelled the genus
Heliconius to the level of a model system for evo
devo studies of pattern evolution (Joron et al., 2006;
Counterman et al., 2010; Hines et al., 2011) and
mimicry. Yet the visually striking and simpler
banding patterns of bumble bees, which should be at
least as attractive for developmental genetic investi-
gations of mimetic evolution, have not been intro-
duced into evo devo research. As a first step in this
direction, we argue that a clear understanding of the
actual phenotype under selection is needed. Indeed,
establishing standardized definitions of the homolo-
gous wing pattern elements among diverse butterflies
(Schwanwitsch, 1924; Süffert, 1927; Nijhout & Wray,
1986, 1988) provided the important link between
descriptive taxonomy of wing pattern variation and
the more recent explorations of common molecular
genetic mechanisms underlying the regulation of
wing patterns (Nijhout, 1991; Reed et al., 2011).

While we know that bumble bee colour patterns
vary in the position, shape and colour of dorsal hair
(branched setae) patches (Williams, 2007), we still
lack a standardized definition of homologous pattern

elements that accounts for the diverse array of species
phenotypes. A recent study of Bombus colour patterns
by Williams (2007) provided important quantitative
evidence that similar patterns are geographically clus-
tered, an important finding consistent with mimicry
theory. However, the degree of resolution used in
scoring colour pattern, while useful to investigate
‘gross resemblance effects’ among species (Williams,
2007), was on a scale far coarser than that required for
an analysis with emphasis on evolutionary develop-
mental processes. In particular, Williams (2007) a
priori divided the dorsum into 24 elements, in an
intuitive fashion, and introduced a set of rules to
classify colour patterns into groups according to three
features: tail colour, pale band colour and pale band
position. These were simplifications of the patterns,
introduced for the purpose of estimating intuitive
resemblance for grouping purposes. In contrast, we
make no a priori assumptions as to what the elements
are and include many more distinguishable pigment
classes. The essential nature of our approach is to use
high-resolution grid cell mapping of all colour transi-
tions across the dorsum, allowing the data in a tran-
sition matrix to reveal the pattern elements a
posteriori via quantitative spatial analysis.

MATERIAL AND METHODS
SPECIES SELECTION, MORPHOLOGY AND SCORING

COLOUR PATTERN

Bumble bees were taken from both ethanol and pinned
collections (supplementary Table S1). Ethanol-
preserved specimens are preferred because they are
more likely to preserve the setal pigments intact, as
opposed to dry specimens, in which colourfulness,
particularly of red and yellow hues, decreases
over time. Before scoring a colour pattern, ethanol-
preserved specimens were allowed to dry (5–10 min) in
open air on a KimWipe; any remaining ethanol was
absorbed by dabbing with a KimWipe and the setae
were fluffed with a fine camel hair brush.

For colour pattern scoring, one exemplar was ran-
domly selected to represent each of 204 social species
and 18 socially parasitic (Psithyrus) species (Table S1),
which is equivalent to ∼95% of all described Bombus
species (Cameron et al., 2007). To mitigate the effects
of gender differences on the analysis, we focused on
females (foragers and reproductive females). Multiple
exemplars were included for three species of the sub-
genus Pyrobombus (B. ephippiatus, B. ternarius and
B. pyrenaeus) to separately assess intraspecific varia-
tion in the characterization of colour pattern elements.

In the first step to distinguish colour pattern
elements, we scored the colour pattern (Fig. 1A) for
each species exemplar onto a standardized template
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representing the dorsal thoracic and abdominal
surface (dorsum) (Fig. 1B). Each scored species was a
minutely detailed representation of the pigmentation
pattern of the setae across the dorsum (Fig. 1C). The
standardized template was developed as a composite
of several worker bees from which all setae were
removed (shaved), exposing the segmentation pattern
and other morphological landmarks (sclerites and
sutures) on the bare dorsal cuticle. A few individuals
were sufficient for constructing the template because
bumble bees are morphologically homogeneous rela-
tive to other bees (Michener, 2007). All templates
were scaled to the same size to allow direct compari-
son across all exemplars. The thoracic dorsum
consists of three true segments: the pronotum,
mesonotum and metanotum (Appendix 1A). The
mesonotum is subdivided into two distinct sclerites

(not true segments), a larger anterior scutum and a
posterior scutellum, separated from one another by
the scutoscutellar suture. The metasomal (abdominal)
dorsum has six true visible segments (tergites 1–5)
and the pygidial plate (tergite 6) (Appendix 1B). Addi-
tional cuticular landmarks include an anteroposterior
dorsal midline (or groove) and two mesoscutal
parapsidal lines (see thorax in Fig. 2B), which corre-
spond to the attachment sites of the dorsoventral
indirect flight muscles. A dissecting stereoscopic zoom
microscope (Leica model S6E) was used to magnify
each bee for accuracy and precision in documenting
the morphology and scoring the colour patterns, and
standard reference illumination was provided by
an ACE light source with EKE halogen lamp (Schott
Fostec), with dimmer set at 80, at a distance of
approximately 7 cm from the specimen.

Figure 1. Diagrammatic representation of colour pattern scoring and numerical coding of bumble bee patterns for analysis
of pattern elements. A, sample bumble bee (Bombus ephippiatus) colour pattern. B, template of bumble bee thoracic and
abdominal dorsum. C, scored B. ephippiatus colour pattern. D, square-grid matrix placed over scored colour pattern for
numerical coding of the pattern (0 = no colour transition occurs within a grid cell; 1 = a colour transition occurs within a grid
cell). E, the result is the sum matrix indicating total counts of colour transitions occurring within each of 550 grid cells
summed for 204 social Bombus species used in the analysis (see Fig. S1B for social plus parasitic species sum matrix). The
colour legend (upper left) indicates the nine distinct hues (white to black) we identified for all species; the colour transition
legend (upper right) identifies the range in colour transition frequency (lowest = 0–5 transitions; highest = 116–120) with
each grid cell colour of the sum matrix represented here as a heat map of colour transitions: green to red indicates the highest
colour transition values, which occur along pattern element boundaries; blue cells fall within pattern elements. T1–T6 refer
to the metasomal tergites. Note that in Hymenoptera, the first true abdominal segment is fused to the thorax so the notation
‘T’ refers to the tergites of the metasoma, which differentiates it from the notation ‘A’ indicating abdominal segments in other
insects. See Methods (Identifying Areas of Colour Transition) for additional details.
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Distinct colours of setae were scored by a single
observer (M.A.D.) and matched by eye to a specific
Pantone colour chip (Appendix 2) held against the
bee’s pile under the microscope. Pantone colours
were selected from a total of 1114 hues from the
Pantone Formula Guide/solid coated (4th edition,
2nd printing). Colour matching of setae to Pantone
swatches is known to be relatively well correlated
with colour variables (hue and saturation) obtained
objectively using spectrophotometry (Hill, 1998). For
recording the colour pattern onto the template
(Fig. 1C), each of the 16 Pantone colours selected
was used to match a coloured pencil (Appendix 2),
matched by eye against a Pantone chip under the
same EKE halogen lighting conditions. Mixed setae
of two colours as well as banded setae comprising
two or three pigments were also observed (Appendix
2). We also determined reflectance quantitatively
using a Cary 5G UV-VIS-NIR spectrophotometer at
the Frederick Seitz Materials Research Lab Laser
and Spectroscopy Facility (175–3300 nm wavelength
range for light sources, measurement angle 60° inci-
dence, with broad acceptance angle under diffuse
reflection) calibrated with a 0% reflectance standard

(black carbon tape) and a 100% diffuse reflectance
standard. For each of the eight pure (unmixed) hues
(Appendix 2, colours 1–6, 8, 9) we mounted a T2
dorsal sclerite covered with setae of a given hue onto
a cylindrical scanning electron microscope specimen
mount (12.5 × 10 mm). To control for possible spec-
tral reflection from underlying cuticle, T2 with all
setae removed was also measured. Readings were
taken every nanometre from 3000 (IR) to 100 (UV)
nm. Figure 3 represents only that portion of the
spectrum visible both to humans (400–700 nm) and
to UV-sensitive birds (300–800 nm). Each of the
eight pure colours identified using human visual
perception was clearly distinguished with the
spectrophotometer (Fig. 3).

QUANTIFYING COLOUR PATTERN AND IDENTIFYING

AREAS OF COLOUR TRANSITION

To statistically resolve the pattern elements, we
quantified congruent zones of low- and high-frequency
colour transitions in common among ∼95% of bumble
bee species (Table S1). To score the position and esti-
mate the frequencies of colour transitions across the
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Figure 2. A, diagrammatic representation of bumble bee dorsal ground plan pattern elements (1–12) and secondary
elements (a–e) revealed in colour transition analyses. Each element is labelled (also see Table 1 and Appendix 4), and the
associated coloured dots identify the matching coloured element. B, template of dorsal morphology showing anterior–
posterior sclerite and segmentation boundaries. Additional thoracic morphological features observed on a shaved bee (all
setae removed from dorsum) include the dorsal midline and the parapsidal lines on the mesoscutum. Dotted lines on
tergite 2 represent some commonly observed species-specific arch-shaped patterns formed of contrasting setae relative to
the coloration of the lateral setae.
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dorsum, we quantified the colour pattern of each
species exemplar by transposing the pattern onto a
transparent square grid matrix (Apollo transparency
film) of 550 equal-size grid cells (Fig. 1D) overlaid
onto the scored colour pattern template (Fig. 1C). The
size of the matrix (19 columns × 44 rows) was selected
to depict the overall shape of the bee anatomy
with high resolution, minimal edge effects and
maximum accuracy. The 550 grid cells that fell within
the outline of the scored template corresponded to the
colour pattern, which was then converted to binary
digits (0 and 1) across the matrix (0 = single colour in
a cell, 1 = two or more colours in a cell, representing
a transition from one colour to another; equally mixed
setae, for example yellow and black mixed, were
scored 0 if the mixture was uniform within a grid
cell). The 286 grid cells of the 19 × 44 matrix that fell
outside the margins of the bee template were
assigned a value of −1 and ignored in analyses.

To quantify areas of colour uniformity from areas of
high colour changeover for all species combined, we
created a sum matrix (Fig. 1E, Fig. S1) by summing

the 1 scores in each of the 550 analogous grid cells of all
species matrices (implemented in MATLAB R2012a).
The sum matrix was manually inspected to ensure
accuracy of data entry. To determine that the socially
parasitic species, which may mimic their social hosts,
would not influence the colour transition results, we
constructed sum matrices both with and without the
social parasites (Fig. S1). Results were unaffected by
inclusion of the parasitic taxa (Fig. S1A, B). Separate
sum matrices were constructed for the three species
for which we scored more than ten exemplars each to
investigate intraspecific pattern change (Fig. S2). For
the Perl programming language (v5.10.0) script
written to implement the matrix addition procedure in
MATLAB, see supplementary text S1.

DETERMINING COLOUR PATTERN ELEMENTS

Colour pattern elements were initially recognized as
zones of little or no colour transition (areas of high
colour uniformity) bounded by zones exhibiting rela-
tively high frequencies of colour transition among all
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Figure 3. Spectrophotometric reflectance curves for each unmixed setal hue (Appendix 2) distinguished from among 204
bumble bee species. Orange-brown (Appendix 2, colour 7), while a distinctive hue, always occurred as intermixed with
black setae, and thus was not measured for reflectance. The curves represent diffuse reflectance, indicated by percentage
reflectance along the y-axis and wavelength (nm) along the x-axis. White pile is from Bombus persicus (SPEC01), pale
yellow from B. impatiens (SPEC02), bright yellow from B. fervidus (SPEC03), pale orange from B. pomorum (SPEC04),
orange from B. dahlbomii (SPEC05), orange-red from B. rubicundus (SPEC06), tawny from B. simillimus (SPEC07), black
from B. vosnesenskii (SPEC08) and hairless tergite reflectance from B. vosnesenskii (SPEC09). The abrupt vertical
translation between 323 and 324 nm correlates with the position at which the Carey 5G switched detectors, and is an
artefact of sample orientation changing relative to the second detector.
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species exemplars. Pattern elements were tested for
significance using permutation (randomization) tests,
which allow us to determine whether an observed
difference between mean transition frequency along
an element boundary (group 1) and mean transition
frequency within an element (group 2) is large enough
to reject the null hypothesis that the two frequencies
are not significantly different (text S2). After calcu-
lating the difference in means between the two groups
we pooled all the transition values of both groups,
then randomly reassigned the pooled values to the
two groups and recalculated the difference in mean
transition frequency. With 5000 randomizations
we generated a distribution of the set of calculated
differences to test the null hypothesis. The P-value
(one-tailed) represents the proportion of sampled per-
mutations in which the difference in means was
greater than or equal to the original observed differ-
ence. After evaluating the P-values for all potential
elements tested, we established a conservative
threshold (P < 0.0002) for recognizing primary ele-
ments found in common among species exemplars.
Additional elements emerge with P-values above
0.0002, which we consider as secondary elements
(text S3). We also performed permutation tests to
examine differentiation or fusion of elements in each
of the three species representing different degrees
of colour pattern polymorphism across their ranges:
B ephippiatus (highly polymorphic), B. pyranaeus
(intermediate) and B. ternarius (monomorphic)
(Fig. S2).

ANALYSIS OF SEGMENTAL BOUNDARIES

To determine if transitions in colour pattern com-
monly occur along true segment boundaries or other
margins between sclerites, such as thoracic sutures
(Appendix 1), we overlaid the sum matrix (Fig. 1E)
onto a morphology template indicating the position of
these dorsal features (Appendix 1). We counted the
total number of transitions in each matrix cell that
corresponded to one of the morphological boundaries.
Of the 550 matrix cells, 102 (18.54%) fell along a true
segment boundary (Appendix 1B) and 11 fell along a
sclerite boundary (scutoscutellar suture) on the
mesonotum (Appendix 1A). The remaining 437 cells
(79.45%) were characterized as not belonging to any
morphological feature. Using a permutation test, we
tested the null hypothesis that the mean frequency of
colour transitions in cells along the morphological
boundaries is not significantly different from the
mean frequency of the remaining 437 cells (text S4).

COLOUR LOCATION ANALYSIS

Numerical values were assigned to each of 19
observed colour classes for all 204 exemplars – nine

unmixed colours (Fig. 1) and ten mixed setal or
banded setal colours (Appendix 2). To determine the
position and frequency of each colour across the
dorsum of each exemplar, a transparent square grid
matrix (Fig. 1D) was overlaid onto each scored colour
pattern (Fig. 1C) and each cell was assigned a colour
class (1–19). When two colours were present within
one grid cell we used a > 50% rule: the cell was
assigned the colour comprising > 50% of the cell area.
Any grid cell falling on an element boundary was
assigned a priori to the element above or below it for
colour assignment by aligning the square grid matrix
to a blank bee template (Fig. 1B) and using the > 50%
rule to determine which segment contained the
greater fraction of the cell. The 204 colour matrices
were summed for each colour class, generating 19
colour sum matrices (Fig. 4, Fig. S3), each containing
the total frequency of that colour in each cell summed
over all 204 species. Each of the 19 matrices was used
to calculate the average frequency of occurrence of
each colour for each element (averaged over all cells
comprising the element). All cells comprising each
element were used to create heat maps of the most
common colours (Fig. 4) and histograms of colour dis-
tributions for each element (Fig. S4) to explore what
colours were most common in each element. To
control for the effect of element size (the number of
grid cells it contained), we divided the frequency of
the colour by the total number of grid cells per
element.

To test for association between colours and pattern
elements, we conducted principal components analysis
(PCA) of the mean frequency of each colour for each
element using the FactoMineR package (Lê, Josse &
Husson, 2008) in RStudio (v0.98) (Appendix 5). Due to
the high frequency of black across all of the elements,
a correlation matrix was used to normalize for the
overall differences in variance. Only the most common
colours were used (those occurring on all the elements),
thus excluding tawny, white+yellow mixed, white+
orange mixed, orange+yellow mixed, two-banded
black->orange, two-banded white->orange, two-
banded black->white and three-banded pigmentation.

COLOUR ADJACENCY ANALYSIS

To assess how hue changes between adjacent ele-
ments, we generated pairwise colour change matrices.
Ten pairwise matrices (Table S2), one for each pair of
adjacent elements, including all 19 colour classes
(19 × 19) were constructed as follows. One cell per
element was chosen belonging to or near the dorsal
midline where colour transitions rarely occur. Appen-
dix 3 indicates which cells were chosen for each
pairwise comparison. Next, the colour transitions
from element N to element N+1 were recorded for
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each of the 19 colour classes. The transition matrix
entry (i, j) corresponds to the number of transitions
from colour i in element N to colour j in element N+1.
For instance, the 19 matrix entries along the main
diagonal (Table S2) correspond to the number of
times each of the 19 colours between the two adjacent
elements does not change. There are five transition

matrices for the thorax and five for the abdomen. No
matrix was generated for element 6 on the posterior
thorax and 7 on the anterior abdomen. To be certain
that cells along the midline did not have undue influ-
ence on the results, we also constructed transition
matrices from cells not occurring along the midline
and found no difference in results.

Figure 4. Colour frequency and heat maps for eight major colour classes (A–H) (tabulated in Appendix 2) for all 204
species exemplars. The highest frequencies are highlighted for each colour (left), and these are also represented as heat
maps (right). Range of percentages refer to the highest mean frequencies found for a given colour or colour mix. A, black;
B, black+yellow mixed; C, pale yellow; D, bright yellow; E, orange-red; F, orange; G, pale orange; H, white.
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RESULTS
BUMBLE BEE COLOUR PATTERN ELEMENTS

We generated a total of 222 individual colour transition
matrices, including 204 for the social species and 18 for
the parasitic species. We hypothesized that colour
pattern elements would be characterized by zones of
high colour uniformity (no/little change in colour
across a body region), separated by zones of high colour
changeover (potentially representing a boundary
between elements). Zones that exhibited obvious high

frequencies of colour transitions in the sum matrix
(Fig. 1E) were thus defined as boundaries separating
discrete elements. Permutation tests (text S2) of the
frequency values along each boundary zone relative to
adjacent zones of low colour transition frequency
revealed 12 elements (ten boundaries between ele-
ments) (P < 0.0002) found in common among hundreds
of species: six thoracic and six abdominal elements
(Fig. 2A, Table 1, Table S3). These 12 Bombus ground
plan elements delineate the basic organization of the
colour pattern into anterior–posterior compartments

Figure 4. Continued
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across the dorsum. They consist of a sequence of dorsal
bands running from the anterior thorax to the poste-
rior abdomen (Fig. 2A). Here we present a nomencla-
ture of these primary elements (Table 1, Appendix 4).

GROUND PLAN PATTERN ELEMENTS CORRELATE WITH

SEGMENTATION BOUNDARIES

Overlaying the sum matrix (Fig. 1E) onto a second
matrix (Appendix 1B) that highlighted all cells repre-

senting the dorsal segmentation boundaries (102/550
cells, 18.5%) and a third (Appendix 1A) highlighting
the suture separating the mesoscutal sclerites (scu-
tum and scutellum) (11/160 mesonotum cells, 6.9%)
revealed that colour transitions occur on segmen-
tal boundaries significantly more frequently than
expected based on a null hypothesis of random distri-
bution of cell transition frequencies (permutation test,
P < 0.0002) (text S4). The scutoscutellar suture was
also a zone of significant colour transition (P < 0.0002).

Figure 4. Continued
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Separating the 12 ground plan elements are ten
element boundaries (Fig. 2A), seven of which corre-
spond to adult segmentation boundaries (Fig. 2B).
Four pattern elements (elements 2–5) comprising the
mesonotum are, however, partly or fully independent
of adult segment boundaries, including the posterior
margin of element 2, which falls in the upper third of
the scutum, elements 3 and 4, which are entirely
independent of adult segmentation (although the pos-
terior margin of element 4 is marked by a suture
separating it from the scutellum), and element 5

(scutellar band), which shares only its posterior mar-
gin with the metanotal segment boundary (Fig. 2A).

Among all 204 species, the area of highest colour
transition occurred along the segment boundary sepa-
rating tergites (T) 3 and 4 (Fig. 1E), between elements
9 and 10 (Fig. 2A) (mean transition frequency of 17
grid cells comprising boundary = 112.7647 ± 3.8166;
> 54% of bees displayed transitions along this bound-
ary). Anteriorly, the T2–T3 segmentation boundary
separating elements 8 and 9 displayed the next highest
colour turnover (mean transition frequency of 19

Figure 4. Continued
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boundary grid cells = 99.8947 ± 3.2642; > 48% of bees
displayed transitions along boundary). In contrast, the
central spot with distinctly shorter hair on the thorax
(centre of element 4) exhibited no colour transitions
(Fig. 1E), and relatively little shift in colour occurred
between the central (element 3) and posterior (element
4) scutum (mean transition frequency of 15 boundary
grid cells = 18.0667 ± 2.4339; 7–10% of bees, depend-
ing on which of 15 cells displayed transitions along
boundary).

SPATIAL DISTRIBUTION OF SECONDARY ELEMENTS

Not all Bombus species have all 12 of the primary
elements evident; some may deviate from the ground
plan, but not in a random fashion. Elements may fuse
to form a uniform colour in some species (the most
extreme example being species of a single colour) or
become subdivided transversely or longitudinally in
others. These ‘secondary’ patterns are stereotypical
and appear to be important in species-specific indi-
vidualization of colour pattern. We found five second-
ary tergal elements (a–e in Fig. 2A, text S3) that
appear frequently among the species (permutation test
P-values > 0.0002 [0.0004–0.028], Table 1): a medial
notch of black hair on tergal band 1, and lateral
patches of different widths of contrasting colour on
tergal bands 2, 3 and 4 (Fig. 2A), which correspond
roughly in position to the dorsolateral convexities of
the tergal discs (Michener, 2007).

We also explored three species individually to
determine whether the 12 pattern elements were
conserved in taxa that display different degrees of
intraspecific colour pattern polymorphism. Bombus
ephippiatus (highly polymorphic), B. pyrenaeus (mod-
erately polymorphic) and B. ternarius (monomorphic)
exhibited many of the ground plan elements, but
fusion of two or three adjacent elements was common
in each species (Fig. S2). Fusion of elements is inter-
preted from the absence of significant colour transi-
tion (P > 0.05, permutation test) between one primary
element and the next, resulting in uniform coloration
between two or more adjacent elements. For instance,
B. ternarius displays fusion of central and posterior
thoracic elements 3 + 4 + 5, and tergal elements 8 + 9,
11 + 12 (Fig. S2A); in B. pyrenaeus, central thoracic
elements 3 + 4, and tergal elements 7 + 8 and 9–12
merge, respectively (Fig. S2B); and in B. ephippiatus,
anterior and central thoracic elements 2 + 3 + 4
merge, as do anterior tergal elements 7 + 8 and the
tail elements 11 + 12 (Fig. S2C).

WHAT COLOURS ARE LOCATED WHERE

We distinguished nine pure setal hues (Fig. 1) among
the pattern elements of 204 species. These were not
randomly distributed across the dorsum (Fig. 4,
Fig. S3, S4, Appendix 5). Black was the most fre-
quently expressed pigment (Fig. 4A) in more than
25% of exemplars. It was found in at least some

Table 1. Nomenclature of Bombus pattern elements, including the numerical coding of the 12 ground plan elements
ordered along the anterior–posterior axis of the dorsum, and the letter coding of the secondary elements (a–e)

Element Name Position P-value

Ground plan (primary) elements
1 Pronotal band Pronotum < 0.0002
2 Anterior scutal band Anterior scutum < 0.0002
3 Central scutal band Central scutum < 0.0002
4 Posterior scutal band Posterior scutum < 0.0002
5 Scutellar band Scutellum < 0.0002
6 Metanotal band Metanotum < 0.0002
7 Tergal band 1 Tergite 1 < 0.0002
8 Tergal band 2 Tergite 2 < 0.0002
9 Tergal band 3 Tergite 3 < 0.0002
10 Tergal band 4 Tergite 4 < 0.0002
11 Tergal band 5 Tergite 5 < 0.0002
12 Tergal band 6 Tergite 6 < 0.0002

Secondary elements
a T1 medial notch Tergite 1 central disc 0.006
b T2 narrow dorsolateral patch Tergite 2 lateral disc 0.028
c T2 wide dorsolateral patch Tergite 2 lateral disc 0.021
d T3 dorsolateral patch Tergite 3 lateral disc 0.0004
e T4 dorsolateral patch Tergite 4 lateral disc 0.003

P-value (one-tailed) based on permutation tests. See Methods and supplementary text.
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frequency in all pattern elements (Fig. S4), most fre-
quently in the setae covering the central thorax
(element 3 mean frequency = 58.45 ± 3.66%, element
4 = 71.2 ± 6.08%, element 5 = 31.81 ± 3.69%) and
tergal band 3 (element 9 = 54.03 ± 4.68%). Various
orange pigments (Fig. 4E, F) were found most fre-
quently in the tail region (tergal bands 4–6). Different
shades of yellow (Fig. 4C, D) were most commonly
displayed on the anterior and posterior regions of the
thorax (elements 1, 2 and posteriorly 5) and tergal
bands 1 and 2 (elements 7, 8), thus flanking the black
elements. Pale orange occurs commonly in elements
2, 5 and 8 (Fig. 4G). White is mostly congruent with
the occurrence of yellow but is also found commonly
in the tail (Fig. 4H). Mixtures of coloured setae also
occur, commonly as black+yellow on the pronotum
(Fig. 4B) and, rarely, banded setae are observed:
two-banded (black basally with orange or yellow api-
cally) and even three-banded setae (black basally->
orange->white apically Fig. S3A–J).

PCA indicated that elements and colours grouped
congruently into three principal clusters (Appendix
5). A map of the colour classes used in this analysis
(Appendix 5A) showed that colours similar in hue
mapped to similar dimensions for PC1 and PC2,
which explain > 70% of the variation in the colour
frequency data across the elements. White is an
exception as it clusters with the orange pigments,
reflecting its common expression in the tail region
where orange is also most commonly expressed. Addi-
tionally, PCA (Appendix 5B) indicated that elements
10, 11 and 12 form a distinct cluster of orange-
pigmented tail elements (Fig. 4E, F); elements 1, 2, 5,
7 and 8 form a cluster of principally yellow hues
(Fig. 4C, D); elements 3, 4 and 9 form a looser cluster
of the predominantly black elements (Fig. 4A); and
element 6 (metanotum), which has predominantly
mixed black+yellow hair (Fig. 4B), falls out separately
on the PC map between yellow and black elements.

CONSPICUOUS PATTERNS OF ASSOCIATION

BETWEEN COLOURS

Pairwise colour association matrices were constructed
to examine trends in the co-occurrence of colours
between each of the 12 elements (Table S2). We exam-
ined the nine most frequently observed colours, plus
ten less commonly encountered colours among the
exemplars. The matrices, representing frequencies of
transition between any two colours for adjacent ele-
ments, suggest important colour trends. The most
prominent trend is the conservation of colour between
any two adjacent elements (Table S2). The most
common shifts between adjacent elements are from
yellow to black or black to yellow, except between
element 9 and tail element 10, which most commonly

transitions from black to orange. Two notable shifts
involving mixed setae occur on the anterior and pos-
terior thorax: black+yellow mixed on element 1 tran-
sitions to pure yellow on element 2, and pure yellow
posteriorly on element 5 transitions to black+yellow
mixed on element 6.

DISCUSSION

We have shown that 12 dorsal pattern elements in
bumble bees constitute the ground plan for the elabo-
ration of the vast array of colour patterns observed
among species. We have presented a nomenclature of
these elements that provides a new comparative
model for understanding colour pattern evolution. We
have shown that all but four of the major pattern
elements are delimited in position, shape and colour
by the adult segmentation boundaries, and that tran-
sitions from one colour to another occur along these
boundaries. Non-segmental thoracic elements 2–5
(Fig. 2A) subdivide the mesonotum into four compart-
ments, each of which can express different pigmenta-
tion and may be under separate regulation. These
may correspond to the compartmentalization of
clonally distinct populations of cells found in thoracic
T2 of Drosophila melanogaster (Lawrence, 1992).
A study of larval bumble bee parasegmentation
patterns would provide an obvious test of this
hypothesis.

Moreover, principal transition zones tend to divide
the thoracic and metasomal dorsum broadly into
anterior, central and posterior partitions of colour.
The anterior thorax is circumscribed by the pronotal
and anterior scutal bands (elements 1 and 2), a
central zone is bounded by the mesoscutal and pos-
terior scutal bands (elements 3 and 4), and a posterior
scutellar zone is bounded by elements 5 and 6. Like-
wise, the abdominal dorsum (tergal bands 1–6) tends
toward a subdivision into three broad zones of colour
along the anterior–posterior axis: an anterior zone
comprising tergal bands 1 and 2, a strongly demar-
cated central tergal band 3, and a posterior zone or
‘tail,’ which is differentiated by tergal bands 4–6.
These broader zones of colour may be under selection
for maximizing aposematic coloration.

Secondary or subordinate patterns arise medially
and laterally on the abdomen. For example, tergal
band 1 often has a notch or central patch of black
setae, and patches of contrasting colour arise laterally
on tergal bands 2–4 and are not entirely circum-
scribed by segmentation boundaries. They may arise
as gradients of pigmentation originating either from
the lateral margins of the tergites or from the dorsal
midline, and may be important in differentiating
species-specific patterns. We also recognize that some
species show additional patterns, such as double
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bands or arches of contrasting pigmentation within
some of the tergal elements, again most commonly on
tergal bands 2–4 (Fig. 2B). The width of the bands
may be equal, splitting a segment into two equivalent
rows, or unequal, a wide anterior band and a thin
posterior stripe of contrasting setae anterior to the
segment boundary of the next element (Fig. 1E).
Arch-shaped patterns (Fig. 2B) may vary in shape
from shallow and wide to deep and narrow. A notch
of contrasting black setae may interrupt the
arch posteromedially. The developmental genetic
regulation of these patterns is ripe for comparative
investigation.

ADAPTIVE COLORATION IN BUMBLE BEES

Bumble bee hairs, which are branched and feathery,
as in all bees, serve multiple adaptive roles, from
enhancing pollen collection to thermoregulation
(Michener, 2007). They also evolved to display a stun-
ning array of divergent species-specific colour pat-
terns and convergent aposematic patterns comprising
Müllerian mimicry complexes that function to warn
predators. Our quantitative investigation of colora-
tion trends in Bombus has revealed that black is by
far the most common colour expressed across species,
with the highest frequency (77%) occurring in the
central thoracic region. The high frequency of black
suggests that it might be serving as a ground plan
pigment, adjacent to which other colours occur, thus
creating a high-contrast, aposematic signal. The high
frequency of black in the centre of the thorax (Fig. 4A)
could reflect a thermoregulatory function as it covers
the powerful flight muscles that are often used to
regulate body temperature (Heinrich, 2004). Interest-
ingly, the highest colour transitions occur on elements
9 and 10 (tergal bands 3 and 4). In general, transi-
tions occur more frequently on the abdomen than the
thorax, possibly because this region is usually orien-
tated towards an approaching predator.

Various orange pigments occur at high frequency in
the tail elements (Fig. 4E, F), suggesting that these
orange pigment classes may be derived from the same
pigment that varies in density within the setae. A
similar chemical pathway could also explain the dif-
ferent classes of yellow (pale yellow – pale orange)
and white, all of which are highly expressed in the
anterior and posterior thoracic regions and in the
anterior region of the abdomen (Fig. 4C, D, G, H).

The colour transition matrices reveal that colours
are most often preserved between adjacent elements
(Table S2). Nonetheless, changes from yellow to
black or black to yellow are among the most common
changes in colour (Table S2), and probably result in
maximum contrast (Williams, 2007). The fact that the
ventral surface patterning is pale and lacks the sharp

contrasting coloration of the dorsum further suggests
an adaptive function of the dorsal pattern elements.
An exception to the aposematic pattern are those taxa
that are thought to display cryptic coloration in grass-
land areas, where blending in to background vegeta-
tion is advantageous (Williams, 2007). Bumble bee
colour patterns are also commonly mimicked with
high fidelity by a diverse array of flies, particularly
those of the families Syrphidae (hover or drone
flies) and Asilidae (robber flies). The Bombus ground
plan may thus define the principal patterns of
these diverse Batesian mimics, and experimental
research may discover a similar or identical underly-
ing developmental origin of the colour patterns.
Genetic research by Conn (1972) on the syrphid fly
Merodon equestris, a high-fidelity mimic of multiple
bumble bee models, revealed that multiple loci with
multiple alleles control the colour pattern in the
thorax and abdomen of these flies, including a
ground colour locus. Further genetic and population
genetic research on bumble bee models and their
mimics is critical for understanding their mimetic
evolution.

We emphasize that the Bombus ground plan ele-
ments are a minimum set of pattern elements
describing a generalized bumble bee pattern, each
likely to be under independent developmental regu-
lation. Additional secondary elements occur in many
species, and many species exhibit intraspecific varia-
tion in colour pattern as profound as that found
among distantly related species. An available compre-
hensive Bombus phylogeny (Cameron et al., 2007)
allows us to examine hypothetical ancestral colour
patterns across the tree, and it is clear that the
diverse, segment-specific patterns were there in
the earliest evolution of these bees, in contrast to the
invariant pigmentation of the abdominal segments of
many Drosophila, whose segment-specific differentia-
tion of coloration is a recent innovation (Carroll,
Grenier & Weatherbee, 2005).

PATTERN ELEMENTS AND MIMICRY

These high-resolution colour pattern data allow us to
examine differences and similarities between the
pattern elements of mimetic species. For example, in
the western United States there is a complex of
multiple polymorphic species (B. bifarius, B. melano-
pygus and B. sylvicola) that form two distinct mimicry
rings, one in the Pacific West region with black pig-
mentation on tergal bands 2–3 and one immediately
east and north in the Mountain West with red pigment
replacing black on tergal bands 2–3 (Fig. 5); the poly-
morphic species B. flavifrons follows a similar pattern
on tergal bands 3–4. Additional monomorphic species
converge on these complexes, including B. huntii and
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B. ternarius with identical abdominal patterning
to the bifarius complex, and B. vosnesenskii and
B. caliginosus converging on the black complex. All of
these species belong to the large subgenus
Pyrobombus, so it is possible that the retention of
elements among them might be due in part to shared
phylogeny. One of the most remarkable pairs of
co-mimicking species is the nearly indistinguishable
B. auricomus and B. pensylvanicus in the eastern
United States. Despite belonging to distantly related
subgenera of Bombus, these two species are difficult to
differentiate in the field even for a trained expert.
Across all species, it appears that the abdominal
elements are highly conserved, while the thoracic
elements tend to vary more between members of a
mimetic complex, suggesting that the abdominal ele-
ments might be more important for conveying
aposematic signal to predators.

PATTERN FORMATION GENES AND DEVELOPMENT

The association of different bands of pigmentation
with the anterior–posterior segmentation pattern
strongly suggests the importance of segmental
boundaries in the formation of bumble bee colour
pattern. The segments appear to serve as barriers or

discontinuities between portions of the body, within
which the colour pattern elements may evolve inde-
pendently, each able to deviate somewhat from the
ground plan, similar to the role of wing veins in
butterflies (Nijhout, 1991) as barriers and sources of
pattern induction. We have presented a nomenclature
of these elements that suggests a new model frame-
work for testing hypotheses of the underlying evolu-
tionary genetic and developmental regulation of the
pattern.

An important question in the evolution of pattern
formation is whether the many colour patterns are
under the control of a large number of structural
genes, or alternatively whether regulatory genes,
such as transcription factors, simply turn a few
master genes on and off. Developmental studies of
abdominal colour pattern in D. melanogaster (Kopp &
Duncan, 1997; Kopp & Duncan, 2002; Wittkopp et al.,
2002) have shown that cuticular striping patterns are
controlled by segment polarity genes, including
engrailed (en), hedgehog (hh), patched (ptc) and
optomotor-blind (omb), and by homeotic genes that
control the identity of serially repeated structures. In
the honey bee, expression patterns of Sex combs
reduced (Scr) and Antennapedia (Antp) in portions of
the thorax and central abdominal segments, and
of Ultrabithorax (Ubx) and abdominal-A (abd-A) in
the abdomen correlate both with parasegment and
segment boundaries (Walldorf, Binner & Fleig, 2000).
We speculate that some of these developmental genes
expressed early in development may also be regulat-
ing colour pattern in bumble bees, including Antp in
thoracic and central abdominal patterning and Ubx/
abd-A in peripheral abdominal patterning (Walldorf
et al., 2000), while abd-B may activate expression of
the red pigmentation in the posterior abdominal seg-
ments (Jeong, Rokas & Carroll, 2006). It is especially
notable that colour transitions among bumble bee
abdominal segments occur across an apparently
uniform Ubx/abd-A expression domain in the honey
bee, suggesting that Ubx/abd-A alone are unlikely to
explain the bumble bee transitions. It is possible that
tergite-specific transcription factors are responsible
for segment identity and colour pattern variation of
the bumble bee abdomen. Given that most insects
have stereotypical, unchanging abdominal segments
[probably related to the ubiquitous abd-A (Hox 8)
identity], bumble bees appear to exhibit a kind of
post-Hox specialization of abdominal segments that
may be novel. Later in development, probably during
mid to late pupal stages, specific pigments themselves
may be synthesized under control of one or more
transcription factors that switch different branches of
the melanin pathway on or off following the instruc-
tions laid down by the segmentation and polarity
genes earlier in development (Kopp & Duncan, 2002;

Figure 5. Geographical distributions of sample species
from two Bombus (subgenus Pyrobombus) colour pattern
complexes (black along Pacific coast, red in mountains
west and north). Convergent patterns among species
within the Pacific West and Mountain West, respectively;
intraspecific divergence of pattern between the Pacific
region (e.g. B. bifarius and B. melanopygus black forms)
and mountain west (B. bifarius and B. melanopygus
orange forms). Sister species (e.g. B. vosnesenskii and
B. huntii) may also show the same black/red phenotypic
divergence between regions.
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Wittkopp et al., 2002). While this scenario is hypo-
thetical for bumble bees, evidence for the role of a
master gene in the regulation of colour patterning in
insects comes from the recent discovery that expres-
sion of a single transcription factor (optix) controls all
variation in the red colour patterning in the wings of
diverse Heliconius butterflies (Reed et al., 2011).

The principal hair colours of bumble bees are black,
yellow, orange and white. We find that black is by far
the most common colour across the dorsum, and
unpublished work in 2008 by H. Imlay and H. Hines
indicates that the black pigment in bumble bee hair is
melanin, as is the red pigment. The yellow pigment is
not yet identified but is not an ommochrome or carot-
enoid; it may be a pterin (Hines unpublished data). It
is unknown whether white is an actual pigment or
the absence of pigment in bumble bees. It would be
especially compelling if some or all of the bumble bee
pigments were products of melanin biosynthesis,
because both upstream and downstream genetic
control could be compared directly with at least two
other systems, Drosophila and butterflies. For
instance, downstream regulation of bumble bee colour
pattern could be under the control of genes that
regulate melanin synthesis. In D. melanogaster,
melanin patterns of the dorsal cuticle are delimited
by the spatial regulation and combined expression
patterns of the yellow and ebony genes (Wittkopp
et al., 2002); the Yellow protein is required for black
melanin production and Ebony produces a tan
pigment, both of which are necessary for producing
inter- and intraspecific phenotypic variation in
abdominal pigment stripes (Wittkopp et al., 2002).
Black melanin patterns within and between species of
both Drosophila and butterflies are also regulated
upstream by morphogen genes of the Wnt-family of
signalling proteins (Martin et al., 2012). It is possible
that genetic variation in the expression of similar
genes in bumble bees could provide a mechanism for
the strikingly rapid evolution of the vast array of both
novel and convergent pigment patterns.

Individual bumble bee hairs are usually a single
colour but in some species they may be banded, with
different pigment coloration in the basal and apical
regions. Some species even have three-toned hairs
(B. waltoni setae progress from black to orange to
white at the tips). This is a heritable phenotypic
character and while the adaptive significance, if any,
is unclear, it is possible that this is controlled by an
expression–suppression–expression cycle in pigment
production during different phases of setal develop-
ment (Carroll et al., 2005).

The delineation of bumble bee colour pattern ele-
ments provides a new model system for investigating
the genetic and developmental basis of phenotypic
polymorphism, especially as it relates to the evolution

of colour pattern mimicry. The advantages of the
Bombus system for understanding pattern evolution
include: (1) the widespread radiation of diverse
mimicry patterns across the entire genus, with
repeated examples of both interspecific convergence
and intraspecific divergence, (2) a comprehensive phy-
logeny of the genus (Cameron et al., 2007) and a
high-density linkage map [covering ∼93% of the
genome of at least one species (Stolle et al., 2011)] are
available as a framework for understanding the evo-
lution of genetic architecture of pattern polymor-
phism, (3) the geographical distribution of all species
is relatively well documented (Williams, 2007; Hines,
2008) and (4) the bees are large and showy, and the
banding patterns are simple and thus relatively
easily examined for insights into both the develop-
mental genetic and ecological bases of pigmentation
patterns.

CONCLUSIONS

Our square-grid matrix analysis of colour patterns of
222 bumble bee species (∼95% of the described taxa)
(Cameron et al., 2007) reveals 12 discrete dorsal
colour pattern elements (ground plan elements) that
are shared across the full range of diverse pheno-
types. Further analysis reveals additional secondary
medial and lateral patterns that uniquely character-
ize some species; in other species certain elements
may fuse. We show that the boundaries of the ground
plan elements, and hence their shapes, correspond in
part to thoracic and abdominal segmentation pat-
terns, but appear independent of adult segmentation
in the central and posterior thoracic region. Our find-
ings provide the scaffold from which to embark on evo
devo research on pattern formation. We hypothesize a
potential role for highly conserved Hox and other
regulatory genes in upstream regulation and a role
for pigment activation genes in the downstream regu-
lation of colour patterns, which appear to evolve
rapidly in the presence of local communities of
bumble bees.
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APPENDIX 1

A, scutoscutellar suture (green) separating scutum (purple) and scutellum (blue) comprising the mesonotum;
B, diagrammatic representation of bumble bee dorsal segmentation boundaries (yellow).
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APPENDIX 2

Colour legend of non-technical names matched to
Pantone colours applied to each of the nine distinct
setal colours of 204 bumble bee exemplars. Orange-
brown (colour 7), while a distinctive hue, always
occurred as intermixed with black setae. The addi-
tional colour classes (10–19) refer to mixed setal
colours (mixtures of yellows and oranges with black
or white) or to multi-hued (multi-toned) banded setae.
Colours listed in column 1 refer to the colour class we
used for scoring. Coloured pencil names in column 2
refer to the colours of each Prismacolour Premier
Colored Pencil; in parentheses is the colour-matched
Pantone number of each colour. Coloured pencils
that begin with I00- or B00- are from the Felissimo
Color Museum coloured pencil set (200 coloured
pencils), followed by the matched Pantone number in
parentheses.

APPENDIX 3

Grid cells chosen for comparison to generate the
colour change matrices (Table S2). Pairs of grid cells
used for each matrix are highlighted the same colour,
with arrows indicating the specific comparison. Cells
not considered are highlighted in grey and boundary
cells are white.
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APPENDIX 4

The nomenclature and description of the bumble bee
ground plan pattern elements

1. The pronotal band is the anterior-most element,
comprising the first thoracic segment (pronotum),
and includes the pronotal lobes (expansions of the
posterior margins of the pronotum).

2. The anterior scutal band lies directly behind the
pronotum, comprising the anterior-most band of
the thoracic scutum (the largest of the two
sclerites of the mesonotum, the second true tho-
racic segment). The anterior margin conforms to
the posterior boundary of the pronotal segment;
the posterior margin does not conform to any
visible morphological structure.

3. The central scutal band is a narrow field of colour
behind the anterior scutal band, which encloses
the longitudinal parapsidal lines.

4. The posterior scutal band occurs behind the
central scutal band and encompasses the con-
spicuous black central spot or bar that extends
laterally between the lateral posterior margins
of the mesonotal sclerite in many species; the

posterior margin is defined by the scuto-scutellar
suture.

5. The scutellar band is defined by the boundaries of
the scutellum, the smaller of the two mesonotal
sclerites.

6. The metanotal band is the posterior-most element
of the thorax, and comprises the metanotum, the
third true thoracic segment.

7. Tergal band 1 comprises tergite 1 of the
metasoma (commonly called the abdomen).

8. Tergal band 2 comprises tergite 2 of the metasoma.
This is the broadest of the tergal segments, and in
some species the segment is divided into bands or
arches of contrasting colour, which do not corre-
spond to any visible landmarks on the tergite, such
as a suture or punctation pattern.

9. Tergal band 3 comprises tergite 3 of the metasoma.
10. Tergal band 4 comprises tergite 4 of the metasoma.
11. Tergal band 5 comprises tergite 5 of the

metasoma.
12. Tergal band 6 comprises tergite 6 of the

metasoma, also known in bees as the pygidial
plate, and is only sparsely covered with setae.
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APPENDIX 5

A, variables factor map showing the superimposition of the ten colours used in the analysis in PC1 and PC2.
PC1 and PC2 contain > 70% of the variation in the data, thus only these two components are shown. B, plot
of elements along components 1 and 2. The elements cluster into four colour classes comprising orange hues (tail
elements 10–12), yellows (elements 1, 2, 5, 7, 8), black (elements 3, 4, 9) and black+yellow mixed (element 6).

A

B
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. A, sum matrix of all colour transition frequencies for 204 social bumble bee species exemplars. This
is identical to that shown in Figure 1E (main text), enlarged for visual clarity. B, sum matrix of colour transition
frequencies for 204 social bumble bee species plus 18 species of obligate social parasites of the subgenus
Psithyrus, indicating identical element boundaries to those of A when Psithyrus are included in the analysis.
Figure S2. To explore whether the ground plan elements shared between all species were conserved at the
intraspecific level, we explored the elements within three species with varying levels of polymorphism:
B. ternarius (A), strongly monomorphic; B. pyrenaeus (B), intermediate in pattern variation; and B. ephippiatus
(C), polymorphic in colour pattern. Numbers in each cell represent the total number of changes.
Figure S3. Colour frequency maps for less frequent colour classes (Appendix 2 main text) for all 204 species
exemplars. A map for the colour orange-brown (Appendix 2) is not shown because it appeared only when mixed
with another colour. The range of percentages shown beside some of the matrices refers to the highest mean
frequencies found for a given pigment.
Figure S4. Histograms displaying the average frequency of each colour category for each of the 12 pattern
elements we have delimited. Each figure is coloured according to Figure 2 in the main text.
Table S1. List of species exemplars for colour pattern analysis, including associated specimen vouchers, female
caste (worker or queen) and source of specimen identification. All samples are housed either in the Cameron lab
or at the Illinois Natural History Survey, University of Illinois. CP, new specimen for colour pattern research,
maintained in Cameron lab; SC, voucher specimen used in previous study by Cameron et al. (2007), maintained
in Cameron lab; INHS, new specimen for colour pattern research, maintained at the Illinois Natural History
Survey. Psithyrus specimens are indicated by an asterisk (*).
Table S2. Ten pairwise matrices display the association of colours between two adjacent elements (Appendix
3). We examined all 19 colour classes for the 12 primary elements. Row and column numbers (1–19) represent
the 19 pigment classes identified from 204 exemplar species (Table S1). Each row × column (19 × 19) grid cell
entry indicates the frequency of association for any two colours found on adjacent elements (e.g. elements1 and
2, Appendix 3). We do not include comparisons of element 6 (last thoracic element) and 7 (first abdominal
element) because of the structural break between them. Highlighted grid cells are those for which the colour
association between elements occurred at least once.
Table S3. Primary pattern elements obtained for all scored Bombus species (including 204 social and 18
socially parasitic species). Nomenclature and notation are identical to Table 1 in the main text.
Text sections S1–4. 1, Perl script for matrix addition; 2, identification of ground plan pattern elements; 3,
identification of secondary pattern elements; 4, do ground plan elements correlate with segmentation boundaries?
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