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Bumble bees (Bombus Latreille) occupy a wide diversity of habitats, from alpine meadows to lowland tropical forest,
yet they appear to be similar in morphology throughout their range, suggesting that behavioural adaptations play
a more important role in colonizing diverse habitats. Notwithstanding their structural homogeneity, bumble bees
exhibit striking inter- and intraspecific variation in colour pattern, purportedly the outcome of mimetic evolution. A
robust phylogeny of Bombus would provide the framework for elucidating the history of their wide biogeographical
distribution and the evolution of behavioural and morphological adaptations, including colour pattern. However,
morphological studies of bumble bees have discovered too few phylogenetically informative characters to reconstruct
a robust phylogeny. Using DNA sequence data, we report the first nearly complete species phylogeny of bumble bees,
including most of the 250 known species from the 38 currently recognized subgenera. Bayesian analysis of nuclear
(opsin, EF-1q, arginine kinase, PEPCK) and mitochondrial (16S) sequences results in a highly resolved and strongly
supported phylogeny from base to tips, with clear-cut support for monophyly of most of the conventional morphology-
based subgenera. Most subgenera fall into two distinct clades (short-faced and long-faced) associated broadly with
differences in head morphology. Within the short-faced clade is a diverse New World clade, which includes nearly one-
quarter of the currently recognized subgenera, many of which are restricted to higher elevations of Central and
South America. The comprehensive phylogeny provides a firm foundation for reclassification and for evaluating
character evolution in the bumble bees. © 2007 The Linnean Society of London, Biological Journal of the Linnean
Society, 2007, 91, 161-188.
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INTRODUCTION grassland habitats of the northern temperate zone,
they range widely from Greenland to the Amazon
Basin, from sea level to altitudes of 5800 m in the
Himalayas (Williams, 1985). Thus, bumble bees
exploit a wide diversity of habitats, from alpine
meadows to lowland tropical forest (Sakagami, 1976).
Nonetheless, they appear similar in morphology
throughout their range (Michener, 1990; Williams,
1998), suggesting that ecological opportunity and
behavioural adaptations play an important role in col-

onizing diverse habitats (Sakagami, 1976; Cameron &

perature high above ambient in cold to freezing Whitfield. 1996: Dornhaus & Cameron. 2003: Dorn-
weather (Heinrich, 2004), allowing them full activity haus & C,hittka’ 2004). For example, t e, mpera’te spe-

under conditions too extreme for other bees. Although R . .
. . . . cies initiate colonies annually from a single queen,
they are most abundant in alpine and high-elevation . .
whereas the tropical species appear at least faculta-
tively perennial (Sakagami, Akahira & Zucchi, 1967;
Olesen, 1989) and even exhibit polygyny (Zucchi,
*Corresponding author. E-mail: scameron@life.uiuc.edu 1973; Cameron & Jost, 1998).

Bumble bees (Bombus Latreille) are among the more
familiar creatures inhabiting meadows, gardens
and grasslands of the temperate world (Darwin, 1859:
notes 1854-1861, translated by Freeman, 1968;
Sladen, 1912). Robust and vividly coloured, they
emerge from hibernation in early Spring in far
northerly latitudes, feeding from the earliest willow
blossoms before the snows have fully melted. Ther-
moregulatory mechanisms maintain their body tem-
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Despite the apparent constraint on structural diver-
sity, bumble bees display striking inter- and intraspe-
cific variation in colour pattern across their range
(Sladen, 1912; Skorikov, 1931; Reinig, 1935, 1939;
Tkalct, 1968, 1974, 1989; Williams, 1991, 1998), pur-
portedly the outcome of mimetic evolution (Plowright
& Owen, 1980). Not only are Bombus predisposed to
converge sympatrically on similar colour patterns
(Williams, 2007), but other insects mimic the Bombus
patterns (Evans & Waldbauer, 1982), thus providing
excellent opportunities to examine the influence of
natural selection on the generation of variation among
Miillerian (Plowright & Owen, 1980) and Batesian
(Waldbauer, Sternberg & Maier, 1977; Evans & Wald-
bauer, 1982) mimics. Elucidating the evolution of
diversity requires knowledge of the historical pattern
of variation, which, in turn, provides unique insights
into evolutionary processes underlying the pattern of
variation. A robust phylogeny of Bombus, the goal of
our research, is essential for inferring the history of
their wide geographical distribution and for testing
hypotheses of behavioural and mimetic adaptations.

CLASSIFICATION AND CURRENT STATUS OF
BOMBUS PHYLOGENY

Bombus comprises the monotypic tribe Bombini,
which together with Apini (honey bees), Meliponini
(stingless bees), and Euglossini (orchid bees), consti-
tutes the corbiculate bees, distinguished by the pollen-
carrying structure (corbicula) on the hindleg. Their
closest relatives, estimated from DNA sequences of
multiple genes, are the stingless bees (Cameron, 1993,
2003; Mardulyn & Cameron, 1999; Cameron &
Mardulyn, 2001, 2003; Lockhart & Cameron, 2001;
Thompson & Oldroyd, 2004), although some morpho-
logical data (Roig-Alsina & Michener, 1993; Schultz,
Engel & Ascher, 2001) place them as sister to honey
bees + stingless bees.

Subsequent to Linnaeus (1758), approximately
2800 formal names, including synonyms, have been
assigned to Bombus species and lower-ranking taxa
(Williams, 1998). Today, we recognize approximately
250 species (Williams, 1998) assigned to 38 subgenera,
primarily on the basis of male genitalia (Radosz-
kowski, 1884; Kriiger, 1917; Skorikov, 1922; Richards,
1968). Many of the subgenera are monotypic (Rich-
ards, 1968; Williams, 1998) as a result of the distinct-
ness of the male genitalia. The inflated number of
species names was often the result of distinguishing
species (and later, subspecies) by colour pattern.
Numerous alternative classifications have been pro-
posed (Milliron, 1961, 1971, 1973a, b; Tkalcu, 1972)
but largely disregarded.

Previous research on bumble bee phylogeny was
restricted in scope and utility by either: (1) the appli-

cation of phenetic methods to infer phylogenetic rela-
tionships; (2) relatively sparse species sampling; or (3)
insufficient numbers of informative characters. Exam-
ples of phenetic applications include the investigation
by Ito (1985) of male genitalia and analyses of allo-
zymes in regional taxa (Pekkarinen, 1979; Pekkarinen,
Varvio-Aho & Pamilo, 1979; Obrecht & Scholl, 1981;
Pamilo, Pekkarinen & Varvio, 1987). Williams (1985,
1994) applied parsimony to morphological data to
address the higher-level relationships among subgen-
era, but the available characters led to considerable
lack of subgeneric resolution. DNA analyses of rela-
tionships have been restricted to regional fauna (anal-
yses of European taxa: Pedersen, 1996, 2002) or have
included few species (assessment of Pyrobombus
monophyly, 10-12 species overall: Koulianos, 1999;
analysis of subgenera based on 19 species: Koulianos
& Schmid-Hempel, 2000). Kawakita et al. (2003, 2004)
estimated relationships among many of the subgenera
using sequence data, but their sampling of only 76
species limits their ability to draw robust conclusions
about the monophyly of groups and the evolution of
traits.

Comprehensive molecular studies include examina-
tion of relationships within the large New World
subgenus Fervidobombus, including DNA sequences
and morphology, by Cameron & Williams (2003) and
sequence analysis of 37 of the 43 recognized Pyrobom-
bus species by Hines, Cameron & Williams (2006). In
the present study, we report on the full hierarchy of
Bombus relationships for most of the world fauna,
including rare and potentially endangered species
such as Bombus franklini and Bombus occidentalis
(Thorp, 2005), exploiting the large number of charac-
ters available from DNA sequences collected from
multiple genes.

MATERIAL AND METHODS

TAXA EXAMINED

A total of 218 Bombus taxa, representing most of the
species from all 38 subgenera listed by Williams
(1998), was sampled for analysis and their locality,
collector, and voucher numbers recorded (Table 1).
Intraspecific variants and taxa of controversial species
status (Williams, 1998) were included when possible
(Table 1). Outgroups were represented by exemplars
selected from each of the other tribes of corbiculate
bees (Table 1). Identification of taxa received from
other collectors was verified by the authors before
sequencing. Voucher specimens for all taxa used in the
molecular investigation are deposited at the Illinois
Natural History Survey, Urbana, Illinois. Additional
vouchers from the morphological character examina-
tion are maintained by PHW at the Natural History
Museum, London.

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



BUMBLE BEE PHYLOGENY 163

(T/1) urpuery

3880S0dH y90636%AV 40P0867IV  €L6G6VIAV  ¥66L8LDA  TLO uduny, q VSN ‘eruxojie) U0SSaI]) 11497040 $MQUI0Q111270.L7) X))
(/1) Tred
9T0TS0dH  #IPS8LDA  $3€88LDA  €LI88LDA  366L8LBDA €80 4d ‘HH duRLY ‘SLIO O Soudydg snsnfuod $1QuOQIsTJU0) I
G880S0AH  €I¥88LDA  €3688LBA  ZLISSLDA  166L8LDA LET  udssnwsey ) N9 ‘LITYO0IeNE] 9SOLL §72U1900D (%/3) AOYLIONS
9880504  T0¥88.DA  LIES8LOA  99188LBA  €L6L8L.DA LT SBeOIy nisd ‘ound L Teyoep womq $1qUI0Q02U12200) D)
6880904  L0¥88LDA  61€83LDA  €9188LBA 0€3 sourtH ‘H O0JTXJTA] ‘OIA.LIONY) (1/g) SWer[[Ip
786.8.0A 0€0 evIoNSON OJIXOTA ‘00SI[ef yosarpuey snpoydaofyon.iq  snquioqoydaofyonig xg
$5188L0A  8¥% ureg |\ BIpU]J ‘[eypueIe))) O qrug smynorung
6980504 4 G88G6FAV 46I0S67AV  68388LDA  61188LDA  S03 PRYIYM T epeue)) ‘OLIBIUQ L Kqurs] D7092.L40]
G980G0AH 488836¥AV 433086¥AV  88388LDA  8II88LDA €00 MF DS A[eq] ‘oorrmd) ueg L (Sneeuul) $1.4759..49]
1980504  T0988.DA  4I6V6SLAV  6L38SLDA  80188LDA €61 810q19pa)) g uapamg “op puerdder Topue[AN snorpn.ods
LG80S0AH  498836%AV 4020867AV  39388L®A  8L088LBA  TIT ‘0 12 DS BUIY)) ‘UBNYDIS ‘UeNL3Uol] Topue[AN snpv15ind
u98V6ELAV  87388LDA  ¥L08SL®A 930 Jeurey ‘g VSN ‘eurjuoly
8680504  9.¥88.DA G30 MF DS VS ‘00X MAN x9U9AIY) §1)DJUIP1II0
9980504  ¥9¥88LDA  4ISY6ELAV  9€388LBDA  29088LBDA €91 uorewey) g epeuR) ‘BJRq[Y #U0SSaI)) SNIDLIPOU
€980504H  9S¥88LDA  u6LY6ELAV  ¥5388LDA  09088LDA  ¥8IT ‘w72 )8 eury) ‘ueniypig ‘yg re[duory Q)
%980G0AH L88G6VAV yIG0E6%AV  G6688LDA  15088.DA  LIG 4d ‘HH Pouely ‘SedudILd ‘i L (sneeuury) wn.oomnj
9980504 4868367AV 4¢E0S6¥AV  L03SSLOA  T€088LBA 960 ‘1 72 DS eury) Sutltog g snust
7980904 y688267AV 4EG0E67AV  90388.DA  08088L®A €31 Suenyy g uedep ‘nysniyf 2319 DI1L20dLY
1980G04H  €0¥3S0AH  S8€ZE0AHd  99€3€0dH  SGPE3E0dd 959G daoyg, g VSN ‘uodarQ (uostiy) 1uyunLf
GG80G0AH  9T¥88LODA  HI9P6ELAV  GLISSLDA  S66L8LDA L3I ‘012 9d Ko3jan [, “A0IJ UBOUIZIY w(SNOLIQRY) wnuv1dLid (01/0T)
0980504  16€88LDA  4ISY6ELAV  FHISSLDA  T196L8LDA  LIT seury 'H Vs ‘stour[[ uossax) swufo S[[texjer] snquog og
GIOTSOAH  TL¥88.DA  296€88.DA  €¥388LDA  69088LDA  6€1 uorewey) g epeuER)) ‘BLOq[Y UO0SSAL() SISUIPDAIU (3/3)
FIOTS0AH  436836%AV uFSP6ELAV  $SI88LDA  3L6L8LBA 390 sourtH ‘H Vs ‘stout[[ (U0SYIBGOY) SNUL0ILIND uos)Iqoy SvIqUIOg T
5L80S0dH 4E06367AV 4LE0E6VAV 40L6G6VIV — €8088LDU €33 jsmbuy ‘H uspamg “op puerdder sy swjod
6980504  0.¥88.DA 4F8V6ELAV  GFG8SLOA  89088LBDA 88T 1oYd28 'V VSN ‘eysery USPR[S $712..0Q0dU
8980504  07¥88LDA HOLV6ELAV  #038SLOA  83088LBA  0L0 819q19pa)) g uepamg “op) eurere(q LIDYUQUDS §712.00Q.12d K7
0L80S0AH  30¥88LDA ySSV6ELAV  LSIS8LDA  FL6LSLDA 680 Sraqrepa) g uspamg “op puerdder woq[ye(q $nypa3jnq (G/G) AOYLIOYS
1L80G04H  £6888LDU GGP6ELAV  9P188.DA  £96.8.DA 620 MF DS eLysny ‘[e3smy (sneeuury) snu1d)p snquioqoud]y TV
1609040 4EL8CG6FAV 4L00E6FAV  S0€88.DA  LEI88L®A 100 MF DS eLysny ‘3mseqQ DISmMoyzsopey 1uadjfunm
G160S0AH  ©L¥88LDA ,SG8Y6ELAV  GP388LDA  1L088LDA 860 ‘P2 )8 euly) ‘uenydrg ‘Yg re[duord) 9soLL] S171q0U
€16090dH  LP¥88.ODA  &¥E88LDA  S1388LDA  0%088LDA 131 ‘072 DS BUIy) ‘UenypIg ‘uenfsuof] 9SALLY SISUDLIWYSDY
91609040  8072C0dHd  6883E04H LEGE0dH  LVE2E0dH  €LG Bx L eury) ‘wentyprg nIepN (uosLL) 1wDYDLS (g/9) Ao¥LIOYS
GI60S0AH  80¥88.ODA  02688.DA  S9188.LDA  €86L8LOA 061 JLLrepM N puerey, ‘Tejy Sueryp ywg sdaoraauq snquioqouaid)y 8y
M0dAd 81y utsdQ 0T-AY S9T  #A 10999][0D) £111R00[ UOLDRI[OD sewadg snuadqng

SIaquuUnu UoIssedor jJuegquay) pue mmhwﬂsﬁg J97oNoA »mwwazmon; UO0T1399[[09 QOQUQ:OU J19)} Aﬁwﬁﬂamxw BX®] QSO.H.W‘.:HO pue snquiog °T 9[qEeL,

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



164 S. A. CAMERON ET AL.

0160504 LG¥88LDA  4S9V6ELAV $0T1 ‘w7298 euly) ‘ueniypig ‘yg re[suory (/1)
L8188LBA  L0088LDA  3€0 ung ‘W BUIY) “A0IJ NOYZINY YIWS sna1gsa/ O[], SQuI0q0a)sa S
1960S04H  03988LDA  ,86E889AV  £0688L0A  ,STF89GAV S1€ BINION of O0JIXOJN ‘0IST[EL 9SOLL 1570Mm
0960904  TTS88LDA  6L€88LDA  36388LDA  €3188LBA 633 seuty ‘H 0JIXIA ‘BOBXE(Q 9LIO, B[[e(] SNIDUIUOULL]
P760S04H  01988.DA  ,66889GAV  16588LOA  ,FI¥89GAV ¥1€ uorewey) g nIdJ ‘SOl op SIPBI (IBIAT[() S1]DSL2ASUD.L]
€960504H  30988LDA  ,I6E8895AV  08388LBUA  ,ET¥89GAV €18 eledy g O0DIXDJA] ‘SO[IOIL YOSII[PURH 2oUIDPUINS
L¥60904H  0I72E0dHd  ,06€893AV  9LE3E0AH ,GI#89BAV 8I€ uorewey) g O0DTXIAL
9760504  00988.DA 662604 LLESSLOA  SL¥EES®A 150 PIOMSLID) T, VSN ‘euoziry «Keg sn.ouos
GP60S0AH  98788LDA  ,68689AV  19288LBA  ,TIT¥89GAV 3l¢ uorowWey) ‘g BOIY ©IS0) ‘B[ urpjuery snyojnd
67609040  BI¥2E0dd  €6830AH  SLETE0AH  TSE3e0dd TI€ uorewe) ‘g VSN ‘WossIy
8760504  TI¥3E0AH  ¢6€3604H  ¥LEGE0AH  698%e0dd LIE uorewey) g VSN ‘LossIy (19993(]) snoruvajfsuad
9605040  LL¥88LDA  99€88LDA  6%388LBA  GL088LBA  SLT SBOIy P nisd ‘ound g xaf1do
I760S04H  L9¥88LDA  ,L8EBITAV  66388LDA  ,60¥89%AV 01¢€ urwWHIM ‘A BUNUaSIY ‘9I39[Y 0310 (SnI9pemMg) onLow
%S60S0dH  T9¥88LDUA  ,98689BAV  36388LDUA  ,80¥89GAV 033 a9 ‘va 0o1x0Jy ‘sedery) UOSSaI)) SNUDIIXIUL
196090dH  69¥88LDA  ,98E€89BAV  83388LDA  LOV8IZAV  33% a9 ‘vya 0o1x0y ‘sedery) U0SsaI)) snipaut
86609040 4€98C6FAV  yL66C6FAV  4086367AV  ,907893AV  60€ uorewey) g VSN ‘LIMOSSIAT (snoLIqey) snpia.af
GV60S0dH  ¥E¥88LDU  ,68689BAV  ¥8188LDU  ,90¥89GAV  80€ BOIRY P B[eNZOUdA ‘endery g suajjooxa
GG60S0AH  6I788LDU  ,G8689BAV  6LISSLDA  ,#O¥89GAV TLI BI9NION f O0JIXSJN ‘0IST[EL g suasip
69605040  8TI¥88LDA  ,I8E89ZAV  8LISSLDA ,E0¥89BAV L0OE opes[pQ g O0JIXOJA ‘IS0I() 9P dpuLL) (UOII[[TIN) SNSSLTIP
0760504 4 F98367AV  486636%dV 4I86267dAV  966L8LBDA 910 uojpre) D SIYD “AOIJ 0ONEIY  J[[IADUIIN-ULIDNY) 211U0qyDP
LS60S04H  0TPSSLDA  ,6LE89ZAV  L9188LDA  ,10¥89BAV  90€ umQ Y epeue)) ‘epeqy HYITWG $711.10J1]1D
0$60904H o8LEBITAV  ¥9188LBA  ,00¥89BAV 613 €00y B [1zeaq ‘guered Torporeder] s1sua1715D.4
9960504  ¥0¥88LDA  oLLESIGAV  6S188LOUA  ,66889GAV 133 sy 'y BUNUISIY ‘SoITy souang L yirug snsosng1aq (81/6T) A0YLIONS
€760504H  86888LDU  ,9LE89AV  3SISSLDA  ,86E89GAV S0€ pony g [1zead ‘03a1d oeI_qry urps[uely snnLn $MQUI0QOPIALA] A
(T/T) AoyLIOYS
3960904  G3F88LDA  0£€88LDA  S8188LDA  #0088L®U  3E% IWHN BI[OSUOTN ‘MnN [03SAQH (A0YLIOYG) 712 $nQuI0qQOIXH XY
(T/T) Ao¥LIOYS
686090  08¥88LDA  89€88LDA  95288LDA  08088LDA  ¥50 ‘P92 9d Loxan, “a01g sieyf D{smoxzsopey snassod  SNQUOQIUUDUISLAL AH
Ge188Ldd 28T soumoy, ‘H uemre], ‘Suefoy #[[9I9300)) 1UDWIIIM
800TS0AH 4 BS8367IAV 4986C67dV 4616G67IV 4668796dV 0ET unodiiy, g Ka[[eA Ue[NA ‘€a103] 'S IYSMOYZSOpeY SISUDNSST
LOOTSOAH 4IG836%AV 4986567V 481656VIV  G3I88LdA  ST10 uosuyor ©Ipu] ‘Ysopetd [eydeuwIy YITWS 701050147
600TS0AHT  SS¥88.DA  9¥€88LDA  €3388LBA  67083LDA  ¥61 ‘072 D8 Uy ‘uenyplig ‘yg re[suory 989l sad15uo] (F/%) A03LIOYS
O0TOTS0AH 4 P68367AV 48230867 AV 4196G67IV  00088L.DA 03T Sueny ‘g uedep ‘nysnkyy g sns.oa1p $1MQUI0Q0s.2a2(] AQL
L880S0AH  Se¥88.DA  9£€88LBA  L6T88LBA  12088LA  BET einyer, ‘g nisd ‘00sed 9SOLL] 1Y0sL1]puDYy  (g/g) e[eAy 79 9[dnoqer]
1880S04H  LS¥88LDA  L¥E88LBA  92288L®A  £9088LDA  1€% e[edy g O0JTXAIN ‘OIOIINY)  B[eAY % S[SNOqer] 1105a.5o0ul snquioqhsn sq
1680904H  ¥6¥88LODA  69688.ODA  1.388LDA  T10188LDA 983 819q19pa)) g Aueuriey) ‘Sinquepuerg AOY[LIOYS $71]]9200U2UIDS
%68090dH 4006367AV 4FE0E6¥AV  89388LDA  L6088LDA 981 1oY28 'V epeuR)) ‘B[ UOSSAIY) $NIOUI0INL (&/%) 180A
0680504  ¥6€88LDA  €T€88LDA  L¥I88LDA  ¥96.8.BDA  ¥80 ‘012 9d Aom,[, “AOI] WININZIF #AOYLIONG snau1jjodD snquioqouvwnyIng Ny
M0dAd 81y usdQ 0T-AY S9T  #A 10999][0D) £111800[ UOTORI[0) seradg snuagqng

panu1uo) *1 S[qey,

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



165

BUMBLE BEE PHYLOGENY

¥€60504H

Go0TS0dH
8T0TS0AH
6T0TS0AH
LTOTSOAH

TZ0TS0dH
0G0TS0AH

6060504H
00605044
L060S04H
8060504H
3060504H
G060904H
7060S04H
T060504H
9060504H

6680504
€060904H

9660504H
700TS0AH
L660S04H
¢00TS0dH
8660504H
000TS04H
§660504H
6660504H
€00TS0dH
7660504H
TOOTS0dH

9€60504H

E€T0TS0dH

€880504H

7880S04H

489866V AV

61588L0A
$6%88L0A
068367V
9e%88L0A
41683671V
ST¥88L0A
00%88L0A

L6%88L0A
96%88L0A
36¥88L0A
29%88L0A
w1 L8367V
05%88L0A
87%88L0A
£7788L0A
3e¥88L0A
wGL8T6V AV
£5788L0A
26£88L0A

wGS836V. IV
w8367 AV
50988L0A
£6¥88L0A
w0T6367AV
68%88L0A
78%88L0A
606367 IV
4ES836V IV
7e¥88L0A
99T LIGAV
96€88L0A

16¥88.LDA

MV L8C6VAV

£e788L0A

1L0686VAV

x600€6VIV

68€88L0
0.,£88.0A
30867 AV
L8€88L00
wG30E6¥ IV
65€88L0A
59T#89GAV

3L€88L0A
12€88.DA
H68¥6ELAV
87688L0A
4G00€67 IV
uSLY6ELAV
HLY6ELAV
17€88.DA
Hl9IV6ELAV
+4900€67IV
1E9P6ELAV
31€88L0A

46863671V
4886367V
5Le88L0A
8968801
wWP0E67 AV
$9€88L0A
19€88.DA
w980€67 IV
L8636V IV
6e688.0d
wOSTLIGAV
1ESGY6ELAV

77€88L0A

x800€6VAV

$£€88L0A

wI[V0E6VAV

2966567V

30€88L0A
3L388L0A
HV8S6ELAV
86188L0A
4856367V
FL188L0A
§9188L0A

¥L388L0A
€L388L00
698804
£€€388L0d
61388L0A
1SLSG6ELAV
91388L0A
11388.DA
€6188L0A
46E6367.IV
€8188L0A
SH188L0A

4636367V
w136367IV
$8688L0A
0L388L0A
wLLBT6V AV
$9588L0A
69388L0A
4696367V
00388L0A
$6188L0A
6L85804H
09188L0A

81388L0A

8.288L0A

$6188L0A

wVL686VAV

99088L0A

7€188L0A
30188L0A
L5088L0A
35088L0A

£66L8L00
59T#89GAV

$0188L0A
€0188L0A
86088.0A
65088L0A
S7088L0A
£€7088L0A
17088,
5e088L0A
S1088L0A

£€0088L0A
396.8.00

€1188L0d
31188L0A
00188L0A
96088L0A
16088.DA
$8088.0A
GGE3E0AH
$5088L0A
L1088L0A
75858040
L96.8L0A

77088L0A

L0188L0A

91088L0A

€1088L0d

650

¢0T
660
610
180

60T
(424

5924
€0
€€T
1444
900
8GT
1491
980
G0T

931
G80

5348
TOT
(448
8T0
1878
¢LO
LLG
G00
G990
19¢
860

¢s0

9€T

8¢I

€8T

‘™12 4d
012 DS
‘™12 4dd
ML DS
1012 dd

‘032 DS
Tureg |
Tureg ‘|

MF 08
‘12 DS
Tureg ‘|

MF 08
‘12 DS
032 DS
12 9d
‘12 DS

™12 4dd
‘™2 dd

I? 32 DS
1?32 DS
1?72 DS
uoypIe) D
1?32 DS
1P 729d
unodir, g
?129d
4d ‘HH
uAmpreN d
? 129d

‘™12 4dd

4d ‘HH

usssnuwsey )

soury 'H

QouRIL ‘sooualfd “H

BUIY) ‘TN ‘YS TeSuory)
A93an, “A0IJ UIALTY
RLIISNY ‘[B}[SINY)

K93, “A0IJ UTALIY

'UIy) ‘UBNYIS ‘Yg re[duord)
BIPU]J ‘YSOprId [BYORWIH
BIPUJ ‘Ysopeld [BYorRWIH

eLISNy ‘[SandisqQ

rUIY)) ‘Uenydlig ‘ueniSuof]
BIPUJ ‘Ysopeld [BYorWIH
ATe1] ‘oouInd) ueg

BUIY) ‘UBNYIS “BqY
BUIY)) ‘UBNyYdIg ‘UBNASUOH
K93 ], “AOIJ WTLINZIH

BUIYD ‘UBNYILS ‘Yg Te[Suord)

KoxanJ, “A0IJ UTA}IY
A9yan, “A0IJ UIALIY

'UIY)) ‘Uenyolg ‘UenA3uoyq
BUIY) ‘UBNYIS ‘YS Te[Suory)
BUIY) ‘UBNYILS ‘Yg Te[SUord)

M) “A0IJ BIAIP[BA

BUIY) ‘UBNYIS YS Te[Suory)
A9xan, “A0IJ UIALTY

BaI0Y] 'S ‘OpuomSuey]

ATe)] ‘eurdsqq,

QourlIy ‘seoudlld
uejsyyezey ‘SIN BNV
Aoxan, “A0xJ LIosAe3]

Aox{an, “Aoxg saey]

QourIy ‘seoudIld ‘H

niod ‘Keoueqy

VSN ‘stout(|

I93nay snpnuw

[[9I8300)) 1U0FIPM
AOYLIOYS 200y1UYsOdDYS
I03)[00BISI0L) XDPUIUL
180A snuw1yIsupuDYy
AOY[LIOYS £0702fop

Suep\ snxaauod

L (A0qLI0Y[S) snpjaraouan
L yg snwqus
D[SMO3zZsopeY 11794218
IS $NnI0195Djo N
weysurg snipruIu

L (sneeuury) snwopido]
SpIeYdLY SISUYYDPD]
ZJIMRBIOIN SISUDLLIY
ZJIMBIOTN ST1Lo0UT
AOY[LIOY[S SNUDISLL
(uosLLy) snjjasoutiof
+(3[99Z () SISUWNINZAD
*mm:.m.om snu1saso]o

(AON[LIOYS) 20yUYI1)
(AOYLIOYS) TUTYYSNS
ZJIMRIOIN Snwaidns
(UOSLI) SNUNIAS
(snoLIqey) snyoLopn.
(UoSLL) $NnS015174
DISmoyzsopey Aysuryopod
(AOYLIOYS) SNUDALOY
(sneeuury) Wn.Logoy
Z)IMRIOIN 140409DISAdT
O woq[ue( SnuwiqQosuod
(110d02g) $M290]7154D

ZITMRIOTA[ S71S9D]
(SnmuIqey ) s15U220.408
g swqaun/

(wg) snu.agn.Lf

(T/1) 103n.I3]

$1QUI0QOPIINJ SN

(L/3T) AOYLIOYS

snqQuoqppuapy PIN

(OT/FT) @107,

B[[e( $NQUIOQOUD]IIY TIN

(BT/7T) d1LI0,

e[ SnQuoqnSopy SIN

(/1)

I98NII] SNQUI0QOSaDT ST

(T/T) @110,

Bl[Bd s1qwoqovy] TS

(1/T) Ao3LI0Yg

$71QUI0QLIQUN,T U

(1/1) ALY

$NQUIOQOULIDLYT A

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



166 S. A. CAMERON ET AL.

2G80S0AH  TI¥P88LDA  ,6SV6ELAV  69T88LDA  L86L8LDA  9FI1 PRYMYM T VSN ‘uojdurysep UOSSAL)) S1DLJUD
€G8050dH 4I0636%AV 4GE0867 IV ~ 89T88LDA  ¢86L8LDA 08T souty ‘H VSN ‘erurojie) (uostiy) snsou1sno
8180G04H  60¥88LDA  ,8SP6ELAV  99188.DA  ¥86.8L0DA  LLO ‘012 9d K3, “A0IJ UTAYLY 180 snoruUDUWPOLq
GZ80S0AH  90¥88LDA  yLSP6ELAV  G9188LDA  6L6L8LDA 013 JosneH ‘N ueIsyyezey] “"SIA USW}O3] 4304 20429
L¥80G0dH  G0¥88LDA  L9SPEELAV  T9188.DA  8L6.8LBA 813 UOIIWEY) ‘S VSQ ‘sesueyry U0SSaL) $MID]NIDUILG
8680504 y9L8T6VAV 0T0S6¥AV  09188LDA  LL6LSLDA 803 Tosner] ‘N VS ‘00X MAN uossox) snwmnf1q
4968367 AV 400867V  E96G67IV (oTe3[L,) D]021VIq
0880G04H  3072E0dd  ¥863E0AH  G983E0AH  FHETE0IH 3LG swer[Ip ‘d eury) ‘wenyprg ‘ueysilong +(AOYLIOYS) snuUDAD
€380S0dH yL68367AV 4IE0867IV  6VISSLDA  996L8LDA T€1 wryf ‘q ©a10y] ‘g ‘Suo(g-oe( L yyug suapan (0%/€¥) d10],
€180S04H  86€3€0AH  08€3E0AH  09€3604d  €7EGe0dHd  LSG MAr DVS VSN ‘eisery FUIP[URL] $17DUDOQD e[[e(q $nqQui0qQo.Ld Ig
0860504  S1988.DA  4S6¥6ELAV  L63SSLDA  83I88LBA 691 swel[Im d pueSuy Yus3] L (£Loxgyoan)) s1yvgsan
LLBOSOAH  €TS88LDA  ,L6E8ITAV  G6388LDA  ,61¥89AV  91€ uorewe)) g VSN ‘LossTy L (uossor)) s171q01DA
G860S04H  60988.DA  8L688LDA  06288LDA  02T88LOA  FEI ‘012 DS BUIY)) ‘UBNYDIS ‘URYS UL\ L (21MBIOTN) snUDI2Qq1]
1960504 L0988.DA  LLE88LDA  98388LDA  SIISSLDA 030 Sraqrepa) g uspamg “op puerddp (1enpo[ador]) stigsaa)hs
1860G04H  £0988.DA  $.688.ODA  8388.DA  0T1188.DA 160 MF DS VS ‘opero[o) aueaLy) 242]30ms
8960504  66788LDA  €L688.ODA  9.388.DA  90188LBA  6ST ‘1072 DS BULY)) ‘UBNYPIIS “Bqy O (aodog) 1003110y
€860504H 4198367V 4966567IV 4836567IV  66088L0A 600 819q19pa)) g uopomg “op puerddn (snwouiqey) swysadn.
9960504  88¥88.DA  £9888LDA  €9588LOA  06088LBA 060 81aquapa)) g uopamg “op puerddp O (rena[ader) L07001pDND
1L60S04H  $L¥88.DA  $9688.BDA  99288L®A  3L088LOA 680 SraqIepa) g uopamg “op) rurele(  (MOprOUYPG-airedg) snorFoalou
€L60S04H  8S¥88LDA LOSYEELAV  LGE88L®A  $9088LOA  ¥LO ‘012 9d Losam, “a01g LIosKes] L 8nry] snsoppixvus
9L60G0dH  «80636%AV 4Gv0867AV  4GLE6T6TIV  8S088LDA 29T seuty ‘H VSN ‘eruojie) (Pwg) swmynsul
0L60S04H  62%88LDA  2€e88LODA  68188.DA  01088LDA  T¥0 Sraqrepa) g uapamg “op puerdder L uuewWSsIoAY snpravy/
6960904 y698G67AV  4E66367AV  4936367IV  90088LBDA 880 ML DS VS ‘00X MAON O (urpuely) anpppu.Laf
78605040  €IPZE0Ad  S683E0AH  LLETEOAH  €SE3E0AH TL3 eX L BUIy) ‘Ueniyprg ‘ueusuIN L (UOSLLY) 7771102
momwﬂwmrvjw Aﬂwamadmmwv SNUDILO0I
GL60SOAH 69TLIZAV  3Ee88LDA  TLI88LDA  066L8LDA  0LI sues( Y VS ‘Brursiip L (qyrug) snuigio
2860504  BI¥88LDA  13e88LOA  0L188LBA  886L8LBDA  BST w2 )8 eUly) ‘uenyprg Yg re[duord) L (Z)MBIOTN) S15UUIYD
$L60S0AH  4098C6%AV 766367AV  4L3636%IV  986.8L0DA 0%0 Sraqrepa) g uspamg “0)) BuIR[R( (rozuRd) stigsadwind
6L60S0AH 4898C6FAV  4666367AV  43G6367AV  08648LBDA 950 ‘072 9d PouelLy ‘SedudIL] ‘i L (Ip1eg) snoruarjoq
2L60SOAH  €0¥88.DA  81€88LDA  8S188LOA  SL6LSLDA  €L0 819q19pa) g uapamg “op puerddn O (Lqarsy) snyjenqang (1%/6%)
8L60G0AH 491636%AV 40S0E67AV 4E86367IV  696L8L0A #9T PRYMIYM T epeue) ‘emenQ O (uossax)) toyysn  IonR[der] snulysd sd
(/1)
L€80G04H 8963604  88088.DUA  68% rureg ‘N BIpuj ‘Teypuere)}) (uostiy) snssaud  UOSLL] SNQUIOQISSaL] d
TT0TSOAH 4898367V 4300867V 4S€6567AV  03088LDA 161 JLLIRM N pue[rey], “Aoid Tejy Suery) YIIwug $170P10YLL0WIDY (g/€) spreyory
SI0TSOAH  SIPGE0dd 968304  8LETE0AH  9S9€3E0AH 0L% swer[IM d eury) ‘wentprg ‘ueysilong Ywg sniiounf snQuI0q1DPIULI) IO
(1/2)
8680504  GL¥88.DA  99e88LDA  L¥ESSLOA  €L088LBA  ¥ET [epreqd L 19qL], ‘Seres] 1A ZYIMBIOJA] 240Q0  STUTY $1QUI0Q01L29() O
MOdHd M8y utsdQ 0T-IH S9T  #A 103997100 £31[€90] U010 soradg snuadqng

panunuo) T o[qEL,

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



167

BUMBLE BEE PHYLOGENY

E€780504H
T¥80904H
1680904H
¥980504H
6680G04H
L¥80S04H

LT80S0AH
GI80904H
6280904H
6180G04H
€680504H
8¢80G04H
G€80504H
8¥80G04H
T280904H
0280504H
9180G04H
6780G04H

G€80904H
7€80G04H
G¥80S04H
¥180G04H
TE80S04H
9€80504H
cv80904H
L280G04H
9280G04H
0780G04H
6480G04H
TT80S04H
0980504H
¥¢80504H
¥¥80G04H

G¢180504H

16988.DA
wE1636¥IV
wS16367IV
31988L0A
w616367.IV
80588L0A
88367 IV
86%88L0A
66858041
L8%88L0A
46683671V
%8%88L0A
w8L8T6V IV
8L¥88L0A
99%88L0A
00%5804H
59%88.0A
088367V
wLL8T6V AV

79%88L0A
£9%88L0A
35¥88L0A
97$88L0A
SHH88LOA
P7788L0A
wGL8T6V AV
10%2€04H
w6L836V. IV
wI16367AV

16¥88.DA
468836V IV
4688367 IV
%5¥88LBA

w[8886VAV

H96¥6ELAV
wl¥0E6V IV
w6¥0E67 IV
08£88.0A
w9P0E67.IV
HE6V6ELAV
w8T0E6¥ IV
H06¥68LAV
18€3804H
188¥6ELAV
460867 IV
Hl8¥6ELAV
wGT0E6V IV
19€88L0A
HE8Y6ELAV
38838041
HG8Y6ELAV
wWI0€67IV
wIT0E6¥ IV

u8LV6ELAV
uLLV6ELAV

67£88L0A
HELV6ELAV
HGLV6ELAV
ulLV6ELAV
60067V

€8€2E0dH
xE10E€6VAV
wSV0E6VAV

u99V6ELAV
w910E6VAV
wLT0E6VAV
H69V6ELAV

wST0E6VAV

$0€88L0A
10€88L0A
$6283L0A
£6588L0A
w6L6367.IV
18388L0A
w1SG6367IV
§L388L0A
1962€04H
39588L0A
49963671V
L9388L00
$5288L0A
09388L0A
8€388L0A
3962€04H
L€388L0A
$€588L0A
63388L0A

33388L0A
16388LDA
03388LBA
$1588L0A
€1388L0d
31388L0A
60388L0A
£962204H
50388L0A
£0388L0A
79858040
26188L0A
06188L0A
40563671V
28188LBA

w8V686VAV

9e188L0A
€e188L0a
93188L0A
§3188L0A
L1188LBA
91188L0A

S0188L0A
9¥£5804H
68088.0A
1808801
38088L0A
6L088L0A
9L088L0A
79088L0A
8566804H
£€9088.0d
09088L0A
§5088L0A
35088L0A
8%088L0A
L¥088L0A
9%088.0A
6£088L0A
L8088L0A
9€088L0A
£2088.0d
65868041
63088LBA
L3088L0A
61088L0A
$1088L0A
11088.DA
60088.0A

30088L0A
686L8L00

661
(488
(48
70
91T
80T

144"
5114
Geo
GLO
08T
991
1844
9LT
8€¢
09T
G0
5184
g61
GaT
191
€01
6L0
oI
LST
090
L0g
8L0
TST
1T¢
g8T
§60
18T
861
cv0
[4¢4

waﬁﬁﬂm\/ .MH
PRYMNYM T
PPYIYM T
PRYMYM T
MF DS
M DS

souty ‘H
ML DS

ML DS

ML DS

I? 32 DS
PPRUMUM T
ureg ‘AU

1P 72°9d
ukmprejy ‘d
1?72 DS
MF DS
souty 'H
unaIen ‘s
1?72 DS
1?72 DS
Sxequepe) ‘g
3xeqaepe) ‘g
? 32 DS
1?72 DS
soury ‘H
1?72 DS
ML DS
PPRYIYM T
Juowsey ‘J
[oyds 'v
PRUITYM P
soumoJ, 'H
uewWZNY) A
eRAY '
Juowsey ‘J

00IX0A ‘sedery)
VSN ‘wopdurysem
VSN ‘uojdurgsep
VSN ‘UISTWOOSTAY
epRUR)) ‘B1)00S BAON
VSN ‘0oIX8]N MON

VSN ‘erurojiren

VS ‘ure]y ‘Ine ne a[s|
RLIISNY ‘[B}[SINY)

BLIISNY ‘O[L0ISOTY]

'UIy) ‘UBnYIS ‘Yg re[duordy)
epeUuR)) ‘eme11)

BIPU]J ‘YSOpeld [BYORWIH
QoueIy ‘seouaIld ‘H
ueisyezey] TNy 'S

BUIYD ‘UBNYIS ‘BqY

Vs ‘uoydurysep

VSN ‘BruIofe)

[edeN ‘ereysjoq

BUIY) ‘UBNYILS ‘UG Te[SUory)
BUIY) ‘UBNYILS ‘Yg Te[SUord)
uepemg “op) puejddery
uepamg o) puejdder
BUIY) ‘UBNYIS ‘YS Te3uory
'UIY) ‘UBNYIS YS TRSuory
VS ‘stout(y

BUIYD UBNYIIG ‘YS Te[uory
BLIISNY ‘O[L0ISOTY]

Vs ‘uoydurysep

Aoxan], “A0IJ UOZQRL],

VSN ‘evsery

VS ‘eruIoge)

uemrie], ‘Suej-oJ

001XaN ‘sedery))

0JIXdIN ‘BOBXRB()

puerury ‘1dde

+[[9193[20)) am1DULIIM
O TSMOYZSOPRY 11ySUISIUSOQ
(uosLLy) 12y4puna
g sunsoa

Keg snwuou.1ay

£0 AqQary] DJ0o210)A'S
+(UOSLL) 1UDUOS
JIOPURIAN S1SUYIS
UryuBL 2U0SLIPUDS
za19d snavua.ld
(sneeuury) wn.opn.d
spaeyory sadiord
uossoaux)) snxajdiod
spaeyory sniuaygand
YHWS DJOIRUOWL

0O

UUBWSIOAN $717S29POUL
UO0SSAI)) SMIXIUL
JIopue[AN snSAdounjau
spaeyory sadiagng
AOYLIOYS snp1da]
AOYLIONG SMIDISIUULD]
(snouqe) snoruoddn)
(Kquryy) snjjouol
w(Do[eYL,) suanba.ful
L (pore,) snw.iyul
uossax)) suayndul

(sneeuury) wnioudLy
QuealIy) 13UNY

O IoWNBqUILLIY] SNINIDUIDY
Qg snprsiy

O uossarx) suosfrany/

(Yws) suaosaany)

Aeg snyoiddiyda
Sxeqruep snpwpnsuid

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



168 S. A. CAMERON ET AL.

LT60S0AH  €9¥88.DA  67688LDA  S€388LOA  T9088LBA 180 ‘w12 9d Losan, “A0IJ UIAJLY  TYSMOIZSOpPRY 112710215030l
L360S04H  60%3€04H  16€3604H L8804  0983804H ¥8% ‘Swer[Ip d BUIY)) ‘UBNYDIG ‘URTWUTY yjug snsongaduil
78605040  66¥88LDA  y69V6ELAV  3038SLOA  93088LBA 950 ¥d ‘HH QouRL] ‘SedudIAd TO3I([[ s1y1wny
4968367 AV 4396567V 630867V (Qores,) szsuanysuoy
0860904  LEFS8LDA  8€€88LDA  66188LDA  £3083LBA 63T ‘072 )8 euly) ‘uenydig ‘yg re[suory Jjoyostg 1u1pay
€660904H  82¥88LDU 16688, 88188.DA  80088LDA 903 ‘w32 DS BUIY)) ‘UBNYDIG ‘UeNLIUor] L0 130 anuaurd]f (91/6T) dL10],
%%6090dH 4OLIL9ZAV  926€88LDA  9L188.DA  L66L8LDA  LVI uo)s[oy 3 BISSNY ‘Texy] AT{SIOWLL] Z[NYdG snwkuosanap  e[[e( SNQuI0QOIDLOY ] Y,
6860504 4E68367AV  4L30867AV  18388LDA  60188LBA  9%0 8raquepa) g uepamg “op puerddpy (Sneeuury) snoun.L2IgNs
£660504H  T8788LDA  69688LBA  99388LDA  18088LDA  8ET ‘w12 DS BuIy) ‘uenyprg ‘uenfSuoy] g snpvuos.cad
1660904 4998367AV  4066367IV  08288LDA  95088LDA 330 JesneH ‘N yezey] mejely [psredunzq Torpereder] snununpow
%660904H 06¥88LDA  £6688.ODA  16188LDA  31088LDA 190 ‘w12 9d Koyan, “a0ag LosKesy (se[red) sun.dn.f
8860904  02F88LDA  83€88LODA  08188.DA  666L8L0A  L6T JQULLD) ) puequyy ‘exoaqsapy O ZYIMBIOIN SNPUINSULISIP
0660504  LI¥88.DA  L3eSSLOA  LLISSLDA  866L8LDA  #ST ‘10 72 DS BUIY)) ‘UBNYDIG ‘UBNLIUOF] +AONLIONG snw1]]191/J1p
L860S0AH  4606867AV 4E¥0S67AV  49L6367AV  186L8LDA 083 ML OS VSN ‘ourely Kqars] s1702.009 (L/6) ¥30A
9860904  G6€88LDA  $Ie88LODA  8FI88LDA  $96.8LBA  SFT PIOMSLID) T, vsn ‘yein L uossax) snyisoddn $1MQUI0QOIUD.LIIGNS IS
76805040  81988.DA  #8€88LBA  00€88LBA  2E188LBA  ¥31 ‘012 9d Losprm, “Aoxg Aeresyy 19)[09B)SIDY) §7150027.000
G680S0AH  $0988LDA yG6V6ELAV — €8388LDA  TTISSLOA  #90 ‘072 9d Losfan, “a01q LIosKe3] 9saLL snaunfins
L680S0AH  LOP2E0AH  88€3E04H  0L83804Hd  8¥EGE0dd ¥LG preddayg BI[OSUOTN NN [03SA0YY] (SnILIqe) sn92.11Q18
€680904H  2L¥88LDA  £9688.DA  ¥¥E88LDA  0L088LDA €60 ‘012 9d Lospm, “A0xd TrosAe] J9WNBUIDLIY] S$727D2AIU (¥/9)
9680904  9072E0AHd  L8EZE0AH  69€3E0AH  0L6.8L.BDA 6¥% ureg ‘| BIpU] ‘Ysopedd [eydewIy O ZYIMBIOIN $No1I0ISD 1507 SNQUI0QOILIIQLS qS
0880504  89%¥88.DA  09€88.LDA  0¥388LDA 96T promsttd |, vsn ‘yein
$9088.DA  #10 1RIIIS L VSN ‘euozLry UOSSIY) 1U0S1LIOW (3/g) uosLiy
6L80S0AH  4S06367AV 4680867V  96188LDA  8108SLBA 380 seury ‘H VSN ‘stout[[] (199D)3(]) 517702095245 snquioqopvundag dg
900TS0AH  67¥88.DA  €¥e88LDA  L1388LOA  gF08SLBA  L60 ‘1™ 72 DS eury) “aoird Suetlfoyy [[0103[20)) s1suaduiiny (2/¥%)
G00TS0AH 4F06367AV 48€086¥AV yIL6G6¥AV  9.6L8.DA 935 ury D UBMTE], TOJUEN YIS §719D.40]01q  UOSLL] SNQUI0QIXIUIS XS
(1/g) A0¥LI0YS
T160S0dH  92¥88LDA  ,79¥6ELAV ~ 98188LDA  S0088LDA  6%0 I90g op UBMIB], ‘URYSI[Y WG sn1uixa snquioqipadifny 3y
8880504  T6¥88LDA  L9888.DA  L9388LBA %03 uorewe)) g erquio[o)) ‘goefog (T/T) Ao¥LIOYS
$6088.0A 1320 z3J9d 'V BIqUIO[0)) ‘BoIBUIBUIPUN)) g snpunaignd SNQUI0QOPUNIGNY Y
wG9TLIGAY 46FTLIGAV 4EEILIGAV  T€188LDA 35l uosuef] d ©oTY ©)S0)) ‘Osop Ueg xOPBQLLY) $2p10]720Mm]00
8180504  LTS88LDA  €8688LDA  6638SLDA  0STSSLDA GLIT ~ uessnwsey ) nisd Leoueqy £O o8y 1750a
€180S04H  POPZEOAH  98€3E0AH  L9€3804Hd  6%EGE0dd  9LG 'O A BUNULSIY ‘UBWNon, [eyoeA snunwnong
LL8OSOAH  SOPZE0dd  99€88.DA  99288.DA  €6088LBA 050 UOIIWEY) ‘S erquiofo)) ‘eoefog ypwug sngsnqod
9L80S0AH  09%88.DA  11688.DA  €FI88LOA  096L8LBA  €LT  udssnwsey D niog ‘eduredexQ UISII[PURH $71019]D]aW
GL80G0AH  8E¥88LDA 8IP6ELAV  10388LDA  $3088LDA 003 of[yue) P BIQqUO[0)) ‘BUA[RPIEA L 9soLL] snunjnyLoy (L/L) AOMLIONS
7L80G04H  T2F88LDA  63€88LDA  T8I88LDA  10088L®A gET  uessnuwsey D g Keosueqy L I9TUNSIN SN2LOPDNID $1qQuI0QOISNQOY oY
6860904  £8%88LDA  09€88.DA  89388.DA  ¥8088LBA €50 ‘072 9d Kosam [, “A0IJ UBIUIZIF O (rozued) wniouwod
86609040  FIPZE0dd  0683€0AH  1€388LDA  8%088LBA  LEO Yoe[IRY) D puep1ez)img (193]09R)SI8Y)) SDJIULOSIUL (g/€) o110,
1860504 16688.DA  S1€88LDA  TSISSLOA  896L8LBA 080 ‘1™ 92 9d Koyjan, “a01g LosKesy D{SMOYZSOPRY SNIDIUGWD  B[[B(] $1QUI0OQOPOYY YUY
MOdHd 38y utsdQ 0T-IH S9T  #A 103997100 £91700] WOTYIS[[0)) soroadg snuadqng

panu1puoy) *I oIqey,

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



BUMBLE BEE PHYLOGENY 169

'syjoorg Y ‘B[eAV " = gy VY ‘PIOYIYM T ‘UoIowe)
'S=MP DS “Ielqreq T ‘0z1a], ‘N ‘SOUTH 'H ‘URRIAY N ‘Yuowsey J = 7P 72 YJ ‘POYIYM T ‘SWeIIM d ‘UoIdwe) 'S =70 72 O ‘Juowsey J ‘SoUIH 'H =Ydd ‘HH
"(L00g ‘UoISUIE]) 2 USSSNWSLY (}003) BAPAIQ 2 UOIIWE)) YRZ[BS-[OYINy, (6661) UoIOWR)) %9 UANPIBI, (00T

‘60003) ‘7P 72 BI[BMEY {(9008) ‘1P #2 SOUTH, “(T003) If % YMOJUR(, ((E66T) UOIOWE)),, {(£00Z) SWEI[IM % U0IdWE)), ‘T((F ‘@ouaIejol syueguey) [qndun “Te 3o ovdy
*SOIPN)S SNOTARIA WOIJ poaure)qo s9dusnbas 91eIIPUIL SIoqUINU UOISS900R SUIMO[[0] S19139] 1dLstodng (866T) SWRI[IA £q seads 10730 Yim oyadsuod se paziudodad

aJoM 1BY) BXE] 9)BIIpUI SYSLISY 'Apnjs juasard ayj) Ul pajussaadar Joquunu oY) Aq Pomo[o} (semads jouryxe SUIpnioxe) (8GET) SWRI[[I\ £q paziugodad sewads Jo
JI9qUINU [B10} 03 JoJod SeWeU dLIUaSqns SUImo[[o] sesayjuared Ul SI9QqUINN 9UIRU SNULSINS PAJRIASIUE ) S9JOUSP [ UWN[0I Ul (P[Oq UT) WAUOIIE 10739]-0M] S,

GZOTSOAH  92988.ODA  066£88.DA  01€88LDA  GFISSLOA  8LI uorowe)) '§ N9 ‘SOI( Op SIPRIN  APN(J SISUIUOZDWD DUOSLL],
LBOTS0AT 46S0ET8DA  4913EI8DA 4BEIEI8BA  469706LDA €3¢ Jewre[IA A 0JTXIA ‘B[qON] 9SALLY S1JDIU0L| D12QI]J
JQUDYDIJAl 29 SY0ooIg
48F0ET8DA  4F02ETI8DA  4931EI8BA  4&FP06LDA Toysyy ' JIedseSepely “Aoid eSueleyey DA]DfOYDUW DUOSLIOVT
9%0TS0AH HEVOEI8DA H66IEISDA HIBIEI8BA 4OFF06LDA  33E aqoley] g epued) ‘puimg  (1I9ISeN) 20P0qLLS DUOSIIOAAE]
$G0TS0AH  S6988.DA  68688LDA  60€88LOA  THISSLDA  ¥0€ umqdoy g BISAR[RIA] ‘BPNA] B[ENY]  [[9I93[20)) DUIDIL DUOSLIJOLIIF]
€30T90dH  #2988LDA  88688.ODA  80€88LDA  0¥I88LDA  €0€ wmqdey g eisAe[ey ‘epny B[eNY]  UIIWS DIIODLOY) DUOSLIOIUDE) nuuodipapy
630TS0AH  €5988.DA  18€88LDA  L0€88LDA  6€188LBA €13 TesneH I\ BIAT[O “AOIJ ZBJ ©T]  (9SOLLY) S15U2122]0Q DUD]NG
wILILIGAY  4O9TLIGAV wFFILIGAV S80I8SLY 61€ UOIDWEY) S [1zexq ‘o[ned OBS  [[9I93[20)) S1p1ladwWl DSSOISNH 1U1SS0)S NG
080TS0AH  L6€3E0dH #GELI60AV  L93ST0AV 168631 0%€ uorowWey) ‘g VSN ‘sesueyry snoeuur] DUdf17jow S1dY
830TS0AH  y8LILIZAV wEELI60AV 4IVILICAV  -,€6833T1 13¢€ uorewe)) g erpuy ‘arofedueq snoLIqe] DIvs.Lop s1dy nady
soroadg aqriy,
SdNOYHINO
€96090dH 40L836VAV 4F00E6¥AV yLE636¥AV  13188LDA  8¥I u0}s[oH M erssny Kery] A{SIOWLL] I[SMOYZSOPRY SIUL0014]
G960G0AH  TPPS8LDA  6£688.DA  80388LDA  3£083LDA 820 ung ‘W BUIY) “A0IJ NOYZINY L Tuomg £ojpgrwl (€/€) A0¥LIOYS
79605040  66€88.DA  91€88LDA  €9188LDA  TL6LSLDA 990 enyL d eury) “aoxd Suerloyy g sadr.yn §MQUI0QTUL0I1L], A],
9260504  35983.DA  98688LDA  90€88LBA  8ETSSLBA €90 ‘0 32 9d Ko, “Aoxd Keresyy WS snnuoz
6160504 91988.DA  38€88LOA  86388LBA  63188LDA  LST oS v souelq ‘eanp (SNLIqRY) $NUD.L212Q
136090dH  #1988.DA  18€88.DA  96388LDA  L3188LDA  ¥60 ‘1 72 9d Lospm, “a01 UTAYLY x(AOYLIOYG) X072
8160504  90988.DA  9.€88LDA  98388LBA  FIISSLDA  OIT MF DS uopamg “o)) eresddp) (sneeuury) wnunajls
1660S04H  4998367AV 4000667AV 4EE6367IAV ¢838796dV 865 SIdquoyny ‘I BI[0SUON ‘N Kjua3] ‘M L ZYIMBIOIN 14oUdLYIS
0260504 +G98367AV  +666367dV 4686367V S6088LDA  L¥0 MF DS eLisny ‘[8maieqQ (T[N SMLDLOPTL
6260504  06¥88.DA  S9e88LOA  S9588LBA  26088LDA  E6T ‘w2 )8  euly) ‘uenydrg Yg re[duord) L norex, snjowad
€66090dH ILTL9GAV SSTL9BAV  GLEGE0AH  LGE3E0dH  €9% uo)s[oH 3 eissny Kery] A{SIOWLI] 130 s15U2]DIIDQOPNIS
8260504  98¥88.DA  39€88LDA  09388LBA  98088LBA €11 ‘w32 DS BUIY) ‘UeNYOIg ‘Uenf3uof] +ZYIMRIOTN 1utunjod
3€6090dH yL98C6FAV yI0086¥AV  19¢88LDA  LL088LDA €30 MF DS Aeqy ‘euesdsog, (rfodoog) wn.ondsnd
GG60S0AH  69788LDA  19E88LBA  T#E88LBA  L9088LDA  €€0 819q19pa)) g uspamg o) pue[Q (sneeuulry) wnioosnw

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 161-188



170 S. A. CAMERON ET AL.

GENES

Five genes were selected for analysis based on prior
testing for useful signal: mitochondrial 16S rRNA, and
the nuclear protein-encoding genes long-wavelength
rhodopsin copy 1 (opsin), elongation factor-1 alpha
F2 copy (EF-1a), arginine kinase (ArgK) and phos-
phoenolpyruvate carboxykinase (PEPCK). 16S was
selected for its high evolutionary rate, useful for
resolving tip relationships; the nuclear genes provide
better phylogenetic signal at deeper hierarchical lev-
els in the phylogeny. A full discussion of the first four
genes, primer sequences, and rationale underlying
their selection is provided elsewhere (Hines et al.,
2006). PEPCK was selected because it has recovered
relationships within Lepidoptera at similar taxonomic
levels to those in Bombus (Friedlander et al., 1996) and
contains both highly variable intron and conserved
exon regions. PEPCK primers used for most taxa were
FHv4-5-TGTATRATAATTCGCAAYTTCAC-3" and
RHv4-5-CTGCTGGRGTYCTAGATCC-3". Some taxa
required an alternative forward primer, either FH2-
5-GTSTCTTATGGGAGSGGTTACGG-3" or FHv5-
5-AGAACAATTATCTYAAATRCTAARCTTC-3". The
forward primer sequences began within an intron
and were unable to amplify some of the outgroup
taxa. For these and two problematic Bombus taxa
(Bombus haematurus and Bombus pressus), pri-
mers were designed to amplify only the exon region:
PEPCKexF-5-GATAYTGGCTATCACARATCC-3" and
21dNrc from Friedlander et al. (1996). Some previ-
ously reported sequences were obtained from Gen-
Bank (Table 1). Two of these were renamed to conform
to current species names, deduced from their collec-
tion locality: Bombus parthenius from Taiwan is rec-
ognized as Bombus sonani and Bombus nevadensis
from the eastern USA is recognized as Bombus
auricomus.

MORPHOLOGY

We analysed an updated version of the morphological
data set of Williams (1994), incorporating 47 bumble
bee taxa scored for 53 morphological characters,
including character states of the male genitalia (30
characters), male soma (seven characters) and female
soma (16 characters) (Appendices 1 and 2). Each sub-
genus is represented by one or two exemplars, which
express the character state for the remainder of the
subgenus; variable subgenera were represented by
more than one species. Because genitalic characters of
Apini and Meliponini used in the molecular analyses
were difficult to homologize with Bombini, the next
closest outgroup, Euglossini (Eufriesea), was selected,
along with the slightly more distant Xylocopinae
(Lestis).

POLYMERASE CHAIN REACTION (PCR) AND DNA
SEQUENCING

Detailed extraction, PCR and sequencing protocols are
reported in Hines et al. (2006). PCR amplification of
PEPCK was conducted at annealing temperatures of
49-50 °C and extension at 72 °C. Gene fragments of
the following sizes were amplified: (1) ~530 nucleotides
(bp) of 16S; (2) ~680 bp of opsin, including two introns
comprising 178 bp (Mardulyn & Cameron, 1999); (3)
~725 bp of EF-1o. F2 copy, containing an intron of
~200 bp; (4) ~910 bp of ArgK containing an intron of
~325 bp; and (5) ~900 bp of PEPCK containing two
introns of ~525 bp. Sequences obtained from these
fragments, using the Applied Biosystems BigDye
Terminator kit version 3.0 or 3.1, were visualized with
an ABI 3730XL automated sequencer at the W. M.
Keck Center for Comparative and Functional Genom-
ics, University of Illinois. Both strands were sequenced
for all taxa and consensus sequences were deposited in
GenBank (accession numbers are shown in Table 1).

ALIGNMENT

Sequences were edited and aligned (default parame-
ters, CLUSTAL W) in BioEdit (version 5.0.9) (Hall,
1999), with some manual adjustment if identical or
highly similar regions were aligned differently across
taxa. A comparative check on the 16S alignment was
made using CLUSTAL X, version 1.81 (Jeanmougin
et al., 1998), with gap opening of 10 and gap extension
of 0.10. Nucleotides of uncertain alignment for 16S
(~50 bp from four hypervariable AT-rich regions) were
excluded from the data matrices. ArgK and PEPCK
contained a few indels that were problematic to align
for a few taxa; the ambiguous regions for these were
treated as missing data, as in Kawakita et al. (2003).
Nucleotides of EF-1o that varied between our taxa
and those of Kawakita et al. (2003) were confirmed
by reinspection of chromatograms. Gap regions of
unambiguous alignment were coded as separate
binary characters following the methods of Simmons
& Ochoterena (2000) and Simmons, Ochoterena &
Carr (2001), incorporating only the regions that were
parsimony informative in collective analyses. With the
introduction of gaps in the alignments, individual
gene fragments had the following numbers of aligned/
gap-coded sites: 16S, 573/8; opsin, 751/5; EF-1a, 906/
13; ArgK, 1108/43; and PEPCK, 1425/57. The com-
bined (five-genes) data set included 4763 bp and 126
gap-coded characters.

PHYLOGENETIC ANALYSES

DNA sequences
Inter- and intrasubgeneric relationships of Bombus
were inferred largely from Bayesian analyses,
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implemented in MrBayes, version 3.1.2 (Ronquist &
Huelsenbeck, 2003) on an IBM p-series 690 supercom-
puter operated by the National Center for Super-
computing Applications (University of Illinois at
Urbana-Champaign, Champaign, IL). Genes were
analysed individually and collectively, each parti-
tioned into exon, intron and gap regions (when appli-
cable) to account for variation in evolutionary rates
among gene regions. Four taxa sequenced only for the
16S fragment (Bombus tunicatus, Bombus wilemani,
Bombus coreanus, and B. luteipes) were excluded from
collective analyses.

Model selection for each gene was based on Akaike
information criteria in Modeltest, version 3.7 (Posada
& Crandall, 1998) and MrModeltest (Nylander, 2004).
The model parameters used for each gene parti-
tion were: 16S (GTR+1+G), 16S gap characters
(standard + G); EF-la intron (GTR +1+ G), EF-1a
exon (GTR + 1+ G), EF-1a gap characters (standard +
G); opsin intron (GTR + I + G), opsin exon (HKY + G),
opsin gap characters (standard + G); ArgK intron
(GTR + G), ArgK exon (GTR +1+ G), ArgK gap char-
acters (standard + G); PEPCK intron (GTR + G),
PEPCK exon (HKY + G) and PEPCK gap characters
(standard + G). In combined analyses, gap-coded char-
acters were treated as a single partition (standard + G).

Four to six independent analyses were carried out
for each gene fragment and for the combined data
(eight million generations for individual genes, 12
million for combined analyses, four chains with
mixed-models, flat priors, saving trees every 1000
generations). Consensus trees were estimated from at
least three independent analyses, with convergent
log-likelihood plots examined in Tracer 1.2 (Rambaut
& Drummond, 2003). All trees estimated prior to sta-
tionarity were discarded. Trees remaining after con-
vergence from replicate runs were combined to create
a single majority rule consensus tree. Posterior prob-
ability (PP) values represent the proportion of all
Markov chain samples that contain a given node, and
are interpreted as the probability that a node or
monophyletic group is correct given the model and the
data.

To assess the influence of the gap regions on tree
topology, additional parallel analyses were conducted
with gap-coded characters excluded.

Maximum parsimony nonparametric bootstrap
analysis of the combined five-genes data [heuristic
search, 300 replicates, ten random additions per
replicate, retaining a maximum of 300 trees in each
replicate, tree-bisection-reconnection (TBR) branch
swapping] was implemented in PAUP*4.0 (Swofford,
2001) to compare parsimony bootstrap values with
Bayesian posterior probabilities. Correspondingly
high values for these two different measures of sup-
port provide good confidence for testing the monophyly

of the conventional Bombus subgenera and accepting
other monophyletic groups.

Morphological data
Morphological characters were analysed under parsi-
mony in PAUP* (heuristic search, 100 replicates with
a maximum of 500 trees saved per replicate, TBR
branch-swapping, all characters of equal weight).
Because male genitalic characters have been the focus
in prior examinations of Bombus phylogeny (Williams,
1985, 1994), we separated the morphological charac-
ters into two partitions, one with the full set of
characters, the other with only genitalic characters.
Replicate analyses established that tree topology and
tree statistics were stable. Nonparametric bootstrap-
ping (heuristic search: 100 replicates, ten random
additions per replicate, maximum of 500 trees saved
per replicate) provided measures of relative support
for each node in the parsimony tree.

Morphological characters were also combined with
a reduced five-genes data set of the 47 Bombus taxa
analysed under parsimony, implemented in MrBayes
(two independent runs, three million generations,
four chains, saving trees every 1000 generations, flat
priors, mixed models using the same parameters as
those applied to the total sequence data set, standard
model applied to the morphological characters).
Results were compared with those from a Bayesian
analysis of the reduced five-genes data set alone
(same model parameters and conditions as applied to
genes + morphology). Outgroups for this analysis
were selected from the full-scale molecular data set
(Plebeia, Trigona, Heterotrigona, Apis, and Eulaema;
Table 1), coded as missing data for the morphological
characters.

RESULTS

RESOLUTION AND SUPPORT FOR THE PHYLOGENY

Independent Bayesian analyses of each nuclear
gene data set resulted in highly resolved and well
supported phylogenies overall (supplementary trees
online). On the whole, opsin was less useful near the
tips of the phylogeny but resolved many of the deeper
clades, whereas EF-1a, ArgK, and PEPCK provided
good resolution and support for relationships within
and between clades throughout the trees. By contrast,
mitochondrial 16S (supplementary tree online) was
especially useful in resolving the tip clades within con-
ventional groupings (subgenera) but generally poor at
resolving intersubgeneric and deeper relationships
(Table 2).

Simultaneous Bayesian analysis of the combined
sequence data produced a tree with nearly complete
resolution and high branch support at all levels
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Table 2. The left half of the table indicates resolution (number of internal nodes resolved) and node support (PP = posterior
probability) for the conventional Bombus subgenera from Bayesian analyses of the combined sequences from five genes.
In the right half of the table, posterior probability values are reported for subgeneric monophyly based on individual gene
sequences. Abbreviations of subgeneric names are given in Table 1. The 12 monotypic subgenera (Table 1) are not listed,
nor are subgenera comprising two species for which we have only one representative (Br, Fn, Ob, Rf). u, unresolved; pa,

paraphyletic; po, polyphyletic

Number of internal

Number of

PP support for monophyly of subgenera

Number nodes resolved nodes PP >0.95

of taxa in combined in combined
Subgenus in study gene tree gene tree 16S Opsin ArgK Ef-1a PEPCK
Pr 46 42 28 u 1.0 1.0 1.0 1.0
Bo 13 10 4 1.0 1.0 1.0 1.0 1.0
Al 5 4 4 u 1.0 1.0 1.0 1.0
Rb 7 6 5 1.0 1.0 0.86 1.0 1.0
Ce 2 1 1 0.87 1.0 1.0 0.98 1.0
Sp 2 0 0 u u u u u
Ds 2 0 0 u po po po po
Cu 3 1 1 0.99 u pa u u
Ml 12 11 10 1.0 0.89 1.0 1.0 0.91
Ag 5 4 4 u 0.85 1.0 1.0 1.0
Sb 5 4 3 u 0.99 0.84 1.0 0.98
Fv* 19 17 15 u 1.0 0.97 u 1.0
Tr 3 1 1 po u pa u po
Rh 3 2 2 1.0 1.0 0.88 1.0 1.0
Th 18 15 11 1.0 u 1.0 1.0 1.0
Ps 20 19 17 1.0 1.0 1.0 1.0 1.0
Mg 12 11 9 u 0.94 1.0 1.0 0.78
Sx 2 1 1 1.0 0.98 1.0 1.0 1.0
Dv 4 2 1 1.0 1.0 1.0 1.0 1.0
St 8 7 5 1.0 0.98 1.0 1.0 1.0
Or 2 1 1 1.0 1.0 1.0 1.0 1.0
Bi 2 1 1 1.0 1.0 1.0 1.0 1.0
Md 7 6 5 1.0 1.0 1.0 1.0 1.0

*Fervidobombus minus the dahlbomii + morio + excellens group.

(Fig. 1, Table 2). Of the 204 Bombus nodes in the tree,
all but 12 were resolved and 158 (77%) were supported
by posterior probability values > 0.95. Relation-
ships among subgenera indicated by high support
(PP > 0.95) are summarized in Fig. 2.

SUBGENERIC RELATIONSHIPS

The Bayesian combined (Fig. 1) and individual nuc-
lear gene phylogenies, and to some extent the 16S
phylogeny, indicated strong support for all but the fol-
lowing five conventional Bombus subgenera (Table 2):
Separatobombus, Dasybombus, Cullumanobombus,
Fervidobombus, and Tricornibombus. Of the three
larger nonmonophyletic subgenera, Cullumanobom-
bus was paraphyletic as Bombus rufocinctus fell out as
sister group to the remaining Cullumanobombus spe-
cies (Bombus apollineus + Bombus semenoviellus) + a
New World clade (Fig. 1). Fervidobombus emerged as

polyphyletic as the group (Bombus morio + Bombus
excellens + Bombus dahlbomii) separated and at-
tached to the Thoracobombus—Rhodobombus clade
(PP =0.81), leaving the remaining Fervidobombus
strongly supported (PP = 1.0). In turn, a polyphyletic
Tricornibombus, which excluded Bombus (Tricorni-
bombus) imitator, and included Bombus (Exilobom-
bus) exil (PP=1.0), attached as sister group to
Fervidobombus (minus the dahlbomii-group) with
strong support (PP = 1.0). Of the remaining two non-
monophyletic subgenera (both ditypic), Separatobom-
bus was unresolved due to poor support (Fig. 1), and
Dasybombus was polyphyletic as Bombus (Dasybom-
bus) macgregori and Bombus (Dasybombus) handlirs-
chi fell into different well supported clades (both with
PP =1.0). Two other ditypic subgenera represented in
this study by both species (Coccineobombus and Bom-
bias) were resolved as strongly monophyletic
(PP =1.0).
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Figure 2. Bombus phylogeny representing only the subgeneric relationships with strong support (PP =0.95) from the
Bayesian tree in Fig. 1. Branches are colour-coded as in Fig. 1. Values on branches are Bayesian posterior probability

values.
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Table 3. Synopsis of the closest relatives of each of the 11 conventional monotypic subgenera of Bombus

Subgenus Sister group relationship PP value/BV
Pressibombus Pe + Bombus (Pr) infirmus 0.99/94
Fraternobombus Fr + Rb 0.99/—
Crotchiibombus Cr + Bombus (Sp) griseocollis 0.89/—
Rubicundobombus Rc + Ce + Bombus (Ds) handlirschi 1.0/99
Festivobombus Fs + Ml 0.94/—
Mucidobombus | Eversmannibombus/ (Mc +Ev)+ Ls 1.0/88
Laesobombus ((Mc + Ev) + Ls) + Th 1.0/98
Exilobombus Ex + (Bombus (Tr) atripes + Bombus tricornis) 1.0/99
Kallobombus Kl + LF + SF 1.0/98
Confusibombus Cf+ Bi 1.0/100

The sister group relationships are inferred from combined DNA sequences of 16S, EF-10, opsin, and ArgK.
Abbreviated subgeneric names in column 2 are given in Table 1.
PP, posterior probability; BV, parsimony bootstrap value; —, no support.

Of the 11 recognized monotypic subgenera (Table 1),
most of their relationships to other taxa were well
resolved with good support (Figs 1, 2). Notably, the
attachment of Exilobombus (B. exil) within Tricorni-
bombus was strongly supported (PP =1.0), as was the
placement of Pressibombus (= B. pressus) as sister to
Bombus infirmus within Pyrobombus (PP =0.99;
Fig. 1). Sister group relationships of the monotypic
subgenera are summarized in Table 3.

The four species sequenced only for the 16S frag-
ment were resolved in the 16S tree within their ex-
pected subgenera. In particular, B. luteipes fell within
the Pyrobombus clade (Bombus avanus + B. sonani
+ Bombus infrequens + B. parthenius) (PP =0.90),
attaching to B. infrequens + B. parthenius as an unre-
solved trichotomy (PP =0.97); B. tunicatus attached
as sister to Bombus terricola (PP =0.74); B. coreanus
was sister to Bombus ashtoni + Bombus bohemicus
(PP = 0.85); and B. wilemani was sister to Bombus tri-
fasciatus (PP = 1.0).

Parsimony nonparametric bootstrap analysis of the
combined sequences resulted in a tree nearly identical
to but somewhat less resolved than the Bayesian tree
[Fig. 1, bootstrap values (BV) shown below branches].
The only substantive contradiction was Cullumano-
bombus, which was monophyletic in the parsimony
tree (BV = 87%) but paraphyletic in the Bayesian tree
(PP =0.99). Parsimony resulted in decreased resolu-
tion within portions of Pyrobombus, Bombus s.s.,
Psithyrus, and Fervidobombus, principally for rela-
tionships that were poorly supported with Bayesian
analysis. Inconsistencies between parsimony and
Bayesian support values (Fig. 1) also occurred near a
few of the tip taxa within several subgenera, where
posterior probability values were generally low
(PP =0.65). Parsimony gave stronger support for the

hypothesis that Mendacibombus falls nearest the root
(BV =86%).

DEEP RELATIONSHIPS

The individual nuclear- and combined-genes phyloge-
nies resolved nearly all subgenera into two large and
strongly supported sister clades (Figs 1, 2), short-faced
(SF) and long-faced (LF), which broadly correspond
to differences in facial morphology and ecologically
important differences in tongue-length, with some
exceptions. ArgK (Fig. 3D) gave somewhat weaker
support for SF (PP = 0.83) and opsin (Fig. 3C) did not
fully resolve it, whereas PEPCK did not fully resolve
the LF clade (Fig. 3E). However, the sister group rela-
tionship between SF + LF, with or without Kallobom-
bus, was supported in all nuclear gene analyses
(Fig. 3B-E).

Nested within the short-faced clade was a large, well
supported group consisting of taxa found exclusively
in the New World, including Robustobombus and
numerous mono- and ditypic subgenera (Figs 1, 2).
Eight of the 19 mono- and ditypic subgenera fell into
this New World (NW) clade, which was also strongly
supported in the individual gene trees, except 16S.
The subgeneric tree (Fig. 2, inset) shows clearly that
the New World clade has poorer resolution among sub-
genera than any other part of the tree.

Although the nuclear gene trees were generally
compatible, uncertainty surrounded both the root and
the placement of the monotypic Kallobombus (K1) with
respect to the short- and long-faced clades. A consen-
sus of the basal relationships for the five genes
(Fig. 3A) summarizes the uncertainty. Kallobombus in
the EF-10 tree (Fig. 3B) formed a trichotomy with the
short- and long-faced clades whereas, in the opsin tree,
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Figure 3. Bombus trees summarizing the basal relationships for each of four nuclear genes. A, summary consensus of
the four individual gene trees: EF-1a (B), opsin (C), ArgK (D), and PEPCK (E). Kl, Kallobombus; Bi, Bombias; Cf,
Confusibombus; Md, Mendacibombus. SF and LF refer to the short-faced and long-faced clades, respectively. Proportions
shown on the branches of individual gene trees are Bayesian posterior probabilities.

it was more closely related to the long-faced clade
(Fig. 3C) and, with ArgK and PEPCK, it was sister to
SF + LF (Fig. 3D, E). In the combined-genes analysis,
Kallobombus was resolved as sister to SF + LF with
moderate support (PP =0.93, BV = 63%). With respect
to rooting the Bombus tree, opsin and PEPCK sug-
gested a rooting along the Mendacibombus branch

(Fig. 3C, E), although support from opsin was poor
(PP =0.63), and EF-1o0 and ArgK indicated a rooting
with Confusibombus + Bombias (PP =0.99 and 0.74,
respectively). EF-1a did not resolve the sister group
relationship  between  Bombias + Confusibombus,
which was strongly supported by all the other genes
(PP =0.98-1.0). The combined analysis (Fig. 1) sug-
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gested Mendacibombus as sister group to the remain-
ing bumble bees, with weak to moderate support
(PP=0.77, BV =86%).

EFFECTS OF GAP-CODED CHARACTERS

Excluding the gap-coded characters from the five-
genes data set had minor influences on tree topology
overall and support values were highly similar to the
complete data set. In a few cases, gap characters
substantially increased support for a clade, includ-
ing (1) the sister group relationship between
B. rufocinctus and members of the New World clade +
(B. semenoviellus + B. apollineus) (PP = 0.65 without
gaps, 0.99 with gaps); (2) the sister group relationship
between Bombus citrinus and Bombus insularis
within Psithyrus (from 0.90 to 1.0); and (3) the
sister group relationship between (Megabombus +
Senexibombus + Diversobombus) and Thoracobom-
bus—Psithyrus (from 0.91 to 0.98). By contrast, gap
characters substantially decreased support for the
relationship between Bombus velox and Bombus
ruderarius (within Thoracobombus) from 0.99 to
0.52. Regarding topological changes, excluding the
gap characters caused the Bombus hypnorum—
B. haematurus group within Pyrobombus (Fig. 1) to
attach as sister to the clade Bombus cingulatus—
B. biroi (PP =0.62), and within Alpinobombus (Fig. 1),
Bombus balteatus attached as sister to Bombus hyper-
boreus in place of Bombus neoboreus (PP = 0.94). Most
importantly, excluding gap characters shifted the posi-
tion of the root from Mendacibombus to Bombias +
Confusibombus (PP = 0.61).

MORPHOLOGY

Figure 4 illustrates comparative results of parsimony
bootstrap analyses based on the complete set of mor-
phological characters (Fig. 4A) and on the male geni-
talia alone (Fig. 4B), with bootstrap values indicating
support for nodes > 50%. Genitalic characters alone
resulted in higher tree resolution than when somatic
characters were included, although support for the
additional resolution was weak. Both data sets recov-
ered a New World clade + Sibiricobombus but boot-
strap support was < 50% with the inclusion of somatic
characters. The genitalic data resolved a short-faced
clade, with weak support (BV=59%), and there
was no resolution of a long-faced clade in either
tree. The trichotomy Senexibombus + Diversobombus
+ Megabombus was well supported in both trees
(BV =83% and 78%). Five of the nine subgenera rep-
resented by two exemplars in the complete data set
were recovered with good support (BV >70%), only
three were supported by genitalia alone. The basal
divergences resembled the comprehensive DNA tree

(Figs 1, 2), except that Mendacibombus was paraphyl-
etic and Bombias and Confusibombus did not form a
clade.

Bayesian analysis of the sequence data for these 47
taxa recovered a tree (not shown) entirely consistent
with the subgeneric relationships from the all-taxon
Bayesian analysis (Fig. 2), with nearly identical high
support values (all but a few PP =0.98). Adding the
morphological characters to the 47-taxon sequence
data resulted in decreased support for Subterrane-
obombus + Orientalibombus (from PP =0.92 to 0.85)
and for the placement Kallobombus as sister to the
short-faced + long-faced clades (from PP =0.94 to
0.68). Also, Alpigenobombus moved from its position
as an unresolved polytomy with the clades circum-
scribing the New World taxa-Sibiricobombus and
Melanobombus—Rufipedibombus to that of sister to
these two clades, although support was weak
(PP =0.85).

DISCUSSION

MONOPHYLY OF CONVENTIONAL SUBGENERA

An unequivocal result of this molecular phylogenetic
examination is the strong support that it provides for
groups of species represented by the conventional sub-
generic system, as developed over many years from
morphological taxonomy (Radoszkowski, 1884; Vogt,
1911; Kriiger, 1917; Skorikov, 1922; Frison, 1927;
Richards, 1968; summarized in Williams, 1998). This
is consistent with the more limited molecular analyses
of Pedersen (2002) and Kawakita et al. (2004). In re-
trospect, the long stability of the Bombus subgenera is
notable given the intense controversies over their
higher-level classification (for a review, see Ito, 1985).
Clearly, characters of the male genitalia (Radosz-
kowski, 1884; Vogt, 1911; Richards, 1968; Williams,
1985, 1994) have proven reliable indicators of species-
group membership (see also Hines et al., 2006).

The problems generally arise when these same
characters are used to assess relationships among
the subgenera. On the whole, morphological charac-
ters, whether analysed phenetically (Plowright &
Stephen, 1973; Ito, 1985) or cladistically (Williams,
1985, 1994; Ito & Sakagami, 1985), have been unable
to fully resolve the intersubgeneric relationships or to
reconstruct higher-level clades that are congruent
with the DNA-based phylogeny. Although finding mor-
phological characters that can serve as synapomor-
phies for higher-level groupings of Bombus could be
useful, another approach to the study of morphology
would make use of the well-resolved DNA phylogeny
to elucidate the evolution of functionally interesting
morphological traits, such as features of the male gen-
italia, the tongue, and colour pattern.
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Figure 4. Nonparametric parsimony bootstrap trees estimated from morphological characters for 47 Bombus subgeneric
exemplars. A, analysis of the total morphology data set. B, analysis of genitalic characters alone. Values above branches

indicate bootstrap support (BV) > 50%. Subgeneric taxon labels are given in Table 1.

In a few cases, our results lead to the splitting of
conventional subgenera. The large subgenus Fervi-
dobombus is a conspicuous example, as the dahl-
bomii-group (Fig. 1) falls outside this clade, leaving
behind a strongly supported clade attached to a poly-
phyletic Tricornibombus. The polyphyly of Feruvi-
dobombus was suggested in earlier phenetic (Ito,
1985) and cladistic analyses of subgeneric relation-
ships (Koulianos & Schmid-Hempel, 2000; Kawakita
et al., 2003). The report by Cameron & Williams
(2003), rooting Fervidobombus with Thoracobombus
(thought to be among its closest relatives), produced
an apparently monophyletic clade because other sub-
genera were not represented in the analysis. More

complete taxon sampling outside Fervidobombus
updates this.

Williams (1998) assigned B. handlirschi to the
monotypic Dasybombus (Labougle & Ayala, 1985)
based on similarities of the male genitalia, but the
DNA data show that B. handlirschi is closely related
to Rubicundobombus (sensu Franklin, 1912, 1913)
and Coccineobombus (Fig.1). The two remaining
occurrences of nonmonophyly of subgenera (Cullu-
manobombus and Separatobombus) are less clear cut
in terms of support, and would benefit from tar-
geted studies of those groups.

In one of the more surprising results, it appears that
Pressibombus is a part of Pyrobombus. Morphologi-
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cally, B. pressus is characterized by distinctive male
genitalia, particularly by a strong reduction of the
gonostylus, which appears to a lesser extent in other
members of the parthenius-group, and by a unique
ventrolateral production of the head of the penis valve.
Apart from this new addition to the group, Pyrobom-
bus, the largest subgenus, is decisively monophyletic
(for additional discussion, see Hines et al., 2006). In
contrast to earlier reports by Williams (1991, 1994,
1998) suggesting that Mendacibombus is paraphyletic
and Sibiricobombus sensu Richards (1968) (which
included Obertobombus) is polyphyletic, both groups
are monophyletic and, from the single species studied
here, Obertobombus indeed forms a monophyletic
group with Sibiricobombus. The monotypic Festivo-
bombus and Rufipedibombus form a strongly sup-
ported group with the larger Melanobombus.

The socially parasitic subgenus Psithyrus has pro-
voked a great of deal of taxonomic controversy. Histor-
ically, Psithyrus was considered a separate genus of
bumble bees (Lepeletier, 1832) because of the diver-
gent biology and morphology associated with its
inquiline mode of life. Our results strongly support
Psithyrus as a monophyletic group within Bombus,
which is consistent with the majority of findings over
the last few decades (Plowright & Stephen, 1973;
Pekkarinen et al., 1979; Ito, 1985; Williams, 1985,
1991, 1994; Pamilo et al., 1987; Pedersen, 2002; Kawa-
kita et al., 2004). Furthermore, Psithyrus divides into
the same clades (Fig. 1) established as subgenera in
earlier taxonomic studies (Franklin, 1912, 1913; Fri-
son, 1927; Popov, 1931; Pittioni, 1949). Williams (1991,
1998) treated these as species groups, synonymizing
the subgeneric names; Rasmont et al. (1995) consid-
ered them as separate subgenera within Bombus. The
relationships among these species groups receive
weaker support, highlighting the consistency in rela-
tive degree of support between the molecular and mor-
phological data.

Of potential interest to Psithyrus evolution is the
finding by Bromham & Leys (2005) that rates of
molecular evolution in social parasites are faster
than those of their social relatives. If this conclu-
sion is accepted, and if substitution rates are
expected to evolve in a lineage-dependent fashion, it
follows that the socially parasitic Psithyrus should
exhibit faster rates than most of their social rela-
tives. There may be a hint of this in the greater com-
bined branch lengths of Psithyrus relative to the
other subgenera, but testing this requires sister-
group comparison of substitution rates in their non-
parasitic sister taxa.

DEEP DIVISIONS WITHIN BOMBUS

Kriiger (1917) recognized a division of the bumble
bees into two larger sections, Odontobombus (‘with

spine’) and Anodontobombus (‘without spine’), based
on several diagnostic morphological characters,
including head shape and presence/absence of a mid-
basitarsal spine. His Odontobombus (Thoracobombus,
Laesobombus, Mucidobombus, Rhodobombus, Sub-
terraneobombus, and Megabombus) and Anodonto-
bombus (Pyrobombus, Bombus s.s., Alpinobombus,
Cullumanobombus, Melanobombus, Kallobombus,
Confusibombus, and Mendacibombus) correspond
approximately to our long-faced and short-faced
clades. In detail, the long-faced clade includes an
additional eight subgenera (Fig.1) not included in
Kriiger’s more restricted investigation of Central
European fauna, and the short-faced clade includes 13
subgenera omitted by Kriiger. Kriiger’s characters led
him to group Kallobombus, Confusibombus, and Men-
dacibombus within the equivalent of the short-faced
clade, whereas our results reveal that these taxa fall
outside both divisions, representing more basal diver-
gences in the phylogeny. Kawakita et al. (2004) dis-
cussed two higher-level Bombus groupings (clades A
and B), which are consistent with our long-faced and
short-faced divisions, but with many fewer taxa and
weak support for their A clade. Interestingly, with
Bayesian analysis of sequences from only 47 (~20%) of
the 218 taxa collected for this study, we recovered the
identical structure to that of the comprehensive tree,
with well supported intersubgeneric relationships,
including the short-faced, long-faced, and New World
subdivisions. This indicates that taxon sampling is
less important in recovering higher level phylogenetic
structure of Bombus than is the availability of a large
number of informative characters.

RELATIONSHIPS NEAR THE RANK OF SPECIES

In several cases, sister taxa share such a remarkable
degree of sequence similarity that we might ask
whether they are conspecific. Given the 1-2 bp differ-
ences we commonly see within a gene for many taxon
samples, for example, within nuclear genes of het-
erozygous females or from comparisons of conspecific
taxa sequenced both by us and by Kawakita et al.
(2003), we consider it likely that two nominal taxa are
conspecific if they differ by only 1-2 bp across all gene
sequences (equivalent to only 0.03—-0.05% sequence
divergence). Of course, final decisions about species
status will require examining the patterns of variation
among a broad sampling of individuals.

Several sympatric species pairs exhibit discordant
colour patterns yet have virtually identical sequences.
For example, Bombus (Sibiricobombus) niveatus
(Fig. 1), which is white-banded, and Bombus vortico-
sus, which is yellow-banded, differed by a single nucle-
otide (ArgK) across all five genes, supporting their
status as dimorphic colour forms of the same species.
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Williams (1991, 1998) concluded this from morphology
and Rasmont et al. (2005) from mandibular gland
secretions. Bombus (Mendacibombus) handlirshianus
(white-band) and Bombus shaposhnikovi (yellow-
banded) differ by two bases (1 bp 16S, 1 bp PEPCK),
and individuals of these two colour forms were even
observed to share a common nest entrance at a site in
north-east Turkey (H. M. Hines, pers. observ.). Some of
these colour dimorphisms may be the result of
intraspecific diallelic differences (Owen & Plowright,
1980). The lack of correspondence between colour pat-
tern variation and degree of nucleotide differentiation
shows that much remains to be learned about colour
pattern evolution, and sets the stage for examining
possible adaptive causes, including mimicry.

Some putative allopatric species pairs, also described
from distinct colour morphs, may be conspecific. One
example involves the two Senexibombus species,
Bombus bicoloratus (Taiwan) and Bombus kulingensis
(mainland China), which differ by only a single base in
both the 16S and PEPCK sequences. Another example
includes Bombus pensylvanicus from eastern North
America and Bombus sonorus from western North
America: both taxa, which are similar in morphology
but variable in colour pattern (Williams, 1998), exhibit
signs of introgression as B. sonorus from San Luis
Potosi, Mexico (an area of sympatry with B. pensyl-
vanicus) and B. sonorus from Arizona are not mono-
phyletic relative to two B. pensylvanicus sequences
from Missouri (Fig. 1). Other likely conspecific taxa,
questioned by Williams (1998), include Bombus
erzurumensis/Bombus sichelii (3 bp difference for 16S,
3 bp for EF1a, 1 bp for PEPCK) and Bombus volucel-
loides/Bombus melaleucus (2 bp 16S, 3 bp ArgK).

In two cases, allopatric pairs of Psithyrus taxa
exhibit nearly identical sequences and could be con-
specific: Bombus fernaldae/Bombus flavidus (1 bp dif-
ference EF1a, 1 bp ArgK) and B. ashtoni/B. bohemicus
(1 bp ArgK). It is unusual that one member of each
pair occurs only in the New World and the other only
in the Old World, respectively. If conspecific, each pair
would encompass a nearly Holarctic temperate distri-
bution, thus far found only in the lucorum complex
and some Alpinobombus species. The possible conspec-
ificity of B. fernaldae and B. flavidus has not been con-
sidered until now, but Williams (1991) suggested that
B. ashtoni and B. bohemicus could be parts of the
same species. Both taxa specialize on hosts of the sub-
genus Bombus s.s.: B. ashtoni on Bombus affinis and
B. terricola (Plath, 1934; Fisher, 1984), B. bohemicus
on Bombus lucorum (Alford, 1975)

Other species pairs considered potentially con-
specific (Williams, 1998) are somewhat genetically
divergent based on 16S, including B. occidentalis/
B. terricola (7 bp, 1.3%); Bombus fervidus/Bombus
californicus (8 bp, 1.6%); B.velox/Bombus deuter-

onymus and Bombus sylvicola/Bombus lapponicus
(10 bp, 1.9%); B. moderatus + B. cryptarum/B. lucorum
(11 bp, 2.1%, 14 bp, 2.6%; neither taxon is monophy-
letic with B. lucorum); Bombus alagesianus/Bombus
keriensis (14 bp, 2.6%) and Bombus difficillimus/
Bombus melanurus (20 bp, 3.8%). The separation of
B. auricomus and B. nevadensis on the basis of mor-
phology, colour pattern (Williams, 1998), and alloz-
ymes (Scholl et al., 1992) is also supported by our
sequence data (22 bp, 4.2%). Interestingly, Bombus
modestus from Kazakhstan is genetically distinct from
B. modestus from Sichuan, China for 16S, exhibiting
greater genetic distance (24 bp, 4.5%) than many pairs
of sister species.

IMPLICATIONS FOR BOMBUS CLASSIFICATION

Several authors have suggested that the subgeneric
system for bumble bees would benefit from simplifica-
tion (Menke & Carpenter, 1984; Williams, 1998). The
challenge is to recognize monophyletic groups that are
morphologically and behaviourally meaningful, while
reducing the number of small subgenera. Our Bombus
phylogeny raises the possibility of revising the classi-
fication with more confidence by providing a frame-
work to ensure monophyletic subgenera and reduce
the proliferation of formal group names. Here we
intend no nomenclatural action as specific recommend-
ations concerning recognition of groups will be made
elsewhere, based in part on some of the following rel-
evant details.

Concerning the New World clade, rather than recog-
nizing even more monotypic subgenera, it might be
more practical to recognize the entire New World clade
as a single subgenus consisting of several species
groups, including Robustobombus. Further reductions
in numbers of subgenera could be achieved by placing
Obertobombus (Bombus oberti) into Sibiricobombus,
and by including Festivobobombus (Bombus festivus)
and Rufipedibombus in Melanobombus. Whether to
consolidate these taxa into one group is complicated
by the fact that many of the monotypic subgenera
are sister to clades subtended by conspicuously long
branches, suggesting long separation/distinctness
(Fig. 1). In view of these apparently large intersubge-
neric genetic distances, it might be prudent to con-
sider additional biological characters in decisions as to
whether to combine the taxa.

Given the strong support for Pressibombus falling
within Pyrobombus, it is reasonable to synonymize
Pressibombus under Pyrobombus. The clade com-
prising the monotypic subgenera Mucidobombus,
Eversmannibombus, and Laesobombus could be con-
sidered as members of Thoracobombus or as a sepa-
rate three-species subgenus. Exilobombus attaches to
Tricornibombus (excluding B. imitator) and should be
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considered a part of Tricornibombus. Megabombus
could include Senexibombus. Bombias and Confusi-
bombus might be combined into a single subgenus,
although the branches appear long and the respective
taxa distinct.

New names might be required to accommodate the
splitting of a few subgenera. The obvious division of
Fervidobombus into two monophyletic groups could
require a new species group or subgenus designation
for B. dahlbomii + B. morio + B. excellens. Other clas-
sification decisions may involve Cullumanobombus,
Separatobombus, Dasybombus, and Tricornibombus.

FUTURE RESEARCH

Phylogeny
Within some clades (e.g., Bombus s.s. and Fervidobom-
bus), a few of the internodes are short but have high
posterior probabilities (Fig.1). We interpret these
relationships with caution because Bayesian inference
is highly sensitive to phylogenetic signal (indicating
high posterior probability values with relatively few
characters) and has been shown (with simulated data)
to occasionally attach high support values to incorrect
short internodes (Alfaro, Zoller & Lutzoni, 2003).
Gathering additional characters should resolve the
uncertainties associated with these short branches.
Importantly, new characters from other genes should
increase resolution and support for relationships
within the New World clade and strengthen the place-
ment of Kallobombus and assignment of the root.
The missing putative species (Williams, 1998) from
this study are most notably from Psithyrus (eight spe-
cies), Mendacibombus (five species) and Melanobom-
bus (four species). Examination of the positions of
these and remaining species from small subgenera
(e.g., Cullumanobombus, Rufipedibombus, Senexi-
bombus, and Orientalibombus) would secure our
knowledge of Bombus relationships and subgeneric
monophyly.

Diversification in the New World

The pattern of diversification of the New World clade,
with its numerous distinctive taxa that span North
America, Mexico, and the Andes, suggests there may
have been at least two episodes of relatively rapid
divergence after colonization of the New World. The
first of these is implied by the very short branches
that subtend relatively long branches of the morpho-
logically distinct monotypic subgenera, which are
difficult to resolve with good support (Fig.1). This
pattern poses interesting questions concerning the
interplay between colonization of the New World and
trends in bumble bee diversification. Comparative
studies of sister taxa outside this group, which are
all Old World (except B. rufocinctus), could reveal

whether any morphological or physiological innova-
tions occurred in association with episodes of conti-
nental colonization and diversification (Kay et al.,
2005). The second episode occurred with Robustobom-
bus, the only speciose monophyletic subgenus within
the New World clade. This group seems to have
diverged more recently in upland areas of the north-
ern Andes, perhaps in association with new ecological
opportunities provided after the northern Andean
uplift (3—5 Mya) that involved the colonization by
new plant genera (Hughes & Eastwood, 2006). Our
robust species phylogeny affords the opportunity to
test this hypothesis with estimates of divergence
times.

The only other large endemic New World subgenus,
Fervidobombus, suggests a similar pattern of diversi-
fication after colonization from the Old World. How-
ever, in contrast to taxa of the New World clade, many
of which inhabit cooler, mountainous habitats, Feruvi-
dobombus inhabit warmer lowland habitats, including
tropical rain forest (Williams, 1985; Cameron &
Williams, 2003). Their predisposition to nest above
ground, a characteristic of many of their closest Old
World relatives, may underlie their mostly lowland
distribution, and at least partially explain the innova-
tion in nest architecture associated with the atypical
rain forest species, Bombus transversalis (Taylor &
Cameron, 2003) and Bombus pullatus (Hines, Cam-
eron, & Deans, 2007). Additional research on the biol-
ogy of Old World relatives should clarify influences of
ecological shifts and phylogeny on life history of the
tropical bumble bees.

Colour pattern evolution

Colour pattern mimicry in bumble bees has been sug-
gested by several authors (Plowright & Owen, 1980;
Williams, 1991) to explain many geographical trends
in colour pattern variation. However, conclusions that
colour patterns do not also evolve along phylogenetic
lineages have been limited by incomplete species sam-
pling and coding of the full range of patterns and
intraspecific polymorphisms. Our comprehensive phy-
logenetic results permit the first comparative exami-
nation of convergence and mimicry on a worldwide
scale.
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APPENDIX 1

The morphological character states represented in the
matrix are listed. Multistate characters analysed as
ordered are shown with asterisks. Characters of the
penis refer to the penis valves unless otherwise
specified.

MALE PENIS

1. Spatha broader than long (0); spatha longer than
broad (1).

2. Spatha basally broadly rounded (0); spatha basally
acutely pointed (1).

3. Spatha laterally continuous with valves (0); spatha
laterally overhanging valves (1).

4. Dorsal lightly sclerotized channel narrow (0); dor-
sal lightly sclerotized channel broad (1).

5. Shaft without a distinct ventro-lateral angle (0);
shaft with an acute ventro-lateral angle near the mid-
point of its length (1); shaft with only a weak trace of
a ventro-lateral angle (2); shaft with ventro-lateral
angle broadly rounded as a shallow convexity (3);
shaft with ventro-lateral angle pronounced as a very
broadly rounded right angle (4).

6. Shaft dorso-ventrally narrow or irregular in
breadth (0); shaft uniformly dorso-ventrally expanded
(D).

7. Apex straight or curved outwards (0); apex curved
in towards body midline (1).

8.* Head strongly laterally compressed (0); head
nearly tubular (1); head strongly dorso-ventrally flat-
tened (2).

(9) Inner basal shelves broad (0); inner basal shelves
narrow (1).

10.* Inner shelves of head absent or weakly defined
(0); inner shelves of head strongly marked basally by
a pronounced right angle, then running parallel to
shaft axis as far as recurved head (1); inner shelves
expanded basally (2).

11.* Head with outer shelf narrow (0); head with
outer shelf extended laterally by more than the same
breadth as head (1); head with outer shelf curved
ventrally and then twisted towards apex, to form half
of a funnel (2).

12. Head with outer shelf narrow or board (0); head
with outer margin of shaft with straight section nar-
row subapically (1).

13. Head with inner (median) margin of recurved sec-
tion convex (0); head with inner margin of recurved
section concave.

14. Head with or without inwardly recurved hook (0);
head straightened with secondary loss of inwardly
recurved hook (1).

15. Head without basal ventral projection (0); head
with basal ventral projection (1).

16. Shaft nearly straight in lateral aspect (0); shaft
with a strong ‘S’-shaped dogleg in lateral aspect (1).

MALE VOLSELLA

17.*% Small irregular sclerite, not extending apically
further than gonostylus (0); large clasping organ,
extending apically further that gonostylus (1); entire
volsella elongated and narrowed (2).

18. Outer margin with long setae (0); outer margin
without long setae (1).

19. Lateral margins subapically converging (0); lat-
eral margins broadened immediately subapically and
then truncated apically (1).

20. Inner margin without a distinct subapical process
(0); inner margin with a subapical process, which is
usually toothed, arising just before inner margin and
projecting in towards midline of body (1); inner sub-
apical process produced distinctly beyond inner mar-
gin, often in the form of a broad curved tongue (2);
inner subapical process reduced to an indistinct curve
in margin, always lacking teeth (3).

21. Inner subapical process distinctly separated from
apex, often nearer midpoint of length (0); inner sub-
apical process narrowly subapical, at least on long axis
of volsella.

22.*% Inner ventral ridge not swollen or swelling not
curved back proximally towards outer margin (0);
inner ventral ridge, near mid-point of volsella length,
pronounced at the inner edge of coarsely sculptured
area in the apical half and curved back proximally
towards the outer margin (1); coarsely sculptured ven-
tral area broadened basally before an inner constric-
tion to a narrower subapical neck, and pear-shaped (2).
23.% Coarsely sculptured ventral area weakly defined
or proximal half reaching outer margin adjacent to
gonocoxite (0); proximal half of coarsely sculptured
ventral area separated from outer margin by a con-
cave, weakly sculptured area, forming a narrow shin-
ing submarginal groove (1); proximal half of coarsely
sculptured ventral area separated from outer margin
by a concave, weakly sculptured area, forming a sub-
marginal groove as broad as coarsely sculptured area
(2); proximal half of coarsely sculptured ventral area
separated from margin by broad submarginl groove
with long setae (3).
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24.*% Inner apical margin without stout setae (0);
inner apical margin with stout setae (1); inner apical
margin with stout setae very long and dense (2).

MALE GONOSTYLUS

25. Inner basal corner without a distinct process (0);
inner basal corner with a distinct rounded process
projecting in towards midline of body (1); inner basal
corner with a distinct process; distally narrowed in the
form of a single sharp spine (2); inner basal process
with teeth (3).

26. Basal inner margin associated with setae (0);
basal inner margin without associated setae (1).

27. Inner basal process produced (0); inner basal pro-
cess reduced to a stub or membranous or both (1).
28. Inner apical margin simple (0); inner apical mar-
gin double with a submarginal groove (1).

29. Apical process present (0); apical process absent
(D).

30. Apical process rounded or narrowing (0); apical
process broadened (1).

MALE HEAD

31. Mandible with sparse long setae from posterior
margin (0); mandible with dense setae from posterior
margin, forming a ‘beard’ (1).

32. Antenna short, not reaching back beyond wing
bases (0); antenna long, reaching back beyond wing
bases (1).

33. Flagellar segments nearly straight and cylindrical
(0); flagellar segments curved (1).

34. Compound eye similar in relative size to female
eye (0); compound eye distinctly enlarged relative to
female eye (1).

MALE THORAX

35. Hind tibia with outer surface uniformly convex
(0); hind tibia with outer surface partially concave
medially in distal third (1).
36. Hind tibia with short or long hairs over entire
outer surface (0); hind tibia without even short hairs
medially in distal third (1).

MALE ABDOMEN

37. Gastral sternum VII with posterior margin medi-
ally convex or irregular, but not broadly concave (0);
gastral sternum VII with posterior margin medially
broadly concave (1).

FEMALE HEAD

38.% Labrum with median longitudinal ridge (0);
labrum with complete transverse ridge between two
grooves (1); labrum with transverse ridge broadly

interrupted medially (2); labrum with median part of
transverse ridge displaced towards apex of labrum to
form a projecting lamella, which reaches towards the
anterior margin of the labrum (3).

39. Labrum broadly rectangular (0); labrum broadly
triangular (1).

40. Mandible distally broadly rounded (0); mandible
distally pointed (1).

41. Mandible with two to four teeth (0); mandible with
six teeth (1).

42. Mandible with basal keel not reaching distal mar-
gin (0); mandible with basal keel reaching distal mar-
gin (D).

43. Oculo-malar distance less than the basal breadth
of mandible (0); oculo-malar distance equal to or
greater than the basal breadth of mandible (1).

44. Oculo-malar area broadly rounded into the face
anteriorly, the area below the eye uniformly convex
(0); oculo-malar area separated from the face anteri-
orly by a narrowly rounded angle, the area immedi-
ately below the eye partially concave (1).

FEMALE THORAX

45.% Mid-basitarsus with disto-posterior corner
broadly rounded or forming a right angle (0); mid-
basitarsus with acute disto-posterior corner (1);
mid-basitarsus with pronounced disto-posterior
spine (2).

46. Hind tibia without corbicula (0); hind tibia with
corbicula (1).

47. Hind tibia with disto-posterior corner forming
right angle (0); hind tibia with disto-posterior corner
acute or spinosely produced (1).

48. Hind basitarsus with proximo-posterior process
no longer broad (0); hind basitarsus with proximo-
posterior process longer than broad (1).

49. Hind basitarsus with proximal process with few
scattered hairs on outer surface (0); hind basitarsus
with proximal process densely hairy on outer surface

(D).

FEMALE ABDOMEN

50.*% Gastral sternum II without transverse ridge (0);
gastral sternum II with weakly rounded traverse
ridge (1); gastral sternum II with strongly raised
transverse ridge (2).

51. Gastral sternum VI without subapical swellings,
curving gradually dorsally (0); gastral sternum VI
with paired subapical swellings, lateral areas
abruptly turned dorsally (1).

52. Gastral sternum VI without lateral keels (0); gas-
tral sternum VI with lateral keels (1).

53. Gastral segments V-VI nearly coaxial with seg-
ments I-IV (0); gastral segments V-VI curled ventrally
and back towards anterior (1).
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APPENDIX 2

Morphological character matrix. Morphological character states are explained in Appendix 1.

Lestis
Eufriesea
avinoviellus
convexus
nevadensis
confusus
soroeensis
haemorrhoidalis
kulingensis
trifasciatus
supremus
melanurus
insularis
sylvestris
exil
tricornis
fervidus
armeniacus
persicus
mucidus
laesus
filchnerae
sylvarum
hyperboreus
sporadicus
terrestris
hypnorum
lapponicus
pressus
breviceps
nobilis
eximius
festivus
simillimus
ladakhensis
oberti
niveatus
rufocinctus
brachycephalus
rubicundus
handlirschi
coccineus
fraternus
crotchii
griseocollis
morrisoni
funebris
volucelloides
macgregori

11111111112222222222333333333344444444445555
12345678901234567890123456789012345678901234567890123
00000-000000-00000----- 000000000110000010100001000000
00100-000000-00001----- 000000000000100010100010000000
10000-000000-0001000-00001000010011001000010010000000
10010-001000-0001001000001000010011001000010010000000
10010-001000-0001102100111000010011012000010111000000
10010-011000-0001102000111000010011003000010111000000
111120011000-0001102100101000011100013000100111101000
110120011000-0001112000201100111101103000110011101000
110120011000-0001102100231000111101103000100211100000
110120011000-0001102100231000111101103000110211100000
110120011000-0001102100231000111101103000110211100000
11112011100000001102100111000011101003000110211101000
110120011000-0001103000110100011100003110001200002111
110120011000-0001103000110100010000003110001200002111
110120011000-0001102000211000011100003000100211101000
110120011000-0001102100111000011100003000110211101000
110120011000-0001102000111000011100003000110211101000
111120011000-0001102100111000011100003000110211101000
110120011000-0001103000211000011100003000110211101100
110120011000-0001102000211000011100003000110211101000
110120011000-0011112000211000011101003000100211101000
110120011000-0011102000221000011100003000110211101000
110120011000-0011102000221000011100003000110211101000
111120121000-1101102100111110010001103000110111101000
11114012103001101102100111100010001103000100011100000
11114012103001101102100111100010001103000100011100000
11112012100000001102100111110010001003000100011100000
11112012100000001102100111110010001003000100011100000
11114012102000101102100111001010000103000110011100000
11112012100000001102100111000010000003001100111101000
11112012100000001102100111000010000103001100111101000
11013012101000001102100111001011001103000110011100000
11111012100000001102100111100010000003000100011100000
11111012100110001102100111100010011013000110011100000
11011012100110001102100111100010000013000110010100000
11111012100010001102100111000010010003000110011110000
11111012110000001102110111000011011013000110011110000
11111012100000001102100111000010010113000100011100000
11111012120000001102123111100010010013000100011100000
111110121200-0001102123111000010010013000100011100000
11111112110010002102123101100010010013000100011100000
11111112110010001102123111000010010013000100011100000
11111012100000001102120111000001010013000100011100000
11111012110000001102121111000011011103000100011100000
11111012100000001102122111100010010013000100011100000
11111012100000001102122111000010011013000100011100000
111110121000-0001102122111000010010013000100011100000
11111012110010001102122111000011010013000100011100000
11111112100010002102123101100010010013000100011100000
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SUPPLEMENTARY MATERIAL

The following supplementary material is available for this article:

Figure S1. 168S. Phylogeny of Bombus estimated from Bayesian analysis of mitochondrial 16S rRNA nucleotide
data. Values above branches are Bayesian posterior probabilities. The left hand portion of the figure connects via
the dashed lines at the bottom to the dotted lines at the top of the right hand portion of the figure.

Figure S2. EF-1o<. Phylogeny of Bombus estimated from Bayesian analysis of elongation factor-lalpha F2 copy
nucleotide sequences. Values above branches are Bayesian posterior probabilities. The left hand portion of the fig-
ure connects via the dashed lines at the bottom to the dotted lines at the top of the right hand portion of the fi gure.

Figure S3. Opsin. Phylogeny of Bombus estimated from Bayesian analysis of long-wavelength rhodopsin copy
1 nucleotide sequences. Values above branches are Bayesian posterior probabilities. The left hand portion of the
figure connects via the dashed lines at the bottom to the dotted lines at the top of the right hand portion of the
figure.

Figure S4. ArgK. Phylogeny of Bombus estimated from Bayesian analysis of arginine kinase nucleotide
sequences. Values above branches are Bayesian posterior probabilities. The left hand portion of the figure con-
nects via the dashed lines at the bottom to the dotted lines at the top of the right hand portion of the figure.

Figure S5. PEPCK. Phylogeny of Bombus estimated from Bayesian analysis of phosphoenolpyruvate carbox-
ykinase nucleotide sequences. Values above branches are Bayesian posterior probabilities. The left hand portion
of the figure connects via the dashed lines at the bottom to the dotted lines at the top of the right hand portion
of the figure.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1095-8312.2007.00784.x
(This link will take you to the article abstract).

Please note: Blackwell Publishing are not responsible for the content or functionality of any supplementary mate-

rials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding
author for the article.
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