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Adaptation in a
Plant-Hummingbird Association

Ethan J. Temeles'* and W. John Kress?

Sexual dimorphism in bill morphology and body size of the Caribbean purple-
throated carib hummingbird is associated with a reversal in floral dimorphism
of its Heliconia food plants. This hummingbird is the sole pollinator of H.
caribaea and H. bihai, with flowers of the former corresponding to the short,
straight bills of males, the larger sex, and flowers of the latter corresponding
to the long, curved bills of females. On St. Lucia, H. bihai compensates for the
rarity of H. caribaea by evolving a second color morph with flowers that match
the bills of males, whereas on Dominica, H. caribaea evolves a second color
morph with flowers that match the bills of females. The nectar rewards of all
Heliconia morphs are consistent with each sex's choice of the morph that
corresponds to its bill morphology and energy requirements, supporting the
hypothesis that feeding preferences have driven their coadaptation.

Understanding natural adaptations of organisms
to their environment has been the focus of
evolutionary investigations since the time of
Darwin (/) and Wallace (2). Plant-animal inter-
actions, especially those between flowering
plants and their animal pollinators, provide
classic examples of hypothesized coadaptations
that confer advantages to both mutualists (3,
4). The most convincing investigations of
adaptation require (i) the presence of discrete
character polymorphisms in natural popula-
tions, (ii) evidence for the genetic basis of
this variation, (iii) fitness measures, and (iv)
comparative studies among populations (5).
Here we present comparative data from two
Lesser Antillean islands on contemporary
character polymorphisms in sympatric spe-
cies of the tropical plant genus Heliconia and
their common pollinator, the purple-throated
carib hummingbird, which support the
principle of coadaptation between these
mutualists.

"Department of Biology, Amherst College, Amherst,
MA 01002 USA. 2Botany, MRC-166, United States
National Herbarium, National Museum of Natural
History, Post Office Box 37012, Smithsonian Institu-
tion, Washington, DC 20013-7012 USA.

*To whom correspondence should be addressed. E-
mail: ejtemeles@ambherst.edu

The purple-throated carib hummingbird,
Eulampis jugularis, is an example of sexual
dimorphism that results from ecological
causation: Although the wings and body
masses of males average 8.6 and 25%, re-
spectively, larger than those of females, the
bills of females average 30% longer than
those of males and are 100% more strongly
curved (6, 7). Temeles et al. (7) showed
that E. jugularis is the sole pollinator of
two species of Heliconia on St. Lucia, a
green-bracted H. bihai whose long, curved
flowers match the bills of females and a
red-bracted H. caribaea whose short,
straight flowers match the bills of males
(Fig. 1, A to E and G). Each sex prefers and
feeds most efficiently from the Heliconia
species whose flowers correspond to its bill
size and shape, which is consistent with the
predictions of ecological causation and
feeding adaptation (7). At forest reserves
on St. Lucia where the red-bracted H. car-
ibaea is absent or rare, a red-green—bracted
morph of H. bihai takes its place and has
shorter, straighter flowers with a morphol-
ogy intermediate between those that corre-
spond to the bill morphologies of males and
females (Fig. 1F). Male E. jugularis at
these sites are associated primarily with the
red-green-bracted morph of H. bihai,
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whereas females visit both the red-green—
and green-bracted morphs.

E. jugularis on St. Lucia provides com-
pelling evidence for a tight coevolutionary
association between sexual dimorphism in its
bill morphology and the floral morphology of
its Heliconia food plants. We tested the gen-
eralities of this plant-pollinator system with
comparative field studies on a second Antil-
lean island, Dominica.

Our visits to Dominica in April of 2001
and 2002 coincided with peak flowering of
the Heliconia species and the breeding season
of the hummingbirds. We conducted roadside
censuses of Heliconia species along six
transects (8). As on St. Lucia, the principal
understory food plants of E. jugularis on
Dominica are H. bihai and H. caribaea. In
contrast to their sympatric distribution on St.
Lucia, however, on Dominica the two species
occur allopatrically along an altitudinal gra-
dient, with H. caribaea occupying lower el-
evations (100 to 600 m) and H. bihai occu-
pying higher elevations (600 to 900 m). In
addition, the pattern of floral dimorphism on
Dominica is completely reversed from the
pattern on St. Lucia: H. bihai, which has two
color morphs on St. Lucia (green or red-
green), has only one color morph on Do-
minica (red with a yellow stripe) (Fig. 1H). In
contrast, H. caribaea, which has only one
color morph on St. Lucia (red), has two color
morphs on Dominica (red or yellow) (Fig. 1,
I and J).

To determine whether the sexes of E.
Jjugularis differed in their use of these two
Heliconia species, we watched birds at patch-
es of both species of Heliconia (8). Males
were associated exclusively with H. carib-
aea, which they defended against conspecif-
ics, and were not observed to visit H. bihai,
although they fed from the flowers of other
plants at sites where H. bihai was common.
In contrast, females fed at H. caribaea and
were the sole visitors to H. bihai (20 of 49
females, but 0 of 21 males, were observed to
visit H. bihai; P < 0.001; x2 = 12.0; df = 1).

To examine the relationship between
flower use and bill morphology, we mea-
sured flower lengths and curvatures of H.
bihai and the two H. caribaea morphs
along four transects having all three kinds
of Heliconia (Table 1). For all four
transects, the flowers of H. bihai were sig-
nificantly longer and more strongly curved
than the flowers of either morph of H.
caribaea, consistent with our observations
of feeding preferences [P < 0.05; one-way
analyses of variance (ANOVAs) with
Tukey multiple comparisons].

Further support for the hypothesis of flo-
ral specialization by males and females came
from an analysis of the floral morphology and
visitation frequencies to the two color morphs
of H. caribaea. At four of our six study sites

(Salisbury Loop, Mt. Diablotin, Freshwater
Lake, and Morne Trois Pitons) (Table 1),
flowers of the red morph were slightly but
significantly longer and more strongly curved
than flowers of the yellow morph (P < 0.05;
one-way ANOVAs with Tukey multiple
comparisons). On the basis of Temeles et
al.’s (7) finding that preferences by male and
female E. jugularis maintain a floral dimor-
phism in H. bihai on St. Lucia, we hypothe-
sized that a similar difference in preferences
between the sexes maintained the floral di-
morphism of H. caribaea on Dominica. The
four sites at which flowers of the red morph
were longer and more curved than flowers of
the yellow morph included contact zones be-
tween H. caribaea and H. bihai. Because

REPORTS

female E. jugularis were the sole pollinator of
the red-and-yellow—striped H. bihai on Do-
minica, we hypothesized that the longer,
more curved flowers of the red morph of H.
caribaea might result from greater use by
females of the red morph at sites where the
two Heliconia species came into contact. In
support of this hypothesis, 15 of 19 females
were associated with red clumps of H. carib-
aea at contact zones, whereas only 2 of 13
males were associated with red clumps of H.
caribaea at contact zones (P < 0.0005, x2 =
12.5; df = 1). At low elevation sites lacking
a contact zone between H. bihai and H. car-
ibaea, equal proportions of males and fe-
males visited the red and yellow morphs (n =
8 males and 8 females).

Fig. 1. Polymorphisms in bills of E. jugularis (A and B) and in flowers (C and D) and inflorescences
(E to ]) of Heliconia species on St. Lucia (E to G) and Dominica (C to D and H to J), West Indies.
(A) E. jugularis, female bill. (B) E. jugularis, male bill. (C) H. bihai, flower. (D) H. caribaea, flower. (E)
H. bihai, green inflorescence morph, St. Lucia. (F) H. bihai, red-green inflorescence morph, St. Lucia.
(G) H. caribaea, inflorescence, St. Lucia. (H) H. bihai, red-and-yellow-striped inflorescence, Do-
minica. (I) H. caribaea, red inflorescence morph, Dominica. (J) H. caribaea, yellow inflorescence

morph, Dominica.
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The sexual differences in bill morphol-
ogy of E. jugularis may result from re-
source partitioning of Heliconia species on
the basis of patch rewards (7): Larger
males, with correspondingly higher energy
requirements (8, 9), dominate females and
establish priority of access to the more
effusive H. caribaea. Comparisons of bract
numbers—a measure of flower numbers per
inflorescence (8)—and energy rewards

among and between Heliconia species and
morphs on Dominica and St. Lucia support-
ed this hypothesis. On both islands, H.
caribaea had significantly more bracts per
inflorescence than H. bihai and at seven of
eight sites offered a higher energy reward
per inflorescence, consistent with male
preferences for flowers of this species (P <
0.05; one-way ANOVAs with Tukey mul-
tiple comparisons) (Tables 2 and 3). On

Table 1. Flower lengths and curvatures [mean = SE (n, where n is the number of flowers)] of H. bihai and
the red and yellow morphs of H. caribaea along six transects in Dominica, West Indies.

L. . Yellow H.
Transect H. bihai Red H. caribaea caribaea
Flower length (mm)
Salisbury Loop 476 * 03(16) 39.7 £ 0.4 (23) 36.2 = 0.3 (15)
Mt. Diablotin 472 + 12(8) 40.0 + 0.4 (20) 37.2+02(15)
Freshwater Lake 485 *+ 0.4(25) 383 +0.3(14) 36.6 + 0.4(17)
Morne Trois Pitons 489 *+ 0.7(13) 38.1+0.2(16) 35.4+0.3(9)
Layou River Absent 36.4 = 0.2(19) 35.8 0.2 (15)
Central Forest Absent 36.2 + 0.4(16) 36.4 + 0.4(12)
Flower curvature (degrees)
Salisbury Loop 288 * 0.5(16) 240+ 0.7 (12) 20.2 £ 0.4 (13)
Mt. Diablotin 300 + 0.4(8) 226 + 0.6 (15) 19.4 + 0.7 (12)
Freshwater Lake 29.7 * 0.5(12) 249 %06 (12) 18.4 + 0.6 (10)
Morne Trois Pitons 313 = 0.9(13) 239+ 0.6(16) 20.7 £ 0.5(9)
Layou River Absent 20.0 +0.3(19) 19.2 +0.3(15)
Central Forest Absent 20.8 +0.4(7) 20.4 +0.5(7)

Table 2. Number of bracts [mean * SE (n, where n is the number of plants)] and joules per inflorescence
of H. bihai and the red and yellow morphs of H. caribaea along six transects with and without contact
zones between H. bihai and H. caribaea on Dominica, West Indies. Calculations of energy rewards in
joules were based on measured average sucrose concentrations per flower of 22% and average 24-hour
volumes per flower of 80, 90, and 125 pl for the yellow, red, and H. bihai morphs, respectively.

H. bihai Red H. caribaea Yellow H. caribaea
Transect

Bracts Joules Bracts Joules Bracts Joules

Contact zone present
Salisbury Loop 43 * 02(51) 2128 60+*02(52) 2138 73+04(31) 2312
Mt. Diablotin 48 = 0.1(34) 2376 6.3 +0.2(76) 2245 7.4 * 0.3 (45) 2344
Freshwater Lake 36 + 0.1(92) 1782 55+02(55) 1960 63+0.2(66) 1996
Morne Trois Pitons 3.5 * 0.6 (26) 1732 7.0 + 0.3 (30) 2494 79+0.2(32) 2503

Contact zone absent
Layou River Absent 52+03(41) 1853 46*04(14) 1457
Central Forest Absent 83+03(46) 2958 72+05(13) 2280

Table 3. Number of bracts [mean * SE (n, where n is the number of plants)] and joules per inflorescence
of H. caribaea and the red-green and green morphs of H. bihai at four reserves where H. caribaea was
common or rare on St. Lucia, West Indies. Calculations of energy rewards in joules were based on
measured nectar concentrations of 25, 27.5, and 29.5% sucrose and 24-hour volumes of 98.3, 88.8, and
88.9 pl for H. caribaea, the red-green morph, and the green morph, respectively.

Green H. bihai Red-green H. bihai H. caribaea
Reserve
Bracts Joules Bracts Joules Bracts Joules
H. caribaea common
Quilesse 3.9 +0.1(863) 1900 4.1 +£0.5(10) 1843 9.6 + 0.2(161) 4304
Barre de l'lsle 3.7+0.1(171) 1803 4.2 +0.5(26) 1887 9.4 = 0.2(150) 4125
H. caribaea rare
Des Cartiers 43+ 0.1(610) 2095 5.0 = 0.2 (186) 2247 80 * 0.4(18) 3787
Forestiére 35+0.1(261) 1705 46*02(103) 2067 Absent
25 APRIL 2003 VOL 300

Dominica, the red-bracted morph of H. car-
ibaea had significantly fewer bracts per
inflorescence than the yellow-bracted
morph, but only at sites where it came into
contact with H. bihai (P < 0.05; one-way
ANOVAs with Tukey multiple compari-
sons) (Table 2). The reduction in bract
numbers of the red-bracted morph at these
sites is consistent with greater use of the
red-bracted morph by smaller female E.
jugularis with their correspondingly lower
energy requirements. In contrast, on St.
Lucia, the red-green morph of H. bihai had
significantly more bracts per inflorescence
than the green-bracted morph, but only at
sites where it geographically replaced H.
caribaea and was used by larger male E.
Jjugularis, with their correspondingly high-
er energy requirements (P < 0.05; one-way
ANOVAs with Tukey multiple compari-
sons) (Table 3).

The complete reversal between St. Lucia
and Dominica in floral dimorphism of the two
Heliconia species together with an increase in
the length and curvature of flowers of the red H.
caribaea morph to match the bills of females
provides a natural experiment on the two
islands for detecting coadaptation between
bill morphology of E. jugularis and the size
and shape of Heliconia flowers. The corre-
sponding decrease in bract numbers and en-
ergy rewards of the red morph of H. caribaea
on Dominica and increase in bract numbers
and energy rewards of the red-green morph of
H. bihai on St. Lucia also suggest that sexual
differences in body size of E. jugularis, and
not just bill morphology, are maintained by
feeding specialization on the different Heli-
conia food plants. Because male E. jugularis
defend the same food plants in the breeding
and nonbreeding periods, both natural and
sexual selection may play roles in the evo-
lution of their larger size. Nonetheless, we
believe that the ecological differences in
the Heliconia food plants drive the feeding
and mating strategies as well as the sexual
differences in size, morphology, and be-
havior of E. jugularis.

Sexual dimorphism in bill length and
body size is common in hummingbirds, and
in many species the pattern of dimorphism
in bill length is opposite the pattern of
dimorphism in body size, as in E. jugularis
(10, 11). In many of these species, howev-
er, bill dimorphism is tied to sexual dichro-
matism in plumage, with brighter males
having shorter bills and duller females hav-
ing longer bills (/0). These differences in
bill morphology and plumage may be asso-
ciated with sexual differences in domi-
nance and resource use: Dominant males
claim access to nectar-rich dense patches of
short flowers and subordinate females are left
to forage at nectar-poor, scattered resources
(10). Longer bills may allow females to feed
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from a broader range of flower lengths than
males (/0). Studies of other hummingbird
species (12—14) and E. jugularis support this
hypothesis, but indicate that sexual differenc-
es in plumage are not always linked to sexual
differences in bill morphology, resource use,
or dominance.

Dimorphisms of bill and body size in E.
Jjugularis are among the most extreme of any
hummingbird species, and their evolution
may be the result of the paucity of competing
species on islands relative to mainland hum-
mingbird communities (15). Such “ecological
release” has been observed in many island
species, including hummingbirds, although
its expression does not always involve sexual
dimorphisms (16, 17). In hummingbirds, sex-
ual dimorphism has been hypothesized to
reflect interactions between social systems
and feeding ecology (10, 11); our studies of
E. jugularis support this hypothesis. Whether
other species of hummingbirds with less ex-
treme sexual dimorphisms exhibit similar
tight coadaptations with their food plants re-
quires further study, but given the widespread
occurrence of sexual differences in bill length
and body size within this group of birds, the
role of feeding ecology in the evolution of
sexual differences may be more common
than has been previously thought.
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Roles of NPM2 in Chromatin and
Nucleolar Organization in
Oocytes and Embryos

Kathleen H. Burns,’2* Maria M. Viveiros,**t Yongsheng Ren,™*
Pei Wang,"? Francesco }. DeMayo,?
Donald E. Frail,*} John ). Eppig,* Martin M. Matzuk'?3§

Upon fertilization, remodeling of condensed maternal and paternal gamete
DNA occurs to form the diploid genome. In Xenopus laevis, nucleoplasmin 2
(NPM2) decondenses sperm DNA in vitro. To study chromatin remodeling in
vivo, we isolated mammalian NPM2 orthologs. Mouse NPM2 accumulates in
oocyte nuclei and persists in preimplantation embryos. Npm2 knockout females
have fertility defects owing to failed preimplantation embryo development.
Although sperm DNA decondensation proceeds without NPM2, abnormalities
are evident in oocyte and early embryonic nuclei. These defects include an
absence of coalesced nucleolar structures and loss of heterochromatin and
deacetylated histone H3 that normally circumscribe nucleoli in oocytes and
early embryos, respectively. Thus, Npm2 is a maternal effect gene critical for
nuclear and nucleolar organization and embryonic development.

A crucial step in zygotic development is the
decondensation and reorganization of chro-
matin of male and female gametes, a process

'Department of Pathology, 2Molecular and Human
Genetics, 3Molecular and Cellular Biology, Baylor Col-
lege of Medicine, One Baylor Plaza, Houston, TX
77030, USA. “The Jackson Laboratory, 600 Main
Street, Bar Harbor, ME 04609, USA. SWyeth Research,
500 Arcola Road, Collegeville, PA 19426, USA.

*These authors contributed equally to this work.
tPresent address: Department of Animal Biology,
Center for Transgenesis and Germ Cell Research, Uni-
versity of Pennsylvania, 382 West Street Road, Ken-
nett Square, PA 19348, USA.

1Present address: CNS Discovery Research, Pharmacia Cor-
poration, 301 Henrietta Street, Kalamazoo, MI 49007, USA.
§To whom correspondence should be addressed.
E-mail: mmatzuk@bcm.tmc.edu

Fig. 1. Npm2 mRNA and NPM2
protein expression. (A) North-

wholly dependent on factors produced during
oogenesis. In vitro, Xenopus (x) NPM2
(NPL), an oocyte-specific nuclear protein,
removes sperm protamines and facilitates nu-
cleosome assembly and replication of the pa-
ternal genome (I-6). Although nucleoplas-
min and related chaperones involved in chro-
matin remodeling are predicted to be con-
served throughout evolution because oocytes
can efficiently remodel heterologous sperm
or somatic cell nuclei into pronuclei (7-9),
mammalian NPM2 orthologs have until now
eluded researchers.

To identify novel genes that function in
oogenesis and as maternal effect genes, we
engineered a polymerase chain reaction sup-
pression-subtraction ovary library (J0).

Br Lu He St Sp Li SI Ki Te Ut Ov -/-

ern blot analysis of mouse
Npm2 and 18S rRNA (loading
control). Br, brain; Lu, lung; He,

heart; St, stomach; Sp, spleen;

Li, liver; SI, small intestine; Ki,

kidney; Te, testes; Ut, uterus;

Ov, wild-type ovary; —/—,
Gdf9~/~ ovary. (B and C) In
situ hybridization (B) and im-
munohistochemistry (C) of
ovaries detect Npm2 mRNA
and protein (red staining), re-
spectively, in all growing oo-

cytes from the primary follicle

(arrowhead) through antral fol-
licle (double arrowhead) stag-
es. (D to G) Immunofluores-
cence analysis of oocytes from
10-day-old mice (D) and adult
pregnant mare serum gonado-
tropin (PMSG)-treated mice (E)

shows that NPM2 protein is in

the nucleus and excluded from the nucleolus (arrowhead). After fertilization, NPM2 localizes to
pronuclei and polar bodies of one-cell zygotes (F) and persists through the eight-cell stage (G).
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