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SPECIATION IN MIMULUS, OR, CAN A SIMPLE FLOWER COLOR
MUTANT LEAD TO SPECIES DIVERGENCE?^
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The general pattern of speciation in nature
has been clear for a long time â€” the diver-
gence of portions of a population, usually small
(Levin 1993), usually in geographic isolation
(Mayr 1976), and the accumulation of genetic
changes by selection and/or genetic drift (Crow
and Kimura 1970) that produce reproductive
isolation and normally character divergence as
well. The critical step is reproductive isolation,
and yet that step â€” except for polyploid forma-
tion which in itself is not always effective
(DeWet 1980) â€” has rarely been observed
actually happening in nature. A promising
group in which to study speciation events in
progress is section Erythranthe of the genus
Mimidus (Vickeiy 1978).

The six species of monkey flowers compris-
ing section Erijthranthe are moisture-requiring,
herbaceous perennials 1-10 dm in height, with
variously shaped, opposite leaves and bilabiate
flowers that have four stamens, one style with
a bilobed sensitive stigma, and five corolla
lobes that range in color from orange to red â€”
rarely yellow â€” and from lavender-pink to
magenta-pink â€” rarely white. See Grant (1924)
for further details. When considered species
by species, corollas of M. cardinalis Douglas
vary from orange to red â€” rarely yellow â€” and
are sharply and fully reflexed, hummingbird-
pollinated flowers. Corollas of M. verbenaceus
Greene are partially reflexed; that is, the
upper two corolla lobes are reflexed, whereas
the lower three are gently recurved. Flowers
are orange -red to red â€” rarely yellow â€” and
also are hummingbird-pollinated. Corollas of
M. nelsonii Grant are partially re-flexed also
and have orange-red to red flowers, which are
longer than those of M. verbenaceus (6-7 cm

versus 4-5 cm). Corollas of M. eastwoodiae
Rydberg and M. rupestris Greene, the two
cliff-dwelling species, are partially reflexed,
red, and typically hummingbird-pollinated
also. And last, flowers of the Rocky Mountain
variety of M. lewisii Fursh are magenta-pink
with all five corolla lobes gently recurved
rather than reflexed, thus forming a bee-land-
ing platform; flowers of the Sierra Nevada
variet\' of Al lewisii are lavender-pink â€” rarely
white â€” with corolla lobes thrust foi"ward. Both
varieties of M. lewisii are bee-pollinated.
Mimulus lewisii flowers and those of M. east-
woodiae and M. rupestris produce only modest
amounts of nectar, whereas the other species
produce abundant nectar (Table 1). Thus, the
species differ markedly in flower shape, flower
color, nectar production, and, consequently, in
pollinators sei'vicing the flowers. In the forma-
tion of the six species, evolution appears to
have responded to selection imposed by polli-
nator preferences and ecological opportunities.
The result is that members of the complex
have radiated into a wide variety of different
habitats and niches.

A bright yellow-flowered mutant has
appeared on the scene in this setting of polli-
nator-driven, ecologically opportunistic evolu-
tion. In two populations of M. cardinalis bright
yellow-flowered morphs have become well
established. One population is in the Siskiyou
Mountains of Oregon, which is the northern
limit of the range of M. cardinalis (Grant 1924).
The other population is on Cedros Island, Baja
California, and is at the southern limit of the
species range. As Mayr (1976) suggests, new
forms often evolve from isolated populations
such as these on the periphery of a species

'The opening talk in the s\niposiuni, "Mechanisms of Speciation in Higher Plants," given 1 September 1993 at the XV International Botanical Congress,
Yokohama, Japan.
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Table 1. Nectar production in the species of section
Enjthranthe measured at OSOO h in the wild (Vickery- and
Sutherland 1994). Averages are based on 20 or more mea-
surements from a population representative of each
species or variet>'.

range adjacent to new ecological opportuni-
ties. A bright yellow-flowered morph of M.
verhenaceus has appeared also and become
well established in a population growing in an
isolated spring area, Vasey's Paradise, at the
bottom of the Grand Canyon of the Colorado
River, AZ, that species' northwesteiTi limit.

Flower colors in section Enjthranthe are
due to various combinations of six anthocyanin
pigments â€” three pelargonidins (apricot-pink)
and three cyanidins (lavender-pink) â€” and at
least one carotene pigment (Pollock et al. 1967).
The lavender to magenta flowers of M. lewisii
are due to various combinations of the pelar-
gonidin and cyanidin anthocyanin pigments
without die yellow carotene. Flowers of the red-
flowered species have all or most of the six
anthocyanin pigments plus the carotene pig-
ment. Red color results from a visual blend of
pink pigments and yellow pigment. Yellow-
flowered plants have a pair of recessive genes
at one locus that suppresses anthocyanin pro-
duction (pink pigments), leaving just the yel-
low carotene pigment showing. So, a sin^h'
mutation, when homozygous, changes flower
coh)rfrom red to yellow.

If the change from red to yellow flowers
leads to a change in pollinators, for example,
from hummingbiids to bumblebees or hawk-
moths, then the first major step in reproduc-
tive isolation has been established by a single
gene change (when homozygous)! Once repro-
ductive isolation has been established by color
differences, presumably selection would fine-
tune it, e.g., by favoring more tubular flowers
for hummingbird-pollinated flowers and by
favoring a landing platform morphology and
nectar guides for bee-pollinated flowers.

Are pollinators required for seed set in
Mimulus cardinalis or do the flowers self-polli-

nate? To test these hvo questions, I used the fact
that M. cardinalis flowers are borne in pairs. I
grew plants of red- and of yellow-flowered M.
cardinalis from Cedros Island in the green-
house of the Biology Department, University
of Utah. The greenhouse is free of pollinators.
I carefulK hand-pollinated one flower of each
of ten pairs of red flowers and of ten pairs of
\'ellow flowers. The hand-pollinated flowers of
both the red-flowered and \'ellow-flowered
plants set moderate numbers of seeds per cap-
sule (50-150), while the unpollinated flowers
set no seeds at all. This finding corroborates
my earlier observations on the Cedros Island
M. cardinalis (Vickery 1990) that flowers do not
self-pollinate and that pollinators are required
for seed set.

Are the rewards for pollinators the same in
yellow flowers as in red? That is, do yellow
flowers and red flowers produce equal volumes
of nectar with the same concentrations of sug-
ars? Red flowers of the Cedros Island M. car-
dinalis produced an average (based on flowers
from 30 greenhouse-grown plants) volume of
9.5 fx\ of nectar with 18.2% sugar Yellow flow-
ers produced an average (based on measure-
ments of flowers from 40 greenhouse-grown
plants) of 10.9 (jl\ of nectar with 23.0% sugar.
There is so much variation that these values
are not significantly different.

Finally the key c|uestion, do pollinators show
a preference for red or yellow flowers? To study
this question, I placed 24 red-flowered and 24
yellow-flowered plants in a random arrange-
ment in a meadow in the Red Butte Can\'on
Natural Area in the Wasatch Mountains be-
hind the University of Utah and observed pol-
linators that visited this experimental popula-
tion. Pollinators that came were humming-
birds and bumblebees, with rare visits from
flies, but no hawkmoths or honey bees.
Pollinators were observed for three 50-min
periods on each of 5 d. On 28 July 1987 there
were 55 hummingbird visits to the 39 red
flowers present and 20 visits to the 35 yellow
flowers. Chi-square = 14.379, p <' .001,
which indicates a significant preference for
red flowers. That da\' there were 10 bumble-
bee visits to red flowers and 12 to yellow flow-
ers. Chi-square = 0.1818, no significant pref-
erence. On 31 July there were 176 humming-
bird visits to the 42 red flowers in bloom that
day in the population and 40 \'isits to the 21
yellow flowers. Chi-square = 70.246, p < .001,
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which indicates a significant preference for
red. That day there were six l:)umhlebee visits
to red and one to yellow. There were too few
bumblebee visits for a meaningful .v- value to
be calculated. The same pattern of three
observation periods was continued on 2-4
August, but once again there were too few pol-
linator visits to obtain meaningful .v^ values.
Apparently, most hummingbirds had migrated
south and there were few bumblebees all sea-
son that year. On die first day of the experiment
when the plants had just been placed in the
meadow all pollinators would be naive for both
red- and \ellow-flowered M. cordinalis plants
inasmuch as Red Butte Canyon is hundreds of
miles from the nearest M. cardinalis popula-
tion in northern Arizona. Therefore, the highly
significant preference for red appears to be
real and not the result of learned behavior.
Apparently, hummingbirds strongly preferred
the red flowers but also visited the yellow flow-
ers to some extent. The few bumblebee visits
did not suggest a preference.

Results show that the change in flower color
from red to yellow did affect the frequencies
of pollinator visits, but not in an all-or-none
way that would immediately establish repro-
ductive isolation. However, the change would
probably be enough to initiate partial, incipi-
ent reproductive isolation.

Would M. verbenaceus with its normal red
morph and mutant yellow morph produce the
same reactions in pollinators? The flowers of M.
verbenaceus differ from those of M. cardinalis
in that only the upper two corolla lobes are
reflexed, whereas all five of those of M. cardi-
nalis are reflexed. Both species sometimes
have wild populations with orange-red flowers
instead of the typical red flowers.

For the M. verbenaceus experiment, plants of
red-flowered and yellow-flowered individuals
from Vasey's Paradise in the Grand Canyon
plus plants of an orange-red-flowered popula-
tion from Yecora, Sonora, Mexico, were placed
on a lawn by clumps of native Gambel oak at
the mouth of Parley's Canyon, Salt Lake City,
UT This location had an abundance of pollina-
tors in contrast to the paucity of pollinators in
the Red Butte Canyon meadow used previ-
ously. The test population was observed for 15
periods of 1 h each at different times of day
from 26 July through 8 August 1988. On aver-
age, there were 73 red flowers, 87 orange flow-
ers, and 136 vellow flowers (see Vicken' 1990

for daily details of numbers and chi-square
calculations). On average, bumblebees visited
them 24, 56, and 128 times, respectively; and
hummingbirds 43, 98, and 52 times, respective-
ly (Vickery 1990). Bumblebees significantly
eschewed red and orange flowers and prefer-
entially visited yellow flowers. Hummingbirds
significantly preferred orange, visited red
flowers in proportion to their fi-equency in the
population, and significantly eschewed yellow
flowers. Results for M. verbenaceus are much
clearer than those for M. cardinalis. There is a
definite preference for yellow by bumblebees
and a clear avoidance of yellow by humming-
birds. Thus, this color change has lead to sig-
nificant, partial isolation between the normal
orange- and red-flowered morphs and the yel-
low-flowered mutant morph under the condi-
tions of this experiment.

Would M. cardinalis react like M. verbe-
naceus in the better experimental locality at
the mouth of Parley's Canyon? To probe this
question, I added red-, orange-, and yellow-
flowered morphs of M. cardinalis to the M.
verbenaceus red-, orange-, and yellow-flow-
ered moiphs of the previous experiment. The
new experiment was run 8-17 August 1988,
with the population being observed for 15
periods of 1 h each at different times of day.
On average there were 61 red, 57 orange, and
22 yellow flowers of M. cardinalis (see Vickeiy
1990 for day-to-day numbers and chi-square
calculations). On average, bumblebees visited
them 28, 30, and 29 times, respectively, and
hummingbirds 59, 60, and 6 times, respectively.
Bumblebees eschewed red and orange flowers
and significantly preferred yellow flowers
despite their low numbers in the population.
Hummingbirds significantly eschewed yellow
flowers and preferentially visited orange flow-
ers. M. verbenaceus plants were run again at
this time with M. cardinalis plants and exhibit-
ed the same attractiveness or lack of attrac-
tiveness to the pollinators as before. The pres-
ence of M. cardinalis flowers did not alter pol-
linator response to M. verbenaceus flowers.
The color shift from red (or orange) to yellow
leads to marked, partial reproductive isolation
in M. verbenaceus as well as in M. cardinalis.

How effective is the partial reproductive
isolation? To test this, I placed 198 plants of
M. verbenaceus â€” one-sixth yellow-flowered
and five-sixdis red-flowered to simulate a popu-
lation with a well-established mutant â€” in four
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