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Abstract-—1. Drosophila mettleri have been found feeding but not breeding on decaying stems of senita

cactus, the normal host for Drosophila pachea.

2. Alkaloids were extracted from senita stems and used in tests of egg-to-adult viability, developmen-

tal rate, and adult longevity.

3. The results show that developmental rate is not appreciably affected by senita alkaloids.

4. In general, D. mettleri was less affected by the alkaloids with respect to egg-to-aduit viability and
adult longevity than D. pachea at concentrations which are fatal to other desert Drosophila.

5. Tolerance to alkaloids gives D. mettleri an ecological advantage.

INTRODUCTION

The Sonoran Desert has been a center for the study of
Drosophila ecology for the last 20 years (Heed, 1978).
One of the most interesting insect-host plant relation-
ships in the Sonoran Desert is that of senita cactus
(Lophocereus schottii) and D. pachea, one of the four
endemic Drosophila species. Necrotic sections of
senita cacti are used as both feeding and breeding
substrates for D. pachea (Fellows & Heed, 1972). Dro-
sophila pachea is restricted to senita cactus due to its
absolute requirement of A’-sterols which are
necessary for larval viability and female fertility (Heed
& Kircher, 1965; Heed & Jensen, 1966). These sterols
are intermediates in phytosterol biosynthetic path-
ways and accumulate in senita tissue due to interrup-
tions of these pathways (Campbell & Kircher, 1980).

Senita cacti are rich in alkaloids. Total alkaloid
concentration ranges from 3 to 15%, of the dry weight
of the plant depending on the maturity of the arm
being sampled and the sample location with respect
to epidermis or cortex (Kircher, 1969). Two alkaloids,
lophocereine and its trimer, pilocereine, have been
shown to be toxic to eight species of Drosophila that
typically inhabitat the Sonoran Desert (Kircher et al.
1967). These species are: D. aldrichi, D. arizonensis, D.
hamatofila, D. longicornis, D. melanogaster, D. moja-
vensis, D. nigrospiracula, and D. pseudoobscura. Droso-
phila pachea was the only species tested that could
tolerate these compounds. Thus, alkaloids, particu-
larly pilocereine, are considered to be primarily re-
sponsible for the absence of larvae of other desert-
adapted Drosophila in rotting stems of senita—a fact
which is supported by extensive rearing records. Alka-
loids have also been suggested as the inhibitors
involved in the accumulation of A’-sterols in senita
tissue (Campbell & Kircher, 1980).

In 1977, Heed published the formal description of
Drosophila mettleri, a cactus-feeding but soil-breeding
desert drosophilid. Before this date, D. mettleri had
been reported in the literature as “species M”. Soils
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which have been soaked with cardon (Pachycereus
pringlei) rot juice or saguaro (Carnegeia gigantea) rot
juice serve as the major larval substrates while the
adults feed on both the cactus rot itself and soaked
soil. D. mettleri was not, however, one of the eight
species originally tested for alkaloid tolerance. An
examination of our records showed that D. mettleri
were frequently collected from decaying senita stems
in the field, sometimes in relatively high proportions.
This report investigates the effect of senita alkaloids
on several fitness parameters in D. mettleri in order to
ascertain whether this species, like D. pachea, is resist-
ant to their toxicity. The fitness parameters that were
measured include adult longevity, egg-to-adult viabi-
lity and larval developmental rate. Drosophila pachea
and D. nigrospiracula, another endemic desert species
used in previous tests, were also tested as controls
since their response to alkaloids is known.

MATERIALS AND METHODS

Strain derivation

Drosophila pachea were obtained from a laboratory
strain of unknown origin. They were maintained in the
laboratory on standard banana-agar media supplemented
with either senita tissue or dried senita powder. Both D.
mettleri and D. nigrospiracula were obtained from multi-
female stocks which were initiated by rearing flies from
natural substrates in the Tucson vicinity. Both species had
been maintained in the laboratory on standard banana-
agar media for about 14 years.

Alkaloids

The alkaloids were extracted from fresh senita tissue in a
manner similar to that described by Kircher (1969). Total
alkaloids were found to represent approximately 79 of the
tissue on a dry weight basis. The alkaloids were dissolved
in ethanol at a concentration of 1 g per 3 ml. Alkaloids (in
ethanol) were added to regular banana-agar Drosophila
media in concentrations of 1, 5 and 10% on a dry weight
basis. Ethanol without alkaloids was added to media rep-
resenting controls (0%). All media contained 0.25°%; (dry wt)
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7-cholestenol. which fulfils the requirement of D. pachea for
a A”-sterol. Propionic acid was added as a mold inhibitor.
All experiments were carried out at ambient laboratory
temperature (approx 25 C) and humidity. Although these
parameters varied during the study. all replicates were sub-
ject to identical conditions.

Egg-to-adult viabiliry tests and developmental rates

Male and female Drosophila were put into petri plates
containing yeasted Drosephila medium in order to obtain
large numbers of eggs. Eggs were removed from the plates
by washing them from the medium with water squirted
from a #25 gauge syringe needle. They were collected on a
fine mesh screen and transferred onto filter paper in a
Buchner funnel. Eggs were washed several times with 0.7%
sterile saline and distributed randomly over the filter
paper. The filter paper was then cut into equal sections and
the sections put into half-pint milk bottles containing
about 30cm® of the test media. Replicate sets were pro-
duced such that they contained sections from the same
filter paper and therefore approximately the same number
of eggs. A replicate set consisted of four bottles containing
0. 1. 5 and 10°, alkaloids respectively. At least four repli-
cate sets were produced for each species. Adults which
eclosed in cach bottle were counted and removed on a
daily basis until eclosion ceased. The viability measure-
ments were normalized by dividing the total number of
flies eclosed in each bottle of a replicated set of four bottles
by the largest number of eclosed flies/bottle. This pro-
cedure yields relative per cent viability and makes com-
parisons possible between replicate sets even though they
were initiated with slightly different numbers of eggs. De-
velopmental rate was measured by calculating the mean
development time for each treatment bottle and by averag-
ing the means from all replicate bottles.

Adult longerity

Vials (100 x 35 mm) containing Drosophila media and
different concentrations of alkaloids (0. 1. 5. 10°,) were set
up with 25 adult flies that had been aged 7--10 days. Males
and females were tested separately and two replicate vials
were set up for each sex of both D. mettleri and D. pachea
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at each of the four alkaloid concentrations. The flies were
transferred to new vials twice a week. and the number of
dead flies in each vial was recorded every day. These ex-
periments were terminated after 25 days. D. nigrospiracula
was not tested for longevity.

Field test

Senita tissue was frozen, thawed and artificially rotted in
the lab for 7-10 days. Juice was obtained from the rot by
cloth filtration and was used to wet several kilograms of
desert soil in a metal pan (229cm x 30.5cm x 5.1 cm).
The soaked soil was positioned under palo verde tree in
a desert area in the Tucson vicinity. The substrate was left
exposed for 7 days and additional senita rot juice was
added when necessary to keep the soil moist. After 1 week,
the pan was brought back to the lab and placed in a sealed
aquarium in order to detect eclosed Drosophila adults.

RESULTS

Selected collection records of adult Drosophila from
natural senita rots are presented in Table 1. These
collections provide evidence that D. mettleri can be
present in significant proportions, sometimes even
outnumbering D. pachea.

The effect of alkaloids on egg-to-adult viability of
the three species tested can be seen in Table 2. Droso-
phila nigrospiracula are greatly affected by high con-
centrations of senita aikaloids. The average per cent
viability is quite reduced at 5% and is zero at 10%,.
One-way analysis of variance (ANOVA) indicates that
the effect is statistically significant (F; ;,, = 7.306,
P < 0.01). The other two species, D. pachea and D.
mertleri, are not significantly affected by the alkaloid
concentrations used in these experiments. Decreases in
viability going from 59 to 10% alkaloids in D. pachea
(14.6%) and D. mettleri (7.2%,) are noticeable but not
statistically significant.

The mean developmental rates of the three species
for each alkaloid treatment are given in Table 3.

Table 1. Selected collection records showing the number of D. pachea and D.
mettleri adults feeding upon rotting senita cactus

D. pachea D. mettleri o
Location Males Females Males Females D. mertleri

Caborca, Sonora
Mexico S 7 5 i 333
Catavina, Baja
California 15 17 6 22 46.7
Caborca. Sonora
Mexico 7 14 1 3 16.0
Organpipe National
Monument, AZ 2 38 101 44 68.4
Total 56 76 113 70 58.1

Table 2. Average °, egg-to-adult viability* with increasing concentrations of senita alkaloids

°. Alkaloids

Species Reps. 0 1 5 10 F,
D. pachea 4 70.8 + 13.5 904 + 8.8 713+ 58 56.7 + 14.5 1.513
D. mettleri 10 619 + 538 764 + 6.1 86.2 + 45 79.0 + 8.6 2332
D. nigrospiracula 4 842 + 134 776 + 116 28.2 + 240 0.0 £ 0.0 7.306%

F. indicates significance for each species (one-way ANOVA).

* + SE.
P < 0.01.
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Table 3. Mean development rate (in days) averaged over four replications ( +SE) with increasing con-
centrations of senita alkaloids

% Alkaloids
Total
Species 0 5 10 flies F,
D. pachea 204 +06 200-+08 198113 189 + 0.3 3200 0519
D. mettleri 239 +04 223405 229+03 225+06 3535 1918
D. nigrospiracula 184+ 10 197+08 20.0* — 388  0.791

F, indicates significance for each species (one-way ANOVA).
* Only one of the four replicate bottles had sufficient progeny to calculate mean development time.

None of the F-statistics which resulted from one-way
analyses of variance of the developmental rate data
were statistically significant. Therefore, developmental
rate is not appreciably affected by alkaloid concen-
tration of up to 10%.

The effect of senita alkaloids on aduits of D. pachea
and D. mettleri is shown in Fig. 1. The per cent mor-
tality after 25 days of exposure to the alkaloid media
was calculated for each vial and replicate vials were
averaged. The figure indicates that a much higher per-
centage of females died than males in both species
and that D. pachea had a higher percentage mortality
overall than D. mettleri. The data were analyzed with
a three-factor factorial analysis of variance with repli-
cation {Snedecor & Cochran, 1967. pp. 361-364). This
analysis indicates that all of the main effects (alka-
loids, species and sex), as well as several of the inter-
actions, have a statistically significant effect on adult
longevity. However, two of the main effects, species
and sex, are by far the largest contributors to the
variance in the longevity data. The F-statistics for
these main effects are 29.304 and 54.802 respectively
(df = 1, 15; P < 0.001), The effect of alkaloids on lon-
gevity of these two species is statistically significant
(Fi3.15, = 4431, P < 0.05) but comparatively minor.
D. mettleri is less affected than D. pachea. The interac-
tions which are statistically significant are also minor
in comparison to the main effects of species and sex.
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Fig. 1. Adult mortality (average of 2 replicates) on media
alkaloids. Drosophila pachea: males @——@, females
O——0Q: D. mettleri: males, @ —-@, females O——-0O.

During the 7-day field test, Drosophila adults were
observed on and around the senita-soaked soil sub-
strate. A small sample of those flies was taken for
species identification and consisted entirely of D. mert-
leri. No D. pachea were found or expected since Tuc-
son is not in the geographical distribution of this cac-
tus. After the 7-day exposure period, cursory examin-
ation of the soil produced 39 D. mettleri larvae which
were removed and transferred to food vials. An ad-
ditional 44 D. mettleri adults subsequently eclosed
from the senita-soaked soil. Both males and females
of this group were fertile.

DISCUSSION

Although Table 1 shows that D. mettleri can rep-
resent more than 50% of the adult Drosophila col-
lected from natural senita rots, the intent of present-
ing these data was to demonstrate what is possible
rather than what is typical. The actual number of D.
mettieri would depend heavily on the collection lo-
cation (nearness to cacti which serve as the major
substrates of this species) and season. A typical senita
collection record generally contains less than 109, D.
mettleri. Data of Fellows & Heed (1972} show that
when given a choice between five artificially rotted
cacti {agria, organpipe, senita, saguaro and cina}, 289,
of all D. mettleri adults collected were collected from
senita. Furthermore, 14%, of the 1092 D. mettleri
adults collected from natural rot pockets of the same
five cacti species were caught on senita rots. Thus,
collection records clearly illustrate the fact that D.
mettleri regularly feed on senita. However, this species
has never been reared from decaying senita brought
in from the field.

In Drosophila, egg-to-adult viability and mean de-
velopment time are fitness parameters which are
generally sensitive to environmental conditions. Pre-
vious viability tests on alkaloid toxicity showed that
eight of the nine species tested were affected by either
purified pilocereine, when present at a concentration
of 1% of the dry ingredients of the diet, or sufficient
senita tissue to yield approximately 1% crude alka-
loids (Kircher et al., 1967). In these tests, manifesta-
tion of toxicity included larval death, apparent F)
sterility, or drastically reduced numbers of F, (and
F,) compared to controls. Drosophila pachea, on the
other hand, was able to withstand alkaloid concen-
trations of up to 14% of the dry weight of the
medium. Although fewer progeny were produced at
the higher concentrations, fertility was not affected.

The results reported here confirm the previous
results of Kircher in that D. nigrospiracula larvae are
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greatly affected by senita alkaloids while larvae of D.
pachea can withstand high concentrations. Contrary
to previous reports, D. pachea is not the only desert-
adapted species to posses this ability. D. mertieri lar-
vae can certainly tolerate senita alkaloids and, osten-
sibly, D. mertleri could use necrotic senita stems as a
larval substrate in nature,

One of the noteworthy results reported by Kircher
et al. (1967) was the effect of alkaloids on adult lon-
gevity. Except for D. pacheq, all of the adults of the
species tested exhibited significantly greater mortality
on media containing 1% pilocereine than on control
media without alkaloids. Six species showed 100%,
adult mortality within 20 days. In both the previous
and the present study, longevity of D. pachea adults
was refatively unaffected by alkaloids (Fig. 1). even at
concentrations of 10°; or greater. With respect to this
fitness parameter. D. mettleri were again shown to be
as tolerant of senita alkaloids as D. pachea.

The ability of adults to utilize senita rots as feeding
substrates is an obvious advantage to D. mettleri.
Rather than being restricted to a single host plant, as
is D. pachea. D. mettleri can (and probably does) use
all pecrotic cacti as feeding substrates. Since several
different species of the columnar cacti are present in
any given area of the Sonoran Desert, the feeding
substrate density is greater for D. mertleri adults than
for most other desert-adapted Drosophila.

Although the experiments reported here suggest
that D. mertleri can use senita rots as larval substrates,
they have never been reared from them. Fogleman et
al. (1981) reported on the oviposition sites preferences
of D. mettleri and concluded that this species is beha-
viorally restricted to soil-breeding but not necessarily
restricted to soil soaked by necrosis of a particular
host plant. On the basis of their tolerance to senita
alkaloids. it seems reasonable that D. mettleri use
senita-soaked soil in nature when available. This con-
tention is strongly supported by the resuits of the field
test. However, the senita soil substrate is not as abun-
dant in nature as the more typically used cardén or
saguaro substrates because of the smaller physical size
of senita cacti and the rarity of rots extensive enough
to soak the soil. Thus, the population of D. mettleri is
more likely governed by the availability of its major
breeding substrates, cardén or saguarocactus-soaked
soils, rather than its adult feeding sites. The rarity of
senita-soaked soil also indicates that the major
advantage of the tolerance of D. mertleri to senita
alkaloids is to the adult rather than to the larval stage
of the life cycle. This is a facet of the ecology of D.
mettleri previously unrecognized. It also demonstrates
the opportunistic and invasive character of this spe-
cies which may reflect a greater colonizing ability
than other desert-adapted Drosophila.

There is some question as to the biological function
of plant alkaloids. Only a few alkaloids have been
studied with respect to their role in insect-host plant
relationships. and most of these have been described
as either repellents. feeding inhibitors. or acute toxins
(Beck & Reese. 1976). On the other hand, Robinson
{1974) pointed out that although alkaloids are not
mert end products of metabolism, there is litile hard
evidence to support the idea that their primary role is
that of plant defense substances. Fven less is known
about the action of dietary alkaloids on insects.
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Several investigators have suggested that akaloids
affect insects by blocking steroid metabolism or phy-
tosterol assimilation (Schreiber, 1958: Harley & Thor-
steinson, 1967).

Nevertheless, D. pachea and D. mettleri have
adapted to a substrate containing high concentrations
of alkaloids. One question currently being examined
is how D. mettleri developed its tolerance to senita
alkaloids when its use of this cactus compared to
saguaro and carddn is relatively minor. Our specu-
lations include two possibilities. One is that desert
soil typically contains biologically significant amounts
of alkaloids which have accumulated over evolution-
ary time due to the death and decay of alkaloid con-
taining plants. Many plants in the desert including
certain fegumes, creosote brushes, and numerous spe-
cies of cacti are known to contain alkaloids (Brown et
al.. 1968). The movement of D. mertieri into the soil
niche was. therefore, concurrent with tolerance to
alkaloids in general. Another possibility is that the
typical breeding substrates of D. mertleri represent
situations where chemicals in the plant are concen-
trated. Evaporation of water from the soaked-soil
substrate could easily produce this phenomenon.
Saguaro tissue has been found to contain 1.0-1.5%,
alkaloids (dry weight basis) of which carnegine and
gigantine are the major constituents (Brown er «l.
1972). The concentration of alkaloids in saguaro-
soaked soils has never been determined. These specu-
lations are not mutually exclusive and should cer-
tainly be pursued.
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