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Holometabolous insects pass through a sedentary pupal stage and often choose a location for pupation that is different from

the site of larval feeding. We have characterized a difference in pupariation site choice within and between sibling species of

Drosophila. We found that, in nature, Drosophila sechellia pupariate within their host fruit, Morinda citrifolia, and that they

perform this behavior in laboratory assays. In contrast, in the laboratory, geographically diverse strains of Drosophila simulans

vary in their pupariation site preference; D. simulans lines from the ancestral range in southeast Africa pupariate on fruit, or a

fruit substitute, whereas populations from Europe or the New World select sites off of fruit. We explored the genetic basis for the

evolved preference in puariation site preference by performing quantitative trait locus mapping within and between species. We

found that the interspecific difference is controlled largely by loci on chromosomes X and II. In contrast, variation between two

strains of D. simulans appears to be highly polygenic, with the majority of phenotypic effects due to loci on chromosome III. These

data address the genetic basis of how new traits arise as species diverge and populations disperse.

KEY WORDS: Behavioral evolution, Drosophila sechellia, Drosophila simulans, innate preference, pupation.

A central goal of evolutionary genetics is to understand how

new traits arise as populations diverge. Pupation site preference

varies among metamorphosing insects, even among closely re-

lated species. Transplantation experiments of pupae from species

of the butterfly genus Papilo have shown that selection of an

appropriate site for pupation is essential to confer the benefits

of cryptic coloration (Hazel et al. 1980; West and Hazel 1982).

Drosophila simulans larvae from the Central Valley of Chile prefer

rough surfaces and humid substrates, whereas Drosophila busckii

larvae prefer smooth surfaces, and Drosophila hydei larvae prefer

dry substrates and smooth surfaces (Godoy-Herrera and Silva-

Cuadra 1998).

Drosophila larvae pass through three molts after hatching

from eggs. At the end of the third larval stage, release of the

steroid hormone ecdysone triggers wandering behavior (Riddiford

1993). During wandering, larvae search for a location to pass

through metamorphic development, where they will remain for

about 5 days. Larvae of Cyclorrhaphan flies, like Drosophila, use

their final larval cuticle, called a puparium, as a pupal case. Several

studies have examined environmental cues that underlie puparia-

tion site choice by Drosophila larvae. Sokolowski (1985) showed

that D. melanogaster larvae from wild lines that were derived from

pupae found on fruit tended to wander shorter distances in labo-

ratory assays than lines derived from pupae that were isolated on

nonfruit substrates. Larvae that selected pupariation sites on fruit

survived at a higher rate when the soil water content was less than

50%, but showed lower survivability when the water content was

above 50% (Sokolowski 1985). Moreover, larvae selected sites on

fruit when soil water content was low, suggesting that they chose

sites for pupariation that minimized the probability of desiccating

in dry conditions and of rotting in wet conditions (Sokolowski

et al. 1986). Other studies have documented the effects of density
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(Ringo and Wood 1982), light (Rizki and Davis 1953; Schnebel

and Grossfield 1992; Paranjpe et al. 2004), pH (Beltrami 2010),

and the presence of con- or heterospecifics (Beltrami 2010) on

pupariation site choice.

Here we examine the genetic basis for variation in puparia-

tion site choice both within and between species of the D. sim-

ulans clade. The D. simulans clade emerged in tropical regions

of East Africa and is believed to have diverged on islands in the

Indian Ocean, generating three sibling species: D. simulans, D.

sechellia, and Drosophila mauritiana (Lachaise et al. 1998; Kli-

man et al. 2000). Drosophila mauritiana is restricted to the island

of Mauritius. Drosophila sechellia is endemic to the Seychelles

Archipelago and current evidence suggests that its diet in the

wild is limited to the toxic fruit, Morinda citrifolia (Louis and

David 1986; R’Kha et al. 1991). Drosophila simulans, by con-

trast, is a cosmopolitan generalist. Analysis of D. simulans ge-

netic variation suggests that the species evolved in east Africa or

Madagascar (Begun and Aquadro 1995; Andolfatto 2000; Dean

and Ballard 2004; Kopp et al. 2006; Begun et al. 2007), ex-

panded to other continents during historic times (Keller 2007),

and arrived in the western United States in the last 200 years

(Sturtevant 1920; Keller 2007; Begun et al. 2007). The emigra-

tion of D. simulans from Africa to the New World is believed

to have occurred due to its association with human activity, al-

though the precise timing of the migration is unknown (Lachaise

1998).

We employed high-resolution genotyping methods (Salathia

et al. 2007; Andolfatto et al. 2011) in quantitative trait locus

(QTL) mapping and found that the genetic basis for pupariation

site choice within species appears to differ from the genetic basis

for differences between species.

Materials and Methods
SEYCHELLES FIELD EXPERIMENTS

We examined the distribution of D. sechellia on fruits of its host,

M. citrifolia, at Anse Royale Beach on Mahe Island, Seychelles

from 18 October 2009 to 25 October 2009. We studied fruits

from three trees that were more than 200 ft from each other. We

recorded the date that each fruit fell from the tree and placed

fruits in 12′′ × 24′′ × 8′′ plastic boxes. The tops of boxes were

covered with cotton fabric and sealed with rubber bands to prevent

Drosophila from entering or leaving the box. The boxes were

kept outdoors in the shade. The contents of fruit and boxes were

examined carefully for larvae and pupae under 2× magnification.

Soil was screened for pupae by sifting through 1 tablespoon at a

time under 2× magnification. Fruit contents were examined by

immersing pieces of fruit in 20% sucrose solution, which causes

larvae to float to the surface.

LABORATORY PUPARIATION SITE CHOICE ASSAYS

Stocks of D. simulans and D. sechellia were reared on a standard

corn meal–based fruit fly medium. Food containing larvae was

immersed in a 20% sucrose solution to collect second instar (L2)

larvae for experiments.

Vial assays
Thirty L2 larvae were placed in vials containing fly food medium,

and these vials were cultured in constant light at 25◦C and 35%

relative humidity. The location of pupae (in the food or on the vial

walls) was scored after 4 days.

Petri dish assays
At the onset of the wandering stage, third instar (L3) larvae stop

eating and purge food from their digestive tract prior to metamor-

phosis. Identification of this event was simplified by raising larvae

in cornmeal-based fly food containing 0.18 mg/mL bromophenol

blue. The blue dye allows observation of food in the guts of the

translucent larvae. Thirty wandering larvae with less than a full

gut were selected in 20% sucrose and moved to 1 tablespoon of

Morinda fruit (that was grown in Hawaii, or in greenhouses in

North Carolina), cornmeal fly food, or 15 mg/mL agar in water

plugs (2.2 cm in diameter × 0.75 cm high) that were placed in

150 × 15 mm petri dishes. We lined the walls of each petri dish

with Insect-a-Slip (Sigma, St Louis, MO) to prevent larvae from

leaving the petri dish. Petri dishes were placed in a room at 25◦C,

with constant light and 60–70% relative humidity overnight, and

the location of puparia was recorded the next day. To account for

handling errors and for differential survival, we used data from

assays that had at least 25, but no more than 35 puparia, in each

petri dish.

GENOTYPING

We used two techniques for generating high-density genetic

marker information for the offspring from genetic crosses.

First, we developed a microarray-based approach that exploited

insertion–deletion differences between the genomes of D. sim-

ulans and D. sechellia. We used the microarray genotyping for

the D. sechellia backcross experiment and describe this later. We

later used a next-generation sequencing approach for genotyping,

called Multiplexed Shotgun Genotyping (MSG; Andolfatto et al.

2011), and used this for all other mapping experiments.

MICROARRAY GENOTYPING

DNA extraction and labeling for microarrays
Genomic DNA was extracted from individual flies with the Gen-

tra Systems’ Puregene DNA Purification Kit (Qiagen, Valenica,

CA). Labeled genomic DNA (gDNA) for microarray hybridiza-

tion was prepared as follows: 50 ng of gDNA from each sample
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was amplified with the Sigma WGA Kit (St. Louis, MO). We

obtained sufficient amplification using half of the recommended

quantity of reagents. The amplified product was labeled with the

Agilent CGH Genomic DNA analysis kit Version 5.0 (Santa Clara,

CA). We found that reactions using one fourth the recommended

reagents produced satisfactory DNA labeling.

We employed a custom Python script (https://github.com/

dstern/indel_probes) to identify 6975 insertion/deletion events

of between 10 and 100 bp in length from the D. simulans and

D. sechellia Mercator/MAVID genomic sequence alignment

(DroSim CAF1-DroSec CAF1.tar.gz; 12 Genomes Consortium

2007). We excluded in/del events associated with di- and

tri-nucleotide microsatellites, undetermined bases (Ns), or

homopolymeric runs greater than 7 bp long. We also excluded

sites containing less than 35% guanine/cytosine. We designed

custom oligonucleotide Agilent 8× microarrays that contained

60 bp probes specific to each allele. Replicate pure samples of D.

simulans and D. sechellia gDNA were competitively hybridized

to measure the expected relative hybridization intensity of alleles

from each species. We used these measured intensities to assess

the likelihood that the hybridization signal at each probe in an

experimental animal reflected homozygosity or heterozygosity

at that locus (Fig. S1). We used a running-average smoothing

algorithm to identify recombination breakpoints and called

genotypes at approximately every 1 Mb. The microarray data

are archived on the Gene Expression Omnibus, Bioproject

PRJNA19076.

GENOTYPING BY NEXT GENERATION SEQUENCING

Multiplexed DNA libraries for Illumina sequencing were gener-

ated as described in Andolfatto et al. (2011), and the 384 barcodes

that we used are provided in Appendix S1. We generated updated

parental genomes by sequencing each of the parental strains in a

single lane of an Illumina Genome Analyzer or HiSeq and mapped

the reads (using the script msgUpdateParental.pl, part of the msg

package) to an improved D. simulans genome assembly (Hu et al.

2012). For our D. simulans backcross progeny, we sequenced 96

individuals in each of two lanes of an Illumina Genome Analyzer

and the reads were mapped to either of the parental genomes. For

our intraspecific analysis, we multiplexed 384 and 279 individu-

als into two separate libraries that were sequenced on an Illumina

HiSeq,

GENOTYPING OF MULTIPLEXED LIBRARIES

We used Multiplexed Shotgun Genotyping (Andolfatto et al. 2011;

https://github.com/JaneliaSciComp/msg) to parse bar-coded data

and generate whole-genome genotype probability distributions

for individual flies. We used the python script pull thin tsv.py

(https://github.com/dstern/pull_thin) to thin the dataset to only

markers that flanked a recombination event in at least one in-

dividual, which we call informative markers. We used the .csv

output files for analysis in r/qtl (Broman et al. 2003).

QTL analysis
To generate recombinant flies for QTL analysis, we crossed

females from D. simulans w3 (Orgogozo and Stern 2006), an

EMS-induced mutant generated in a strain isolated from Nueva,

California (D. simulansNueva; San Diego Species Stock Cen-

ter No.: 14021-0251.0006), to males of a D. sechellia white

mutant (D. sechelliaw30; San Diego Species Stock Center No.:

14021-0248.30). The F1 females were backcrossed to either

D. sechelliaw30 males or D. simulansNueva males. For the D.

sechelliaw30 backcross, we genotyped 45 pupae found on food and

85 collected from the wall of the vial. For the D. simulansNueva

backcross, we genotyped 63 pupae found on the food, and 92

pupae from the wall of the vial. For the intraspecific QTL study,

we crossed D. simulansNueva to a strain isolated from Tsimbazaza,

Madagascar (D. simulansTsi). We performed the parental cross in

both directions; D. simulansTsi was the paternal grandmother of

175 F2 flies and D. simulansNueva was the paternal grandmother of

417 flies. We performed the F2 analysis with all 592 individuals

together.

For QTL analysis, we treated pupariation site choice as a

binary trait. Quantitative trait locus mapping was performed us-

ing R/QTL (Broman et al. 2003) and the R/QTL interface, J/qtl

(Jackson Labs). For the D. sechellia backcross, we used sex as

an additive and interactive covariate. For each of the single QTL

models, we used the Haley–Knott algorithm. We used 1000 per-

mutation replicates to assess the statistical significance of log of

the odds (LOD) scores. Finally, we graphed the LOD scores,

physical distances, marker locations, and significance thresh-

olds in R. Our D. sechellia backcross QTL map was generated

with 192 markers and the D. simulans map was produced with

4423 markers. Our intraspecific dataset included 6427 mark-

ers. For the two-dimensional two-QTL scans, we used reduced

datasets of the D. simulans backcross (667 markers) and the

F2 cross (480 markers) and 100 permutation replicates to as-

sess the significance of LOD scores. The sequence reads have

been archived in the NCBI sequence read archive, Bioproject

PRJNA188380.

For our microarrays, the marker locations are based upon the

published D. simulans genome assembly (12 Genomes Consor-

tium 2007). For our sequence data, however, we used an improved

genome assembly for mapping (Hu et al. 2012), which uses the

D. melanogaster genome as a reference guide. Throughout the

text, we translate the QTL locations of our sequence data into the

reference D. simulans genome coordinates (12 Genomes Consor-

tium 2007), although the Hu et al. (2012) coordinates are used in

the QTL maps of Figures 4B and 6B.
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We used the powercalc and detectable functions of the pro-

gram, R/QTLDesign (Sen et al. 2007; Broman and Sen 2009) to

determine the power of the QTL experiments.

FLY STRAINS

All fly strains used in this study are listed in Appendix S2.

Generation of EYFP-marked lines
We injected a piggyBac vector containing an EYFP gene ex-

pressed in the eyes. The two strains used here are derived from

D. simulansw501 (San Diego Species Stock Number Strain No.

14021-0251.011), and are part of a larger project in the Stern lab

to generate a high density of dominant markers in these species,

and details of these strains will be published elsewhere.

Results
We asked, first, where wild D. sechellia pupariate in their native

habitat. Mahe Island is the largest of the Seychelles Archipelago,

and its interior is montane forest. We searched Mahe Island for

M. citrifolia trees. We found a few isolated trees and saplings in

the highland forests, but these rarely had mature fruit. In the two

cases where we discovered ripe fruit below isolated trees, they

did not contain larvae or pupae of D. sechellia. In contrast, the

beach at Anse Royale contained a dense grove of mature trees.

Here fruit fell on sandy soil. We found that larvae appeared in the

fruit as soon as 1 day after fruit fall, and remained in the fruit until

adult eclosion (Fig. 1). We placed ripe and rotting Morinda fruit in

plastic boxes that included soil, leaves, and twigs. After 3 days we

examined the contents for pupae, and found that most D. sechellia

larvae pupariated in rotting M. citrifolia (Fig. 1A). We were unable

to find pupae outside of the fruit either in the ground below

Morinda trees or in the soil of our field experiments (Fig. 1A).

We asked next if D. sechellia larvae also pupariated

preferentially in fruit or a fruit substitute using petri dishes

in a laboratory assay. Drosophila sechellia larvae pupariated

in Morinda fruit and agar significantly more often than they

pupariated away from the medium (for Morinda and agar, P =
0.001, paired t-test; Fig. 1B, D). (The Morinda fruit we used was

not obtained from M. citrifolia trees in the Seychelles, and may

have different octanoic acid content than fruit from the Seychelles

beaches.) D. sechellia larvae were equally likely to pupariate in

cornmeal-based fly food or away from the food (Fig. 1D). In the

absence of any fruit or fruit substitute, D. sechellia do not show

any preference for the center of the dish (Fig. 1D). Drosophila

simulans larvae rarely pupariated in the fly food (five trials) or

in agar (six trials; P < 0.001 for larval medium or agar, paired

t-test; Fig. 1C,D). These results agree with those of Welbergen

and Sokolowski (1994), who showed that pupariation height of

two D. sechellia lines cultured in vials was significantly lower
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Figure 1. Drosophila sechellia larvae pupariate most often in

fruit. (A) Pupariation site selection in plastic boxes stocked with

soil, fallen leaves, twigs, grass, and Morinda fruit. A majority of

pupae were found in rotting fruit. (B,C) An example of a single test

of pupariation site choice using 30 wandering larvae in petri dish

assays. (B) A majority of D. sechelliaw30 pupariated on an agar disc.

(C) Drosophila simulansNueva larvae showed no preference for the

agar disc. (D) A comparison of pupariation site choice between

D. sechelliaw30 and D. simulansNueva on a variety of substrates.

For the “no substrate” control, we counted the number of pupae

found in the center of the dish, where a substrate would other-

wise be. Means are shown as filled small circles and error bars are

standard deviations.

than the average pupariation height of four D. simulans lines,

although they detected considerable variation among D. simulans

lines.

To determine if the difference in pupariation site choice that

we observed between the D. sechelliaw30 and D. simulansNueva

strains is a fixed trait in each species, we tested strains col-

lected from different locations in our pupariation site choice assay

(Fig. 2). We found that most D. sechellia stocks had a strong

tendency to pupariate on agar (mean ± SD = 21.97 ± 5.45 in

trials of 30 wandering larvae). Global populations of D. simulans,

EVOLUTION SEPTEMBER 2013 2 7 1 7



D. F. EREZYILMAZ AND D. L. STERN

5
10
15
20
25
30

Nue
va

Anz
a

BajaNJ1
Cre

te
NJ2

7

Oax
ac

a

Cair
o4

Nair
ob

i71

M
D23

3

M
ala

wi

M
D23

8

M
D10

6

Nair
ob

i96

Ts
im

ba
za

za

Ans
ira

be

D. s
ec

h2
9

D. s
ec

h2
8

D. s
ec

h3
0

D. s
ec

h.
7

D. s
ec

h.
27

D. s
ec

h.
31

D. simulans D. sechellia

A

B

pu
pa

ria
ed

on
 s

ub
st

ra
te

Figure 2. Pupariation site preference of wandering larvae from six Drosophila sechellia lines and 16 Drosophila simulans lines tested

in petri dish assays. (A) Global locations and pupariation site preferences for D. sechellia (purple and gold) and D. simulans (red and

blue) pie charts. Purple and blue indicate the proportion of larvae that pupariated on agar. (B) A graph showing the number of pupae

found on agar in trials of 30 wandering larvae (open circles). The means are indicated with closed circles, and the error bars show

± 1 SD. Nueva = a white mutant of 14021–0251.006; NJ = Princeton, New Jersey lines isolated by Josh Mast; Baja, from El Rosario,

Baja California, Mexico (14021–0251.185), Anza Borrejo, CA, USA (14021–0251.268); Crete, Greece (14021–0251.181), Oaxaca, Mexico

(4021–0251.180), Cairo4 from Cairo, Egypt; Nairobi71, Nairobi96, from Nairobi Kenya; MD from Madagascar; Lujeri, Malawi (14021–

0251.261); Ansirabe, Madagascar (14021–0251.196), Tsimbazaza, from Ansirabe, Madagascar (NA); D. sech.7 = 14021–0248.07; D. sech.27 =
14021–0248.27; D. sech.28 = 14021–0248.28; D. sech.29 = 14021–0248.29; D. sech.30 = 14021–0248.30; D. sech.31 = 14021–0248.31. All

of the D. sechellia stocks were collected on Cousin Island, Seychelles Republic, except for D. sech.31, which was isolated on Praslin

Island.

however, differed greatly in pupariation site choice. Drosophila

simulans lines from Madagascar and southeast Africa were sig-

nificantly different from lines that were collected outside of this

region (22.42 ± 3.01 for the Madagascar lines, 11.02 ± 7.4 for

the non-Madagascar lines in trials of 30 wandering lavae, P <

0.0001 t-test). Therefore, the intraspecific variation for puparia-

tion site choice between southeast Africa and other D. simulans

populations is as large as the average difference between species.

QTLS AFFECTING VARIATION IN PUPARIATION SITE

CHOICE

The three species of the D. simulans clade can be crossed to pro-

duce fertile females, which permits a genetic approach to study-

ing interspecific divergence. We examined the genetic basis of the

evolved difference in pupariation site preference in interspecific

hybrids between D. simulansNueva and D. sechellia30. Hybrid F1

larvae resulting from a cross between these strains pupariated on

the larval substrate at a frequency that was intermediate between

the pure species (Fig. 3). Larvae resulting from a backcross of

F1 female progeny to D. simulans males displayed pupariation

site choices that did not differ significantly from the F1 distribu-

tion (Fig. 3). In contrast, larvae resulting from the D. sechellia30

backcross pupariated in food at a frequency similar to the pure

D. sechellia30 strain (Fig. 3). This result suggests that D. sechellia

contains at least one dominant locus for pupariation site choice

relative to D. simulans.
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Figure 3. Distributions of pupariation site preferences for larvae

from the parental strains and crosses between Drosophila simu-

lans and Drosophila sechellia. Data from individual trials in vials

of 30 L2 larvae/trial for the parental species, F1, and backcross

progeny are shown. Open circles are the raw number of pupae on

agar from each trial. Closed circles indicate the mean value, and

the bars indicate ± 1 SD.

DROSOPHILA SECHELLIA BACKCROSS

In the D. sechellia backcross, we detected two QTL peaks on chro-

mosome II, one at ∼16,900,000 bp, and another at ∼28,000,000

bp (Fig. 4A). We also observed a region on chromosome X at

∼8,900,000 bp that was not significantly linked to pupariation

site choice in a single QTL, additive model (LOD = 2.6, P =
0.15), but that had a large effect upon pupariation site in males

(Figs. 5A, S4A). QTL II: ∼16,900,000 bp shows an interaction

with sex. Although female heterozygotes for this locus (sec/sim)

were less likely to pupariate in food than were female homozy-

gotes (sec/sec), male heterozygotes were four times more likely

to remain in the food than were male homozygotes (Fig. S3A).

We tested for epistatic interactions using two-dimensional,

2-QTL scans (Broman et al. 2003) and found a significant inter-

action between regions 2: ∼17,800,000 bp and X:∼8,900,000 bp

(LODf = 7.521, and LODf-v-1 = 4.5, LODi = 4.35; Figs. S2A,

S3C). To determine if this interaction is distinct from the inter-

action between 2: ∼17,800,000 bp and sex, we examined models

that included both interactions separately or together. We found

that although inclusion of either sex or QTL-Xsec as an interaction

term substantially increased the likelihood of a model containing

the two major loci of this map, a model including both terms

showed the effect of sex is apparently due to the presence of D.

sechellia DNA from X:∼8,900,000 bp, which we call QTL-Xsec
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Figure 4. Quantitative trait locus (QTL) maps for the two back-

cross populations. (A) QTL analysis reveals one broad significant

region on chromosome II in the backcross to Drosophila sechel-

lia. (B) The backcross to Drosophila simulans reveals significant

regions on chromosomes X and II. The log of the odds (LOD) score

is shown on the y-axis and genomic position on the x-axis. The

dashed and dotted lines indicate LOD scores significant at P = 0.05

and 0.01 levels, respectively, determined by 1000 permutations.

The upper rug of tick marks along the x-axes indicates marker lo-

cations, the lower tick marks are positioned every 10 Mbp along

each chromosome.

(Table 1). Next, we tested whether the two chromosome II peaks

represent distinct QTLs. We found that a model including both

peaks did not improve the likelihood score substantially over a

model containing either marker alone (Table 1). We therefore treat

this region on chromosome 2 as one QTL (QTL-IIsec; Fig. 4A).

Given our sample sizes and calculated genetic and environ-

mental variances, a QTL must have an effect size of 0.37 or 0.34

(where 0 is pupariation in the periphery, and 1 is pupariation
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at X:∼9,700,000 in the D. simulans backcross. Error bars are ± 1 standard error. “sim” = the D. simulans allele of the QTL, “sec” is the

D. sechellia allele.

on the substrate) to be detected with a probability of 0.9 or 0.8,

respectively. Therefore, only QTL with relatively large effects are

detectable in our D. sechellia backcross, and it is possible that

QTL-II is a false positive.

DROSOPHILA SIMULANS BACKCROSS

We next tested for the presence of QTL in pupariation site pref-

erence between species in the reciprocal backcross to D. sim-

ulans. We identified one QTL at 2: ∼17,400,000 bp (QTL-

IIsim). We detected one significant peak on the X chromosome, at

X:∼9,700,000 bp, and another significant region at the left end of

the chromosome (Fig. 4B). A model containing both the QTL at

the tip and the QTL at ∼9,700,000 in combination with QTL-IIsim

did not substantially improve the likelihood score over a model

containing the QTL at X:∼9,700,000 in combination with QTL-

IIsim (Table 1). We therefore consider the locus at ∼9,700,000 to

be the main QTL of the X chromosome, QTL-Xsim. QTL-Xsim and

QTL-IIsim include the same genomic regions as the QTL identi-

fied in the back cross to D. sechellia (Figs. 4, S2). Like the effects

of QTL-Xsec, the effects of QTL-Xsim were expressed mainly

in males. Males carrying the D. sechellia allele were 2.3 times

as likely as males carrying the D. simulans allele to pupariate in

food (Fig. 5B). We did not detect a significant interaction between

QTL-IIsim and sex (Fig. S3B). In contrast to the interchromosomal

interactions in the D. sechellia30 backcross, the effects of QTL-

Xsim and QTL-IIsim are additive: LODf = 8.1, LODa = 6.7, and

LODa-1 = 3.1 (Figs. S2B, S3B).

Our D. simulans backcross experiment had slightly greater

power to detect QTL than did the D. sechellia backcross. Loci with

effect sizes greater than 0.28 or 0.26 could be detected with a prob-

ability of 0.9 or 0.8, respectively, in the D. simulans backcross.

LINKAGE OF QTL-X TO INDEPENDENT MARKERS

Our interspecific QTL experiments suggest that a region near

∼10,000,000 on the X chromosome influences pupariation site

choice (Figs. 4B, 5A, B), although these experiments were per-

formed with relatively small sample sizes. We performed an inde-

pendent test to determine if QTL-X is a false positive. We tested

whether pupariation site choice segregated independently of two

dominant markers that we generated in D. simulans. We used two

strains carrying an EYFP marker on the X chromosome, one at

∼7, 100,000 bp (strain A-52.4) and one at ∼14,100,000 bp (strain

A-19.1). We crossed females of these EYFP strains to D. sechel-

lia males, and then backcrossed F1 hybrid females to D. sechellia

males. We tested 210 backcross larvae in seven trials for linkage

of pupariation site choice to the A-19.1 EYFP marker, and 240

larvae in eight trials for linkage of pupariation site to the EYFP

marker at A-52.4. We found that in both crosses, males carrying

the EYFP markers were significantly underrepresented in larvae

that pupariated in the agar (Fisher’s exact test, P-values for A-52.4

and A-19.1 are 0.004 and 0.01, respectively; Table 2). These re-

sults confirm the existence of a QTL near ∼10,000,000 bp on the

X chromosome that contributes to the difference in pupariation

site choice between D. simulans and D. sechellia. The stronger

linkage to A-52.4 than to A-19.1 suggests that the QTL is ge-

netically closer to 7,100,000 bp than to 14,100,000 bp on the X

chromosome.

QTL ANALYSIS OF PUPARIATION SITE PREFERENCES

BETWEEN D. SIMULANS LINES

Our comparison of pupariation site choice between lines of D.

simulans and D. sechellia showed that the difference between

New World D. simulans and D. sechellia was as great as the
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Table 1. Quantitative trait locus (QTL) models for the Drosophila sechellia and Drosophila simulans backcrosses.

Number of QTLs LOD of Percent of QTL Percent of species LOD drop
Cross in model model explained locations difference one1

D. sechellia 2 5.4 31 X ∼ 8.9 Mbp 11.2 2.1
backcross 2 ∼ 28.0 Mbp 0.4 0.1
D. sechellia 2 5.3 30 X ∼ 8.9 Mbp 12.4 2.3
backcross 2 ∼ 17.8 Mbp 0.2 0.1
D. sechellia 3 5.5 31 X ∼ 8.9 Mbp 10.7 2.0
backcross 2 ∼ 28.0 Mbp 1.2 0.2

2 ∼ 17.8 Mbp 0.9 0.2
D. sechellia 2 QTL, 9.3 49 X ∼ 8.9 Mbp 10.7 2.3
backcross 1 interaction 2 ∼ 17.8 Mbp 19.3 4.1

sex 19.3 4.0
2 ∼ 17.8 Mbp × sex 19.3 4.0

D. sechellia 2 QTL, 10.7 55 X ∼ 8.9 Mbp 37.3 7.7
backcross 1 interaction 2 ∼ 17.8 Mbp 25.1 5.4

2 ∼ 17.8 Mbp 25.1 5.4
× X ∼ 8.9 Mbp

D. sechellia 2 QTL, 10.7 55 X ∼ 8.9 Mbp 16.5 3.6
backcross 2 interactions 2 ∼ 17.8 Mbp 25.1 5.4

sex 0.0 0.0
2 ∼ 17.8 Mbp 5.7 1.3
× X ∼ 8.9 Mbp 0.0 0.0
2 ∼ 17.8 Mbp
× sex

D. simulans 2 7.0 32.8 X ∼ 9.7 Mbp 14.2 3.0
backcross 2 ∼ 17.4 Mbp 17.5 3.9
D. simulans 2 5.0 24.2 X ∼ 0.01 Mbp 5.8 1.3
backcross 2 ∼ 17.4 Mbp 13.0 2.8
D. simulans 3 7.5 35.1 X ∼ 0.01 Mbp 2.3 0.8
backcross X ∼ 9.7 Mbp 8.1 1.9

2 ∼ 17.4 Mbp 13.3 3.0

1Log likelihood ratios comparing the full model to a model with the specified QTL removed.

Table 2. Summary of results from the F1 backcross of Drosophila simulans lines A52-4 and A19.1, which each contain EYFP constructs

on the X chromosome, into Drosophila sechelliaw30.

Females Males

Cytological Physical Sample
Strain location location size1 Trials2 EYFP+3 EYFP− P4 EYFP+ EYFP− P4

A52-4 8C4 X:7,139,906 210 7 31:24 36:12 0.06 15:40 24:18 0.004
A19-1 17A10 X:14,106,580 240 8 51:20 44:8 0.1 27:32 27:10 0.01

1Total number of larvae tested.
2Number of groups of 30 L3 larvae tested in petri dish arenas.
3Proportion of larvae that pupariated in the substrate:periphery.
4Fisher’s exact test.

differences between New World D. simulans lines and D. simu-

lans lines from southeast Africa (Figs. 2, 6A). To determine if

the same genomic regions that influence pupariation site choice

between D. simulans and D. sechellia also influence differences

between D. simulans populations, we performed an intercross

between D. simulans strains showing divergent pupariation site

choices and tested F2 larvae in our assay (Fig. 6). We iden-

tified multiple significant QTLs on chromosomes 2, 3, and X
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Figure 6. Intraspecific analysis of pupariation site preference. (A) Mean, SD, and individual values for tests of 30 wandering larvae of

Drosophila simulansNueva, D. simulansTsi, and F2 progeny in the petri dish assay. (B) Quantitative trait locus (QTL) map of the F2 progeny

from the cross between D. simulansNueva and D. simulansTsi with log of the odds (LOD) scores plotted against physical map positions

from Hu et al. (2012) genome. The dashed and dotted lines indicate the 5% and 1% significance levels, respectively. The upper “rug”

of tick marks indicate the positions of markers, the lower ticks are positioned every 10 Mb along each chromosome. (C–E) Effect plots

for the QTL peaks located at (C) II: ∼27,900,000, (D) III: ∼15,900,000, and (E) X: ∼5,300,000 D. simulans genome coordinates (12 genomes

consortium, 2007).

(Fig. 6B). The LOD scores at every location on the second and

third chromosomes were significant at the 0.05 and 0.005 signifi-

cance levels, respectively. On the X chromosome, only the mark-

ers between 6,000,000 bp and 14,000,000 bp were significantly

linked to pupariation site choice (Fig. 6B). The LOD profiles

on chromosomes 2 and 3 suggest that there are multiple QTLs

on each of these chromosomes. Two-dimensional QTL scans did

not reveal any significant epistatic interactions among the QTL

(Fig. S2).

This experiment was powered to detect additive effect

sizes as small as 0.104 and dominance effects as small as

0.148 with a probability of 0.8. Loci with dominance ef-

fect sizes as small as 0.164 and additive effect sizes as

small as 0.115 could be detected with a probability of 0.9.

Additive effects of magnitude larger than 0.115 were found

throughout the second and third chromosomes, although dom-

inance effects were always less than 0.1 for all chromosomes

(Fig. S4C).
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Table 3. Summary of tests for linkage between quantitative trait locus (QTL)-X and pupariation site preference in Drosophila simulans

backcross progeny using ancestral and derived populations of D. simulans, and a Drosophila sechellia line marked with vermilion and

forked.

∼X:8,400,000 ∼X:13,300,000

Strain Trials1 Sample size2 vermilion+3 vermilion−3 P4 forked+3 forked−3 P4

D. simulans. 185 (Baja,
Mexico)

8 240 64:98 53:10 9.8e−10 69:90 44:18 0.0003

D. simulans (Oxnard, CA) 6 180 76:71 13:1 0.003 79:72 10:0 0.002
D. simulans. 268 (Anza

Borrego Desert, CA)
8 240 79:91 31:7 0.0001 86:94 24:4 0.0002

D. simulans. 261 (Lujeri,
Malawi)

8 240 110:70 19:1 0.002 112:68 17:3 0.05

D. simulans Tsimbazaza
(Antsirabe, Madagascar)

6 180 124:35 9:0 0.2 126:35 7:0 0.35

D. simualns. 196 (Antsirabe,
Madagascar)

7 210 96:23 26:0 0.01 106:23 20:0 0.04

1Number of groups of 30 L3 larvae tested in petri dish arenas, including females, which will not show the recessive markers.
2Total number of larvae tested.
3Proportion of larvae that pupariated in the substrate:periphery.
4Fisher’s exact test.

LINKAGE OF QTL-X IN D. SIMULANS LINES FROM

NORTH AMERICA AND SOUTHEAST AFRICA

We found that both inter- and intraspecific differences in puparia-

tion site preference map, in part, to a location near 10,000,000 bp

on the X chromosome (QTL-X). Together, our data suggest that a

preference for the larval substrate at pupariation is ancestral in the

D. simulans clade, but this preference is diminished, or a prefer-

ence for off-fruit pupariation evolved, between populations of D.

simulans from southeast Africa and the New World. To test if link-

age to QTL-X differs among D. simulans populations, we crossed

males of a strain of D. sechellia marked with both vermillion

and forked (San Diego stock number 14021-0248.19) to females

from three additional New World strains, and to three African

strains, of D. simulans. The mutations vermillion and forked are

located at genomic locations ∼X:8,400,000 and ∼X:13,300,000,

respectively. The F1 females were backcrossed to both parental

strains, and the progeny were tested for pupariation site preference

(Tables 3, 4). For the D. simulans backcrosses, only males will

express the vermilion and forked markers. We found that, in both

backcross directions, vermillion is linked to pupariation in agar in

all but one of the crosses with D. simulans strains from different

global locations. In addition, forked is linked to pupariation site

choice in many of the crosses. In all but one case, vermillion is

more closely linked to pupariation site choice than is forked. This

observation is consistent with our mapping experiments using two

EYFP markers, which positioned the QTL closer to 7,100,000 bp

than to 14,100,000 bp on the X chromosome. Finally, the asso-

ciation between the vermillion-forked region and pupariation site

choice is greater in California/Mexico strains than in the strains

from southeast Africa (Tables 3, 4).

Discussion
ECOLOGICAL BASIS FOR PUPARIATION SITE CHOICE

Although the specialization of D. sechellia on the fruit of Morinda

citrifolia is well documented, the behavior of D. sechellia larvae

at the wandering stage in its natural environment has not been

documented previously. We found that D. sechellia larvae pupari-

ated on the rotting fruit of M. citrifolia, which falls on dry, sandy

soil. Larvae that select pupariation sites in the sand may desiccate

in these dry conditions. We suggest that the strong preference

for host fruit pupariation in D. sechellia, at least for populations

that live near the beach, may be related to the environment of

the soil where the host fruit falls. The preference of D. sechellia

for host fruit pupariation sites contrasts with field observations

of D. melanogaster, which pupariates both on fruit and in the

surrounding soil (Sokolowski 1985; Rodriguez et al. 1992).

Less is known of the pupariation site preferences of wild D.

simulans. In a field study of resource utilization by Drosophila

in grape residues at an Australian winery that was conducted

over four vintage seasons, D. melanogaster larvae and pupae

were found in grape residue during the early and late stages of

fermentation, but D. simulans larvae and pupae were present in

grape residue only during later stages. The early stages of grape

fermentation are distinguished by greater water content, three-

fold higher ethanol content, and a five-fold higher acetic acid
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Table 4. Summary of tests for linkage between quantitative trait locus (QTL)-X and pupariation site preference in Drosophila sechellia

backcross progeny using ancestral and derived populations of Drosophila simulans, and a D. sechellia line marked with vermilion and

forked.

∼X:8,400,000 ∼X:13,300,000

Strain Trials1 Sample size2 vermilion+3 vermilion−3 P4 forked+3 forked−3 P4

D. simulans. 185 (Baja,
Mexico)

14 420 74:89 114:40 2.3e−7 77:77 111:52 0.001

D. simulans (Oxnard, CA) 7 210 55:51 68:8 5.8e−8 69:40 54:19 0.15
D. simulans. 268 (Anza

Borrego Desert, CA)
5 150 36:34 38:7 0.0003 40:28 34:13 0.17

D. simulans. 261 (Lujeri,
Malawi)

5 150 61:20 34:3 0.05 58:15 37:8 0.8

D. simulans Tsimbazaza
(Antsirabe, Madagascar)

10 300 80:46 96:7 4.2e−8 99:42 86:12 0.002

D. simualns. 196 (Antsirabe,
Madagascar)

9 270 87:48 80:20 0.01 92:41 75:27 0.6

1Number of groups of 30 L3 larvae tested in petri dish arenas.
2Total number of larvae tested.
3Proportion of larvae that pupariated in the substrate:periphery.
4Fisher’s exact test.

concentration (McKenzie and McKechnie 1979). In an analysis

of pupariation site choice in Chilean orchards, Beltrami et al.

(2010) mention that D. simulans pupae are found on and under

the skin of fallen fruit as well as on the ground, although their

study did not address the relative numbers on each substrate.

TWO MAJOR QTLS INFLUENCE THE DIFFERENCE IN

PUPARIATION SITE PREFERENCE BETWEEN SPECIES

We observed QTLs for pupariation site preference on chromo-

somes 2 and X in both backcross directions. Although the two

loci are additive in the D. simulans backcross, QTL-Xsec and

QTL-IIsec interact substantially in the D. sechellia backcross. The

effect of QTL-IIsec is entirely dependent upon the genotype at

QTL-Xsec (Fig. S3). More than 85% of female larvae homozy-

gous for the D. sechellia alleles at QTL-IIsec will remain in the

larval substrate if QTL-X is homozygous for D. sechellia alle-

les, but only approximately 5% of males remain in the substrate

if QTL-X contains a D. simulans allele. Although the peaks of

the X-chromosome QTLs from the two backcross populations

overlap, it is not possible to know whether the two QTLs reflect

variation at the same locus.

Because our interspecific QTL analyses were performed with

relatively small sample sizes that could result in an overestimation

of QTL effects (Beavis 1998), we tested the association between

the QTL-X region and pupariation site in an independent set of ex-

periments. We used two strains of D. simulans that carry dominant

markers at X:∼7,100,000 bp (line A52.4) and X:∼14,100,000 bp

(line A19.1), which flank the peak of QTL-Xsim, to test whether

pupariation site preference segregated with these markers. The

results provide strong support for the existence of a QTL in this

region that influences pupariation site preference (Table 2). These

data also confirm that the majority of the QTL-X effects reflect

differences in male behavior (Fig. 5), because the association of

either EYFP marker with pupariation in the periphery was not

significant in females (Table 2). In a separate set of tests with

six different D. simulans strains, we asked whether a similar re-

gion of the D. sechellia X chromosome containing vermilion, at

∼X:8,400,000, and forked, located at ∼X:13,300,000, is associ-

ated with on-food pupariation in D. simulans and D. sechellia

backcross progeny. We found linkage between vermillion and pu-

pariation site preference in five out of six D. simulans backcrosses

and in six out of six of the reciprocal D. sechellia backcrosses

(Tables 3, 4). forked showed weaker linkage in these tests. These

marker association tests, therefore, provide strong support for the

existence of a locus on the X chromosome near 10 Mb that con-

tributes to pupariation site choice. These positive association tests

suggest that it may be possible to further refine the causal locus or

loci underlying QTL-X with additional introgression experiments.

MULTIPLE QTL UNDERLIE THE DIFFERENCE IN

PUPARIATION SITE CHOICE WITHIN POPULATIONS

OF D. SIMULANS

Our intraspecific QTL analysis revealed a highly polygenic basis

for variation within D. simulans. We detected strong QTL effects

on chromosomes II, III, and X. The broad peaks on chromosomes

II and III suggest that these chromosomes harbor multiple loci that
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influence pupariation site choice. On the X chromosome, only the

region between approximately 6 and 14 Mbp harbors a significant

QTL.

Our intraspecific QTL results can be compared with a previ-

ous genetic analysis of pupariation height among D. melanogaster

lines (Sokolowski and Bauer 1989). This study found that the ma-

jority of variation in pupariation distance from food is due to loci

on chromosomes II and III, with most of the effect located on III

and none on the X chromosome. Like the differences in puparia-

tion site choice that we observed between D. simulans strains, the

differences among D. melanogaster lines did not show significant

epistasis. In contrast, QTL analysis of pupariation site using 76

recombinant inbred lines of D. melanogaster that were derived

from separate strains revealed a single significant QTL on the tip

of the right arm of chromosome 2 that does not show an interac-

tion with sex (Riedl et al. 2007). This QTL does not overlap with

any of the major QTL in our interspecific backcrosses, although it

could correspond to a small peak on the right tip of choromosome

2 that is significant in our intraspecific cross. However, there are

more differences than similarities between the QTL map of Riedl

et al. (2007) and our own. It is difficult to know whether these dif-

ferences are attributable to actual differences in D. simulans and

D. melanogaster pupariation site loci, differences in phenotyping

methods (binary vs. quantitative measures of pupariation height),

or to the particular subsets of standing genetic variation that were

sampled for the two studies.

It is not yet possible to determine whether QTL-X and QTL-

II that we discovered in our interspecific QTL analyses are the

same loci that we have discovered in our intraspecific QTL analy-

sis of D. simulans strains. We are also unable to compare the effect

sizes of QTLs between inter- and intraspecific crosses, because

the number of progeny used for our interspecific analysis was

relatively low, and our backcrosses had lower power to detect loci

of minor effects than did the intraspecific cross. Loci on chromo-

some III, however, have the greatest influence upon differences

in pupariation site preference between ancestral and New World

strains of D. simulans. In contrast, loci on chromosome III did not

have a detectable effect upon pupariation site preference in our

interspecific analyses in either backcross direction. Therefore, the

relative contributions of QTLs to intraspecific and interspecific

variation differ, although the phenotypes in ancestral D. simulans

populations and D. sechellia are indistinguishable.

All of our experiments were powered to detect mainly loci of

large effect. Thus, it is possible that additional loci of small effect

on pupariation site choice were not detected in our crosses. In ad-

dition, most of the QTL peaks were broad. There are several pos-

sible reasons for this. First, the interspecific experiments had rela-

tively small sample sizes that would likely prevent high-resolution

mapping of moderately complex traits. Second, Drosophila has a

relatively low recombination rate limited to three chromosomes

that contain most of the genome. This limits the resolution of

QTL mapping in Drosophila, even with large sample sizes. Third,

linked loci, combined with the low recombination rate, can gen-

erate wide QTL peaks.

EMERGENCE OF A SHIFT IN PUPARIATION SITE

PREFERENCE IN THE D. SIMULANS CLADE

Studies of D. mauritiana pupariation site preference indicate that

this species prefers to pupariate in fruit (Vandal et al. 2008), and

the similarity in phenotype between D. simulans populations from

southeast Africa, D. sechellia, and D. mauritiana suggests that pu-

pariation on fruit is an ancestral trait for the D. simulans clade.

Selection of sites off-fruit could have emerged in cosmopolitan

populations as D. simulans emigrated from southeast Africa. Two

possible scenarios could account for the shift in pupariation site

preference in New World D. simulans. In the first scenario, a

rare allele for pupariation off of fruit in the ancestral population

would be enriched in a founder population, and become over-

represented after a population bottleneck. In a second scenario,

populations outside of Africa would have experienced natural se-

lection for pupariation off of fruit. For QTL-X, our association

analysis shows a stronger correlation between pupariation site

preference in populations from California and Mexico than in

ancestral African populations. However, whether the allele un-

derlying QTL-X became more prevalent through founder effects,

or whether it emerged through selection can only be determined

in future studies, once the identity of QTL-X is known.

GENETIC ARCHITECTURE OF PUPARIATION SITE

CHOICE, WITHIN AND BETWEEN SPECIES

It is not clear how phenotypic differences arise and become fixed

in populations. One way to address this issue is to identify the

loci that underlie phenotypic differences that exist within a popu-

lation, and ask whether the same loci underlie differences between

species. Wittkopp et al. (2009) compared the roles of specific loci

that underlie divergence in pigmentation between the species,

Drosophila novamexicana and Drosophila americana, with loci

that are responsible for variation in pigmentation of D. americana.

Interspecific differences in this trait map to loci that contain the

genes tan and ebony, which have established roles in pigmenta-

tion. Differences in pigmentation intensity among D. americana

lines map to sites linked to tan, ebony, or both. In this case,

intraspecific variation is a subset of the fixed differences that

exist between species and fixation of shared ancestral variation

may have led to the difference in pigmentation between species

(Wittkopp et al. 2009).

In contrast to differences in pigmentation of D. novamexi-

cana/D. americana, the phenotypic variation for pupariation site

preference within D. simulans is as large as the difference between

some strains of D. simulans and D. sechellia. Like Wittkopp et al.
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(2009), we found extensive overlap between the QTL peaks for

pupariation site choice within and between species. In contrast to

Wittkopp et al. (2009), we find that more loci contribute to the

intraspecific variation within D. simulans than cause the species

difference, although we had greater power to detect effects in the

intraspecific cross. The most striking difference, however, is that

the third chromosome makes a large contribution to the intraspe-

cific difference and no significant contribution to the interspecific

difference.
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