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SUMMARY
Facultative parthenogenesis enables sexually reproducing organisms to switch between sexual and asexual
parthenogenetic reproduction. To gain insights into this phenomenon, we sequenced the genomes of sexu-
ally reproducing and parthenogenetic strains of Drosophila mercatorum and identified differences in the
gene expression in their eggs. We then tested whethermanipulating the expression of candidate gene homo-
logs identified in Drosophila mercatorum could lead to facultative parthenogenesis in the non-parthenoge-
netic species Drosophila melanogaster. This identified a polygenic system whereby increased expression
of the mitotic protein kinase polo and decreased expression of a desaturase, Desat2, caused facultative
parthenogenesis in the non-parthenogenetic species that was enhanced by increased expression of Myc.
The genetically induced parthenogenetic Drosophila melanogaster eggs exhibit de novo centrosome forma-
tion, fusion of the meiotic products, and the onset of development to generate predominantly triploid
offspring. Thus, we demonstrate a genetic basis for sporadic facultative parthenogenesis in an animal.
INTRODUCTION

Parthenogenesis generates uniparental offspring with only the

maternal genome; it is often a virgin birth. First observed in

aphids by Charles Bonnet in the mid-18th century, it has since

been found in almost every phylum. Facultative parthenogenesis

permits the switch between sexual and parthenogenetic repro-

duction, whereas obligate parthenogens do not readily under-

take sexual reproduction.1,2 In sexual reproduction, both sexes

undertake meiosis to generate a complement of haploid cells

or nuclei. One of these cells or nuclei combines with another

from the opposite sex or mating type to generate a diploid

zygote. Some parthenogenetic animals appear to bypass

meiosis completely, and through apomixis, they proceed straight

into mitosis, whereas most parthenogens retain key meiotic ma-

chinery and undergo automixis. Diploidy is either retained in au-

tomixis by genome duplication prior to meiosis or by skipping

parts of meiosis or regained after meiosis by genome duplication

or fusion of two haploid meiotic products. To date, potential

mechanisms for parthenogenesis can only be inferred from the

stage at which sexual reproduction is bypassed.

Parthenogenesis has evolved in many animal and plant phyla.

However, although in most animals there is no requirement for

complementary genetic contributions from the two parents, in

mammals, sex-specific epigenetic marks direct the monoallelic,

parent-specific expression of around 150 genes,3,4 preventing

the development of embryos with only a maternal genome. A
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parthenogenetic mouse has been made by selectively methyl-

ating or demethylating imprinted genes.5 Once activated, the re-

sulting oocytes developed into blastocysts that were transferred

to surrogate mothers, but despite re-establishing correct

imprinting, the success rate was extremely low. This highlights

the importance of correctly regulated parental genome expres-

sion and suggests that additional mechanisms may prevent

parthenogenesis in mammals. The mouse is, however, one of

the few vertebrate species that can initiate development without

the contribution of a centriole from the sperm. Centrioles are

eliminated from the eggs of most animals and thus must form

de novo or be provided by the sperm basal body to enable em-

bryonic cell divisions.6–8 Indeed, in the frog, the injection of puri-

fied centrosomes mimics fertilization and leads to parthenoge-

netic development of tadpoles.9

In contrast to the non-heritable parthenogenesis of the frog

and mouse, many animals undertake natural heritable partheno-

genesis if specific developmental requirements are met. Several

potential geneticmechanisms for obligate parthenogenesis have

been identified through gene expression and mapping studies,

but none have been tested either because of genetic intracta-

bility of the specific organism or because the studies were car-

ried out prior to the genome editing era. Obligate parthenogen-

esis has been associated with downregulation of a gene

encoding a regulatory subunit of protein phosphatase 2A

(PP2A), twins, in the ovarian tissue of water weevils10; reduced

expression of cell-cycle genes11 and suppressors of meiosis in
tember 11, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1
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water fleas12; a microsatellite-associated allele in a parasitoid

wasp13; and a gene putatively involved in chromosome segrega-

tion in the cape honeybee.14 A mutant gene causing inability to

respond to chemical signals for sexual reproduction has been

proposed to switch alternating cycles of sexual and parthenoge-

netic reproduction to obligate parthenogenesis in rotifers.15

Facultative parthenogenesis may offer an understanding of

how obligate parthenogenesis first arises, but the only sugges-

tion of its genetic cause is a monogenic change of unknown

consequence on the second chromosome ofDrosophila ananas-

sae.16 More recently, comparative genomics has identified sub-

sets of genes altered in parthenogenetic genomes.17 However,

most comparative studies contrast obligate parthenogenetic lin-

eages to sexually reproducing counterparts, which sometimes

diverged millions of years ago. Thus, without functional testing,

it becomes impossible to separate primary cause from down-

stream consequence.

We argued that because facultative parthenogenesis can un-

dergo selection in Drosophila, locusts, and chickens and can in-

crease in frequency over generations,18–21 it should be possible

to uncover the underlying genetic cause. With this in mind, we

sought to identify the genetic origins of facultative parthenogen-

esis in Drosophila mercatorum by sequencing its genome,

comparing gene expression patterns in mature eggs of females

undertaking sexual or parthenogenetic reproduction, and

functionally testing candidate genes for their ability to transmit

facultative parthenogenesis. In this way, we identify gene

expression changes inD.mercatorum associatedwith partheno-

genetic reproduction and show how altering the expression of

these genes can cause a sexually reproducing species,

Drosophila melanogaster, to undertake heritable facultative

parthenogenesis.

RESULTS

Parthenogenetic ability of D. mercatorum

Uniquely, D. mercatorum strains show a range of sexual and

parthenogenetic reproductive capabilities. Some wild-caught

strains behave as obligate parthenogens that can be maintained

in the lab indefinitely as female-only stocks, and most strains

exhibit low levels of facultative parthenogenesis,21–23 whereas

other strains reproduce predominantly sexually. D. mercatorum

belongs to the repleta species group, which is approximately

47 Ma diverged from D. melanogaster.24 Although most repleta

species breed on cacti, some D. mercatorum strains have diver-

sified their larval diet to include rotting food waste25; this change

in diet is linked to enhanced parthenogenesis.26We selected two

strains to sequence from a series of D. mercatorum strains that

could all interbreed (Data S1A): a fully parthenogenetic strain

from Hawaii that generated 326.1% adult offspring (3.36 adult

offspring per female) and a sexually reproducing strain that could

not parthenogentically generate adult offspring from São Paulo,

Brazil (Figure 1A; Data S1B).

The genome of D. mercatorum

We first created chromosome-level genome assemblies for

sexually reproducing and parthenogenetic strains of

D. mercatorum using Oxford Nanopore and Illumina sequencing

technologies (Figures 1B and S1A–S1C). The twoD.mercatorum
2 Current Biology 33, 1–16, September 11, 2023
genome assemblies were annotated using homology to

D. melanogaster genes and were comparably complete in

gene content, with BUSCO scores of 98% for the sexually repro-

ducing and 99% for the parthenogenetic strain (Figures 1B and

S1D). These two D. mercatorum genomes were aligned

against the D. melanogaster genome benchmark (Figures 1C

and S2A–S2D). The D. mercatorum contigs matched to single

D. melanogaster chromosome arms, despite a high degree of re-

arrangement within the arms. This is a well-known phenomenon

in Drosophila where the chromosome arms, also referred to as

Muller elements A–F, carry a homologous gene set in a shuffled

order.27–29 Using a fluorescence in situ hybridization chain reac-

tion (HCR) protocol adapted for localizing DNA sequences, we

identified selected loci and thus the chromosome arms in

the diploid chromosome spreads of larval neuroblasts (Fig-

ure 1D). The loci correspond to single genes that lay within

syntenic blocks conserved between D. melanogaster and

D. mercatorum chromosome arms. The 6 Muller elements (A–

F) in themitotic karyotypesmatched between the sexually repro-

ducing and parthenogenetic D. mercatorum strains (Figure 1E).

We next aligned the sexually reproducing and parthenoge-

netic D. mercatorum genomes against each other and found

them highly similar (Figures 1C and 2A). There were inversions

in chromosome arm 2L/Muller element B of the parthenogenetic

genome reflecting known inversions on the 2L in different

D. mercatorum populations.30,31 We also positioned the 14

largest contigs on the polytene salivary gland chromosomes

(Figures 2B and 2C), providing biological validation for the

genome assemblies.

Transcriptome changes in facultative parthenogenesis
As defining parthenogenetic events occur in the mature egg, we

anticipated that this would be reflected in gene expression

changes between the ovaries of parthenogenetic and non-

parthenogenetic flies. The mature egg (stage 14 egg chamber)

is a giant cell arrested in meiosis, in which neither transcription,

translation, nor transcript degradation takes place.32,33 We used

RNA sequencing to characterize transcriptomes of mature eggs

from sexually reproducing and parthenogenetic D. mercatorum

strains. We compared these profiles with that of a facultative

parthenogenetic strain that reproduces sexually but produced

10.7% adult offspring parthenogenetically when sexually iso-

lated (Data S1B). The transcriptome profiles identified 7,656

genes expressed in mature eggs (Data S2A–S2H). Genes exhib-

iting different transcript levels were evenly distributed on the

contigs relative to gene content and were not overrepresented

on a single chromosome arm (Figures S3A and S3B). Gene

ontology (GO) analysis revealed that differentially expressed

genes represented pathways of redox reactions, immune func-

tion, wing disc growth, biosynthesis, proteolysis, and translation

(Figure S3C), any of which may aid parthenogenesis, but without

any clear biological theme with potential for its initiation. We did,

however, find an increase in transcripts of many centriole/

centrosome/microtubule-organizing genes in parthenogenetic

eggs, including Cp110, dgt5, Poc1, Cep97, CG42699, and

Rcd4, possibly reflecting long implicated roles of centrioles in

parthenogenesis by organizing the cell division machinery.9,34,35

We also found changes in cell-cycle regulatory gene transcripts,

e(r), c(2)M, CG13088, Asciz, msd1, Roc1a, toc, Nup107,
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Figure 1. Comparison of sexually reproducing and parthenogenetic D. mercatorum genomes to each other and D. melanogaster

(A) Reproductive modes of D. mercatorum.

(B) Sexually reproducing and parthenogenetic D. mercatorum genome assembly data, quality control, and annotation metrics.

(C) Sexually reproducing D. mercatorum genome assembly aligned against the D. melanogaster reference genome (release 6). Alignment is over 75.28 Mbp, and

the gap compressed identity is 75.85%. A raw version of this panel is presented in Figure S2A. Purple dots/lines represent sequences matching against the

forward strand and blue the reverse.

(D) In situ localization of the indicated genes by HCR onto mitotic chromosomes of third instar larval neuroblasts from sexually reproducing and parthenogenic

D. mercatorum. The karyotypes match except for a polymorphism in size for the 4th chromosome arm/Muller element F. Gene probes were selected to represent

the indicated contigs. Chromosomes showing localization of the gene probe are outlined with a white line. The indicated chromosome was marked in all kar-

yotypes analyzed (n R 42, N R 3). DAPI/DNA (white). Scale bars, 1 mm.

(E) Schematic of the arrangement of the chromosome arms in sexually reproducing and parthenogenetic strains of D. mercatorum and in D. melanogaster.

See also Figures S1 and S2 and Data S1.
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CG33969, mei-9, CG31612, and gnu, in accordance with the

need to activate cell-cycle progression in parthenogenetic

eggs. However, functional tests were required to relate such

correlations with causal events of parthenogenesis. We there-

fore set thresholds of differential expression to approximate

the loss or gain of one gene copy in the parthenogenetic

D. mercatorum eggs (p adjusted < 0.05; log2-fold change ±

0.6; Data S3A–S3D) and selected genes for functional testing

with a focus on cell-cycle and centriole biogenesis (Figure S3D).

Functional screens for facultative parthenogenesis
We reasoned that if we could replicate the differential expression

of homologous candidate genes in the strictly sexually
reproducing Drosophila melanogaster and induce facultative

parthenogenesis in this species, this would provide strong evi-

dence that such genes contribute to facultative parthenogenesis

in theDrosophila genus. We first established a baseline for facul-

tative parthenogenesis in different Drosophila species, including

multiple D. melanogaster strains, to determine the number of

flies that should be screened (Data S4A and S4B). We defined

facultative parthenogenesis as permitting eggs produced by vir-

gin mothers to develop from any stage between late embryogen-

esis and adulthood. We tested D. melanogaster homologs of

genes having decreased expression in facultative and fully

parthenogenetic D. mercatorum eggs using CRISPR knockout

alleles that we generated (Data S5), publicly available mutant
Current Biology 33, 1–16, September 11, 2023 3
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Figure 2. D. mercatorum genome comparison and physical mapping of the largest D. mercatorum contigs on polytene salivary gland chro-

mosomes

(A) Alignment of the parthenogeneticD.mercatorum genome against the sexually reproducing genome. Red arrows indicate inversions/translocations. Alignment

is over 151.14 Mbp, including 142.25 Mbp of matching base pairs. The gap compressed identity is 98.67%, while the ‘‘block’’ identity is 94.11%. The smallest

contigs were removed from the visualization. Purple dots/lines represent sequences matching against the forward strand and blue the reverse strand.

(B) Mapping of the largest 14 contigs of the sexually reproducing and parthenogenetic D. mercatorum genomes onto salivary gland polytene chromosomes

stained with DAPI. The contig and the chromosome arms are indicated with the arrows pointing to the HCR in situ hybridization band. These gene localizations

show that the computationally assigned chromosome arms are appropriately grouped together in the biological samples. In situ hybridizations were carried out

using the indicated HCR DNA probes corresponding to indicated genes. DNA/DAPI (white). Scale bars, 10 mm.

(C) Schematic of mapping of the contigs onto D. mercatorum chromosomes and their corresponding positions on D. melanogaster chromosomes.
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alleles, or established fly stocks carrying RNAi constructs to

downregulate selected genes. RNAi lines were previously veri-

fied to have no known off-target effects (see links in Data S6).

Genes showing increased expression in parthenogenetic

D. mercatorum eggs were tested in D. melanogaster engineered

to have increased expression of the homolog (Table 1). We also

screened additional candidates with roles in the cell and

centriole duplication cycles with the potential to generate diploid
4 Current Biology 33, 1–16, September 11, 2023
nuclei from the haploid products of female meiosis or to offer a

maternal source of centrioles in the absence of the sperm basal

body upon fertilization, as thought to occur in D. mercatorum

(Table 1).36,37 Rather than testing all differentially expressed

genes regulating the centriole duplication cycles, we focused

upon two main regulators of centrosome biogenesis, Polo-like

kinase 4 (Plk4/SAK)38 and Polo,39 the latter also being a key

regulator of cell-cycle progression.40 As controls, we selected



Table 1. Candidate gene variants screened for ability to generate facultative parthenogenesis in D. melanogaster

Variant Function Log2 fold change padj Total offspring (%) p value

Differentially expressed genes

Asciz RNAi transcription �0.6 1.3 3 10�4 0 1

bam RNAi/allele cell fate �4.8 8.4 3 10�25 *

c(2)M RNAi female meiosis �1.4 1.7 3 10�8 0 1

Cad96Ca RNAi receptor tyrosine kinase �7.4 2.5 3 10�126 0 1

CASK deficiency scaffolding �0.8 2.2 3 10�5 0 1

tous RNAi cilia/flagella �2.8 2.6 3 10�3 0 1

CG4496 RNAi transcription �1.8 3.2 3 10�15 * 1

CG10433 RNAi female receptivity �2.7 7.0 3 10�2 * 0.4

CG17202 allele Myc-binding �0.8 3.5 3 10�5 0 1

CG10407 RNAi unknown �3.4 N/A 2.5 3 10�3 *

chrb RNAi cell growth inhibition �2.2 2.9 3 0�71 * 1

CRMP RNAi/allele pyrimidine catabolism �3.0 5.2 3 10�4 0%–0.2% 0.4–0.5

Desat1(Desat2) RNAi/allele fatty acid desaturase �0.6 0.17 0%–0.4% 1–3.5 3 10�2

Desat2 RNAi/allele fatty acid desaturase 6.6 1.3 3 10�7 0%–0.3% 0.4–1

e(r) allele pyrimidine biosynthesis �2.7 1.5 3 10�3 0 1

eya OE transcription 0.44 0.78 * 0.2–1

f RNAi/allele actin filament �2.8 3.7 3 10�11 0%–0.1% 0.4–1

FER RNAi/allele tyrosine kinase �2.4 1.5 3 10�3 0 0.4–1

gnu allele/OE translation 3.5 1.7 3 10�73 0%–0.2% 0.5–1

ktub RNAi/allele endocytosis �3.3 5.7 3 10�4 0%–0.4% 0.2–1

msd1 allele mitotic spindle �0.6 6.2 3 10�3 0 1

Myc OE transcription 0.7 9.2 3 10�3 0.3% 0.1–0.5

Nmnat OE adenylyltransferase 1.7 1.9 3 10�10 N/A 0

pnt OE transcription 1.8 1.7 3 10�9 0 1

Rack1 allele receptor �0.7 1.3 3 10�2 0.5% 0.06

Rcd4 OE centrosome 2.0 2.3 3 10�27 N/A 0

Roc1a allele/OE SCF complex/cell-cycle �0.6 2.3 3 10�6 * 1

RpL10Ab allele ribosome �0.8 1.6 3 10�8 0 1

spir OE actin nucleation 1.0 2.0 3 10�2 0 1

Cell-cycle/centrosome candidate genes

ana2 CRISPR centriole N/A N/A 0 1

asl CRISPR/OE centriole/PCM N/A N/A 0%–0.1% 0.5–1

cnn allele PCM N/A N/A 0.1% 0.5

CycE UAS/OE cell cycle N/A N/A 0 1

mtrm allele cell cycle N/A N/A 0 1

morula CRISPR cell cycle N/A N/A 0%–0.1% 0.4–1

Plp CRISPR PCM N/A N/A 0.1% 0.2

plu CRISPR translation N/A N/A 0.1% 0.5–1

png CRISPR translation N/A N/A 0 1

polo allele/OE cell cycle N/A N/A 0%–0.1% 0.1–1

Rca1 UAS/OE cell cycle N/A N/A 0 N/A

SAK/Plk4 CRISPR/OE centriole/centrosome N/A N/A 0 1

Sas-6 CRISPR/OE PCM N/A N/A 0%–0.1% 0.4–1

Slmb CRISPR/allele SCF complex/cell cycle N/A N/A 0%–0.3% 0.2–1

tefu/ATM RNAi/allele serine/threonine kinase N/A N/A 0 1

Negative controls of genes that did not show differential expression in the female germline

CG3436 allele cell cycle N/A N/A 0 1

(Continued on next page)
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Table 1. Continued

Variant Function Log2 fold change padj Total offspring (%) p value

dhd allele embryonic development N/A N/A 0 1

Klp64D RNAi/allele motor protein N/A N/A * 0.6–1

Trx-2 RNAi/allele redox N/A N/A * 0.08–1

w RNAi/allele eye pigment transporter N/A N/A * 0.06–1

Summary of Data S6A. Gene function was assigned from https://flybase.org/. The variants included knockdown lines (RNAi), mutant alleles (allele),

genomic deficiencies including the indicated gene, CRISPR knockout alleles (CRISPR), and/or overexpression (OE) constructs. The log2 fold change

in transcript level and the padj value are given only for the comparison of expression differences between parthenogenetic and sexually reproducing

D. mercatorum strains. Parthenogen offspring produced were calculated relative to the number of virgin females screened. Results marked with an

asterisk (*) are considered false positives with no instances of facultative parthenogenesis indicated as ‘‘0.’’ All p values were calculated using Fisher’s

exact test. See also Figure S3 and Data S2, S3, S5, and S6A.
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genes that were either not differentially expressed or not ex-

pressed at all in mature D. mercatorum eggs (Table 1). For

each gene tested, we used multiple independently created

gene variants, when available (Data S6A).

Together, we screened 44 candidate genes and 5 control

genes, of which 16 were able to produce between 0.1% and

0.4% parthenogenetic offspring per female in D. melanogaster

when their expression was either increased or decreased (Ta-

ble 1; Data S6A). Although we observed parthenogenetic devel-

opment from late embryonic to adult stages, parthenogenic

offspring most frequently died before hatching following such

manipulation of a single gene. We also observed facultative

parthenogenesis following manipulation of control genes, sug-

gesting that stochastic facultative parthenogenesis is not just a

feature of wild-caught D. melanogaster20 (Data S4B) but also

of lab stocks.

The low level of facultative parthenogenesis led us to re-

screen the 16 identified genes in different pairwise combina-

tions. This double gene variant screen eliminated all but 5 genes,

which, in specific combinations, enabled sexually isolated fe-

males to generate between 0.5% and 11.4% offspring that

also died between late embryonic stages and adulthood (Fig-

ure 3A; Data S6B). We were unable to increase the frequency

of facultative parthenogenesis further by genetically manipu-

lating three or more gene variants (data not shown). All combina-

tions resulting in increased facultative parthenogenesis included

two extra copies of polo as a functional GFP-tagged transgene

on the X chromosome and an allele of Desat2, which encodes

an enzyme that desaturates double bonds in various hydrocar-

bons.41–44 Combination of GFP-polo+ with a mutant allele of

slmb, which encodes a component of the Skp, Cullin, and

F-box (SCF) ubiquitin-protein ligase, led to 3.1% facultative

parthenogenesis (Figure 3A). Combination of GFP-polo+ with

an allele of Desat1, which has 85% amino-acid identity with De-

sat2, gave up to 5.2% facultative parthenogenesis (Figure 3A).

Finally, combination of GFP-polo+ with a duplication of Myc

translocated onto the third chromosome showed 11.4% faculta-

tive parthenogenesis (Figure 3A). The Desat2 allele is a known

natural variant present in most populations44; it was present in

all Desat1, Myc, GFP-polo, and slmb stocks and could poten-

tially cause the background of stochastic facultative partheno-

genesis present in natural populations of D. melanogaster

(Data S6A).20 The TM6B ‘‘balancer’’ chromosome, which carries

several inversions to prevent recombination and the dominant

markers Humeral and Tubby,45 does not carry the Desat2 allele
6 Current Biology 33, 1–16, September 11, 2023
and was used to balance the Desat1, Desat2, Myc, and slmb

alleles.

Having identified gene expression changes in D. mercatorum

that can induce facultative parthenogenesis when replicated in

D. melanogaster, we searched for differences in organization of

these genes between sexually reproducing and parthenogenetic

D. mercatorum strains. Expression of Desat2 is decreased by

almost 100-fold in parthenogenetic D. mercatorum eggs in the

absence of substantive changes in gene organization (Fig-

ure S4A). However, we cannot exclude the possibility of changes

to distal enhancer elements or epigenetic differences between

strains that could affect transcription factor binding. We also

observed significant expression changes in transcription factor

genes that could lie upstream of this and other differentially ex-

pressed genes (Data S3A–S3D). Neither Desat1, polo, nor slmb

was differentially expressed nor did they have any substantive

changes associated with their loci (Figures S4B–S4D). This was

expected sincewe had testedDesat1 as a functional counterpart

of Desat2 and polo as a substitute for the heightened expression

of many centrosome/centriole genes. We tested slmb as part of

the SCF ubiquitin-protein ligase responsible for both the degra-

dation of Myc and Plk4; loss of slmb function thus leads to

elevated Myc and Plk4. Moreover, in many tissues, both polo

and slmb are under the control of Myc, raising the possibility of

their differential expression at other developmental stages. The

only differentially expressed gene identified by our screen having

extensive genomic changes with the potential for effects on tran-

scription, translation, or protein stability in the parthenogenetic

D.mercatorumwasMyc (FigureS4E). AsMyc is known tobroadly

influence the expression of genes involved in cell growth, size,

metabolism, apoptosis, and autophagy in D. melanogaster,46

futurework will be required to distinguish the effect of the individ-

ual changes to the Myc locus on these processes.

The proportion of facultative parthenogenetic offspring

reaching adulthood from GFP-polo+;Mycdp Desat2�/TM6B fe-

males was 1.4% (Figure 3A; Data S6B). We created stable sex-

ually reproducing D. melanogaster lines for each of the th-

ree combinations of variants showing the greatest level of

facultative parthenogenesis, GFP-polo+;Desat2�/[TM6B], GFP-

polo+;Desat2�Desat1�/[TM6B], andGFP-polo+;MycdpDesat2�/
[TM6B]. We observed 0.1% adult offspring from GFP-polo+;-

Desat2�/[TM6B] females, 0.2% adult offspring fromGFP-polo+;-

Desat2�Desat1�/[TM6B] females, and 0.7%adult offspring from

GFP-polo+;Mycdp Desat2�/[TM6B] females (Figure 3B). This is

within the range of facultative parthenogenesis achieved

https://flybase.org/


Drosophila species Females F1 Percent F2 Percent
/genotype* Screened Adults Adults

melanogaster
GFP-polo+ ; Desat2 - / [TM6B] 11300 9 0.1% 0 0%
GFP-polo+ ; Desat2 - Desat1 - / [TM6B] 15000 36 0.2% 1 2.6%
GFP-polo+ ; Myc dp Desat2 - / [TM6B] 21406 143 0.7% 2 1.4%
mercatorum
Facultative parthenogenetic 500 50 10.0% 5 10.0%

C

Drosophila species/genotype Successful Failed
Backcross Backcross

melanogaster
GFP-polo + ; Desat2 - / TM6B 1 0
GFP-polo + ; Desat2 - Desat1 - / TM6B 2 0
GFP-polo + ; Myc dp Desat2 - / TM6B 6 1
mercatorum
Facultative parthenogenetic 25 9

B

   F2
 Sexually 
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Unmated 
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x

Sexually 
reproducing

x

F1
Parthenogen  

 

   

x

Sexually 
reproducing

Unmated 
Female 

F1
Parthenogen  

F2
Parthenogen  

Genotype Total p value Adult p value
Offspring Offspring

GFP-polo+ ; Desat2 - / TM6B 7.4% 2.2 x 10-16 0% 1
GFP-polo+ ; Desat2 - slmb - / TM6B 3.1% 3.2 x 10-08 0.2% 0.2
GFP-polo+ ; Desat2 - Desat1 - / TM6B 5.2% 6.0 x 10-12 0.6% 4.3 x 10-2

GFP-polo+ ; Myc dp Desat2 - / TM6B 11.4% 2.2 x 10-16 1.4% 1.2 x 10-3

A

Figure 3. Facultative parthenogenesis and reproductive potential in Drosophila

(A) Double gene variant combinations resulting in facultative parthenogenesis in D. melanogaster. Summary of Data S6B. Only significantly facultative parthe-

nogenetic combinations are shown. It is important to note that the genotype is heterozygous for the alleles indicated; all but slmb� are homozygous viable (Data

S6B). p value was calculated using the Fisher’s exact test.

(B) The three gene variant combinations leading to significant development in induced facultative parthenogenetic D. melanogaster and facultative partheno-

geneticD.mercatorumwere screened for a second generation of parthenogenesis. TM6B is shown in parentheses because the balancer was not always present

as the alleles it was balancing were homozygous viable.

(C) Parthenogenetically produced offspring from the induced facultative parthenogenetic D. melanogaster lines or produced naturally from the facultative

parthenogeneticD. mercatorumwere backcrossed to the parental line to determine if they could produce progeny in the F2 generation.GFP-polo+ is a transgene

on the X, Desat2� is a 50 UTR deletion, Desat1� is a TE insertion, Mycdp is a gene duplication on the 3rd chromosome, and slmb� is a null allele.

See also Figure S4 and Data S6B.
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by sexually reproducing D. mercatorum strains (0%–10.7%;

Data S1B). Moreover, we found that both the GFP-polo+;De

sat2� Desat1�/[TM6B] and GFP-polo+;Mycdp Desat2�/[TM6B]

parthenogen females were able to parthenogenetically

produce second-generation adult flies, as also found with
facultatively parthenogenetic D. mercatorum (Figure 3B). The

D. melanogaster parthenogen offspring also retained the ability

to mate with males from the parental sexually reproducing

population to produce fertile progeny, as also found in faculta-

tively parthenogenetic D. mercatorum (Figure 3C). Therefore,
Current Biology 33, 1–16, September 11, 2023 7
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both the genetically induced facultative parthenogenetic D. me-

lanogaster and naturally facultatively parthenogenetic D. me-

rcatorum offspring can reproduce both parthenogenetically

and sexually. The genetic changes facilitating facultative parthe-

nogenesis can be transmitted through generations, regardless of

whether they undertake sexual or parthenogenetic reproduction.

Facultative parthenogenetic embryo development
Togain insight intoparthenogenesis,we followedthedevelopment

of facultative parthenogenetic embryos fromcompletion of female

meiosis onward. The drosophilid egg retains all four haploid

meiotic products, three polar body nuclei and the female pronu-

cleus, and if fertilized, the haploid male pronucleus. In both fertil-

ized and unfertilized eggs, the three polar bodies migrate to the

egg cortex where they may or may not fuse to form an arrested

rosette-like configuration that we term a polar body aggregate;

the mechanisms of aggregate formation and its migration are

unknown. In the great majority of fertilized eggs, the polar body

aggregate persists throughout syncytial development. However,

in unfertilized eggs, polar body nuclei may enter mitosis

where they become arrested.47 Facultatively parthenogenetic

D.mercatorum females producedeggs that either only formedpo-

lar body aggregates and stopped developing (Figure 4A), that

entered the first mitosis and stopped developing (Figure 4B), or

that entered multiple mitotic cycles of embryonic development

(Figure 4C). We found that 12% of the D. mercatorum facultative

parthenogenetic eggs undertook multiple nuclear division cycles

in comparison with 38% of fully parthenogenetic eggs, whereas

15%–17% of both strains initiated the first mitosis and stopped

developing. Some 71% of unfertilized eggs from facultatively

parthenogenetic females and 48% from obligate parthenogenetic

females remained arrested after polar body aggregate formation

(Figures 4A–4D andS5B). By contrast, allD.mercatorum embryos

generated through sexual reproductionundertookmultiple rounds

of nuclear division (Figures 4D and S5A). Unfertilized parthenoge-

netic and facultative parthenogenetic embryos developed with

abnormal numbers of nuclei (Figure 4C) showing abnormalities in

anaphase chromatid segregation (Figure S5B) in accordance

with previous descriptions.36,37

Fertilized D. melanogaster eggs behaved similarly to their

D. mercatorum counterparts in initiating multiple cycles of mitotic

divisions (Figures 4E and S5C). Without fertilization, 25% of the

wild-type D. melanogaster eggs had a polar body aggregate,

and 75% appeared to have entered the first mitotic nuclear divi-

sion, but none completed it (Figures 4E and S5D). Of the unfertil-

ized eggs overexpressingpolo, having theDesat2 allele, or having

theMycduplication and theDesat2 allele, between 48%and60%

had polar body aggregates and 40% and 55% initiated the first

mitosis suggestive of a state intermediate between fertilized and

unfertilized wild-type eggs (Figure 4F). Two groups of unfertilized

eggs undertookmultiple divisioncycles: 6%of eggsoverexpress-

ingpolo andhaving theDesat2allele (Figures 4F and4G) and16%

of eggs overexpressing polo and having theDesat2 allele plus the

Myc duplication (Figures 4F and 4H). Therefore, two extra copies

of polo and one fewer of Desat2 is sufficient to initiate develop-

ment in 6% of embryos, an effect enhanced to 16% by addition

of a single extra copy of Myc. The proportion of eggs having

completed meiosis to form a polar body aggregate was signifi-

cantly reduced in the presence of an extra copy of Myc,
8 Current Biology 33, 1–16, September 11, 2023
demonstrating increased entry into mitosis in unfertilized eggs

(Figures 4F and 4H). The proportion of embryos initiating induced

facultative parthenogenesis inD. melanogaster embryos (16%) is

comparable with that seen in wild-type facultatively parthenoge-

netic D. mercatorum embryos (12%). However, although 10.7%

of facultative parthenogeneticD.mercatorumprogeny developed

toadulthood, only 1.4%of the engineered facultativeparthenoge-

netic D. melanogaster progeny could do so. Thus, additional fac-

tors appear likely to facilitate development beyond the embryonic

stage of D. melanogaster parthenogens. Indeed, our screen

focused only upon differentially expressed genes at the initiation

of parthenogenesis and not upon zygotic requirements for later

development. In facultatively parthenogenetic D. mercatorum,

evolutionary changes in zygotic gene expression could enable

efficient completion of development. Such a mechanism could

include tissue-dependent control of Myc overexpression, which

is able to regulate cell proliferation in many tissues, but it is

possible that additional zygotically active factors remain to be

discovered. Facultatively parthenogenetic D. melanogaster em-

bryos further resembled their parthenogenetic D. mercatorum

counterparts in failing to showprecise repeated doubling of nuclei

in a geometric series and in displaying lagging anaphase chromo-

somes during nuclear division (Figures 4G and 4H). Although

parthenogenetic embryos show such abnormalities, only a single

nucleus is needed to divide repeatedly during early embryogen-

esis to generate viable offspring.

The above observations led us to monitor the presence or

absence of polar bodies in relation to the extent of mitotic pro-

gression in all single and double gene variant D. melanogaster

eggs (Figure 5A). Unfertilized eggs with elevated Polo displayed

a shift in the number of nuclei enteringmitosis comparedwith un-

fertilized wild-type eggs, suggesting an effect upon progression

of the nuclear division cycles (Figures 5A–5C). TheDesat2� allele

not only caused an increased proportion of eggs entering

mitosis, compared withGFP-polo+ eggs but also caused the po-

lar body nuclei to be positioned interiorly and thus a decrease in

the number of eggs with a polar body aggregate at the cortex

(Figure 5A). The addition of the Myc duplication further

decreased the number of eggs arrested in development after po-

lar body aggregate formation and increased the number of em-

bryos undertaking multiple nuclear divisions (Figure 5A). The

combination of polo overexpression and Desat2� increased

the proportion of embryos undergoing multiple mitotic cycles

at the expense of embryos with internalized nuclei (Figures 5A

and 5D), and this was enhanced by the addition of theMyc dupli-

cation to this combination (Figures 5A and 5E).

The presence of GFP-tagged Polo in combinations favoring

progression of unfertilized embryos into mitotic cycles allowed

us to follow the distribution of Polo kinase on the mitotic appa-

ratus. Whenever polar body chromosomes remained in a

condensed state, no GFP-Polo could be found in their vicinity

(Figures 5B and S6). However, whenever polar body chromo-

somes entered mitosis, GFP-Polo was associated with multiple

microtubule-organizing centers (MTOCs) in the vicinity of the

mitotic apparatus (arrowheads, Figures 5C, 5D, and S6) reminis-

cent of the multiple centrosomes seen in the parthenogenetic

eggs of other Drosophila species.37,48 In addition, GFP-Polo

showed a punctate distribution on mitotic kinetochores in

numbers consistent with haploid, diploid, triploid, and tetraploid
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Figure 4. The inception of parthenogenesis Drosophila embryos
(A–C) Schematic showing the categorizations of development in embryos used in this study: formation of polar body (PB) aggregate, first mitosis, and subsequent

mitotic divisions shown alongside examples of facultatively parthenogenetic D. mercatorum embryos of each category. DNA/DAPI (white) and acylated-Tubulin

(ac-Tub) (magenta).

(D) Histogram displaying the proportion of fertilized, sexually reproduced, facultative parthenogenetic, and parthenogenetic D. mercatorum embryos that have

completed meiosis and only have a PB aggregate present, initiated the first mitosis, or undertaken multiple mitotic nuclear divisions.

(E) Histogram displaying the proportion of wild-type fertilized and unfertilized D. melanogaster embryos that have completed meiosis and only have a PB

aggregate present, initiated the first mitosis, or undertaken multiple mitotic nuclear divisions.

(F) Histogram displaying the proportion of unfertilizedD.melanogaster eggs/embryos fromGFP-polo+,Desat2�,Mycdp Desat2�,GFP-polo+;Desat2�/TM6B, and

GFP-polo+;Mycdp Desat2�/TM6B mothers that have completed meiosis and only have a PB aggregate present, initiated the first mitosis, or undertaken multiple

mitotic nuclear divisions.

(G andH)D.melanogaster embryos fromGFP-polo+;Desat2�/TM6B andGFP-polo+;Mycdp Desat2�/TM6Bmothers that have undertakenmultiplemitotic nuclear

divisions. GFP-polo+ is a transgene on the X, Desat2� is 50 UTR deletion, and Mycdp is a locus duplication on the 3rd chromosome. DNA/DAPI (white) and

a-Tubulin (magenta). Scale bars, 10 mm. Fisher’s exact test used to calculate p values.

See also Figure S5.
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(legend continued on next page)
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complements of chromosomes (Figures 5C, 5D, and S6). Thus,

elevated Polo kinase appears to enable polar body aggregates

to progress through mitosis in the presence of the Desat2� allele,

and this is enhancedby increasedgenedosageofMyc. As the an-

imals develop further, centrosomal GFP-Polo puncta are found

only at the ends of the mitotic spindle as part of the MTOCs (Fig-

ure 5E).By theendof embryogenesis,mitoticcentrosomes recruit

Centrosomin (Cnn), part of the peri-centriolar material enabling

centrosomes to recruit gamma-tubulin and nucleate a high den-

sity of spindlemicrotubules, demonstrating centrosome function-

ality in the parthenogeneticD. melanogaster embryos (Figure 5F).

The formation ofMTOCs, which develop into centrosomes is thus

similar to that observed in other Drosophila species.37,48,49

The above observations pointed toward the development of

parthenogenetic offspring of various ploidies. In natural develop-

ment, one of the four meiotic products becomes separated from

the other three, giving the possibility of generating either haploid

or triploid nuclei, the latter through either fusion of nuclei or their

incorporation onto a common mitotic spindle. Similarly, two

haploid nuclei may enter a common mitosis to generate a diploid

product. We speculated that triploid nuclei might arise frequently

in parthenogenetic offspring because this is a commonly found

arrangement ofpolar bodychromosomes in thewild-typeembryo.

This ledus toexamine thekaryotypeofoffspring incellsbestsuited

for this purpose, neuroblasts from third instar larval brains. This re-

vealed that 6 of 12 (50%) parthenogenetically generated individ-

uals examined were indeed triploid (Figure 5G). One individual

was tetraploid, possibly representing fusion between all three po-

lar body nuclei and the pronucleus. The remaining 5 (42%) were

diploid, representing the fusion of two products of meiosis. Thus,

engineered D. melanogaster parthenogens appear to follow the

pattern described for other parthenogenetic drosophilids, which

undertake normal meiosis and then rediploidize their genomes

by either fusion of haploid meiotic products or post-meiotic dupli-

cation of the haploid gamete.20,22,36,47,50–52 This is in accordance

with previous findings that polyploidy is more common in parthe-

nogenetic than sexually reproducing insects.53 Polyploidy often

arises through fertilization of an unreduced egg of a female under-

going parthenogenesis to generate a triploid lineage comprising

twomaternal and a single paternal genome copy.53 Here, we pro-

vide an alternative mechanism for polyploidy in parthenogenetic

animals, through fusion of more than two haploid post-meiotic

nuclei in an unfertilized egg.
aggregate from fertilized and unfertilized wild-type D. melanogaster embryos a

TM6B, and GFP-polo+;Mycdp Desat2�/TM6B mothers. Fisher’s exact test used t

(B) PB aggregate in an unfertilized embryo from a GFP-polo+ mother.

(C) PB aggregate in an unfertilized embryo that initiated mitosis from a GFP-polo

(D) A nucleus in mitosis in an embryo from a GFP-polo+; Desat2�/TM6B mother

GFP-Polo puncta form, and GFP-Polo becomes associated with the DNA and m

mitosis alike.

(E) Nuclei in an embryo, from aGFP-polo+;Mycdp Desat2�/TM6Bmother, that has

(cyan), Histone 2A (magenta), and acetylated-Tubulin (ac-Tub) (yellow).

(F) Cellularized embryo, from a GFP-polo+;Desat2�/TM6B mother, at extended

(magenta).

(G) Mitotic karyotype chromosomes of third instar larval neuroblasts from

D. melanogaster mothers. Neuroblasts in animals derived by sexual reproducti

animals were triploid and 8%, tetraploid (n = 12). Individual chromosomes are la

Scale bars, 10 mm (A–F) and 1 mm (G). GFP-polo+ is a transgene on the X, Desat2

See also Figure S6.
DISCUSSION

Our study identifies genes associated with facultative partheno-

genesis in the fruit fly, D. mercatorum, that are able to impart

this ability to a non-parthenogenetic fruit fly, D. melanogaster.

Although a genetic basis for parthenogenesis has been previ-

ously inferred through trait selection and by genetically map-

ping parthenogenetic loci, this is the first demonstration of

genetically inducible facultative parthenogenesis in any animal.

Together with physical and developmental constraints,2 an

identifiable genetic cause can account for the more frequent

incidence of facultative parthenogenesis in particular groups

of animals. The system we have developed to assess the

contribution of gene variants to facultative parthenogenesis in

D. melanogaster may be more broadly applicable to further

parthenogenetic species of Drosophila and other forms of

parthenogenesis. Moreover, our genetically induced strain of

D. melanogaster provides a valuable tool for future mechanistic

studies of parthenogenesis.

We demonstrate that two extra copies of polo coupled with

decreased Desat2 expression is sufficient to initiate embryogen-

esis in unfertilized D. melanogaster eggs and that this is

enhanced by an extra copy ofMyc. Progression through the nu-

clear division cycles of the syncytial embryo is very sensitive to

the gene dosage of polo particularly when the cell cycle is under

perturbation. For example, developmental failure of embryos

from hemizygous polo mothers with hyperactive mitotic protein

kinase, Greatwall, which inhibits PP2A, can be rescued by a sin-

gle extra copy of polo.54 This requirement for a delicate balance

of Polo may reflect differing roles of Polo kinase to counter PP2A

in promoting mitotic entry and yet collaborate with PP2A at later

mitotic stages. The transition between meiosis and entry into the

very first division cycle also requires cooperation between PP2A

and the PanGu protein kinase; the png mutant phenotype, en-

doreduplication of the meiotic products to form giant nuclei, is

suppressed by loss of PP2A function.55 Precise control of cell-

cycle parameters is therefore crucial for successful initiation of

embryonic development, and Polo has a well-established role

in initiating mitosis. Furthermore, in addition to initiating the nu-

clear division cycles, Polo also mediates the formation of centro-

somal MTOCs (Figures 5C–5E) that, although not necessary for

mitosis at later developmental stages,56 are required for the

rapid nuclear division cycles of the syncytial embryo.57
nd embryos from GFP-polo+, Desat2�, Mycdp Desat2�, GFP-polo+;Desat2�/
o calculate p values for all categories that had PB aggregates.

+ mother.

. Arrowheads point to ectopic centrosomes. When mitosis is initiated multiple

itotic spindle in the PB aggregates that initiate mitosis and nuclei that continue

passed the cellularization stage of development. DNA/DAPI (white), GFP-Polo

germ-band stage. DNA/DAPI (white), centrosomes/cnn (cyan), and a-Tubulin

sexually reproducing and parthenogenic GFP-polo+;Mycdp Desat2�/TM6B

on were all diploid (n = 12), whereas 50% of the parthenogenetically derived

beled in white lettering.
� is 50 UTR deletion, andMycdp is a locus duplication on the 3rd chromosome.
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Figure 6. Proposed model for how Myc,

Polo, and Desat2 cause parthenogenesis in

D. melanogaster

(A) In a fertilized egg the paternal pronucleus (pn)

from the sperm and the maternal pn fuse and

initiate cell divisions that are organized by centro-

somes organized around a centriole and procen-

triole-like body provided by the sperm.

(B) Unfertilized eggs having greater maternal Myc

expression exhibit increased expression of genes

for cell-cycle regulatory proteins. The polar bodies

(PBs) become positioned away from the egg

membrane and can enter mitosis more readily as a

result of the Desat2� allele. Elevated Polo kinase

promotes the de novo formation of centrosomes

and facilitates entry into the mitotic cycles. As a

consequence, the PB nuclei are exposed to all the

components necessary to initiate development

and the syncytial nuclear division cycles, thus

initiating parthenogenesis. Once zygotic tran-

scription is initiated, the elevated expression of

Myc promotes cell proliferation favoring diploid or

polyploid cells.
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The greatest extent of development achieved in the single

variant screen was with the Desat1 allele, which also carried a

backgroundDesat2� allele (Table 1; Data S6A). Decreased desa-

turase permitted thegenerationof adult flies parthenogenetically,

which was not possible by increased polo or Myc expression

alone. Decreased Desat2may have multifactorial consequences

in initiating parthenogenetic development. Desat2 influences the

fluidity of membranes,41,44,58 which could interfere with the

anchoring of polar body nuclei to the egg cortex, enabling them

to adopt an interior position that is more favorable for mitosis

and occurs in many parthenogen embryos carrying the Desat2

allele (Figures 4G and 4H). Desat2 is also present at the endo-

plasmic reticulum, whose integrity around the spindle poles is

crucial to maintain mitotic spindle shape and pulling forces in

the syncytialDrosophila embryo59 that might be key for the onset

of the mitotic division cycles. Moreover, the reticulated mem-

brane surrounding the centrosome in C. elegans embryos also

regulates both the microtubule nucleating ability of centrosomes

and nuclear envelopebreakdownonmitotic entry.60 Continuity of

the ER and nuclear membranes may be critical, not only for

mitosis but also for the onset of zygotic development where the

nuclear envelope forms de novo. In D. melanogaster, the egg-

to-embryo transition requires thematernally provided YA nuclear

membrane protein to initiate the syncytial mitotic cycles.61 Em-

bryos derived from fs(1)Ya mothers lack this nuclear envelope

protein and are unable to initiate the syncytial mitotic cycles. It

is possible that membrane fluidity may play a role in mediating

this transition together with specific nuclear envelope proteins.

Our identification of Myc, also known as diminutive, as an

enhancer of facultative parthenogenesis is in line with its contri-

bution to cell growth, cell competition, and regenerative prolifer-

ation. Its ability to promote cell proliferation in all tissues could

give a necessary growth advantage to triploid or tetraploid cells

in anotherwisegeneticallymosaicparthenogen facilitatingdevel-

opment to adulthood. Myc plays an essential role in promoting
12 Current Biology 33, 1–16, September 11, 2023
the rapid growth thatmust occur in both the germline and the sur-

rounding follicle cells for oogenesis to proceed62 and is neces-

sary to stimulate mitochondrial respiration in the ovary.63 Thus,

its elevated expression could be critical to express a wide range

of genes to ensure that eggs are sufficiently fit for the proliferative

challenges of parthenogenetic development.

Taken together, we propose a model for parthenogenetic

development as a starting point for future research (Figure 6).

Guided by differential gene expression between parthenoge-

netic and sexually reproducing strains of D. mercatorum, we

identify three genes whose altered expression results in parthe-

nogenesis in D. melanogaster. Myc is required for multiple as-

pects of the development of the Drosophila egg chamber and

would ensure that the oocyte is optimally primedwith gene prod-

ucts for the rapid nuclear division cycles of the syncytial embryo.

Altered membrane fluidity resulting from decreased Desat2 that

would either release polar body nuclei from the eggmembrane or

prevent their transport to the membrane, thus facilitating their

participation in mitosis to generate diploid, triploid, and tetra-

ploid nuclei to populate the syncytium. Finally, increased Polo ki-

nase would enable formation of multiple centrosomes in the

parthenogenetic embryo upon the completion of meiosis. These

are captured by the early mitotic figures ensuring the fidelity of

subsequent mitoses but, perhaps more importantly, enabling

the development of spatially organized MTOCs, essential to

orchestrate the rapid nuclear division cycles. Following cellulari-

zation, elevated expression ofMycwould ensure the growth and

proliferation of tissues throughout all subsequent development.

Facultative parthenogenesis is potentially an adaptive trait that

may provide reproductive assurance for isolated females.21,64–66

It is also possible that one or more of the variants we identified

may have additional benefits in addition to reproductive assur-

ance. In fact, decreased expression of the Desat2 imparts cold

tolerance to D. melanogaster, therefore aiding it to become a

cosmopolitan species.44 Thus, facultative parthenogenesis in
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Drosophilamay be under balancing selection together with other

benefits. Facultative parthenogenesis appears to be a success-

ful means of reproduction from its prevalence in Drosophila,

midges, andmosquitos.2 It seems likely therefore that facultative

parthenogenesis in other dipteran species may share common

underlying mechanisms that will be of considerable interest in

the study of the control of insect populations.
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D. melanogaster Ub-plp::GFP5.2/CyO;

TM3, sb/TM6B

Ruslan Lab N/A

D. melanogaster Sas-6 rescue pUbq-Sas-6 / CyO Glover Lab N/A

D. melanogaster y1 sc1 v1 P{nos-phiC31\int.NLS}X;

P{CaryP}attP2

Bloomington Drosophila Stock Center BDSC 25710
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D. melanogaster y1 v1 P{nos-phiC31\int.NLS}X;

P{CaryP}attP40

Bloomington Drosophila Stock Center BDSC 25709

D. melanogaster nanos-cas9 Filip Port N/A

D. melanogaster actin-cas9 Filip Port N/A

D. mercatorum wildtype Cornell Stock Centre CSC 15082-1511.00

D. mercatorum wildtype Cornell Stock Centre CSC 15082-1521.22

D. mercatorum wildtype Cornell Stock Centre CSC 15082-1527.01

D. mercatorum wildtype Cornell Stock Centre CSC 15082-1527.02

D. mercatorum wildtype Cornell Stock Centre CSC 15082-1527.03

D. mercatorum wildtype Cornell Stock Centre CSC 15082-1527.04

D. mercatorum wildtype Cornell Stock Centre CSC 15082-1527.05

D. mercatorum parthenogenetic Cornell Stock Centre CSC 15082-1525.07

D. ananassea wildtype Cornell Stock Centre CSC 14024-0371.15

D. ananassea wildtype Francis Jiggins Lab N/A

D. atripex wildtype Cornell Stock Centre CSC 14024-0361.00

D. pallidosa wildtype Kyorin Fly k-aae002

D. suzukii wildtype Genetics Fly Facility N/A

D. parthenogenetica wildtype Cornell Stock Centre CSC 15181-2221.03

D. robusta wildtype Cornell Stock Centre CSC 15020-1111.12

D. albomicans wildtype Kyorin Fly E-10801

D. americana wildtype Cornell Stock Centre CSC 15010-1041.32

D hydie wildtype Francis Jiggins Lab N/A

S. lebanonensis wildtype Francis Jiggins Lab N/A

S. stonei wildtype Francis Jiggins Lab N/A

w D. melanogaster - Genetics Fly Facility N/A

D. melanogaster Or Genetics Fly Facility N/A

D. melanogaster wild-caught isofemale line -

Single female collected in Cambridge UK,

CB1 1DS

This study N/A

D. melanogaster y[1] w[*] P{w[+mC]=bam-

GAL4:VP16}1

Bloomington Drosophila Stock Center BDSC 80579

D. melanogaster w[*]; P{w[+mC]=matalpha4-

GAL-VP16}V37

Bloomington Drosophila Stock Center BDSC 7063

D. melanogaster w[*]; P{w[+mC]=matalpha4-

GAL-VP16}V2H

Bloomington Drosophila Stock Center BDSC 7062

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMC02386}attP2

Bloomington Drosophila Stock Center BDSC 44484

D. melanogaster If / CyO; MKRS / TM6B David M Glover Lab N/A

D. melanogaster y[1] w[*]; P{y[+t7.7]=

Mae-UAS.6.11}CG3436[LA00324]

Bloomington Drosophila Stock Center BDSC 22228

D. melanogaster dhd[JS] / FM7;; TM6B / TM3 Terry Orr-Weaver Lab N/A

D. melanogaster dhd[P8] / FM7 Terry Orr-Weaver Lab N/A

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMS02193}attP40

Bloomington Drosophila Stock Center BDSC 40945

D. melanogaster y[1] w[1]; Klp64D[k1]/TM3,

y[+] Ser[1]

Bloomington Drosophila Stock Center BDSC 5578

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS00989}attP2

Bloomington Drosophila Stock Center BDSC 34019

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS00603}attP2

Bloomington Drosophila Stock Center BDSC 33721

D. melanogaster [1118]; P{w[+mGT]=GT1}

Trx-2[BG02804]

Bloomington Drosophila Stock Center BDSC 12826
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D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMS00017}attP2

Bloomington Drosophila Stock Center BDSC 33623

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.GL00094}attP2

Bloomington Drosophila Stock Center BDSC 35573

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMS00004}attP2/TM3, Sb[1]

Bloomington Drosophila Stock Center BDSC 33613

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMJ21116}attP40/CyO

Bloomington Drosophila Stock Center BDSC 51002

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMS00029}attP2

Bloomington Drosophila Stock Center BDSC 33631

D. melanogaster Bam-gal4 Felipe Karam Teixeira Lab N/A

D. melanogaster w[1118]; P{w[+mC]=osk-GAL4::

VP16}A11/CyO

Bloomington Drosophila Stock Center BDSC 44241

D. melanogaster w[1118]; P{y[+t7.7] w[+mC]=

GMR83E05-GAL4}attP2

Bloomington Drosophila Stock Center BDSC 40361

D. melanogaster y[1] w[*]; P{w[+mC]=Act5C-GAL4}

17bFO1/TM6B, Tb[1]

Bloomington Drosophila Stock Center BDSC 3954

D. melanogaster ry[506] e[1] bam[Delta86]/TM3,

ry[RK] Sb[1] Ser[1]

Bloomington Drosophila Stock Center BDSC 5427

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMC04150}attP2

Bloomington Drosophila Stock Center BDSC 55877

D. melanogaster w[*]; Df(3R)caki[X-313],

CASK[X-313]/TM6B, Tb[+]

Bloomington Drosophila Stock Center BDSC 6784

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMJ21478}attP40

Bloomington Drosophila Stock Center BDSC 54035

D. melanogaster y[1] v[1]; P{y[+t7.7] v[+t1.8]=

TRiP.HMC03034}attP2

Bloomington Drosophila Stock Center BDSC 51428

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMC04435}attP40

Bloomington Drosophila Stock Center BDSC 56993

D. melanogaster w[1118]; PBac{w[+mC]=WH}

CG17202[f01979]/TM6B, Tb[1]

Bloomington Drosophila Stock Center BDSC 18498

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS02472}attP40

Bloomington Drosophila Stock Center BDSC 42636

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.GL01585}attP2

Bloomington Drosophila Stock Center BDSC 43975

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMC03583}attP40

Bloomington Drosophila Stock Center BDSC 53354

D. melanogaster w[*]; b[1]; CRMP[supK1] Bloomington Drosophila Stock Center BDSC 40954

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.GL00428}attP2

Bloomington Drosophila Stock Center BDSC 35591

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS01654}attP40

Bloomington Drosophila Stock Center BDSC 37512

D. melanogaster y[1] w[67c23]; P{y[+mDint2]

w[+mC]=EPgy2}Desat1[EY07679]

Bloomington Drosophila Stock Center BDSC 20171

D. melanogaster w[1118]; Df(3R)Exel7316/

TM6B, Tb[1]

Bloomington Drosophila Stock Center BDSC 7970

D. melanogaster y[1] v[1]; P{y[+t7.7]

v[+t1.8]=TRiP.HMJ30095}attP40

Bloomington Drosophila Stock Center BDSC 63529

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMC06291}attP2

Bloomington Drosophila Stock Center BDSC 65995

D. melanogaster In(3L)P, Desat2[7-11HD-low] Bloomington Drosophila Stock Center BDSC 4532

D. melanogaster w[*] P{w[+mC]=EP}e(r)[G926] Bloomington Drosophila Stock Center BDSC 33462

D. melanogaster w[1118]; P{w[+mC]=

UAS-eya.B.II}14

Bloomington Drosophila Stock Center BDSC 5675
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D. melanogaster w[1118]; P{w[+mC]=

UAS-eya.B.I}55.2

Bloomington Drosophila Stock Center BDSC 5676

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS02251}attP2

Bloomington Drosophila Stock Center BDSC 41687

D. melanogaster f[36a] Bloomington Drosophila Stock Center BDSC 43

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS00249}attP2

Bloomington Drosophila Stock Center BDSC 33375

D. melanogaster w[*]; P{w[+mC]=lacW}FER

[X42]/TM6B, Tb[1]

Bloomington Drosophila Stock Center BDSC 9361

D. melanogaster y[1] w[*]; P{w[+mC]=UAS-

gnu-GFP.R}2/CyO

Bloomington Drosophila Stock Center BDSC 38438

D. melanogaster gnu[1] / TM6B This study N/A

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMC04660}attP40

Bloomington Drosophila Stock Center BDSC 57266

D. melanogaster w[1118]; TI{w[+mW.hs]=

TI}ktub[1]/CyO

Bloomington Drosophila Stock Center BDSC 68206

D. melanogaster y[1] w[67c23]; P{y[+mDint2]

w[+mC]=EPgy2}msd1[EY11673]

Bloomington Drosophila Stock Center BDSC 20814

D. melanogaster Myc[4]/FM7i, P{w[+mC]=

ActGFP}JMR3

Bloomington Drosophila Stock Center BDSC 64769

D. melanogaster w[1118]; Dp(1;3)DC059,

PBac{y[+mDint2] w[+mC]=DC059}VK00033

Bloomington Drosophila Stock Center BDSC 31438

D. melanogaster w[1118]; Dp(1;3)DC060,

PBac{y[+mDint2] w[+mC]=DC060}

VK00033/TM6C, Sb[1]

Bloomington Drosophila Stock Center BDSC 30239

D. melanogaster w[1118]; P{w[+mC]=

UAS-Myc.Z}132

Bloomington Drosophila Stock Center BDSC 9674

D. melanogaster y[1] w[*]; P{w[+mC]=

UAS-Nmnat.Z}2/CyO

Bloomington Drosophila Stock Center BDSC 39699

D. melanogaster w[1118]; P{w[+mC]

pnt[P2.UAS]=UAS-pnt.P2}2/TM3, Sb[1]

Bloomington Drosophila Stock Center BDSC 399

D. melanogaster w[*]; Rack1[1.8]

P{ry[+t7.2]=neoFRT}40A/CyO, S[2]

Bloomington Drosophila Stock Center BDSC 24152

D. melanogaster pUAS-GFP-Rcd4 / SM5a David M Glover lab N/A

D. melanogaster pUAS-flag-Rcd4 / SM5a David M Glover lab N/A

D. melanogaster pUbq-GFP-Rcd4 David M Glover lab N/A

D. melanogaster pUbq-Rcd4-GFP David M Glover lab N/A

D. melanogaster w[*]; P{w[+mC]=

UAS-Roc1a.D}8.1

Bloomington Drosophila Stock Center BDSC 34047

D. melanogaster Roc1A[4] / FM6ß This study N/A

D. melanogaster w[*] P{w[+mC]=

EP}Roc1a[G824]/FM6, w[*]

Bloomington Drosophila Stock Center BDSC 26607

D. melanogaster y[1]; P{y[+mDint2]

w[BR.E.BR]=SUPor-P}RpL10Ab[KG09231]

ry[506]/TM3, Sb[1] Ser[1]

Bloomington Drosophila Stock Center BDSC 15173

D. melanogaster w[*]; P{w[+mC]=UASp-

spir.RC.GFP}21

Bloomington Drosophila Stock Center BDSC 24765

D. melanogaster ana2[4.3] / CyO This study N/A

D. melanogaster pUbq-Asl-wt / CyO David M Glover lab N/A

D. melanogaster asl[FL.Ubi-p63E.EYFP] Cayetano Gonzalez Lab N/A

D. melanogaster asl[38] / TM6B This study N/A

D. melanogaster cn[1] cnn[HK21]

bw[1]/CyO, l(2)DTS513[1]

Bloomington Drosophila Stock Center BDSC 5039
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D. melanogaster w[*]; P{w[+mC]=

UAS-CycE.L}ML1

Bloomington Drosophila Stock Center BDSC 4781

D. melanogaster y[1]; P{y[+mDint2]

w[BR.E.BR]=SUPor-P}

Exo70[KG08051] mtrm[KG08051]

ry[506]/TM3, Sb[1] Ser[1]

Bloomington Drosophila Stock Center BDSC 14932

D. melanogaster mr[1] / CyO This study N/A

D. melanogaster mr[2] / CyO This study N/A

D. melanogaster plp[165-P3-16] / TM6B This study N/A

D. melanogaster plu[1] / CyO This study N/A

D. melanogaster plu[5] / CyO This study N/A

D. melanogaster png[14] / FM7 This study N/A

D. melanogaster png[11] / FM7 This study N/A

D. melanogaster P{GFP-polo[+]}

endogenous promotor

Claudio Sunkel Lab N/A

D. melanogaster w[1118]; Dp(3;2)GV-

CH321-86F01, PBac{y[+mDint2] w[+mC]=

GV-CH321-86F01}VK00037/CyO

Bloomington Drosophila Stock Center BDSC 90053

D. melanogaster polo[1] / TM6B David M Glover lab N/A

D. melanogaster polo[11] / TM3 David M Glover lab N/A

D. melanogaster UAS-rca1; if / CyO;

MKRS / TM6B

Frank Sprenger Lab N/A

D. melanogaster UAS-rca1 / CyO;

MKRS / TM6B

Frank Sprenger Lab N/A

D. melanogaster w; pUASp-SAK / CyO;

MKRS, Sb / TM6B

David M Glover lab N/A

D. melanogaster w[1118]; Dp(3;2)GV-CH321-

48C20, PBac{y[+mDint2] w[+mC]=GV-

CH321-48C20}VK00037/CyO

Bloomington Drosophila Stock Center BDSC 90163

D. melanogaster SAK[144] / TM6B This study N/A

D. melanogaster pUbq-Sas-6-GFP / CyO David M Glover lab N/A

D. melanogaster If / Cyo; pUASp-Sas6

GFP / TM6B

David M Glover lab N/A

D. melanogaster Sas-6[103] / TM6B This study N/A

D. melanogaster w[*]; P{ry[+t7.2]=neoFRT}82B

slmb[3A1]/TM6B, Tb[+]

Bloomington Drosophila Stock Center BDSC 65423

D. melanogaster w[*]; P{ry[+t7.2]=neoFRT}82B

slmb[UU11]/TM6B, Tb[1]

Bloomington Drosophila Stock Center BDSC 65424

D. melanogaster w[1118]; Df(3R)BSC508/TM6C,

Sb[1] cu[1]

Bloomington Drosophila Stock Center BDSC 25012

D. melanogaster slmb[i33] / TM6B This study N/A

D. melanogaster slmb[i41] / TM6B This study N/A

D. melanogaster slmb[i44] / TM6B This study N/A

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS02790}attP40

Bloomington Drosophila Stock Center BDSC 44073

D. melanogaster y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.GL00138}attP2

Bloomington Drosophila Stock Center BDSC 44417

D. melanogaster w[*]; P{ry[+t7.2]=neoFRT}

82B tefu[atm-6] e[1]/TM6B, Tb[1]

Bloomington Drosophila Stock Center BDSC 8626

D. melanogaster P{ry[+t7.2]=neoFRT}82B

tefu[atm-8] e[1]/TM3, Sb[1]

Bloomington Drosophila Stock Center BDSC 8624

Oligonucleotides

Wolbachia TGGTCCAATAAGTGATGAAGAAAC Julien Martinez wsp 81F
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Wolbachia AAAAATTAAACGCTACTCCA Julien Martinez wsp 691R

Desat2 AAGAGCTCGCCAGCTATCTAC This study Desat2-UTR-FWD

Desat2 AAGGACACCCGTTTCTCTGG This Study Desat2-UTR-REV

Recombinant DNA

Plasmid CFD4 Port et al.67 CFD4

Software and algorithms

CRISPR Optimal Target Finder N/A http://tools.flycrispr.molbio.wisc.edu/

targetFinder/)

wtdbg2 (v2.5) Ruan and Li 68 https://github.com/ruanjue/wtdbg2

minimap2 (v2.24) Li69 https://github.com/lh3/minimap2/releases

Samtools Li et al.70 https://www.htslib.org/

Freebayes Garrison and Marth 71 https://github.com/freebayes/freebayes

bcftools consensus (v2.18) Li72 https://github.com/samtools/bcftools/

releases/

wfmash (v0.6) Guarracino et al.73 https://github.com/waveygang/wfmash/

releases

bedtools (v2.18) Quinlan and Hall74 https://github.com/arq5x/bedtools2

meryl (v1.3) and ) and merqury (v1) Rhie et al.75 https://github.com/marbl/meryl

RepeatModeler2 (v2.0.1) Flynn et al.76 https://github.com/Dfam-consortium/

RepeatModeler/blob/master/

RELEASE-NOTES

RepeatMasker (v4.0.9) Smit et al.77 https://www.repeatmasker.org/

cutadapt (v2.0) Martin78 https://cutadapt.readthedocs.io/en/v2.0/

STAR (v2.7.0e) Dobin et al.79 https://github.com/alexdobin/STAR/

releases

BRAKER2 Br�una et al.80 https://github.com/Gaius-Augustus/

BRAKER

BLASTx (ncbi-blast-2.10.1) Zhang et al.81 https://ftp.ncbi.nlm.nih.gov/blast/

documents/blastdb.html

MUMmer (v3.23) Kurtz et al.82 https://mummer.sourceforge.net/

BUSCO (v5.3.2) Manni et al.83 https://busco.ezlab.org/

featureCounts (subread v1.6.3) Liao et al.84 https://rnnh.github.io/bioinfo-notebook/

docs/featureCounts.html

topGO Alexa et al.85 https://bioconductor.org/packages/

release/bioc/html/topGO.html

ImageJ (Fiji) Schindelin et al.86 https://fiji.sc/

Other

R9 Version Spot-ON Flow Cell RevD Nanopore FLO-MIN106D

Molecular Instruments HCR protocol (v3.0) Molecular Instruments https://www.molecularinstruments.com/

hcr-rnafish-protocols

D. melanogaster gene names and FBgn numbers http://flybase.org/ fbgn_NAseq_Uniprot_fb_2020_03.tsv

D. melanogaster CDS (reference version 6.35) and

Genome (v6.27)

N/A https://www.ncbi.nlm.nih.gov/

genome?term=vih&cmd=DetailsSearch

D. melanogaster Genome Release 6 plus ISO1 MT The FlyBase Consortium/Berkeley

Drosophila Genome Project/Celera

Genomics

https://www.ncbi.nlm.nih.gov/assembly/

GCF_000001215.4/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Alexis

Sperling (alb84@cam.ac.uk).

Materials Availability
All Drosophila stocks generated in the study will be made available upon request.

Data and Code availability

d All code is publicly available. The genome assembly, analysis, and quality control code are on https://github.com/ekg/

Drosophila. The annotation, transcriptomics analysis, and quality control code are on https://github.com/FabianDK/

drosophila_parthenogenesis

d All raw and analyzed D. mercatorum genomic data is available on ENA (European Nucleotide Archive): PRJEB64421.

d The gene expression data generated by this study is on ENA: PRJEB43100.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
METHOD DETAILS

Drosophila stocks
All screened alleles have their origin and stock numbers also given in the appropriate data tables to the facilitate matching of results

with alleles (Data S1, S4, and S6). The stocks used in creating CRISPR/Cas9-generated alleles, complementation test, and rescue

experiments are listed below:

FRT chromosome stock P{ry[+t7.2]=neoFRT}19A; ry[506] (BDSC 1709). FRT chromosome stock w*; P{w+mW.hs=FRT(whs)}2A

(BDSC 1997). asl deficiency w1118; Df(3R)ED5177, P{3’.RS5+3.3’}ED5177/TM6C, cu1 Sb1 (BDSC 8103). morula mutant alleles

px1 bw1 mr1 sp1/In(2LR)bwV1, ds33k bwV1 (BDSC 380) and chl1 l(2)bw1 bw2b mr2/SM5 (BDSC 257). Plk4/SAK deficiency

w[1118]; Df(3L)BSC418/TM6C, Sb[1] cu[1] (BDSC 24922). plp deficiency w[1118]; Df(3L)BSC837/TM6C, Sb[1] cu[1] (BDSC

27916). Sas-6 deficiency w[1118]; Df(3R)BSC794, P+PBac{w[+mC]=XP3.WH3}BSC794/TM6C, Sb[1] cu[1]] (BDSC 27366). slmb

deficiency w[1118]; Df(3R)BSC508/TM6C, Sb[1] cu[1] (BDSC 27916). ana2 rescue pUbq-ana2 / CyO (Glover Lab). asl rescue:

UASp-Asl-WT/CyO (Glover Lab). Plk4/SAK rescue w; UASp-SAK/Cyo; MKRS/TM6B (Glover Lab). plp rescue Ub-plp::GFP5.2/

CyO; TM3, sb/TM6B (Ruslan Lab). Sas-6 rescue pUbq-Sas-6 / CyO (Glover Lab).

Drosophila CRISPR
The CRISPR/Cas9 stocks were created using nos-cas9 and act-cas9 from Fillip Port crossed with a transgenic line expressing the

gRNA using the exact method and flies described previously.6,67 The CRISPR Optimal Target Finder (http://tools.flycrispr.molbio.

wisc.edu/targetFinder/) was used to design the 20mer target sequence. Transgenic gRNA flies were created with either y1 sc1 v1

P{nos-phiC31\int.NLS}X; P{CaryP}attP2 (BDSC 25710) or y1 v1 P{nos-phiC31\int.NLS}X; P{CaryP}attP40 (BDSC 25709). The

gRNA sequences (Data S5) were cloned into plasmid CFD467 and injected into embryos by the Genetics Fly Facility, University of

Cambridge, thereby creating transgenic gRNA-expressing stocks. To screen for successful mutations the genomic DNA was iso-

lated, a PCR was run with primers to the gene in question (Data S5) and Sanger sequenced.

Hybridization experiments
The reciprocal crosses of males and females from different D. mercatorum strains were maintained for the duration of their lives with

their food changed weekly. If offspring (F1) were produced, they were checked for the presence of at least 3 males, since

D. mercatorum does produce non-disjunction males (X/0) by parthenogenesis.21 The F1 were then flipped into a new tube and

checked for male and female offspring (F2). If F2 were produced, then both the males and the females were fertile. All strains of

D. mercatorum were able to interbreed producing viable and fertile male and female offspring, although the parthenogenetically

reproducing strain showed some impediment in consistent sexual reproduction (Data S1A).

Facultative Parthenogenesis assay
The facultative parthenogenesis assay was adapted from Stalker 1954.20 Batches of 1-70 virgins were collected and maintained for

the duration of their lives on fresh food that was changed weekly. All offspring screening was carried out blind. The old food was kept

for more than 3 days and then examined for parthenogenetic development, indicated by the presence of dead brown embryos (dead

embryos turn brown if they have tissues decaying) or further development. Any observed offspringwas allowed to reach its final stage

of development. If a fly was parthenogenetically produced, it was then maintained for the duration of its life on fresh food. We docu-

mented the number of instances of facultative parthenogenesis relative to the number of adults screened. Our determination of the
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baseline of facultative parthenogenesis in 8 different D. mercatorum strains indicated that most offspring were produced midway

through the mother’s life (22.2 days out of the average 50 days; Data S1B).

Wolbachia test
Parthenogenesis did not arise as a result ofWolbachia infections as is known to occur in other arthropods87 becausewe confirmed by

PCR that the D. mercatorum strains did not carry Wolbachia (Data S1B). Moreover, in Drosophila Wolbachia infections are only re-

ported to cause cytoplasmic incompatibility.88 Together, these findings validate the use of D. mercatorum as our study species; the

strains to be used for comparison; and of the facultative parthenogenetic screening method to be used.

PCRs were carried out upon preparations of D. mercatorum genomic DNA using general primers (wsp 81F: TGGTCCAA

TAAGTGATGAAGAAAC, wsp 691R: AAAAATTAAACGCTACTCCA) against Wolbachia and the resulting DNA fragments were sub-

jected to electrophoresis on a 1% agarose gel. The primer sequences and positive control were provided by Julien Martinez.

Selection of D. mercatorum strains to sequence
As also seen with other Drosophila species,16,20,51,89D. mercatorum shows variability in the incidence of facultative parthenogenesis

between strains linked to their geographical collection points.21,90 In selecting a sexually reproducing strain and a completely parthe-

nogenetic strain of D. mercatorum for genomic analysis, we chose one strain from a more ancestral habitat (Brazil) and one from a

newly colonized habitat (Hawaii).25 Although changes in gene organization between strains from two distant geographical locations

will reflect selection of traits enabling survival in these different environments, it will also maximize the chance of identifying potential

genome changes facilitating facultative parthenogenesis.

High molecular weight DNA preparation
TheHighmolecular weight DNApreparationmethodwas amixed protocol.91,92 Flieswere homogenized in 150 ml of SDS buffer (0.5%

(w/v) SDS, 0.200M Tris, 0.25M EDTA, 0.250MNaCl) using a handheld electric pestle mixer for 10 seconds. 350 ml of SDS buffer was

added to the mixture and incubated at 37�C for 4 h; then 5 ml of RNase A (100 mg/ml) was added and incubated at 37�C for 2 h; and

then 5 ml of Proteinase K (20 mg/ml) was added and incubated for a further 2 h at 50�C. The DNA was extracted using 240 ml of the

phenol layer of phenol/chloroform/isoamyl alcohol (25:24:1), Acros Organics from Fisher Scientific. Following gentle mixing for 3 min

at room temperature, the mixture was centrifuged at 12,000 x g for 10min, and the supernatant decanted. The phenol extraction was

repeated oncemore followed by a final chloroform layer extraction. The DNAwas precipitated with 500 ml -20�C absolute ethanol and

let stand at -20�C for more than 5 min before removing the DNA precipitate. The DNA was placed into a new tube with 80% ethanol

and centrifuged at 12,000 g for 3 min and the pellet washed again with 500 ml of 80% ethanol before centrifugation at 12,000 g for

3 min to remove residual salt. The pellet was then dried at 37�C and 50 ml of elution buffer (10mM Tris, pH 8.0, in nuclease free water)

was added. The DNA was left at room temperature overnight and then at 4�C for a minimum of 2 days prior to sequencing.

Long-read Nanopore library preparation
Parthenogenetic Genome

High molecular weight DNA was extracted from 32 females form an isofemale D. mercatorum strain from the Cornell University Na-

tional Drosophila Species Stock Centre (CSC: 15082–1525.07). 457.2 ng of isolated DNA was sequenced on the Nanopore MinIOn

using the SQK LSK-109 ligation protocol and FLO-MIN106D R9 Version Spot-ON Flow Cell RevD.

Sexually Reproducing Genome

High molecular weight DNA was extracted from 32 adult females from the sexually reproducing Drosophila mercatorum strain (CSC:

15082–1511.00). A slightly modified QIAGEN Genomic-tip (100/G) protocol was used for library preparation with the following

changes: dry frozen flies were homogenized to a fine powder in a tube partially submerged in liquid Nitrogen (N2). After lysis buffer

was added the sample was immediately vortexed for 5 seconds. DNA concentration was quantified using Qubit, Nanodrop, and the

Agilent Tapestation. 2.57 mg and was then sequenced on the Nanopore MinIOn using the SQK LSK-110 ligation protocol and FLO-

MIN106D R9 Version Spot-ON Flow Cell.

Short-read Illumina library preparation
Parthenogenetic Genome

Illumina short-read whole genome sequence data was generated using high molecular weight DNA from a single parthenogenetic

female D. mercatorum. The DNA was diluted in 52.5ml of elution buffer (10mM Tris, PH 8.0, in Nuclease free water) and placed

into a Covaris Screw Cap microTUBE for M220 and sonicated using an E220evolution Focused-ultrasonicator. The library was

then prepared using the KAPA HyperPrep Kits for NGS DNA Library Prep by Roche and sequenced on a NovaSeq with 150 bp

PE reads.

Sexually Reproducing Genome

Illumina short-read whole genome sequence data was generated using high molecular weight DNA from a single sexually reproduc-

ing femaleD.mercatorum. The library was then prepared using the NEBNext Ultra II DNA Library Prep Kit for Illumina by New England

Biolabs and sequenced on a MiSeq with 150 bp PE reads.
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Genome assembly
Polished chromosome-level genome assemblies were created using Oxford Nanopore and Illumina sequencing technology. The ge-

nomes of the sexually reproducing and parthenogenetic strains were assembled using wtdbg2 (v2.5)68 using the setting ‘‘wtdbg2 -x

ont -g 200m’’ and following the consensus generation procedure (wtpoa-cns, minimap2 (v2.24),69 samtools70) recommended by the

author. We then followed a polishing procedure similar to that used in the Vertebrate Genomes Project (VGP), wherein alignments of

Illumina reads were compared to the genome assemblies and used as input to freebayes.71 bcftools consensus (v2.18)72 was used to

correct the genome to match homozygous calls from the Illumina alignments. They assembly quality assessed using standard met-

rics of NG50, coverage, and genome size (Figure 1B), all of which indicated that the genome sequences were of similar or greater

quality to other de novo Drosophila genome assemblies. The apparent larger size of the sexually reproducing genome, which shows

high representation of repetitive sequence, likely reflects different DNA preparationmethods resulting in the overall size of the contigs

(NG50) being larger.

Genome alignment
We aligned the genomes using minimap2 (v2.24) with settings ‘‘-a -x ont’’, resulting in alignments for each input nanopore read set to

its respective assembly. We compared the twoD.mercatorum assemblies to each other usingwhole genome alignment with wfmash

(v0.6).73 We additionally completed whole genome alignments with wfmash to evaluate the relationship between the assemblies and

with theD. melanogaster reference assembly, using ‘‘wfmash -p 70’’. Comparison of theD. mercatorum genome assemblies with the

D. melanogaster reference genome showed the contigs match to single chromosome arms (Figures 1C, S2A, and S2C). There is

some overlap between the chromosome arms because centromeres and telomeres are composed of transposable elements in

Drosophila.93–96 There was 75.8% and 75.5% gap-compressed sequence identity (n.b. this metric counts each gap as a single

base irrespective of length, as described in http://lh3.github.io/2018/11/25/on-the-definition-of-sequence-identity) for the sexually

and parthenogenetically reproducing genomes compared to the D. melanogaster genome, respectively. The alignment of the sexu-

ally reproducing genome covered 75.3 Mbp, while the parthenogenetic genome covered 73.4Mbp of theD. melanogaster reference.

Genome coverage analysis
Evaluation of the coverage of alignments was completed using bedtools (v2.18).74 Windows for each 10kb of the assembly were es-

tablished using ‘‘bedtools makewindows’’, and in each we computed the coverage of alignment using ‘‘bedtools coverage -mean’’.

Self-heterozygosity and inter-strain divergence analysis
To establish estimates for pairwise heterozygosity in each strain, we aligned the Illumina data used for polishing back to the as-

semblies using ‘‘bwa mem -t 24’’. Normalize them using vcfwave ‘‘freebayes -f’’, using vcfwave vcffilter -f ’QUAL > 20’ and mea-

sure heterozygosity using bcftools. The sexually reproducing and parthenogenetic D. mercatorum genomes were highly similar to

each other, having 98.78% gap-compressed sequence identity (Figure 2A). An assembly quality value (QV) metric, based on com-

parison of 19-mers in the Illumina data to the assemblies, suggest error rates of around 1/1000; the QV for the sexually reproduc-

ing D. mercatorum genome is 26.545 and 28.6212 for the parthenogenetic D. mercatorum genome, which is adequate for our

analyses.

We repeated the self-heterozygosity analysis except for each strain we aligned against the otherD.mercatorum assembly and then

called variants.We normalized them using vcfwave, removed low-quality variants with vcffilter -f ’QUAL > 20’, and thenmeasured the

number of non-reference homozygous SNPs (not hets) for the parthenogen compared to the sexually reproducing and divided the

number of repeats by the respective genome size to obtain a strain-wise divergence estimate. There were 109035 heterozygous sin-

gle nucleotide polymorphisms (SNPs) in the sexually reproducingD.mercatorum genome, and since the genome is 171182504bp the

pairwise heterozygosity is estimated at 0.0637% for SNPs. By contrast, there were 16474 heterozygous SNPs in the parthenogenetic

D. mercatorum genome, and since the genome is 161570079bp the pairwise heterozygosity is estimated at 0.0102% for SNPs. The

genomes contained 0.82%-0.84% SNPs when compared to each other.

Merqury k-mer spectrum analysis
To further evaluate heterozygosity, we explored the k-mer copy spectrum of the assemblies relative to their respective Illumina read

sets using meryl (v1.3) and merqury (v1).75 There were no duplicated haplotype-specific contigs (Figure S1C). This indicated the

absence of any large-scale genome abnormalities in our assemblies.

De novo genome annotation
The genomes were annotated using homology to D. melanogaster gene annotations and the annotation was polished using

theD.mercatorum transcriptome dataweproduced in this study fromStage 14 egg chambers. To annotate theD.mercatorumgenome

assemblies, we first identified repeats in the genome assembly using RepeatModeler2 (v2.0.1)76 with option -LTRStruct. We then soft-

masked repeats in the genome utilizing the found repeats using RepeatMasker (v4.0.9)77 with options -gccalc -s -nolow -norna -gff

-xsmall (orwithout -xsmall for hard-maskedassemblyused innucmeranalysis, seeabove).Next,we trimmedRNA-seqpaired-endreads

(see differential gene expression analysis below) using cutadapt (v2.0)78 and options -a AGATCGGAAGAGC -A AGATCGGAAGAGC -q

20 –minimum-length 50. Trimmed reads were mapped against the unmasked genome assembly using STAR (v2.7.0e)79 and bam files

from parthenogenic/facultative parthenogenic/sexual strains merged using samtools merge.70 To predict genes, we employed
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BRAKER280 using the soft-masked genome assembly (with option –softmasking) and themerged bam file. To identifymost likely 1-to-1

homologsbetweenD.mercatorumandD.melanogastergenes,wefirst extracted theCDSsequences from the identifiedD.mercatorum

genes using gffread and obtained the protein gi numbers from D. melanogaster with esearch and efetch (July 2020). We then used

BLASTx (ncbi-blast-2.10.1)81 to blast the D. mercatorum CDS against the D. melanogaster proteins with options -db nr -num_threads

60 -outfmt ’6 qseqid stitle qlen slen length qcovs qcovhsp evalue bitscore pident sacc sseqid sscinames’ -max_target_seqs. The blast

output was filtered for entries with an evalue of <1e-10, minimum query coverage >50 and percent identity >35. Gene names and FBgn

numbers were added to accession numbers utilizing mappings obtained from FlyBase (fbgn_NAseq_Uniprot_fb_2020_03.tsv). To get

reverse hits, we used tBLASTx to blast the D. melanogaster CDS (reference version 6.35) against the D. mercatorum CDS with the

same options as above except from -max_target_seqs and filtered the output using the same cut-offs.

The automatic de novo annotations are given in Data S2. The annotations for the list of differentially expressed genes for each

dataset needed to be manually curated because they matched multiple genes. The correct annotation was selected by chromo-

some arm or local synteny (Data S3A–S3D). When the correct annotation could not be identified then we left all potential anno-

tations listed.

Nucmer and gene distribution analysis
As a complementary approach to the dot plots, we further used nucmer (MUMmer v3.23)82 with options –coords –maxgap 500 –max-

match to align contigs from D. mercatorum to D. melanogaster chromosomes (reference version v6.27). To avoid potential misalign-

ments caused by repeats, both genomes were hard-masked using RepeatMasker77 (see annotation below) before running nucmer.

The show-coords command with -l -c option was then used to create a coordinates file. We considered that a D. mercatorum contig

maps to a D. melanogaster chromosome if >40% of the alignments map to one D. melanogaster chromosome, while all other chro-

mosomes have <20% alignments. The majority of putative genes were distributed evenly on the 14 largest contigs of both sexually

reproducing and parthenogenetic genomes (Figure S1A). The distribution of reads over the assembled genome indicated uniform

sequencing coverage across all large contigs, which comprise most of the assembled sequence (Figure S1B). Any deviations in

coverage occur in shorter contigs that may represent mis-assemblies or collapsed repeats.

Genome assembly content
We found that the sexually reproducing genomeassembly contained contigs at lower-than-expected coverage,whichwebelieve to be

Acetobacter DNA. The D. mercatorum genomic DNA was prepared from whole animals and therefore included the genome of a

commensal gut bacterium, Acetobacter aceti, common in Drosophila lab stocks.97 We manually checked each of the contigs in the

size range of those that had lower than expected coverage for both the parthenogenetic and sexually reproducing genomeassemblies.

There were 31 contigs that contained only Acetobacter aceti genomic DNA in the sexually reproducing strain and 6 in the parthenoge-

netically reproducingstrain.Once thecontigscontainingAcetobactergeneswere filtered frombothgenomes, therewerea comparable

number of putative genes in the sexually reproducing (17,364) and parthenogenetic (17,566) D. mercatorum genome assemblies.

BUSCO analysis
BUSCO (v5.3.2)83 was run with options ‘‘-m genome" and ‘‘–auto-lineage-euk’’ on the genome assemblies of the parthenogenic and

sexual D. mercatorum strains. The D. melanogaster genome (v6.27) was included for comparison. The genomes of the sexually re-

producing and parthenogenetic strains were 98% and 99% complete, respectively, in comparison to the dipteran specific BUSCO

dataset (Figure S1D). By comparison, the D. melanogaster reference genome (release 6) is only 98.7% complete when compared to

the dipteran-specific BUSCO dataset. Together these analyses confirmed the expected high divergence betweenmelanogaster and

mercatorum and indicated that the chromosome-level genome assemblies for the sexually and parthenogenetically reproducing

D. mercatorum strains were suited to comparison with the D. melanogaster genome for the purpose of identifying gene homologues

for parthenogenesis screening.

Mitotic chromosome preparation
Brains were dissected from 3rd instar larvae in saline (0.7%NaCl), incubated in 0.5% trisodium citrate for 9 min, and fixed for 60s in

45% acetic acid and 5 min in 60% acetic acid on a cover slip. The fixed brains were squashed, frozen in liquid N2, and the coverslip

removed using a scalpel. The preparation was washed for 5min in 70%and 5min in 100%ethanol. The slides were baked at 58�C for

1 h in a dry oven and then denaturedwith 70% formamide in 23SSCat 70�C for 20min. Finally, the slideswerewashed again for 5min

in 70% and 5 min in 100% ethanol and then moved onto the HRC protocol.

Polytene chromosome preparation
Salivary glands were dissected from 3rd instar larvae and prepared for in situ using the protocol available from the Duronio Lab

(https://theduroniolab.web.unc.edu/resources#protocols). Followed by the HRC protocol.

Molecular Instruments HCR sample preparation
All materials including buffers and probes were purchased or gifted from Molecular Instruments. To ensure optimal hybridization to

mitotic chromosome preparations, probes were selected for accessible gene regions by the criteria that the chosen genes were high-

ly transcribed in brain tissue. The standard Molecular Instruments HCR protocol (v3.0) for sample on slide was used.
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RNA library preparation
Three strains were used for gene expression analysis: sexually reproducing (CSC: 15082-1511.00), parthenogenetic (CSC: 15082-

1525.07), and facultative parthenogenetic (CSC: 15082-1527.03). Three biological replicates of all libraries for each of the three

D. mercatorum strains were used in this study. All animals for each sample were kept together, controlled for population size while

they were developing, and treated identically prior to dissection. The virgin females were stored at 25�C to reach the desired age

(3-12 days old) before dissection. Stage 14 egg chambers were dissected 0.1% PBST from all flies on the same day and in batches

controlling for time of day. 4 stage 14 egg chambers were taken from the ovaries of 20 flies and individually transferred to a 1.5ml tube

containing ice cold 0.1%PBST. Once the target amount was reached, PBSTwas removed andRNALater solution (200 ml) was placed

into the tube to fix the egg chambers and stabilize the RNA. The tubes were stored at 4�Covernight. The RNALater was removed, and

the RNA was prepared using the manufacturer’s recommended protocol for the RNAEasy kit from Qiagen. Libraries were prepared

using the manufacturer’s recommended protocol of the KAPA mRNA HyperPrep Kit from Roche. The RNA libraries were sequenced

on a NovaSeq with 150 bp PE reads.

Differential gene expression analysis
We used STAR (v2.7.0e) to map trimmed, paired-end reads against the D. mercatorum assembly employing the gene annotations

(gtf file) created by BRAKER2 (see above) and counted reads mapping to exons using featureCounts (subread v1.6.3).84 We filtered

out genes that had 0 counts across all samples, and then used DESeq2 fitting ’parthenogenesis condition’ as factor and contrasting

pairwise expression differences across the three conditions. P values were corrected for multiple testing using FDR.

Gene Ontology (GO) analysis
We performed GO enrichment (Fisher’s exact test) and gene set enrichment analysis (GSEA, Kolmogorov-Smirnov test) using the

weight01 algorithm in topGO.85 As there are no GO annotations available for D. mercatorum, we employed the corresponding

D. melanogaster homologs or orthologs (see above) and therefore assumed that genes would have a similar function and protein

sequence in the two species. For D. mercatorum genes that mapped to multiple D. melanogaster genes, we randomly picked one

D. melanogaster gene, and accounted for differences in enrichment by performing a total of 100 GO analysis iterations. For each iter-

ation, we considered GO terms significant at an FDR (false discovery rate) <0.1 and report the frequency depicting how often a GO

category fell below this FDR threshold. The analysis was performed for all pairwise parthenogenesis-type comparisons, considering

either all or only up or downregulated genes.

Drosophila facultative parthenogenesis screen
Since this was the first screen to test the contribution of specific gene variants to parthenogenetic reproductive ability, we needed to

benchmark our screening method. Using 13 different Drosophila species, we first determined that a baseline indicator of facultative

parthenogenesis could be indicated by testing the ability of approximately 500 virgin female flies to generate progeny (Data S4A).

Strong levels of facultative parthenogenesis could be detected with as few as 30 flies. Using these criteria, we found that two typical

laboratory strains ofD.melanogaster (w- andOregon-R) showed no parthenogenesis whatsoever, whereas a strain caught in the wild

(CB1) produced a small number of embryos that showed restricted development before dying (Data S4B). This accords with previous

findings that D. melanogaster strains caught in the wild have slight ability to undertake facultative parthenogenesis.20

We tested D. melanogaster homologues of genes that had decreased expression in the facultative parthenogenetic and fully

parthenogenetic D. mercatorum eggs using CRISPR knock-out alleles that we generated (Data S5), publicly available mutant alleles,

or established fly stocks carrying RNAi constructs to down-regulate selected genes. The RNAi lines were all previously verified to

have no known off-target effects and were published or have a verified phenotype (link to publicly available data provided in Data

S6). Phenotypes of the RNAi lines were compared to the phenotype of a published publicly available mutant allele used in this study

(Data S6) and/or were compared to the phenotypes of published publicly available alleles used in this study and/or were compared to

another independently established fly stock carrying an RNAi construct to down-regulate gene of interest (Data S6).

The facultative parthenogenesis screen was performed on the offspring of females having the exact genotypes given in Data S6A

and S6B. Only the genotype of the mother is given, although the mothers themselves arise from crosses that introduce different non-

balanced chromosomes. Chromosomes carrying the genes of interest were followed using the following balancer chromosomes:

FM6 or FM7 for the X chromosome, CyO or SM5a for the 2nd chromosome, and TM6B, TM6c, or TM3 for the 3rd chromosome.

The mothers all have the indicated genotype given for the chromosome of interest and the non-balanced chromosomes arise

from differing stocks within our fly collection.

In addition to negative controls for every experiment, therewere also control gene variants that were screened in order to determine

if non-specific mutations could cause facultative parthenogenesis. We also had controls for the constructs used to drive expression

of interfering RNAs and UAS/Gal4 overexpression constructs98 used in the study. The following Gal4 drivers for were tested as con-

trols for facultative parthenogenesis: bag of marbles (bam) gal4; maternal tubulin (MTB) gal4 on the 2nd and 3rd chromosomes; and

nanos (nos) gal4. BothMTB-gal4 and nos-gal4 stocks showed a small degree of facultative parthenogenesis. We also screened the

double balancer stock that we used to balance any stocks used in our double variant screen. It too showed a low level of facultative

parthenogenesis.

Five negative experimental controls were used (last section in Table 1): 1) an allele for CG3436, a gene that is expressed in the egg

and implicated in cell cycle regulation but not differentially expressed, 2) two alleles for dhd, another gene that is necessary for the
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onset of embryogenesis, 3) an allele and an RNAi line for Klp64D, a gene that is not involved in the cell cycle and not differentially

expressed, 4) an allele and an RNAi line for Trx-2, a gene that is necessary for the onset of embryogenesis, and 5) an allele and

an RNAi line for white (w), which was not expressed in the D. mercatorum eggs. There was a low level of facultative parthenogenesis

in some of the controls (Data S6A), which we propose may be caused by the Desat2 allele (see Main Text).

For the single gene variant screen, the control used for the statistical analysis was RNAi stock, the gal4 stock used in the exper-

iment, thew-mutant allele, the UAS-line without Gal4 driven expression, or the pUbq-Rcd4-GFP stock.99 For the double gene variant

screen, the control used for the statistical analysis is either given with the experiment Data S6B or it was the strongest single gene

variant causing facultative parthenogenesis in the given combination.

We found that the many RNAi lines used in the primary screen had a small degree of facultative parthenogenesis without expres-

sion being driven by Gal4. These were the lines for bam, CG4496, CG10433, CRMP, Desat2, f, and FER, and for the controls Klp64D

andw. In all these cases, the RNAi line had fewer instances of facultative parthenogenesis when crossed to the Gal4 drivers, and thus

when the expression of the RNAi was induced. This indicates that the RNAi does not itself cause facultative parthenogenesis but

rather it is the result of something in the background of the RNAi stocks.

We tested the notion of a background mutation in the RNAi lines using the bam RNAi line. We crossed this line to 8 different gal4

lines (bam (X), bam (III), nos, MTB (II), MTB (III), actin (act), and ovarian tumour (otu)) and found that some could drive a low level

(0.1-0.2%) of facultative parthenogenesis but at levels less than or equal to the RNAi stock alone (0.2%). We also crossed the

RNAi line to the white mutant allele that we found not to have any degree of facultative parthenogenesis. Finally, we checked that

the observed facultative parthenogenesis could not be caused by the RNAi target gene by crossing the bam RNAi line to a mutant

allele of bam and found that this also reduced the level of facultative parthenogenesis. Together, the evidence strongly suggests that

the low degree of facultative parthenogenesis is caused by a background mutation: (1) It is not the presence of the RNAi construct

since many RNAi lines did not show any parthenogenesis, (2) It is not the expression of the RNAi since driving the expression did not

enhance the degree of facultative parthenogenesis. (3) It is not due to the bammutation because crossing the RNAi line to a bam null

mutant allele did not enhance the degree of facultative parthenogenesis.

The first gene variant for which we observed a reproducible amount of facultative parthenogenesis was the background mutation

present in the bam RNAi line, that we therefore used as a tool to optimize our experiments. Temperature optimization revealed the

highest level of facultative parthenogenesis at 18�C, moderate levels at 25�C, and no parthenogenesis at all at 29�C (Data S6A). We

chose 25�C for our subsequent experiments as this would allow them to be completed in approximately 3 months compared to

5 months at 18�C due of the difference in lifespan of the flies at these temperatures.

Desat2 allele screening
PCRs were carried out using genomic DNA preparations of D. melanogaster stocks (primers: Desat2-UTR-FWD AAGAGC

TCGCCAGCTATCTAC and Desat2-UTR-REV AAGGACACCCGTTTCTCTGG). The resulting DNA fragments were subject to electro-

phoresis on a 2% agarose gel, purified, and sequenced and then compared to D. melanogaster (assembly Release 6 plus ISO1 MT),

which does not have the 16bp deletion 150bp upstream of the start codon.

Second generation facultative parthenogenesis
To determine if it was possible to generate a second generation of facultative parthenogenesis, large numbers of virgins were

collected from the three stocks that could generate parthenogenetic animals. The stocks were slightly homozygous viable and hence

both heterozygous and homozygous females were screened for facultative parthenogenesis. The shorthand to denote this in the ge-

notype is to put the allele that may or may not be present in brackets ‘’. This is different from the secondary screen, which was not

performed on stable stocks. These females were maintained changing the food weekly. The experiments were collapsed into fewer

tubes when the flies were past the age when they have peak facultative parthenogenesis, which is after 40 days, or when there were

fewer than 20 flies remaining in the tube. The first generation of parthenogens (F1) were then transferred to fresh food andmaintained

for their life, changing the foodweekly. We checked for development of a second generation of facultative parthenogenesis by exam-

ining the food, as in the main facultative parthenogenesis assay.

Embryo preparation
Mothers were aged for at least 2 weeks at 25�C prior to initiating embryo collections, a minimum of 3 independent replicates of 200

virgin females were used for these collections. All embryo collections were done in parallel with the controls and under the same con-

ditions. Unfertilized eggs were collected for 2 h at 25�C and then incubated at 25�C for 2 h, 8h, or 18h. Fertilized eggs were collected

for 2 h and immediately prepared for fixation. Embryos were dechorionated (50% bleach) for 3min, washed, transferred to either a

50:50 heptane:methanol mixture or a 50:50 heptane:4% paraformaldehyde/PBT mixture, and fixed for 20 min on a rotator. The em-

bryos were washed 3 times with 100%Methanol and then rehydrated. The rehydrated embryos were then washed 2x with PBS con-

taining1%Tween (PBT), blocked for 1h in PBT containing 10% BSA before and incubated overnight in the primary antibody at 4�C.
After washing the embryos 3x10min with PBT the embryos were incubated with the secondary antibody for 4 h at room temperature,

washed 3x10min with PBT, and then mounted in Vectashield (Vector) containing DAPI to visualize DNA.

Primary antibodies

Mouse a-acetylated-Tubulin antibody, clone 6-11B-1 (1:200 dilution), mouse a-Tubulin antibody, DM1A (1:200 dilution), rabbit a-His-

tone H2A antibody, ab13923 (1:500 dilution), rabbit a-Cnn antibody, Glover lab (1:200 dilution).
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Secondary antibodies

(all 1:500 dilutions) Goat a-Mouse 488 and 647 from Life Technologies, Goat a-Rabbit 488 from Invitrogen and 647 from Life

Technologies.

Imaging
All images were acquired on a Leica SP8 confocal microscope, and the images were minimally optimized for brightness and contrast

using ImageJ (Fiji).86 No other image alteration was performed. All images presented are projections of multiple focal planes.

QUANTIFICATION AND STATISTICAL ANALYSIS

The information on the statistical tests is provided in the figure legends or in Data S2 and S3. The n numbers were counting cells for

the mitotic karyotyping experiments, individual embryos for the embryo experiments, or animals for the final karyotype experiments.

The Fisher’s Exact Test (in R) was used for the functional screens and for the parthenogenetic embryo analysis. It was chosen

because it is permissive to having samples with ‘0’ instances of positive cases in the controls. For the GO enrichment the Fisher’s

exact test was used and for the gene set enrichment analysis the GSEA, Kolmogorov-Smirnov test was used.
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