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Medium (e;=0.23, e,=0.32, g=0.3, ¢=0.98 for one gRNA
and e;=0.2, e,=0.27, g=0.28, ¢=0.94 for two gRNAs):
designed to match our drives targeting yellow from our
previous study'®. (iii) Low (e,=0.03, e,=0.05, g=0.25,
¢=0.97 for one gRNA and e,=0.03, e,=0.05, g=0.25,
¢=0.93 for two gRNAs): inspired by a GDL line from
our earlier study'® that assumes a lower level of Cas9
expression and subsequently significantly reduced
resistance allele formation in the embryo. All scenarios
are presented in Figure 2.

An X-linked drive similar to our yellow drive
(medium resistance scenario) would only reach a
maximum frequency of 42% after 24 generations in our
idealized panmictic population model, before declining
due to its fitness disadvantage compared to resistance
alleles. A drive with the characteristics of our system
targeting white (high resistance scenario) would only
reach a maximum frequency of 16% after 33
generations. The addition of a second gRNA to the white
system substantially improves the maximum drive allele
frequency to 45% after 26 generations. A hypothetical,

autosomal two-gRNA drive with a lower level of Cas9
expression (low resistance scenario) would reach a
maximum frequency of 98% after 13 generations, falling
to 96% after 40 generations.

These models show that to achieve a >90% drive
allele frequency, even in the idealized scenario of a
panmictic population we simulated here, at least two
gRNAs are necessary, and resistance allele formation in
the embryo must be further reduced from the levels we
observed in our drives. Reducing germline resistance
rates would also be beneficial, but we did not consider
significant reductions at this stage since it would require
a different promoter than either nanos or vasa, or a more
complicated drive system.

DISCUSSION

In this study, we explored three different strategies for
reducing the rate of resistance allele formation for
CRISPR gene drives. First, we tested differences in
resistance mechanisms between constructs using the
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nanos and vasa promoters for Cas9 expression. Second,
we assessed whether the use of multiple gRNAs
targeting different sites can improve drive efficiency and
reduce resistance allele formation. Finally, we assessed
the performance of a drive targeting an autosomal site, in
which drive conversion can also occur in males.

Our study builds upon a previous study in which
we demonstrated drive conversion takes place in the
germline with the nanos and vasa promoters, while
resistance alleles can form in both the germline and post-
fertilization in the embryo by persistent maternal Cas9'®.
The present study allowed us to further refine these
mechanisms (Figure 3). Specifically, we showed that
resistance alleles of different offspring derived from the
same parent are often identical, suggesting that
resistance alleles can form in germline stem cells prior to
meiosis and HDR, which then gives rise to multiple
gametes. Table 5 summarizes the drive conversion and
resistance allele formation rates we measured for the
various drives studied here and in our previous study'®.

We further showed that the vasa drive frequently
induces leaky somatic expression (Figure 4). This
mechanism would provide an explanation for the
apparent contradiction between our finding that vasa
drives in the germline and a previous study of a similar
vasa drive targeting yellow, which was thought to drive
in the embryo'”. That conclusion was based on the
observation that the recessive yellow phenotype was
observed in offspring that inherited one drive and one
wild-type allele from their parents'>. However, leaky
somatic expression of vasa can equally produce this
outcome, even in females that remain D/+ heterozygotes
in the germline. A recent study in 4. stephensi also
showed some evidence of somatic expression from the
vasa promoter, although at a much lower rate than we
observed in D. melanogaster".
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Figure 3. Mechanisms of resistance allele formation.
(1) In a heterozygous female with genotype D/+, early
expression of Cas9 in germline stem cells prior to the
window for HDR can convert a fraction of wild-type
alleles to resistance alleles by NHEJ. (ii) Nearly all
remaining wild-type alleles will be converted to drive
alleles by HDR prior to meiosis. (iii) Meiosis than takes
place, and (iv) gametes undergo fertilization, in this
example by a wild-type male. (v) After fertilization,
persistent Cas9 can convert the paternal chromosome
and any remaining maternal wild-type chromosomes to
resistance alleles by NHEJ. We did not observe any
successful drive conversion during this stage.
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Table S. Drive parameters for several D. melanogaster gene drives and fly lines.

Conversion Germline r2 Embryo r2
Fly line Cas9 promoter  Target gene rate of drive formation rate formation rate
Canton-S nanos white 59% 36% 77%
Canton-S vasa white 56% 39% ~75%
Canton-S nanos white-2gRNA 76% 23% 76%
Canton-S nanos cinnabar 54% 46% ~100%
Canton-S nanos cinnabar (male) 38% 62% 0%
w!!i nanos yellow 62% 29% 20%
Canton-S/w'!"® nanos yellow 55% 35% 19%
GDL-Z/w'!"® nanos yellow 54% 39% 28%
GDL-T/w'!% nanos yellow 51% 41% 56%
GDL-B/w'""* nanos yellow 50% 36% 26%
GDL-N/w'!% nanos yellow 46% 52% 22%
GDL-I/w'""* nanos yellow 40% 47% 4.2%
w!lls vasa yellow Promoter 53% 47% (r1) ~20%
Canton-S/w'!’% vasa yellow Promoter 37% 63% (rl) ~20%

rl = an estimate for type rl alleles are displayed for the drive targeting the yellow promoter, since 12 alleles are very
rarely created at this site. Parameters for the drives targeting yellow are from our previous study'®.
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Our nanos and vasa drives targeting the white
gene had very similar conversion and resistance rates
(Table 5). This contrasts with our previous study, in
which the nanos drive offered a modest improvement in
the drive conversion rate'®. However, despite similar
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Figure 4. Comparison of resistance mechanisms
between one-gRNA and two-gRNA drives. (i) In a
D/+ female, leaky somatic expression in vasa drives
can convert wild-type (+) alleles to resistance (r) alleles
in the body, resulting in white eye phenotype, though
drive conversion can still occur successfully in the
germline. Such somatic expression did not occur in our
nanos drives. (ii) Germline Cas9 expression can lead to
successful drive conversion, formation of an r allele, or
persistence of the + allele (unlikely). In males, no
conversion can occur in the germline for our X-linked
drives, but can occur for the autosomal cinnabar drive.
(ii1)) Embryos derived from paternal D gametes will not
experience maternal Cas9 cleavage. (iv) However, any
gamete derived from a female with a D allele may
contain sufficient Cas9 to convert a paternal + allele
into an r allele. (v) A female with the two-gRNA drive
with genotype D/(+,+) could convert the (+,1) allele
into a D, an (r,+), or an (r,r) allele. (vi) In some cases, a
fly with the two-gRNA drive will have a white
phenotype and genotype D/(r,*), but still be able to
utilize the remaining wild-type target site for successful
homing. (vii) Maternal Cas9 can convert a paternal
(+,1) allele to (r,+) or (r,r) alleles in the embryo.

performance, leaky somatic expressions of the vasa
promoter should still render nanos a superior choice for
many applications, such as the targeting of
haploinsufficient or fertility genes, where somatic
activity could induce strong fitness costs.

The use of multiple gRNAs constitutes a
promising strategy for improving the efficiency of gene
drives and reducing resistance rates. In our study, we
found that the addition of a second gRNA considerably
increased the drive conversion efficiency of our white
construct (Table 5). However, this improvement

remained lower than would be expected in a model
where resistance alleles form at each target site
independently, and drive conversion at each individual
site occurs at the same rate as observed in the one-gRNA
construct. One possible explanation for this discrepancy
is that additional gRNAs saturate Cas9, resulting in
lower cleavage at each individual site, as indicated by
the persistence of a higher number of wild-type
sequences in the two-gRNA drive (Data S3) compared to
the one-gRNA drive (Data S1). It is also possible that
increasing distance between target sites could reduce
drive efficiency (in our drive, the two target sites were
~100 nucleotides apart). In many genes, it would
probably be possible to find up to four gRNA target sites
with low expected off-target effects within a relatively
small 200 nucleotide window. Methods to efficiently
multiplex this number of gRNAs already exist***®. This
would potentially allow for further improvement of drive
efficiency.

Importantly, we observed many instances of
simultaneous cuts at both target sites in our two-gRNA
drive, which led to the deletion of the region between the
sites after NHEJ. In drives with more than two gRNAs,
this mechanism could thus remove interior target sites,
resulting in much higher resistance rates compared to an
idealized system where no simultaneous cuts occur.
Additionally, in genetically diverse wild populations
such as A. gambiae®, finding several gRNA target sites
with low off-target effects within a small window would
be considerably more challenging. One possibility to
address this problem would be to use higher fidelity
versions of Cas9 with significantly lower off-target
effects’, allowing targeting of sequences similar to other
locations in the genome with lower fitness cost to the
organism.

The use of multiple gRNAs may function
particularly well with a strategy of targeting a
haploinsufficient gene and reforming the gene as part of
successful HDR*** In such a system, embryos with r2
alleles would be non-viable. The use of multiple gRNAs
would reduce the chance of rl alleles being formed,
since the target sites would each need to acquire an rl
sequence independently. Additionally, these rl
sequences may be low in diversity, allowing them to be
targeted by additional gRNAs incorporated into the
original gene drive or in a follow-up drive. However, a
multiple-gRNA system targeting a haploinsufficient
gene may still need to address the issue of incomplete
HDR repairing the target gene region but not inserting
the drive, thus forming an r1 allele. While this occurs at
a low rate, we did observe several instances of small
insertions from incomplete HDR (Data S3, Data S4,
previous study'®), and our genotyping method was not
optimized to detect larger insertions.

An alternative (or complementary) strategy to
multiple-gRNA drives for reducing the formation of
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resistance alleles would be an improved promoter. The
nanos and vasa promoters in D. melanogaster begin
expression of Cas9 earlier than the window for HDR,
resulting in undesirable formation of resistance alleles in
germline stem cells. The vasa promoter in the A.
stephensi gene drive system'”, on the other hand, appears
to largely avoid this problem. It is possible that the
nanos promoter would function similarly well in this
species. However, all of these systems still have high
levels of maternal Cas9 persistence through the embryo
stage, resulting in high levels of additional resistance
allele formation. An ideal promoter would express Cas9
only during the window for HDR, which would then be
degraded rapidly prior to fertilization. A male-only
promoter would avoid the issue of maternally deposited
Cas9 as shown by our cinnabar drive, which formed no
resistance alleles in the offspring of males with the drive.
However, such a promoter would still need to avoid
expression of Cas9 before the window for HDR. These
issues could also be mitigated if the gRNAs were
expressed in the germline only during the window for
HDR, in lieu of the ubiquitous promoters that have been
used in all CRISPR gene drives thus far. Indeed such
multiplexing systems capable of being driven by a
variety of promoters have already been developed using
ribozyme-based methods’®*®. However, a significant
increase in the size of the drive constructs from such
promoters may prove to be a disadvantage, particularly if
payload genes are also very large.

Our study emphasizes that resistance will likely
remain the prime challenge facing CRISPR gene drives,
but also demonstrates that a two-gRNA approach can
substantially reduce resistance allele formation. While
the use of multiple gRNAs by itself will likely be
insufficient to create drives that are efficient enough for
use in wild populations, they will probably be a critical
part of a successful strategy.
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SUPPLEMENTARY INFORMATION
Supplementary methods
The following tables show the DNA fragments used for Gibson Assembly of the listed plasmids. PCR

products are shown with the oligonucleotide primer pair used, and plasmid digests are shown with the
restriction enzymes used.

BHDwNil Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product Genomic DNA | WhiteLeftN F WhiteLeftN_ R

Plasmid Digest | IHDyN1 Avrll SphI-HF

BHDwVil Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product Genomic DNA | WhiteLeftV_F WhiteLeftV_R

Plasmid Digest | IHDyV1 Avrll Nhel

BHDcNil Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product Genomic DNA | CinnabarLeftN F CinnabarLeftN R
Plasmid Digest | IHDyN1 Avrll SphI-HF

BHDwg1 Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product none White gRNA1 F White gRNA1 R

PCR Product pCFD3 CFD 1 F CFD 1 R

PCR Product pCFD3 CFD 2 F CFD35 2 R

BHDwg2 Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product pCFD4 White gRNA2 U6 3 F White gRNA1 U6 3 R
PCR Product pCFD3 CFD 1 F CFD 1 R

PCR Product pCFD4 CFD 2 F CFD4 2 R

BHDcgl Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product none Cinnabar gRNA1 F Cinnabar gRNA1 R
PCR Product pCFD3 CFD 1 F CFD 1 R

PCR Product pCFD3 CFD 2 F CFD35 2 R

BHDwN1 Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product BHDwgl U6 3 gRNAL F White U6 3 gRNA1 R
PCR Product Genomic DNA | WhiteRightl F WhiteRightIN R
Plasmid Digest | BHDwNil Spel-HF Apal

BHDwV1 Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product BHDwgl U6 3 gRNAL F White U6 3 gRNA1 R
PCR Product Genomic DNA | WhiteRightl F WhiteRightlV_R
Plasmid Digest | BHDwVil Spel-HF Xhol

BHDwN2 Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product BHDwg?2 U6 1 gRNA2 U6 3 gRNAI F | White U6 1 gRNA2 U6 3 gRNA1 R
PCR Product Genomic DNA | WhiteRight2 F WhiteRight2N R
Plasmid Digest | BHDwNil Spel-HF Apal

BHDcN1 Template Oligo/Enzyme 1 Oligo/Enzyme 2

PCR Product BHDcgl U6 3 gRNAL F Cinnabar U6 3 gRNA1 R
PCR Product Genomic DNA | CinnabarRightl F CinnabarRightIN R
Plasmid Digest | BHDcNil Spel-HF Apal
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Construction primer list:

CFD 1 F: GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG

CFD_1 R: GGCTATGCGTTGTTTGTTCTGC

CFD 2 F: AACAGTAGGCAGAACAAACAACGC

CFD35 2 R: CGACGTTAAATTGAAAATAGGTCTATATATACG

CFD4 2 R: CGAAGTTCACCCGGATATCTTTCCT

Cinnabar gRNAl F: TATATATAGACCTATTTTCAATTTAACGTCGCCACCGCCATACCCATGCG
Cinnabar gRNAl R: ATTTTAACTTGCTATTTCTAGCTCTAAAACCGCATGGGTATGGCGGTGGC
Cinnabar U6 3 gRNAl R: TGCCTCGC ACGCGTCCTGCAGGATGCATACGCATTAAGCGAACATT
CinnabarLeftN F: AACCAATTCTGAACATTATCGCCTAGGGTACCACGGACAATCGCTTCAAATGGTTACACA
CinnabarLeftN R: TTTCTCGAAAAGGGCCAGGAAGGAGCATGTCTAGAATGGGTATGGCGGTGGCCAGCA
CinnabarRightl F: GTATGCATCCTGCAGGACGCGTGCGAGGCAGAATGCTCCACGATG
CinnabarRightlN R:
GTTGTAAAACGACGGCCAGTCTTAAGCTCGGGCCGAGCTTTTGAGTAGTAGGTCCAGCCG

U6_1 gRNA2 U6 3 gRNAl F:
GCTATACGAAGTTATAGAAGAGCACTAGTCGCGAATTTTCAACGTCCTCGATAGTATAGT

U6 3 gRNAl F: ATGCTATACGAAGTTATAGAAGAGCACTAGGCTAGCTTTITTTGCTCACCTGTGATTGCTC
White gRNAl F: TATATATAGACCTATTTTCAATTTAACGTCGGCCAAAAGTTCGCCCGGAT

White gRNAl R: ATTTTAACTTGCTATTTCTAGCTCTAAAACATCCGGGCGAACTTTTGGCC

White gRNAl U6 3 R:
ATTTTAACTTGCTATTTCTAGCTCTAAAACATCCGGGCGAACTTTTGGCCGACGTTAAATTGAAAATAGGTCTAT
White gRNA2 U6 3 F:
ATATATAGGAAAGATATCCGGGTGAACTTCGCATCCAAGTATCGCCATCCGTTTTAGAGCTAGAAATAGCAAG
White U6 1 gRNA2 U6 3 gRNAl R: ATCCCGGAACGCGTCCTGCAGGATGCATACGCATTAAGCGAACA
White U6 3 gRNAl R: TTCGCCCGACGCGTCCTGCAGGATGCATACGCATTAAGCGAACATT
White U6 3 gRNAl R: TTCGCCCGACGCGTCCTGCAGGATGCATACGCATTAAGCGAACATT
WhiteRightl F: GTATGCATCCTGCAGGACGCGTCGGGCGAACTTTTGGCCGTGA

WhiteLeftN F: ATTAACCAATTCTGAACATTATCGCCTAGGGTACCAGAGATTGAGTTTTCCCACCACCCA
WhiteLeftN R: CGTTTCTCGAAAAGGGCCAGGAAGGAGCATGTCTAGAGATAGGCCACGCCGCAAACTGAG
WhiteLeftV F: ATTAACCAATTCTGAACATTATCGCCTAGCCCGGGAGAGATTGAGTTTTCCCACCACCCA
WhiteLeftV R: CCACCACACTGCTGCTCTTCGTGTTGGCTAGGTCGACGATAGGCCACGCCGCAAACTGAG
WhiteRightl F: GTATGCATCCTGCAGGACGCGTCGGGCGAACTTTTGGCCGTGA

WhiteRightlN R: TTGTAAAACGACGGCCAGTCTTAAGCTCGGGCCCTCCACTGGAACCACTCACCGTTIGTC
WhiteRightlV _R: TCGCCCTTGAACTCGATTGACGGAAGAGCCTCGAGTCCACTGGAACCACTCACCGTTGIC
WhiteRight2 F: GTATGCATCCTGCAGGACGCGTTCCGGGATGCGACTGCTCAATG

WhiteRight2N R: TTGTAAAACGACGGCCAGTCTTAAGCTCGGGCCCACTAAGAAGGGTGTGGAATCAGGCA

Sequencing primer list:

CinnabarLeft S F: TGCGAAAGCATAAATAGATTGTGGG
CinnabarLeft S R: TGAAGCTTAACTAGAATTATTGCCTGT
CinnabarRight S F: TGAGATCTTCGCTGGCATTCAG
CinnabarRight S R: ATGGACACCAGAAACTGTGGC
dsRed S F: CTGAAGGGCGAGATCCACAAG

gRNA1 S F: TTGCTCACCTGTGATTGCTCC

IHD S R: TCTCGAAAATAATAAAGGGAAAATCAG
IHD S F: GGGTTATTGTCTCATGAGCGG

U6 1 gRNA2 S F: CGAACATGGCCTTGGACGAAT
WhiteLeft S F: TGCACAGACGCCTTCATTTTT
WhiteLeft S R: TGCTCATCTAACCCCGAACAA
WhiteLeft S2 F: CAGAGCTGCATTAACCAGGGCTTCG
WhiteRight S F: GAGAAAGGAAGCGTCTGGCAT
WhiteRight S R: TCGGAAGACGGCTGATGAATG
WhiteRight S2 R: TCGGAAGACGGCTGATGAATGGTCA
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Data S1. Resistance allele sequences from the nanos drive targeting white.

Red = gRNA Target Site
=PAM
Blue = Insertion

- = Deletion

Wild type allele

TGCGGCGTGG

Wild type male alleles

ATC

CGGGCGAACTTTTGGCCGTGAT

Others (each individual sequence from a male with a different mother)

TGCGGCGTGG ATC -——-GCGAACTTTTGGCCGTGAT in-frame
TGCGGCGTGG  ———— ATCA CGGGCGAACTTTTGGCCGTGAT in-frame
TGCGGCGTGG ATC GAA -——-GCGAACTTTTGGCCGTGAT in-frame
White phenotype male alleles

Mother A

TGCGG-——=——————— --—-GCGAACTTTTGGCCGTGAT x2

TGCGGCGTGG - == == ————— GAACTTTTGGCCGTGAT x3

TGCGGCGTGG ATC === GAACTTTTGGCCGTGAT x4

TGCGGCGTGG ATC -GGGCGAACTTTTGGCCGTGAT

TGCGGCGTGG U ———— GCAAACGATG CGGGCGAACTTTTGGCCGTGAT in-frame
TGCGGCGTGG ATC CGAACGT --GGCGAACTTTTGGCCGTGAT x2

TGCGGCGTGG ATC GAACTTTT --GGCGAACTTTTGGCCGTGAT x2 in-frame
Mother B

TGCGG-——=——————— --—-GCGAACTTTTGGCCGTGAT x2

TGCGGCGTGG ATC CTA —mmmmmmm TGAT x4

TGCGGCGTGG ATC TTTTT -——-GCGAACTTTTGGCCGTGAT in-frame
TGCGGCGTGG ATC GAACTT CGGGCGAACTTTTGGCCGTGAT x2 in-frame
TGCGGCGTGG ATC CGCAACTGA —-——-GCGAACTTTTGGCCGTGAT in-frame
Mother C

TGCGGCG————————— --GGCGAACTTTTGGCCGTGAT x3

TGCGGCGTGG ATC === GAACTTTTGGCCGTGAT

TGCGGCGTGG ATC -GGGCGAACTTTTGGCCGTGAT x2

TGCGGCGTGG ATC C -—GGCGAACTTTTGGCCGTGAT

TGCGGCGTGG ATC GAACTTTTGCGAA CGGGCGAACTTTTGGCCGTGAT

Mother D

TGCGGCGTGG U C—=== ATC === ———— ACTTTTGGCCGTGAT x5

Mother E (1)

TGCGGCGTGG ATC === GAACTTTTGGCCGTGAT x2

TGCGGCGTGG ATC -GGGCGAACTTTTGGCCGTGAT

TGCGGCGTGG - ———— TTTG -GGGCGAACTTTTGGCCGTGAT

Mother F

TGCGGCG————————— -GGGCGAACTTTTGGCCGTGAT

TGCGGCGTGG ATC === GAACTTTTGGCCGTGAT x2

Mother G

TGCGGCGTGG A-- A CGGGCGAACTTTTGGCCGTGAT x2

Mother H

TGCGGCGTGG ATC -—-GGCGAACTTTTGGCCGTGAT

TGCGGCGTGG ATC C -—GGCGAACTTTTGGCCGTGAT

Others (each individual sequence from a male with a different mother)
TGCG--—--—-—-—=—=  —————————— TTTGGCCGTGAT
TGCGG-—-—-—-——-— ---GCGAACTTTTGGCCGTGAT
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TGCGGCGTGG—-———— -—--GCGAACTTTTGGCCGTGAT in-frame
TGCGGCGTGG A-- === ACTTTTGGCCGTGAT x2 in-frame
TGCGGCGTGG ATC -GGGCGAACTTTTGGCCGTGAT x3 b
TGCGGCGTGG ((——=-- CATC == ————— ACTTTTGGCCGTGAT

TGCGGCGTGG  ( ——== GTTTA CGGGCGAACTTTTGGCCGTGAT

TGCGGCGTGG ( ———— ACCACCTCAG  —===—=———-— TTTTGGCCGTGAT in-frame
TGCGGCGTGG ATC T === AACTTTTGGCCGTGAT

TGCGGCGTGG ATC C -—-GGCGAACTTTTGGCCGTGAT x2 d
TGCGGCGTGG ATC TTTTTT -GGGCGAACTTTTGGCCGTGAT

x# = Multiple sequences of the same type, # is the number of males with the
same sequence

letter = Resistance allele sequence 1is shared by males from more than one
mother, letter is allele sequence designator

(1) One additional male was mosaic for three resistance allele sequences

Data S2. Resistance allele sequences from the vasa drive targeting white.

Red = gRNA Target Site
=PAM

Blue = Insertion

- = Deletion

Wild type allele
TGCGGCGTGG ATC CGGGCGAACTTTTGGCCGTGAT

Wild type male alleles

Mother A
TGCGGCGTGG -—= CGGGCGAACTTTTGGCCGTGAT x2 in-frame

Others (each individual sequence from a male with a different mother)
TGCGGCGTGG ATC ---GCGAACTTTTGGCCGTGAT x3 in-frame

White phenotype male alleles

Mother B

TGCGG-——=——————— -——-GCGAACTTTTGGCCGTGAT x7 a
Mother C

TGCGGCGTGG - === ————— GAACTTTTGGCCGTGAT b
TGCGGCGTGG ATC -——-CGAACTTTTGGCCGTGAT
TGCGGCGTGG ATC -GGGCGAACTTTTGGCCGTGAT x2
TGCGGCGTGG AT- AGG -GGGCGAACTTTTGGCCGTGAT
Mother D

TGCGG-——=——————— -——-GCGAACTTTTGGCCGTGAT a
TGCGGCGTGG ATC === GAACTTTTGGCCGTGAT c
TGCGGCGTGGCC—=—- T ——=—— GAACTTTTGGCCGTGAT x2
Others (each individual sequence from a male with a different mother)
TGCGGCGTGG - = === ————— GAACTTTTGGCCGTGAT b
TGCGGCGTGG ATC === GAACTTTTGGCCGTGAT c
TGCGGCGTGG ATC -—GGCGAACTTTTGGCCGTGAT
TGCGGCGTGG A-- C CGGGCGAACTTTTGGCCGTGAT

x# = Multiple sequences of the same type, # is the number of males with the
same sequence

letter = Resistance allele sequence 1is shared by males from more than one
mother, letter is allele sequence designator
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Data S3. Resistance allele sequences from the two-gRNA nanos drive targeting white.

Red = gRNA Target Site

=PAM
Blue = Insertion
- = Deletion
Wild type allele
GGCGTGG ATC CGGGCGAACTTTTGGCCG | GGCATCCAAGTATCGCCA TCC ATGCGAC
White phenotype male alleles
Mother A
GGCGTGG ATC  mmm————— TTTTGGCCG | GGCATCCAAGTATCGC-- TCC ATGCGAC
GGCGTGG ATC  mmm————— TTTTGGCCG | GGCATCCAAGTATC---- TCC ATGCGAC
GGCGTGG ATC  mmm————— TTTTGGCCG | GGCATCCAAGTATC---- TCC ATGCGAC
GGCGTGG ATC (2) CGGGCGAACTTTTGGCCG | GGCATCCAAGTATCGC-- TCC ATGCGAC
GGCGTGG ATCGT --GGCGAACTTTTGGCCG | GGCATCCAAGTATC----CAAGTA -CC ATGCGAC
GGCGTGG ATCGT -GGGCGAACTTTTGGCCG | GGCATCCAAGTATC----CGGC TCC ATGCGAC
GGCGTGG ATCTTTTGAACTTTT--GGCGAACTTTTGGCCG | GGCATCCAAGTATCGCCA TCC ATGCGAC
GGCGTGG ATCTTTTGAACTTTT--GGCGAACTTTTGGCCG | mosaic, 3+ sequences
GGCGTGG ATCTTTTGAACTTTT--GGCGAACTTTTGGCCG | GGCATCCAAGTATCGCCAAGTA -CC ATGCGAC
Mother B
G-———————=== --—-GCGAACTTTTGGCCG | GGCATCCAAGTA-—--—---— TCC ATGCGAC
GCGTGG ATC* -GGGCGAACTTTTGGCCG | GGCATCCAAGTATCGC-- (3) TCC ATGCGAC
GCGTGG ATCGAAC  —————————— TTTGGCCG | mosaic, 3+ sequences
Mother C
GCGTGG ATCC  mmmmmmm = (1) — === ———— TCC ATGCGAC
GCGTGG ATCC CGGGCGAACTTTTGGCCG | GGCATCCAAGTATCGCCA TCC ATGCGAC
GCGTGG((TATCTTCAGG ~ —=—=——=—————————— e (1) —=—=—m——m—m—m o (4) —=—=—=—=—=
Mother D
GCGTGG  ( —=—— -GGGCGAACTTTTGGCCG | GGCATCCAAGTATCGC--AAGTA TCC ATGCGAC
GCGTGG TATC* mmmmmmmemmm (1) mmmmmm e -—CCGCATGCGAC a
GCGTGG AT-TT --GGCGAACTTTTGGCCG | GGCATCCAAGTATCG---* —-—-—-—_CATGCGAC
Mother E
GCGTGG TATC*  mmmmmmmemmm (1) mmmmmm e -—CCGCATGCGAC a
GCGTGG ( —===-GAACTTAC --GGCGAACTTTTGGCCG | GGCATCCAAGTATCGCCA TCC ATGCGAC
Mother F
GCGTGG =~~~ === GAACTTTTGGCCG | GGCATCCAAGTAT----- * -CC ATGCGAC
GCGTGG ATC === GAACTTTTGGCCG | GGCATCCAAGTATCGCCA TCC ATGCGAC
Mother G
GGCGTGG "ATC ~ mmmmmmmmmmmmmm o (1) mmmmmm e * -—CCGCATGCGAC
GGCGTGG( ( TATCCACGGGTCGCA —=—=—=—=——————— e (1) —=—=—m——m—m—m o TCCCCCATGCGAC
Others (each individual sequence from a male with a different mother)
GCGTGGC--—-- o —eee GAACTTTTGGCCG | GGCATCCAAGTATCGCCAGGATA TCCCCCATGCGAC
GCGTGG TATC* mmmmmmmmmmm (1) mmmmmm e --CCGCATGCGAC a
White phenotype male alleles from D/r2|+ mothers
Mother H
GCG* === === AACTTTTGGCCG | GGCATCCAAGTATCGC--%* --C ATGCGAC
GCG* === = ——— AACTTTTGGCCG | GGCATCCAAGTATCGCC-CTGGGGATGCGA-CC ATGCGAC x9
Mother I
GCG--——==—— e — = TGGCCG | GGCATCCAAGTATCG---* -CC ATGCGAC
GCG--——==—— e — = TGGCCG | GGCATCCAAGTATCG--- TCC ATGCGAC
GCG--——==—— e — = TGGCCG | GGCATCCAAGTATCGCCA TCC ATGCGAC
GCG--——==—— e — = TGGCCG | GGCATCCAAGTATCGCCAAGTA TCC ATGCGAC
Mother J
GCGTGGCC——-- (5) === ————— | GGCATCCAAGTATC---- TCC ATGCGAC
GCGTGGCC——-- (5) ===~ | GGCATCCAAGTATCG--- -CC ATGCGAC
GCGTGGCC——-- (5) === ————— | GGCATCCAAGTATCGCCA  ——mmm——————— C x2
GCGTGGCC——-— (5) ===~ | GGCATCCAAGTATCGC--GATC -CC ATGCGAC
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x# = Multiple sequences of the same type, # is the number of males with the
same sequence

a = Resistance allele sequence is shared by males from more than one mother,
a marks these sequences

* = Ambiguous cut site. Some nucleotides next to * could belong to either
side of the cut site

(1) Complete deletion in between the two cut sites.

(2) Insertion of GGCGTGGCCTATCGGCGTGGCCTAT

(3) Insertion of
ATCCAAGTATTTAGACATAATAGTTATGTTTTCACATCTTTTTAATGTTCGCTTAATGCGTATGCATCCTGCAGGAC
GCGT, partial HDR

(4) Deletion of 200 nucleotides after the second cut site

(5) Deletion of 38 nucleotides after the second cut site

Data S4. Resistance allele sequences from the nanos drive targeting cinnabar.

Red = gRNA Target Site
=PAM

Blue = Insertion

- = Deletion

Wild type allele
GCTGGCCACCGCCATACCCAT GCG CAGAATGCTCCA

Resistance alleles (phenotype not evaluated)

Mother A

—————————————————— (1) --—--—-AGAATGCTCCA x2
—————————————————— (2) GGATGCGTTAGATGCCACCTC GCG CAGAATGCTCCA x4
GCTGGCCAC-=—==——————— TGCCACTGCCGC GCG CAGAATGCTCCA x2 in-frame
GCTGGCCACCGCCA-—=———— GCGAGTGCCAATCT —===———=— GAATGCTCCA x2
GCTGGCCACCGCCATAC---- GAG GCG CAGAATGCTCCA
GCTGGCCACCGCCATACC--- TGCG -——= CAGAATGCTCCA
GCTGGCCACCGCCATACCCA- C GCG CAGAATGCTCCA in-frame
Mother B

Gm—mm——mm—mm oo GCG/CCCAGAATGCTCCA
GCTGGCCACCGCCATA-—--- ~CGACCCAGAATGCTCCA a in-frame
GCTGGCCACCG--——--==-— (3) GCG/.CCCAGAATGCTCCA
GCTGGCCACCGCCA--——=—-— G GCG/CCCAGAATGCTCCA in-frame
Others (each individual sequence from an insect with a different mother

GCTGGCCACCGCCATA-———— -CG CAGAATGCTCCA a in-frame
GCTGGCCACCGCCATACC—--- GCG CAGAATGCTCCA in-frame
GCTGGCCACCGCCATACCCA- -—-—--CCCAGAATGCTCCA
GCTGGCCACCGCCATACCC-- CC GCG CAGAATGCTCCA in-frame

x# = Multiple sequences of the same type, # is the number of flies with the
same sequence

a = Resistance allele sequence is shared by males from more than one mother,
a marks these sequences

(1) Deletion of 51 nucleotides before the cut site

(2) Deletion of 274 nucleotides before the cut site

(3) Insertion of
TTGACGTACATACATCTGACGTGTGTTTATTTAGACATAATAGTTATGTTTTCACATCTTTTTAATGTTCGCTTAAT
GCGTATGCATCCTGCAGGACGCGT, partial HDR
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