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CRISPR-Cas9 nuclease-based gene drives have been developed to-
ward the aim of control of the human malaria vector Anopheles
gambiae. Gene drives are based on an active source of Cas9 nu-
clease in the germline that promotes super-Mendelian inheritance
of the transgene by homology-directed repair (“homing”). Under-
standing whether CRISPR-induced off-target mutations are gener-
ated in Anopheles mosquitoes is an important aspect of risk
assessment before any potential field release of this technology.
We compared the frequencies and the propensity of off-target
events to occur in four different gene-drive strains, including a
deliberately promiscuous set-up, using a nongermline restricted
promoter for SpCas9 and a guide RNA with many closely related
sites (two or more mismatches) across the mosquito genome. Un-
der this scenario we observed off-target mutations at frequencies
no greater than 1.42%. We witnessed no evidence that CRISPR-
induced off-target mutations were able to accumulate (or drive) in
a mosquito population, despite multiple generations’ exposure to
the CRISPR-Cas9 nuclease construct. Furthermore, judicious design
of the guide RNA used for homing of the CRISPR construct, com-
bined with tight temporal constriction of Cas9 expression to the
germline, rendered off-target mutations undetectable. The find-
ings of this study represent an important milestone for the under-
standing and managing of CRISPR-Cas9 specificity in mosquitoes,
and demonstrates that CRISPR off-target editing in the context of
a mosquito gene drive can be reduced to minimal levels.
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he versatility of CRISPR-Cas9 nucleases has expedited the

development of homing-based gene-drive systems that hold
huge potential for vector control (1-4). Considerable efforts
have gone into the development of such gene-drive systems, in-
cluding assessments of potential obstacles to successful efficacy
of this technology, with mitigation of resistance emergence being
a major barrier to negotiate (3, 5, 6). Prior to open-field testing,
it is also important to assess and manage potential risks that may
arise, including those associated with cleavage at off-target sites
by the CRISPR construct (7).

In the context of nuclease-based gene drive for vector control,
there could be genome-editing events occurring at off-target
sites, which are not necessarily harmful, and in most cases mu-
tations arising from these events will remain rare and would
likely be of no consequence. It is worthy of notice that a single
guide RNA (gRNA) may induce editing events at multiple sites
with different frequencies and that these may differ in distribu-
tion in each gamete. A nuclease-induced mutation could in
principle become common either if it increases the fitness of the
mosquito and therefore is positively selected, or if off-target
cleavage occurs at such a high rate at that site that the cleav-
age itself (with homologous or nonhomologous repair) leads to a
high frequency of the mutation. Many or most mutations would
be expected to have no phenotypic effect, and so be of no conse-
quence. Other mutations may reduce the fitness of the transgenic
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mosquitoes, impacting the efficacy of gene drive (8, 9). Although
not expected, it is in principle possible that mutations derived from
off-target cleavage events could affect epidemiologically important
traits, such as resistance to insecticides or pathogen susceptibility,
and the risk of these unwanted effects should be evaluated on a
case-by-case basis.

A further consideration is the sheer genetic diversity that a gene
drive would face upon field release. Sequencing of 1,142 wild-
caught mosquito specimens sampled across Africa revealed more
than 57 million single-nucleotide polymorphisms (SNPs) (10, 11).
Such polymorphisms could have the effect of creating or destroying
protospacer adjacent motifs (PAMSs), as well as altering genomic
sites to resemble the gRNA spacer target sequence, with previous
studies showing how human genetic variation could alter CRISPR-
Cas9 specificity (12-14). As well as the gRNA, the profile of nu-
clease activity itself—depending on its dosage, specificity, and
spatiotemporal regulation—could affect the rate of generation of
off-target indels (8, 15).

Extensive effort has gone into nominating off-target cleavage
sites using computational (16, 17), cell-based (e.g., GUIDE-seq,
BLESS/BLISS, HTGTS, DISCOVER-Seq) (18-22), or in vitro
methods (e.g., circular in vitro reporting of cleavage effects by
sequencing [CIRCLE-seq], SITE-seq, Digenome-seq) (23-25).
The CIRCLE-seq in vitro method, in particular, has demon-
strated that poorly chosen CRISPR-Cas9 gRNAs (with a large
number of sites in the genome that closely match the desired on-
target site) are capable of causing extensive in vivo off-targeting
edits in mice (26). However, by careful choice of the gRNA to
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limit the number of such closely matched sites in the mouse
genome, the sites that showed insertions or deletions (indels) at
above the detection limit of next-generation sequencing (0.1%)
could be reduced to none or very few (26).

In this study, we investigated the off-target activity of four
previously developed gene-drive strains that were designed to
suppress populations of Anopheles gambiae (SI Appendix, Table
S1) (24, 27). The strains include a potential candidate for field
testing (3) and represent a diversity in construct design that
would be expected to affect their potentials to generate off-
target mutations, including key differences in spatiotemporal
activity of Cas9 (i.e., somatic versus germline), levels of Cas9
expression, and choice of gRNA/genomic target sequence.

Strategies to detect off-target mutations rely on identifying the
products of end-joining mutagenesis, which can generate novel
sequences that can be distinguished from naturally occurring
genetic variation (26). We have previously demonstrated that
fine-tuning the spatiotemporal activity of Cas9, by the use of
alternative germline promoters, results in differences in both the
rate and type of mutagenesis. These data suggest that cleavage in
the early embryo by maternally deposited Cas9 when using the
vasa promoter to drive its expression results in DNA repair that
is strongly biased toward the mutagenic end-joining (Pathwa 6,
28). The first-generation gene-drive strain, vas-7280RSPR" "was
built using the vasa promoter, which generates high levels of end-
joining at the nuclease target site; thus, it is perhaps the most-
sensitive platform with which to detect off-target activity. This
strain resulted in strong fertility costs and despite a high inher-
itance rate, was blocked by development of resistance (5) A
second gene drive, zpg-7280RISPR “targets the same site in the
AGAP007280 female fertility gene With expression of Cas9 nu-
clease under the control of the zero population growth (zpg)
promoter, which restricts activity to the germline, where DNA
repair is strongly biased toward homology-directed repair
(HDR) (3, 27). This promoter is now used in all gene-drive
strains currently being developed by our group. Use of the zpg
promoter has important implications for the generation and
detection of off-target mutations as it may reduce end-joining
mutagenesis at off-targets, even when using the same gRNA. A
third gene-drive strain, zpg-7280°”“P, was developed to gener-
ate a driving male-biased sex-distorter that targets the same
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AGAP007280 gene and it was designed by linking on the same
construct an X-chromosome shredder I-Ppol nuclease to a
CRISPR-based gene drive [similarly to Simoni et al. (4)]. The
fourth gene-drive strain, zpg-dsx“*'S"®"  was developed to target
a highly conserved sequence within the doublesex (dsx) gene
(AGAP004050) and could quickly spread through caged mos-
quito populations, reaching 100% frequency and population
collapse (3) and it is now being considered for field testing
Here we present an exploration of off- target mutations 1n vas-
7280CRISPR | 210 7280CRISPR - 7100 72805PCP | and zpg-dsxCRISPRA
mosquito strains to evaluate whether such mutations could
hamper the utility of this technology for vector control.

Results

Assessment of Off-Target Mutations in Gene Drives Targeting
AGAP007280. One determinant of CRISPR-Cas9 off-target
cleavage activity is the sequence relatedness of a given se-
quence to the intended on-target site. Computational algorithms
designed to predict putative off-targets in the genome consider
the number and type of mismatches to a gRNA, as well as their
position in the sequence itself; however, they have been shown to
have limitations in their ability to identify bona fide sites that
actually mutated in cells or organisms. The CIRCLE-seq method
identifies and provides semiquantitative assessment of off-target
cleavage activity in vitro (23) and these nominated sites can then
be assessed to identify off-targets that are mutated in a specific
cell- or organism-based context. To identify putative off-targets
for a gRNA targeting AGAP007280 (gRNA used in three gene-
drive e gulatlons vas-7280RISPRR = 7. 7280CRISPRI - and zpg-
72805P4P), we performed CIRCLE -seq using wild-type mos-
quito DNA (G3 laboratory strain) (SI Appendix, Fig. S1 and
Table S2 and Dataset S1) and identified 98 off-target sites
cleaved in vitro above an arbitrary threshold, 45 of which were in
annotated genes.

To assess whether sites identified from the CIRCLE-seq assay
showed evidence of indels in vivo, we chose the 15 sites with the
highest CIRCLE-seq read counts (Materials and Methods), as
well as 5 additional sites that were located within annotated
genes. We then performed targeted amplicon sequencing from
pools of mosquitoes for the intended on-target site and these 20
sites to look for and quantify potential indel mutations. Among
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Assessment of off-targets indels within gene-drive populations targeting AGAP007280. Targeted amplicon sequencing was conducted for 18 off-

target sites predicted from the CIRCLE-seq for gRNA-7280. The frequency (in percent) of reads containing indels are displayed as a heatmap. WT served as the
negative control. Three different gene-drive populations were assessed for off-target mutations over several generations (as indicated below the heatmap):
vas-7280KISPRh  7155-7280°RISPRh and zpg-7280°P°P. For vas-7280FSPRP and zpg-7280F!SPRh, each generation was comprised of two biological replicates (cages

1 and 2). For WT and zpg-7280°°“P, each generation comprised one biological

replicate only. For zpg-7280°P°P this was due to population collapse of one of

the biological replicates (cage 2) after eight generations (which was intended as part of the study).
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the 20 sites we assessed, 19 returned sequencing reads. The
remaining site could be amplified but could not be sequenced
(no reads were aligned to this site), and this site was therefore
excluded from the analysis. An additional site was also removed
from analysis due to the highly repetitive nature of the sequence
and existing polymorphisms that prevented further analysis. At
the on-target site, we observed significant levels of mutations at
all generations sequenced, for all three of the strains targeting
AGAP007280 (SI Appendix, Fig. S24 and Dataset S2). Using the
strain predicted to be most sensitive to off-target mutagenesis,
vas-7280“RSPR (1, 2), we identified indels above threshold fre-
quency at five sites (off-2, -4, -6, -11, and -19) in all five sampled
generations (G3 to G6 and G12) of the caged release experiment
(minimum of 274 mosquitoes sequenced per cage) (Fig. 1, SI
Appendix, Fig. S3, and Dataset S2). Indel frequencies ranged
from 0.03 to 1.42% of the total sequencing reads per off-target
site and four of five sites were located within exons or introns
(AGAP000774, AGAP011092, AGAP000061, and AGAP000042),
and all had four or fewer mismatches relative to the on-target
site (Fig. 1).

Sequencing of the 18 sites identified by CIRCLE-seq was
performed on the zpg-based gene-drive strains previously shown
to generate substantially reduced end-joining mutations, zpg-
7280“RISPRh (27) and zpg-72805PCP. These strains harbor the
same gRNA but show no evidence of Cas9 deposition, the major
cause of end-joining mutations (28). Neither of these strains
showed evidence of off-target mutagenesis above the threshold
frequency at any of the 18 selected sites (minimum of 300
mosquitoes sequenced per cage) (Fig. 1). However, we detected
indels at 0.02% frequency at off-target site 4 at generation 7
(G7) of the zpg-7280°P“" population that appeared consistent
with Cas9-induced end-joining mutagenesis (neither G1 nor G13
of this population showed such indels) (Dataset S2). This was
15 times lower than the indel frequencies seen at the same off-
target site for the vas-7280*"*"R"  Analysis for off-target 7 did
identify indels; however, these same mutations were present
across all populations, including the wild-type (negative control),
and therefore may represent sequencing error (or a sequence
variant not present in the reference wild-type sequence) rather
than a Cas9-induced event (SI Appendix, Fig. S4).

Screening for Off-Target Mutations within a Gene Drive Considered
for Field Studies. A gene drive designed for field release would
contain a gRNA that targets a sequence highly constrained and
conserved in the mosquito genome, so as to mitigate against
target site resistance. To that end, we analyzed the level of off-
target mutations in an additional gene drive developed targeting
the exon 5 of the doublesex (dsx) gene (3). The gRNA that targets
the dsx gene (gRNA-dsx) was designed to contain fewer closely
related sites across the mosquito genome than gRNA-7280 for its
respective target site. In silico analysis showed that the gRNA-
dsx had no closely related genomic sites (three or fewer mis-
matches) in the reference mosquito genome (SI Appendix, Table
S2). CIRCLE-seq performed using gRNA-dsx identified a
smaller number of off-target cleavage sites than was observed for
the gRNA-7280 (30 and 98, respectively) (SI Appendix, Fig. S5).
In addition, the only site with a high number of reads in the
CIRCLE-seq experiment was the on-target site (accounting for
88.8% of all reads), with the next highest site accounting for only
1.5% of the on-target reads. Of the 30 sites identified by
CIRCLE-seq for the gRNA-dsx, 28 harbored at least 6 mis-
matches to the dsx target, a finding consistent with the high or-
thogonality of the gRNA-dsx target site to the mosquito genome
(Dataset S3).

Because CIRCLE-seq did not identify any genomic sites that
looked plausible to be cleaved in vivo at levels above the limit of
detection [given that bona fide off-targets for gRNA-7280 con-
tained no more than four mismatches to the target site, and as

Garrood et al.

Analysis of off-target effects in CRISPR-based gene drives in the human malaria mosquito

previously reported (26)], we used an in silico off-target analysis
approach (16) to identify sites in the mosquito genome that had
four or five mismatches to the gRNA-dsx on-target site. Two of
these 133 sites had also been identified by CIRCLE-seq. While
the gene-drive strain may generate and accumulate off-target
mutations over time, population-release experiments (where
gene drive invades a target wild-type caged population) can
saturate these mutations, and thus facilitate the process of
identifying off-targets. We performed deep sequencing of all in
silico-predicted sites from two distinct generations (G2 and G5)
of the zpg-dsx“*"*PR*" gene-drive population experiment (3). For
this the on-target exhibited significant levels of indels generated
compared to the wild-type control (SI Appendix, Fig. S2B), while
among the 133 predicted off-target sites, none showed evidence
of significant Cas9-induced indels relative to the negative control
(Fig. 2 and Dataset S4).

While the zpg promoter does not prevent end-joining entirely,
we showed previously that it can reduce off-target mutagenesis to
undetectable frequencies with the gRNA-7280 (Fig. 1). In an
attempt to reveal putative off-targets of the gRNA-dsx, we aimed
to substantially enhance end-joining by crossing gRNA-
dsx—expressing males to vasa-Cas9-expressing females known
to deposit Cas9 into the embryo, where end-joining rates are
higher than in the germline (SI Appendix, Fig. S6). Among the
progeny, we selected the fraction of females that had been
heavily mutated at dsx, as evidenced by a mosaic intersex phe-
notype, and subjected these to targeted amplicon sequencing of
the 30 sites identified by CIRCLE-seq. Although mutagenic
events occurring in the early embryo could differ from adult
germline mutations (i.e., timing of nuclease expression, chro-
matin structure differences), this system provides a good proxy to
investigate off-target effects. In two separate crosses tested (from
gRNA-dsx—expressing lines integrated in different genomic lo-
cations), the on-target site showed greater than 93% frequency
of reads containing indels, indicating high activity of the Cas9/
gRNA combination. However, there was no evidence of off-
target indels caused by Cas9 cleavage at any of the 30 poten-
tial off-target sites sequenced (SI Appendix, Fig. S7 and Dataset
S5). We observed a putative off-target site (off-11) containing an
indel that was at higher frequency in the sample populations
(mutated progeny-A and -C), >10%) compared with the wild-
type control (~1%), suggesting that this allele was preferentially
selected in the sample population. A further site (off-19) also
contained an indel in the sample populations (that was not in the
wild-type), but again was not indicative of mutations introduced
by Cas9 cleavage.

Genetic Variation Impacts upon Off-Target Editing. Recent studies
indicate that wild Anopheles mosquito populations exhibit high
degrees of polymorphisms across their genomes (10, 11). Several
sites that showed off-target mutations within the vas-7280R/SPR"
gene-drive population contained allele variants (in the labora-
tory wild-type population). This could impact upon off-target
cleavage by creating sites that more closely resemble the on-
target sequence, either within spacer and/or PAM sequences.
To test the hypothesis that different natural polymorphisms can
impact mutation frequencies at off-target sites, we investigated
the relationship between indel frequencies and the presence of
SNPs in sites identified by CIRCLE-seq.

First, amplicon sequencing at the off-4 site revealed two al-
leles, with the reference allele having two mismatches to gRNA-
7280, while an alternative allele had three mismatches to gRNA-
7280 (Fig. 34). When analyzing the frequency of mutations for
each allele individually, we observed that only the reference al-
lele showed evidence of cleavage (Fig. 3B and Dataset S6), while
no indels were found in the variant allele with three mismatches
to the on-target. Frequency of indels detected were normalized
according to proportion of each allele within the population
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Fig. 2. Assessment of off-target indels within a gene-drive population
targeting dsx. Amplicon sequencing was conducted for 133 in silico-
predicted off-target sites for gRNA-dsx. The percentage of reads contain-
ing indels are displayed. A wild-type mosquito population served as control.
Individuals from two generations of a zpg-dsx“**PR" population experiment
were assessed. For each generation two biological replicates were se-
quenced. Three further off-target sites were sequenced, but not displayed
here due to high levels of genetic polymorphism at the cleavage site across
both the control and experimental populations.
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(Fig. 3C). Similarly, we identified three variants at off-11, with off-
target cleavage occurring exclusively in the alleles that contained
fewer mismatches to the on-target site (SI Appendix, Fig. S8).

Notably, we identified four alleles at off-6, with a combination
of SNPs either modifying the PAM (NAG to NGG), or in-
creasing the number of mismatches to the on-target site
(Fig. 3D). The majority of indels were in the allele that restored a
canonical NGG PAM, and had fewer mismatches to the on-
target site (Fig. 3E). Normalized frequency of indels at this
off-target site ranged from 1.75 to 3.75% for the vas-7280°RISPR"
populations (Fig. 3F), while no indication of CRISPR-induced
indels was observed in zpg-7280FISPRA or 2pg-72805PCP

No Evidence Supporting Hypothesized “Drag-Along” Drive of
Mutations. We hypothesized that off-target mutations could po-
tentially increase in frequency over generations and spread
within a population alongside the gene drive if the nuclease
promotes the off-target mutation to be “dragged-along” by HDR
(homing). The detection of bona fide off-target mutations within
the vas-7280“%*S"R" gene-drive populations allowed for more in
depth study as to whether off-target drag-along occurs in vivo. By
sequencing multiple consecutive generations (G3, G4, G5, and
G6) and a later generation (G12) of a population exposed to the
gene drive, we could monitor if any of the off-target indels in-
creased in frequency over time, suggesting a drag-along drive of
the mutation via homing at the off-target loci, due to the action
of the Cas9 (SI Appendix, Fig. S9). Analyzing the individual
frequency of the 10 most-abundant indels found at the earliest
generation sequenced (G3), for 3 off-target sites (off-4, off-6,
and off-11), and following their frequency over consecutive
generations we did not observe any consistent increase in fre-
quency of individual indels (Fig. 4 and SI Appendix, Fig. S10).
This suggested that these off-target mutations are not driven
through a mosquito population exposed to a gene drive, or if
they are, they do not increase in frequency to a level high enough
to be distinguished above indels generated at each generation.

Discussion

Our results show that a homing-based gene drive in An. gambiae
can be appropriately designed to show no detectable genomic
off-target mutations (i.e., no alterations that rise above the
~0.1% detection limit of next-generation sequencing-based as-
says). Following the previously robustly tested methodology for
detecting off-target mutations known as VIVO (combining
CIRCLE-seq nomination followed by in vivo-targeted deep se-
quencing) (26), we demonstrated that it was possible to identify
and predict off-target edits within the An. gambiae. To do this, a
gRNA was used with Cas9 that targeted the AGAP007280 gene
and for which there were many sites present in the mosquito
genome with three or fewer mismatches. Notably, gRNA-7280
was designed with a truncated spacer of 18 bp, which has been
suggested to reduce off-target activity (29), although previous
studies have shown that a truncated guide can still induce off-
target mutations (18, 29, 30). This was combined with a Cas9
whose expression was regulated by a promoter (vasa), which was
not tightly restricted to germline expression and is maternally
deposited into the early zygote (5, 27, 31). This maternal depo-
sition of Cas9 has been shown to cause considerable indels at the
on-target site for the AGAP007280 gene, due to the accumula-
tion of ribonucleoprotein complexes at a stage when nonho-
mologous end-joining is favored over HDR (5).

Here we demonstrate that the combination of a potentially
more promiscuous gRNA with a nongermline-restricted pro-
moter for Cas9 was able to cause off-target editing at frequencies
lower than 1.42%; however, there was no evidence that these
mutations were able to propagate through the population by a
so-called drag-along drive. A concern expressed for gene-drive
technology is that off-target mutations could occur and would be
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Fig. 3. The impact of genetic variation upon CRISPR-Cas9 off-target cleavage. (A) Off-target 4 contained two alleles. (B) Indels were detected in one allele
(No SNP) within vas-7280%'SPRh population, with no significant indels detected for zpg-7280°R*PR" or zpg-7280°P%P. This represents editing as a percentage of
all reads that align to the off-target site (C) Levels of indels detected are displayed as a percentage of reads that align to each allele, respectively. (D) Off-
target 6 contained four alleles. (E) Indels were detected in one allele (SNP 2) which contained an NGG PAM. (F) SNP 2 showed indels for vas2-CRISPR". Indels
found for SNP 1 in zpg-7280<FP*" are not evidence of genuine off-targeting editing, but artifacts of very low number of reads aligning to this allele. Cage 1
(solid line) and cage 2 (dash line), with zpg-7280°°°P containing one biological replicate only (due to the other cage’s population crashing at G8, as intended

as part of the study).

able to increase in frequency over generations and alter the fit-
ness of the transgenic mosquitoes, or have undesired effects on
disease transmission or insecticide resistance. A reason hypoth-
esized for the lack of such a phenomenon being present here is
that the mutations witnessed were somatic, rather than induced
in the germline, and so would not be spread to the subsequent
generations. Off-target sites that were present in the context of a
vasa promoter-driven gene drive did not show evidence of
nuclease-induced editing in gene-drive strains using a tighter
promoter (zpg) for the Cas9, even when the gRNA was held
constant. The use of the zpg promoter was originally designed to
improve the invasion dynamics of the CRISPR homing construct
in An. gambiae (27). Reducing the potential for nonhomologous
end-joining in the germline and early embryo delayed the onset
of resistance and also improved the fecundity of females that
were heterozygous for the CRISPR-homing construct (27). By
extension, this reduction in the generation of indels at the on-
target site could also lead to a reduction in indels at off-target
sites. In laboratory populations combining the zpg promoter with
a gRNA designed to contain no closely related sites across the
mosquito genome (gRNA-dsx), no detectable evidence of nuclease-
induced editing was found at in silico-predicted off-target sites.
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Furthermore, we also did not find any detectable indels indicative
of Cas9 cleavage for the gRNA-dsx even when combining it with a
vasa-driven source of Cas9 (SI Appendix, Table S3).

Notably, we observed enhanced off-target mutagenesis corre-
lating with natural allelic variants that either reduce the number
of mismatches to the target site or convert it to a more cleavable
site (i.e., mutations that create a PAM site). This suggests that
genetic variation for off-target analysis should be considered
when assessing the potential impact of gene editing in large
natural populations. An important challenge for future work will
be to leverage the increasing availability of genomic data from
large samples of wild mosquitoes (10, 11) into off-target analysis.

An important consideration of off-target editing, when applied
to gene drives, is the likely consequence of the mutations that
occur. In the majority of cases, it is reasonable to predict that off-
target edits will not cause any phenotypic consequences, and
therefore do not automatically equal harm. The essential risk
assessment for the development of gene drive has been proposed
to be evaluated on a case-by-case basis for each mosquito strain
bearing a drive construct (32). By assessing the transgenic strain
for insecticide resistance, reproductive fitness, and vector com-
petence (compared to the wild-type control), one can identify
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Fig. 4. Indel frequency at off-target 4 and off-target 6 for vas-7280***PR"_ The top 10 indels witnessed in the G3 were individually followed through
subsequent generations to assess if frequency changed over time. The frequencies of the indels were normalized to the total number of reads containing
indels for that sample. There are 11 indels displayed, as the top 10 indels in CT1 (cage trial 1) were not identical to those witnessed for CT2 (cage trial 2).

whether the transgenic strain differs in these key areas. In this
context, off-target mutations are not necessarily harmful, and the
likelihood is that most off-target mutations would be lost natu-
rally from the gene drive if they did not confer any advantage.

This study is, to our knowledge, unique in being an in vivo
analysis of off-target mutations for CRISPR-Cas9-based gene
drives at the whole-genome level. In summary, we demonstrate
that a CRISPR-Cas9 homing gene drive is capable of inducing
off-target editing within the malaria mosquito vector An. gam-
biae. Although off-target effects are dependent on individual
gRNA design, our results provide some general considerations that
we expect will advance gene-drive research and will help the
translation from the laboratory to the field. With prudent selection
of the gene-drive target site and restricting nuclease activity to the
germline, the propagation of off-target edits within caged mosquito
populations can be minimized to undetectable levels.

While it cannot be concluded that these steps alone will
completely prevent the generation of off-target mutations in a
field-release setting due to the large genetic diversity of wild
populations, the potential of effects arising that are harmful to
the environment or health, or reduce the efficacy or spread of a
drive, can be purposefully minimized using the strategies out-
lined in this report.

Materials and Methods

In Silico Cas-OFFinder Predictions. Cas-OFFinder is an in silico tool that was
used to identify potential off-targets (Webtool: http:/www.rgenome.net/
cas-offinder/) (16).This tool functions by assembling all 21- to 23-bp DNA
sequences (depending on your query spacer length), that consists of the
gRNA sequence (18 to 20 bp) and an NRG PAM. The NGG PAM is canonical;
however, research has shown that CRISPR-Cas9 is also able to cleave NAG
PAMs, although at around one-fifth of the efficiency of an NGG PAM (33).
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The algorithm then compares those sequences with your queried sequence,
and counts the mismatched bases in the gRNA sequence (16). The parame-
ters used were an NGG or NAG PAM, with up to seven mismatches to the
spacer sequence. This was conducted for both the gRNA-7280 (GGAAGAAAG-
TGAGGAGGA) and the gRNA-dsx (GTTTAACACAGGTCAAGCGG).

Reference Genome for CIRCLE-Seq, CRISPResso, and Cas-OFFinder. Cas-
OFFinder, CRISPResso, and CIRCLE-seq utilized the An. gambiae PEST ge-
nome (AgamP4.9) (34) as the reference genome, which was sequenced by
shotgun sequencing (35).

In Vitro CIRCLE-Seq. A full description of the CIRCLE-seq methodology is
described in the literature (23), and a brief description is provided here.
Genomic DNA was extracted from 800 wild-type mosquitoes using the
Wizard Genomic DNA Purification Kit (Promega) and was sheared to an
average length of 300 bp (using a Covaris S200 instrument) before being
end-repaired, A-tailed, and adaptors ligated. USER treatment of the
adapter-ligated precircularization library converts adapter hairpin structures
to 4-bp single-stranded overhangs that promote library circularization in the
following step of the CIRCLE-seq protocol [for more details, see Tsai et al.
(23)]. These DNA fragments are circularized with T4 ligase and the remaining
linear DNA is degraded. The in vitro cleavage reactions contained SpCas9,
the gRNA of interest (either gRNA-7280 or gRNA-dsx), and the circularized
DNA. These reactions were performed at 28 °C [being the temperature the
mosquitoes (7, 36) are maintained at in the laboratory]l. These digested
products were A-tailed and a further adaptor was ligated, before PCR-
amplification and library preparation. Libraries were sequenced with
150-bp paired-end reads using an lllumina MiSeq. These data were then
processed using v1.1 of the CIRCLE-Seq analysis pipeline (23) (https:/github.
com/tsailabSJ/circleseq). CIRCLE-seq sequence plots were produced using
software published by Tsai et al. (23).

Generation of Mosquitoes Exposed to vasa Cas9 and gRNA-dsx. Males of two

strains, A and C (100 males per strain), containing a randomly integrated
U6::gRNA (RFP*) cassette in heterozygosity, were each crossed to 100 female
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heterozygotes for vas2::Cas9 (YFP*) (2). The RFP*YFP~ quarter of the prog-
eny that had inherited the U6::gRNA cassette, but not vas2::Cas9, were se-
lected on the basis of their fluorescence using a COPAS (complex object
parametric analyzer and sorter) larval sorter, as in Marois et al. (37). The
ubiquitously expressed gRNA present in both strains is complementary to
the gene-drive target site on the doublesex gene (3), and if combined with
vas2-expressed Cas9, present in the embryo through maternal deposition,
they can form an active riboendonuclease complex that can introduce
double-stranded breaks that are predominantly repaired through end-
joining in the early embryo (28). As a result, female progeny (minimum 48
mosquitoes) showed a partially intersex phenotype due to mosaicism for a
doublesex knockout and were selected for pooled amplicon sequencing for
on-target and off-target detection of end-joining mutations.

Containment of Gene-Drive Mosquitoes. All work using GM mosquitoes was
performed according to previously described guidelines and protocols (3).
The ecological and physical containment of mosquitoes housed in the in-
sectary facility at Imperial College London, meets established safeguards to
follow when working with synthetic gene-drive mosquitoes (38).

In Vivo Amplicon Sequencing of vas-7280%SPRh, zpg-7280R!SPRh, zpg.72805PSP
Populations and vas-dsx (Mutated Progeny-A and -C). Genomic DNA was
extracted using Wizard Genomic DNA Purification Kit from massed pools of
mosquitoes (49 to 425 adult). Amplicon sequencing was performed as pre-
viously described (3), with the following changes to account for the neces-
sary multiplexing of amplicons for sequencing. Individual PCR reactions were
performed per amplicon under nonsaturating conditions (23 cycles), before
purification using AMPure XP beads and validated using the fragment An-
alyzer (High Sensitivity Small Fragment Analysis Kit). The amplicons were
then normalized individually at 0.54 nM concentration and pooled into
equal volumes. A second PCR step attached the dual indices and Illumina
sequencing adapters using the Nextera XT Index kit, with a final AMPure XP
beads purification step, with validation and quantification of the final li-
braries. Each library contained between 10 and 16 amplicons and was se-
quenced using an lllumina MiSEq. 2 with 2 x 250-bp v2 paired-end run. The
wild-type mosquito population was used as the negative control for the
amplicon sequencing. We aimed for a minimum of 10,000 sequencing reads
per site. Occasionally sites proved tricky to sequence, probably due to the
highly repetitive nature of certain loci (X:1286129-1286150 being an ex-
ample) and fell below the desired minimum of 10,000 reads.

In Vivo zpg-dsx®'SPRh Gene-Drive Amplicon Sequencing. Genomic DNA from
2zpg-dsx“F5PRh and wild-type mosquitoes was harvested and used as a template
for targeted amplicon sequencing of in silico-predicted off targets. To detect
mosaicism down to 1%, we used an average of at least 100 genomes per
mosquito as our genomic DNA template and allotted at least 10,000
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sequencing reads per site to detect low-frequency events (<0.01%). Amplicon
sequencing of wild-type mosquito gDNA was used as our negative control.

PCRs were performed using Phusion Hot Start Flex DNA polymerase (New
England Biolabs). PCR products were then purified using homebrew magnetic
beads, quantified using a QuantiFlor dsDNA System kit (Promega), normal-
ized to 10 ng/pL per amplicon and pooled. Pooled samples were end-
repaired and A-tailed using an End Prep Enzyme Mix and reaction buffer
from NEBNext Ultra Il DNA Library Prep Kit for Illumina, and ligated to
Illumina TruSeq adapters using a ligation master mix and ligation enhancer
from the same kit. Library samples were purified with homebrew magnetic
beads, size-selected using PEG/NaCl SPRI solution (KAPA Biosystems), quan-
tified using droplet digital PCR (Bio-Rad), and loaded onto an Illumina MiSeq
for deep sequencing.

Amplicon-Sequencing Analysis. The amplicon-sequencing analysis was per-
formed using the command line version of CRISPRessoPooled 2 software (39)
(https://github.com/pinellolab/CRISPResso2) using default parameters. Hap-
lotypes carrying common individual insertion or deletion events at the cut
site were grouped together to calculate overall frequency at which a given
indel occurred. Furthermore, edited alleles were grouped based on the
presence of existing variation around the cut site and their frequency was
calculated. The calculations, analysis, and plots were done by using custom
Python scripts on data tables with results produced by CRISPResso2.

Statistical Analysis of Amplicon Sequencing. A two-tailed Fisher exact test was
used for comparison between wild-type and nuclease-exposed samples at
each off-target site. Indel and nonindel read counts were derived from
pooled samples of the same condition and used in the test. Benjamini-
Hochberg procedure was used for P value adjustment to account for
multiple comparison.
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