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CRISPR base editors can introduce point mutations into DNA precisely, and cytosine base editors
(CBEs) catalyze C to T transitions. While CBEs have been thoroughly explored in cell culture and
organisms such as mice, little is known about DNA base editing in insects. In this study, we evaluated
germline editing rates of three different CBEs expressed under actin (ubiquitous) or nanos (germline)
promoters utilizingDrosophila melanogaster. The originalRattus norvegicus-derived cytosine deaminase
APOBEC1 (rAPO-1) displayed high base editing rates (~99%) with undetectable indel formation.
Additionally, we show that base editors can be used for generating male sterility and female lethality.
Overall, this study highlights the importance of promoter choice and sex-specific transmission for
efficient base editing in flies while providing new insights for future genetic biocontrol designs in insects.

Manyof the recent advances in thefield of biotechnology are due toprogress
in genome-modifying enzymes such as the CRISPR/Cas9 system1. Many
CRISPR adaptations have been developed for different purposes, including
CRISPR base editors that can substitute one nucleotide for another at a key
location to introduce a point mutation2,3.

One of the primary motivations for developing base editors was to be
able to introduce a specific nucleotide change without creating double-
stranded breaks (DSBs)4. Before base editors, the homology-directed repair
(HDR) mechanism was exploited to make precise changes to a DNA
sequence, where a donor DNA template encoding the desired nucleotide
substitution was supplied in conjunction with CRISPR/Cas9. In this
method, the Cas9 creates the DSB, which can be repaired by HDR with the
donor DNA functioning as the repair template. However, while HDR can
install the desired mutation, it typically occurs at very low efficiency, with
other repair pathways, such as non-homologous end-joining (NHEJ) gen-
erating insertions or deletions at the cut site5,6.

Instead, CRISPR-based editors canmodify a single nucleotide without
the requirement for any exogenous DNA or DNA double-strand breaks.
This is achieved through fusing themodifiednickaseCas9,which introduces
single-strand breaks, to a base editor domain that deaminates the DNA and
induces a point mutation using the endogenous DNA repair machinery7.
Adenosine base editors (ABEs) can create A-to-G substitutions while C-to-
T edits can be produced by cytosine base editors (CBEs)2,3. When using
CBEs, the molecular mechanism of this approach starts with the formation
of an R-loop, which exposes cytosines to the cytidine deaminase to be
converted touracil via enzymatic hydrolysis; this uracil is then recognizedby
eukaryotic and prokaryotic DNA polymerases as a thymidine, resulting in

G:C to A:T transitions2,3. The deamination of cytidine happens at a specific
interval within the R-loop, termed the editing window, meaning that other
cytosines within the target window can be edited – forming bystander edits.
However, base editing windows can be adjusted with certain modifications
such as linker length between the base editor domain and the nickase Cas98

to meet the experimental necessities.
While this technology has been applied from agriculture to human

therapy2,9,10, these approaches have not been explored extensively in insects
and these species could represent an excellent option for developing genetic
biocontrol or targeted genetic intervention strategies11. For example, insect
species could be protected from pesticides or climate change by spreading a
pesticide resistance12 or heat tolerance allele13. Base editors may be uniquely
suited to spread thesemutations as part of anAllele Sail14. AnAllele Sail uses
a genome editor to create DNA edits, which permit the development of
viable and fertile offspring. This creates a unique dynamic where there is
Mendelian inheritance of the editor, while the frequency of the edits
increases at a super-Mendelian rate.Using agent-basedmodeling it has been
shown that edits can reach very frequencies with a single, low-frequency
release. Also, we could spread beneficial single nucleotide polymorphisms
(SNPs) that can make mosquitoes resistant to Plasmodium to reduce
malaria’s disease impact15,16. One way to propagate mutations into a
population would be the use of the proposed Y-linked editors to disrupt the
fitness of female progenies for population suppression17. Another option
could be linking base editors to CRISPR-gene drives and harnessing the
intrinsic super-Mendelian inheritance rates of these self-replicating
elements18–20 to spread SNPs of interest.
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While preparing this manuscript, two studies have demonstrated
transgenic expression of CBEs and ABEs in the model organism D. mela-
nogaster targeting the germline21,22. Thakkar and colleagues targeted the
white gene using first-generation CBEs and ABEs previously optimized in
humancell culture2,3, and reported anaverage germline editing rate of 70%21.
In the second study, Doll and colleagues evaluated an evolved version of the
Rattus norvegicusAPOBEC1 (CBEevoAPOBEC1), and an evolved version of the
Petromyzon marinus cytidine deaminase 1 (CDA1) protein (CBEevoCDA1)23.
Here, they showed germline transmission rates of ~99% efficiency when
using CBEevoCDA1 while the CBEevoAPOBEC1 showed lower base editing rates
(70–95%)22. Interestingly, both studies required the elevated temperature of
28–29 °C to achieve higher editing rates in specific situations, which is not
ideal, as the optimal survival and preferred temperature in Drosophila is
25 °C24,25. Therefore, we sought to identify different base editor domains
displaying high editing rates (90–100%) at 25 °C and using two different
promoters.

Specifically, we examined the efficiency of three different CBEs at
25 °C: (i) the original Rattus norvegicus-derived cytosine deaminase APO-
BEC1 (rAPO-1)2, (ii) an optimized version of the original APOBEC1
(ancBE4)26, and (iii) the AID*Δ variant of the human AID cytidine
deaminase(AID*Δ)27. Importantly, all our base editors displayed complete
editing efficiency (>99%) when using the ubiquitous actin promoter at
25 °C. Also, the AID*Δ displayed a wider editing window compared to the
rAPO-1 and the ancBE4, which can be useful for applications looking to
introducemultiplemutations at a target site. Additionally, we examined the
influence of maternal or paternal transmission of the CBEs and found that
our extremely efficientCBEswere precise, though indel formation increased
when the CBEs were transmitted maternally. Lastly, our base editor system
was able toproducemale sterility and female lethality by targetingβ-Tubulin
(β-Tub) and sex-lethal (sxl) genes, respectively. Indeed, our studies expand
the CBE repertoire and bring new information about the fine workings of
base editing in insects.

Results
Generating transgenic D. melanogaster for expression of CBEs
and guide RNA (gRNAs)
To evaluate base editing in flies, we made a set of genetic constructs that
expressed three different CBEs under two distinct promoters for a total of 6

conditions. These constructs carry the following features: First, a Cas9D10A

nickasewith the nuclear localization signal (NLS) derived from simian virus
40 (SV40) T antigen26,28. This modified nuclease was fused to either of the
three different CBE domains: (i) the original Rattus norvegicus-derived
cytosine deaminase (rAPO-1)2, (ii) its ancestrally reconstructed version
ancBE4max base editor (ancBE4)26, or (iii) the AID*Δ variant of the human
AID cytidine deaminase (AID*Δ)26. These base editors were expressed by
either the ubiquitous promoter actin (act) or the well-known germline
nanos (nos) promoter22,29,30 (Fig. 1A). We employed the virus-derived p10
terminator for the act-expressedCBEsdue to its demonstrated great protein
expression31 (Fig. 1A). We used the endogenous nos 3′ untranslated region
(UTR) for the remaining constructs containing the nos promoter. Lastly, all
base editor constructs were site-specifically integrated onto the 2ND chro-
mosome using phiC31-mediated integration32 while using the mini-white
selectable marker to identify positive transformants33 (Fig. 1A). As addi-
tional notes, all CBEswere fused to theN-terminal end of the nickase, which
is key for efficient editing2. Contrary to most base editing designs, we
excluded the uracil DNA glycosylase inhibitor (UGI) in our constructs as
flies tolerate high levels of uracil in DNA34 compared to humans10.

Then, we also generated one fly line containing two different gRNAs
designed to introduce premature stop codons into the endogenous ebony
gene (Fig. 1B,C)when combinedwith theCBE transgenicflies. Both gRNAs
were driven by validated U6 promoters19,29,35 driving ubiquitous expression
of the separate gRNAs. The recessive ebony gene controls the amount of
dopamine in cuticle formation, with disruption leading to a darker body
color compared to wild type36. Also, the dual gRNA construct was also
integrated at the same 2nd chromosome locus in a separate strain (Fig. 1B).

Actin and nanos CBEs display high germline editing rates
To assess the editing efficiency of our six different base editor scenarios, we
conducted a base editing efficiency assay based on the ebony (dark color)
phenotype. Flies homozygous for each CBE transgene were crossed to flies
homozygous for the transgene expressing the gRNAs targeting ebony for
stop codon generation at two different target sites. The resulting F1 trans-
heterozygote animalswere then crossed to afly strain homozygous for a null
mutation to ebony (Fig. 2A)36. At the F2 level, if base editors are able to
introduce a stop codon by using any of the two gRNAs, thosemodifications
will be represented by ebonymutant individuals displaying dark body color.

Fig. 1 | Diagrams of the cytosine base editor and ebony-gRNA constructs. A Two
promoters were used, a nos promoter for germline-specific expression and an actin
promoter for ubiquitous base editor expression. Nos-5′ nos promoter, nos-3 nos
terminator, p10-3′ p10 terminator, actin-5′ actin promoter, mini-w mini-white
selectable marker, PhiC31 AttB recognition site for PhiC31-mediated integration.

AmpR ampicillin resistance gene, ori bacterial origin of replication.BDiagramof the
ebony-gRNA construct. dU6-1 and dU6-3 are both Drosophila U6 promoters for
ubiquitous gRNA expression. C A schematic of the gRNAs used to target an ebony
exon. The gRNA sequence is highlighted in gray, PAM (red) and the target bases
(orange) for each gRNA are also highlighted.
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If no base editing occurs, flies will present a wild-type body color due to
heterozygosity (Fig. 2A).

The overall phenotyping data indicated close to complete base editing
efficiency for all actin-expressed CBEs, though the nos promoter seemed to
be less efficient (Fig. 2B–E).

While the nos promoter is germline-specific, the act promoter has also
shown high expression in bothmale and female germline cells37. In fact, the
act promoter has produced higher editing rates in various CRISPR-based
technologies, such as gene drives29, compared to nos, suggesting its overall
higher performance. Yet, prior genome editing studies have shown sex
differences in editing efficiencydue tomaternal deposition or zygotic gRNA
expression38.Also, differences inDNArepairduring gametogenesis between
sexes39–41 could influence base editing outcomes. To reflect this greater
importance, the transmissionpathways are referred to in termsofwhat sex is
transmitting the CBE: ‘F0male/F1 male’ refers to the male transmitting the
CBE in both the F0 and F1 generation. Then, we explored the role of sex
differences by conducting crosses with both maternal and paternal F0 base
editor parents, along with bothmaternal and paternal F1 transheterozygote
parents (Fig. 2A).

When evaluating F1 male transmission of a CBE, we detected lower
editing for F0 male/F1 male transmission (Fig. 2B) compared to F0 female/
F1 male transmission (Fig. 2C) when using nos promoter; yet, base editing
with the act promoter was not affected by gender transmission differences.
This was most pronounced for nos-rAPO-1 where editing increased by
15.8%, with a slightly lower increase seen for nos-ancBE4 (11.1%). The nos-
AID*Δ reached high editing rates with 99.1%, an increase of 7.5%
(Fig. 2B, C). These observations might be due to F0 maternal deposition
producing a higher quantity of theCBE compared towhat is observed in the
F0 male/F1 male condition (Fig. 2B, C).

With respect to the effect of CBE transmission in females, we found a
relevant influence in F1 female transmission (Fig. 2D, E). We saw that the
lowest performing base editor, the nos-rAPO-1 was 73.6% with F0 male/F1
male transmission, compared to 96.0% efficient with F0 female/F1 female
transmission. This may arise through maternal deposition of a CBE and
gRNA allowing unedited alleles to be edited in the F2 generation, essentially
extending the window of possible editing as well as producing CBEs at a
sensitive developmental time that potentially favors CBE-mediated gene
inactivation. The female germline may also favor the generation of inacti-
vated alleles, perhaps due to sex differences in DNA repair.

Lastly, we provided images of all F1 and F2 individuals within all
conditions tested. Interestingly, flies at the F1 stage that expressed base
editors from the actin promoter displayed an ebony phenotype while those
expressing from the nos promoter displayed a wild-type phenotype. This
indicates the higher expression of the actin promoter in somatic tissues
compared to nos, which is more germline-specific42. Whereas, all F2 indi-
viduals displayed ebony phenotype for both promoters, as expected (Sup-
plementary File - Supplementary Fig. 1).

Overall, our results suggest that female over male transmission of the
transgenes is preferred to obtain higher base editing efficiencies. Also, we
show that act-CBE’s are less influenced by differences in sex transmission of
the transgenes as they show almost 100% efficiency in all conditions
(Fig. 2B–E). Most likely, act-CBE’s displayed higher editing efficiencies due
to their ubiquitous expression that should allow for awider timewindow for
base editing.

Amplicon sequencing of the target sites confirms stop codon
abundance and phenotypical analysis
To establish a correlation between our phenotype data and genotypes, we
conducted amplicon sequencing (Amp-Seq) of both target sites for each
condition tested. Inbrief,wepooledflies fromtwo independent experiments
for each condition assessed, and all samples contained both the wildtype
(unedited) and ebony (potentially edited) F2 individuals, and the average
number of flies per sample was 82 individuals (Supplementary File - Sup-
plementary Table 4).

From our sequencing data, we first sought to establish how closely the
percentage of reads with at least one stop codon matched the phenotype
data. In our base editing assay, 50% of alleles are inherited from the
homozygous null ebonymutant, which is not able to undergo F1 germline
editing (Fig. 2A). Importantly, the mutation carried by the ebony null
mutant employed for F1 crosses, falls outside of the region sequenced,
allowing for equal representation in the F2 progeny sequencing. Therefore,
we would expect the F1 germline editing of ebony to amount to amaximum
of 50%. If we then assume that all phenotypically ebony F2 flies inherited a
base editor-mediated stop codon, we can predict the stop codon percentage
based on the phenotype data.

Indeed, thepredicted stop codonpercentage (in orange) alignswith the
observed stop codonpercentage for all samples that fall below the theoretical
threshold of 50%,which is consistentwith theCBE-mediated stop codon (in

Fig. 2 | Phenotyping assay to evaluate germline editing rates. A Schematic of the
base editing assay for germline transmission. F0males or F0 females homozygous for
either the base editor or gRNAs were crossed together. F1 males or female trans-
heterozygotes, which contained both transgenes (base editor and gRNAs) were
crossed to a homozygous ebony mutant strain. The base editing efficiency in F1
individuals was obtained by scoring for the ebony phenotype in the F2 progeny. The
green triangles in the F1 individuals indicate the chromosome where base editing
could occur, e* CBE-mediated edit, e+ wild-type ebony, e– ebony mutation from

mutant strain, Chr. chromosome, ebony-gRNAs construct expressing two gRNAs
for introducing a premature stop codon into ebony.B–EGermline base editing rates
of base-edited alleles as a percentage of F2 flies exhibiting the ebony phenotype
(assessed from a total of at least 10 independent crosses, with the % base editing
efficiency and total number of flies scored (N)). The effect of different CBE trans-
mission modes was assessed by examining the percentage of ebony offspring
through the four transmission pathways.
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blue) creating the ebony phenotype (Fig. 3A–D). However, the stop codon
abundance exceeds 50% only when maternal transmission of the actin-
expressedCBEs at the F1 level occurs (Fig. 3C, D). These results suggest that
maternal deposition of the base editor and gRNA transgenes allows for
editing of the incoming F1 alleles from the null homozygous parent
(Fig. 3E), evenwhenboth transgenes donot cohabitwithin theF2progenies.
Lastly, we examined the contribution of each gRNA separately to extend the
stop codon analysis. Indeed, both gRNAs introduced stop codons at the
target nucleotide. However, gRNA2 was more active for every base editor
and condition tested, suggesting its major contribution to the observed
phenotypes (Supplementary File - Supplementary Fig. 2).

Drosophila base editors displayed high efficiency and
product purity
The CBEs’ average capacity to introduce C-to-T transitions is known as
product purity43. This precision consists of threecommonCBEby-products:
indels, C-to-G, and C-to-A edits. We have evaluated the product purity of
the base editors tested and the presence of such by-products in all
conditions.

As mentioned, our gRNA transgene carries 2 different gRNAs tar-
geting the ebony gene at two different genomic regions to introduce a
stop codon and produce gene disruption. The first gRNA contains a C
(namedC1),whichwhen converted toT, produces a stop codon.The second

Fig. 3 | Stop codon molecular analysis of editing
by CBEs. A–D The percentage of reads with a stop
codon compared to the predicted percentage of
ebony flies from the Amp-Seq subset of the pheno-
typing assay. The stop codon percentage at either
gRNA1/gRNA2 was determined from the Amp-Seq
data (n = 2, the total number of flies used per cross is
detailed in Supplementary Table 4, data is individual
measurements (points)). The predicted ebony per-
centage was the percentage of flies from the Amp-
Seq data subset that were phenotypically ebony in
our experiments from Fig. 2. E Diagram of how
maternal deposition of a CBE may increase the stop
codon abundance above the theoretical editing
threshold of 50%.
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gRNA instead contains two Cs (C1 and C2) that are susceptible to being
converted andgenerate a stop codon (Fig. 4A).Here,we focus on these three
nucleotides for our purity and by-product analysis.

In general, we observed a very high frequency (90–100%) of C-to-T
edits for all base editors andmodes of base editor transmission (Fig. 4B–E).
Specifically,whenevaluatingF1male transmissionandgRNA1,we sawhigh
product purity edits with low frequencies of C-to-G or C-to-A substitutions

except for the F0 female/F1 male transmission where act-AID*Δ and nos-
rAPO-1 showed ~5% of undesired C-to-G transitions (Fig. 4C). Interest-
ingly,weobserved adifferent trendwhen examining gRNA2-C1; in this case,
we observed widespread C-to-G or C-to-A substitutions ranging from 5 to
10% inboth F0male/F1male andF0 female/F1male transmission scenarios
(Fig. 4c). It is important to note that the susceptible C to be mutated in
gRNA1 is located in position 5 (PAM distal), while gRNA2-C1 is placed in

Fig. 4 | Frequency of different types of base substitution at the target C bases.
A The gRNA sequences for gRNA1 and gRNA2 are detailed (black), with the target
cytidines (orange) numbered and the PAM sequence in red (data presented as the
mean frequency of reads with the specified substitution out of all reads harboring a

non-C nucleotide at the target base; n = 2, the total number of flies used per cross is
detailed in Supplementary Table 4). B–E The effect of different CBE transmission
modes on base substitution frequency was assessed by examining the four trans-
mission pathways.
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position 4 (Fig. 4A), and it has been shown in human cell culture that
product purity is enhanced when the susceptible C is in PAM-distal position
543,44. In line with these observations, gRNA2-C2 displayed high product
purity in both F1male transmission scenarios except for act-AID*Δ, and this
gRNA2-C2 is also located in PAM-distal position 5, as occurs in gRNA1-C1

(Fig. 4A–C). Additionally, we noted wider editing for the AID*Δ domain, in
line with previous studies45 (Supplementary File - Supplementary Fig. 3).

Similarly, high product puritywas observedwhen evaluating F1 female
transmission conditions using both promoters and the three base editors
tested, though the gRNA2-C1 displayed higher rates of undesired by-
products compared to gRNA1 and gRNA-C2 (Fig. 4D, E). These observa-
tions are in linewith theF1male transmissionoutcomes and suggest that the
targeted position of C is critical to inducing cleaner base substitution.

Regarding indel rates, we observed a range of 0% to ~20% within the
transmission conditions tested (Fig. 5A). Specifically, theAID*Δ base editor
displayed higher indel rates (~10–20%) than the rAPO-1 (0–5%) and the
ancBE4 (0–10%) when the transgenes were inherited from F1 females
(Fig. 5A – blue and purple bars). However, we observed 0% indel with base
editor domains when the base editor machinery was inherited from F1
males (Fig. 5A – red and green bars). Also, it is important to note that nanos
promoter produced fewer indels than the actin promoter with the three
different base editor domains tested (Fig. 5A).Overall, we identified thenos-
rAPO-1 as the indel-free condition, independently of the base editing
transmissionmode (Fig. 5A). Therefore, our indel analysis indicates thatnos
is less prone to generate indels compared to the actin promoter. Also, more
indels were generated when the base editing components were inherited
from F1 females, suggesting differences in DNA repair between both gen-
ders. While indels created by CRISPR base editors have not been deeply
explored in insects so far, previous CRISPR-based approaches such as gene
drive seeking to spread engineered alleles also displayed higher rates of
indels when the CRISPR elements were inherited through females29,46,47.

To further assess the performance of our base editor designs, we cal-
culated the C-to-T:indel ratio for cytidine bases that had at least 5% base
conversion across all CBEs. Here, a higher ratio is preferred as an indication
of overall base editor efficiency. There were only two cytidines that fit this
criterion, the two target cytidines of gRNA2. In linewithourprevious results
and previous work22, the best performance was detected when the base
editing components were inherited through the male at the F1 level; here,
ratios of 128–512 were observed (Fig. 5B–E). Additionally, our analysis
employing females at the F1 level displayed dramatically lower indel ratios,
except for nos-rAPO-1, which maintained a high C-to-T: indel ratio
(Fig. 5D, E). These results confirm that either differences in DNA repair in
the female germline or maternal deposition are producing greater indel
formation.

CRISPR base editors can produce male sterility and female
lethality
While previous work focused on targeting pigmentation and essential
genes22, we wondered whether base editors could be used to generate dif-
ferent phenotypes such as male sterility and female lethality. As we men-
tioned in the introduction, CRISPR base editors could be employed for
genetic biocontrol approaches such asprecise genetic sterile insect technique
(pgSIT)48,49, gene drives20, or sex-linked genome editors17 for population
control.

To test this idea, we generated two additional gRNA lines containing
two gRNAs each targeting β-Tubulin (β-Tub) or sex-lethal (sxl) loci since
their disruption causes mutant male flies to be sterile and selective lethality
of females48,49, respectively. Specifically, these gRNAs were designed to
introduce stop codons, as we did before in our ebony experiments. Then, we
decided to use our actin-rAPO as a base editing source since this line was
highly efficient and generated a very low frequency of indels.

First, we crossed females carrying the β-Tub-gRNAs to males expres-
sing the rAPO domain under the act promoter (Fig. 6A). Then, the F1males
carrying both transgenes were single-pair crossed to wild-type females to
evaluate male sterility in the F2 progeny (Fig. 6A). If males carrying both
transgeneswere sterile,we should not observe any individuals developing to
adults in the F2 generation. Indeed, we observed sterility in 7 out of 8
experiments as we did not observe adults in those 7 tubes (Fig. 6A). To
molecularly confirmstop codongeneration inβ-Tubmutant individuals,we
pooled all males into one tube and performed amplicon sequencing. We
analyzed nucleotide distribution across the gRNA and displayed the per-
centage of thymidines observed within the total sequencing reads (Fig. 6B).
We observed that both gRNAs targeting β-Tubwere able to introduce stop
codons with base editing frequencies ranging from 40% to 94% (Fig. 6B),
which correlates with the observed sterility phenotypes.

Second,we crossed females carrying the sxl-gRNAs tomales expressing
the rAPO domain under the act promoter; this genetic cross was repeated 4
times independently, and the average percentage observed for each category

Fig. 5 | Analysis of indels caused by cytidine base editing. A The rate of indel
formation seen inAmp-Seq reads for all CBEs and transmission pathways (n = 2, the
total number of flies used per cross is detailed in Supplementary Table 4, data is
mean ± s.d.). B–E The C-to-T:indel ratio at every cytidine base that had at least 5%
base conversion across all CBEs. The ratiowas calculated fromall theAmp-Seq reads
for that sample (n = 4, data is mean ± s.d.).
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within these experiments is depicted (Fig. 6C). Here, we should not observe
females carrying both transgenes in the F1 generation since sxl disruption
causes female lethality. Importantly, we observed a skewed ratio of females
in all our experiments. There are four possible genotypes in the F1 gen-
eration of Fig. 6C, so that if there is no female lethality, wewould expect each
of the four genotypes to contribute 25% to the population. Yet, in the F1
population, we observed only 7% of females carrying both the sxl and act-
rAPO (Fig. 6C), indicating that our system is capable of inducing female
lethality. Most importantly, we crossed these female escapees to wild-type
males and confirmed these individuals were not fertile. Then, we decided to
sequence males containing both transgenes (APOBEC and sxl-gRNAs)
since these individuals should carry the C-to-T mutation to stop codon
introduction while being viable and suitable for molecular characterization,
as the targeted exon is only critical for female development. For this
experiment, we pooled eightmales from one of our experiments to perform
deep sequencing.Here, we observed 85%base editing rates at one target site,
while the secondgRNAseemed tobe almost inactive; we only observeda 1%
editing rate in this case (Fig. 6D). Therefore, these results suggest that the
observed female lethality should be mainly imposed by the activity of the
first gRNA. Also, we sequenced the surviving female escapees to evaluate if
gene editing occurred in these individuals. In this case, we pooled seven
female escapees from one of our experiments and performed deep
sequencing of these infertile females. Here, our sequencing analysis con-
firmed that our system is able tomutate the sxlgeneof these females at oneof

the target siteswith base editing rates of 75%.Yet, our second gRNAshowed
low activity (Supplementary File - Supplementary Fig. 4), as observed when
sequencing the males. Indeed, our active gRNA was enough to induce
female lethality or sterility within the individual escapees. Importantly, we
quantified theproduct puritywhen targeting these genes and confirmed that
C-to-T substitutions are themost prevalent event with no indels generation
(SupplementaryFile - SupplementaryFig. 5), as observedwhen targeting the
ebony gene. Overall, these experiments expand the applicability of base
editors and demonstrate that these systems could be utilized for genetic
biocontrol purposes.

Discussion
In this study, we have characterized an expression system for a variety of
CBEs showing ~99% base editing rates when targeting the ebony locus.
Importantly, the extremely high efficiency was maintained across all four
possible modes of CBE transmission at 25 °C.

Given the similarities between our work and previous studies21,22, we
consider it appropriate to discuss inmore detail the results from bothworks
since they describe relevant information for future base editing approaches
seeking to manipulate insect DNA. It is important to note that we tested
three base editing domains that are different fromDoll and colleagues. First,
we tested the original Rattus norvegicus-derived cytosine deaminase APO-
BEC1 (rAPO-1), which represents the first CRISPR base editor described2,
while the previous work evaluated an evolved version of the Rattus

Fig. 6 | CRISPR base editors induce male sterility and female lethality. A Females
carrying gRNAs targeting β-Tub gene for stop codon generation were crossed to
males carrying the base editing machinery. Male individuals hatching from these
crosses were single-pair crossed to wild-type females to evaluate male sterility. B C-
to-T transitions to generate stop codons at both target sites into the β-Tub gene were
analyzed via deep sequencing. The percentage of mutations is depicted. C Females
expressing gRNAs targeting the sxl gene were crossed to the base editor line to

evaluate female lethality in the F1 generation.D C-to-T transitions to generate stop
codons at both target sites into the sxl gene from males carrying the base editing
domain (APOBEC) and the sxl-gRNA transgenes. The percentage of mutations is
depicted. (Ref: reference sequence; β-Tub and sxl indicate the mutated sequences).
C-to-T mutations are highlighted in red. PAM sequences are labeled in blue. F0, F1,
and F2 indicate the individual's generation.
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norvegicus APOBEC1 (CBEevoAPOBEC1)22. While our rAPO-1 was highly
efficient at 25 °C, theCBEevoAPOBEC1 displayed temperature sensitivity and the
highest rateswere achieved at 29 °C. These differences could be attributed to
the fact that CBEevoAPOBEC1 was created by phage-assisted continuous evo-
lution (PACE)50, which requires temperatures of 37 °C, and could cause the
original rAPO-1 to become more sensitive to temperature. We also tested
the ancBE4 domain, which is a newer version of the rAPO-1 obtained by
codon usage optimization using mammalian cell culture26. We did not
observe major differences between our rAPO-1 and ancBE4 in terms of
editing efficiency, though the rAPO-1 generated fewer indels compared to
the ancBE4. It is assumed that synonymous mutations in mammals are
generally considered free fromnatural selection, imposing little tono impact
on fitness51. However, the usage of synonymous codons in animals such as
Drosophila or worms is under selective pressure, significantly affecting the
fitness of these organisms52,53. This could be the reason why, while ancBE4
was preferred over rAPO-1 in previous work using mammalian cells26, our
results suggest that rAPO-1 is a better choice for base editing in flies.

Doll and colleagues22 tested a second domain, which is an evolved
version of the Petromyzon marinus cytidine deaminase 1 (CDA1) protein
(CBEevoCDA1)45,54; here, the CBEevoCDA1 displayed temperature-tolerance
showing high base editing rates (90–99%) at 25 °C and 29 °C. In line with
previous cell culture studies45, this domain displayed a wider base editing
window similar to what we observed using the AID*Δ domain. It is
important to note that the CDA1 from lampreys is an ortholog of the AID
vertebrate domain55, and could be the reason for their similarities in terms of
base editing dynamics. Therefore, both domains are suitable for efficient
base editing in flies at 25 °C.

Takkar and colleagues employed two CBE domains: (i) the same
APOBEC1 (rAPO-1) tested in this work, and (ii) the CBEevoCDA1 tested by
Doll and colleagues22.However, their study reported lower base editing rates
(~70%) compared to ours and the studies by Doll and colleagues. These
differences could be due to the nuclease used: while we and Doll and col-
leagues employed the regular nickase Cas9 tested in previous human cell
culture studies2,3, Takkar and colleagues tested a modified version, xCas956,
which could be less active, as previously shown in Drosophila57.

In this work, we also carefully explored differences in editing rates
when the CBEwas transmittedmaternally compared to paternally at the F0
and F1 generations. In general, we observed ~99% editing rates when the
CBEs were inherited through females, instead, lower editing rates were
observedwhen the base editingmachinerywas passed throughmales. These
results are in line with other CRISPR-based methods such as gene drives
were higher super-Mendelian rates are observed in females29,58.

In terms of base editing precision and formation of undesired by-
products, it is important to highlight that our work analyzed germline
outcomes based on F2 individuals from our genetic crosses; Doll et al. also
employed F1 flies for this analysis22, which is indicative of somatic mod-
ifications. Also, Takker and colleagues analyzed indels from F2 individuals
but using Sanger sequencing21, which is a differentmethod compared to our
deep sequencing analysis. Overall, we show very high precision whenCBEs
were transmitted through F1 males, with suitable C-to-T:indel ratios
exceeding 150 for all CBEs. Indeed, ourwork andprevious studies analyzing
somatic outcomes in flies22 display improved C-to-T:indel ratios compared
to other organisms, where base editing with CBEevoAPOBEC1 presented C-to-
T:indel ratios between 5 and 2545,59,60. However, we observed C-to-T:indel
ratios at undesired rates with F1 female CBEs transmission, except for the
nos-rAPO-1 CBE. The higher indel formation rates for maternal CBE
transmission compared to paternal transmission can be explained by
maternal deposition of the CBE into the developing embryo, where indels
could be predominantly repaired by non-homologous end joining
(NHEJ)61. Intriguingly, other strategies such as prime editing reported no
sex differences for non-precise edits between F1 male or F1 female
transmission62,63, thoughmultiple parameters such as targeted gene, distinct
gRNAs or promoters could influence these results. Importantly, these
findings underscore the importance of examining sex differences in genome
editing when using CBEs in insects.

Indeed, our rAPO-1was themost valuable domain as it displayed high
editing rates, product purity, and no indels. While rAPO-1 can be suitable
for base editing requiring narrowwindows, the previous CBEevoCDA1 and the
AID*Δ domain tested in this work could be better options when wider base
editing windows are needed. It is important to note though that we have
tested a limited number of gRNAs in this work. While the ebony gRNAs
showed high germline base editing efficiencies under almost any condition
when analyzing F2 individuals, gRNAs targeting the β-Tub and sxl genes
displayed lower efficiencies. It is important to highlight that in this case, we
are analyzing somatic base editing rates as we analyze F1 individuals.
Overall, these results indicate that the selection of gRNAs is crucial for
effective base editing.

Lastly, we explored the efficiency of base editors when targeting sex-
determination genes employed in population suppression stratetiges48. We
observed almost full penetrance when targeting the sxl gene. Though some
females containing both transgeneswere observed, though these individuals
were sterile and therefore could not reproduce. All these observations were
confirmedviadeep sequencing since stop codonsweredetected at one target
site with editing rates of 75–85%. Regarding the β-Tub locus, we observed
maximumbase editing rates of 94% after sequencingmales containing both
the rAPO-1 and β-Tub-gRNAs transgenes. Phenotypically, 7 out of 8
independentmales displayed sterility as theywere not able to produce viable
progeny when crossed to wild-type females. To reach full penetrance and
bypass the presence of fertile males, we could design gRNA-transgenes
editingmore than two target sites. In principle, our base editor system could
be easily converted into a “base editor pgSIT” system, where generated
sterile males could be used for mass release. Current Cas9-based pgSIT
strategies introduce a variety of DNA breaks that produce sterile males
containing distinct mutations48, which could potentially impose different
fitness cost effects within the male population. Instead, using base editors
one could generate a more predictable and homogeneous genetic makeup
within the sterile male population while avoiding potential fitness cost
concerns.

In summary, we characterized three new and highly efficient CBEs for
their use inflies.Thesebase editors displayedhigh ratesofC-to-T transitions
with low or undetectable indel rates. Also, we have identified sex differences
in editing efficiency and in precision through varying the paternal or
maternal transmission of theCBE to show the importance of accounting for
transmission of the base editor components. Lastly, we show the possibility
of adapting base editors to generate male sterility and female lethality,
opening new avenues for next-generation pgSIT systems. Indeed, future
studies will seek to translate these technologies to mosquitoes for propa-
gating beneficial or deleterious alleles as part of genetic biocontrol strategies
for vector control. Overall, our work expands the base editing toolbox for
genome editing while bringing new insights into the biology of base editing
in insects.

Material and methods
Genetic construct assembly
NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) was
used to assemble all constructs. All plasmids are listed in Supplementary File
- Supplementary Table 1 and all primers are listed in Supplementary File -
Supplementary Table 2. After assembly, plasmids were transformed into
One Shot™ Stbl3™ Chemically Competent E. coli (Invitrogen). The desired
transformants were confirmed by restriction analysis and Sanger sequen-
cing. The final DNA sequence information for the constructs is available on
NCBI; accession numbers are provided for each construct in the Supple-
mentary Information File (Supplementary Table 1).

Insect rearing and generation of transgenic fly strains
Ebonymutant flies were from the Bloomington Stock Center (BDSC: 1658).
Enzymeexpressionplasmidswerepurifiedusing theZymoPUREIIPlasmid
Midiprep Kit (Zymo Research #D4200) and sent to BestGene Inc. (Chino
Hills, CA) for ϕC31-mediated integration. All strains were maintained on a
cornmeal diet based on the Bloomington standard Nutri-Fly formulation
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(catalog number 66-113; Genesee Scientific). Flies were reared in a con-
trolled environment room at 25.0 °C, 75% humidity, and a 12 h light/dark
cycle with a 30min transition period. Biosafety approval was granted by the
Institutional Biosafety Committee of Macquarie University (#5049).

Base editing efficiency assay
To assess the editing efficiency of the six different versions of base editors we
conducted a base editing efficiency assay (Fig. 2). Flies homozygous for a
CBE transgene were crossed to flies homozygous for the pCFD4-2xebony
transgene. The resulting F1 transheterozygote was then crossed to a fly
strain homozygous for a null mutation to ebony (BDSC: #1658). We then
scored the F2 progeny, where offspring inheriting two inactivated copies of
the ebony gene would be dark-bodied. Every stage of the experiment was
conducted at 25 °C. For evaluating the ability of our base editor system to
generate male sterility and female lethality, we crossed the actin-rAPO-1 to
two different lines expressing either gRNAs targeting β-Tub or sxl loci, as
described in Fig. 6.

Stop codon abundance data computational analysis
For each aligned read sequence, we identified stop codons that were in the
same location as the gRNAs. This was done by translating each read
sequence and identifying the position of every stop codon in each read. To
account for gaps in the alignment between each read and the reference
sequence, thepositionof every stop codon in eachreadwas adjusted. Finally,
we compared the position of every stop codon in each read to the position of
the gRNAs and identified those that were in the same location as the gRNA.

Deep sequencing
Genotypingof the base editing regionwas conductedwithAmp-Seq. Pooled
DNA was extracted with a Quick-DNA Tissue/Insect Miniprep Kit
(Zymogen). Then, the target region was amplified by PCR (Q5 Hot Start
High-Fidelity DNA Polymerase, New England Biolabs) with primers with
partial Illumina® adapter sequences. The PCR amplicon was purified
through a gel digest. The concentrations of the purified products were
normalized following measurement with a Qubit 4 Fluorometer (Invitro-
gen). The samples were submitted to Azenta (Amplicon-EZ) for sequen-
cing. Then, sequencing reads were demultiplexed, trimmed, and fastq files
were used as input for CRISPR editing analysis using CRISPResso264. A
minimum of 100,000 total reads aligned in all our experiments using
CRISPResso2. Primers employed for deep sequencing analysis can be found
in Supplementary File - Supplementary Table 2.

Statistics and reproducibility
Flies were fed on standard cornmeal. All experimental crosses were main-
tained at 25 °C. Flies were anesthetized with CO2 when scoring phenotypes
and preparing crosses. For all experimental crosses, virgin females were
collected as pupae and crossed after hatching. F0 crosses weremade in pools
of 3–5 males crossed to 3–5 females. F1 females were single-pair crossed.
After all the flies emerged, F2 flies were scored for sex, body, and induced-
sex-determination phenotypes using a Leica M165 F2 stereomicroscope.
The experiments were randomized. Experimental crosses where con-
tamination impeded proper fly development were excluded from the ana-
lyses.Crosseswereperformed in shatter-proofpolypropylene vials (Genesee
Scientific Cat. #32-120). All graphs were generated usingGraphPad Prism 9
and Adobe Illustrator. Statistical analyses were performed using GraphPad
Prism 9.

Data availability
The plasmids generated in this study have been deposited in the GenBank
database (https://www.ncbi.nlm.nih.gov/genbank/) with the following
accessionnumbers: PP576060, PP576061, PP576062, PP576063,PP576064,
PP576065, PP576066, PP576067, PP576068. A custom script was used to
analyze the stop codon abundance and can be found here: (https://github.
com/aidantay/Fly_CRISPResso_analysis). Furthermore, all Supplementary
Information covering the rawphenotypical scoringdatacollected in thebase

editing experiments targeting ebony is provided as a table (Supplementary
Table 4) within the Supplementary Information file. For other resources
such as transgenic flies, they are available upon request after completing the
material transfer agreement (MTA).
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