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Abstract

In Caenorhabditis elegans, germline injection of Cas9 complexes is reliably used to achieve genome editing through homology-directed
repair of Cas9-generated DNA breaks. To prevent Cas9 from targeting repaired DNA, additional blocking mutations are often incorpo-
rated into homologous repair templates. Cas9 can be blocked either by mutating the PAM sequence that is essential for Cas? activity or by
mutating the guide sequence that targets Cas9 to a specific genomic location. However, it is unclear how many nucleotides within the
guide sequence should be mutated, since Cas? can recognize “off-target” sequences that are imperfectly paired to its guide. In this study,
we examined whether single-nucleotide substitutions within the guide sequence are sufficient to block Cas9 and allow for efficient genome
editing. We show that a single mismatch within the guide sequence effectively blocks Cas9 and allows for recovery of edited animals.
Surprisingly, we found that a low rate of edited animals can be recovered without introducing any blocking mutations, suggesting a tempo-
ral block to Cas? activity in C. elegans. Furthermore, we show that the maternal genome of hermaphrodite animals is preferentially edited
over the paternal genome. We demonstrate that matemally provided haplotypes can be selected using balancer chromosomes and pro-
pose a method of mutant isolation that greatly reduces screening efforts postinjection. Collectively, our findings expand the repertoire of
genome editing strategies in C. elegans and demonstrate that extraneous blocking mutations are not required to recover edited animals

when the desired mutation is located within the guide sequence.
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Introduction

The CRISPR/Cas9 system has become increasingly used to facili-
tate genome editing in numerous organisms (Ma and Liu 2015;
Shrock and Giiell 2017; Ma et al. 2018). Cas9 (CRISPR-associated
protein 9) is a programmable endonuclease whose specificity is
governed by a guide RNA that has sequence complementarity to
a specific genomic location (Jinek et al. 2012). The guide RNA
comprises two molecules: the CRISPR RNA (crRNA) that con-
tains a 20-nucleotide guide sequence and a trans-acting CRISPR
RNA (tracrRNA) that forms a duplex with the crRNA and bridges
the guide RNA to Cas9 (Deltcheva et al. 2011; Jinek et al. 2012). A
protospacer-adjacent motif (PAM) sequence is located immedi-
ately downstream of the RNA guide-complementary genomic
sequence and is required for Cas9 to initiate a double-stranded
DNA break. In the case of Streptococcus pyogenes Cas9, commonly
used for genome editing, the nucleotide PAM sequence is NGG,
where N is any nucleotide (Mojica et al. 2009; Marraffini and
Sontheimer 2010; Jinek et al. 2012; Sashital et al. 2012). Once a
double-stranded DNA break is created, the break is typically
repaired through one of two mechanisms: nonhomologous end
joining (NHEJ) or homology-directed repair (HDR) (Ceccaldi et al.
2016; Li and Xu 2016; Scully et al. 2019; Han and Huang 2020;

Yang et al. 2020). In NHE], the broken DNA is repaired through
direct ligation of the broken DNA ends. However, this process is
error prone as the ligation often requires processing of the bro-
ken ends, resulting in additions or deletions of nucleotide bases
at the break site (Chang et al. 2017; Zhao et al. 2020). Conversely,
HDR uses a donor DNA molecule that has homology surround-
ing the break site as a template to precisely repair the broken
DNA (Haber 2018; Ranjha et al. 2018; Sun et al. 2020). Therefore,
HDR has been widely adapted to repair Cas9-generated DNA
breaks to introduce precise genome edits in a broad range of
organisms. Donor repair templates can be exogenously provided
as single-stranded oligodeoxynucleotides (ssODN) or double-
stranded DNA (dsDNA) molecules for the purpose of genome
editing (Cong et al. 2013; Zhao et al. 2014; Paquet et al. 2016;
Yoshimi et al. 2016; Gallagher et al. 2020). During CRISPR/Cas9-
mediated genome editing, the process of HDR using an ssODN
repair template is referred to as single-stranded template repair
(SSTR), and results in higher genome editing efficiencies than
HDR pathways that use dsDNA repair templates (Katic et al.
2015; Dokshin et al. 2018; Richardson et al. 2018; Liu et al. 2019;
Okamoto et al. 2019; Gallagher et al. 2020; Gallagher and Haber
2021).
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Once a Cas9-generated DNA break is repaired through SSTR,
Cas9 must be prevented from continuing to target the repaired
DNA. To accomplish this, additional blocking mutations are often
incorporated into homologous repair templates, disrupting the
ability of Cas9 to target the repaired sequence. As the PAM is ab-
solutely required for Cas9 activity (Mojica et al. 2009; Marraffini
and Sontheimer 2010; Jinek et al. 2012; Sashital et al. 2012), the
most straightforward way to block Cas9 is to introduce silent
mutations into the PAM. Alternatively, Cas9 can be blocked by in-
troducing mutations into the guide sequence, which targets Cas9
to a specific genomic location (Deltcheva et al. 2011; Jinek et al.
2012). However, studies in human cells have shown that Cas9 is
capable of recognizing off-target sequences that are imperfectly
paired to its guide RNA (Jinek et al. 2012; Pattanayak et al. 2013;
Jiang and Doudna 2015). Mismatches near the 3’ end of the guide
RNA appear to be more effective at blocking Cas9 compared to
mismatches toward the 5 end of the guide RNA (Jinek et al. 2012;
Cong et al. 2013; Fu et al. 2013; Hsu et al. 2013; Mali et al. 2013;
Pattanayak et al. 2013; Zhang et al. 2015). Increasing the number
of mismatches generally leads to increased blocking efficacy
(Jinek et al. 2012; Cong et al. 2013; Fu et al. 2013; Hsu et al. 2013;
Mali et al. 2013; Pattanayak et al. 2013; Zhang et al. 2015).
Nevertheless, Cas9 has been reported to cleave DNA sequences
containing up to five mismatches to certain guide RNAs (Hsu
et al. 2013), although three mismatches effectively block Cas9 for
most guide RNAs (Fu et al. 2013; Hsu et al. 2013; Mali et al. 2013).
Therefore, it remains unclear how many nucleotides should be
mismatched and where the mismatches should be located within
the guide sequence to effectively block Cas9 for genome editing
in vivo.

In the nematode Caenorhabditis elegans, injection of Cas9 ribo-
nucleotide protein (RNP) complexes and ssODN repair templates
into the germline of hermaphrodite animals has been reliably
used to facilitate heritable genome editing (Paix et al. 2015, 2017;
Farboud et al. 2019). However, certain types of genome edits re-
main challenging to design due to the need to block Cas9 from
targeting the repaired DNA. Protein coding sequences are highly
amenable for genome editing experiments, as codon redundancy
frequently allows silent blocking mutations to be introduced
without changing the amino acid identity. However, genome edit-
ing of regulatory and nonprotein coding portions of the genome
remain a challenge. It is often difficult to predict how extraneous
blocking mutations may affect the function of noncoding regula-
tory sequences such as noncoding RNAs, untranslated regions,
and other regulatory elements. Extraneous blocking mutations
can be avoided when the intended edit also alters a PAM site and
eliminates Cas9 ability to recut a repaired genome site. In such
cases, genome editing is performed in a “scarless” fashion.
However, the dinucleotide GG of the PAM sequence (NGG) is only
expected to occur, on average, every 16 bases and must overlap
with the desired edit to generate a scarless edit. This frequency is
likely reduced in noncoding regions that are often AT-rich. It has
been suggested that single nucleotide substitutions located
within three nucleotides of the PAM are sufficient to allow for ge-
nome editing in C. elegans (Paix et al. 2017; Farboud et al. 2019).
This is of particular interest for scarless genome editing, as non-
PAM mutations could block Cas9 and thereby bypass the need for
additional blocking mutations. We reasoned that single nucleo-
tide substitutions beyond the three PAM-adjacent nucleotides, lo-
cated in the guide-binding region could effectively block Cas9,
further facilitating scarless genome editing of noncoding sequen-
ces. Toward this end, we have performed a systematic analysis of
the blocking efficacy of single nucleotide mismatches throughout

the guide sequence in C. elegans. We demonstrate that single nu-
cleotide substitutions throughout the guide-binding sequence are
sufficient to block Cas9 and allow for effective recovery of edited
animals. Furthermore, we were able to recover heritable genome
edited strains without introducing any blocking mutations, sug-
gesting that a temporal block to Cas9 activity limits the ability of
Cas9 to target repaired DNA. We also show that editing of the
maternal genome of self-fertile hermaphrodite animals occurs at
much greater frequency compared to editing of the paternal ge-
nome. Finally, we propose a new method of mutant isolation that
selects for maternally provided haplotypes and greatly reduces
screening efforts postinjection. As a proof-of-principle, we use
this method to generate otherwise scarless genome edits in the
let-7 microRNA. Our collective findings expand the repertoire of
possible genome edits in C. elegans and will facilitate scarless edit-
ing of noncoding sequences.

Materials and methods

Caenorhabditis elegans strains and genetics

All C. elegans strains were derived from the wild-type N2 strain
and maintained at 20°C unless otherwise noted. Strains were
grown under standard conditions using nematode growth me-
dium (NGM) plates seeded with Escherichia coli OP50 (Brenner
1974). A full list of strains used in this study is provided in
Supplementary Table S1.

For experiments examining maternal vs paternal editing, mat-
ings were performed by adding several wild-type males to a plate
containing L4-staged, tra-2 mutant hermaphrodite animals gen-
erated in this study. For let-7 genome editing experiments, several
males containing the tmc24 balancer were mated to L4-staged,
wild-type hermaphrodite animals. Animals were allowed to mate
16-24h prior to injection. Successful mating was verified by geno-
typing F1 animals through Rsal digestion to confirm tra-2 hetero-
zygosity, or presence of pharyngeal Venus to confirm presence of
the tmc24 balancer.

CRISPR/Cas9 genome editing

Commercially available S. pyogenes Cas9 (IDT, Alt-R® S.p. Cas9
Nuclease V3) was injected at a final concentration of 2.65pM and
was included in all injection mixes. All injection mixtures also
contained 200puM KCI and 7.5 uM HEPES [pH 7.4]. Each injection
mix contained one or two crRNAs targeting dpy-10 (5puM), tra-2
(50 uM) or let-7 (50 uM), and equimolar tracrRNA was included (5,
50, or 55uM). Single-stranded DNA oligonucleotides for dpy-10
(3uM), tra-2 (6 uM), and let-7 (6 uM) were used to facilitate HDR
(Supplementary Table S2).

To generate nondumpy genome edits at the tra-2 locus, which
we used to examine how effectively single nucleotide substitutions
blocked Cas9, we replaced dpy-10 coconversion with the Pmyo-
2:mCherry coinjection marker (5ng/ul). The Pmyo2:: mCherry coin-
jection marker was included to mark broods that were successfully
injected and to enrich for genome-edits as previously described
(Prior et al. 2017). A full list of oligonucleotides (IDT) used in this
study is provided in Supplementary Table S2.

Screening and genotyping

For experiments testing the efficacy of tra-2 editing, we blindly se-
quenced (i.e., without Rsal digestion) the F2 generation Dumpy
and nondumpy animals originating from each F1 Roller animal.
F1 Rollers were picked from jackpot broods (Paix et al. 2015) that
were defined as having >20 F1 Rollers from a single PO injected
animal. F1 rollers that did not produce Dumpy, Roller and
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nondumpy progeny were excluded from our analysis. The tra-2
genomic locus was PCR amplified using the primers 5'-
CTGCTAAAGGTTAGTTGTT-3 and 5-ATAATGTATTCTTCATTGT
TCG-3' and sequenced using the primer 5'-ATTTTAGGAATAAT
TGGAGCC-3'. All Rsal digestions were performed at 37°C for at
least 1h. A Rsal-positive control was included on all gels used for
quantification to confirm successful Rsal digestion occurred.

To examine genome editing of let-7, we singled F1 generation
Roller animals from jackpot broods that showed pharyngeal
Venus signal that indicated successful mating to the tmc24 bal-
ancer preinjection. We then blindly sequenced F2 generation ani-
mals lacking pharyngeal Venus that were therefore homozygous
for the maternally provided X-chromosome haplotype. The let-7
genomic locus was PCR amplified using the primers 5'-
GTTTGCGTATGTGTATGTAG-3' and 5-TCCCCTGAAAATAAAAC
ATGA-3" and sequenced using the primer 5-TATTCTAGATGAGT
AGCCCA-3'. All genome edits were verified through Sanger
sequencing.

Statistical analysis

All P-values were calculated using two-tailed t-tests assuming
equal variance. All statistics are presented as mean =+ 1 standard
deviation.

Results

Coconversion of tightly linked genes to test
genome editing efficiency

In C. elegans, standard genome-editing practices involve injection
of Cas9, guide RNAs and homologous repair templates into the
germline of self-fertile hermaphrodite adult animals (Xu 2015;
Chen et al. 2016; Dickinson and Goldstein 2016; Farboud 2017;
Iyer et al. 2018; Kim and Colaidcovo 2019; Nance and Frgkjeer-
Jensen 2019; Ghanta and Mello 2020). Due to the syncytial nature
of the distal gonad, a single injection can be distributed among
numerous germ cells (Evans 2006; Kadandale et al. 2008).
Although injection of Cas9 into the distal germline is expected to
affect the genomes of maternal oocytes, homozygously edited
animals can be recovered from the F1 generation postinjection,
suggesting that editing of both maternal and paternal germ cells
can occur from a single injection (Friedland et al. 2013; Kim et al.
2014; Zhao et al. 2014; Paix et al. 2015; Wang et al. 2018). In addi-
tion, PCR amplification of heterozygous animals may not amplify
large deletions if the deletions affect primer binding sites (Katic
and Grofshans 2013; Kim et al. 2014; Dokshin et al. 2018; Wang
et al. 2018), further complicating quantification of genome editing
rates by providing an inaccurate picture of editing nature (HDR or
indel) and frequency. Overall, edited F1 animals can carry mater-
nal genome edits, paternal genome edits, or both. Unless both
maternal and paternal haplotypes can be analyzed separately, it
can be difficult to determine whether one or two independent ge-
nome editing events may have occurred, complicating quantifi-
cation of genome editing rates.

Therefore, we first aimed to develop a new method for quanti-
fying genome editing rates that would allow separate analysis of
each parental haplotype (Figure 1A). We used a coediting (co-
CRISPR) approach, using two tightly linked genes that were si-
multaneously targeted wusing two different guide RNAs
(Figure 1A). An advantage of coediting is that the editing of one
locus ensures that Cas9 was active and available to target the
second locus, which can at least partially normalize injection ef-
ficiencies across different injections (Kim et al. 2014; Paix et al.
2015). We chose to edit the tra-2 gene, which is located on

chromosome II, 0.16 map units away from the commonly used
co-CRISPR gene dpy-10. The dpy-10(cn64) variation results in a
semi-dominant phenotype that is easily visualized on a stereomi-
croscope (Arribere et al. 2014; Paix et al. 2015). Animals homozy-
gous for the dpy-10(cn64) mutation have a dumpy phenotype
marked by a reduced body length whereas heterozygous animals
have a normal body length but display an abnormal rolling be-
havior (Figure 1A, Arribere et al. 2014; Paix et al. 2015).

Due to their close proximity, meiotic recombination between
tra-2 and dpy-10 is only expected in 1/625 haplotypes. Therefore,
the haplotype arrangement of tra-2 and dpy-10 alleles will be sta-
bly maintained across generations (Figure 1A). As F1 generation
roller animals contain a single dpy-10(cn64)-marked (Dpy-
marked) chromosome and one chromosome that is not Dpy-
marked, we were able to distinguish the two parental haplotypes
and determine whether either or both haplotypes carried an
edited allele of tra-2 (Figure 1A). Segregation of dumpy and non-
dumpy animals in the F2 generation homozygoses for each F1
generation haplotype, which allowed us to definitively determine
whether one or two genome editing events had taken place in the
F1 generation by sequencing the tra-2 genomic locus (Figure 1A).

Single nucleotide blocking mutations in the
guide-binding region allow for effective genome
editing

To determine whether single nucleotide substitutions in the
guide-binding region effectively block Cas9 and allow for recovery
of genome-edited animals, we designed a series of blocking muta-
tions within a guide-binding region located in the 5" UTR of tra-2
(Figure 2A). Because previous reports have suggested that substi-
tutions proximal to the 3’ end of the guide are more effective at
blocking Cas9 (Jinek et al. 2012; Cong et al. 2013; Fu et al. 2013; Hsu
et al. 2013; Mali et al. 2013; Pattanayak et al. 2013; Zhang et al.
2015), we introduced substitutions every three nucleotides to test
the positional effects of single nucleotide blocking mutations
(Figure 2A). We named each mutation according to its position
(“P”) relative to the 3’ end of the guide sequence (Figure 2A). For
example, we refer to the mutation affecting the second nucleo-
tide from the 3’ end of the guide sequence as “P2” and the muta-
tion affecting the twentieth nucleotide from the 3’ end as “P20”
(Figure 2A). As a control, we designed a mutation within the PAM
domain, which is expected to completely block Cas9 activity
(Mojica et al. 2009; Marraffini and Sontheimer 2010; Jinek et al.
2012; Sashital et al. 2012). Each of the repair templates were
designed to also include a nonblocking, single nucleotide substi-
tution downstream of the PAM sequence that introduces an Rsal
restriction enzyme cutting site (Figure 2A). As an additional con-
trol, we designed a repair template that only included the Rsal
cutting site, which should not block Cas9 activity. This repair
template would therefore not be expected to allow for HDR edit-
ing since Cas9 should continue targeting the repaired DNA.

We performed co-CRISPR of dpy-10 and tra-2 for each of the
blocking conditions that we designed (Figure 2A). We used ssODN
repair templates, which themselves are not subject to Cas9 cleav-
age and effectively promote genome editing when injected along-
side preassembled Cas9 RNP complexes in C. elegans (Paix et al.
2015). Following injection, we singled F1 generation roller ani-
mals from “jackpot” broods containing the highest percentage of
F1 generation dpy-10-edited animals (Paix et al. 2015). As rollers
are heterozygous for the dpy-10(cn64) variation, F2 progeny are a
mixture of homozygous dumpy animals, heterozygous roller ani-
mals, and homozygous nondumpy animals (Figure 1). Because
tra-2 and dpy-10 are genetically linked, F2 generation dumpy and
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Figure 1 Strategy for coconversion of dpy-10 and tra-2 to quantify haploid genome editing efficiency. dpy-10 and tra-2 are located 0.16 map units apart on
LGII and do not undergo independent assortment (~1/625 meiotic recombination frequency). The dpy-10(cn64) allele produces a semi-dominant,
physical phenotype where heterozygous animals have a rolling phenotype and homozygous animals have a dumpy phenotype. Following co-CRISPR of
dpy-10 and tra-2, one haplotype of F1 rollers has an unknown allele of tra-2 (“tra-2(a)”) linked to the dpy-10(cn64) variation and a second haplotype where

an unknown tra-2 allele (“tra-2(b)")

is linked to a wild-type allele of dpy-10. Following self-fertilization of F1 hermaphrodite rollers, F2 generation dumpy

animals are expected to be homozygous for the tra-2(a) allele whereas nondumpy animals should be homozygous for the tra-2(b) allele.

nondumpy animals will each be homozygous for different alleles
of tra-2 (Figure 1). We then sequenced the tra-2 genomic locus of
the F2 animals to determine whether a single haplotype or both
haplotypes had been edited. We scored the frequency of HDR
editing and the frequencies of insertion or deletion (indel) muta-
tions (Figure 2, B and C, Supplementary Table S3). In some cases,
we observed alleles containing both indel mutations and HDR
edits, which could result if Cas9 recuts an HDR-edited allele
thereby preventing HDR. Because accurate HDR was not
achieved, we classified alleles containing both indels and HDR
edits as indels and not HDR-edited. We also quantified the num-
ber of animals that did not show any apparent editing of tra-2
(unedited), which could represent alleles that were never targeted
by Cas9 or alleles that were targeted by Cas9 but repaired back to
the wild-type genomic sequence without incorporating any of the
designed edits (Figure 2, B and C, Supplementary Table S3). We
defined HDR-edited animals as any animal that incorporated any
of the designed mutations, regardless of whether partial or com-
plete repair had occurred. As the tra-2 guide RNA targets the 5’
UTR of tra-2, relatively small indel mutations might lead to loss
of tra-2 function. Loss of tra-2 is not lethal but results in mascu-
linization of hermaphrodite animals (Hodgkin and Brenner 1977;
Doniach 1986), which allowed us to recover deleterious muta-
tions such as indels.

In F2 generation dumpy animals, we observed nearly complete
HDR editing of tra-2 when the PAM was mutated (95.4% HDR-
edited, Figure 2B, Supplementary Table S3), which is consistent
with PAM mutations blocking Cas9 activity (Mojica et al. 2009;
Marraffini and Sontheimer 2010; Jinek et al. 2012; Sashital et al.
2012). We observed similarly high HDR-editing rates in F2 genera-
tion dumpy animals when the PAM was mutated alongside an addi-
tional single nucleotide mismatch in the guide-binding region such
as P2+PAM (93.8% HDR-edited), P11+PAM (88.6% HDR-edited) or
P20+PAM (89.5% HDR-edited, Figure 2B, Supplementary Table S3).
Although the efficiency was slightly reduced compared to the PAM
blocking conditions, we found that the P2 (80.0% HDR-edited), P5
(75.8% HDR-edited), P8 (67.6% HDR-edited), P11 (75.7% HDR-edited),
P14 (59.1% HDR-edited), P17 (54.8% HDR-edited), and P20 (66.6%
HDR-edited) single nucleotide guide substitutions allowed for effec-
tive HDR editing in F2 generation dumpy animals (Figure 2B,
Supplementary Table S3). While we used dpy-10 coconversion to at

least partially normalize injection efficiencies (Kim et al. 2014; Paix
et al. 2015), we cannot rule out the possibility that small differences
in editing efficiencies observed under different blocking conditions
could result from variation of injection efficiencies across each indi-
vidual injection. Nevertheless, the position of the single nucleotide
substitutions within the guide-binding region may influence the fre-
quency of recovering HDR-edited animals, as substitutions closer to
the 3’ end of the guide sequence tended to be more effective com-
pared to substitutions near the 5 end of the guide sequence
(Figure 2B, Supplementary Table S3). For example, the P2 (80.0%
HDR-edited), P5 (75.8% HDR-edited), and P8 (67.6% HDR-edited) sub-
stitutions located within the 3’ half of the guide sequence averaged
significantly higher HDR-editing rates (74.5 = 6.3% average HDR-
edited) compared to the P14 (59.1% HDR-edited), P17 (54.8% HDR-
edited), and P20 (66.6% HDR-edited) substitutions that are located
in the 5 half of the guide sequence (60.2% average HDR-edited,
P<0.05). This positional effect of guide substitutions was not sur-
prising given that previous studies have demonstrated that mis-
matches near the 3’ end of the guide sequence are more effective at
blocking Cas9 than mismatches near the 5 end of the guide se-
quence (Jinek et al. 2012; Cong et al. 2013; Fu et al. 2013; Hsu et al.
2013; Mali et al. 2013; Pattanayak et al. 2013; Zhang et al. 2015).
Interestingly, for all blocking conditions examined, we noticed a
substantial reduction in HDR editing efficiency of the tra-2 locus in
F2 generation nondumpy animals (Figure 2C, Supplementary Table
S3) compared to their dumpy siblings (Figure 2B, Supplementary
Table S3). For example, whereas the PAM blocking condition
resulted in very high HDR-editing rates in F2 generation dumpy ani-
mals (95.4% HDR-edited, Figure 2B, Supplementary Table S3), the
rate of HDR editing was much lower in their nondumpy siblings
(6.8% HDR-edited, Figure 2C, Supplementary Table S3). Although all
single nucleotide substitutions in the guide-binding region had
lower HDR editing rates in F2 generation nondumpy animals com-
pared to dumpy animals, we did not observe a strong correlation
between the position of substitutions within the guide sequence
and the efficiency of HDR editing for nondumpy animals (Figure 2C,
Supplementary Table S3), which is in contrast to the positional
effects that we observed in their dumpy siblings (Figure 2B,
Supplementary Table S3). While the substitutions in the 3’ half of
the guide sequence (P2, PS5, and P8) resulted in recovery of more
HDR-edited animals than substitutions in the 5 half of the guide
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sequence (P14, P17, and P20) in dumpy animals (Figure 2B,
Supplementary Table S3), the same substitutions in the 3’ half of
the guide sequence resulted in a similar HDR-editing rate
(8.67 = 4.62% average HDR-edited) as substitutions in the 5 half of
the guide sequence (7.67 = 6.41% average HDR-edited, P=0.83) for
the F2 generation nondumpy siblings (Figure 2C, Supplementary
Table S3). Importantly, we were able to recover HDR-edited animals
for all blocking mutations that we tested in F2 generation dumpy
and nondumpy animals, showing that single nucleotide guide
substitutions are sufficient to allow for effective HDR-editing in
C. elegans and can be used as an alternative to PAM mutations
when silently mutating the PAM is not possible.

We also quantified the frequency of indel mutations that oc-
curred in the tra-2 locus for each blocking condition that we
tested (Figure 2, B and C, Supplementary Table S3). Because
indels often result from NHE] repair pathways, the presence of
indels might suggest that NHE] had been favored over HDR,
which might be expected under conditions where Cas9 was not
completely blocked. Consistent with this idea, we observed low
indel rates in F2 generation dumpy animals when the PAM was
mutated (2.3% indels) or when the PAM was mutated alongside
an additional mutation in the guide sequence: P2+PAM (0.0%
indels), P11+PAM (5.7% indels), or P20+PAM (0.0% indels,
Figure 2B, Supplementary Table S3). By comparison, we observed
slightly increased indel rates when using single nucleotide block-
ing mutations within the guide sequence in F2 generation dumpy
animals (8.1 +4.6% indels, P<0.05, Figure 2B, Supplementary
Table S3). Furthermore, the position of the substitutions within
the guide sequence appears to influence the frequency of indels
observed under each Dblocking condition (Figure 2B,
Supplementary Table S3). For example, we observed a low indel
rate for the P2 (2.0% indels) and P5 (1.5% indels) substitutions, lo-
cated near the 3’ end of the guide sequence, whereas we observed
increased indel frequency P17 (11.8% indels) and P20 (9.6% indels)
substitutions that are closest to the 5" end of the guide sequence
(Figure 2B, Supplementary Table S3). Thus, the expected blocking
efficiency of each mutation appears to inversely correlate with
the frequency of indel mutations under that blocking condition.
In most cases, the indel rate in F2 generation nondumpy animals
was increased compared to the respective blocking mutations in
their dumpy siblings (Figure 2, Supplementary Table S3) For ex-
ample, while the P2 mutation led to a 2.0% indel rate in dumpy
animals, this rate increased to 18.0% in nondumpy animals
(Figure 2, Supplementary Table S3). This suggests that nondumpy
animals are biased toward NHEJ-dependent repair pathways
compared to their dumpy siblings. This observation suggests that
different mechanisms might influence repair of the dpy-10-edited
haplotypes compared to the haplotypes that are not edited at the
dpy-10 locus.

We were also able to recover HDR-edited animals when a
blocking mutation was not incorporated into the repair template.
We found that 21.8% of dumpy and 2.3% of nondumpy F2 genera-
tion animals carried HDR-edited mutations (Figure 2,
Supplementary Table S3), with HDR-editing assessed by the pres-
ence of the nonblocking Rsal restriction site. Although the HDR-
editing rates under the no-blocking condition appeared to be sub-
stantially reduced compared to conditions that introduced a
blocking mutation (Figure 2, Supplementary Table S3), it was un-
expected that any HDR-edited animals could be recovered given
that Cas9 was not blocked from targeting the repaired DNA. We
defined HDR editing for the no-blocking condition as the incorpo-
ration of the Rsal restriction site that is located on the 3’ side of
the PAM sequence, although it is possible that HDR had occurred

without introducing the Rsal restriction site. In support of this
idea, HDR using ssODN donor molecules has been shown to favor
repair in one direction of the PAM depending on which strand the
ssODN donor is complementary to Farboud et al. (2019). It is
therefore possible that our analysis underestimated the fre-
quency of HDR repair when a blocking mutation was not in-
cluded. These findings suggest that blocking mutations do not
appear to be absolutely required to recover HDR-edited animals
in C. elegans, suggesting that a temporal block might restrict Cas9
from continuing to target the genome after HDR.

We next examined whether there was a correlation between
the tra-2 genotypes of dumpy and nondumpy F2 generation sib-
ling animals that originated from the same F1 hermaphrodite an-
imal (Figure 2D, Supplementary Table S4). Under all blocking
conditions that we examined, the majority of F2 generation
dumpy animals were HDR-edited, whereas their nondumpy sib-
lings were usually not edited (Figure 2D, Supplementary Table
S4). We did not observe any other strong correlations between
the two alleles, suggesting that editing of one allele does not af-
fect the probability of editing for the other allele (Figure 2D,
Supplementary Table S4). When no blocking mutation was intro-
duced into the repair template, we found that the most fre-
quently observed combination of genotypes was that both
dumpy and nondumpy sisters were not edited (Figure 2D,
Supplementary Table S4). Thus, editing of each tra-2 haplotype,
one each of maternal and paternal origin, appears to occur inde-
pendently.

The position of single nucleotide blocking
mutations influences the completeness of HDR

Although we observed high HDR-editing rates among all of the
blocking conditions that we tested, we found that partial HDR-
dependent repair often occurred, where only a subset of the
designed mutations was incorporated into the genome
(Figure 3A, Supplementary Table S5). For example, in some cases,
the blocking mutation was incorporated while the Rsal restriction
site. had not been edited and vice versa (Figure 3A,
Supplementary Table S5). We next asked whether the position of
blocking mutations influenced the efficacy of HDR (Figure 3A,
Supplementary Table S5). For the purpose of this analysis, we
only considered genotypes where partial or complete HDR-
editing had occurred (Figure 3A, Supplementary Table S5). We
quantified the percentage of HDR-edited genotypes that con-
tained a designed blocking mutation, the Rsal restriction site, or
both blocking and Rsal mutations (Figure 3A, Supplementary
Table S5). We found that blocking conditions where the PAM was
mutated led to increased incorporation of both the blocking mu-
tation and Rsal restriction site among the HDR-edited animals
(Figure 3A, Supplementary Table S5). When only the PAM was
mutated, the majority of HDR-edited chromosomes contained
both the PAM blocking mutation and the Rsal restriction site
(97.8% both mutations), while a small percentage contained only
the Rsal restriction site (2.2% Rsal only) (Figure 3A,
Supplementary Table S5). Interestingly, all HDR-edited chromo-
somes that we examined for the P2+PAM blocking condition
were edited for both the blocking mutation and the Rsal restric-
tion site (100% both mutations), while the P2 blocking condition
itself resulted in less frequent incorporation of both blocking
mutations and the Rsal restriction site (36.2% both mutations)
and commonly resulted in partial repair of only the blocking mu-
tation (31.9% P2 only) or the Rsal restriction site (31.9% Rsal only)
(Figure 3A, Supplementary Table S5). We observed a similar trend
for the P11+PAM or P20+PAM blocking conditions compared to
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Figure 3 Differences in HDR Editing Efficiency Under Different Blocking Conditions. (A) Percent HDR-edited chromosomes containing mutations for the
nonblocking Rsal restriction enzyme cutting site, blocking mutation, or both blocking and Rsal mutations. For genome edits that introduce more than
one blocking mutation into the PAM and guide sequence, we scored the presence of at least one blocking mutation (i.e., PAM, guide, or both). (B) Percent
HDR edited chromosomes containing blocking mutations in the PAM sequence, guide sequence, or both PAM and guide sequences. (A,B) All results were
determined through Sanger sequencing of singled F2 generation animals. Data are subset from the data presented in Figure 2, B and C and includes the
“edited” chromosomes from F2 generation Dumpy and nondumpy animals. White text at the bottom of each stacked bar indicates the number (n) of

animals that were sequenced.

the P11 or P20 blocking conditions respectively, where complete
HDR of both blocking mutations and the Rsal restriction site was
more frequent when the PAM was also mutated (Figure 3A,
Supplementary Table S5). While we cannot be certain why the
presence of PAM blocking mutations led to increased frequency
of complete HDR repair compared to blocking mutations in the
guide sequence, we hypothesize that partial HDR repair could re-
flect incomplete blocking of Cas9. This, in turn, could lead to
Cas9 recutting of repaired DNA and increased frequency of inac-
curate HDR as repair is attempted multiple times. We also ob-
served that HDR appeared to occur in an asymmetric fashion,
favoring blocking mutations over Rsal site incorporation. For ex-
ample, when P20 was used as a blocking mutation we observed
more frequent incorporation of the P20 mutation (87.5% P20
edited) than the Rsal restriction site (46.9% Rsal edited), despite
Rsal being located closer to the expected Cas9-generated break
site (Figure 3A, Supplementary Table S5). This observation sug-
gests that edits that do not block Cas9 from recutting (such as in-
troduction of the Rsal site) may result in multiple cleavage and
repairs, thus ultimately favoring repair events that incorporate
the blocking mutations. However, the presence of Rsal edits that
do not include blocking mutations further supports the existence
of a temporal block that prevents Cas9 from recutting the
repaired template.

Since previous reports have shown that the efficiency of HDR
editing is inversely correlated with distance to the Cas9-
generated break site (Arribere et al. 2014; Inui et al. 2014; Paix et al.

2014, 2015; Ward 2015), we asked whether the distance of block-
ing mutations from the break site might be confounded with their
actual ability to block Cas9. In other words, the P2 blocking muta-
tion might increase the frequency for recovery of HDR-edited ani-
mals compared to the P20 blocking mutation because it is closer
to the dsDNA break site and is therefore more likely to incorpo-
rate during repair, rather than the P2 mutation blocking Cas9
more effectively than P20. To address this, we examined how fre-
quently partial or complete HDR occurred when using repair tem-
plates that mutated one nucleotide within the guide sequence as
well as the PAM domain to ensure that Cas9 was equally blocked
under each condition (P2+PAM, P11+PAM, and P20+PAM)
(Figure 3B, Supplementary Table S6). When both the PAM and P2
mutations were introduced, we found that all of the edited chro-
mosomes that we examined contained both PAM and P2 muta-
tions (100% both edited) (Figure 3B, Supplementary Table S6).
However, when the PAM was mutated alongside the P11 or P20
mutations, we found that partial HDR repair had often occurred.
In particular, we found that the majority of HDR-edited chromo-
somes contained only the PAM blocking mutation when either
P11+PAM (72.2% PAM only) or the P20+PAM (71.8% PAM only) re-
pair templates had been used (Figure 3B, Supplementary Table
S6). Only a small fraction of HDR-edited chromosomes contained
both the guide blocking mutation and the PAM mutation for the
P11+PAM (16.6% both edited) or P20+PAM (28.2% both edited)
mutations (Figure 3B, Supplementary Table S6). Therefore, the
distance of blocking mutations from the dsDNA break site, which
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is located near the 3’ end of the guide sequence, appears to influ-
ence the rate at which they are incorporated via HDR. Blocking
mutations located farther away from the dsDNA break site may
not always be incorporated through HDR, leading to an overall
decrease in HDR-editing efficiency since Cas9 can re-target the
partially repaired chromosome. Despite the reduced incorpora-
tion of the more distant blocking mutations, the overall high effi-
ciency of obtaining desired edits (Figure 2) strongly supports
practical use of single nucleotide blocking mutations when PAM
mutations are not possible.

Single nucleotide guide substitutions effectively,
although not completely, block Cas9

Having determined that single nucleotide blocking mutations al-
low for recovery of HDR-edited animals (Figure 2), we next asked
how effective each of blocking mutations might be in preventing
Cas9 from targeting the tra-2 genomic locus after HDR occurred.
To address this question, we took advantage of the tra-2 HDR-
edited animals that we generated (Figure 2), containing blocking
mutations as well as the Rsal restriction enzyme cutting site. We
reasoned that if the blocking mutations built into the tra-2 locus
prevent Cas9 from targeting the mutated sequences, then re-
injection of Cas9 and the same guide RNA, perfectly matched to
the wild-type tra-2 genomic sequence, should not lead to editing
of the mutated tra-2 loci (Figure 5A). To examine whether re-
editing of tra-2 could occur under any of the blocking conditions,
we designed a repair template that would revert tra-2 back to the
wild-type genomic sequence (Figure 4A). Because the HDR-edited
strains contain blocking mutations and the Rsal restriction en-
zyme site, reversion of tra-2 back to the wild-type sequence will
result in removal of the Rsal restriction enzyme site (Figure 4A).
Furthermore, as the Rsal restriction enzyme site is located imme-
diately downstream of the tra-2 PAM (Figure 2A), indel mutations
might also be expected to disrupt the Rsal site. On the other
hand, if Cas9 is completely blocked from generating a dsDNA
break at the mutated tra-2 locus, then all of the F1 progeny post-
injection should still contain the Rsal restriction enzyme site.
Importantly, any animal now lacking the Rsal site must have
been targeted by Cas9 for genome editing to have occurred, which
would indicate that Cas9 was not completely blocked under that
condition. To test whether the position of blocking mutations
within the guide sequence influenced their blocking efficacy, we
examined the Rsal reversion efficiencies of the P2, P11, and P20
mutations (Figure 4A). As a positive control, we reverted the Rsal
site in a strain that did not contain any Cas9 blocking mutations
(“no-block”), which would still be expected to be targeted by Cas9
loaded with the wild-type guide (Figure 4A). Because the PAM is
absolutely required for Cas9 activity (Mojica et al. 2009; Marraffini
and Sontheimer 2010; Jinek et al. 2012; Sashital et al. 2012), we
attempted to revert the Rsal site in PAM-edited animals as a neg-
ative control (Figure 4A).

We used dpy-10 coconversion to enrich for genome-edited ani-
mals and examined whether F1 generation roller and dumpy ani-
mals contained the tra-2 Rsal restriction site (Figure 4B,
Supplementary Table S7). We calculated the haplotype Rsal re-
version rate by dividing the number of reverted haplotypes (one
for heterozygous reverted animals and two for homozygous
reverted animals) by the total number of haplotypes that were
examined. As expected, we observed robust reversion of the Rsal
restriction site in the no-blocking control and never observed re-
version of the Rsal site in PAM-edited animals (Figure 4B). For the
no-blocking control, we found that the Rsal reversion rates of F1
generation dumpy (32% haplotypes reverted) and roller (25%
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Figure 4 Single nucleotide guide substitutions effectively block Cas9in a
position-dependent manner. (A) Top: sequence alignment of tra-2
genome-edited animals that were re-injected to revert the tra-2 Rsal
restriction site back to the wild-type genomic sequence. Note that the
same Rsal reversion repair template was injected into all strains and is
also expected to revert the blocking mutations back to the wild-type
genomic sequence. As the Rsal cutting site is located nearby the expected
cutting site for Cas9, both Rsal reversions and relatively small deletions
would be expected to eliminate Rsal cutting for edited alleles. Because
some mutations would not disrupt Rsal digestion, this analysis
underestimates the true mutation rate. Bottom: schematic
representation of the experimental procedure. Animals containing tra-2
Rsal mutations are injected with a wild-type guide. As the tra-2 mutants
are genome-edited, the wild-type guide sequence is not perfectly paired
to the mutant genomic sequences (B) Quantification of F1 generation
roller and dumpy animals digested with Rsal. “Both reverted” indicates
that the singled F1 animals were homozygous for Rsal reversion back to
wild type (did not digest with Rsal). “Heterozygous” animals showed both
patterns of Rsal digestion. “Not reverted” indicates that the animals
underwent full Rsal digestion and were not reverted back to wild type.
Black text at the top of each stacked bar indicates the number (n) of F1
animals that were digested with Rsal. Table (bottom) shows number of F1
generation animals corresponding to each genotype. Reversion (%)
illustrates the haplotype editing frequency, which was calculated by
dividing the total number of edited haplotypes (two in “both reverted”
and one in heterozygous animals) from the total number of haplotypes
examined.
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Figure 5 Analysis of maternal and paternal genome editing rates. (A) Mating strategy to test frequency of maternal vs paternal genome editing.
Hermaphrodite animals containing the tra-2 Rsal (no-blocking) restriction enzyme site were crossed to wild-type males and allowed 24 h to mate. Mated
hermaphrodites were subsequently injected to generate the dpy-10(cn64) variation. F1 generation rollers contain a single edit for the dpy-10(cn64) allele
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tra-2 allele containing the Rsal restriction site. In the case of paternal edits, the nondumpy animals will be digested with Rsal. (B) Representative agarose
gel illustrates differences in editing efficiencies of maternal and paternal genomes. Wild-type animals are not digested with Rsal and migrate as a single
band whereas animals containing the tra-2(Rsal) allele are digested and migrate as two bands. (C) Quantification of Rsal digestion rates in F2 generation
dumpy and nondumpy animals. Rsal digestion in dumpy animals is indicative of maternal genome editing of dpy-10. Black number indicates the
number (n) of animals that were digested with Rsal. One dumpy and one nondumpy animal was screened per F1 generation animal.

haplotypes reverted) animals were similar, although we only ob-
served homozygous-reverted animals in F1 generation dumpy
animals (Figure 4B, Supplementary Table S7). The increased prev-
alence of homozygous-reverted animals in F1 generation dumpy
animals might not be surprising, since the dumpy phenotype
indicates that homozygous editing of the dpy-10 genomic locus
had also occurred. We found that the P2 blocking condition was
highly effective at blocking Cas9, as only a small percentage of F1
generation dumpy (2.7% haplotypes reverted) or roller (0.9% hap-
lotypes reverted) animals had reverted the Rsal site (Figure 4B,
Supplementary Table S7). Similarly, the P11 mutation was highly
effective at blocking Cas9 and resulted in only a low frequency of
Rsal reversion in F1 generation dumpy (2.7% haplotypes reverted)
and roller (2.7% haplotypes reverted) animals (Figure 4B,
Supplementary Table S7). Despite increased Rsal reversion fre-
quency in P20 blocking mutants for both F1 generation dumpy
(12.8% haplotypes reverted) and roller (6.4% haplotypes reverted)
animals (Figure 4B, Supplementary Table S7), the P20 blocking
mutation blocked Cas9, as the Rsal reversion rates were much
lower in P20 mutants compared to no-block controls (Figure 4B,
Supplementary Table S7). Therefore, consistent with previous
reports (Jinek et al. 2012; Cong et al. 2013; Fu et al. 2013; Hsu et al.
2013; Mali et al. 2013; Pattanayak et al. 2013; Zhang et al. 2015), the

position of single nucleotide guide substitutions appears to influ-
ence their blocking efficacy where substitutions located proximal
to the 3’ end of the guide are more effective at blocking Cas9
(Figure 4B, Supplementary Table S7). Interestingly, although we
observed similar HDR editing rates for the P11 (75.7% HDR-edited
in Dumpy animals, Figure 2, Supplementary Table S3) and P20
mutations (66.6% HDR-edited in Dumpy animals, Figure 2,
Supplementary Table S3), P11 was more effective at blocking
Cas9 than P20 (Figure 4B, Supplementary Table S7). This discrep-
ancy between blocking efficacy and HDR editing rates further
supports the idea that perhaps a temporal effect contributes to-
ward allowing for robust genome editing when Cas9 is not
completely blocked. Collectively, these findings show that single
nucleotide substitutions in the guide sequence effectively, albeit
not completely, block Cas9 after HDR occurs, and that conditions
where Cas9 is not completely blocked still allow for efficient ge-
nome editing in C. elegans.

Editing of maternal haplotypes occurs at greater
frequency than editing of paternal haplotypes
Given that we observed significantly higher HDR-editing rates of
the tra-2 locus in dpy-10-edited haplotypes compared to non-dpy-
10 haplotypes (Figure 2, B-D), we asked whether there could be
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differences in the HDR-editing efficiencies of each parentally con-
tributed haplotype. To determine the HDR editing rates of each
parental haplotype, we used a mating-based approach to differ-
entiate between maternal and paternal haplotypes (Figure 5A).
We crossed wild-type males to tra-2 mutant hermaphrodites that
carried the Rsal restriction site just upstream of the tra-2 coding
sequence (Figure 4A). We then injected the mated animals with
Cas9 RNP complex to generate the dpy-10(cn64) variation
(Figure SA). Because dpy-10 and tra-2 are genetically linked and
not expected to independently assort, the resulting F1 generation
roller animals will have two possible haplotype arrangements for
the dpy-10 and tra-2 mutations (Figure 5A). One possible F1 geno-
type will have the maternally contributed tra-2 mutation (Rsal
site) on the same chromosome as the newly introduced dpy-
10(cn64) mutation and another possible F1 genotype would have
the tra-2 and dpy-10 mutations on different chromosomes
(Figure SA). Both of these possible haplotype arrangements can
be differentiated in the F2 generation by examining whether the
dumpy or nondumpy progeny contain the tra-2 Rsal restriction
site (Figure 5A). If maternal editing of dpy-10 occurs, then the F2
generation dumpy animals would be homozygous for the tra-2
Rsal allele whereas the nondumpy F2 generation animals would
be homozygous for the paternally provided wild-type tra-2 allele
(Figure 5A). If editing occurred in the paternal genome, then the
F2 generation dumpy animals would be homozygous for the
wild-type tra-2 allele that lacks the Rsal cut site (Figure 5A). We
genotyped one F2 generation dumpy and one F2 generation non-
dumpy animal per F1 generation roller animal (n=44 animals).
In all F2 generation animals that we examined, Rsal digestion oc-
curred only in dumpy animals, supporting the idea that editing of
the maternal genome is strongly preferred over paternal genome
editing (Figure 5, B and C). Thus, we conclude that the distinct
tra-2 HDR rates we previously observed in dumpy vs nondumpy
F2 generation animals (Figure 2, B and C) are likely due to differ-
ences in the editing efficiencies of each paternal genome, where
dumpy animals are likely homozygous for the maternally pro-
vided haplotype and nondumpy animals are likely homozygous
for the paternally provided haplotype.

Selection of maternally provided haplotypes
using balancer chromosomes to mutate the let-7
miRNA in a scarless fashion

As we observed increased HDR editing efficiency of maternally
provided genomes compared to paternally provided genomes
(Figure 5), we devised a strategy to select for the maternally pro-
vided haplotypes postinjection (Figure 6A). Our approach was to
label paternally provided chromosomes prior to injection by mat-
ing wild-type hermaphrodite animals to males expressing fluo-
rescently labeled balancer chromosomes (Figure 6A).
Importantly, the use of balancer chromosomes restricts recombi-
nation between the maternally provided wild-type chromosome
and the paternally provided balancer chromosome. This allows
for segregation of each parental haplotype in subsequent genera-
tions and easily homozygoses for the desired edit, thereby reduc-
ing screening efforts postinjection (Figure 6A). We used this
strategy, along with single nucleotide blocking mutations to mu-
tate the let-7 miRNA in a scarless fashion. As loss of let-7 function
is lethal (Reinhart et al. 2000), this strategy also allowed us to im-
mediately maintain deleterious let-7 mutations in a balanced,
heterozygous genetic background, using the tmc24 balancer chro-
mosome (Dejima et al. 2018). Because the tmc24 balancer contains
a pmyo-2::Venus fluorescent marker that is pharyngeal expressed
(Dejima et al. 2018), F1 generation cross-progeny should be

fluorescently labeled whereas self-progeny would not be labeled
(Figure 6A). In the subsequent F2 generation, animals without ex-
pression of pharyngeal Venus should be homozygous for the ma-
ternally provided let-7 haplotype as the non-Venus animals lack
the paternally provided tmc24 chromosome (Figure 6A).

We targeted let-7 using a guide sequence overlapping with the
mature let-7 miRNA sequence and used ssODN repair templates
to introduce single nucleotide blocking mutations into the endog-
enous let-7 locus. As a proof of principle, to demonstrate our abil-
ity to create scarless edits within nonprotein-coding portions of
the genome using a single nucleotide mismatch within the guide
region, we aimed to generate a P6 blocking mutation, which reca-
pitulates the classical let-7(n2853) hypomorphic mutation. let-
7(n2853) disrupts the let-7 seed sequence and leads to dysregula-
tion of let-7 mRNA targets in a temperature sensitive manner
(Reinhart et al. 2000; Vella et al. 2004) (Figure 6B). We also
designed two nonseed mutations as controls: one located within
the PAM domain that is expected to completely block Cas9 and a
second nonblocking mutation located downstream of the PAM
(Figure 6B). We used dpy-10 coconversion to enrich for genome-
edited animals and singled both F1 generation roller and dumpy
animals (Figure 6A). We then sequenced non-Venus F2 genera-
tion animals to examine how each blocking condition affected
HDR efficiency (Figure 6A).

We observed high HDR-editing rates (60.7% HDR-edited) and
low indel rates (10.7% indels) when the PAM was mutated
(Figure 6C). We observed comparable rates of HDR-editing (56.7%
HDR-edited) when P6, which recapitulates the let-7(n2853) muta-
tion (Figure 6B), was used as the blocking mutation (Figure 6C).
Although the HDR-editing rates were similar for the PAM and P6
blocking conditions, the indel rate was twice as high for the P6
blocking mutation (23.3% indels) compared to the PAM mutation
(10.7% indels) (Figure 6C). The increased indel rate observed un-
der P6 blocking conditions might indicate that P6 does not
completely block Cas9. Consistent with this idea, we found that
the no-blocking condition led to high frequency of indel muta-
tions (40.7% indels) and low rate of HDR-editing (3.7% HDR-
edited) (Figure 6C).

Interestingly, we did not observe a similar increase in indel
rates for the tra-2 no-blocking condition (Figure 2, B and C), sug-
gesting that there may be gene-specific or guide-specific differen-
ces in indel rates vs HDR-editing rates. Importantly, we were able
to isolate a small percentage of let-7 HDR-edited animals, even
when the ssODN repair template did not contain a blocking mu-
tation (Figure 6C). This observation supports the idea that in sit-
uations where no blocking mutations can be designed, desired
edits can nonetheless be obtained, albeit at a low frequency.

Many microRNAs, including let-7, are members of microRNA
families that share the same seed sequence and are therefore
expected to target similar mRNA sequences (Lewis et al. 2003; Lim
et al. 2003). As a result of sharing the same seed sequence, many
members of microRNA families often exhibit functional redun-
dancy with other family members (Abbott et al. 2005; Miska et al.
2007; Alvarez-Saavedra and Horvitz 2010). As a further proof of
principle, to demonstrate the utility of selecting for maternal
chromosomes via paternally provided balancers, we aimed to re-
capitulate the let-7(n2853) variation in a genetic background de-
void of the other three major let-7 family members: miR-48, miR-
84, and miR-241. Such strain has been difficult to generate using
conventional genetic methods, since the let-7 and miR-84
microRNAs are genetically linked and complete loss of let-7 activ-
ity is lethal (Reinhart et al. 2000). To generate a strain containing
mutations in all four let-7 family members, we crossed tmc24
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Figure 6 Selection of maternally provided haplotypes using balancer chromosomes. (A) Mating wild-type hermaphrodites to males carrying balancer
chromosomes before injection allows for differentiation of maternal and paternal haplotypes for genes that are within the balanced interval and takes
advantage of the more frequent maternal edits. The tmc24 balancer covers an interval on the right side of LGX that includes the let-7 miRNA and
contains a Venus-marked transgene expressed in the pharynx. Prior to injection, tmc24 males were mated to wild-type hermaphrodites and then
subjected to co-CRISPR to mutate the let-7 and dpy-10 genes. F1 generation cross progeny will contain pharyngeal Venus, and roller animals were
successfully mutated in the dpy-10 gene. Because dpy-10 and let-7 are not on the same chromosome, nondumpy animals can be isolated in the F2
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the genomic sequence are indicated in red text. Introduction of the let-7 seed mutation equivalent to the let-7(n2853) allele, which leads to a single
nucleotide variation 6 bases away from the 3’ end of the guide sequence (“P6”). (C) Percent let-7 genotypes observed for F2 generation non-Venus
animals that were singled from F1 generation Venus-positive rollers. Indels were defined as any insertion or deletion mutation, regardless of whether
editing through HDR may have occurred. Unedited animals had no apparent changes compared to the wild-type let-7 sequence. All results were
determined through Sanger sequencing. White text at the left of each stacked bar indicates the number (n) of animals that were sequenced. (D)
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12 | GENETICS, 2022, Vol. 220, No. 1

balancer males to hermaphrodite animals containing deletions
of mir-48, mir-84, and mir-241 (Figure 6D). We then performed co-
CRISPR of let-7 and dpy-10 to recapitulate the let-7(n2853) muta-
tion (Figure 6D). As let-7 and mir-84 are both located on the X
chromosome, F1 generation cross-progeny will have a paternally
provided tmc24 chromosome and a maternally provided chromo-
some that contains a mir-84 deletion, which we targeted for the
let-7 editing (Figure 6D). We then sequenced F2 generation non-
Venus animals and identified animals containing maternal let-
7(n2853) mutations. Using this strategy, we were able to create a
stable strain that contains homozygous deletions in mir-48 and
mir-241 (nDf51) and the mir-84(n4037) deletion and let-7(n2853-
equivalent) mutation balanced by tmc24 in a heterozygous state.

Collectively, these findings demonstrate that single nucleotide
substitutions within the guide RNA targeting sequence can be
used to effectively mutate miRNAs through HDR in an otherwise
scarless fashion. Furthermore, we propose that balancer chromo-
somes can be used to select for maternally provided haplotypes
and introduce deleterious mutations directly into a balanced het-
erozygous background in a single injection step.

The use of dpy-10(cn64) coinjection may further facilitate the
single-step injection approach, since F1 generation rollers con-
taining a single dpy-10(cn64) edited chromosome are more likely
to only contain a single edit at a second locus. Previous strategies
used in C. elegans to introduce potentially lethal genome edits di-
rectly into balanced genetic backgrounds have relied on two-step
editing approaches, where the first edit introduces a nascent
PAM to a gene of interest that can be specifically edited in a sec-
ond injection after being crossed to a balancer chromosome that
lacks the nascent PAM (Dejima et al. 2018; Duan et al. 2020). As
nearly 90% of the C. elegans genome is covered by balancer muta-
tions (Dejima et al. 2018), our strategy can be used to target most
C. elegans genes in a single step editing approach, eliminating the
need for extensive postinjection screening.

Discussion

Strategies for designing Cas9 blocking mutations
in Caenorhabditis elegans

In this study, we performed a detailed analysis of a single guide-
target pair to determine the blocking efficacy of single nucleotide
substitutions within the guide region of the donor molecule. As
we only tested a single guide-target pair, it is possible that some
of our conclusions do not apply to all guide-target interactions.
However, our findings that single nucleotide substitutions are
sufficient to allow recovery of HDR-edited animals, and that
blocking mutations are not strictly required for recovery of HDR-
edited animals are also supported by our analysis of the let-7 lo-
cus. Furthermore, we have routinely used single nucleotide sub-
stitutions in the guide-binding region to generate additional
genome-edited strains, supporting that this approach is broadly
effective across several genetic loci (Supplementary Figure S1).
Mutating the PAM domain remains the most effective way to
block Cas9 and leads to the highest HDR editing rates (Figure 7A).
However, when the desired mutation overlaps with the guide se-
quence, additional blocking mutations are not necessary to re-
cover HDR edited animals, which can facilitate scarless HDR
editing (Figure 7B). For protein-coding genes, it is also possible to
introduce silent blocking mutations into the guide sequence, ide-
ally close to the 3’ end of the guide, when silently mutating the
PAM is not possible (Figure 7C). For edits that do not overlap with
the guide sequence or PAM, it is possible to forego the use of
blocking mutations in order to recover animals in an otherwise

scarless genetic background (Figure 7D). The ability to recover
HDR edited animals without including a blocking mutation sug-
gests that a temporal block to Cas9 activity exists in C. elegans,
preventing Cas9 recutting of the repaired genomic region
(Figure 7E). Cas9 activity might be highest in the distal end of the
maternal germline, since this is where Cas9 RNP complexes are
injected (Figure 7E). The temporal block to Cas9 activity might re-
sult from degradation of the injected Cas9 RNP complexes or di-
lution of Cas9 activity as germ cells passage through the
maternal germline from distal end to proximal end (Figure 7E).
Collectively our findings expand the repertoire of possible ge-
nome edits in C. elegans and should facilitate analysis of noncod-
ing regulatory sequences without the need for extraneous Cas9
blocking mutations.

Differences in maternal vs paternal genome
editing rates in C. elegans

We found that the HDR editing rates of tra-2 were much higher
for the haplotypes that contained the dpy-10(cn64) allele com-
pared to the haplotypes that were not edited for dpy-10 (Figure 2).
Given that the Cas9 RNPs are injected into the maternal germline
of hermaphrodite animals, it seemed likely that editing of the
maternally provided haplotype is preferred over editing of the pa-
ternally provided haplotype. Indeed, several others have specu-
lated that editing of maternal haplotypes is preferred in C. elegans
(Arribere et al. 2014; Kim et al. 2014; Paix et al. 2014, 2016), al-
though both paternal and maternal germ cells are competent for
HDR (Clejan et al. 2006). We used a mating-based approach that
allowed us to quantify the editing rates of maternal and paternal
haplotypes and demonstrated that maternal editing was pre-
ferred over paternal editing (Figure 5). This is in contrast to a re-
cent study, which suggested that paternal genome (embryonic)
editing is preferred over maternal editing (Farboud et al. 2019). A
key difference in our experimental design was that we were able
to assess maternal uvs paternal genome editing in a single injec-
tion step, whereas previous studies have assessed maternal and
paternal editing in separate injections (Farboud et al. 2019).
Farboud and colleagues performed two injections, where each in-
jection was designed to specifically target one parental haplo-
type. However, the allele-specific editing was predicated on the
assumption that a single nucleotide mismatch in the guide-
binding region (equivalent to “P2") was sufficient to completely
block Cas9, which our findings suggest is not accurate.
Furthermore, Farboud et al. used a much higher concentration of
Cas9 (15 puM) than we used in this study (2.65 pM), which could
have allowed Cas9 to persist longer in the C. elegans germline and
lead to more effective editing of paternally provided haplotypes.
Nevertheless, it is also possible that there could be gene-specific
differences in haploid genome editing efficiency.

Taking advantage of the preference for maternal editing, we
were able to select for the maternally provided chromosomes us-
ing balancer chromosomes that restrict recombination between
the maternal and paternal chromosomes. By mating hermaphro-
dite animals to males containing a balancer chromosome before
injection, the maternally provided nonbalancer chromosome of
coedited F1 roller animals is more likely to be edited. Because typ-
ical balancer chromosomes contain a fluorescent or physical
marker to identify animals harboring the balancer, nonmarked
animals can be easily identified and should be homozygous for
the maternally provided haplotype. Homozygosing for the edited,
maternally provided chromosome would homozygose for the
mutation of interest and therefore reduce molecular method-
based screening. It would also be possible to recover edited
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when blocking conditions do not completely block Cas9.

animals by injecting directly into balanced, heterozygous animals
without mating prior to injection. F1 generation animals could be
screened for heterozygosity and would carry a mutation on either
the balancer chromosome or the nonbalanced chromosome. If
the edit was not on the balancer chromosome, F2 generation ani-
mals lacking the balancer chromosome would be homozygous
for the desired edit. As most of the C. elegans genome is covered
by balancer chromosomes (Dejima et al. 2018), this approach can
be broadly applied to most C. elegans genes and has the added ad-
vantage of introducing potentially deleterious mutations directly
into a balanced genetic background.

Single nucleotide substitutions are sufficient to
allow recovery of HDR-edited animals in
C. elegans

In this study, we demonstrate that a single nucleotide mismatch
at any point in the guide sequence can block Cas9 and can be reli-
ably used to recover HDR-edited animals. However, despite the
fact that these single nucleotide blocking mutations are sufficient
to allow for recovery of HDR-edited animals, we show that Cas9
was still able to target genomic sequences containing a single
mismatch to its guide RNA, including the P2 substitution
(Figure 4). These data provide direct evidence that off-target
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cutting can occur in C. elegans, in contrast to previous speculation
that off-target cutting may not readily occur in C. elegans
(Schwartz and Sternberg 2014; Xu 2015). Previous targeted
approaches to identify potential off-target cutting by Cas9 did not
identify bona fide off-target events (Chiu et al. 2013; Dickinson
et al. 2013; Silva-Garcia et al. 2019). Similarly, whole-genome
sequencing-based approaches did not identify variants at pre-
dicted off-target sites and the overall rate of variant formation
was not significantly higher than the spontaneous mutation rate
(Paix et al. 2014; Waaijers and Boxem 2014; Au et al. 2018). Why
have not previous approaches identified off-target cutting events
in C. elegans? There are several contributing factors that might
make identification of off-target cutting events difficult. We
found that the efficiency of off-target cutting was much lower
than on-target cutting (Figure 4), suggesting that off-target cut-
ting events might be rare. Furthermore, off-target editing likely
occurs in a heterozygous fashion, which can complicate detec-
tion in sequencing reactions since heterozygosity is rapidly lost in
hermaphroditic organisms (Brenner 1974). Another factor could
be the software used to design guide RNAs, many (or all) of which
might not allow guides that carry single mismatches to other
regions of the genome. Although we did not test whether multi-
ple guide substitutions were more effective at blocking Cas9, pre-
vious studies have suggested that increasing the number of
mismatches in the guide sequence leads to increased blocking of
Cas9 (Jinek et al. 2012; Cong et al. 2013; Fu et al. 2013; Hsu et al.
2013; Mali et al. 2013; Pattanayak et al. 2013; Zhang et al. 2015).
Thus, effective guide RNA design might essentially eliminate off-
target cutting by Cas9. Our observation that off-target cutting
can occur in C. elegans emphasizes the importance of careful
guide design and backcrossing of genome-edited strains to re-
move potential unwanted mutations when off-target effects are
suspected.

A temporal block to Cas9 activity appears to limit
recutting of repaired DNA

Although we observe significantly reduced HDR editing rates
when no blocking mutation was included in the ssODN repair
template, the editing efficiency was high enough that we were
able to reliably recover HDR-edited animals. Given the ability of
Cas9 to target double-stranded repair templates, blocking condi-
tions may remain critical for studies that use dsDNA repair tem-
plates. It is worth noting that many of the cases that might
necessitate foregoing a blocking mutation, such as the editing of
noncoding RNAs, would typically be small genomic changes that
can be accomplished using ssODN repair templates.

The fact that we are able to recover HDR-edited animals with-
out including a blocking mutation suggests that a temporal block
to Cas9 activity exists in C. elegans, where the repaired region
escapes repeated targeting by Cas9 (Figure 7E). What might lead
to a temporal block to Cas9 activity? One possibility is that the
reagents used for genome editing are not stable and/or targeted
for degradation in the C. elegans germline, which would lead to re-
duced Cas9 activity over time. Consistent with this idea, RNP
complexes are rapidly degraded (Kim et al. 2014; Liang et al. 2015;
DeWitt et al. 2017; Prior et al. 2017; Farboud et al. 2019). Plasmid-
expressed Cas9 may persist longer and might not result in the
same temporal block that we observed for Cas9 RNP injection in
this study. A second explanation for a temporal block might be
that germ cells could become less receptive to Cas9 as they pas-
sage through the C. elegans germ line. Cas9 RNP complexes are
injected into the syncytial maternal germline, where immature
germ cells share a common cytoplasm and can all be targeted by

a single injection (Evans 2006; Kadandale et al. 2008; Pazdernik
and Schedl 2012; Hubbard and Schedl 2019). Many of the syncy-
tial germ cells are in pachytene stage, during which time germ
cells are receptive to homology directed repair pathways (Woglar
and Jantsch 2014, McClendon et al. 2016). As germ cells mature,
they could become less amenable to genome editing. Finally, it is
also possible that genome editing reagents are diluted as they
passage through the tubular-shaped maternal germline. This
could explain the differences in editing efficiencies for maternal
and paternal haplotypes, as the injection mix could become less
available in the proximal germline. In any case, our findings sug-
gest that Cas9 activity is attenuated over time, leading to a tem-
poral block to Cas9 activity. This temporal block to Cas9 activity
may then allow for effective HDR editing, even under conditions
where Cas9 is not completely blocked. Additional work will be re-
quired to fully understand how a temporal block to Cas9 activity
is established. It will also be interesting to see if a similar tempo-
ral block to Cas9 activity exists in other organisms, or if the
unique germline architecture of C. elegans leads to reduced Cas9
activity over time.
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