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Abstract

Gene editing in C. elegans using plasmid-based CRISPR reagents requires microinjection

of many animals to produce a single edit. Germline silencing of plasmid-borne Cas9 is a

major cause of inefficient editing. Here, we present a set of C. elegans strains that constitu-

tively express Cas9 in the germline from an integrated transgene. These strains markedly

improve the success rate for plasmid-based CRISPR edits. For simple, short homology arm

GFP insertions, 50–100% of injected animals typically produce edited progeny, depending

on the target locus. Template-guided editing from an extrachromosomal array is maintained

over multiple generations. We have built strains with the Cas9 transgene on multiple chro-

mosomes. Additionally, each Cas9 locus also contains a heatshock-driven Cre recombinase

for selectable marker removal and a bright fluorescence marker for easy outcrossing. These

integrated Cas9 strains greatly reduce the workload for producing individual genome edits.

Author summary

Germlines have evolved specialized mechanisms to protect themselves from invasions by

transposons and viruses, which create barriers to genome editing techniques. For exam-

ple, transgenes are silenced in the germline of the nematode C. elegans, thereby creating a

barrier to CRISPR editing by Cas9. To facilitate gene editing, we built a collection of C. ele-
gans strains in which Cas9 is never silenced. CRISPR is significantly more efficient in

these animals, decreasing the effort researchers need to expend to get edited animals. The

strains are available in multiple genetic backgrounds, and contain accessory transgenes to

simplify downstream genetics. Together, these strains enable efficient, low-cost genome

editing in C. elegans.

This is a PLOS Genetics Methods paper.
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Introduction

CRISPR has revolutionized genetics by providing a simple method for targeted mutation, dele-

tion or tagging of genes [1]. Since its initial demonstration, CRISPR has been rapidly adapted

to facilitate gene editing in diverse species. Although the same core set of molecules are used to

perform CRISPR editing in different species, methods must be optimized for individual spe-

cies and applications. Efficient production pipelines are needed to minimize the workload to

produce individual edits, and to facilitate systematic production of genome-wide resources.

In the nematode C. elegans, the Cas9 endonuclease is introduced into the germline via

microinjection of either protein or DNA. In the protein method, Cas9 protein complexed in
vitro with guide RNA is directly injected into the gonad along with a DNA repair template

[2,3]. The injected ribonucleoprotein complex acts immediately in the gonad, producing tar-

geted double-strand breaks within the meiotic oocyte progenitor cells. Co-injected repair tem-

plates can be used for homology-directed break repair, yielding edited F1 progeny directly

from the injected mother. In the DNA method, plasmids expressing Cas9 and the guide RNA

are injected into the gonad along with a plasmid DNA repair template [4–6]. The injected plas-

mids are assembled into heritable extrachromosomal arrays in the injected gonad. Although

cutting is occasionally observed directly in the injected gonad, templated repair events almost

always occur in the germline of array-bearing F1 animals. Edited progeny are typically recov-

ered among the F2 –F3 generations.

Direct injection of ribonucleoprotein complexes is fast and efficient–a single injected P0

can yield dozens of independently edited F1 progeny [3,7,8]. However, scalability is limited by

two factors: (1) the reagents are expensive, and (2) edits must be identified by molecular or

fluorescence screening of individual progeny because editing efficiency drops precipitously as

repair templates exceed ~ 1.5 kb [9], precluding the use of selectable markers. Comparatively,

plasmid reagents are inexpensive and can accommodate large repair templates, including

selectable markers [4,5,10–12], but array-based edits appear a generation later, editing effi-

ciency is low, and the plasmid-borne transgenes are rapidly silenced. In regard to efficiency,

only 5–40% of injected P0s yield a single edited progeny; most injected animals yield no modi-

fied progeny. Although selectable markers allow the rare edits to be identified without molecu-

lar screening, the effort required to injecting large numbers of animals limits throughput.

Toward developing a pipeline for high-throughput editing in C. elegans, we sought to improve

the efficiency of plasmid-based CRISPR editing by improving Cas9 expression in worms.

The bane of transgene-driven genome editing in C. elegans is silencing of transgenes in the

germline. The worm germline detects and limits expression of foreign genetic elements using

both sequence-specific and sequence independent mechanisms [13,14]. Germline silencing of

array-borne transgenes is generally incomplete in the F1 generation, but strengthens to

completely eliminate expression in subsequent generations [15]. As the mechanisms of germ-

line transgene silencing have been elucidated, effective strategies to mitigate silencing have

been developed. These include reducing transgene copy number [16], increasing array com-

plexity [15], removing piRNA complementarity [17], and including Periodic A/T Clusters

(PATCs) within introns of the transgene [13,18]. We have leveraged this knowledge to pro-

duce Cas9 transgenes capable of constitutive germline expression.

Description of method

Here, we present a set of C. elegans strains engineered for high-efficiency CRISPR editing

using plasmid reagents. The strains harbor integrated, single-copy insertions of germline-

licensed Cas9 transgenes. To streamline post-CRISPR strain processing, each Cas9 locus also

contains a heatshock-activated Cre recombinase to remove any selectable marker from the
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edited locus. In addition, each locus is decorated with a fluorescent marker orthogonal to both

GFP and mCherry to facilitate removal of the transgene by subsequent outcrossing. These

strains greatly improve the efficiency of CRISPR modification using inexpensive plasmid

reagents, providing a valuable addition to the C. elegans genome engineering toolkit.

Verification and comparison

Integrated Cas9 transgenes improve editing efficiency. Plasmid-based CRISPR editing

strategies yield poor editing efficiency; typically only ~20% of successfully injected animals

yield edited loci. Therefore to successfully edit with plasmids, many animals must be injected,

and broods screened to identify rare events [10–12]. We found that Cas9 tagged with mCherry

was not detectably expressed in the germline in most injected animals, consistent with previ-

ous observations [19]. These observations suggest that a lack of germline Cas9 expression is a

limiting factor in plasmid-mediated editing. We therefore sought to improve germline Cas9

expression.

We tested whether an integrated single-copy transgene could drive constitutive germline

Cas9 expression and generate guided double-strand breaks. We inserted Cas9 transgenes into

the ttTi5605 Mos1 transposon insert site on chromosome II using MosSCI [16]. This locus is

known to be licensed for germline expression [16]. To drive germline-specific expression,

Cas9 transgenes were built with the mex-5 promoter and tbb-2 3’UTR. We tested Cas9 effi-

ciency in two strains. In one strain the Cas9 transgene was a cDNA interrupted by a single syn-

thetic intron (derived from Addgene plasmid #46168) [6]. In another strain the Cas9

transgene was optimized for germline expression by including 4 large PATC-rich introns from

the gene smu-2 (Fig 1A)[13,18].

Each Cas9 expression strain was tested for basal activity by testing for double-strand break

formation using the high-efficiency dpy-10 sgRNA. Animals were injected with a plasmid

expressing a dpy-10 single-guide RNA (sgRNA). We monitored array-positive progeny for

dumpy (Dpy) or rolling (Rol) phenotypes consistent with mutation of dpy-10. In the strain

bearing the germline-optimized Cas9 construct (EG9615), ~25% of array-bearing F1 animals

(18/69) exhibited a Dpy or Rol phenotype. To determine if these were heritable mutations, we

singled F1 animals. Roughly half of these (8/15 singled F1s) were caused by germline muta-

tions, that is, the singled animals produced either 100% Dpy or one quarter Dpy progeny, con-

sistent with germline mutation. By contrast, in strains expressing the Cas9 cDNA construct,

we failed to detect dpy-10 mutant animals among similar numbers of array positive progeny;

this strain was not characterized further. Together, these data indicate that a single-copy trans-

gene can express sufficient Cas9 to introduce cuts in the genome, but it must be licensed for

germline expression.

As a more demanding test of Cas9 activity, we knocked a GFP tag into the N-terminus of

SNB-1 (Fig 1B). GFP insertions were selected by co-insertion of an unc-119(+) transgene

nested in an intron of GFP [12]. Editing efficiency was compared to plasmid injection of the

germline-optimized Cas9 transgene, as well as injecting plasmid expressed Cas9 cDNA [12].

To normalize for variable injection quality, genome edits were only quantified from injected

animals that generated heritable extrachromosomal arrays and were therefore verified as ‘suc-

cessfully injected’. Edits were observed in 100% of successfully injected P0s using the integrated

germline-optimized Cas9 transgene (Fig 1C), which is a profound improvement over our

results using plasmid-injected cDNA (20% P0s). Injecting the germline-optimized Cas9 trans-

gene as a plasmid improved injections marginally (40% P0s) and was silenced thereafter; this

construct was not characterized further. The integrated transgene was then tested on a variety

of genes to determine if it consistently outperformed plasmid injection of the cDNA.
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We injected targeting plasmids specifying GFP insertion at five other synaptic genes previ-

ously used to assay insertion frequency using array-borne Cas9 [12]. For each locus, the target-

ing reagents comprise a repair template plasmid and a guide RNA expression plasmid. All

genes were initially targeted with “short-arm” repair templates (� 57 bp) assembled by Sap-

Trap [12]. The snt-1 gene was additionally targeted by a second “long-arm” construct (150 and

Fig 1. Germline-optimized Cas9 improves editing efficiency. A. Gene diagrams representing the germline optimized Pmex-5::Cas9 MosSCI construct and the

standard plasmid Peft-3::Cas9 expression construct. B. Diagram of GFP tagging of snb-1 using the intron-nested Cbr-unc-119 selectable marker. C. Comparison of

CRISPR tagging efficiency at snb-1 using array-borne Peft-3::Cas9 containing a synthetic intron (dark blue) or germline-optimized introns (light purple) vs integrated,

germline optimized Pmex-5::Cas9 (dark red and light red). Insertion frequency is the fraction of successfully injected P0s which gave rise to a CRISPR tag among their

progeny on the primary or secondary plate (dark red and light red, respectively). Numbers on bars indicate number of successfully injected P0s. For germline-optimized

Cas9, the tag was always GFP and inserts were confirmed by visual confirmation of GFP expression. For plasmid Cas9, tagging data is reproduced from a previous study

with permission [12]. For plasmid Cas9 (dark blue and light purple), populations were only incubated until starvation of the primary plate. D. GFP insertion efficiency

at multiple loci. Editing frequencies were calculated as in (C). E. Diagram of multigenerational editing experiment. For integrated Cas9 (dark red and light red), injected

P0 animals were singled on ‘Primary’ plates. Upon starvation, ‘Primary plates’ were scored for the presence of GFP(+) animals, and 20 array(+), GFP(-) animals were

moved to a ‘Secondary plate’. Upon starvation, ‘Secondary plates’ were inspected for GFP(+) animals that arose from new CRISPR events on the secondary plate. Each

injected P0 was assigned a unique identifier so that editing outcomes for individual lineages in both phases of the experiment could be collated (S1 Table).

https://doi.org/10.1371/journal.pgen.1009755.g001
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450 bp). Across all loci, GFP insertion per successfully injected P0 was 2.5- to 7-fold more fre-

quent in the integrated Cas9 strain than in strains expressing Cas9 from extrachromosomal

arrays (Fig 1D). The short-arm snt-1 targeting strategy uses a guide RNA predicted to exhibit

low activity due to a “C” base immediately preceding the PAM site (CNGG) [3,20,21]. The

enhanced activity from integrated Cas9 was unable to overcome this guide RNA deficiency;

whereas successful integration was observed for an upstream cut site requiring a long-arm

template. For all other short-arm constructs, between 50% and 100% of injected P0’s yielded

tagged inserts. Thus, the integrated Cas9 transgene facilitates more efficient CRISPR editing

than array-borne Cas9.

Integrated Cas9 transgenes facilitate multigenerational editing. We next explored

whether the single-copy Cas9 transgene could support editing over multiple generations. In

general, array-based genome editing in C. elegans is limited to a few generations after the initial

injection, even though the editing arrays can transmit indefinitely. This is likely due to germ-

line silencing of the Cas9 transgenes on the extrachromosomal arrays. The integrated and

germline-licensed Cas9 is not silenced; all of the GFP targeting constructs (Fig 1) were injected

in an integrated Cas9 strain more than ten generations after the initial integration of Cas9.

Although the integration provides continuous Cas9 expression, it was not known if germline

silencing mechanisms would limit guide RNA expression or repair template availability after

the first few generations. We therefore monitored our GFP-tagging injections for new editing

events beyond the F2 generation, when germline silencing is usually established [15].

To detect new CRISPR events in later generations, we propagated unedited, array-bearing

worms past the F3 generation (that is, beyond starvation of the primary plate). Successful edits

are easily scored by bright GFP expression in the synapse-rich nerve ring, which allowed us to

reliably pick unedited individuals using a fluorescence dissecting microscope. Upon starvation

of each plate founded by a single injected P0 animal, we singled 20 animals that carried the

array (unc-119+) but lacked an edited target locus (GFP-). When these ‘secondary’ plates

starved (approximately 3 generations), the plates were inspected for GFP(+) worms (Fig 1E).

For all except the defective short-arm snt-1 target, new GFP insertions occurred on the second-

ary plates, albeit usually at a slightly lower rate than on the primary plates (Fig 1D). In most

cases, lineages that generated inserts on the secondary plate had produced CRISPR insertions

on primary plate (S1 Table). Interestingly, four lineages that failed to generate CRISPR inserts

on the primary plate nevertheless yielded GFP inserts on the secondary plate. Thus, in the inte-

grated Cas9 strain, de novo editing events routinely occur in generations after germline silenc-

ing of transgenes is normally established. Importantly, guide RNA expression and repair

template accessibility are less sensitive to germline silencing mechanisms than Cas9

expression.

Building multiple Cas9 expression strains optimized for genome editing pipelines.

Since integrated Cas9 transgenes delivered significantly higher success rates in GFP tagging

experiments, we developed optimized strains to streamline the editing pipeline for the C. ele-
gans community. These Cas9 strains include:

1. A fully outcrossed and uniform genetic background for unc-119 rescue.

2. Cas9 integrations on different chromosomes.

3. A linked, inducible Cre recombinase to excise the selection marker in the edited locus.

4. A fluorescent marker in the Cas9 locus to facilitate out-crossing.

5. At least one Cas9 integration tightly linked to unc-119, so that the selectable marker is out-

crossed simultaneously with the Cas9 transgene.
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Inserting Cas9 transgenes in a clean genetic background. To generate a uniform genetic

background, we thawed the standard N2 strain and generated a de novo unc-119 mutation. We

injected plasmids encoding Cas9 and a guide RNA targeting the region near the ed3 allele of

unc-119, and relied on error-prone repair to generate a new loss-of-function allele. We isolated

a single unc-119(-) strain and designated the new allele unc-119(ox819). Direct sequencing of

unc-119 revealed ox819 is an 11 bp deletion flanking the targeted cut site (S1 Fig). ox819 causes

a frameshift after V110 (UNC-119a) and then appends 29 out-of-frame amino acids before a

stop codon. unc-119(ox819) animals are phenotypically identical to unc-119(ed3) animals and

can be rescued by expression of the smaller unc-119 gene from the related nematode C. brigg-
sae (Cbr-unc-119). The strain carrying unc-119(ox819) represents a relatively clean genetic

background for gene editing since it was generated by targeted rather than random mutagene-

sis to limit secondary mutations, and the strain was immediately frozen to minimize the emer-

gence of suppressor mutations during propagation of the strain in laboratory stocks.

To insert Cas9 expression cassettes at a variety of loci in the genome, we randomly inte-

grated the germline optimized Cas9 expression cassette into the unc-119(ox819) background

using a miniMos transposon (Fig 2). The transposon carried a Cas9 expression cassette, Pmex-
5::Cas9 (+smu-2 introns)::tbb-2 3’UTR, and a lox-flanked unc-119(+) locus for selection. We

isolated 14 inserts and mapped the miniMos insertion site by inverse PCR (S2 Table). We first

assessed germline Cas9 activity in the original Cbr-unc-119+ isolates by testing the ability to

cut the dpy-10 locus. We injected the plasmid expressing the dpy-10 sgRNA and assayed for

the presence of Dpy or Rol animals. Second, after removing the floxed Cbr-unc-119 rescue cas-

sette through Cre expression, we assayed for efficient CRISPR-mediated GFP insertion into

the unc-32 gene (S2 Table). This screen identified four strains in which (1) Cas9 activity was

high enough for robust targeted GFP insertion (> 50% of injected P0’s gave rise to unc-32::

GFP progeny), and (2) the Cas9 expression cassettes were distributed broadly across

autosomes.

In three of the four strains, the Cas9 expression cassettes were inserted in unnamed genes

without exacerbating phenotypes. Remarkably, in the fourth strain, the transposon (oxTi1083)

landed in the unc-119(ox819) locus on chromosome III, satisfying the goal of a Cas9 integrant

tightly linked to unc-119. The screen identified at least one strain (inserted into Y69H2.3 on

chromosome V) capable of targeting dpy-10 but not capable of supporting homology-depen-

dent GFP tagging of unc-32 (S2 Table). Generating mutations in dpy-10 by error-prone repair

will be more efficient than inserting GFP through homology-dependent repair. The Y69H2.3
insertion may express Cas9 weakly, which permits efficient untemplated mutagenesis but fails

to support less efficient insertion events. Together, our screen results are consistent with previ-

ous observations that the local genomic environment can influence the overall level of germ-

line expression [18], and that different levels of germline Cas9 expression can lead to varying

editing efficiency.

Decorating Cas9 loci with inducible Cre and a fluorescent marker. We next incorpo-

rated a Cre locus and fluorescent marker to each locus to simplify genetic manipulations. To

modify the miniMos insertions, we built a tagging construct that targets insertions into the 5’

arm of the miniMos element (Fig 2, step 4). The targeting vector contains a lox2272-flanked

Cbr-unc-119 cassette to select for the modified miniMos insertion. After insertion, heat-shock

activation of Cre removes the unc-119(+) transgene.

To each of the Cas9 loci we added a heatshock-driven Cre transgene (Phsp16.41::Cre::tbb-2
3’UTR). For tagging genes, we use a selection strategy in which a floxed Cbr-unc-119 is nested

in an intron of the inserted tag, thereby rescuing the unc-119(ox819) mutation at the genomic

locus. The Cbr-unc-119 gene is excised from the edit, leaving only a loxP site within an intron

in GFP. Integrated heat-shock Cre eliminates the need for a secondary injection of the Cre-
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Fig 2. Building marked Cas9-Cre loci. (1) Cas9 transgenes were generated by injecting a miniMos transposon containing a germline-

optimized Cas9 and a floxed Cbr-unc-119 selectable marker into unc-119(ox819) mutants. (2) MiniMos elements inserted into the genome

randomly and injection sites were mapped by inverse PCR and confirmed by directed PCR. (3) The Cbr-unc-119 cassette was removed by

injecting a plasmid expressing Cre. (4) The loci were then modified by CRISPR to include a Cre transgene and an Orange Fluorescent
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expressing plasmid to excise the selectable marker and drives more efficient marker excision

(Dickinson et al., 2015).

To simplify outcrossing of the Cas9 locus, we generated additional strains that incorporated

a fluorescent marker. In these cases the CRISPR template contained transgenes for both Cre

and an orange fluorescent protein (Pmyo-2::2xNLS-cyOFP::let-858 3’UTR). cyOFP (cyan-excit-

able Orange Fluorescent Protein) is a long-Stokes-shift fluorescent protein that is spectrally

separable from common green and red fluorophores. The nuclear localized, Pmyo-2-driven

transgene produces a bright fluorescence pattern that is limited to the pharynx (S2 Fig); the

marker is brightest in late larvae (L3 and L4) but dimmer in adults, providing a marker that is

easy to track through crosses but that minimally obscures weak fluorescence signals from

tagged target genes.

These modifications highlight the use of plasmid reagents to introduce single-copy trans-

genes into the genome by CRISPR (Fig 2, step 4). Although these single-gene constructs are

larger than a simple GFP tag, the efficiency of transgene insertion was grossly consistent with

GFP tagging. Specifically, for each transgene insertion, we recovered multiple independent

insertions from ~10–20 injected P0s. These observations suggest that integrated Cas9 can pro-

vide an alternative to MosSCI for single-copy gene insertion, particularly given that site selec-

tion is not limited to the existing characterized Mos1 insertion sites.

We quantified the activity of both Cre and Cas9 in each of the final strains. We assayed Cre

activity by monitoring the efficiency of excision of the Cbr-unc-119+ marker from the locus

(Fig 2, step 5). Heatshock-driven Cre acts efficiently from integration sites in the self-excising

cassette (SEC) platform [10]. We found that heatshock-driven Cre excised Cbr-unc-119+ in

~50% of the progeny of heat-shocked animals (Fig 3A). We observed a low amount of Cre

activity from the heat-shock transgene even in the absence of a bona fide heat-shock treatment.

This ‘leaky’ Cre expression leads to marker excision events when animals are reared at 20–

25˚C but is mostly eliminated by rearing animals at 15˚C.

After excision of the Cbr-unc-119 marker from the Cas9-Cre locus, we quantified Cas9

activity in each strain by measuring the insertion frequency of unc-32::gfp (Fig 3B). The Cas9

insertions on chromosomes I and III maintained moderate-to-high levels of Cas9 activity.

Unexpectedly, the Cas9 insertion on chromosome V (W03F9.11) was silenced by the addition

of the cyOFP transgene (Pmyo-2::2xNLS-cyOFP::let-858 3’UTR). Multiple independent inser-

tions of the cyOFP marker into the chromosome V site silenced Cas9 activity. Additionally,

insertion of the fluorescent marker up to 0.3 map units away from the Cas9 transgene also

resulted in silencing of Cas9 (see Methods). Thus, we were only able to produce fluorescently

marked alleles for the chromosome I and chromosome III insertions. However, Cas9 expres-

sion remains robust in a simple version with just the Cre transgene inserted in the chromo-

some V Cas9-Cre locus.

Finally, to facilitate use with selectable markers other than Cbr-unc-119, we outcrossed the

fluorescently marked chromosome I (W01A8.6) and chromosome III (F53A2.9) Cas9-Cre

transgenes to a wild-type background. Because one of the Chr III inserts disrupts unc-119
directly, this allele could not be segregated from an unc-119 mutant background. Together, we

have produced a suite of Cas9 and Cre expressing strains capable of supporting efficient plas-

mid and array-based CRISPR editing in C. elegans.

Protein, or just a Cre transgene. The cut site was introduced by injecting a plasmid expressing a guide RNA for a site in the 5’ arm of the

Mos1 transposon (sgRNA mls719); Cas9 was expressed by the transgene. The insert included Phsp-16.41::Cre + Pmyo-2::cyOFP (or Phsp-
16.41::Cre alone) and a floxed Cbr-unc-119 selectable marker. (5) Strains were heat shocked to activate Cre and remove the Cbr-unc-119
marker, yielding the final strains (6) in an unc-119(ox819) background.

https://doi.org/10.1371/journal.pgen.1009755.g002
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Discussion

In summary, we have generated specialized strains for efficient genome editing by CRISPR.

These strains express the Cas9 enzyme in the germline constitutively, and can insert tags in a

variety of genes at a success rate of 50%-100% of injected worms.

There are four important features to these strains that permit high expression of Cas9. First,

to avoid germline silencing of the construct, Cas9 is expressed from an integrated transgene

rather than from an injected plasmid. In C. elegans injected DNA forms extrachromosomal

arrays, which are usually silenced in the germline [15,22,23]. Second, we inserted introns con-

taining periodic A/T clusters (PATCs) into the Cas9 transgene. These clusters are simply a few

adjacent A/T base pairs present with a 10 bp periodicity on a single face of the DNA molecule

[24]. Inclusion of introns containing PATCs facilitates expression of genes in the C. elegans
germline [13,18]. This specialization may protect the germline from invasion by transposons

or viruses. Because foreign DNA is unlikely to contain these specialized introns, they will not

be expressed in the germline. Third, because not all regions of chromosomes are permissive

for germline expression, we tested 15 chromosomal integration sites, and 5 of these insertions

expressed sufficient levels of Cas9 for efficient gene tagging with GFP. Fourth, we labelled 4 of

these sites with a fluorescent marker and retested tagging efficiency; 3 of the 4 sites retained

high Cas9 expression with the presence of the fluorescent marker.

The immediate advantage of the Cas9 expression strains is that they greatly reduce the

injection burden for producing CRISPR edits with plasmid reagents. Previously, plasmid-

based protocols required ~five times more injection effort than direct injection of the Cas9

protein. The significant improvement in efficiency afforded by the Cas9 expressing strains

brings the injection burden for plasmid reagents on par with protein injections [8]. However,

Cas9 ribonucleoprotein complex injections are likely to remain the preferred method for short

edits including the introduction of point mutants. On the other hand, for gene tagging, trans-

gene insertions, and gene-deletions that require long repair templates, the enhanced efficiency

of Cas9 expressing worms coupled with selection within the tag will make plasmid-based edit-

ing an important alternative.

In previous DNA protocols Cas9 was expressed from a plasmid; edits largely occurred in

the F1 germline only, apparently because the transgene in the extrachromosomal array is

silenced thereafter. When Cas9 is expressed from an integrated transgene, editing is not

silenced in subsequent generations, and unedited strains that carry the array will continue to

yield GFP insertions in later generations. Continued editing capability suggests that the guide

RNA plasmid expressed by a U6 RNA polymerase III promoter is still active on the extrachro-

mosomal array, and the DNA repair template with the GFP tag is still a substrate for double-

strand break repair of the cut site.

We have cultivated Cas9 expressing strains for over a year of continuous culture without

loss of Cas9 activity, and we have performed multiple crosses with Cas9 transgenes and have

Fig 3. Cre and Cas9 activity from integrated Cas9 loci. (A) unc-119(+) marker excision using integrated heat-shock Cre transgene.

Cohorts of ~20 homozygous Unc-119(+) young larvae (L1 –L2) were either incubated at room temperature or at 32˚C for 2 hours

(“heat shock”). After reaching adulthood, several hundred eggs (n = 223–1025) were collected from each cohort, and each hatched

animal was scored for the presence of Unc-119(-) phenotype. Bars represent standard deviation for 3 independent experiments. (B)

Insertion of GFP into the unc-32 gene using CRISPR. The unc-32 guide RNA was expressed from an injected plasmid; Cas9 was

expressed from a transgene integrated at the indicated locus. A Cbr-unc-119(+) transgene is contained within an intron of the GFP

tag. The loci either contained the Cre transgene alone (light red bars, top strain name) or the Cre and the Orange Fluorescent

Protein transgenes (orange bars, bottom strain name). The first strain (EG9615) contains just the Cas9 transgene at the MosSCI

insertion site (ttTi5605). Configurations of the transgene loci in these strains is illustrated in S4 Fig. Insertion frequency is the

fraction of successfully injected P0s which gave rise to a CRISPR tag insertion among their progeny. Numbers on bars indicate

injected P0s, chromosome indicates the location of the insertion containing the Cas9-Cre locus.

https://doi.org/10.1371/journal.pgen.1009755.g003
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never observed silencing in progeny strains. Despite the observed robustness of Cas9 expres-

sion, we recommend maintaining a frozen stock of these strains and periodically replacing old

cultures with fresh thaws. This practice will maintain Cas9 activity and limit potential off-tar-

get mutations from Cas9, which have not been characterized.

Nevertheless, there is variability in editing efficiency among our standard set of test loci for

gene tagging, but this variability is unlikely due to germline silencing. The three genes that

were edited most efficiently on both primary and secondary culture plates are essential genes,

whereas the three genes that were edited less efficiently are non-essential. One potential expla-

nation for this observation is that the target sites are being cut repeatedly until either a tem-

plated or untemplated mutagenic repair occurs. For essential genes, the untemplated repairs

result in lethal alleles that are lost from the population. For non-essential genes, untemplated

repairs create viable mutations that lack the targeted cut site. Indeed, limited sequencing of

‘dead-end’ strains revealed mutated guide-RNA binding sites (S3A and S3B Fig).

In addition to damaged target sites, there are two potential outcomes that are false positives.

We call these (1) ‘dark arrays’ and (2) ‘dark inserts’. Both these modes mimic bona fide inserts,

because they exhibit Cbr-unc-119(+) rescue and lack fluorescent array markers. Dark arrays

lack detectable fluorescent markers, either because the markers were never incorporated or

because the markers were excised or silenced during propagation. Lines harboring dark arrays

become apparent in the F1 because of low transmission of unc-119 rescue; whereas genomic

inserts are transmitted to 75% or 100% of the progeny by chromosomal segregation. Arrays

lacking one or more injected plasmids have been observed in other forms of array-based

genome editing (‘false positives’, wormbuilder.org).

Dark inserts, on the other hand, are insertions in the genome in which GFP is not

expressed. Dark inserts lack array markers and are rescued for unc-119, but do not express

GFP and the genotype cannot be confirmed by PCR. These are due to mutated or partial edits,

or off-target insertions of the Cbr-unc-119(+) cassette into the genome. Of 206 lines fully ana-

lyzed in this study, we identified 3 plates containing animals lacking array markers but also

lacking a GFP insert. Thus, the observed rate of these failure modes is below 5% of injected

P0’s. Through whole genome sequencing we characterized two off-target inserts. Both are

inserted non-specifically in the genome, likely into off-target Cas9 cut sites or other double-

strand breaks (S3C Fig).

Neither dark arrays nor dark inserts are specific to integrated Cas9. Both are observed at

similar frequencies when Cas9 is expressed from an injected plasmid. Importantly, both of

these failure modes can be easily identified and excluded from further processing.

To build a versatile genetic toolkit for CRISPR modifications, we inserted Cas9 transgenes

at various sites in the genome. We tested 15 integration sites, 5 of these insertions expressed

sufficient levels of Cas9 for efficient gene tagging with GFP and were on diverse locations in

the genome (S4 Fig). Four of these loci were modified to include a Cre transgene to remove

the selection marker from the edited gene, and 3 modified to include a fluorescent marker so

that the Cas9 transgene could be easily outcrossed to generate the final edited strain (S5 Fig).

We include a protocol to illustrate the steps for successful gene editing and outcrossing (Fig 4

and S1 File).

Methods

Reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis). All enzymes were purchased

from New England Biolabs (Beverly, MA). All synthetic DNAs were purchased from Inte-

grated DNA Technologies.
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Pmyo-2::
cyOFP

Phsp::Cre Pmex-5::Cas9

Cas9target gene snb-1 

unc-119(-)

1. starting strain

2. inject DNA

3. select non-Unc, array(-) progeny

Pmyo-2::
cyOFP

Phsp::Cre Pmex-5::Cas9unc-119(-)

GFP[loxP Cbr-unc-119+ loxP]::snb-1

4. heat shock to excise selection

Phsp::Cre

loxP loxP

loxP snb-1GFP

heatshock Cre

Cbr-unc-119(+)

GFP[loxP]::snb-1

loxP snb-1GFP

Pmyo-2::
cyOFP

unc-119(-)

loxP snb-1GFP

unc-119(+)

unc-119(+)
;

5. outcross unc-119(-) and Cas9

Day 0: grow at 15°C on HB101 for optimal injection quality.

Cas9

Cas9 +
sgRNA

sgRNA

snb-1

snb-1

array

injected  DNA

GFP Cbr-unc-119(+)array

Day 1: Inject 10-20 P0s. Pool 2-3 injected animals per plate.
Day 2: Incubate at 18-20°C until plates are near starvation 

(~2-3 generations). 

Day 8: Screen plates for unc-119(+) and array(-) animals. 
Clone up to 2 animals from each plate to new 
HB101 plates. 

Day 8-10: Incubate at 15°C to homozygose unc-119(+) tag. 
Day 10: Genotype homozygous strains by GFP PCR and 

sequencing to confirm correct repair.

Day 11: Pool 20 L1-L2 animals and heatshock at 32°C for 2 hours.
Day 11-14: Incubate heatshocked plates at 15°C
Day 14: Isolate unc-119(-) animals. NB: these animals grow slower 

than wildtype.

Day 21: Cross N2 or balancer males to GFP(+) unc-119(-) L4s.
Day 25: Clone GFP(+) unc-119(+) CyOFP(-) animals. Enjoy!
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C. elegans strains

C. elegans strains were cultured using standard methods [25] on nematode growth media

(NGM) feeding on OP50 or HB101 bacteria. Animals were maintained at 15˚C, 18˚C, and

20˚C. A list of worm strains created in this study can be found in S3 Table.

Molecular biology and cloning

A list of plasmids used in this study can be found in S4 Table. All novel plasmids were gener-

ated using standard molecular biology techniques. Annotated sequences for all plasmids used

in this work are included in S1 File.

General injection procedures. All injections were conducted into young adult (<24

hours) hermaphrodites reared at 15˚C on either OP50 (wild type worm strains) or HB101

(unc-119 mutant worm strains). For plasmid injections, plasmids were purified using the Pure-
link kit (Thermofisher). Unless noted otherwise, the final total concentration of all injected

plasmids was 100 ng/μl. Arrays were marked by inclusion of either 1xRed co-injection markers

[2 ng/μl pCFJ90 (Pmyo-2::mCherry), 4 ng/μl pGH8 (Prab-3::mCherry) + 4 ng/μl pCFJ104

(Pmyo-3::mCherry)] or 1xGreen co-injection markers [2 ng/μl pCFJ91(Pmyo-2::gfp) + 8 ng/μl

pCFJ421 (Peft-3::gfp::h2b)]. For CRISPR injections with a single plasmid containing both the

repair template and guide RNA expression cassette, the plasmid was included at 65 ng/μl. For

CRISPR injections with the repair template and guide RNA expression cassette on different

plasmids, the repair template was included at 60 ng/μl and the guide RNA expression plasmid

was included at 30 ng/μl. When included, Cas9 expression plasmids were included at 30 ng/μl

(cDNA) or 2 ng/μl (with smu-2 introns); higher levels of the germline-licensed Cas9 transgene

were toxic. If needed to bring injection mix concentrations to 100 ng/μl, pBluescript(sk+) was

used as “stuffer” DNA. After injection, P0s were either singled to fresh OP50 plates (when

quantifying event frequency per injected P0) or pooled in groups of 3–5 (for construction oper-

ations) and incubated at 25˚C for 3–10 days prior to screening.

Transposon-mediated Cas9 insertion. All MosSci injections were conducted with young

adult EG6249 worms. MosSci injection mixes contained 25–40 ng/μl ttTi5605-targeting vector,

50 ng/μl pCFJ601 (Peft-3::Mosase), 10 ng/μl 1xRed markers, and 10 ng/μl pMA122 (Phsp-
16.41::peel-1) (95–110 ng/μl total). MiniMos injections were conducted with young adult

EG9814 [unc-119(ox819) III] worms. MiniMos injection mixes contained 50 ng/μl pCFJ601

(Peft-3::Mosase), 40 ng/μl pMLS714 (miniMos targeting vector), and 10 ng/μl 1xRed markers.

Initial MosSci inserts (oxSi1196 and oxSi1091) were built using the standard pCFJ150 target-

ing vector. To allow removal of Cbr-unc-119 after transgene insertion, we built general target-

ing vectors for MosSci at the ttTi5605 locus (pMLS640) and for MiniMos (pMLS713)

containing a lox2272-flanked Cbr-unc-119 cassette. In all cases, genomic inserts were identified

by screening for Unc-119+ animals that lacked extrachromosomal array markers. The floxed

Cbr-unc-119 was removed from strains by injecting an array containing 50 ng/μl pDD104

(Peft-3::Cre) and selecting for unc F2 progeny.

Cas9 locus modification. Cas9+, unc-119- animals were injected with 90 ng/μl pMLS719

(miniMos-targeting sgRNA), 10 ng/μl either pMLS716 (Phsp-16.41::Cre + lox2272 flanked

Fig 4. Gene tagging with GFP using integrated Cas9. Protocol for tagging snb-1 using integrated Cas9. (1) Select a strain with integrated Cas9 that is not

tightly linked to the gene of interest, and contains unc-119(ox819) if a selectable marker is desirable. (2) Inject P0s with plasmid DNAs that encode the guide

RNA, your DNA template for gene tagging, and ‘red’ fluorescent markers to mark the array. (3) When P0 plates are starved, single non-Unc, non-‘Red’

animals, and confirm the presence of the edit by fluorescence or PCR. (4) Heatshock the line express Cre and excise the Cbr-unc-119(+) selectable marker. In

the next generation, single Unc progeny. (5) Cross the strain to wild type, single heterozygotes, and then single non-orange individuals from the progeny to

establish the tagged strain.

https://doi.org/10.1371/journal.pgen.1009755.g004
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Cbr-unc-119) or 2 ng/μl pMLS791 (Phsp-16.41::Cre + Pmyo-2::2x-nls-cyOFP + lox2272 flanked

Cbr-unc-119) + 10 ng/μl 1xRed marker. Cas9 activity was provided by the integrated Cas9

transgene. Injected P0 were incubated at 25˚C for 10 days. Inserts were selected by unc-119 res-

cue and the absence of fluorescence array markers. To remove the Cbr-unc-119 marker, larval

animals were heat shocked at 32˚C for 2 hours. unc-119- animals were selected by phenotype

from the F1 progeny of heat-shocked animals.

Measuring Cas9 activity with dpy-10 sgRNA. For initially screening MosSci Cas9 strains,

worms were injected with a low concentration of dpy-10 sgRNA plasmid to improve our

dynamic range: 10 ng/μl pMLS597 (PU6::sgRNA(dpy-10)), 10 ng/μl 1xRed markers, and 80 ng/

μl stuffer DNA. For screening miniMos-based Cas9 strains, worms were injected with 90 ng/μl

pMLS597 (PU6::sgRNA(dpy-10)) and 10 ng/μl 1xRed markers. The higher concentration of

pMLS597 resulted in a higher rate of germline mutagenesis of dpy-10 among array(+) animals

(18 Dpy or Rol animals /69 array+ animals for 10 ng/μl pMLS597; 71 Dpy or Rol animals/94

total array+ animals for 90 ng/μl pMLS597). Injected P0 animals were pooled on fresh OP50

plates and incubated at 25˚C for 2–3 days. Array(+) F1 animals were selected by fluorescence

from the co-injection markers. Selected worms were later scored for Dpy and Rol phenotypes

under white light.

Measuring tag (GFP) insertion frequencies. For quantifying insertion frequency at mul-

tiple target loci in EG9747, worms were injected with 65 ng/μl targeting vector, 10 ng/μl 1xRed

markers, and 25 ng/μl suffer DNA. For quantifying insertion frequency in miniMos insertion

strains, worms were injected with 90 ng/μl targeting vector (pMLS338) and 10 ng/μl 1xRed

markers. We used only 65 ng/μl targeting vector when quantifying insertion frequency in

EG9747 so that the targeting vector concentration in these injections matched the targeting

vector concentration used for quantifying insertion frequency at these sites using plasmid-

borne Cas9 (Schwartz and Jorgensen, 2016; data reproduced with permission). After injection,

P0 animals were singled to OP50 plates and incubated at either 25˚C or room temperature

(20˚C) until starvation. Starved plates were inspected for array+ and GFP+ animals. Insertion

frequency was calculated as (number of plates with GFP + worms) / (number of successful

injections), where a ‘successfully injection’ is an injection resulting in array+ worms in the F2

generation.

Cas9 activity from the miniMos insertion at W03F9.11 on chromosome V was silenced by

insertion of the fluorescent marker Pmyo-2::2xNLS-cyOFP::let-858 3’UTR. To genetically mark

the Cas9 transgene we inserted the cyOFP marker at two sites linked to W03F9.11. Both inser-

tions resulted in silencing of Cas9 activity. The first landing site was 13.7 kb away between

W03F9.4 and ttb-1 (bp154310). The second landing site was 141 kb away between nra-4 and

flp-34 (bp1037379).

Quantifying floxed marker excision rates. For quantifying Cre activity, we used unc-32::

GFP(Cbr-unc-119+) alleles created in either the EG9886, EG9875, or EG9880 background.

Cohorts of ~20 homozygous young larvae (L1 –L2) of each strain were either incubated at

room temperature or at 32˚C for 2 hours (“heat shock”). After adulthood, eggs were collected

from each cohort, and each hatched animal was scored for the presence of Unc-119(-)

phenotype.

Supporting information

S1 Table. Post-silencing edits. Number of injected P0 worms (EG9747) that yielded at least

one GFP insertion event on primary or secondary plates. ‘Primary + Secondary’ tallies P0s for

which GFP+ worms were found on both the primary plate founded by the single injected P0

and on the secondary plate founded by 20 array+ GFP- progeny of the originally injected P0
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(~F3). ‘Primary Only’ tallies P0s for which GFP+ worms were found on the primary plate but

not on the secondary plate. ‘Secondary Only’ tallies P0s for which GFP+ worms were not

found on the primary plate but were found on the secondary plate. ‘Neither’ tallies P0s for

which GFP+ worms were not found among the progeny on either the primary of secondary

plate.

(PDF)

S2 Table. Cas9 insertions by miniMos. Summary of analyses of 14 Cas9 miniMos integration

strains. ‘Strain’ is the isolation name. ‘chrom’ and ‘gene’ identify the location of the insert

determined by inverse PCR, ‘unmapped’ means the inverse PCR failed or was ambiguous.

PCR confirmation: ‘+’ indicates position was confirmed by locus-specific PCR, ‘-‘ indicates

confirmatory PCR failed. ‘n.t.’, not tested. ‘cuts dpy-10’: P0s injected with a dpy-10 sgRNA

expressing plasmid, ‘+’ indicates the presence, and ‘-‘ indicates the absence of Dpy and Rol

worms among the progeny of those P0s. ‘GFP inserts’: number of lines yielding unc-32::GFP

insertions over total injected lines.

(PDF)

S3 Table. Strains used in this study. Bolded strains are the most useful for CRISPR modifica-

tions using unc-119 selections: EG9747 chromosome II, EG9881 chromosome III, EG9887

chromosome I, EG9891 chromosome V.

(PDF)

S4 Table. Plasmids used in this study.

(PDF)

S1 Fig. Generating unc-119(ox819). The classic unc-119(ed3) allele was generated using EMS,

and is likely to have other mutations in its background. Because CRISPR edits should be gener-

ated in a wild-type background that has not been exposed to a chemical mutagen, we generated

a new unc-119 mutation in a wild-type background. N2 worms were injected with a plasmid

encoding Cas9 and a guide RNA targeting the same region of unc-119 as ed3. Sequencing of

ox819 revealed an 11 base-pair deletion starting at V110 (UNC-119a) straddling the targeted

cut site which leads to a frameshift and stop after 27aa.

(PDF)

S2 Fig. Expression pattern of Cas9 locus fluorescent marker. (Top) Fluorescence pattern of

nuclear localized ‘cyan-excitable Orange Fluorescent Protein’ (cyOFP) in pharynx of an L4

larva from the Pmyo-2::2xNLS-cyOFP::let-858 3’UTR transgene (EG9882). Fluorescence is

brightest in L3 and L4 larvae and is dim in adults. (Bottom) cyOFP has a broad excitation

range (maximum from ~480–520) and orange fluorescence emission (590 nm peak) that can

be observed using a mercury lamp and standard GFP longpass filter sets on a dissecting scope

or using 488 nm or 514 nm lasers with an orange-red bandpass or long-pass emission filter

(tagRFP, mScarlet, mRuby) on a confocal microscope. Emission and excitation spectra from

fpbase.org.

(PDF)

S3 Fig. Unintended CRISPR outcomes: dead-end targets and dark inserts. (A and B) Dead-

end target sites: 20 EG9881 animals were injected with a guide RNA and repair template for

tagging unc-32 with gfp. At starvation of the primary plates, array+, gfp- animals were singled

to generate secondary plates, and the plates were incubated until starvation. Some lines failed

to generate GFP+ animals (8/20 lines) by the time the secondary plate starved. These lines

were analyzed by PCR amplification of the targeted insertion site (A) and then followed by

sequencing (B). (A) PCR amplification of the unc-32 target locus. Expected amplicon sizes for
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the native locus and for a complete gfp + Cbr-unc-119 insert are indicated. (B) Sequencing

results for the two unc-32 loci in each strain. (Top) the native unc-32 target site is shown with

the guide RNA binding site and Cas9 cut site highlighted. For each strain, the sequences for

both chromosomes are shown. Unique alleles are individually color coded to highlight sibling

relationships. Strains 1, 2, 4, 6 and 7 likely originated from a single parent, and strains 3 and 8

likely originated from a single parent. These sequences document six different healing events:

three chromosomes healed by NHEJ (red, blue, purple), one chromosome (green) incorpo-

rated a truncated GFP, one chromosome (brown) inserted 4 nucleotides at the cut site, and

one chromosome (pink) inserted a novel segment with sequence variations (underlined). It is

possible this sequence represents a de novo event segregating in this strain. (C) Location of two

‘dark inserts’. Two strains with off target insertions of unc-119(+) were located by whole

genome sequencing (Illumina). After aligning all reads to the reference C. elegans genome,

reads that failed to align to the genome were aligned to the sequences of all injected plasmid

species. From this mapping, we determined which array sequences were present in the

genome. To locate the junctions between the plasmid and the genome, we identified regions

by inspection where the plasmid reads contained unmapped tails. BLAST analysis of the

unmapped tails was used to determine the insertion site. The insertion site of one of the off-

target events is in a central intron of the rict-1 gene. The sequences flanking the second off-tar-

get insertion are present at multiple loci in the genome, preventing exact mapping. (i). Sche-

matic representation of the CRISPR targeting injection mix containing a targeting plasmid

and multiple array marker plasmids. (ii). Schematic representation of the off-target insertion

of the entire gfp::snb-1 targeting plasmid into the gene rict-1 on chromosome II. (iii). Sche-

matic representation of the off-target insertion of a portion of the unc-32::gfp targeting plasmid

into a non-unique genomic location. The insertions were not at sites obviously similar to the

predicted guide RNA binding sites.

(PDF)

S4 Fig. Genetic map of Cas9 and MosSCI target sites. Insertion sites of the integrated Cas9

alleles (red) in the genome. The locus into which the miniMos-Cas9 transposon inserted is writ-

ten above (for example ‘W01A8.6’), and the original, unmodified, transposon insertions are

named (‘oxTi’). oxSi1106 is a single-copy insertion at the Mos1 insertion site ttTi5605. Also

depicted are prominent MosSCI sites (light blue) and ‘universal MosSCI ‘sites (dark blue)

[26,27]. ‘Universal MosSCI’ sites use the ttTi5605 arms for homologous recombination insertion

and are usually flanked by NeoR and unc-18(+) transgenes (see www.wormbuilder.org website).

(PDF)

S5 Fig. Gene models for Cas9 loci. Insertion sites are ordered by chromosome number

(‘Chr’) and site into which the miniMos inserted (red). Strain and name of modified miniMos

element are provided below (black). The chromosome II site is a MosSci insertion into the

ttTi5605 site and does not have a Cre or orange fluorescent protein (‘cyOFP’) transgene.

(PDF)

S1 File. Annotated protocol for CRISPR gene editing in C. elegans.
(PDF)

S2 File. Text file containing plasmid sequences used in this study.

(TXT)

S3 File. Text file containing sequences of off-target CRISPR insertions.

(TXT)
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