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Gene duplication is an important substrate for the evolution of new gene functions, but the impacts of gene duplicates on their own
activities and on the developmental networks in which they act are poorly understood. Here, we use a natural experiment of lin-12/
Notch gene duplication within the nematode genus Caenorhabditis, combined with characterization of loss- and gain-of-function muta-
tions, to uncover functional distinctions between the duplicate genes in 1 species (Caenorhabditis briggsae) and their single-copy ortho-
log in Caenorhabditis elegans. First, using improved genomic sequence and gene model characterization, we confirm that the
C. briggsae genome includes 2 complete lin-12 genes, whereas most other genes encoding proteins that participate in the LIN-12 sig-
naling pathway retain a one-to-one orthology with C. elegans. We use CRISPR-mediated genome editing to introduce alleles predicted
to cause gain-of-function (gf) or loss-of-function (/) into each C. briggsae gene and find that the gf mutations uncover functional distinc-
tions not apparent from the Ifalleles. Specifically, Cbr-lin-12.1(gf), but not Cbr-lin-12.2(gf), causes developmental defects similar to those
observed in Cel-lin-12(gf). In contrast to Cel-lin-12(gf), however, the Cbr-lin-12.1(gf) alleles do not cause dominant phenotypes as com-
pared to the wild type, and the mutant phenotype is observed only when 2 gf alleles are present. Our results demonstrate that gene
duplicates can exhibit differential capacities to compensate for each other and to interfere with normal development, and uncover
coincident gene duplication and evolution of developmental sensitivity to LIN-12/Notch activity.
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Here, we use available sequence and gene model characteriza-
tion from the AF16-related strain QX1410 (Stevens et al. 2022; Moya
etal. 2023) to show that the C. briggsae genome includes 2 complete
lin-12 genes, whereas most other genes encoding LIN-12 signaling
pathway proteins retain a one-to-one orthology with C. elegans.
Using CRISPR-mediated genome editing, we introduce alleles pre-
dicted to cause gain-of-function (gf) or loss-of-function (If) for each
gene. We find that the wild-type alleles of each gene are able to
compensate for loss of the other. Cbr-lin-12.1(gf), but not Cbr-lin-
12.2(gf), causes defects similar to those observed in Cel-lin-12(gf).
Notably, however, the Cbr-lin-12.1(gf) alleles do not cause domin-
ant phenotypes as compared to the wild type, and the mutant
phenotype is observed only when 2 gf alleles are present.
Together, these results demonstrate overlapping but distinct cap-
abilities for the gene duplicates. The results suggest genetic and
developmental network conditions that could accommodate the
stabilization of duplication events and highlight how functions
might distribute among gene duplicates.

Introduction

Gene duplication is an important source of material for the evolu-
tion of new gene functions and biological novelty (Force et al. 1999;
Innan and Kondrashov 2010; Birchler and Yang 2022). Following a
single duplication event, increased gene dose or the stoichiometric
mis-match between functional partners can cause fitness costs,
especially for genes involved in essential processes (Birchler et al.
2005; Blomme et al. 2006; Konrad et al. 2018; Zhang et al. 2022).
The adaptive changes or developmental circumstances that cor-
relate with the stable maintenance of duplication events in such
cases are poorly understood. Notch genes in the nematode genus
Caenorhabditis provide a specific example where a developmentally
important gene has undergone multiple stable duplication events
(Stevens et al. 2019). The 2 Notch genes in Caenorhabditis elegans
(Cel-glp-1 and Cel-lin-12) have been genetically characterized, and
each has distinct and overlapping developmental functions in
vivo (Yochem and Greenwald 1989; Lambie and Kimble 1991).
Cel-lin-12, for example, has been shown to mediate several devel-
opmental decisions yielding 2 distinct cell types, where Cel-lin-

12(lf) and Cel-lin-12(gf) mutations yield opposite phenotypes
(Greenwald et al. 1983). Previous studies identified a duplication
of the Iin-12 gene in Caenorhabditis briggsae (Rudel and Kimble
2002; Stevens et al. 2019), providing a natural experiment to evalu-
ate the impact of a more recent Notch gene duplication event on
gene function and on Notch developmental networks.

Results and discussion
The C. briggsae genome includes 2 lin-12 genes

Since the commonly used C. briggsae AF16 reference genome anno-
tates 3 incomplete Cbr-lin-12 genes (Stein et al. 2003; Hillier et al.
2007), we used recent chromosome-level genome sequence, RNA
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sequencing data, and gene model curation for the closely related
strain QX1410 (Stevens et al. 2022; Moya et al. 2023) to confirm
the number and structure of Cbr-lin-12 genes. Because these
strains are highly similar to each other, we anticipated that the
vast majority of differences reflect differences between genome
assembly or annotation, rather than strain-specific variation. We
found that the QX1410 genome annotation includes 2 full-length
Cbr-lin-12 genes, compared to the 3 partial genes in AF16 (Fig. 1;
Stein et al. 2003; Hillier et al. 2007). These 2 genes correspond to
the 2 identified previously (Rudel and Kimble 2002) and contained
on the sequenced AF16 cosmid CB020L07 (Genbank AC140918.1).
We used the nomenclature of Rudel and Kimble, assigning the
gene with 9 exons Cbr-lin-12.1, and the one with 8, Cbr-lin-12.2.
Previous analysis of Caenorhabditis genomes found only a single
lin-12 ortholog in 17 other species of the Elegans supergroup
(Stevens et al. 2019). Data from the closely related Caenorhabditis
nigoni (not analyzed in Stevens et al. 2019) indicate that the
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Fig. 1. The C. briggsae genome includes 2 lin-12 genes. a) Plot showing the
physical position of C. briggsae lin-12 orthologs in both the AF16 and
QX1410 genomes. All 3 Cbr-lin-12.1, Cbr-lin-12.2, and Cbr-lin-12.3 genes (on
the X-axis) are in individual regions of the AF16 genome assembly that
align to either 1 of 2 individual loci in the QX1410 genome assembly
(Cbr-lin-12.1 and Cbr-lin-12.2, on the Y-axis). In the QX1410 genome
assembly, the 2 genes are transcribed from opposite strands of the DNA,
separated by about 8 kb of sequence. b) Gene models for Cbr-lin-12
orthologs from AF16 and QX1410 assemblies. The coding sequences of
AF16 Cbr-lin-12 genes appear to be truncated. A local inversion positioned
at 10.48 Mb has disrupted the coding structure of the 3’ terminus of AF16
Cbr-lin-12.2. The gene model of QX1410 Cbr-lin-12.2 seems to have
corrected the truncation in the gene model of AF16 Cbr-lin-12.2. Similarly,
the coding sequence of AF16 Cbr-lin-12.3 is affected by the inversion but
also disrupted by a highly fragmented local assembly, leading to a
chimeric gene model. The first 2.3 kb of Cbr-lin-12.3 and Cbr-lin-12.1 in the
AF16 assemblyisidentical in sequence. The gene model of AF16 Cbr-lin-12.
1 seems to have been partially duplicated from the Cbr-lin-12.3 locus and
mispositioned at 9.95 Mb. The QX1410 Cbr-lin-12.1 gene collapses the
truncated coding sequences of AF16 Cbr-lin-12.1 and Cbr-lin-12.3 into a
single, nonredundant gene model with full-length coding sequence based
on long-read RNA-seq and confirmed with Sanger sequencing of cDNA.

duplication event predates divergence between C. nigoni and
C. briggsae [Supplementary File 2 (Supplementary Figs. 1-3)].
However, in contrast to Cbr-lin-12.2, Cni-lin-12.2 includes an in-
frame stop, suggesting distinct outcomes for the duplicates within
this lineage.

We completed a comparison of QX1410 and AF16 to identify
any Notch pathway gene changes in C. briggsae coincident with
the receptor gene duplication (Greenwald and Kovall 2013)
(Table 1). Of the 16 genes evaluated, most exhibited one-to-one
orthology with each other and with the C. elegans N2 reference
genome. Notable exceptions relate to the ligand-encoding genes
arg-1 and dsl-1. arg-1 lacks a protein-encoding ortholog in
both AF16 and QX1410 (this work and Zhao et al. 2008), whereas
dsl-1 has duplicated in C. briggsae [Supplementary File 2
(Supplementary Figs. 4 and 5)]. In addition to gene copy number,
protein-length accuracy for each gene was estimated (Fig. 2),
with improvements observed in QX1410 compared to AF16.
Overall, we conclude that, aside from lin-12, arg-1 and dsl-1, the
C. elegans and C. briggsae genomes have a one-to-one correspond-
ence for critical Notch pathway members.

CRISPR-mediated genome editing recovers alleles
in Cbr-lin-12 genes predicted to confer gain and
loss of gene activity

To investigate the functions associated with each Cbr-lin-12 gene,
we used CRISPR-mediated genome editing to introduce
gain-of-function (gf) and loss-of-function (If) mutations individual-
ly and in combination [Supplementary File 1 (Supplementary
Table 2); Supplementary File 2 (Supplementary Figs. 6 and 7)].
We identified at least 1 strain representing each of the possible
allele combinations, except for the double If class. All recovered
genotypes, except for the Cbr-lin-12.1(If) Cbr-lin-12.2(gf) double,
were viable and fertile as homozygotes. The Cbr-lin-12.1(lf)
Cbr-lin-12.2(gf) mutants exhibit an arrest phenotype and
hindgut defects similar to that observed by Rudel and Kimble
following Cbr-lin-12(RNAJ) treatment [Supplementary File 2
(Supplementary Fig. 8); Rudel and Kimble 2002]. Animals homozy-
gous for a If allele for either gene or Cbr-lin-12.2(gf) did not exhibit
any overt mutant phenotypes. All strains that included a Cbr-lin-
12.1(gf) allele exhibited a high frequency of vulva and egg-laying
defects. Weinterpret thateither geneis sufficient for grossly normal
development and fertility when the other is altered with a If muta-
tion. However, a gf mutation in Cbr-lin-12.1, but not Cbr-lin-12.2, is

Table 1. Count of C. briggsae orthologs of LIN-12/Notch signaling
genes.
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Fig. 2. Evaluation of LIN-12/Notch signaling genes in C. briggsae.
Comparisons between the protein-length accuracies of C. briggsae genes
(QX1410 and AF16 strain genome assemblies) orthologous to C. elegans (N2
strain) Notch signaling genes. Protein-length accuracy was calculated by
dividing each C. briggsae protein sequence length by the length of its
respective C. elegans N2 ortholog. A C. briggsae gene with a protein-length
accuracy of 1 is identical in protein sequence length to its C. elegans
ortholog. A gene with coded protein length that is more similar to that of
its C. elegans ortholog in the QX1410 genome than AF16 genome is
considered improved (above the dashed line). Genes that are identical in
protein length between QX1410 and AF16 are considered concordant
(aligned with the dashed line).

sufficient to interfere with normal development. Cbr-lin-12.1
genotype, in contrast, can alter the effect of Cbr-lin-12.2(gf), as
Cbr-lin-12.1(+) provides sufficient wild-type function to compensate
for any genotype at Cbr-lin-12.2, whereas in a Cbr-lin-12.1(lf) back-
ground Cbr-lin-12.2(gf) is lethal. We hypothesize that this difference
between loss- and gain-of-function genetics results because the
only distinction is the capacity of each gene (either based on abun-
dance or specific sequence differences) to interfere with the activity
of the other when subject to ligand-independent activation. Our
analysis demonstrates that probing duplicate gene function using
both loss- and gain-of-function alleles uncovers redundancies and
functional differences not discovered through loss-of-function ex-
periments alone.

Cbr-lin-12.1(gf) animals exhibit defects in
egg-laying system development

To understand the cellular basis for the Cbr-lin-12.1 egg-laying de-
fects, we focused on known roles for Cel-lin-12 in development of
the AC/VU decision in the somatic gonad and patterning of cell
fates among the vulval precursor cells (VPCs) (Greenwald et al.
1983). Wild-type animals produce a single AC following a
Cel-lin-12-mediated interaction between 2 initially equivalent pre-
cursor cells (Z1.ppp/Z4.aaa; Wilkinson et al. 1994). This cell then
produces a graded signal (LIN-3/EGF) that “induces” vulva develop-
ment causing the VPC most proximal to the AC (P6.p) to initiate a
developmental program that includes expression of Cel-LIN-12
ligands (Chen and Greenwald 2004). These ligands activate
Cel-LIN-12 in 2 neighboring cells (PS.p and P7.p) that divide to
produce the 2° cell fate (Sternberg and Horvitz 1989). To assess
the function of Cbr-lin-12 in the AC/VU decision, we evaluated ex-
pression of a lin-3::GFP transgene and found that, like Cel-lin-12(g)
mutants, animals homozygous for Cbr-lin-12.1(gf) did not produce

an AC (Fig. 3). The gonad of animals homozygous for other geno-
typesincludes a single AC. To evaluate theimpact of Cbr-lin-12 mu-
tations on vulval cell development, we used 2 assays: VPC
induction (the number of VPCs that divide to produce vulval tissue)
and expression in differentiating vulval cells of an egl-17:gfp
(2°-specific in L4 animals) reporter transgene (Félix 2007).
Normal vulval developmentin C. briggsaeis similar to that of C. ele-
gans, and the production of the vulva is dependent on the AC (Félix
2007). We find that animals homozygous for Cbr-lin-12.1(1f), Cbr-lin-
12.2(1f), or Cbr-lin-12.2(gf) exhibit normal vulval development with
respect to the numbers of induced VPCs, inferred patterns of cell
division, and expression of egl-17::gfp (Fig. 4). By contrast, as in
Cel-lin-12(gf) mutants, the VPCs divide to produce vulval tissue in
Cbr-lin-12.1(gf) mutants despite the absence of an AC (Fig. 4a; also
apparent in Fig. 3a-n). These mutants can exhibit a multivulva or
Muv phenotype where more than 3 VPCs produce vulval tissue,
with the number of induced cells ranging from 3 to 6. The number
of GFP-positive cells varies considerably across animals (from
2-18), and the pattern of expression and the inferred pattern of
cell division frequently does not conform with the wild-type 2° cell
lineage. Nevertheless, reliable expression of this marker indicates
that, asin Cel-lin-12(gf) mutants, the VPCs in Cbr-lin-12.1(gf) mutants
can adopt the 2° fate independent of inductive signal from the AC.
Altogether, the results show that Cbr-lin-12.1(gf), but not Cbr-lin-12.
2(gf), interferes with the normal development of the AC and the vul-
va in a manner similar to that seen in Cel-lin-12(gf).

Cbr-lin-12. égfg alleles cause recessive
egg laying defects as compared to the wild
type

C. elegans hermaphrodites are highly sensitive to activation of
LIN-12, and Cel-lin-12(gf) alleles like n137 confer a strong gain-of-
function phenotype in heterozygotes (Fig. 5; Greenwald et al. 1983).
By contrast, we found that, although homozygotes exhibit a strong
mutant phenotype, the Cbr-lin-12.1(gf) phenotype is generally reces-
sive to the Cbr-lin-12.1(+) wild-type phenotype, an effect that is not
altered by Cbr-lin-12.2 genotype (Fig. 5). In addition, we find that ani-
mals of Cbr-lin-12.1(gf/lf) genotype are grossly similar to Cbr-lin-12.
1(9f/+) animals. This result indicates that the gain-of-function
phenotype is caused by the presence of 2 gf alleles, rather than com-
petition between the products of the gf and wild-type alleles. We
conclude that, although Cbr-lin-12.1(gf) mutant alleles interfere
with normal development in a manner similar to Cel-lin-12(gf) alleles,
the sensitivity of the animals to the gf variant and the relationship be-
tween gf and wild-type alleles are remarkably distinct. This tolerance
could be because of sequence differences in LIN-12, such that the
S872F-related substitutions are not as destabilizing in the C. briggsae
proteins. Alternatively, it could be that the signaling networks that
involve LIN-12 in C. briggsae cells are less dependent or more able
to compensate for perturbations to LIN-12, or otherwise tuned to re-
spond to a different (higher) dose of active LIN-12. Altogether, we
have uncovered functional distinctions for recent lin-12/Notch gene
duplicates, and identified how these changes coincide with develop-
mental sensitivity to LIN-12/Notch activity. We anticipate that these
changes reflect the adaptive constraints for single gene duplicates
within essential developmental networks.

Materials and methods
Genome alignment

The C. briggsae AF16 (WormBase, WS280; Davis et al. 2022) and
C. nigoni JU1422 (WormBase Parasite, WBPS19; Howe et al. 2017)
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Fig. 3. Animals bearing gain-of-function (gf) mutations in Cbr-lin-12.1 lack an anchor cell (AC). (a—n) DIC and fluorescent micrographs of L3 animals
bearing a Cel-lin-3::gfp transgene that expresses in the AC. All animals are at the stage where dividing VPCs have completed 2 of 3 rounds of cell division.
Wild type and animals homozygous for loss-of-function (If) alleles of either Cbr-lin-12 gene have a single AC. No animals with 2 ACs were observed.
Animals homozygous for Cbr-lin-12.1(gf) and with any genotype at Cbr-lin-12.2 lack an AC, yet the VPCs divide to produce vulval tissue. (0) Quantification
of the phenotype. Sample size > 25 for each genotype. “Indicates statistically different from wild type control, P < 0.05, Fisher’s exact test subject to
Bonferroni correction. Full Cbr-lin-12 genotypes (in order in the figures and on the bar graph): AF16 (wild type); Cbr-lin-12.1(qu2721f) Cbr-lin-12.2(+); Cbr-lin-
12.1(+) Cbr-lin-12.2(gu254lf); Cbr-lin-12.1(qu269¢f) Cbr-lin-12.2(+); Cbr-lin-12.1(+) Cbr-lin-12.2(qu260gf); Cbr-lin-12.1(qu259¢f) Cbr-lin-12.2(qu298gf); Cbr-lin-12.
1(gu258gf) Cbr-lin-12.2(gu2971f). Full strain genotypes listed in Supplementary File 1 (Supplementary Table 1).

genomes were aligned against C. briggsae QX1410 (NCBI,
PRJNA784955) using NUCleotide MUMmer (NUCmer) v3.1, allow-
ing a maximum gap of 500 bp (Marcais et al. 2018). Duplicated se-
quences of the AF16 genomes were identified using R by selecting
alignments that had a single set of coordinates in the QX1410 gen-
ome but distinct sets of coordinates in the AF16 genome.

Gene model visualization

Gene models were plotted using R with the ggplot2 package
(Wickham et al. 2016). The physical coordinates of gene features
were extracted from Gene Feature Format (GFF) files retrieved
from WormBase (WS280 release), WormBase ParaSite (release
WBPS19), and NCBI (PRJNA784955). The gene models were
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Fig. 4. An excess of vulval precursor cells (VPCs) in animals bearing gain-of-function alleles of Cbr-lin-12.1 divide to produce vulval cell types that express
a 2° lineage-specific marker. a) In wild-type L3 animals, 3 of 6 VPCs divide to produce vulval tissue. In animals homozygous for Cbr-lin-12.1(gf), up to 6
(range 3-6) cells divide to produce vulval tissue, despite the absence of an AC. The VPCs in animals homozygous for other viable Cbr-lin-12 genotypes
divide with a wild-type pattern. Error bars correspond to standard deviation. *Indicates statistically different from wild type control, P <0.05, 1-way
ANOVA and Tukey HSD. b) In mid-L4 animals, the reporter egl-17::gfp is expressed exclusively in vulval cells that derive from the 2° lineage, normally
produced by the P5.p and P7.p cells. In wild type, fluorescence is detected in 4 or sometimes 6 cells, representing the 4 vulC cells (2 from each precursor), or
these cells plus the 2 vulD cells (1 from each precursor). In animals homozygous for Cbr-lin-12.1(gf), significantly more vulval cells are GFP-positive, and
the pattern can be highly variable. Both the cells that are typically induced (P5.p-P7.p) and the ectopic ones can produce cells that express egl-17::gfp. Data
represented as box and whisker plot (representing median and quartiles), with mean indicated with an X, and outliers as a dot. The vast majority of
animals with genotypes that do not include Cbr-lin-12.1(gf) include only 4 GFP-positive vulval cells. *Indicates statistically different from wild type control,
P <0.05, Kruskal-Wallis test subject to Bonferroni correction. (c-h) Representative images of vulval cells in mid-L4 animals. In the wild type and Cbr-lin-
12.1(1f), the plane showing 1 side of vulC cells is shown (2 cells, 1 from each 2° precursor). In the Cbr-lin-12.1(gf), a comparable plane is shown. Sample
size > 30 for all conditions. Full Cbr-lin-12 genotypes as in Fig. 3.

confirmed by long-read RNA sequencing from QX1410 (Moya et al.
2023) and Cbr-lin-12 models by targeted Sanger sequencing of
cDNA generated from AF16 RNA.

Orthology and protein length analysis

Protein sequences for LIN-12/Notch signaling genes were extracted
from their respective GFF files using Gffread v0.12.1 (Pertea and
Pertea 2020). Only the longest isoform for each gene was kept using
the agat_sp_keep_longest_isoform.pl script from AGAT v0.8.1 (Dainat
et al. 2022). Orthologous relationships between protein sequences
across C. elegans, C. briggsae, and C. nigoni were drawn using
OrthoFinder v2.1.4 (Emms and Kelly 2019) with default parameters.

Protein sequence alignments between C. briggsae and C. nigoni lin-12
genes were visualized using the Clustal Omega website (https:/
www.ebl.ac.uk/jdispatcher/msa/clustalo).

Maximum-likelihood lin-12 tree

Protein sequences from C. elegans, C. briggsae, and C. nigoni lin-12
orthologs were aligned using MAFFT v7.471 (Katoh and Standley
2013). Maximum-likelihood tree was modeled from protein align-
ment using IQ-TREE v2.2.5 (Nguyen et al. 2015) with automatic
model selection and 1,000 iterations of ultra-fast bootstrapping
to estimate branch support. The model selected by IQ-TREE was
WAG +F + G4.
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Fig. 5. The Cbr-lin-12.1(gf) mutations are recessive, and require 2 mutant alleles to confer a phenotype. a) Comparison of phenotype in Cel-lin-12(gf) and
Cbr-lin-12.1(gf) homozygotes and heterozygotes. Homozygous animals (derived from a heterozygous parent) of all genotypes exhibit a high frequency of
vulva or egg-laying defects. Cel-lin-12(gf/+) heterozygotes are similarly abnormal, whereas most Cbr-lin-12.1(gf/+) animals exhibit no egg-laying defects.
“Indicates statistically different from homozygous control, P < 0.05, Fisher’s exact test subject to Bonferroni correction. b) Cbr-lin-12.1(gf/+) animals are
grossly normal, irrespective of the genotype of Cbr-lin-12.2. Cbr-lin-12.1(gf/lf) animals are also grossly normal, suggesting the defect results from presence
of 2 Cbr-1in-12.1(gf) gene copies, rather than interference of wild type with mutant gene product. (c-f) Representative images for wild type and lin-12(gf)
homozygotes. Cel-lin-12(gf) mutants (c and d) typically exhibit 5-6 small ventral protrusions (multivulva or Muv phenotype), whereas (e and f) Cbr-lin-12.
1(gf) homozygotes typically have a single, enlarged protrusion, or not more than 2 protrusions. Error bars in (a) correspond to standard error of the

proportion. Sample size > 25 for each condition. Full lin-12 genotypes (homozygous or heterozygous) for (a) are Cel-lin-12(n137), Cbr-lin-12.1(qu269¢f)

Cbr-lin-12.2(+); Cbr-lin-12.1(qu259¢f) Cbr-lin-12.2(qu298¢f); Cbr-lin-12.1(gu258gf) Cbr-1lin-12.2(gu2971f). Full Cbr-lin-12 genotypes for B. are Cbr-lin-12.
1(gu259¢f/+) Cbr-lin-12.2(qu298gf/qu260gf); Cbr-lin-12.1(gu258¢gf/+) Cbr-lin-12.2(qu2971f/gu254gf); Cbr-lin-12.1(qu269gf/+) Cbr-lin-12.2(+/+); Cbr-lin-12.

1(gu269gf/gu2721f) Cbr-lin-12.2(+/+).

C. nigoni RNA-seq alignment

RNA sequences of control embryos retrieved from PRJINA849332
(Xie et al. 2022) were aligned against the C. nigoni JU1422 reference
genome using STAR v1.5.2 (Dobin et al. 2013) in 2-pass mode
(-twopassMode Basic) using a maximum intron size of 10,000
(-alignintronMax 10000). Alignments were visualized with IGV
v2.8.7 (Thorvaldsdéttir et al. 2013). RNA alignments that over-
lapped with the 010.g27411 C. nigoni gene model were used to
manually assemble an extended gene model (ext4_010.g27411)
thatincludes 4 additional putative exons and an alternative open-
reading frame.

Animal maintenance and genetics

All nematode strains were grown on NGM plates seeded with
Escherichia coli strain OPS0 as a food source, following C. elegans
protocols (Stiernagle 2006). Strains were grown and experiments
performed at 20°C, unless otherwise noted. Strains and genotypes
are in Supplementary File 1 (Supplementary Table 1).

CRISPR-mediated genome editing

Mutant alleles of Cbr-lin-12.1 and Cbr-lin-12.2 were generated as
done previously (Paix etal. 2017). A total of 20 ng/ul of a fluorescent
marker (Cel-myo-2::mCherry, pCFJ90) was included in the injection
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mix toidentify F1 animals from gametes that received the injected
mixture. These mCherry-positive F1 animals were selected and al-
lowed to self-cross. PCR and Sanger sequencing were used to iden-
tify plates founded by candidate mutants and to screen for
homozygotes. All sgRNA sequences and DNA primers are listed
in Supplementary File 1 (Supplementary Table 3). Mutations
were backcrossed 2x prior to phenotypic analysis. Sequence de-
tails for the mutations are included in Supplementary File 1
(Supplementary Table 2).

Production of transgenes

A Cel-lin-3::gfp plasmid (Hwang and Sternberg 2004) was injected
into adult C. briggsae animals following standard C. elegans proto-
cols (Mello et al. 1991), in an injection mix containing 50 ng/ul
Cel-lin-3::gfp (pMC782), 15ng/ul pCFJ151 [contains Cbr-unc-
119(+)], 25 ng/ul pCFJ90 (contains myo-2::mCherry), and 50 ng/ul
1kb ladder (NEB; carrier DNA). F1 animals were selected based
on mCherry expression, and strains were maintained by picking
mCherry-positive animals each generation.

Microscopy

Animals were examined using differential interference contrast
(DIC) and fluorescence microscopy. For Fig. 3, L3 larval animals
were selected for presence of the transgene (mCherry-positive)
and then assessed for presence and number of GFP-positive an-
chor cells. As in Cel-lin-12(gf) mutants (Greenwald et al. 1983),
the P6.p cell divided in all Cbr-lin-12.1(gf) animals observed, des-
pite the absence of an anchor cell. For Fig. 4a, early L4 larval ani-
mals were selected and evaluated for the number of vulval cells
and inferred number of VPCs that had divided to produce them
(Sternberg and Horvitz 1986). For Fig. 4b, mid-L4 stage animals
homozygous for mfIs5 (egl-17::gfp) were selected, and all
GFP-positive cells in the vulva epithelium were counted. In the
wild-type strain, this result can vary from 4 to 6 cells, depending
on whether expression is only in the vulC cells or the vulC and
the vulD cells. The number of expressing cells in Cbr-lin-12.1(gf)
mutants is highly variable and does not obviously correlate with
the inferred division pattern that produced the vulval cells.

Dominance tests and genetic crosses

For Fig. 53, a balanced heterozygous strain was used for each lin-
12(gf) strain [relevant genotypes: Cel-lin-12(gf)/Cel-unc-32(e189)
and Cbr-1in-12.1(gf)/Cbr-unc-119(st20000); full strain names and
genotypes in Supplementary File 1 (Supplementary Table 1)].
Non-Unc L4 hermaphrodites were selected individually from
each strain, aged overnight, and then scored for any egg-laying de-
fects (Muv, Pvl, Egl). Three to 4 days later, the offspring were
scored to infer the genotype of the parent. For Fig. 5b, male ani-
mals homozygous for the relevant Cbr-lin-12.1 or Cbr-lin-12.2 geno-
type and bearing an extrachromosomal transgene array marked
with myo-2::mCherry were crossed with hermaphrodites of the ap-
propriate balanced Cbr-lin-12.1(gf) genotype. mCherry-positive F1
L4 hermaphrodite cross progeny were selected individually, aged
overnight, scored for any egg-laying defects, and allowed to pro-
duce self-cross offspring to infer the maternal genotype as above.
The figure includes data only from the animals that received the
Cbr-lin-12.1(gf) allele from the heterozygous parent.

Data availability

Strains and plasmids are available upon request. Raw input data
(genomes and gene annotations) can be retrieved from
WormBase (under WS280 release) and NCBI (under accession

PRJNA784955). Intermediate files and code used to produce ana-
lyses and figures are available in GitHub at https:/github.com/
AndersenLab/LIN12_notch_MS.

Supplemental material available at GENETICS online.
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