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SUMMARY

The recent work of Besseling and Bringmann (2016)
identified a molecular intervention for C. elegans
in which premature segregation of maternal and
paternal chromosomes in the fertilized oocyte can
produce viable animals exhibiting a non-Mendelian
inheritance pattern. Overexpression in embryos of a
single protein regulating chromosome segregation
(GPR-1) provides a germline derived clonally from a
single parental gamete. We present a collection of
strains and cytological assays to consistently
generate and track non-Mendelian inheritance.
These tools allow reproducible and high-frequency
(>80%) production of non-Mendelian inheritance,
the facile and simultaneous homozygosis for all
nuclear chromosomes in a single generation, the
precise exchange of nuclear and mitochondrial
genomes between strains, and the assessments of
non-canonical mitosis events. We show the utility
of these strains by demonstrating a rapid assess-
ment of cell lineage requirements (AB versus P1) for
a set of genes (lin-2, lin-3, lin-12, and lin-31) with roles
in C. elegans vulval development.

INTRODUCTION

Prior to the ‘‘modern’’ era of genetics (Mendel, 1866), a variety of

intuitive expectations of inheritance mechanisms predominated,

ranging from mixing models in which offspring carried a uniform

mixture of maternal and paternal determinants tomosaic models

in which some tissues were maternally derived in character and

others derived paternally (e.g., Charaka, ‘‘The Charaka Sam-

hita,’’ �200 BCE, Chapter 3, citing Atreya). Indeed, some such

mechanisms have a place in biological systems, with the simple

‘‘Mendelian’’ (and diploid) rules relevant to only a subset of or-

ganisms and situations (e.g., Wollman et al., 1956; Fujiwara

et al., 1997; de la Filia et al., 2015; Matsuura, 2017; Blay et al.,

2018; Ramachandran and McDaniel, 2018).

In an example of strong interest to the biomedical community,

human inheritance is (1) governed in an overwhelmingmajority of

cases by Mendelian rules and (2) is subject to rare exceptions
Develop
where components of an individual are clonally derived from

duplication of a haploid genome from either a maternal or

paternal source (Robinson, 2000; Kotzot, 2008; Conlin et al.,

2010; Winberg et al., 2010; Darcy et al., 2015; Bens et al.,

2017). A descriptor that has been used for the latter (rare) form

of inheritance is ‘‘mosaic genome-wide uniparental isodisomy.’’

‘‘Mosaic’’ refers to the fact that different tissues in the individual

have different genetic compositions, in this case with some tis-

sues carrying chromosomes only from a single parent and others

carrying chromosomes from the other parent or both parents.

‘‘Genome-wide’’ refers to such a DNA composition observed

simultaneously for all nuclear chromosomes. ‘‘Uniparental iso-

disomy’’ refers to a diploid situation in which both alleles at

any locus derive from a single copy in the parent (so the individ-

ual cells are functionally homozygous at all loci that have not

been subject to mutagenesis in this generation). Numerous

studies in the area of genomic imprinting have shown that chro-

mosomal derivation from maternal or paternal gametes can be

essential for specific phenotypic characteristics and viability

(Kermicle, 1970; Adalsteinsson and Ferguson-Smith, 2014). In

one human example, an individual who obtains both of their

copies of chromosome 15 from one parent will manifest neuro-

developmental syndromes (Angelman or Prader-Willi) arising

from differences in imprinting (Girardot et al., 2013). Full unipa-

rental inheritance in humans is thought to lead to inviability

(Girardot et al., 2013; Adalsteinsson and Ferguson-Smith,

2014), although the possibility that compensating processes

might mitigate this has been discussed. Furthermore, it appears

that requirements for parental derivation are not universal among

tissue types, with a very small number of reported cases where

humans exhibit genome-wide uniparental disomy in a limited

subset of tissues (e.g., Kotzot, 2008; Conlin et al., 2010; Winberg

et al., 2010; Darcy et al., 2015; Bens et al., 2017).

In contrast to well-characterized vertebrate examples where

biparental inheritance is critical, certain invertebrate model

systems show no evidence for a biparental inheritance require-

ment. For both C. elegans and D. melanogaster, inheritance of

individual chromosomes or of the entire genome from a single

parent (and hence inheritance through a single gamete type)

appears compatible with normal development and function

(Fuyama, 1986; Haack and Hodgkin, 1991; Komma and Endow,

1995), although both species have been shown to exhibit

capabilities for imprinting of loci and chromosomes (Golic

et al., 1998; Maggert and Golic, 2002; Sha and Fire, 2005;

Bean et al., 2004). The lack of an imprinting requirement in the
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two major invertebrate models raises the possibility of directed

engineering of inheritance, in which some or all cells derive their

entire genomes from a single parent.

Numerous distinct mechanisms have been observed to pro-

duce uniparental inheritance of one or more chromosomes,

including parthenogenesis (activation of oocytes with no sperm

contribution; (e.g., Ramachandran and McDaniel, 2018), early

mitotic events (e.g., Komma and Endow, 1995), and later events

in which an entire parental genome is silenced and lost to future

generations (e.g., Sánchez, 2014). All may operate in certain

‘‘normal’’ circumstances in specific organisms and in specific

rare or pathological circumstances in human biology.

In addition to studies of normal (and rare or pathological) inher-

itance, interventions in experimental model systems that yield

non-canonical inheritance patterns are of considerable use (1)

for understanding different contributions of parental genomes

in development, (2) for generating and propagating strains with

highly defined genetic backgrounds, and (3) as tools for under-

standing the nature and regulation of chromosome segregation.

Of additional utility are interventions in which uniparental inheri-

tance can be engineered following experimental intervention.

Such interventions have been proposed as tools for the produc-

tion of functionally mosaic embryos and for facilitating construc-

tion of strains with broad homozygosity (Eicher and Hoppe,

1973; Anderegg and Markert, 1986; Komma and Endow, 1995;

Seymour et al., 2012). Despite the evident promise of such ap-

proaches, technical hurdles in their application have prevented

widespread use in routine genetics.

Recently, Besseling and Bringmann (2016) demonstrated that

mosaic uniparental inheritance could be achieved by overex-

pressing the conserved microtubule force regulator GPR-1 in

stages leading to the first cleavage in the C. elegans embryo.

As diagrammed in Figure 1, this intervention leads to the

disruption of the process by which maternal and paternal chro-

mosomes are mixed and segregated in the pre-cleavage

C. elegans embryo and hence to the production of embryos

and animals in which thematernal and paternal genetic contribu-

tions are partitioned exclusively rather than equally at the first

division between the first two blastomeres in the C. elegans

embryo (AB and P1). Germ cells (sperm and oocytes) are derived

exclusively from the P1 lineage, with the result that the genera-

tion following a non-Mendelian segregation event contains nu-

clear genomic DNA derived from individual chromosomes of

only one parent in the original cross (not shown in the diagram).

This feature can be used to create isogenic animals in just two

generations with possible applications for generating strains or

mutagenized strains with broad homozygosity.

Besseling and Bringmann’s demonstration of rewired first

mitosis in response to GPR-1 overexpression raises many

exciting possibilities for strain engineering, while also leaving op-

portunities for improvements that might enable broad usage of

this approach for developmental and physiological studies. The

original GPR-1 overexpression transgene was prone to silencing

(Besseling and Bringmann, 2016) (H. Bringmann, personal

communication), making GPR-1 overexpression difficult to

maintain. Also, the initial study used a very precise transgene

expression pattern that, while highly specific, required in-depth

microscopic analysis to assess whether non-Mendelian inheri-

tance had occurred in any individual worm. Here, we generate
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and characterize a toolkit of GPR-1-overexpressing strains with

the following features: (1) consistent overexpression of GPR-1,

(2) reproducible high-penetrance of non-Mendelian segregation

events (3) direct, low-magnification visual assessment of Mende-

lian versus non-Mendelian inheritance in individual F1 cross prog-

eny, (4) facile strainmaintenance, and (5) incorporation ofmarkers

for quick identification of P1/AB mosaics. Working with these

strains, we provide examples of several distinct capabilities: the

facile production of genome-wide homozygous (‘‘uniparental

isodisomic’’) animals, the ability to functionally distinguish be-

tween genes acting in the two C. elegans founder lineages (AB

and P1), the production of strains carrying mitochondrial and

nuclear genomes from different parental strains, and the ability

to readily detect non-canonical inheritance events among large

populations of animals. Sarinay Cenik et al., in the accompanying

paper, further demonstrate the use of the methodology in the

investigation of cell non-autonomous interactions during

C. elegans development (Sarinay Cenick et al., 2019 [this issue]).

RESULTS AND DISCUSSION

Non-Mendelian Inheritance in Stable Lines
Overexpressing GPR-1
To generate strains with stable overexpression of GPR-1, we

assembled a silencing-resistant GFP::GPR-1 transgene using

principles from Frøkjær-Jensen et al. (2016) (Figure 2A). The

construct was designed with the following features: (1) A strong

female-germline-specific RNA-Pol II promoter from the mex-5

gene (Merritt et al., 2008). (2) A GFP-GPR-1 coding region opti-

mized for high expression (Redemann et al., 2011) and with at

least three mismatches relative to known piRNAs (‘‘PIWI-inter-

acting RNAs’’; Batista et al., 2008) to prevent spurious transgene

silencing (Bagijn et al., 2012; Lee et al., 2012). (3) To produce

strong and robust expression, the synthetic gene contains mul-

tiple introns and a 30 UTR rich in periodic An/Tn clusters (PATCs),

a prevalent non-coding DNA feature in C. elegans, which re-

duces transgene silencing in the animal’s germline (Fire et al.,

2006; Frøkjær-Jensen et al., 2016). We generated several inde-

pendent strains with the transgene stably integrated as a single

copy in the genome by Mos1 transposition (Frøkjær-Jensen

et al., 2014).

We first sought to set up a simple cross that could readily iden-

tify cases of mosaic uniparental inheritance. By using a genetic

marker active in a tissue derived nearly exclusively from one of

the two founder cells, we can identify such events by direct in-

spection of the phenotype. As an initial assessment of potential

non-canonical zygotic division, we used a simple cross in which

males heterozygous for a temperature-sensitive loss-of-function

allele of the body wall muscle myosin gene unc-54 (referred to

here as unc-54(lf)/+ males) were crossed to hermaphrodites

with no movement defect (unc-54(+) hermaphrodites) (Table 1).

The recessive character of the unc-54(lf) mutation ensures that

progeny obtained from a standard cross between unc-54(lf) het-

erozygote males with a wild-type C. elegans hermaphrodite

would all be expected to be movement competent (with both

unc-54(lf)/+ and +/+ cross progeny showing full motility) (Bren-

ner, 1974; Epstein et al., 1974). Crosses inwhich a non-canonical

zygotic division event occurs in the zygote, by contrast, could be

expected to yield atypical F1 progeny with the two founder



Figure 1. Overexpression of the Microtubule Force Regulator GPR-1 Induces Non-Mendelian Inheritance

Diagram of zygotic division in wild-type (Edgar and McGhee, 1988) and GPR-1-overexpressing (OE) cells (Besseling and Bringmann, 2016). In wild-type,

fertilization combines the oocyte and sperm to form the zygote (P0 cell). As meiosis completes, 3N DNA content is lost from the maternal pro-nucleus by polar

body extrusion. The prophase zygote contains two pronuclei, containing 1N paternal (P, orange) or 1N maternal (M, blue) chromosomes, respectively. During

S phase, chromosomes are duplicated resulting in 2N DNA content in each pronucleus in the form of sister chromatids. In wild-type zygotes, the duplicated

chromosomes are arranged on themetaphase plate. During anaphase, sister chromatids are separated resulting in one copy of each parental chromosome being

inherited by each daughter cell. This zygotic division yields the two founder cells of the P1 and AB lineages. As expected from Mendelian inheritance, every

somatic cell in wild-type animals contains a full complement of paternal (1N) and maternal (1N) chromosomes. In contrast, in the GPR-1 overexpression strain,

additional force is exerted on pronuclei, which results in premature separation during prometaphase. This results in maternal and paternal chromosomes re-

maining at opposite poles thus preventing proper chromatid segregation. GPR-1(OE) worms that have undergone abnormal chromosome partitioning become

chimeric, with a P1 lineage that is homozygous for paternal chromosomes and an AB lineage homozygous for maternal chromosomes. Because the P1 lineage

gives rise to the germline, all oocytes, and sperm from a GPR-1(OE) animal contain identical, paternally derived chromosomes.
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Figure 2. Developing an Easily Tractable

System for Non-Mendelian Chromosomal

Inheritance by Stable GPR-1 Overexpres-

sion and Pharyngeal Muscle Fluorescence

(A) A silencing-resistant GPR-1 transgene, ex-

pressed under a germline-specific promoter

(Pmex-5), was tagged with GFP at the N terminus.

PATC-rich DNA segments, which can counteract

germline silencing, were incorporated into the

transgene and are indicated as black bars (Frøk-

jær-Jensen et al., 2016). A PATC-rich 30 UTR from

smu-1 was also included.

(B) Lineages of pharyngeal muscle (PM) cells,

adapted from WormBook (Mango, 2007). PM1 and

PM2 muscle rings are derived entirely from the AB

cell lineage (blue). Muscle ring PM3 consists of three

lobes, twoderived fromtheAB lineage (blue) andone

from the P1 lineage (orange). PM4 and PM5 consist

of multinucleate cells resulting from the fusion of

both AB- and P1-derived cells (yellow). PM6 and

PM7 consist entirely of P1-derived cells (orange).

(C) Simplified schematic of fluorescently expressing AB, P1, and fused cells as viewed under a dissection microscope. Note that the fluorescence intensity in

fused cells depends on the proportion of nuclei from the AB versus P1 lineage. For example, in the AB-derived pattern, expression is limited to 1/6 nuclei in PM4

and 2/6 nuclei in PM5, resulting in partial expression and dim fluorescence. The fainter fluorescence in these compartments can be difficult to visualize. Also,

PM1 is not indicated in the schematic, as it is hard to observe at low-magnification fluorescence microscopy.
blastomeres P1 and AB each deriving from a single maternal or

parental haplotype. The unc-54 gene functions in the body wall

musculature of the animal, a tissue derived almost completely

(94 of 95 cells) from the P1 blastomere (Sulston et al., 1983; Ep-

stein et al., 1974). F1 progeny in which the P1 blastomere

genome derives from a single unc-54(lf) sperm would be ex-

pected to exhibit a near-complete unc-54(lf) phenotype. While

a standard C. elegans cross produces a 1:1 mixture of male

(XO) and hermaphrodite (XX) progeny, we note that non-canon-

ical Unc progeny from the above crosses are expected to be

exclusively hermaphrodite. This initially non-intuitive gender

restriction derives from a consideration of the two sperm cate-

gories produced by the parental C. elegans XO males. Such

male-derived sperm bear either a single X chromosome or no

X chromosome. X-bearing sperm are expected to produce (after

the standard genome duplication) a fully XX P1 lineage in the

non-canonical early mitosis, while sperm bearing no X chromo-

some are expected to produce nullo-X P1 lineages. Based on

the many essential genes on the X chromosome, the latter prog-

eny class is not viable (Besseling and Bringmann, 2016). Thus,

only XX animals (hermaphrodites) would be expected among

viable uncoordinated F1 cross progeny. Given these genetic ex-

pectations, the occurrence (and hermaphrodite specificity) of a

recessive Unc-54 phenotype in the first generation following

a cross of candidate hermaphrodites with unc-54(lf)/+ males is

a highly suggestive indicator of potential non-canonical mitosis

events.

When two candidate GPR-1 overexpression strains were

crossed to unc-54(lf)/+ males, we observed phenotypically Unc

worms predicted to result from non-canonical zygotic division.

As expected, such animals were uniformly hermaphrodites.

Self-fertilization of Unc F1 progeny resulted in populations of

unc-54(lf) homozygotes, as expected given the derivation of

the germline from the P1 blastomere. Silencing of GPR-1 over-

expression strains was also evident in such crosses: when using

a hermaphrodite population with silenced GFP fluorescence
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from the GFP::GPR-1 transgene, we observed no Unc cross

progeny. We thus hypothesized that it might be possible to use

the GFP::GPR-1 signal as a surrogate to screen for strains with

sustained GPR-1 overexpression. Additional candidate strains

were obtained (PD1593, PD1594, and PD1595) in which GFP

germline fluorescence persisted through multiple generations

of passaging at a variety of temperatures (16�C, 20�C, and

25�C). One of the most stable strains (PD1594) was chosen for

further characterization. PD1594 fertility was characterized by

monitoring 36 individual L4 worms, of which 33 of 36 (92%)

had viable progeny. Whole-genome sequencing revealed that

the transgene in PD1594 is located near the left tip of chromo-

some III at position 680195 with respect to the WBcel235/ce11

genome assembly.

Use of Pharyngeal Fluorescence Markers to Track Non-
canonical Zygotic Division
Besseling and Bringmann (2016) used a broadly expressed fluo-

rescent marker to identify mosaic animals. While enabling detec-

tion of potential mosaics through microscopic analysis, the

generally expressed markers are of limited value in studies

requiring screening or selection of moderate to large numbers

of animals. We thus sought alternate fluorescent markers that

could be incorporated in either parent in the non-canonical cross

and could be used under a low-magnification fluorescence dis-

sectingmicroscope to identify cross progenywith non-canonical

inheritance. As a marker of particular utility, we chose GFP and

mCherry constructs expressed in pharyngeal muscles (PMs).

The C. elegans pharynx consists of eight PM rings and is

chimeric with respect to the AB and P1 cell lineages. Differential

chromosomal derivation of AB and P1 genomes can thus be

identified by differential fluorescence in the AB- and P1-derived

subpopulations of the pharynx. The lineal derivation of the

pharyngeal musculature is positionally distinctive, with posterior

muscle rings (PM6, PM7, and PM8) deriving completely from the

P1 lineage, while portions of the anterior (PM1, PM2, and a lobe



Table 1. Phenotypic Classes of Cross Progeny Expected from Mating GPR-1(OE) Hermaphrodites with unc-54(lf)/+ Males

F1 Cross Progeny

Classes

Genotype of AB

Lineage

Genotype of P1 Lineage (Including

94/95 Wall Musculature Cells)

Sex

Chromosomes

Phenotype

(Sex)

Phenotype

(Movement)

Mendelian unc-54(lf)/+ unc-54(lf)/+ XO Male wild-type

Mendelian unc-54(lf)/+ unc-54(lf)/+ XX Hermaphrodite wild-type

Mendelian + + XO Male wild-type

Mendelian + + XX Hermaphrodite wild-type

Non-Mendelian + unc-54(lf) XX Hermaphrodite Unc

Non-Mendelian + + XX Hermaphrodite wild-type

Non-Mendelian unc-54(lf) + XX Hermaphrodite wild-type

The genotypes of the AB and P1 cell lineages, sex chromosome, and expected phenotypes are described. See also STAR Methods.
of PM3) are completely AB derived (Figure 2B) (Sulston et al.,

1983). PM4 and PM5 consist of multinucleate cells resulting

from the fusion of both AB- and P1-derived cells. A simplified

schematic of pharyngeal cell lineages in Figure 2C shows how

the cell subpopulations can create distinct patterns. The myo-2

promoter drives expression throughout the PM cells (Miller

et al., 1986; Okkema and Fire, 1994), making it an ideal tool to

generate easily discernable patterns to visually indicate animals

with a wild-type or aberrant zygotic division.

To visualize pharyngeal mosaicism, males containing an inte-

grated myo-2p::mCherry dominantly visible transgene (VS21)

were crossed to GPR-1-overexpressing (GPR-1(OE)) hermaph-

rodites (PD1594) (Figure 3A). Cross progeny exhibited the three

expected pharyngeal fluorescence patterns: (1) uniformmCherry

throughout the pharynx, indicative of a wild-type zygotic division

(18% ± 5%, mean ± SEM) of hermaphrodites, (2) mCherry

expression restricted to the AB lineage, indicative of a non-

Mendelian zygotic division resulting in a maternally derived P1

lineage (2% ± 1%) of hermaphrodites, and (3) mCherry expres-

sion restricted to P1-derived cells, indicative of a non-Mendelian

zygotic division with a paternally derived P1 lineage (80% ± 6%)

of hermaphrodites (Figures 3A–3C; Table 2). Sperm entry into the

zygote (Goldstein and Hird, 1996) determines a cell’s posterior

axis, and the biased segregation of paternal DNA into the

posterior P1 lineage is therefore expected by simple relative

positioning. These results indicate AB/P1 mosaicism rates com-

parable to the highest rates observed by Besseling and Bring-

mann (2016). We assayed fertility of non-Mendelian classes of

progeny and found that both P1-patterned hermaphrodites (33

of 34 [97%]) and AB-patterned hermaphrodites (6 of 6 [100%])

were highly fertile. As expected, male progeny were almost

exclusively of the canonical mitosis pattern (mCherry throughout

the pharynx). We did, however, identify occasional (< 1%) prog-

eny exhibiting partial male morphology and a P1-pharyngeal

fluorescence pattern. These seemingly intersex animals neither

mated nor were self-fertile and could conceivably have resulted

from mitotic X chromosome loss in a single blastomere (Hunter

and Wood, 1992). Single F1 hermaphrodites of all three pharyn-

geal fluorescence patterns were allowed to self-fertilize, and

patterns of the resulting F2 were observed. P1- or AB-patterned

F1 hermaphrodites yielded progeny with homogeneous pharyn-

geal patterns, consistent with an isogenic F1 germline. Uniformly

fluorescent ‘‘Mendelian’’ F1 yielded a high proportion of P1- and

AB-patterned F2 animals, indicating that a single maternal copy
of the GPR-1 overexpressing chromosome is sufficient to induce

non-Mendelian inheritance.

Construction of a Collection of Fluorescently Marked
Toolkit Strains
We sought to generate a collection of fluorescently marked

strains that can be used for non-Mendelian crosses. Construct-

ing marked strains with the GPR-1 overexpression loci entails an

added complication that the majority of the progeny from such

strains (the �80% from non-canonical mitosis) carry uniparental

germlines not useful for strain construction. Fortunately, the

modest fraction of progeny deriving fromMendelian segregation

provides a means to obtain the desired doubles, with these

animals conveniently distinguishable through the uniform fluo-

rescence throughout the pharynx. A listing of toolkit strains is

presented in the Key Resources Table, with a schematic for

such strain constructions presented in Figures 3A–3C and a

cross, exemplifying the use of a toolkit strain, illustrated in Fig-

ures 3D, 3E, and S1.

Mosaic Analysis of Vulval DevelopmentUsingGPR-1(OE)
Toolkit Strains
By providing an efficient means to produce and identify AB/P1

genetic mosaics, the fluorescently marked GPR-1(OE) strains

should facilitate a variety of site-of-action assessments that

would otherwise be both challenging and labor intensive. As a

test case for such analysis, we have assessed AB versus P1 line-

age requirements for a set of genes with roles in patterning the

C. elegans vulva (Figures 4 and S1; Table S1). The C. elegans

vulva forms during late larval development from a set of epithelial

precursor cells (the AB-derived vulval precursor cells [VPCs]),

with the pattern reflecting a combination of extrinsic signals

from the P1-derived anchor cell (AC) and interactions among

VPCs. Numerous genetic contributions to this process have

been defined from mosaic analysis or inferred from expression

patterns, phenotypes, and epistasis experiments (Schmid and

Hajnal, 2015). As a result, many of these genes have been

classified as acting either in the AB or P1 lineage in vulval

development.

We chose to examine four vulval development genes to

distinguish roles in AB versus P1 by mosaic analysis. lin-3 en-

codes an EGF (epidermal growth factor)-like ligand that is

secreted by the AC, inducing vulval lineages in nearby VPCs

(Hill and Sternberg, 1992). lin-2 encodes a component thought
Developmental Cell 48, 827–839, March 25, 2019 831
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Figure 3. Pharyngeal myo-2p::mCherry Patterns in GPR-1(OE) Crosses

(A) We crossed GPR-1-overexpressing hermaphrodites (GPR-1(OE), PD1594) to males with pharyngeal mCherry (myo-2p::mCherry, VS21) and characterized

resulting classes of hermaphroditic F1 cross-progeny by fluorescence. Chromosome schematics indicate classic Mendelian segregation with maternal and

paternal DNA ‘‘mixing’’ (left) and non-Mendelian segregation with no DNA mixing (right). Chromosomes are indicated by gray bars and genotype is indicated by

gray (wild-type) or colored (blue = GPR-1(OE), red = myo-2p::Cherry) boxes. F1 segregation (see Table 2: Mendelian = 18% (± 5%), non-Mendelian (maternal

DNA -> P1 lineage) = 2% (± 1%), and non-Mendelian (paternal DNA -> P1 lineage) = 80% (± 6%), mean ± SEM (n = 4 crosses)). F2 self-progeny of four Mendelian

heterozygous F1s were also classified and quantified (Table 2: full pharynx 35% ± 4%, P1 lineage only 19% ± 2%, AB lineage only 21% ± 2%, no fluorescence

25% ± 3%).

(B and C) Photomicrographs of mCherry expression in the pharynx of F1 hermaphrodite cross progeny, scalebar 50 micron: (B) full pharyngeal expression, (C)

Top: AB-derived pharyngeal expression. We note that faint mCherry expression in PM4 and PM5 is expected, as only 3 of 12 nuclei are derived from AB lineage.

Bottom: P1-derived pharyngeal expression.

(D) A typical cross using a GPR-1(OE) toolkit strain to analyze expression of Your Favorite Mutation or gene (YFM) in chimeric worms, exemplified here by using

myo-2p::mCherry as YFM. We crossed pharyngeal GFP marked GPR-1-overexpressing hermaphrodites (myo-2p::GFP; GPR-1(OE), PD2220) with

myo-2p::mCherry homozygous males (YFM). Left: hermaphroditic ‘‘Mendelian’’ cross progeny uniformly expressing both GFP and mCherry throughout

their pharynxes (18%). Right: hermaphroditic ‘‘non-Mendelian’’ cross progeny, which have presumably undergone an abnormal zygotic division resulting in

maternally derived chromosomes in the AB cell lineage and paternally derived chromosomes in the P1 cell lineage (80%), expressing GFP in all AB-derived

pharyngeal tissue. Half of these chimeric animals also expressed paternally inherited mCherry exclusively in their P1-derived pharyngeal tissue. Expected % of

hermaphroditic cross progeny of each class are shown.

(E) Fluorescencemicroscopy showing the pharyngeal pattern of F1 non-Mendelian cross progeny from (D). Top: mCherry is expressed throughout the P1-derived

pharyngeal cells. GFP is expressed throughout the AB-derived pharyngeal cells. Bottom: merged fluorescent images and DIC image overlay.
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Table 2. Frequencies of Distinct Mosaic Cross Progeny and Self-Progeny Classes Resulting from Maternal GFP-GPR-1 Expression

Individual Cross

Number

mCherry+ Restricted to

P1-Derived Pharyngeal

Cells

mCherry+ Restricted to

AB-Derived Pharyngeal

Cells

mCherry+ in Both P1- and

AB-Derived Pharyngeal

Cells No mCherry

Number of

Hermaphrodite Cross

Progeny Examined

# N (%) N (%) N (%) N/A N

1 57 (80.3%) 2 (2.8%) 12 (16.9%) N/A 71

2 52 (88.1%) 1 (1.7%) 6 (10.2%) N/A 59

3 29 (64.4%) 1 (2.2%) 15 (33.3%) N/A 45

4 51 (87.9%) 0 (0.0%) 7 (12.0%) N/A 58

All hermaphrodite

cross progeny

189 (80.2%) 4 (1.7%) 40 (18.1%) N/A 233

Individual F1

Number

mCherry+ in P1-Derived

Pharyngeal Cells

mCherry+ in AB-Derived

Pharyngeal Cells

mCherry+ in both P1- and

AB-Derived Pharyngeal

Cells No mCherry

Number of

Hermaphrodite Cross

Progeny Examined

# N (%) N (%) N (%) N (%) N

1 15 (18.5%) 16 (19.8%) 32 (39.5%) 18 (22.2%) 81

2 22 (22.5%) 20 (20.4%) 24 (24.5%) 32 (32.7%) 98

3 25 (23.4%) 18 (16.8%) 39 (36.5%) 25 (23.4%) 107

4 11 (13.8%) 20 (25.0%) 32 (40.0%) 17 (21.3%) 80

All hermaphrodite

self-progeny

73 (19.5%) 74 (20.5%) 127 (35.1%) 92 (24.9%) 366

F1 cross progeny of VS21 (myo-2p::mCherry::unc-54 30 UTR) males crossed with PD1594 (mex-5p::gfp::gpr-1::smu-1 30 UTR) hermaphrodites were

examined for pharyngeal fluorescence expression patterns. F2 self-progeny from single F1 containing mCherry expression restricted to the P1 cell

lineage were examined for pharyngeal fluorescence expression patterns. The number and percentage of F1 and F2 hermaphrodites that displayed

each pattern is described.
to act at the level of signal reception in the VPCs (Hoskins et al.,

1996). lin-31 encodes an HNF/Forkhead transcription factor

regulating specification in the VPC nuclei (Miller et al., 1993).

lin-12 encodes a notch-like transmembrane receptor acting in

both P1 and AB lineages (required for specification of the AC

in the P1 lineage and for lateral inhibition of ‘‘primary’’ vulval fates

in the AB-derived VPC cells) (Greenwald et al., 1983; Seydoux

and Greenwald, 1989; Sternberg and Horvitz, 1989; Yochem

et al., 1988). AB/P1 mosaics for all four genes were readily pro-

duced, each using a single genetic cross, including both recip-

rocal classes in most cases (Table S1A).

For the three genes thought to contribute to vulval develop-

ment from a single lineage (lin-3, lin-2, and lin-31), all results

were consistent with the expected lineage-of-action (AB for

lin-2 and lin-31, P1 for lin-3) (Table S1B). Allowing a slightly

more complex challenge for the GPR-1(OE) methodology, we

used two gain-of-function alleles of lin-12 expected to have

different phenotypic effects on vulval development depending

on their presence in AB versus P1 lineage. From previous work

(Greenwald and Seydoux, 1990; Sternberg and Horvitz, 1989),

a lin-12(gf) allele can act in the P1 lineage to block AC specifica-

tion, leaving a vulval primordium with no inductive signal (equiv-

alent to lin-3), while the presence of a lin-12(gf) signal reception

only in the AB-derived VPCs can produce duplicated vulval

structures (multivulval or ‘‘Muv’’ phenotype; particularly evident

with allele n952). We observed the expected phenotypes in

both P1-limited and AB-limited lin-12(gf) mosaics for both al-

leles, with the expected higher incidence of Muv phenotypes

with the n952 allele (Table S1B).

While these results do not replace the many careful localiza-

tion, epistasis, lineage, and mosaic analyses carried out on the
well-studied vulval system, they do provide a strong confirma-

tion that the GPR-1(OE) toolkit can reliably dissect genetic

contributions from the two founder lineages in C. elegans mo-

saics, thus contributing substantially to the toolkit available for

studies of localized gene function in this model organism.

Generation of Chimeric Animals for Analysis of Male-
Specific Phenotypes
As previously noted, male-specific phenotypes cannot be

readily investigated using GPR-1 overexpression due to the

heterogametic nature of the C. elegans male gender. With

whole-genome duplication just before the first mitosis, the

two constituent lineages can either be (XX) or (nullo-X) but

not easily the single X (XO) configuration leading to male devel-

opment. Fortunately, there are several means to obtain animals

with male characteristics with simple diploid and homogametic

character (Hodgkin, 2002; Hodgkin and Brenner, 1977). An un-

usual loss-of-function allele of the tra-2 gene, tra-2(q276), pro-

vides a good example of such a configuration. Fully diploid XX

homozygotes for this allele show a remarkably complete

gender transformation, with male phenotypes and behaviors

and the ability to sire viable progeny in crosses (Chen et al.,

2003). To apply this for production of functionally mosaic

males, we needed to construct strains in which both AB and

P1 lineages would be XX tra-2(q276) homozygotes but where

these two lineages could carry different genetic markers.

Such strains were constructed by using a balancer chromo-

some (mnC1) to maintain stocks as hermaphrodites and by

including fluorescent markers that allow definitive identification

of chimeric trans-males. Several crosses (diagramed in Fig-

ure S2) confirmed that these strains could indeed be used to
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Figure 4. Analysis of Vulval Development Mutants

(A) Vulval development relies in part on communication between the anchor cell (AC) and the vulval precursor cells (VPCs) via EGF-like and Notch-like signaling

pathways.

(B–D) Cell lineage diagrams illustrating how (B) VPCs and the AC/VU precursors are derived from the two lineages (AB and P1) resulting from division of the

zygote. (C) Cell genotypes in AB/P1 mosaics with a mutation restricted to the P1 lineage will include mutant AC/VU precursors and wild-type VPCs, and (D)

conversely, cell genotypes in AB/P1 mosaics with a mutation restricted to the AB lineage will include wild-type AC/VU precursors and mutant VPCs.

(E) A summary of phenotypes observed when the listed vulval development mutation was present in either the P1 lineage (including AC/VU precursors) or the AB

lineage (including VPCs). Gene, allele used, previously inferred or expected role, expected lineage of action, and phenotype observation (aggregate number of

worms exhibiting stated phenotype and number examined at 23�C and corresponding percentage) is listed. Additional data and details, including the crosses

used to generate these chimeric worms, are described in Figure S1 and Table S1.
produce such chimeric males. As yet, we have not had success

in generating cross progeny from these males, although this

may reflect a burden of genetic markers in the strains rather

than any fundamental characteristic of mating. Despite the

genetic complexity, we expect that the ability to produce
834 Developmental Cell 48, 827–839, March 25, 2019
mosaic male-phenotype animals using GPR-1 overexpression

and tra-2(q276) gender transformation will provide a valuable

tool for investigating both lineage-specific contributions to

male morphology and behavior and parent-of-origin effects

on chromosome structure and function.



A

B

Figure 5. Nuclear/Mitochondrial Genome Exchange and One-Step Isogenesis through Non-Canonical Genetics

(A) Experimental schematic. We generated nuclear/mitochondrial genome hybrid strains by crossing fluorescently marked GPR-1(OE) strains (either PD2217 or

PD2218) with a wild strain (PX174) containing many polymorphisms relative to the laboratory N2 strain. Non-Mendelian F1 progeny were selected based on

AB-specific expression of a maternally derived pharyngeal fluorescence reporter (either myo-2::GFP or myo-2::mCherry). Hybrid strains were generated by

picking self-progeny. Hybrid strains (PD2231, PD2232, PD2233, PD2234), predicted to have a nuclear genome entirely derived from the male parent and a

(legend continued on next page)
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Nuclear/Mitochondria Genome Exchange and One-Step
Isogenesis through Non-canonical Genetics
Non-Mendelian inheritance patterns should allow novel, and

potentially useful, genetic manipulations. For example, matings

with GPR-1(OE) hermaphrodites should allow rapid creation of

nuclear-genome-wide isogenic strains since the geneticmakeup

of a non-Mendelian segregation event is derived from a single

copy of each chromosome. In C. elegans, and potentially other

genetically tractable organismswhere a similar inheritance could

be reproducibly forced, rapid homozygosing would facilitate ge-

netic screens. Similarly, cytoplasmic factors such as the genetic

material in mitochondria are almost exclusively contributed

by the oocyte (Tsang and Lemire, 2002; Feng et al., 2001).

Therefore, the progeny of a male crossed with GPR-1(OE) her-

maphrodites will receive only maternal mitochondria and other

cytoplasmic factors. Such experiments could, for example,

test models of trans-generational inheritance mediated by small

RNAs (Rechavi and Lev, 2017) or speciation events driven by

mitochondrial and nuclear incompatibilities (Jhuang et al.,

2017). To test the feasibility of such experiments and further

confirm the functionality of the GPR-1(OE) strains, we sought

to create a set of strains that each contain a nuclear genome

entirely derived from the male parent, and a mitochondrial

genome entirely derived from the maternal parent. We chose

to utilize a wild strain (PX174) that has diverged sufficiently

from the wildtype lab reference strain (N2) to allow a definitive

assessment of chromosome-wide derivation throughout the

genome. PX174 males were crossed to two of the GPR-1(OE)

toolkit strains, PD2117 and PD2118 (Figure 5A), and AB-fluores-

cence-patterned F1 progeny from each cross were singled and

allowed to self to create a line. The genomes of four resulting

strains (two from each cross) were subjected to shotgun

sequencing followed by SNP calling. Comparison between

parental and progeny DNA showed that all four strains contained

mitochondrial SNPs exclusively matching the maternal mito-

chondrial genome, whereas the nuclear genomes were derived

exclusively from the paternal genome (Figure 5B). These exper-

iments confirm both the maternal derivation of mtDNA for

C. elegans as in other organisms (e.g., Reich and Luck, 1966;

Hutchison et al., 1974; Feng et al., 2001; Tsang and Lemire,

2002) and the ability to exchange mitochondrial and nuclear

genomes using the GPR-1 overexpression strains as an interme-

diate facilitator.

Limitation of Prevalent Mosaic Uniparental Isodisomy
under Laboratory Conditions to Engineered Populations
Fascinated by the ability of C. elegans to (1) proceed through

development following an aberrant first cleavage, and (2) to pro-

duce a viable population from such events, we wondered

whether this process might be a natural means for animals of

this genus to navigate challenges such as a low local population

in maintaining haplotypes and populations. In particular, situa-

tions where numerous related strains might cohabit an environ-

ment in a shared niche but remain incompatible for ‘‘standard’’
mitochondrial genome entirely derived from the maternal parent were sequence

derived paternal mitochondria, which are rapidly eliminated by autophagy after f

(B) SNPs unique to strain PX174 (relative to N2 reference strain VC2010) were dete

number of sequencing reads matching the paternal (orange) and maternal (blue)
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Mendelian (crossing-based) reproduction might be less delete-

rious to the species and genus (see Schwander and Oldroyd,

2016 for additional discussion) if there were an option (albeit

potentially rare) for the kind of non-canonical embryonic behavior

enabled by theGPR-1 strain. Numerous previous genetic studies

(Brenner, 1974; Hodgkin et al., 1979) have not been suggestive of

such non-canonical behavior as a commonevent, but it remained

possible that events were missed in the manyC. elegans genetic

studies that havebeenpublished. Regardless of theplausibility of

any evolutionary argument, it seemed important to assess the fi-

delity of chromosome mixing after fertilization.

We used the GFP reporter markers described above to carry

out a medium scale search for ‘‘spontaneous’’ aberrant first-

mitosis events such as those observed above. We examined

2,094 cross progeny from myo-2p::mCherry males mated with

wild-type worms at 25�C, screening for worms with an abnormal

pharyngeal pattern reminiscent of GPR-1(OE)-induced abnor-

malities. No abnormal pharyngeal patterns were found, suggest-

ing that viable progeny resulting from such events are rare (if

present at all). We note that such biological alterations might

be under biological control, and it will be of interest to determine

(through mutagenesis or by varying environmental conditions)

whether conditions exist where a mosaic first cleavage is used

by the organism at detectable frequencies.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli OP50: Uracil auxotroph. Caenorhabditis Genetics Center WB Strain: OP50

Escherichia coli HB101: [supE44 hsdS20(rB-mB-) recA13

ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1]

E. coli .

Caenorhabditis Genetics Center WB Strain: HB101

Chemicals, Peptides, and Recombinant Proteins

BsaI Restriction Enzyme New England Biolabs Cat# R3535S

BsmBI Restriction Enzyme New England Biolabs Cat# R0580S

Phusion HF Master Mix Fisher Scientific Cat# F531L

Proteinase K, recombinant, PCR Grade Sigma-Aldrich Cat# RPROTK-RO

Critical Commercial Assays

Nextera tagmentation kit Illumina, Inc. Cat# FC-121-1030

Sanger sequencing of DNA MCLAB Cat# SEQ-EZ

Deposited Data

Raw data deposited in SRA (Short Read Archive) This paper BioProject ID PRJNA472811

Experimental Models: Organisms/Strains

C. elegans: Strain PS6038: unc-119(ed3) III; syEx1136

[myo-2p::gfp + unc-119(+)]. Phenotype: unc-119 rescue

and GFP expression in pharyngeal muscles.

Caenorhabditis Genetics Center.

Frøkjær-Jensen et al. (2012)

WB Strain: PS6038

C. elegans: Strain PD1593: unc-119(ed3) III; ccTi1593[mex-

5p::gfp::gpr-1::smu-1 30 UTR, cbr-unc-119(+); IV:8454043*]
IV. Phenotype: GFP::GPR-1 expression in germline. High

penetrance of non-Mendelian inheritance. unc-119 rescue.

*Note that chromosome location is given with respect to

the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD1594: ccTi1594[Pmex-5::gfp::gpr-1::

smu-1 30 UTR, cbr-unc-119(+), III:680195*] unc-119(ed3) III.
Phenotype: GFP::GPR-1 expression in germline. High

penetrance of non-Mendelian inheritance. unc-119 rescue.

*Note that chromosome location is given with respect to the

WBcel11 assembly.

This paper N/A

C. elegans: Strain PD1593: ccTi1593[Pmex-5::gfp::gpr-1::

smu-1 30 UTR, cbr-unc-119(+), III:9787236*] unc-119(ed3) III.
Phenotype: GFP::GPR-1 expression in germline. High

penetrance of non-Mendelian inheritance. unc-119 rescue.

*Note that chromosome location is given with respect to the

WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2882: unc-54(unc-54(e1301)::gfp::TAA::

non-stop 30 UTR) I Phenotype: Temperature sensitive, Unc

This paper. A gift from Joshua

Arribere (University of California,

Santa Cruz).

N/A

C. elegans: Strain VS21: hjSi20 [myo-2p::mCherry::unc-54

30 UTR] IV. Phenotype: Red pharynx

Caenorhabditis Genetics Center.

Ho Yi Mak. (Hong Kong University

of Science and Technology)

WB Strain: VS21

C. elegans: Strain CGC18: umnIs7 [myo-2p::GFP + NeoR,

III:9421936] III. Phenotype: Green pharynx, neomycin resistant

Caenorhabditis Genetics Center.

Julie Knott.

WB Strain: CGC18

C. elegans: Strain CGC38: umnIs27 [myo-2::GFP + NeoR, III:

8856215 (intergenic)] III. Phenotype: Green pharynx,

neomycin resistant

Caenorhabditis Genetics Center.

Julie Knott.

WB Strain: CGC38

(Continued on next page)
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C. elegans: Strain EG4887: oxIs322 [myo-2p::mCherry::H2B +

myo-3p::mCherry::H2B + Cbr-unc-119(+)] II; unc-119(ed3) III.

Phenotype: mCherry fluorescence in pharyngeal and body

wall muscle nuclei

Caenorhabditis Frøkjær-Jensen

et al. (2008)

WB Strain: EG4887

C. elegans: Strain PD2217: ccTi1594[mex-5p::gfp::gpr-1::smu-1

30 UTR, cbr-unc-119(+), III:680195*], unc-119(ed3) III; hjSi20
[myo-2p::mCherry::unc-54 30UTR] IV. Phenotype: GFP::GPR-1

expression in germline, mCherry+ pharynx, high penetrance of

non-Mendelian inheritance. *Note that chromosome location is

given with respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2218/PD2219: ccTi1594[mex-5p::gfp::

gpr-1::smu-1 30 UTR, cbr-unc-119(+), III:680195*] umnIs7

[myo-2p::GFP + NeoR, III:9421936] III. Phenotype: GFP::

GPR-1 expression in germline, GFP+ pharynx, high

penetrance of non-Mendelian inheritance. Neomycin

resistant. *Note that chromosome location is given with

respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2220: ccTi1594[mex-5p::gfp::gpr-1::

smu-1 30 UTR, cbr-unc-119(+), III:680195*], umnIs27 [myo-

2::GFP + NeoR, III: 8856215 (intergenic)] III. Phenotype:

GFP::GPR-1 expression in germline, GFP+ pharynx, high

penetrance of non-Mendelian inheritance. Neomycin resistant.

*Note that chromosome location is given with respect to the

WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2224: oxIs322 [myo-2p::mCherry::H2B +

myo-3p::mCherry::H2B + Cbr-unc-119(+)] II; ccTi1594[mex-

5p::gfp::gpr-1::smu-1 30 UTR R, cbr-unc-119(+), III:680195*] III,

umnIs7 [myo-2p::GFP + NeoR, III:9421936] III. Phenotype:

mCherry fluorescence in pharyngeal and body wall muscle

nuclei. GFP::GPR-1 expression in germline. GFP+ pharynx.

High penetrance of non-Mendelian inheritance. Neomycin

resistant. *Note that chromosome location is given with respect

to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2227: oxIs322 [myo-2p::mCherry::H2B +

myo-3p::mCherry::H2B + Cbr-unc-119(+)] II; ccTi1594[mex-

5p::gfp::gpr-1::smu-1 30 UTR, cbr-unc-119(+), III:680195*] III.
Phenotype: mCherry fluorescence in pharyngeal and body wall

muscle nuclei. GFP::GPR-1 expression in germline. High

penetrance of non-Mendelian inheritance. *Note that

chromosome location is given with respect to the WBcel11

assembly.

This paper N/A

C. elegans: Strain PD2238: umnIs7 [myo-2p::GFP + NeoR,

III:9421936], ccTi1595 [mex-5p::gfp::gpr-1::smu-1 30 UTR, cbr-
unc-119(+), III:9787236*] III. Phenotype: GFP::GPR-1 expression

in germline, GFP+ pharynx, high penetrance of non-Mendelian

inheritance. Neomycin resistant. *Note that chromosome location

is given with respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2239: unc-119(ed3) III; hjSi20 [myo-2p::

mCherry::unc-54 30UTR], ccTi1593 [mex-5p::gfp::gpr-1::smu-1

30 UTR, IV:8454043*] IV. Phenotype: GFP::GPR-1 expression in

germline, mCherry+ pharynx, high penetrance of non-Mendelian

inheritance. *Note that chromosome location is given with respect

to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2240: ccTi1595 [mex-5p::gfp::gpr-1::smu-1

30 UTR, III:9787236*], unc-119(ed3) III; hjSi20 [myo-2p::

mCherry::unc-54 30UTR] IV. Phenotype: GFP::GPR-1 expression

in germline, mCherry+ pharynx, high penetrance of non-

Mendelian inheritance. *Note that chromosome location is given

with respect to the WBcel11 assembly.

This paper N/A

(Continued on next page)
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C. elegans: Strain PD2242: umnIs7 [myo-2p::GFP + NeoR,

III:9421936] III; ccTi1593 [mex-5p::gfp::gpr-1::smu-1 30 UTR,
IV:8454043*] IV. Phenotype: GFP::GPR-1 expression in germline,

GFP+ pharynx, high penetrance of non-Mendelian inheritance.

Neomycin resistant. *Note that chromosome location is given with

respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PX174: Wild strain isolated from Oregon in

2002. Phenotype: wildtype

Caenorhabditis Genetics Center.

Gift of B. White (Phillips Lab

University of Oregon)

WB Strain: PX174

C. elegans: Strain PD2231: Hybrid strain containing a PX174-

derived nuclear genome and a PD2217-derived mitochondria

genome. Phenotype: wildtype

This paper N/A

C. elegans: Strain PD2232: Hybrid strain containing a PX174-

derived nuclear genome and a PD2217-derived mitochondria

genome. Phenotype: wildtype

This paper N/A

C. elegans: Strain PD2233: Hybrid strain containing a PX174-

derived nuclear genome and a PD2218-derived mitochondria

genome. Phenotype: wildtype

This paper N/A

C. elegans: Strain PD2234: Hybrid strain containing a PX174-

derived nuclear genome and a PD2218-derived mitochondria

genome. Phenotype: wildtype

This paper N/A

C. elegans: Strain FX30123: tmC24[F23D12.4(tmIs1233)] X.

Phenotype: Pmyo-2::mCherry tmC24 balancer inversion on X

Caenorhabditis Genetics Center.

Dejima et al. (2018)

WB Strain: FX30123

C. elegans: Strain PD7119: lin-4 (e912) II / mIn1 [dpy-10 (e128)

mls14] II. Phenotype: GFP+ mIn1 balancer inversion on II

Author’s laboratory.

Zhang and Fire (2010)

N/A

C. elegans: Strain CGC48: unc-4(e120)/mnC1 [dpy-10(e128)

unc-52(e444) umnIs37] II, umnIs37 [myo-2p::mKate + NeoR, II:

11755713 (intergenic)] II. Phenotype: mKate+ mnC1 balancer

inversion on II

Caenorhabditis Genetics Center WB Strain: CGC48

C. elegans: Strain PD2248: ccTi1594[mex-5p::gfp::gpr-1::smu-1

30 UTR, cbr-unc-119(+), III:680195*] III; tmC24[F23D12.4

(tmIs1233)] X. Phenotype: Neomycin resistant. Pmyo-2::mCherry

marked tmC24 balancer inversion on X. *Note that chromosome

location is given with respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain MT301: lin-31(n301) II. Phenotype:

Multi-vulva. Recessive.

Caenorhabditis Genetics Center WB Strain: MT301

C. elegans: Strain PD2279: lin-31(n301) II. ccTi1594[mex-

5p::gfp::gpr-1::smu-1 30 UTR, cbr-unc-119(+), III:680195*]
umnIs7 [myo-2p::GFP + NeoR, III:9421936] III. Phenotype: Multi-

vulva. Recessive. GFP::GPR-1 expression in germline. Neomycin

resistant. High penetrance of non-mendelian inheritance.

Pharyngeal GFP. *Note that chromosome location is given with

respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2280: lin-31(n301) II. ccTi1594[mex-

5p::gfp::gpr-1::smu-1 30 UTR, cbr-unc-119(+), III:680195*] umnIs7

[myo-2p::GFP + NeoR, III:9421936] III. Phenotype: Multi-vulva.

Recessive. GFP::GPR-1 expression in germline. Neomycin

resistant. High penetrance of non-mendelian inheritance.

Pharyngeal GFP. *Note that chromosome location is given

with respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain: CB1309: lin-2(e1309) X. Phenotype: Vulvaless.

M-MATING++ 1-10%WT.

Caenorhabditis Genetics Center WB Strain: CB1309

C. elegans: Strain PD4769: lin-2(e1309) X; him-3(e1147) IV.

Phenotype: Vulvaless (incomplete penetrance). Recessive.

Author’s laboratory derived

from CB1309

N/A

C. elegans: Strain PD2278: lin-2(e1309) X; him-3(e1147), hjSi20

[myo-2p::mCherry::unc-54 30UTR] IV. Phenotype: Vulvaless
(incomplete penetrance). Recessive.

This paper N/A

(Continued on next page)
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C. elegans: Strain MT2021: lin-12(n952) III; him-5(e1467) V.

Phenotype: Multivulval. Throws males.

Caenorhabditis Genetics Center WB Strain: MT2021

C. elegans: Strain MT1329: lin-12(n302) III; him-5(e1467) V.

Phenotype: Vulvaless. Segregates males which mate well.

Caenorhabditis Genetics Center WB Strain: MT1329

C. elegans: Strain CB1417: lin-3(e1417) IV. Phenotype:

Vulvaless (incomplete penetrance). Recessive.

Caenorhabditis Genetics Center WB Strain: CB1417

C. elegans: Strain PD1074: Phenotype: wild-type Author’s laboratory N/A

C. elegans: Strain CGC43: unc-4(e120)/mnC1 [dpy-10(e128)

unc-52(e444) umnIs32] umnIs32 [myo-2p::GFP + NeoR,

II: 11755713] II.

Phenotype: Hets are WT GFP+ and segregate WT GFP+,

Unc-4 (GFP-) and paralysed DpyUnc GFP+ (mnC1 balancer

homozygotes).

Caenorhabditis Genetics Center WB Strain: CGC43

C. elegans: Strain JK987: tra-2(q276)/mnC1 [dpy-10(e128)

unc-52(e444)] II. Phenotype: Heterozygotes are WT and

segregate WT, DpyUnc and males.

Caenorhabditis Genetics Center WB Strain: JK987

C. elegans: Strain PD2246: tra-2(q276)/mnC1 [dpy-10(e128)

unc-52(e444) umnIs32] umnIs32 [myo-2p::GFP + NeoR,

II: 11755713] II. Phenotype: Heterozygotes are WT GFP+ and

segregate WT GFP+, non-GFP XX tra-2(q276)/tra-2(q276)

males, and paralysed DpyUnc GFP+ (mnC1 homozygotes).

This paper N/A

C. elegans: Strain PD2252: tra-2(q276)/mnC1 [dpy-10(e128)

unc-52(e444) umnIs32] umnIs32 [myo-2p::GFP + NeoR, II:

11755713] II; hjSi20 [myo-2p::mCherry::unc-54 30UTR] IV.
Phenotype: Heterozygotes are WT GFP+ and segregate WT

GFP+, non-GFP XX tra-2(q276)/tra-2(q276) males, and

paralysed DpyUnc GFP+ (mnC1 homozygotes). All worms

have pharyngeal mCherry.

This paper N/A

C. elegans: Strain PD2268: tra-2(q276)/mnC1 [dpy-10(e128)

unc-52(e444) umnIs32] umnIs32 [myo-2p::GFP + NeoR,

II: 11755713] II; ccTi1594[mex-5p::gfp::gpr-1::smu-1 30 UTR,
cbr-unc-119(+), III:680195*], (may also carry the unc-119(ed3)

mutation) III. Phenotype: GFP::GPR-1 expression in germline.

High penetrance of non-Mendelian inheritance. neomycin

resistant. Mendelian heterozygotes appear WT with full

pharyngeal GFP and segregate mendelian and non-mendelian

progeny. Mendelian: WT GFP+, non-GFP XX tra-2(q276)/tra-

2(q276) males, and paralysed DpyUnc GFP+ (mnC1

homozygotes). Distinguishable Non-mendelian: tra-2(q276) in

AB lineage with mnC1 in P1 lineage, tra-2(q276) in P1 lineage

with mnC1 in AB lineage. *Note that chromosome location is

given with respect to the WBcel11 assembly.

This paper N/A

C. elegans: Strain PD2275: tra-2(q276)/mnC1 [dpy-10(e128)

unc-52(e444) umnIs32] umnIs32 [myo-2p::GFP + NeoR,

II: 11755713] II; ccTi1594[mex-5p::gfp::gpr-1::smu-1 30 UTR,
cbr-unc-119(+), III:680195*], (may also carry the unc-119(ed3)

mutation) III; hjSi20 [myo-2p::mCherry::unc-54 30UTR] IV.
Phenotype: GFP::GPR-1 expression in germline. Pharyngeal

mCherry. High penetrance of non-Mendelian inheritance.

neomycin resistant. Mendelian heterozygotes appear WT with full

pharyngeal GFP and segregate mendelian and non-mendelian

progeny. Mendelian: WT GFP+, non-GFP XX tra-2(q276)/tra-

2(q276) males, and paralysed DpyUnc GFP+ (mnC1

homozygotes). Distinguishable Non-mendelian: tra-2(q276) in

AB lineage with mnC1 in P1 lineage, tra-2(q276) in P1 lineage

with mnC1 in AB lineage. *Note that chromosome location is

given with respect to the WBcel11 assembly.

This paper N/A

(Continued on next page)
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Oligonucleotides

forward primer to sequence Unc-119(ed3) locus:

taaccgaacaggctataaccac

This paper AF-KLA-396

reverse primer to sequence Unc-119(ed3) locus:

taaccgaacaggctataaccac

This paper AF-KLA-397

sequencing oligo for Unc-119(ed3) locus:

aggaatcactcaaggtaagtg

This paper AF-KLA-398

Software and Algorithms

Custom code N/A

Burrows-Wheeler Aligner (BWA) version 0.6.1-r104 Li and Durbin (2010) http://bio-bwa.sourceforge.net/

Other

Olympus fluorescence dissecting microscope (with 1X or

1.6X) DF PLFL PF lens

Model SZX12

Nikon Eclipse compound microscope with 40x/1.30 oil

immersion lens

Model E600
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Andrew Z.

Fire (afire@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Caenorhabditis elegans

C. elegans animals were grown on nematode growthmedia (NGM) plates seededwith OP50 bacterial cultures as described (Brenner,

1974). Transgenic strains were maintained and passaged using standard techniques. Derivation of transgenic GPR-1(OE) lines was

initially at 25�C; lines have been maintained at temperatures between 16�C and 23�C. Crosses were carried out at 23�C, with non-

canonical inheritance confirmed at 23�C and 25�C.

METHOD DETAILS

Generating GPR-1 Overexpression Strains
We generated a silencing-resistant GPR-1 transgene, tagged with GFP at the N terminus, using step-wise assembly with codon opti-

mization (Redemann et al., 2011), gene synthesis (IDT), Gibson assembly (Gibson et al., 2009), Golden gate assembly (Engler et al.,

2009), and Gateway assembly (Invitrogen). A manuscript with a detailed description of the assembly method is in preparation (Froek-

jaer-Jensen et al.).

In brief, we optimized the coding region of GPR-1 used by (Besseling and Bringmann, 2016) for high expression with a web-based

tool fromRedemann et al. (2011) (https://worm.mpi-cbg.de/codons/cgi-bin/optimize.py ) with the parameter: COI = 1, three synthetic

introns, and no RNAi resistance. BsaI and BsmBI sites were removed from the optimized coding sequence for compatibility with

Golden Gate cloning. piRNA binding sites with less than three mismatches were removed by synonymous base pair substitutions.

The codon-optimized gene was ordered in three fragments (gCFJ92, gCFJ93, gCFJ94; sequence files in File S1) by gene synthesis

(IDT) as ‘‘G-blocks’’ compatible with blunt cloning. The gene fragments were blunt end cloned into a shuttle vector and sequence

verified by Sanger sequencing. Each gene fragment contained a synthetic intron into whichwe inserted approximately 900 base pairs

of PATC-rich DNA usingGolden Gate assembly (Engler et al., 2009) with a BsaI restriction enzyme (NEB). The three PATC-rich GPR-1

fragments were combined with a PATC-rich (3 x 750bp) codon-optimized GFP fragment by a second round of Golden Gate assembly

(Engler et al., 2009) using BsmBI (NEB) to make a full-length GFP::GPR-1 gene in a three-fragment Gateway compatible vector (In-

vitrogen). The final construct (pCFJ2522; Genbank annotated sequence in File S1) was generated byGateway assembly of a germline

specific promotermex-5 (Zeiser et al., 2011), GFP::GPR-1, and a PATC-rich 3’UTR from smu-1 (Fire et al., 2006) into aminiMos trans-

poson vector backbone containing an unc-119 positive selection marker and a peel-1 negative selection marker (Frøkjær-Jensen

et al., 2014).

The pCFJ2522 plasmid was injected at 10 ng/ul into unc-119 animals derived from PS6038 together with a plasmid expressing

Mos1 transposase, red fluorescent markers, and stuffer DNA from a 1 kb ladder to generate single-copy transposon insertions (Frøk-

jær-Jensen et al., 2014). We isolated animals with a transposon insertion based on homozygous rescue of the unc-119 phenotype,

absence of the red coinjection markers, and no lethality from the peel-1 toxin after heat shock. From 16 independent insertions, we
e5 Developmental Cell 48, 827–839.e1–e9, March 25, 2019
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identified 5 strainswith stable GFP expression at 25�C. Transgene silencing in the germline is common (Kelly et al., 1997), either acute

or gradually. Silencing is especially common at lower temperatures (15�C to 20�C) compared to 25�C (Strome et al., 2001). We there-

fore propagated three strains (PD1593, PD1594, PD1595) at 16�C, 20�C and 25�C for several generations; no silencing was observed

based on GFP fluorescence over three generations. The miniMos insertion sites were mapped using inverse PCR as previously

described (Frøkjær-Jensen et al., 2014) and locations are noted in the Key Resources Table. We picked one strain, PD1594, for

further characterization. The PD1594 insertion site was also mapped by whole-genome sequencing to Chr. III:680195 as described

below.

Fertility Assays
Fertility was assayed by determining the percentage of individual L3-L4 staged worms that eventually gave rise to viable progeny.

Imaging and Scoring of Fluorescent Markers
Pharyngeal and body wall fluorescence was scored using a fluorescence dissecting microscope. A compound microscope with a

40x oil objective was used for scoring germline fluorescence of GFP::GPR-1(OE) expressing strains and for all imaging.

Validation of GPR-1(OE) Strains
To test for non-Mendelian zygotic division, GPR-1(OE) candidate strains (non-Unc worms containing a GFP+ germline) were crossed

to unc-54(unc-54(e1301)::gfp::TAA::NSUTR) /+ males derived from mating PD2882 with PD1074 males (Table 1). Strains capable of

yielding phenotypically Unc F1 were identified as GPR-1 overexpressors.

As an additional test for non-Mendelian zygotic division GPR-1(OE) candidate strains were crossed to a set of strains expressing

fluorescent markers in either the pharynx (VS21, CGC18, CGC38) or both the pharynx and body wall muscle (EG4887). Strains

capable of yielding F1 with pharyngeal fluorescence restricted to either the AB or P1 lineage were identified as GPR-1

overexpressors.

Fluorescently Marked GPR-1(OE) Toolkit Strains
GPR-1-overexpressing hermaphrodites (PD1594) were mated with males containing either mCherry or GFP pharyngeal markers

(VS21, CGC18, CGC38). F1 hermaphrodites with homogeneous fluorescence throughout the pharynx (indicating that they wereMen-

delian heterozygotes) were singled and allowed to self-fertilize. The resulting F2 animals exhibited both canonical and non-canonical

pharyngeal fluorescence. The high proportion of P1 and AB patterned F2 animals indicates that a single maternal copy of the GPR-1

overexpressing chromosome is sufficient to induce non-Mendelian inheritance. F2 animals were again self-fertilized and the resulting

pharyngeal patterns were observed. The progeny of P1-patterned F2 animals consistently gave rise to F3 progeny homozygous for

the fluorescent pharyngeal marker, and these populations were assayed for GFP::GPR-1(OE) homozygosity by fluorescence micro-

scopy to identify double homozygous strains (PD2217, PD2218, PD2219, PD2220). In contrast, AB-patterned F2 progeny gave rise to

F3 animals lacking the fluorescent pharyngeal marker (data not shown). PD2219 was subsequently mated with males containing a

myo-2::mCherry, myo-3::mCherry transgene expressed in nuclei (EG4887), and double or triple homozygous populations were

selected in a similar manner (PD2224, PD2227). Additional GPR-1(OE) strains (PD1593, PD1595) were similarly mated with mCherry

or GFP pharyngeal markers (VS21, CGC18) to generate strains with alternate GPR-1(OE) transgene locations (PD2238, PD2239,

PD2240, PD2242). This collection of fluorescently marked toolkit strains are listed in the Key Resources Table. The genotype of

the unc-119 locus was determined by PCR amplification using primers AF-KLA-396 and AF-KLA-397 and subsequent Sanger

sequencing using AF-KLA-398 by MCLAB.

Tracking Non-Mendelian Inheritance
To demonstrate fluorescent tracking of mosaics using a toolkit strain, an mCherry/+ male (derived from mating N2 males with VS21)

was crossed with a GPR-1(OE) toolkit strain marked with GFP pharyngeal fluorescence (PD2218). This resulted in a large population

of chimeric, non-Mendelian F1 cross progeny which were readily identifiable by their AB-derived pharyngeal GFP pattern. Half of

these also contained myo-2:mCherry expressed in the P1 lineage. In these dual labeled chimeric animals, P1-derived pharyngeal

tissue expresses GFP and contains exclusively paternally derived chromosomes, whereas AB-derived pharyngeal tissue expresses

mCherry and contains exclusively maternally derived chromosomes.

Construction of a lin-31(e1417); GPR-1(OE), myo-2p::GFP Strain
To allow identification of cross progeny, we utilized themyo-2p::mCherry marker in VS21 (hjSi20 [myo-2p::mCherry::unc-54 3’ UTR]

IV). VS21 males were crossed with MT301 hermaphrodites and the resulting myo-2p::mCherry/+, lin-31(n301)/+ males were mated

with PD2218 (ccTi1594[mex-5p::gfp::gpr-1::smu-1 3’ UTR, cbr-unc-119(+)] umnIs7 [myo-2p::GFP + NeoR] III). A single F1 hermaph-

rodite exhibiting a homogeneous pharyngeal mCherry pattern (indicative of cross progeny resulting from Mendelian chromosomal

segregation) was allowed to self-fertilize. F2 Progeny exhibiting GFP+ in the P1-derived pharyngeal cells, but lacking mCherry,

were singled out and allowed to self-fertilize. The resulting populations weremonitored forMuv phenotype and germline GFP expres-

sion. Two phenotypically mCherry-, pharyngeal GFP+, germline GFP+, Muv strains were identified (PD2279, PD2280).
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Facile Construction of a Triple Mutant Strain Using Transient GPR-1 Overexpression
To build a lin-2(e1309); him-3(e1147), myo-2p::mCherry strain, we took advantage of homozygosis induced by GPR-1(OE). Hetero-

zygous males for all three markers were mated with a GPR-1(OE) strain and non-Mendelian cross progeny identified, generating a

population of chimeric F1, each with a genome-wide homozygous germline. To do this, VS21 males were crossed with PD4769

(lin-2(e1309) X; him-3(e1147) IV) hermaphrodites and the resulting lin-2(e1309)/+ X; him-3(e1147)/myo-2p::mCherry IV males were

mated with PD2218 hermaphrodites. Individual progeny (mCherry+, GFP-) in the P1-derived pharyngeal cells were singled out

and allowed to self. The resulting homozygous mCherry+ populations were screened for Him, Vul and germline GFP+ phenotypes,

yielding PD2278 (lin-2(e1309) X; him-3(e1147), hjSi20 [myo-2p::mCherry::unc-54 3’UTR] IV). We note that this strategy is particularly

useful in generating homozygous animals with dominant visible markers such as fluorescence.

Analysis of Lin Mutations in Chimeric Worms
Homozygous males carrying a vulval development mutation (strains PD4769, PD2278, MT2021(lin-12(n952) III; him-5(e1467)V) or

MT1329(lin-12(n302) III; him-5(e1467) V)) were mated with pharyngeal mCherry (PD2217) or GFP (PD2218) marked GPR-1(OE) her-

maphrodites at 23�C as described in Table S1A. Non-Mendelian cross progeny were identified by their pharyngeal fluorescence

patterns and were singled out onto fresh plates. Maternally inherited fluorescence marked which cell lineage (AB or P1) had inherited

maternal chromosomes and indicated that the other lineage was homozygous for the paternally inherited vulval development muta-

tion (see Figure S1). 9 to13 animals were scored for the percentage of Muv (multivulval), Egl (egg-laying defective), inviable eggs laid,

and overall fertility by monitoring for 7 days. We note that in some cases we also utilized a myo-2p::mCherry paternal marker, as it

greatly eased simultaneous detection of cross progeny and non-Mendelian pharyngeal patterns.

In cases where it was difficult to obtain a homozygous male containing the vulval mutation (MT301(lin-31(n301) II) and

CB1417(lin-3(e1417) IV)), hermaphrodites were first mated with VS21 or N2 (Fire Lab N2 [wild-type] clonally derived from Brenner’s

original N2 strain (Brenner, 1974)) males respectively. The resulting heterozygotes were mated with PD2217 or PD2218 hermaphro-

dites, and chimeric progeny were selected and analyzed as described above. In these cases, the inherited genotype was inferred by

scoring the phenotype of the F2 progeny, which reflected that the homozygous germline-derived from the paternal (or in one case

maternal) parent.

A reciprocal cross was also performed in order to look at a higher fraction of chimeric animals containing homozygous lin-31(n301)

in the VPCs (AB lineage). VS21 males were mated with PD2279 or PD2280 (lin-2(e1309) X; him-3(e1147), hjSi20 [myo-2p::

mCherry::unc-54 3’UTR] IV) hermaphrodites, and the resulting chimeric animals were selected and analyzed as described above.

Construction of Toolkit Balancer Strains
Heterozygous males containing one copy of a chromosomal inversion were generated by crossing N2 males to FX30123 (tmC24),

PD7119 (mIn1), CGC43(mnC1), CGC48 (mnC1), and were then crossed to the GPR-1(OE) toolkit strains, in various combinations.

Heterozygous F1 Mendelian cross progeny were selected based on a full pharyngeal fluorescence pattern and were allowed to

self-fertilize. Single F2 progeny containing fluorescence only in the P1-lineage-derived pharyngeal cells were allowed to self-fertilize.

F3 populations which scored positive for pharyngeal fluorescence and GFP expression in the germline were selected as double (or in

some case triple) mutant strains. Any heterozygote strain (including any balancer-containing heterozygote) carrying the GPR-1(OE)

transgene will be intrinsically more difficult to maintain than the original non-GPR-1(OE) counterpart, since maintenance will require

heterozygote progeny while a majority of progeny exhibit genome-wide homozygosity.

We note that we were unable to generate either an mIn1; GPR-1(OE) or mnC1; GPR-1(OE) double homozygous strain. This

appeared to reflect combined viability effects of the different markers and GPR-1(OE) and not a genetic linkage, since three

GPR-1(OE) loci on different chromosomes presented similar challenges.

Construction of tra-2(q276); GPR-1(OE) Strains
In order to generate chimeric male worms, we utilized a unique tra-2(q276) allele for which XX animals develop as mating-competent

males.We note considerable precedent in using transformed XXmales for specific genetic tests, despite the complexity of producing

such strains (e.g. (Hodgkin et al., 1979), who used a similar strategy [described in their paper in detail, albeit in small print] to check

for defects in male spermatogenesis in chromosome segregation mutants. Two heterozygous tra-2(q276)/mnC1 [myo-2p::GFP] II;

GPR-1(OE) III strains, one containing an additional myo-2p::mCherry marker, (PD2275 and PD2286) were constructed as follows:

An intermediate strain, PD2246, was made by mating JK987 (tra-2(q276)/mnC1 [dpy-10(e128) unc-52(e444)] II) XX males with

CGC43 (unc-4(e120)/mnC1 [dpy-10(e128) unc-52(e444) umnIs32 [myo-2p::GFP + NeoR] II) hermaphrodites, and selecting GFP+

worms with wild type movement that yielded populations capable of producing XX males lacking pharyngeal GFP. The resulting

strain was saved as PD2246 (tra-2(q276)/mnC1 [dpy-10(e128) unc-52(e444) umnIs32] umnIs32 [myo-2p::GFP + NeoR, II:

11755713] II ).

A second intermediate strain, PD2252, was constructed by first mating VS21 (hjSi20 [myo-2p::mCherry::unc-54 3’UTR]) males with

CGC43 hermaphrodites, and subsequently mating the resulting mnC1/+, myo-2p::mCherry/+ males with PD2246 hermaphrodites.

Individual mCherry+, GFP+ progeny, also capable of producing XX males lacking pharyngeal GFP, were identified. A population

grown from one such individual was saved as PD2252 (tra-2(q276)/mnC1 [dpy-10(e128) unc-52(e444) umnIs32] umnIs32

[myo-2p::GFP + NeoR, II: 11755713] II).
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Finally, PD2286 and PD2275 were constructed as follows: PD2252 XX males were mated with PD1594 (ccTi1594[Pmex-

5::gfp::gpr-1::smu-1 3’ UTR, cbr-unc-119(+), III:680195*] unc-119(ed3) III.) hermaphrodites. A heterozygous tra-2(q276)/+ II;

GPR-1(OE)/+ III; myo-2p::mCherry/+ IV F1 resulting from Mendelian chromosomal inheritance was identified by its homogeneous

full pharyngeal mCherry pattern and was allowed to self fertilize. F2 XX males exhibiting mCherry+ pharynxes (which could be either

Mendelian or non-Mendelian F1 progeny) were mated with PD2246 (tra-2(q276)/mnC1) hermaphrodites. Resulting hermaphrodite

cross progeny with homogeneousGFP+,mCherry+ pharynxes were singled and allowed to self-fertilize. Populations weremonitored

for chimeric pharynxes indicative of GPR-1(OE). Further selection yielded a homozygous GPR-1(OE) population that was verified by

uniform germline GFP expression. Homogeneous mCherry+ and mCherry- animals were identified by fluorescence microscopy and

saved as mCherry positive strain PD2275 (tra-2(q276)/mnC1 [dpy-10(e128) unc-52(e444) umnIs32] umnIs32 [myo-2p::GFP +

NeoR, II: 11755713] II; ccTi1594[mex-5p::gfp::gpr-1::smu-1 3’ UTR, cbr-unc-119(+), III:680195*], unc-119(ed3)? III; hjSi20 [myo-

2p::mCherry::unc-54 3’UTR] IV) and mCherry negative strain PD2286 (tra-2(q276)/mnC1 [dpy-10(e128) unc-52(e444) umnIs32]

umnIs32 [myo-2p::GFP + NeoR, II: 11755713] II; ccTi1594[mex-5p::gfp::gpr-1::smu-1 3’ UTR, cbr-unc-119(+), III:680195*],

unc-119(ed3)? III ). We note that PD 2275 and PD2286 may carry the unc-119(ed3) mutation.

*Note that chromosome location is given with respect to the WBcel11 assembly.

Generation of and Tracking of Chimeric Males
PD2275 males were mated with PD2286 hermaphrodites exhibiting homogeneous GFP+ pharyngeal patterns indicative of a

Mendelian heterozygote. Resulting cross progeny (diagrammed in Figure S2) fell into six classes (all of which were homozygous

for GPR-1(OE)):

Mendelian

1. tra-2(q276) II, myo-2p::mCherry/+ XX males

2. tra-2(q276)/mnC1 [myo-2p::GFP] II; myo-2p::mCherry/+ IV hermaphrodites

Common Non-Mendelian Chimeras Resulting from P1 Inheritance of Paternal Chromosomes

3. tra-2(q276) in the AB lineage, tra-2(q276) II; myo-2p::mCherry IV in the P1 lineage, XX males

4. mnC1 [myo-2p::GFP] in the AB lineage, tra-2(q276) II; myo-2p::mCherry IV in the P1 lineage

Rare Non-Mendelian Chimeras Resulting from P1 Inheritance of Maternal Chromosomes

5. tra-2(q276) II and myo-2p::mCherry in the AB lineage and tra-2(q276) in the P1 lineage

6. tra-2(q276) II and myo-2p::mCherry in the AB lineage and mnC1[myo-2p::GFP] in the P1 lineage
Generation of Mitochondrial Hybrid Strains
PX174 males were crossed to PD2217 and PD2218. Two AB-fluorescence-patterned F1 progeny from each cross were singled and

allowed to self-fertilize to create strains: (PD2231, PD2232) and (PD2233, PD2234) respectively.

DNA Extraction, Sequencing and Analysis
C. elegans DNA from mixed developmental stages was treated essentially as was described by Johnson et al. (2006) for their

purification of nucleosome cores. Following resuspension of the initial ethanol precipitate, DNA sequencing libraries weremade using

a standard Nextera tagmentation kit (FC-121-1030) and subsequently sequenced on a MiSeq Genome Analyzer (Illumina, Inc.).

Reads weremapped to the C. elegans genome (WBcel235) using BWA (version 0.6.1-r104). Reads were filtered to require amapping

score of 20. The genomic position of the GPR-1(OE) MiniMos insertion in PD1594 was determined by finding chimeric reads contain-

ing a sequence spanning the junction of the transgene and the genome.

Nuclear and Mitochondrial Genome Derivation
A subset of high-confidence single-nucleotide-polymorphisms (SNPs) was first identified from a listing of k-mer counts with k=25 for

reference sequence datasets for PX174 (Thompson et al., 2013) and N2 (from our independent Illumina dataset) as follows: First, all

possible 25-mers were assigned to groups of four based on identical sequences in positions 1-12 and 14-25 and different sequences

in the central position (position 13). Second, positions to be considered as candidates for representative high-confidence SNPs were

defined as cases where (i) Only one of the k-mer groupmatches the referenceC. elegans (N2) genome (version ws220) and this k-mer

is in a single copy in the reference genome, (ii) this k-mer sequence was the predominant member k-mer for the relevant group in the

experimental N2 dataset, and (iii) a different k-mer from the group was predominant in the experimental PX174 dataset. Predomi-

nance was defined based on characteristics of the individual datasets with a simple arithmetic test.

For predominance of the expected canonical base in the N2 dataset, we applied

(N2_Reference_Counts_At_Base_n) > 6* (N2_NonReference_Counts_At_Base_n) + 6

For predominance of a non-canonical base in the PX174 dataset, we used

(PX174_NonReference_Counts_At_Base_n) > 5* (N2_Reference_Counts_At_Base_n) + 6

The constant value 6 added to the left side of each inequality ensures that a minimum number of reads is present before calling an

assignment definitive. The multiplier (minimum ratio once 6 instances have been tallied) is 6 for comparing a single "reference" allele
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to three alternative alleles, and is lowered to 5 when three "alternative" alleles are compared to a single reference allele (the latter

adjustment to account for the possibility of a low level of random sequence-error events). Filtering was then applied to the set of

potential SNPs to remove a small number that appeared to have much larger or smaller numbers of reads than expected in the

N2 or PX174 datasets (we removed any k-mer with a representation that was 5-fold above or below the mean for the relevant

chromosome). For graphical representation, experimental Illumina reads for the strains shown in Figure 4 were parsed into

k-mers and counts for canonical N2 (blue), PX174 variant (orange), and other sequences (labeled green; rarely observed). Vertical

lines at each SNP position for each strain are colored by the numbers of canonical and non-canonical reads at the SNP position.

For positions with less than 10 identifiable k-mer matches at any position, the total height of the vertical line was scaled down

proportionally, for sites with at least 10 reads, a single line height is used for display. The predominance of N2 derivation in the nuclear

chromosomes in the hybrid lines, and of PX174 derivation in the mitochondrial DNA is evident in examining the plots both in aggre-

gate and detail. A small number of exceptional reads (and in a few cases, loci) are observed in which the sequences appear to derive

more equally or from the unexpected parent. Manual inspection for a number of these cases revealed to be representative of (very

rare) back-mutation events or sequencing errors.

QUANTIFICATION AND STATISTICAL ANALYSIS

Values listed in the manuscript are average values ± standard error of the mean. No statistical tests were performed.

DATA AND SOFTWARE AVAILABILITY

The accession number for the sequences used to determine the insertion site of GPR-1(OE) transgenes and for determining mito-

chondrial inheritance (Figure 5) reported in this paper is Short Read Archive (SRA) BioProject:PRJNA472811.
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