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Abstract 

 

Hybrid incompatibility (HI) is frequently manifested as lethality or sterility in hybrid progeny 

between related species, and plays a key role in speciation. The genetic basis of HI has been 

intensively studied in model organisms such as yeast and fruit fly over decades, and “Two rules of 

speciation” have been observed across species. C. elegans as a nematode model organism 

contributes little to speciation research mainly due to lack of a close relative with which it can 

mate and produce viable progeny. Such limitation has recently been alleviated by identification of 

C. nigoni, a close relative, also termed as sister species, of C. briggsae. The two can make and 

produce a handful of viable hybrids. Both species are members of Elegans supergroup. Hybrid 

cross between the two species uncovered asymmetric hybrid incompatibilities, i.e. crossing 

direction-dependent hybrid male sterility and inviability. Asymmetry was also observed in F1 

hybrids from reciprocal crosses exclusively in male but not female (Woodruff, Eke, Baird, Félix, 

& Haag, 2010). Asymmetry was also observed in backcrosses between the F1 female hybrids and 

the parental species. For example, F2 progeny fathered by C. briggsae suffered almost 100% 

embryonic lethality for both males and females, whereas those fathered by C. nigoni were partially 

viable and fertile.  

Further study of HI between these two species was initiated by investigating how C. briggsae 

chromosomal fragments in an otherwise pure C. nigoni genome affect fitness of hybrid worms. 

The hybrid worms were generated by repeatedly backcrossing C. briggsae genomic fragments 

each bearing a visible chromosomal-integrated marker to C. nigoni to produce introgression lines. 

Characterization of the introgression lines provided a detailed HI landscape of between the two 
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species. Multiple intervals on the C. briggsae X chromosome were responsible for hybrid male 

inviability or sterility while most of the C. briggsae autosomes were not involved in these male 

phenotypes (Bi et al., 2015). RNA sequencing was performed in sterile male worms bearing 

independent introgressions, revealing a down-regulated gene expression pattern (Li et al., 2016). 

To uncover the HI mechanism underlying the asymmetric HI phenotypes exhibited in hybrids in 

F1 generation, I performed a genome-wide screening to identify HI loci that are responsible for 

the hybrid male inviability and sterility in F1 as well as hybrid breakdown in F2. By crossing 

between C. briggsae and C. nigoni introgression lines bearing a known C. briggsae fragment, I 

was able to construct hybrid animals homozygous or heterozygous for C. briggsae alleles on the 

introgression while those on counterpart of C. nigoni were absent. Contrasting the HI phenotypes 

here and those between two wild-type parents allows mapping of the loci responsible for the hybrid 

asymmetric phenotypes. The aggregated introgressions cover 94.6% of the C. briggsae genome, 

including 100% of the X chromosome. Surprisingly, I identified another two C. briggsae genomic 

intervals on chromosomes II and IV that can rescue the hybrid male inviability but not the male 

sterility in F1 fathered by C. nigoni, suggesting the involvement of differential epistatic 

interactions in the asymmetric hybrid male fertility and inviability. What’s more, I observed that 

two independent C. briggsae X fragments that produce male sterility in C. nigoni as an 

introgression rescued hybrid male sterility in F1 fathered by C. briggsae. Backcrossing of the 

rescued sterile F1 male to its parental species showed that they can alleviate the F2 hybrid 

breakdown by a handful of viable F2 mothered by C. briggsae. Subsequent backcrossing of the 

rescued sterile males with C. nigoni led to the isolation of a 1.1-Mb genomic interval that 

specifically interacts with an X-linked introgression, which is essential for hybrid male fertility. In 
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addition, I further identified three C. briggsae genomic intervals on chromosome I, II, and IV that 

produced inviability in all F1 progeny, dependent on or independent of the parent-of-origin. Taken 

together, I identified multiple independent interacting loci that are responsible for asymmetric HI 

phenotypes especially hybrid male sterility and inviability, which lays a foundation for their 

molecular characterization. 
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Chapter 1.  

Literature review of  

Hybrid Incompatibility study in Caenorhabditis species 

 The history of hybrid incompatibility 

It is an empirical knowledge for modern biologists that species are reproductively isolated 

populations. That is to say, interbreeding between two closely related species cannot provide 

hybrid progeny that can propagate if they are viable. The phenomenon is referred to as reproductive 

isolation between species, and all traits manifested in hybrid progeny are summarized as hybrid 

incompatibility (HI). The HI phenotypes include hybrid inviability, sterility, and any compromise 

fitness traits. For a long time, the unusual yet common observation of HI puzzled scientists as it 

does no good to the parent species or hybrids. Darwin eventually figured out that HI is not an 

evolving quality driven by natural selection, but a by-product of other evolutionary divergence 

between different species (Darwin, 1869). It is key to decipher how spontaneous mutations 

accumulate to construct the reproductive isolation as a prerequisite for speciation. 

With the development of genetics and genomic methods, the attempts to find out how genetic 

materials that normally function in parent species produce HI phenotypes had never stopped. HI 

loci or genes, generally defined as genomic regions that cause measurable reductions in fitness in 

F1, F2, or the backcross generation (BC2) of interspecific hybrids, cannot be easily predicted as 

their functions can be totally different from those in parental genomes (Maheshwari & Barbash, 

2011). Since these heterospecific genes did not have the chance to meet each other in traditional 
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genetic experiments and study, it is unpredictable that which interaction would result to deleterious 

HI effects. For example, it was now known that foreign extrachromosomal factors including 

mRNA and proteins can lead to failures in gene expression or silencing (Michalak, 2009), and 

non-coding DNA is able to disrupt chromosome paring in Drosophila hybrids (Naveira & 

Fontdevila, 1991). The uniparental inheritance such as maternal mitochondria and noncoding small 

RNA may also produce an asymmetric HI in reciprocal crosses (Ferree & Barbash, 2007). What’s 

more, the HI mechanisms may be completely different between phyla, making it hard to obtain 

guidance from previous study. For example, divergence in ploidy is a major causation for hybrid 

sterility in plants which has been purposely applied in agricultural study (Andrus, Seshadri, & 

Grimball, 1971), but it is unlikely to occur in animals. All these factors make study of hybrid 

incompatibility a challenging and promising field. 

In order to obtain and maintain large population of viable hybrids for genetic analysis, the HI study 

usually focus on closely related species or intraspecific strains which are partially reproduction 

isolated. For species pair that has similar genomic composition, HI traits is most likely to be 

produced by incompatibility of one or multiple pairs of alleles. A widely accepted model known 

as Dobzhansky-Muller incompatibility model, or short for DMI (Orr, 1995), was firstly described 

by Bateson and Dobzhansky based on independent study of different pairs of Drosophila species 

(Bateson, 1909; Dobzhansky, 1934) and later elaborated by Muller (Muller, 1942). The DMI 

model provides an explanation to the mechanism and the evolution process of post-zygotic HI 

phenotypes. It stated that divergence of two loci is the most common case to trigger the speciation 

while interaction in hybrid genome produces the incompatibility. For instance, an ancestor species 

with diploid genotype AA/BB will evolve to two descendant species when two loci evolve to 
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incompatible alleles. The speciation starts with spontaneous mutations and ended with fixed 

genotypes, AA/bb and aa/BB. The two new genotypes were both adaptive to their given 

environment, but the hybrid genotype AaBb reduce fitness of the hybrid progeny. The model has 

a low opinion to the single HI locus as the fixation of new genotype aa from original AA must go 

through the intermediate stage of heterozygous Aa, which is the same with the genotype of hybrid 

progeny from the two populations. It is of low possibility that Aa exhibiting compromised fitness 

can survive in natural selection. The two-loci DMI model has been guiding genetic study of HI for 

decades, but abundant evidence was found that hybrid male sterility often requires correct 

combination of three or more loci (Long, Vibranovski, & Zhang, 2012; Seidel, Rockman, & 

Kruglyak, 2008)  

In 1989, “Two rules of speciation” was proposed based on empirical evidence from observation 

on fertility and viability traits of hybrids from a variety of species pairs from different taxa, greatly 

influencing in the HI study (Coyne, 1989). The first is the Haldane’s rule, which states that if only 

one sex in F1 hybrids exhibit disproportionately inviability or sterility, it is usually the 

heterogametic sex. The Haldane’s rule appropriately describes the asymmetric HI patterns in 

organisms owning opposite sex determination systems (XX female and XY male vs. ZW female 

and ZZ male) and now widely accepted as two theories with sufficient genetic evidences were 

proposed to further elaborate the rule. 

Based on HI study between different drosophila species, Muller stressed the role of sex 

chromosome rather than autosomes in heterogametic hybrids as deleterious effects from HI loci 

on the sex chromosome was exposed without any alleles (Muller, 1942). In contrary, all autosome-

linked genes have homologous but heterospecific alleles. This explanation was referred to as X-
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autosome (X-A) imbalance model of Haldane’s rule, but contradictions were also found. In hybrid 

cross between a mutation stock of D. simulans female and D. melanogaster male, a few female F1 

hybrids bearing two maternal X chromosomes were relatively fertile whereas their heterogametic 

male siblings showed sterility even as the former genotype is more “X-A imbalanced” (Coyne, 

1989). After that, the X-A imbalance model was refined to solely explain the hybrid inviability, 

which is now known as dominance theory. It suggests that the HI loci were at least partially 

recessive and masked by their heterospecific alleles, whereas those on sex chromosome is 

unmasked in heterogametic hybrids (Turelli & Orr, 1995). 

Another support of Haldane’s rule in explaining hybrid sterility is the faster-male theory, which 

states hybrid male sterility loci tend to accumulate faster than those for hybrid female sterility or 

hybrid inviability (Charlesworth, Coyne, & Orr, 1993). Their evolution is accelerated by pre-

copulatory sexual selection and spermatogenesis, which can be easily disrupted. Even as the 

genetic mechanism underlying faster-male theory was not clear, it gained solid support from a 

genome-wide screening for HI factors between Drosophila species as number of introgression 

strains exhibiting for male sterility was significantly higher than those showing male inviability 

and female sterility (Masly & Presgraves, 2007). 

The second rule of speciation is called large X effect, which focuses on backcrossing hybrids 

bearing an isolated foreign chromosomal segment and an otherwise pure host genome. It states 

that substitution of X chromosome has disproportionately larger effect than substituted autosome 

of similar size. The rule was summarized based on the observation that interspecific exchange of 

X-linked loci was far less than autosomal loci (Coyne, 1989), but later challenged by Hollocher 

and Wu as their study showed similar hybrid inviability and sterility between homozygous 
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autosomal and hemizygous X-linked introgression lines  (Johnson, Perez, Cabot, Hollocher, & Wu, 

1992). Eventually, the problem was settled by genome-wide characterization of 142 introgression 

lines between Drosophila species as 60% of their X-linked introgression lines produced hybrid 

male sterility whereas only 18% autosomal strains did, with no significant difference between 

introgression sizes of two linkage groups (Masly & Presgraves, 2007). Their study also 

demonstrated that the proximate cause of large-X effect is that hybrid male sterility factors have a 

higher density on X chromosome than on the autosomes. 

 Caenorhabditis species as model organisms in HI study  

Hybrid incompatibility between Drosophila species have been intensively investigated as D. 

melanogaster and its relative species and subspecies have relatively small genomes and feasible 

for laboratory study. Thus, another multicellular model organism Caenorhabditis elegans and its 

sister species seem to be a feasible alternative.  

1.2.1 Introduction of Caenorhabditis species 

Caenorhabditis is a genus of nematodes under the family of Rhabditidae showing characteristics 

features of un-segmented, vermiform and bilaterally symmetrical body with about 1 mm in length. 

Its cuticle integument and fluid-filled pseudo coelomate cavity provides a transparent appearance, 

making it easy to observe mutation phenotypes and visible markers that are manifested inside its 

guts and reproductive gonads under compound microscope. Thus, the Caenorhabditis species have 

been accepted as a model organism that was intensively studied for a long time. The model species 

in Caenorhabditis genus, C. elegans is the first multicellular organism whose genome is 

completely sequenced (Equence, Iology, The, Consortium, & Consortium, 1998). The C. elegans 
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genome was assembled to five pairs of autosomes and one or two sex chromosomes, depending 

on the gender. Since then, many genetic tools have been invented for molecular and genetic study. 

In comparison Drosophila species, C. elegans has a faster evolutionary rate in most of genes based 

on taxonomic study on orthologous protein (Mushegian, Garey, Martin, & Liu, 1998). Its relative 

species C. briggsae has also been sequenced, making it a promising tool for comparative genomic 

study and evolution of nematodes (Stein et al., 2003). 

The Caenorhabditis species gain extra attention in evolution and genomic study since they 

developed hermaphroditism from ancestor species which was gonochoristic for at least three times, 

resulting in the speciation of hermaphroditic species involving C. elegans, C. briggsae, and C. 

tropicalis. As opposed to gonochoristc reproductive system that both male and female are required, 

the hermaphrodite has its germ cells undergo spermatogenesis during the fourth larval (L4) stage 

and later switched into oogenesis. Phylogenetic analysis and comparative genetics have shown 

that the reproductive mechanisms underlying C. elegans, C. briggsae and C. tropicalis involve 

different regulation pathways (Kiontke et al., 2004).  

1.2.2 Overview of C. elegans intraspecific HI study 

HI study of Caenorhbditis species used to be lagged far behind Drosophila species as C. elegans 

is only feasible for intraspecific HI study between strains. A pair of intraspecific closely-linked HI 

gemes were mapped on chromosome I of Bristol (N2) strain (Seidel et al., 2008) through hybrid 

cross between N2 and a population isolated in Hawaii. A minor intraspecific HI phenotype was 

observed in F2 hybrids that 25% progeny from selfing or sibling crossing of F1 hybrids were 

arrested in embryos. Further backcrossing and quantification of HI traits provided solid evidence 

that an interaction between the genotype of the zygote and a maternal or paternal effect was 
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involved. Mapping was performed through single nucleotide polymorphism (SNP) markers on 

recombinant inbreeding lines after 10 generations of sibling cross of hybrids from of the two C. 

elegans strains, which were scored for the hybrid embryonic lethality. Eventually, a pair of 

interacting genes zeel-1 and peel-1 were isolated. The follow-up suggested that peel-1 encoded a 

transmembrane protein toxin exclusively in spermatocytes that delivered to embryos, while 

expression of zeel-1 specifically in embryos functioned as an antidote that supress lethal effect 

from expression of peel-1 (Seidel et al., 2011). The successful mapping of zeel-1 and peel-1have 

been regarded as one of the greatest breakthrough in HI study of Caenorhabditis species and 

provided guidance to the mapping of another pair of HI genes sup-35/pha-1 that drives maternal-

effect lethality (Ben-David, Burga, & Kruglyak, 2017; Seidel et al., 2011). 

The bottleneck in studying HI between Caenorhabditis species was overcome by the discovery of 

C. nigoni (Woodruff et al., 2010) and a few new species. They were genotyped and classified to 

belong a monophyletic clade now known as Elegans supergroup (K. C. Kiontke et al., 2011). Most 

of them were scored of cross fertility by mating test (Figure 1-2). A comparative study through 

Caenorhabdtis genus revealed a divergence between gonochorisitc and androgynous species 

(LaMunyon & Ward, 1999). Taking C. briggsae and C. nigoni as an example, the difference in 

sperm sizes (18.7±0.8μm2 and 41.9±0.8μm2, respectively) and anisogamy index showing ratio 

between conspecific egg and sperms is really substantial  (Figure 1-3). However, these two species 

are still cross fertile and some hybrid embryos can be yielded, suggesting the difference in gamete 

sizes is not critical for reproduction isolation. Further study showed the interspecific mating leads 

to sterilization and accelerated motality of hermaphrodite by invasive C. nigoni sperms that can be 

observed in C. briggsae body cavity rather than conspecific sperms in spermatheca (Haag, 2014). 
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Figure 1-1. Diagram showing identification of intraspecific HI loci in C. elegans. 

Figures showing the identification of HI gene pairs peel-1/zeel-1 (top) and sup-35/pha-1 (bottom two) 

(Seidel et al., 2008; Ben-David, Burga, & Kruglyak, 2017), both requiring mapping and analysis of  

segregation pattern of HI phenotypes. 
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Figure 1-2. Schematics of cross fertility between species in Elegans supergroup. 

Cross fertility between known species of Elegans super group based on established works (Baird & Seibert, 

2013; Félix, Braendle, & Cutter, 2014; K. Kiontke et al., 2004). Yes, hybrid cross between the specific 

species pair can produce hybrid embyos; No, hybrid embryos cannot be yielded; ND, hybrid cross have not 

been proformed at the onset of this thesis. Note the cross fertility may be different between reciprocal 

crosses. 

 

Figure 1-3. Column plot showing the difference in egg/sperm volume ratio between androgynous 

(first three) and gonochoristic species.  

The figure is adapted from Vielle et al., 2016. Note that a cross fertile species pair C. briggsae and C. nigoni 

with significant difference in ansiogamy index are connected by lines.  



10 

 

1.2.3 Overview of interspecific HI study between Caenorhabdtis species 

HI study between C. briggsae and C. nigoni was pioneered by the Haag lab, focusing on F1 and 

some early backcrossing hybrids (Figure 1-4). The F1 hybrids agreed with Haldane’s rule that 

viability of male hybrids was dependent on hybrid cross directions while female hybrids from both 

directions are viable. For those male hybrid that are viable, they are sterile. The female hybrids 

were cross fertile with both parental species, but only BC2 embryos fathered by C. nigoni can 

hatch. The BC2 embryos fathered by C. briggsae exhibited almost 100% lethality, indicating to 

defects in embryogenesis. The backcrosses between BC2 female and parental species were tracked 

the transmission of chromosomes via mapping single nucleotide polymorphisms (SNP) loci, 

showing backcrossing with C. briggsae is almost impossible (Woodruff et al., 2010). 

Intraspecific variations in HI traits including brood size, survival rate and male ratio were revealed 

by study of Cutter’s lab by characerizing hybrids derived from reciprocal crosses of different 

combinations from eight and four C. briggsae and C. nigoni strains, respectively(Sp, Kozlowska, 

Ahmad, Jahesh, & Cutter, 2011). Despite the variations in HI traits that can be quantified, the 

hybrid male inviability and sterility that constructed the reproduction isolation between the two 

species was not changed in hybrids derived from all combinations. Their study attributed 

interaction between C. nigoni cytoplasm and homozygous copies of recessive C. briggsae HI loci 

to the causation of F2 hybrid breakdwon and inviability exhibited by other backcrossing hybrids 

fathered by C. briggsae. The conclusion seems to contradict with another project published in 2015. 

In this article, they claimed that a cytoplasmic hybrid (short for “cybrid”) strain VX0100 bearing 

C. briggsae genome and C. nigoni cytoplasmic can be obtained by repeated backcrossing hybrid 

female mothered by C. nigoni with C. briggsae male for 20 generations (Bundus, Alaei, & Cutter, 
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2015 and personal communication). The F2 hybrid breakdown did not produce any obstacles to 

the backcrossing process. Meanwhile, there is no descripition about when the cybrid line restored 

their self productivity as C. briggsae, which was never observed before and reproduced by other 

labs.  

It was about the same year that a gene cbr-him-8 was reported to rescue the inviability of F1 male 

fathered by C. nigoni (Ragavapuram, Hill, & Baird, 2015). However, it was argued to be an 

experimental error as the rescuing result is not reproducible (Ryan & Haag, 2017). The study of 

intraspecific HI in C. briggsae strains obtained some success in cytoplasmic-nuclear interactions 

(Chang, Rodriguez, & Ross, 2015), but one article stating leakge of paternal mitochondria was 

observed in some intermediate stages during bakcrossing was very dubious (Ross, Howe, 

Coleman-hulbert, Denver, & Estes, 2016).  

 

Figure 1-4. Asymmetric hybrid incompatibility in F1 (A-B) and BC2 (C-F) between C. briggsae and 

C. nigoni.  

The figures are adapted from Woodruff et al., 2010. Note that the names of worms and hybrids were 

different from what we use now. C. sp.9, the old name of C. nigoni.  
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Besides projects that forcused on F1 hybrids, an investigation on how C. briggsae introgressions 

function in an otherwise pure C. nigoni background was performed by Zhao’s lab (Bi et al., 2015), 

using green fluorescence protein (GFP) as chromosomal-integrated marker for tracking during 

introgressive backcrossing (Yan, Bi, Yin, & Zhao, 2012). The study was based on 111 

introgression lines that cover 80% of autosome and 95% of X chromosome in C. briggsae. 

Phenotypic characterization on a subset of obtained introgression lines provided a detailed HI 

landscape showing homozygous inviable regions on autosomes as well as intervals for male 

inviability and sterility loci on X chromosomes (Figure 1-5). However, no HI genes were identified. 

 
 

Figure 1-5. A genome-wide HI landscape between C. briggsae and C. nigoni based on 35 introgression 

lines with name indicated. 

The figure is adapted from Bi et al., 2015. Introgressions are drawn in scale as segments above their source 

C. briggsae chromosomes, and differentially color coded according to their HI phenotypes. Note the vertical 

lines against the chromosome axis indicate the physical locations of mapping loci. *, homozygous 

inviability was supported by failure to generate homozygotes for 5 times; #, not tested. 
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Another species pair for HI study is C. remanei/C. latens. These two species were once identified 

as geographcally isolated subspecies until high genetic divergence between the two species were 

revealed by nucleotide polymorphism of 20 X-linked loci (Dey, Jeon, Wang, & Cutter, 2012).  

Further fine-scale investigation in molecular signature of C. latens was performed by Cutter’s lab, 

positing that the speciation of the two species may be attributed to concatenated mutation of short 

insertion or deletion (Jovelin & Cutter, 2013). The score of HI traits showed an asymmetric HI 

pattern that F1 male hybrids derived from hybrid cross between C. latens male and C. remanei 

females are 95% sterile while those from the reciprocal cross are fertile (Dey, Jin, Chen, & Cutter, 

2014). What’s more, a significant reduction in embryonic lethality was scored in F2 as only 20 to 

25% embryos can hatch, dependent on the cross direction of F1 hybrid cross. Recently, a two-

locus X-autosome incompatible model was proposed in explanation of the defective gonad 

development in sterile F1 male based on the statistical analysis on segregation pattern (Bundus, 

Wang, & Cutter, 2018), but no HI loci have been mapped. Several statistical models were proposed 

in the same way to explain the F2 hybrid breakdown, but none of them showed a good fitness. 

They eventually attributed the embryonic lethality in F2 to a complex mechanism that diverse 

nuclear-nuclear incompatibilities, a mito-nuclear incompatibility, and maternal effects were 

involved. The attempts to isolate HI loci by introgressive backcrossing have not been performed 

at the onset of this thesis.  
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 Objectives 

We chose the cross fertile species pair C. briggsae and C. nigoni as model organisms for HI study. 

My objectives include: 

(1) Refine the genome-wide HI landscape which was obtained in my previous study by revised 

genetic methods and new introgression lines;  

(2) Investigate the HI mechanism underlying the male sterile introgression lines, and identify 

HI genes; 

(3) Identify HI loci that are responsible for producing asymmetric HI phenotypes in hybrids of 

F1 generation, F2 hybrid breakdown and HI traits in introgression lines. 
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Chapter 2.  

Genome-wide investigation on HI landscape between C. briggsae 

and C. nigoni based on introgression lines 

Abstract 

Study on interspecific hybrid incompatibility between C. briggsae and C. nigoni were performed 

in viable hybrids derived from introgressive backcrosses between hybrids and C. nigoni (Woodruff 

et al., 2010). With the help of fluorescence marker that randomly inserted to C. briggsae genome, 

we were able to construct a resource with hundreds of introgression lines to study how C. nigoni 

genome reacted to C. briggsae chromosome fragments. A draft of genome-wide HI landscape 

based on phenotype characterization and quantification on fitness of 111 introgression lines was 

obtained during my previous study, showing HI genes on most of C. briggsae genome are at least 

partially recessive in producing deleterious HI effects, and the X chromosome carries at least 2 

independent male sterile loci and two male inviable loci. The methodology and the genome-wide 

screening was already published(Bi et al., 2015; Yan et al., 2012). A follow-up study on previous 

results and on new introgressions to fill in the gaps of HI map provided some additional 

information and novel insights to the HI study between the two species. 
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 Introduction 

C. nigoni, previously identified as C. sp. 9, was identified 2010. Analysis on genome provided 

solid evidences that it is the closest relative species of C. briggsae in currently known Elegans 

superfamily, which is consistent with the laboratory work that hybrid cross between C. briggsae 

strain AF16 and C. nigoni strain JU1422 revealed a relatively minor hybrid incompatibility that 

female hybrids are viable and cross fertile (Woodruff et al., 2010; Baird & Seibert, 2013). In 

consistent with Haldane’s rule, the homogametic female hybrids can survive to adulthood and 

produce embryos after backcrossing with either parental species, whereas heterogametic male 

hybrids which inherited one maternal X chromosome exhibited a zero or smaller embryo-to-adult 

survival rate than their female siblings, depending on the maternal species. For simplicity, the 

direction of hybrid cross is indicated in parenthesis following “F1” and separated by a comma, the 

former for father/paternal species and the latter for mother/maternal species. The letter “b” and “n” 

are short for C. briggsae and C. nigoni, respectively. The zero viability of F1(n, b) male derived 

from C. nigoni father and C. briggsae mother was reported to be suppressed by cbr-him-8 

(Ragavapuram et al., 2015), but the obtained male hybrids were not genotyped and the observation 

was not reproducible (Ryan & Haag, 2017), leaving the problem of hybrid male inviability 

unsolved. Even as a handful of F1(b, n) male hybrid from cross between C. briggsae male and C. 

nigoni female can survive, they are 100% sterile, manifested by issues in male germline 

development.  

Fortunately, a proportion of backcrossing embryos derived from C nigoni male and female F1 

hybrids can hatch and survive to adulthood and so do hybrid progeny from following backcrossing, 

allowing us to identify intervals for HI genes on C. briggsae chromosomes. With the help of visible 
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reporters inserted via a modified transgenic method commonly used in C. elegans (Praitis, Casey, 

Collar, & Austin, 2001; Zhao et al., 2010), we were able to characterize the HI phenotypes 

produced by C. briggsae chromosome fragments obtained by homologous recombination during 

introgressive backcrossing in a genome-wide scale. The physical position and linkage of 

introgressions was determined by C. briggsae-specific PCR and Next Generation sequence (NGS), 

and became more and more accurate with the development in genome assembly of both species 

(Ross et al., 2011; Yan et al., 2012). Accompanied with phenotypic characterization on a subset of 

introgressions of chosen length and locations, an HI landscape between the two species was 

generated, revealing several HI loci C. briggsae X chromosome that can produce male inviability 

and sterility. 

However, the HI map still have some gaps to fill and some space to improve, which is the objective 

of the project described in this chapter.  

 

Figure 2-1. HI map showed the HI phenotypes of 20 X-linked introgressions (short for IR) especially 

in heterogametic male, adapted from published article (Bi et al., 2015).  

The C. briggsae introgressions are drawn as segments aligning to X chromosome, color-coded by black 

(male inviable), dark grey (male viable but sterile) and light grey (male fertile and homozygous viable). 

The shades mark the HI intervals based on contrast between introgressions with different HI phenotypes. 
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 Result 

The multistep routine is functional for follow-up HI study while some genetic complications 

need further attention.  

Our previous genome-wide screening based on 111 introgression lines left about 20% of C. 

briggsae autosomal genome uncovered. To fill these gaps, the routine steps including generating 

transgenic C. briggsae strains bearing visible markers, isolating C. briggsae chromosomal 

fragment by introgressive backcrossing, genotyping the introgression by PCR mapping, and 

characterize the introgression by HI phenotypes was set up for the second time, (Yan et al., 2012; 

Bi et al., 2015).  Up to year 2018, I generated and performed phenotypic characterization of 32 

new introgression lines, each bearing an RFP or GFP markers inserted by biolistic bombardment 

or MiniMos transposon method. The generation and genotyping of C. briggsae transgenic lines 

generated by MiniMos transposon method should be attributed to my colleague Ding Qiutao. The 

starting strains for backcrossing were specially selected according to the following criterion: the 

insertion site should be close to the region that were not covered in previous screening. It should 

be noted that I payed special attention to backcrossing of strains whose insertion sites are close to 

HI intervals, yielding several introgressions of different length and HI phenotypes. The 35 

introgression lines that were scored for HI phenotypes in previous screening were also double-

checked for their genotypes and phenotypes, and some lines that were not reproducible were 

excluded. Eventually, a refined HI map covering 99% of C. briggsae genome was generated based 

on 141 introgressions, suggesting our routine methods can serve our purpose for whole-genome 

coverage.  
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Figure 2-2. Physical map of transgene insertions (triangles) and chromosome fragments of C. briggsae 

introgressed in C. nigoni (black segments).  

Introgressions are depicted as horizontal segments in scale with their physical length (Mb) according to 

coordinates of C. briggsae genome “cb4”. The axes are marked in 5Mb scale. Linkage groups of 

introgressions are labeled on the bottom left corner of each panel with C. briggsae chromosome length 

(Mb) noted, separated by a slash. Mapping loci are plotted as white vertical segments in background against 

chromosome coordinates, respectively. Vector insertion sites are color-coded to indicate the transgenic 

methods, bombardment (white) and MiniMos (grey) respectively. The former is drawn at the midpoint of 

the shortest introgression obtained from each transgenic strain while other introgressions are not shown for 

simplicity.  
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As the introgression was generated by recombination between heterospecific chromosomes, it is 

of low possibility that the recombination occurred for two times in one meiosis process on the 

same chromosome, i.e. the introgression should be continuous. What’s more, the 15 generations 

of backcrossing hybrids bearing visible markers to C. nigoni is more than sufficient to get rid of 

all other C. briggsae chromosomal fragments that were not closely linked with marker. As single 

worm PCR using C. briggsae-specific primers on lysis of GFP-expressing worms is the main 

method to map introgression of interest, the mapping result should be consistent with the 

continuous introgression that all C. briggsae loci within the recombined introgression can be 

mapped while loci outside of introgression cannot. When these PCR products was loaded in 

1%TAE gel in the order of physical position of mapping loci, a “continuous” pattern of amplicons 

was expected. However, the expectation was occasionally contradicted by a dubiously “gapped” 

amplicon pattern in some introgression lines that one or a few loci cannot be mapped, which was 

observed as a gap between a series of adjacent loci. The gapped amplicon pattern suggests that 

corresponding C. briggsae chromosomal region is missing. My troubleshooting work attributed 

some of the gap issues to the design errors in single worm PCR as introgression length may be 

slightly different in a small population. Problems of such kind can be solved by following a 

modified protocol (See Material and methods of this chapter), or by using homogenous DNA 

extracted from a brood. I also found some gaps were due to errors in previous genome assembly 

known as “cb3”, which was simultaneously solved by relocation of dozens of mapping loci after 

the establishment of new version “cb4”(Ross et al., 2011). 

However, the refined assembly of C. briggsae genome is not the universal solution to all gap issues. 

For instance, a huge gap was found in three independent backcrossing lines that besides a C. 
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briggsae fragment from the right end of chromosome II, loci between 6.49 and 6.94Mb can also 

be mapped. As the three lines were generated from independent backcrossing lineages from 

different starting strains, it would be most unlikely to be the result of chromosome translocation. 

We performed NGS sequencing for one of them, ZZY10291, and found the aligning coverage of 

sequenced reads to C. briggsae genome quite agreed with the PCR mapping results (Figure 2-2). 

Similar dubious mapping showing an isolated fragment was also found in ZZY10065 by amplicons 

at 0.4Mb of chromosome I and at 0.1Mb of V respectively. The complication was partially resolved 

as coverage plot of NGS reads showed only one peak in V, but it did provide the wrong 

identification that the introgression is I-linked (Bi et al., 2015). As both PCR and NGS mapping 

are based on the genomic coordinates of C. briggsae genome database cb4, the isolated loci 

uncovered some errors in the assembly strategy. It is obvious that the algorithm is of low accuracy 

in assembling chromosome ends or regions bearing random repeats. Since discontinuous amplicon 

patterns were not observed during mapping of other introgressions covering suspect regions, it is 

highly possible that the primers of dubious mapping loci have other hits besides the unique one 

found in cb4. 
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Figure 2-3. Identification of “gapped” introgressions by PCR and NGS sequencing. 

A C. briggsae chromosomal fragment isolated from the introgression located on the right end of 

chromosome II was identified in multiple independent backcrossing lines, highlighted by white arrows. (A) 

Genetic map of three II-linked introgression lines based on PCR mapping of C. briggsae alleles is drawn 

in the same manner as Figure 2-2. (B) Validation of the “gapped” pattern in homozygous introgression line 

ZZY10291 (1st line in panel A) by coverage plot of NGS sequencing results. In alignment with C. briggsae 

chromosome II, the introgression were shown as coverage peaks (shaded in grey) that are at least 4 times 

higher than average. Reads coverage on other chromosomes can be found in supplementary file of published 

article (Bi et al., 2015).  
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Table 2-1. PCR mapping results of male inviable line ZZY10297 and male viable line ZZY10281 

obtained from backcrossing of RW20147 on 14 X-linked loci with physical coordinates labeled. “P” 

is for mapped loci (positive) and shaded grey, while “N” is for those that cannot be mapped (negative). 

Note that in male viable ZZY10281, some loci within the range of introgression cannot be mapped.  
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The deduction of cb4 assembly errors cannot explain the dubious mapping of ZZY10297 and 

ZZY10281, both of which were obtained from GFP-expressing strain RW20147 ( 

Table 2-1). PCR mapping provided us the idea that zzyIR10297 was a continuous X-linked 

introgression as 12 out of 14 adjacent loci located in the range of 19.0 to 21.4Mb on C. briggsae 

X can be mapped while the outmost two loci cannot. However, male worms hemizygous for 

zzyIR10297 can hardly survive, making it impossible to find out whether the transmission of 

introgression follows a sex-linked segregation pattern. As several X-linked introgressions that 

completely cover zzyIR10297 are male viable (Figure 2-1), the phenomenon was explained as a 

pair of closely linked HI gene and rescue loci on the right end of C. briggsae X (Bi et al., 2015). 

During the study of the male inviable line, a lineage exhibiting an increased male ratio was first 

observed in F18 with phenotype scored and genotype mapped in F20, ending up with isolation of 

stable introgression line ZZY10281. PCR mapping based on the same 14 X-linked loci suggested 

that ZZY10281 possessed a shorter introgression than ZZY10297 that only 6 of them can be 

mapped. However, these 6 loci were gapped by 6 loci from 3 groups that cannot be mapped, 

suggesting 4 isolated fragments from the right end of C. briggsae X chromosome.  

Besides the genotype, the HI phenotypes and segregation pattern of ZZY10281 also confused me. 

At the beginning, phenotype score suggested the newly obtained introgression line was low in GFP 

expression ratio, indicating that low frequency of worms inherited the GFP-flagged introgressions. 

The possibility that the low GFP ratio was due to introgression-produced lethality was ruled out 

as the embryo-to-adult survival rate would be expected to be less than 50%, while 74.2±4.7% was 

scored (Chi-square test, p < 0.001). After breeding for a few weeks, the GFP expression ratio was 

found significantly increased, but the fitness of GFP-expressing male and female were drastically 
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compromised (Figure 2-4).  

As X-linked loci were mapped in both ZZY10297 and the stabilized male viable line ZZY10281, 

the introgression zzyIR10281 was expected to be linked with C. nigoni X due to homologous 

recombination. However, phenotype score on progeny derived from cross of wild-type C. nigoni 

male and GFP-expressing female showed that around 50% of GFP-expressing progeny can be 

male, which is even higher than the male ratio scored from reciprocal cross. The presence of male 

worms that inherited a GFP-flagged introgression from their father did not agree with the sex-

linked segregation pattern that X-linked marker should be exclusively inherited by female. 

 

Figure 2-4. Quantification of HI traits on male viable introgression lines derived from ZZY10297. 

Large variation in HI effects from introgression is found between different timepoint in the male viable 

lines. (A) Column plot of GFP-expression ratio and embryo-to-adult survival rate indicating frequency of 

introgression-bearing worms and fitness, respectively. Both ratio were scored in progeny derived from cross 

of wild-type (“wt”) male and GFP-expressing heterozygous (“Hetero”) female. (B-C) Column plot of sex 

ratio in GFP-expressing progeny showing an autosome-linked rather than X-linked segregation pattern of 

the GFP-flagged introgression. 



25 

 

In order to validate the dubious mapping results and find an explanation to the segregation pattern 

of GFP-flagged introgression, we performed NGS sequencing for both ZZY10297 and ZZY10281 

using high-quality genome DNA extracted from heterozygous female worms. As both 

introgression lines possess an otherwise C. nigoni genome background, it is expected that the 

coverage of sequenced reads is high in alignment with most of C. nigoni chromosomes but low 

with C. briggsae. The pattern should be opposite in the regions that C. briggsae introgression 

replaced homologous regions. The NGS mapping result of ZZY10281 agreed with the 

discontinuous amplicon pattern of species-specific PCR that three separated regions within the 

range of 19.0 to 21.4Mb of C. briggsae X were lost in the genome (Figure 2-5, panel A). Since the 

discontinuous amplicon pattern can be reproduced using lysis from individuals of different 

backcrossing generations, the four C. briggsae fragments indicated by the 4 separated peaks in 

coverage plot should be physically linked together. The analysis of NGS sequence results in 

alignment with C. nigoni chromosomes suggested that zzyIR10281 was highly likely to translocate 

to chromosome II as coverage drop was found in the right end of C. nigoni II but not in X or other 

regions. From the other way around, the precursor introgression zzyIR10297 may not be physically 

linked with C. nigoni X as significant coverage drop in its counterpart on C. nigoni X. However, 

the coverage in the right end of C. nigoni II which was replaced by zzyIR10281 also showed no 

significant drop in comparison with average, suggesting that the non-homologous recombination 

did not occur in ZZY10297. In summary, zzyIR10281 was a reassembled segment from several 

regions of C. briggsae X whose translocation resulted in the loss of 1.5 Mb on the right C. nigoni 

II. 
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Figure 2-5. Dubious NGS mapping results of ZZY10281 (A) and ZZY10297 (B) in alignment with C. 

briggsae (left, “cb4”) and C. nigoni (right, “cn1”) genome. 

Chromosomal regions with significant increase or drop respectively indicating presence or absence of 

genomic reads that can be aligned to genome of corresponding species are shaded in grey. Coverage plot 

on other chromosomes are not shown for simplicity. (A) Coverage plot of male viable line ZZY10281 in 

aligning to chromosome II and X. Four discontinuous peaks (black arrowheads) indicate the introgression 

can only be aligned to separated regions on C. briggsae X. Meanwhile, we can only find a continuous 

coverage drop on the right end of C. nigoni Chromosome II (white arrowhead), indicating zzyIR10281 

translocated and replaced a 1.5Mb autosomal genome during backcrossing. (B) Coverage plot of male 

inviable line ZZY10297 as a related lineage with ZZY10281. Significant increase in coverage on the right 

end of C. briggsae X, which is consistent with continuous amplicon patterns in PCR mapping of zzyIR10297 

(not shown here). However, coverage drop is not observed in the counterpart on X or any genomic regions 

of C. nigoni. 
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We also made attempts to map the insertion site zzyIs20147 based on the sequencing result of 

ZZY10297, but cannot get a solid answer since C. briggsae genomic sequence on the reads that 

can be aligned the vector were short. Our best guess is that chromosome repair after bombardment 

integrated the vector with the right end of X in a wrong order, resulting in an unstable structure of 

the vector-linked chromosome fragment of C. briggsae X. After 15 generations of backcrossing, 

the obtained introgression zzyIR10297 was attached to an end of C. nigoni X as a tail and produced 

male inviability. The deduction of X-linkage but no replacement was based the lack of coverage 

drop in coverage plot when aligned with C. nigoni X. The rescue of male viability was attributed 

to the break of zzyIR10297 from C. nigoni X and the loss of 1.5Mb C. briggsae fragment, which 

decreased its HI effects. The shortened C. briggsae fragment coexisted with C. nigoni genome in 

a compatible way like extrachromosomal array for a period, which is consistence with by the low 

GFP-expression ratio, then eventually replaced the right arm of C. nigoni chromosome II. The 

non-homologous recombination severely compromised the viability of both male and female, 

manifested by a significant decrease of embryo-to-adult survival rate in comparison with the array-

like F20 hybrids. In order to find more information about the X chromosome of RW20147, we 

performed introgressive backcrossing for the second time, and were surprised to find the most 

obvious HI phenotypes of ZZY10297 and ZZY10281, especially male inviability and the 

autosome-linked pattern of male viable introgression, respectively, was reproducible. Both male 

inviable and viable lineages were isolated and named ZZY10270 and ZZY10269, respectively. 

PCR mapping suggested that male viable zzyIR10269 was slightly shorter than zzyIR10281 and 

the “gapped” absent amplicons were slightly different (1 out the 6 loci). The reproducible 

phenotype and discontinuous amplicon patterns supported the hypothesis that the structure of right 
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end of X chromosome was unstable and tended to reassemble, which was most likely to be the 

result of biolistic bombardment. The non-homologous recombination between GFP-flagged C. 

briggsae X and autosomes was also observed in another backcrossing lines from RW20143 

obtained from bombardment, but the linkage had not been identified. However, it was never 

observed in similar introgression study of fruit fly (Masly & Presgraves, 2007). 

Assisted by the newly developed molecular methods, I was able to find out some flaws in our 

routine investigation on HI study based on introgressive study. First, the genome assembly of both 

C. briggsae and C. nigoni are not perfect, which may provide us wrong information about the 

introgressed C. briggsae genome regions as well as the candidate HI genes. Second, the transgenic 

methods to insert vector in C. briggsae genome may bring unexpected complications like non-

homologous recombination between heterospecific chromosomes, which was identified for the 

first time in HI study of model organism. These finds suggest that we cannot put blind trust on the 

guidance from previous HI and genomic study, but combine them with phenotypic characterization.    

Suppression was observed in the recombination between chromosomes from different 

species, probably due to substantial sequence divergences. 

Even as the number of backcrossing generations was arbitrarily chosen based on similar 

approaches in intraspecific HI study using fruit fly (Masly & Presgraves, 2007), large C. briggsae 

introgressions (7.4±0.7Mb from C. briggsae X and 7.6±0.4Mb from autosomes, in the manner of 

average ± standard error) were obtained against C. nigoni background when compared to those 

isolated in D. sechellia (1.33±0.10 Mb from D. mauritiana X, 1.49±0.06 Mb from autosomes), 

suggesting recombination between chromosomes from two nematode species was relatively 

suppressed than fruit fly. An investigation tracking backcrossing of 12 independent C. briggsae 
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strains showed that the recombination between chromosomes from different species firstly 

occurred before F7, but not likely for the second time in the following generations of the same 

duration as introgression length did not change in 8 out of 12 lineages between F7 and F15 (Figure 

2-6). Recombination during further backcrossing was not completely silenced as 13 shortened 

cases were found out of the 27 lineages tracked in a follow-up study. 9 of them are X-linked 

introgression lines in which recombined foreign chromosome were usually indicated by changes 

in HI phenotypes which can be easily find out.  

Figure 2-6. Line plot describing 

the introgression length in 

proportion with linked C. briggsae 

chromosome in specifically F7 and 

F15 backcrossing hybrids.  

The proportion is calculated by 

dividing the introgression length 

mapped by C. briggsae-specific 

PCR with the length of C. briggsae 

chromosome flagged with the 

fluorescence marker. Different types 

of lines are used indicating the 

linkage groups, with starting strain 

name labeled.    
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Male inviability and sterility were exclusively observed when a relatively large introgression 

substituted counterpart of C. nigoni X. 

Even as introgressions of six linkage (I to V, X) showed no significant differences between each 

other (Single factor ANOVA, p = 0.26, F =1.28 <Fcrit), male inviability and sterility were only 

observed in X-linked introgression lines, which is consistent with the large X effect that 

substitution on sex chromosome had disproportionally higher impact than substitution on an 

autosome. However, the comparison is not strictly parallel as potential HI loci on autosomes may 

be masked by alleles while those on X chromosome are exposed in heterogametic male, making it 

easier to isolate male inviability and sterility loci on X than autosomes. A total of 57 introgressions 

were obtained from repeated backcrossing of 22 GFP or RFP-expressing lines which aggregated 

to cover the whole X chromosome. All introgressions were mapped and characterized for hybrid 

male viability and fertility, and a subset of them were chosen to systematically score their HI traits. 

Some introgression lines whose genotypes were dubious or not reproducible were assigned to 

different project and excluded from the study of HI landscape on X chromosome.  

Our follow-up investigation on introgression lines come up with a few nascent X-linked 

introgressions varying from 2.9 to 4.6Mb that are male fertile and homozygous viable. These 

newly generated introgression increased the homozygous viable coverage to 71% of C. briggsae 

X chromosome, suggesting substitution of C. nigoni alleles by C. briggsae counterparts on these 

regions is recessive in producing HI effects as an introgression. However, genomic regions that 

covered by these introgressions should not be simply excluded from HI study as they can provide 

reference to identification of other HI phenotypes. 

As opposed to the rest 44 male viable introgressions, a total of 13 X-linked introgressions were 
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deemed male inviable as there is no adult male worms hemizygous for a GFP or RFP-flagged 

introgression in these lines. PCR mapping suggested that these male inviable introgressions are 

relatively large (13.6±6.7Mb), making it hard to isolate or generate a candidate list of HI genes. 

Fortunately, male viable introgression lines can be occasionally isolated from male inviable lines 

during backcrossing, usually after F30, making is possible for me isolate two HI intervals (4.99 to 

5.04Mb; 19.85 to 21.54 Mb) on X chromosome based on difference between these introgressions. 

It should be noted that these intervals is deduced to contain some C. briggsae alleles that are loss 

of them can rescue male inviability in the particular lineage. Comparison between introgressions 

from different backcrossing lineages showed that some introgressions that completely cover the 

genomic regions of the deduced interval are male viable when they were obtained from other 

backcrossing lineages (Figure 2-7, panel A, drawn as grey segments), suggesting the C. briggsae 

alleles within the male inviable interval can also be masked or rescued by epistasis from some 

closely linked genes located on the male viable introgressions.  

Similar complications were not so common in isolation of male sterile intervals based on 19 male 

sterile and 14 male fertile introgression (Figure 2-7, panel B). Similar to male inviable intervals, 

we isolated two male sterile intervals that respectively located on center and right arm of X 

chromosomes (Figure 2-1). As opposed to the overlaps between male inviable intervals and male 

viable introgressions from different backcrossing lineages, the male sterility from center- and 

right-X interval were not masked by other X-linked genes with the increased number and coverage 

of male fertile introgressions. What’s more, the center-X interval was narrowed down to 3.5Mb 

by some male fertile introgressions derived from ZZY0789, making one-step further to isolate 

responsible gene from our established work. The only exception was found in introgressions from 
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ZZY0767 that the male sterile zzyIR10367 can be completely covered by a handful of male fertile 

introgressions from different lineages. Based on that, the male sterility produced by zzyIR10367 

was attributed to incorporation of several HI genes on this introgression. 

 

 

Figure 2-7. HI map of X-linked introgressions for deduction of male inviable interval (A) and male 

sterile intervals (B).  

Introgressions are drawn in the same manner as Figure 2-2, plotted against the genomic coordinates of C. 

briggsae X chromosome based on cbr4 assembly. Some introgressions are not shown here for simplicity. 
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The axes are marked by 5 Mb on top and mapping loci beneath. (A) Introgressions are color-coded by their 

male viability, red for male inviable introgressions and grey for male viable ones. Four HI intervals are 

deduced based on contrast between introgressions from the same transgenic C. briggsae strains but showing 

different male viability, highlighted by “*” and shaded boxes above the axis. The boundaries are marked 

by dashed lines. The established male inviable interval which was abovementioned in Figure 2-1 was not 

shown here as the introgression line involved was lost and not reproducible. Note that the HI interval for 

male inviability were completely covered by male viable introgressions from other backcrossing lineages. 

(B) Introgressions are color-coded by their male fertility, dark blue for male sterile introgressions and green 

for those that cannot infertile male. Three HI intervals are deduced based on contrast between introgressions 

and their male phenotypes, highlighted by “#” and shaded boxes above the axis. Introgressions that were 

chosen for further study have their introgression names indicated. Note that the leftmost HI interval marked 

by white “##” is based on zzyIR10367, which is fully covered by a handful of male fertile introgressions 

from other backcrossing lineages. In contrary, no introgressions that cover the second (center-X) or third 

(right-X) HI intervals have been found fertile, suggesting at least two different male sterility mechanisms 

are involved in X-linked male sterile loci. 

 

Figure 2-8. Boxplot showing difference in length between X-

linked male inviable (left) introgressions and male viable 

(right) ones, which are further characterized by fertility.  

Lengths of 11 male inviable introgressions, 19 male viable but 

sterile ones, and 15 male fertile ones obtained after at least 15 

generations of backcrossing are plotted from left to right. Note 

that male inviable introgressions are generally larger than either 

male sterile and male fertile ones (ANOVA single factor test, p 

<0.001, see supplements). 
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Recessive and dominant HI loci were found widespread in C. briggsae genome. 

In our previous screening, fitness and fertility traits were quantified in 35 autosome- or X-linked 

introgression lines to characterize how C. briggsae chromosomal fragments compromise the 

competiveness against natural selection, and a genome-wide HI landscape was generated (Figure 

1-5). However, some flaws in previous experimental design were revealed in the follow-up, 

underling the need to refine the HI map. Besides, some of the quantified traits were revisited and 

reconsidered to enhance our understanding of HI between the two species.  

The characterization of HI landscape was started by scoring 10 X-linked introgression lines, 7 

homozygous and 3 heterozygous which cover 100% of C. briggsae X in total (Figure 2-9). 

Quantification of fitness traits on these seven homozygous introgression lines uncovered the 

different HI effects suffered in ZZY10033 and ZZY10287 as the former solely exhibited reduction 

in embryo hatching rate but no significant decrease in embryo-to-adult survival rate, while the 

latter was just the opposite. These results revealed that different regions on the left arm of X 

chromosome (zzyIR10033, 0 to 2.37 Mb, X; zzyIR10287, 4.51 to 6.75Mb, X) compromised fitness 

in different developing stages. Quantification on fertility traits showed that all scored homozygous 

lines have a significantly decreased brood size, suggesting HI effect in oocyte or sperm production 

or dysfunction in fertilization. Male ratio was significantly decreased in ZZY10293 and ZZY10320, 

indicating that their C. briggsae introgressions (zzyIR10293, 0 to 5.19Mb; zzyIR10320, 4.51 to 

5.51Mb, X) disproportionally decreased survival rate of male than female. Score for male inviable 

or sterile introgressions was performed in progeny derived from crossing between C. nigoni male 

and heterozygous female as they are spontaneously homozygous inviable. Under the assumption 

that X chromosomes segregated randomly in heterozygous female, the frequency of introgression-
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bearing progeny and wild-type should be equal in both male and female, each occupying 25% of 

progeny. In assuming that introgression-bearing male suffered unmasked HI effects from 

hemizygous C. briggsae alleles on X, the threshold values for hatching rate and survival rate was 

set by 25% subtraction from wild-type, which were 69% and 57%, respectively. No deviations 

were found in four scored introgression lines (Chi-square test, p > 0.05), rejecting the null 

hypothesis that fitness of heterozygous female were also compromised. Meanwhile, the brood size 

of ZZY10330 and ZZY10335 were found significantly smaller than wild-type, indicating the 

average amount of oocyte produced by heterozygous female is reduced by introgressions from 

center and right arm of C. briggsae X. As GFP expression ratio was scored in adult, any deviation 

from 50% are indicative to the decreased survival rate comparing with wild-type siblings produced 

by C. briggsae alleles which are hemizygous in male and heterozygous in female. Our score 

showed significant deviation in GFP expression ratio in male (Chi-square test, p < 0.01), revealing 

the fact that male viability is compromised in all three homozygous inviable lines, but only reduced 

to zero when genomic regions was replaced by zzyIR10335 (4.24 to 21.54Mb, X).  

 
 

Figure 2-9. Map of introgressions that were scored for systemic quantification of HI traits.  

The axis is marked in 5Mb scale. Introgressions are color-coded by homozygous viability, green for 

obtained homozygous lines and black for homozygous inviable lines. From top to bottom: 10033, 10036, 

10293, 10320, 10287, 10295, 10289, 10330, 10307, 10335. Prefixes for introgressions are not recorded for 

simplicity.  
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Figure 2-10. Quantification of X-linked introgression lines. 

All panels are plotted from left to right according to the order of Figure 2-9. (A) Column plot showing 

percentages of embryo hatching rate (dark grey), embryo-to-adult survival rate (light blue) and average 

embryo production (white) of scored homozygous viable and inviable lines. Cross setup are labeled in 

column plot by “Homo x Homo” and “wt x Hetero” for inbreeding of homozygotes and cross between 

JU1421 male and heterozygous female, respectively. Significant decrease in either quantitative traits in 

comparison with wild-type JU1421 (Student t test, p < 0.05) are marked by one or more stars. Note that 

Chi-square test are used for homozygous inviable lines to score for deviations from 69% and 57% 

respectively for hatching rate and embryo-to-adult survival rate, but no significant deviations are found. 

The threshold values are calculated in assuming that all male hemizygous for introgression (25% of all 

progeny) are dead. (B) Column plot of male ratio in GFP-expressing progeny showed that significant 

difference of two homozygous lines in comparison with wild-type. (C) Column plot of GFP-expression 

ratio in heterogametic male (dark green) and homogametic female (light green), respectively, revealed that 

survival rate of introgression-bearing male is decreased in comparison with their wild-type sibling.  
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Due to the difference in segregation frequency, it is much harder to obtain homozygotes in 

autosome-linked introgression lines than X-linked lines, even as male sterility or inviability were 

never observed in autosome-linked lines. The refined HI map of autosomes was based on 

characterization of 16 introgression lines covering 85% of autosomes as those showing dubious 

mapping results and linkage are excluded (Figure 2-11). Besides the 8 obtained homozygous 

introgression lines that cover 30% of autosomal regions, the score for homozygous viability in the 

rest of genomic regions is based on GFP expression ratio in progeny derived from crossing of male 

and female worms that are both heterozygous for the GFP-linked introgression. Under the 

assumption of random segregation, the progeny is expected to be consisted of 25% of homozygotes, 

50% of heterozygotes and 25% of wild-type as JU1421, exhibited as 25%+50% = 75% GFP 

expression ratio. If the scored introgression contains recessive HI loci that homozygosity would 

produce lethality, the threshold value for GFP expression ratio is expected to be 25% / (50%+25%) 

= 67%. Of all 8 heterozygous introgression lines, only ZZY10018 exhibited significantly smaller 

GFP expression ratio (26.8±4.6% in male and 59.2±5.9% in female), suggesting dominant lethal 

effects from the right arm of C. briggsae chromosome IV where zzyIR10018 (11.52 to 17.49Mb, 

IV) located (Figure 2-11, panel A and C). As the rest of the scored heterozygous introgression 

lines that covered 48% of genomic regions of autosomes showed no significant deviation from 67% 

in both male and female, it is highly likely that worms bearing homozygous introgressions that 

completely replaced C. nigoni counterpart can survive, even as we failed to obtain homozygous 

lines that can propagate.  
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Figure 2-11. HI map for homozygous viability of C. briggsae autosomal regions in C. nigoni. 

The score for homozygous viability is based on GFP expression ratio separately in male and female (A) 

and quantified fitness and fertility traits (B). Significant deviations threshold values are marked († for p < 

0.05 and †† for p < 0.01), and so is difference from control group (JU1421) in brood size (* for p <0.05 

and ** for p<0.01). (A) The dashed line marked the threshold 67% under the assumptions that all 

homozygotes were killed by recessive HI loci. (B) Threshold value for embryo hatching rate and survival 

rate is 67% or 57%, respectively. (C) HI map showing homozygosity viability of C. briggsae autosomes as 

an introgression. Introgressions that showed significant deviations in GFP expression ratio and survival rate 

are color-coded by red and orange, respectively, with their name indicated. The others are categorized by 

whether homozygous introgression lines were already obtained or not, color-coded by dark and light green 
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Quantification of fitness traits shed some light on the mechanism that prevent us from getting 

homozygotes. Under the assumption that all homozygous progeny was dead, the score for fitness 

traits in progeny from heterozygote cross was tested for deviation from 67% or 57% for hatching 

rate and survival rate, respectively. Marked by red crosses (Figure 2-11, panel B), significant 

deviations from expected threshold were found in both hatching rate and survival rate in score of 

ZZY10051, suggesting its large introgression zzyIR10051 (4.54 to 14.98Mb, I) increased the 

proportion of dead embryo rather than arrested or dead larvae as the decrease in hatching rate also 

contributed to drop in survival rate. ZZY10351 and ZZY10030 showed a different pattern from 

ZZY10051 as significant deviation from expect was found in survival rate but not hatching rate, 

suggesting their introgressions (zzyIR10351,0 to 10.16Mb, II; zzyIR10030, 1.59 to 8.90 Mb, III) 

produced at least partially dominant HI effects specifically interfered post-embryogenesis. The 

reason that these three introgression lines showed no significant deviations from threshold in GFP-

expression ratio was attributed to compromised fitness of wild-type progeny, which suggests a 

parent-of-origin pattern. The fertility of 5 out of 8 scored heterozygous lines were found 

comparable or even significantly larger than wild-type control group, suggesting most C. briggsae 

alleles on autosomes are not dominant in compromising fertility, but also produce some hybrid 

superior traits.  

Quantification of HI traits in homozygous introgression lines revealed a generally compromised 

pattern that embryo hatching rate, survival rate and brood size are reduced in seven out of eight 

scored lines when compared to wild-type JU1421 (Figure 2-12, panel A), suggesting widespread 

recessive HI effects from these homozygous viable regions (Figure 2-11, panel A). Male 

homozygous for the introgression had their fitness compromised in a relatively larger scale than 
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female in ZZY10292 (7.98 to 13.34Mb, III), ZZY10065 (0 to 0.35Mb, V) and ZZY10288 (3.50 to 

7.75Mb, V) as male ratio of these three lines were significantly decreased.  

 

Figure 2-12. Quantification of 8 

homozygous introgression lines. 

(A) Column plot showing fitness and 

fertility traits. Significant difference 

from control group (JU1421) are 

marked (* for p <0.05 and ** for 

p<0.01). (B) Column plot showing 

male ratio with significant difference 

from control group are marked. 
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 Discussion 

The accuracy of HI landscape between the two species can be improved with the progress of 

genome assembly of both species 

In year 2010 when I started the systematic characterization for the first time, the C. briggsae 

genome assembly “cb4” had not been established. The previous “cb3” had some flaws that led to 

different kinds of experimental design errors, including dubious specificity of mapping primers, 

multiple hits and misassembly such as put sequence reads on X chromosome to II. The update of 

genome database assisted me in correcting most of these errors, but some still exist, leaving “gaps” 

and multi-linkage issues in our PCR mapping, costing us time and effort to find a reasonable 

answer. Even with the help of NGS sequencing, some of the uncovered problems still cannot be 

fixed. Our study provides a new avenue for studying interspecific hybrid incompatibilities between 

the two nematode species as it is the first time that C. briggsae genome regions are dissected in 

small scale and studied. However, the accuracy of HI map can still be improved.  

Hybrid male inviable alleles are mostly recessive on X but more likely to be dominant on 

autosome, in particular the piRNA-rich region. 

In our established work, we identified two genomic intervals (14.07 to 15.11Mb and 19.07 to 19.43 

Mb, X) on right arm of X chromosome based on contrast of introgression lines from RW20147 

and RW20137, respectively. The deduction was based on the DMI model that the introgressed C. 

briggsae genome fragment contained some epistatic X-linked HI loci that produced lethality in 

heterogametic male, and C. briggsae alleles on X may not be properly silenced in C. nigoni 

background. In order to explain the contradiction between the rightmost interval with male viable 
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introgression zzyIR10330, we even proposed a theory that zzyIR10330 carried a potential 

suppressor for zzyIR10297, which was rejected by analysis based on NGS sequencing. What’s 

more, the male inviable introgression zzyIR10300  critical for the deduction of the male inviable 

interval were suddenly lost and cannot be recovered from frozen stock, casting doubts on the 

possibility that it also had some unclear chromosome translocation. In order to solve the problem, 

MiniMos which was known to produce less complication to the integrated genome were used to 

generate a few C. briggsae strains that transgenic insertion sites were close to these regions. Our 

previous model failed to explain the nascent male viable introgressions that covered either or both 

deduced intervals. From the other way around, several new regions were mapped based on the 

contrast between the newly obtained male viable and inviable introgression lines, which also 

showed contradiction with introgressions from other backcrossing lineages. Taken all together, the 

male inviability produced by X-linked introgressions should not be attributed to single epistatic 

loci, but rather a coordination of multiple C. briggsae alleles dispersed through the introgression. 

As comparative genome study recently revealed significant divergence in transposon patterns, 

previous conclusion based on C. elegans should not be directly extended to HI study between C. 

briggsae and C. nigoni. For example, the role of lost C. nigoni alleles on X chromosome should 

not be underestimated.  

As it is hard to reveal inviability of male and female homozygous for autosome-linked 

introgressions, we can only make some guess for those that shown dominant lethal effects in 

heterozygotes, ZZY10018 in particular. Based on the quantification of HI traits, it is clear that 

male bearing a zzyIR10018 was more vulnerable to the lethality as only the GFP expression ratio 

in male is only half of that in female (27% and 59%, respectively). The significantly deviated ratio 
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indicated the survival rate is about 16.7% and 75% in male and female, respectively, under the 

assumption that all homozygotes are dead. The result is somehow consistent with the Haldane’s 

rule. It is now known that the right end of chromosome IV was high in piRNA frequency that 

regulate the expression pattern of transposons. A reasonable guess is that the misregulation by C. 

briggsae alleles on zzyIR10018 made the major contribution to the compromised fitness of worms. 

Multiple DMI models are involved in male inviability sterility produced by C. briggsae X 

fragment, consistent to Haldane’s rule. 

According to the Dobzhansky-Muller incompatibility model, HI effects were most likely to be 

produced by incompatible interaction between loci from different species (Muller, 1942). The 

phenomena were observed in several introgression lines that were involved in the identification of 

male inviability and sterility loci. Our complication in mapping male inviable loci is that no regions 

on X chromosome carry a potent locus that any introgression lines covering it would produce male 

inviability. A plausible explanation is that the lethality was produced by interaction between 

several loci on the introgression and the rest C. nigoni genome. All the C. briggsae HI loci involved 

are recessive in producing HI effects with C. nigoni background. As the male inviability/rescuing 

was observed in several independent backcrossing lineages (Figure 2-7, panel A) the recessive loci 

are pervasively distributed in X chromosome of C. briggsae. Even as the two deduced interval 

responsible for male sterility show an epistasis to any other genes on C. briggsae X chromosome, 

the presence of two non-overlapping loci are strong evidence that at least two different DMI 

pathways between C. briggsae introgressions and C. nigoni can produce male sterility that is 

crucial for hybrid incompatibility and speciation between the two species.   
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 Material and methods 

2.4.1 Transgenic insertion of visible markers in C. briggsae genome  

Worms: C. briggsae mutant strain RW20000 homozygous for cbr-unc-119 (st20000), III 

deletion(Zhao et al., 2010) was used for bombardment. As a negative selector, mutation in 

RW20000 prevent production of protein UNC-119, resulting in obvious issues in movement 

attributed to malfunctioned muscular system. Wild-type strain AF16 was used as for MiniMos 

method. 

Vectors: Plasmid pZZ0031 consisting of cbr-unc-119 rescuing fragment as a selection marker for 

bombardment. The rescuing sequence is linked with a pharyngeal specific promoter from cbr-myo-

2 fused with GFP-coding sequence as a tracer to C. briggsae genome. Integrated transgenic lines 

are expected to 100% recover free mobility and express bright GFP in the pharynx under a stereo 

fluorescence microscope. Details of vector construction were published (Yan et al., 2012). 

Maintenance: 1.5% nematode growth medium (NGM) is used as the solid media for growth of 

OP50 E. coli in sterilized petri dishes.  Limited bacterial lawns with appropriate area and thickness 

are adjusted by spread method and incubation time to meet the requirements for breeding worms 

and observation. Worms are incubated in 25 degrees Celsius with ventilation. 

Biolistic bombardment: The microparticle bombardment was performed using the device of 

Biolistic®  PDS-1000/He Particle Delivery System under 1350 Psi adjusted by rupture discs. We 

strictly followed the protocol summarized by Priess Lab (Praitis, Casey, Collar, & Austin, 2001). 

Worms were transferred to around 100 NGM plates with full coverage of OP50 after bombardment 

after 3 hours’ recovery. 
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MiniMos insertion method: A modified Mos transposon carrying fluorescence protein-coding 

sequence were inserted to arms of reproductive gonad of C. briggsae young adult hermaphrodite 

with co-injection markers as indicator of extrachromosomal array. The protocol was basically a 

modified version that published in Nature Methods but negative selection based on peel-1 was not 

used (Frokjaer-Jensen et al., 2014). 

Screening for stable integration lines:  NGM plates containing bombardment-treated worms were 

checked after 2-week incubation for free mobility and fluorescence expression. Each plate can 

yield at most one independent transgenic line. Lineages with free mobility as wild-type and 100% 

stable fluorescence expression in pharynx for at least 2 generations were regarded as homozygous 

transgenic strains bearing chromosomally integrated vectors. They were named after prefix ZZY 

and stored in -80°C refrigerator. If C. briggsae lineage homogenous for recovered mobility and 

fluorescence expression cannot be observed after screening for 4 generations, the lineage is 

regarded as extrachromosomal array and discarded. 

2.4.2 Introgressive backcrossing C. briggsae with C. nigoni   

C. briggsae wild isolate: strain AF16 was heat-shocked to generate males for inbreeding and 

generating fluorescence-expressing transgenic males for following backcrossing. Genome of 

AF16 was assembled and annotated (Stein et al., 2003). The most recent assembly WS225/cb4 can 

be found on NCBI (Ross et al., 2011).  

C. briggsae transgenic strains: ZZY0010 – 0066, a series of strains homozygous for visible vector 

pZZ0031 that chromosomally integrated in RW20000 genome were used as the starting strain for 

introgressive backcrossing. Homogeneous and stable GFP can be observed in pharynx of C. 

briggsae and C. nigoni bearing an introgression that physically linked with the vector under 
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explosion of 488nm blue light. Another group of C. briggsae transgenic strains integrations of cbr-

myo-2::GFP and cbr-his-72::mcherry with prefix RW acquired by my supervisor Prof. Zhao 

Zhongying using the same bombardment protocol years ago were also used. 

Backcrossing C. nigoni strain: JU1421, an inbred derivative of JU1325, C. nigoni provided by 

Asher D. Cutter from University of Toronto was used as the backcrossing species.  

Maintenance:  All C. briggsae and C. nigoni strains as well as their hybrids are incubated in 25 °C 

with ventilation.  

Backcrossing: Fluorescence-expressing C. briggsae male worms heterozygous for the GFP- or 

RFP-coding sequence were isolated with L4 stage C. nigoni female to generate a handful of hybrid 

progeny. These F1 female hybrids referred to as F1(b, n) with fluorescence marker were 

backcrossed with C. nigoni, yielding dozens of BC2 hybrids. Male hybrids were preferred in  

backcross with C. nigoni female in the following steps and duplicate lineages were maintained. In 

some cases that male hybrids with fluorescence expression were not feasible as a result of hybrid 

inviability, sterility, or sex-linked segregation of vectors which were integrated with X 

chromosome, female hybrids were used instead.  

Nomenclature of C. nigoni introgression lines: Each introgression line was given a 5-digit serial 

number with the prefix ZZY-. For cross-reference, introgression lines from backcrossing C. 

briggsae strain ZZY0010 to ZZY0066 were named ZZY10010 to ZZY10066 following the order 

of strain generation. Those from RW20101 to RW20156 were named after ZZY10301 to 

ZZY10356 in the same manner. If multiple lines with a different length of introgressions were 

maintained in the study, the first generation would be named in the same manner as previously 
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described, while the others will be named based on the sequence and the number of generations. 

The introgressed C. briggsae fragments were named following the nomenclature guidelines of 

wormbase. For example, the first introgression line obtained from RW20101 is named ZZY10301 

with the introgression zzyIR10301(X, RW20101>JU1421). Details in parenthesis may have been 

left out for simplicity in some cases.  

Genotyping: Based on genomic divergence between C. briggsae and C. nigoni, two methods were 

used to map introgressions. 

(1) Next generation sequencing (NGS) by Illumina Miseq platform was used for detailed and 

precise mapping a certain number of introgressions that specifically attracted our interest. 

The time-consuming preparation of homogeneous DNA sample and the price of kit prevent 

it from massive use. Sequencing libraries for C. briggsae (AF16), C. nigoni (JU1421) and 

a subset of introgression lines (DNA extracted from populations of 8 homozygous line and 

3 heterozygous lines) were constructed using an Illumina Nextera®  XT DNA Sample 

Preparation Kit. Approximately 4 million paired-end reads per sample were produced, 

normalized by the total bases sequenced, and were then aligned against the reference 

sequence which was a combination of the C. briggsae genome “cb4” and C. nigoni contigs 

(Kumar, Koutsovoulos, Kaur, & Blaxter, 2012) using Bowtie 2 (version 2.1.0)  in 

“sensitive-local” mode to find the best alignment positions in the two genomes. The 

average coverage of the “cb4” genome was calculated in a 10-kb window and plotted 

against C. briggsae chromosomal coordinates using the R package. The regions with a five-

fold higher coverage than those of its flanking regions were assumed to be caused by 

insertion of the C. briggsae fragment into the C. nigoni genome. The NGS sequencing 
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worked not so well in heterozygous lines as it is was hard to find the high-fold regions that 

was masked by the heterozygous C. nigoni genome.  

(2) Single-worm PCR mapping was the mostly commonly used in our project for their 

simplified preparation of low-concentration DNA sample from lysis of a small number of 

worms. In fact, lysis from one worm is sufficient for PCR mapping of 4 loci. Primers were 

designed to specifically bind to the least conservative C. briggsae genomic regions 

compared to C. nigoni, which were filtered firstly using UCSC genome browsers, 959-

nematode server (Blaxter, personal communication) and later BLAST/BLAT search tool 

of wormbase after the establishment of genome assembly nigoni.pc_2016.07.14 (Yin et al., 

2018). Specificity of primers was double-checked by aligning sequence of expected PCR 

product produced by Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/) against C. nigoni 

genome to exclude those with high similarity on both ends of product in case of non-

specific binding of primers. Templates from C. briggsae and C. nigoni DNA were pre-

tested before and frequently used in mapping of introgressions as positive and negative 

control, respectively. The systematic PCR mapping is consisted of preliminary mapping 

using fluorescence-expressing F5 hybrids for 3 loci for each chromosome, and high-

resolution mapping on C. nigoni hybrid lines bearing homogeneous introgressions. List of 

C. briggsae-specific primer used for genotyping based on cb4 genome assembly can be 

found in https://doi.org/10.1371/journal.pgen.1004993.s010. 

2.4.3 Score HI phenotypes in introgression lines  

Worms: In order to genome-wide characterize HI effects produced by C. briggsae chromosome 

fragments functions in an otherwise C. nigoni background, a subset of lines were chosen for best 

http://bioinfo.ut.ee/primer3-0.4.0/
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coverage of the C. briggsae genome. At least 3 independent introgressions were chosen on each 

arm and center region of each chromosome along the genome with appropriate length. Details of 

characterized introgression lines can be found in supplements. JU1421, C. nigoni were used as 

control group for comparison. 

HI phenotypes: A target introgression was scored for homozygous viability and GFP-expression 

ratio, male fertility, embryonic lethality and larval arrest, male ratio and brood size to characterize 

the HI effect it produces, collectively referred to as HI phenotypes or traits. Quantification of HI 

phenotypes (all except male inviability and sterility) was based on at least 3 replicates with more 

than 150 counts for calculation of mean and standard deviation. Parallel comparison can only be 

performed between introgressions scored under same crossing setup.  

(1) Homozygous viability and GFP-expression ratio were scored to characterize whether 

complete substitution by homozygous C. briggsae introgressions in an otherwise C. nigoni 

background would compromise the hybrid fitness whereas the C. nigoni alleles located on 

the counterparts were lost. For introgressions that contain recessive HI loci, aggravated 

lethality and sterility may be unmasked in homozygous lines as opposed to heterozygous 

lines in which a haploid of C. nigoni genome remained complete. A certain introgression 

was defined as homozygous viable when a homozygous line can be obtained and bred as 

many generations as we can, demonstrating that both viability and fertility of male and 

female are somewhat maintained. The GFP-expression ratio is used to score whether fitness 

of hybrids heterozygous for a target introgression was compromised under the assumption 

that all hybrid homozygous for the introgression were dead. The threshold is 66.7% for 

progeny derived from father and mother both heterozygous for the same autosome-linked 
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introgression, and 50% in female progeny derived from female heterozygous for an X-

linked introgression after mated by wild-type C. nigoni male. IF the ratio scored was 

significantly smaller than the threshold, it is highly likely that the introgression contained 

a dominant HI locus that can reduce the survival rate.  

(2) Male viability is a qualitative trait of introgression, defined as whether or not few male C. 

nigoni bearing the target introgression can survive to adult. It was scored by the presence 

of dozens of male adult with fluorescence expression indicative to the presence of C. 

briggsae introgression. Otherwise the introgression was described as male inviable for 

producing male inviability. This trait is specially scored in male hemizygous for an X-

linked introgression. 

(3) Male fertility is a qualitative trait defined as the ability of male bearing a target 

introgression to fertilize oocytes from female or hermaphrodite. It was scored by the 

presence of embryos after a 24-hour isolation of five (at least) wild-type L4 stage female 

C. nigoni with five male adults with fluorescence expression indicative to the presence of 

C. briggsae introgression with. Otherwise the introgression was described as male sterile 

for producing male sterility. This trait is specially scored in male hemizygous for an X-

linked introgression.  

(4) Embryo hatching rate and embryo-to-adult survival rate are used to quantify compromised 

fitness in different developing stages. They were determined as the proportion of hatching 

embryos and adults out of embryos demonstrate the ability to overcome HI lethality or 

arrest during embryogenesis and larval stage under a certain cross setup, respectively. 

(5) Male ratio is scored in both wild-type and GFP-expressing progeny derived from cross of 
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male and female heterozygous for introgression as an indirect parameter showing whether 

male suffer exponentially severe HI effect in comparison with female. 

(6) Brood size is the number of embryos laid by a target female in her whole lifespan after 

fertilized by a specific male, wild-type or bearing an introgression.  
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Chapter 3. RNA-seq analysis of male sterility produced by two 

independent X-linked introgression 

Abstract 

In our previous genome-wide screening for phenotyping introgression lines to reveal the HI effects 

produced by introgressed C. briggsae chromosome fragment in an otherwise C. nigoni genome, 

two genomic intervals were isolated in the center and right arm of C. briggsae X chromosome 

based on physical positions male sterile introgressions and their contrast with male fertile ones. In 

order to decipher the mechanism underlying the male sterility, we focused on characterizing two 

non-overlapping introgressions, zzyIR10307 covering the center-X interval and zzyIR10330 

covering the right-X interval by morphology of male gonad and analysis on gene expression. We 

are surprised to find that the sterility in male from ZZY10307 and ZZY10330 were mostly 

attributed to defective sperms. Analysis on gene expression pattern suggested that only a small 

proportion of spermatogenesis genes which are enriched on autosomes and transposable elements 

are downregulated in sterile male when compared to wild-type C. nigoni male. Most of the RNA-

seq results and analysis in this chapter have been published online (Li et al., 2016) 
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 Introduction 

The sex of Caenorhabditis species is determined by number of X chromosome, two for 

female/hermaphrodite and one for male. The sex-determining mechanism caused an “imbalance” 

in dose of X chromosomes between the heterogametic and homogametic sex as they require 

relatively equivalent levels of X-chromosome gene products. Based on genetic study of C. elegans, 

the homogametic sex keeps both X chromosome active but suppress the expression levels of genes 

from each X chromosome by half (Meyer & Casson, 1986).  

Another problem caused by the difference in X chromosomes is that male is hemizygous for all 

X-linked genes that any changes or mutations on them do not have alleles to mask. In consistence 

with that, our genome-wide characterization showed that male sterility was exclusively observed 

in C. nigoni lines hemizygous for an X-chromosome fragment from C. briggsae but not in those 

heterozygous for an autosome-linked introgression, which is consistent with the empirical rule 

known as large-X effect. However, the bias in male fertility between X- and autosome-linked 

introgression groups seems to be contradictory with expression and genetic analyses in nematode. 

For starting, the study on C. elegans suggested that genes involved in spermatogenesis are enriched 

on the autosomes but depleted on the X (Reinke, San Gil, Ward, & Kazmer, 2004).  Moreover, 

gene transcription are enriched on autosomes but depleted on X in male germline, supported by 

the pattern of histone markers indicative to transcription activity (Kelly et al., 2002; Schaner & 

Kelly, 2006). These observations provided supports to a hypothesis that was known as X 

demasculinization (Wu & Xu, 2003). To solve the contradiction, we proposed a theory that a X-

autosome interaction were crucial to maintain a correct expression ratio between X chromosome 

and autosomes for male fertility, which was interfered in male genome that a relatively large 
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proportion of X was substituted by homologous region from another species. If this is the case, the 

gene expression levels in male worms bearing a male sterile introgression would show significant 

deviation from the wild-type. Similar expression analyses in Drosophila hybrid lines bearing a 

foreign introgression confirmed that of testis genes that located on autosomes were more likely to 

misexpress than those on the X (Lu et al., 2010). 

Recent HI study raised the importance of transposable elements (TEs) in compromising fitness 

and fertility of hybrids (Masly, Jones, Noor, Locke, & Orr, 2006). When introduced into a new 

host genome, it is possible that the transposons got desilenced due to the lack of species-specific 

control mechanism and integrated into the host genome, leading to a severe interference to the 

gene expression in embryos and germline. The TE mobilizations have been observed in hybrids 

between D. melanogaster and D. simulans (Vieira, Lepetit, Dumont, & Biémont, 1999), leading 

to the identification of Hmr and Lhr responsible for hybrid lethality (Brideau et al., 2006). 

Revealed by analysis of RNA sequencing, Hmr and Lhr are crucial for regulating transcription 

from satellite DNAs and many families of TEs (Satyaki et al., 2014). It was in recent years that 

Piwi-interacting RNA, short for piRNA, caught our attention as they are not only involved in the 

epigenetic and post-transcriptional silencing of transposons, but was also confirmed to regulate 

other genetic elements in germ line cells  (Castañeda, Genzor, & Bortvin, 2011). The piRNA 

population in a host genome rapidly evolved as invaded foreign TE would trigger generation of 

new piRNA clusters, leading to production of piRNA and other small RNAs to silence these 

foreign genetic materials (Senti, Jurczak, Sachidanandam, & Brennecke, 2015; Shpiz, Ryazansky, 

Olovnikov, Abramov, & Kalmykova, 2014).  It was confirmed in the study of intraspecific hybrids 

between Drosophila lines that whether maternally deposited piRNAs can silence a paternal TE or 
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not decided the fertility of hybrids (Brennecke et al., 2008). It should be noted that all mentioned 

study were based on expression pattern in F1 hybrids that presence of piRNA from both parent 

species involved. However, it is still worthy investigating whether the male sterility produced by 

C. briggsae X chromosome fragment can be explained by the failed silencing of TEs on the 

specific introgression.  

Taken together, performing RNA-seq on C. nigoni-background males bearing a sterile 

introgression seemed to be a good choice to reveal the difference in gene expression pattern 

underlying male sterility. As C. nigoni genome database was assembled and established by two 

independent groups (Ren et al., 2018; Yin et al., 2018), it is possible for us to systematically 

identify gene product from the two species and screen out differences in their expression pattern.  

We’d like to know if there is a significant change in transcription level of some specific or a series 

of genes or TE from C. briggsae X chromosome underlying the complete sterility.    

 

 Results 

Morphological study suggested that the male sterile introgressions on X led to defective 

gonad and reduced fertilization ability of sperm.  

In our previous HI study that focused on characterizing HI traits in worms bearing a C. briggsae 

chromosome fragment and an otherwise C. nigoni genome obtained through introgressive 

backcrossing, the male sterility produced by a X-linked introgression of known length was 

frequently rescued by the shortening of introgression as a result of homologous recombination 

with C. nigoni X in oogenesis in heterozygous female. Such phenomena were observed in 



56 

 

backcrossing of two C. briggsae transgenic strains RW20107 and RW20130, respectively, which 

provided us two male sterile/fertile introgression pairs zzyIR10307/10287(X, RW20107>JU1421) 

and zzyIR10330/10295(X, RW20130>JU1421) to study. All four introgressions were intensively 

studied and systematically characterized for HI traits, making great contribution for the deduction 

of two independent male sterile loci to the center and right-X interval. In order to validate the 

genotypes of male sterile lines, we extracted the genomic DNA of ZZY10307 and ZZY10330 and 

performed NGS. Analysis on NGS reads not only confirmed that the two GFP-flagged 

introgressions agreed with our PCR mapping results showing no overlapping regions (Figure 3-1), 

but also exclude the possibility that other remnant from C. briggsae genome played a role in the 

HI mechanism. 

Table 3-1. Table showing genotypes and statistic summarizing variations in male germline 

morphology of ZZY10307 and ZZY10330 male. 

Asymetric U-

shape with a

loop

Developed

but

disorganized

Underdevelo

ped
N

zzyIR10307 4.51 to 12.24, X 7.73 56% 0% 44% 18

zzyIR10330 16.36 to 21.54, X 5.18 78% 0% 22% 43

Male sterile

introgression
Position (Mb) Length (Mb)

Germline morphology
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Figure 3-1.Validation of genotype of ZZY10307 and ZZY10330 by PCR mapping (A) and NGS (B).  

(A) Introgression map of lines derived from backcrossing RW20107 and RW20130 to C. nigoni for 15 or 

more generations, respectively. Male sterile intervals that deduced from contrast with other introgressions 

are noted by triangles and dashed lines. The mapping results are based on C. briggsae-specific PCR of 

mapping loci which are plotted as white vertical segments in background against their coordinates of X 

chromosome. Transgenic starting strains (with prefix RW) and introgression line names (with no prefix) 

are marked at the left. (B) Coverage plot of NGS reads on genome DNA extracted from male sterile 

introgression line ZZY10307 and ZZY10330 in aligning with C. briggsae X. Alignment of reads with C. 

briggsae autosomes are not shown for simplicity. Note that X chromosome regions that coverages are 

significantly increased agree well with the map based on PCR mapping.  
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In previous screening for HI phenotypes, we confirmed that GFP-expressing male from ZZY10307 

and ZZY10330 are completely sterile that their crossing with virgin female C. nigoni cannot lay 

any embryos. However, our screening on germline morphology based on DIC figures showed that 

their germline showed variations in shapes between individuals. We categorized the morphological 

traits of male germline to three groups, the typical asymmetric U-shape gonad as seen in wild-type 

C. nigoni male, the developed germline showing no or reversed polarity, and underdevelopment. 

We are surprised to find out malformed germline took only 20% to 40% of all scored GFP-

expressing male ZZY10307 and ZZY10330, manifested by small ball-shape cell mass that lacked 

development and differentiation. More than half of scored male worms showed a normal-

developed germline that the distal-proximal polarity can be told (Figure 3-2 and Table 3-1). As 

spermatocytes and spermatids can also be observed inside the gonad, the spermatogenesis can be 

accomplished in these worms. A few dozens of sperms can be generated by dissecting GFP-

expressing worms, and pronase treatment suggested that they can be activated (Li et al., 2016). 

DAPI-stained micrographs suggested that some malfunction took place during spermatogenesis in 

male germline of ZZY10330. We also performed DAPI staining on gonad and sperms from 

dissected worm but the result is not satisfactory. Generally speaking, suppression in gonad 

development made a contribution to the sterility, but not the only factor. 
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Figure 3-2. DIC figures showing variation in male germline morphology of sterile male.  
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Figure 3-2 (continued). DIC figures showing variation in male germline morphology of sterile male. 

Scale bars: 100 μm (in A-C) and 25 μm (in inlet), respectively. GFP expression are not shown for clarity. 

dt: distal tip; lo: loop structure; sc: spermatocyte; sp: spermatids; vd: vas deferens. (A) Lateral view of 

male adult bearing zzyIR10307 with an underdeveloped germline. Note that only mitotic distal tip cells can 

be told inside the gonad. (B) Lateral view of male bearing the same male sterile introgression as (A) 

showing an asymmetric U-shape germline with basic structures and sperms. (C) Lateral view of male 

bearing zzyIR10330. Even as the gonad seems to be normal U-shape as (B) and wild-type JU1421, some 

sperm cells can be told inside the body cavity, suggesting rupture of basement membrane that wrapped the 

male germline. Micrographs of zzyIR10330-bearing male worms with underdeveloped germline was similar 

to (A) and not shown here for simplicity.  

  

Figure 3-3. Micrographs of DAPI-stained male from ZZY10330 (B) showing accomplished 

spermatogenesis in male germline in comparison with wild-type JU1421 (A).   

Distal-proximal polarity of germ-line cell nuclei morphologies are labeled according to their specific shapes 

in different stages from mitosis to meiosis. It should be noted that even as sperms of all meiotic stages can 

be seen, their positions are slightly different from wild-type. What’s more, a small amount of spermatid-

like signals of can be found at the loop, indicating the polarity is somehow interfered as diplotene cells in 

condensation zone entered meiosis in two directions. 
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Figure 3-4. Fused fluorescence micrographs showing transportation of for male sperms of wild-type 

JU1421 (A-B), ZZY10307(C-D) and ZZY10330 (E-F).   

Mitotracker signals indicative to sperms from stained male are highlighted by white circles.  Note that 

signals of sperms of male sterile lines not only showed significant difference in amounts from JU1421 (A-

B), but in locations (D and F). Mitotracker stained sperms from ZZY10307 and ZZY10307 can often be 

found outside the female germline, indicative to dubious fertility and penetrance through female system. 

Scale bars: 100μm. vu: vulva; lo: loop of female reproductive gonad. 
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For the male worms that spermatogenesis can be accomplished, the follow-up test was to find out 

whether the sperms cam be transferred into C. nigoni virgin female through mating. With the help 

of mitochondria-binding stain MitoTracker, we performed a screening on dozens of virgin females 

that were isolated with MitoTracker stained male. The signal indicative to spermatozoa that were 

activated after entering female spermatheca were successfully observed in dozens of worms. As 

expected, the location and distribution of sperms from sterile introgression-bearing male worms 

was quite different from wild-type C. nigoni (Figure 3-4). Only a handful of signals indicative to 

male sperms can be found in female, and most of them did not stay in the spermatheca, but traveled 

a long way in the body cavity, as far as its head or tail. It is clear that the sperms from ZZY10330 

and ZZY10307 can hardly maintain their locations in spermathecae as wild-type, or the number of 

sperms ejaculated each time was too small. Either of the explanation suggested that sperms from 

ZZY10330 or ZZY10307 have little completeness. The “wandering” sperms was quite like the 

killer sperms of C. nigoni that invaded C. briggsae body cavity through spermathecae vulva (Haag, 

2014; Schärer, 2014), but based on our observation, these male sterile sperms did not show similar 

ability to sterilize or accelerate molarity in mated C. nigoni female worms. Our characterization of 

ZZY10307 and ZZY10330 showed that their sterility was mainly attributed to malfunction 

spermatogenesis that yielded defective sperms. 

Substitution on independent regions of C. nigoni X triggered a similar down-regulation 

pattern of genes that are significantly enriched on autosomes in producing male sterility.  

Previous genetic approaches using microarray, RNA-seq, or antibody staining revealed a biased 

pattern in expression of spermatogenesis genes between the X chromosome and autosomes that 

most genes expressed in male germline are located on autosomes but not on X (Albritton et al., 
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2014). It is a reasonable guess that the biased expression between autosomes and X may be altered 

in sterile male worms. Based on this assumption, we collected hundreds of GFP-expressing male 

worms from the two male sterile lines and performed RNA-seq to decipher the expression pattern 

underlying hybrid male sterility, using wild-type C. briggsae and C. nigoni male as control. We 

eventually generated around 8 million RNA reads for each sample with three replicates, then 

mapped them against annotated coding sequences in C. briggsae (Harris et al., 2013). These reads 

were also de novo assembled into transcripts using Trinity (Haas et al., 2013) for the purpose of 

small RNA mapping. 

In comparison with gene productivity of wild-type C. nigoni a total of 574 and 922 genes showing 

significant up-regulation were mapped in the male worms of ZZY10307 and ZZY10330, 

respectively. The numbers for down-regulations were 1242 and 1317 genes. The intersection of 

the two male sterile line were 358 and 860 genes are significantly up- and down-regulated, 

respectively (Figure 3-5, penal A). Statistical test suggested that, the two independent male sterile 

lines have a highly overlapping set of down-regulated genes (Random sampling, p < 1 × 10−5) 

whereas the up-regulated genes between the two lines were not that much alike. The overall 

similarity of gene expression between the two sterile lines is significantly higher than comparison 

between either of the two lines and wild-type C. nigoni (Figure 3-5, penal B and C). Bias was also 

found in the subsets of downregulated genes shared by the two sterile lines that 96% of them are 

located on the autosomes and only 4% on X. The proportion is significantly deviated as X 

chromosome carries about 17% of protein-coding genes in C. nigoni. It should be noted that such 

enrichment on autosomes could not be observed in gene that were found up-regulated in both lines. 

To further characterize the up- and down-regulated genes we divided the C. briggsae X 
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chromosome into three distinct regions: the 7.7-Mb center-X region of zzyIR10307, 5.1-Mb region 

of zzyIR10330 on the right end, and the remaining 8.7-Mb region on left arm and gaps between 

the two introgressions indicated as “X_other” (Figure 3-5, panel D and E). We counted the number 

of C. briggsae genes within each introgression as well as the number of C. nigoni genes 

orthologous to the genes located on X_other region that showed misregulation in the hybrid 

background. A significant enrichment was found in genes on zzyIR10330 that were down-regulated 

in comparison with the other two on X (p = 1 × 10−4, Fisher's exact test). The distribution of gene 

that showed up-regulation were relatively the same among the three regions. 

Pairwise comparison was performed between wild-type C. nigoni strain JU1421 and the two male 

sterile introgression lines to score their similarity in overall gene expression (Figure 3-5, panel F 

to H). According to the calculated correlation coefficient, it is not surprised to find that the two 

male sterile lines are of higher similarity in gene expression with each other than with fertile male 

of wild-type strain. In summary, independent substitution on X chromosome by zzyIR10307 and 

zzyIR10330 preferentially down-regulated autosome-linked genes in a highly similar pattern.  
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Figure 3-5. RNA-seq profile of coding genes in ZZY10307 and ZZY10330 male. (See next page) 
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Figure 3-5 (continued). Misregulated genes in comparison with the parental males of C. briggsae and C. 

nigoni are color-coded with red and green for up and down-regulation pattern, respectively. (A) Venn 

diagrams showing shared numbers of misregulated genes in male worms from the two sterile lines (B) 

Boxplot showing the observed number of overlapping down-regulated genes (left) is significantly higher 

than random (one-tailed P value shown on top), while the observed number of overlapping up-regulated 

genes (right) is not higher than random (Bootstrap test, p < 0.05 for down-regulation subset, marker by 

stars; p > 0.05 for up-regulation subset). (C) Heat map of normalized expression for the shared up-regulated 

and down-regulated genes as in (A) for each RNA-seq sample of C. briggsae (AF16), C. nigoni (JU1421), 

ZZY10330, and ZZY10307. Expression of each gene is normalized against the average of 12 samples. The 

two subsets of shared misregulated gene are hierarchically clustered. (D) Column plot showing distribution 

of up-regulated and down-regulated genes as defined in (C). Genes on X chromosome are further 

categorized based on their location inside or outside the two introgressions. The regions outside the two 

introgressions are indicated as X_other. (E) Column plot showing percentages of misregulated genes, 

grouped by their physical linkages. Note the percentage of down-regulated genes is significantly higher on 

the autosomes than on the X while no significant enrichment is found for up-regulated genes (Fisher's exact 

test). (F-H) Scatter plots showing pairwise comparisons of overall expression in males between ZZY10307, 

ZZY10330 and JU1421. Correlation coefficient (R) is indicated. 

Male bearing sterile introgression showed enriched down-regulation in spermatogenesis 

genes but their TE transcription was not drastically altered.  

Given that both male sterile introgressions led to defective spermatogenesis that produced 

malfunctional sperm (Figure 3-2 to Figure 3-4), we specifically studied genes that involved in male 

development and spermatogenesis. Taking advantages of the classification of C. elegans sex-

specific germline genes and C. briggsae sex-biased genes (Albritton et al., 2014; Ortiz, Noble, 

Sorokin, & Kimble, 2014; Thomas et al., 2012), we examined whether the categories of 

spermatogenesis or male-specific genes were enriched in our misregulated gene subsets. It was not 

surprised to find that spermatogenesis genes were significantly enriched in our down-regulated 

gene subset (FDR < 0.01) but not up-regulated subset. Similar enrichment analysis was performed 
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using sex-biased genes defined previously (Thomas et al., 2012; Albritton et al., 2014). Again, 

male-specific genes were significantly enriched in the down-regulated gene list.   

Analysis on transposable elements (TE) was performed in 247 and 319 TE families in C. briggsae 

and C. nigoni, respectively, in which C. nigoni genome carries not only all the TE families in C. 

briggsae but also some species-unique ones. Overall expression of TEs in both ZZY10307 and 

ZZY10330 male worms showed a similar pattern to those in C. nigoni (Figure 3-6). Out of all the 

measured TE families, we detected a significant increase in expression for only one family in 

ZZY10307 male and two in ZZY10330 male when compared with C. nigoni. Meanwhile, 

significant down-regulation in a single TE family was found in ZZY10307 male. 
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Figure 3-6. Enrichment analysis of down- or up-regulated genes against sex-biased genes.  

The bar plots are color-coded for p value of false discovery rate (FDR) calculated from Fisher exact test. 

Note a significant enrichment of spermatogenesis genes (A) or male-specific genes (B) in the down-

regulated gene list but not in up-regulated list.  

  

Figure 3-7. Comparison of TE expression 

in adult male between male sterile lines 

and JU1421.  

(A-B) Boxplots showing no significant 

difference in the overall expression of at 

class level bin between male sterile lines and 

JU1421. (C-D) Volcano plots showing 

overall expression of TEs in the males at TE 

family level are similar as only one and two 

TE families (right corner above the line) 

showed a significantly increased expression 

in ZZY10307 and ZZY10330 from JU1421, 

respectively. LINE: Long interspersed 

nucleotide elements; LTR: long terminal 

repeats; RC: rolling circle. 
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 Discussion 

Male sterility produced by multiple independent X-linked introgressions have confused us for a 

long time and our efforts to narrow down the intervals as the introgression approach in HI study 

between Drosophila sublines was obstructed by the genome divergence between the two species 

that suppressed the recombination efficiency (Ren et al., 2018b). That is the reason we performed 

a detailed analysis focusing on expression changes of coding genes, TEs, and small RNAs for 

some guidance. RNA-seq analysis on other model organism showed that the misregulation of 

piRNAs and their associated TEs largely contribute to HI, especially in F1 hybrids (Erwin et al., 

2015). However, the situation is much different in our X-linked introgression lines bearing an 

otherwise homogenous genetic background after 15 generations of backcrossing. We were not able 

to detect any significant changes in expression for both piRNAs and TEs in the two introgression 

lines, and the long list of down-regulated gene list is of little help. The introgression lines seemed 

to develop immunity against these TEs during the subsequent introgressive backcrossing. The 

possibility that the C. briggsae fragment linked with C. nigoni X triggered suppression of gene 

expression on X as in female was also rejected as the genes on X that was down-regulated was 

disproportionally fewer than those on autosomes. 

An alternative explanation for the male sterilities is the disruption of a genetic interaction between 

X and the autosomes as in the Drosophila species (Lu et al., 2010). Our transcriptome data of the 

introgression-bearing sterile males and the wild-type strains are supportive to the presence of such 

X-A interaction in Caenorhabditis species. Considering that direct cause of male sterility in 

ZZY10307 and ZZY10330 is malfunctioned male spermatids and both strains showed similar 

down-regulation pattern in spermatogenesis genes which are enriched on autosomes, it is not an 
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overstatement to say that a correct expression balance between the X-linked and autosomal genes 

is important to ensure proper spermatogenesis. It would provide important guidance in our 

following study.    

In our established results, my colleague Dr. Li Runsheng performed analysis on small RNA profile 

and stressed the role of 22G RNAs in producing sterility as they targeted to spermatogenesis genes 

and specifically up-regulated in ZZY10330 (Li et al., 2016). It makes a plausible explanation as 

up-regulation of 22G RNA as the mediate of piRNA and spermatogenesis genes may cause failure 

of spermatogenesis by reducing their expression, possibly through inducing epigenetic changes in 

chromatin. However, whether the 22G RNA is also responsible for male sterility produced by 

substitution on center region of C. nigoni X still need further evidence. We still have a long way 

to decipher the HI mechanism underlying the male sterility in X-linked introgression lines. 

 

 Material and Methods 

Worm strains and maintenance: ZZY10307 and ZZY10330, as well as the wild-type strain of 

their parental species C. briggsae AF16 and C. nigoni JU1421 were maintained in the same 

condition as described in Chapter 2. Both male introgression lines were propagated by crossing 

between GFP-expressing heterozygous female and wild-type male. Both lines were regularly PCR-

mapped since recombination with C. nigoni X may lead to loss of sterility.  

MitoTracker staining via socking and mating test: MitoTracker Red powders were diluted in 

DMSO to a final concentration of 3mM as stock solution, which was further diluted in M9 buffer 

to a final concentration of 0.1mM with 3.3% DMSO as working solution for worm socking. Male 
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worms were picked under flurorescence stereomicroscope, then socked in MitoTracker working 

solution for 2.5 hours. They were picked to isolated plates for 1-hour rest before mating test. 20 

stained males from target strain/species were isolated with 10 C. nigoni (JU1421) L4 females for 

24 hours. Before taking image with a Leica SP5 confocal microscope, the female worms were 

washed by M9 buffer to get rid of attached MitoTracker from physical contact with male worms. 

Genotyping of introgression boundaries by NGS: Introgression boundaries of ZZY10307 and 

ZZY10330 were genotyped in the same way as description in Chapter 2. A total of 1.5 and 1.7 

million reads were generated for ZZY10307 and ZZY10330, respectively.  

Compilation of TEs in C. nigoni and C. briggsae genome: De novo annotation of TEs was 

performed by running RepeatModeler (version 1.0.7, http://www.repeatmasker.org/Repeat 

Modeler.html) with the genome sequences of C. nigoni genome draft “cn1” (Ren et al., 2018) and 

C. briggsae assembly “cb4”, respectively, using default parameters. The consensus sequences of 

TEs produced were used as an input to RepeatMasker (version 4.0.4; http://www.repeatmasker.org) 

to annotate all the possible TE loci over the two genomes. RMblast (version 2.28) was used in the 

two annotation pipelines to align genome sequence against possible TEs. 

Sequencing of mRNAs by NGS: Three hundred young adult males were picked for mRNA 

extraction for each sample. For collection of ZZY10307 and ZZY10330 males bearing target GFP-

flagged introgression, heterozygous female worms were isolated with wild-type fertile male 

worms. Young male adult worms with expression of cbr-myo-2::GFP were picked under a 

fluorescence microscope, properly washed, and extracted for mRNA when sufficient numbers of 

worms were collected. We initially tried to dissect germlines, but the organs of these sterile worms 

seemed to suffer some development issues that the hydrostatic pressure inside them cannot push 

http://www.repeatmasker.org/Repeat
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the germline out, let alone the underdeveloped ones. Total RNAs were extracted using TRIzol 

(Invitrogen) following the manufacturer's instructions as a supplement method. The mRNA 

purification and fragmentation, cDNA synthesis, end repairing, adapter ligation, and DNA 

fragment enrichment were performed under the guidance of Illumina's TruSeq stranded mRNA 

library preparation manual. Each library was barcoded and sequenced for paired-end (2 × 150 bps) 

reads using Illumina MiSeq.  

Data analysis of mRNA-seq reads: All the mRNA-seq reads were mapped against C. briggsae 

genome “cb4” using CLC genomic workbench 8.0. A relaxed mismatch cutoff was used for reads 

derived from C. nigoni and hybrids than for those derived from C. briggsae. The gene with fold 

change > 2 and FDR < 0.01 between C. nigoni (JU1421) and a hybrid was defined to be 

differentially expressed. For quantification of TE expression, we mapped all reads from mRNA-

seq against the TE consensus sequences as described above using CLC genomic workbench 8.0, 

with a cutoff of at least 75% similarity and 75% length. Total number of the mapped reads was 

counted for calculation of the differential expression between hybrids and JU1421 in a similar way 

as that for mRNAs. 

Enrichment analysis of misregulated genes: GO terms for C. elegans and the C. elegans/C. 

briggsae ortholog table were fetched from WormBase (WS250). The gonad-specific gene 

categories were previously defined by the comparison of RNA-seq results between C. elegans 

male- and female-specific gonads (Ortiz et al., 2014). The C. briggsae GO term and gonad-specific 

gene categories were built from the orthologs of C. elegans data. The sex-biased gene categories 

for C. briggsae were fetched from the comparison of RNA-seq results of C. briggsae male and 

female worms (Albritton et al., 2014). The enrichment analysis for GO terms, gonad-specific, and 
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sex-biased gene categories were carried out using ClusterProfiler (Yu, Wang, Han, & He, 2012). 

The P-value and FDR were calculated for each category, and the categories with FDR < 0.05 were 

reported. 
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Chapter 4.  

Identification of X-A interacting loci responsible for F1 hybrid male 

inviability and sterility 

Abstract 

Previous study  on hybrid incompatibility between C. briggsae and C. nigoni was focused on C. 

nigoni lines each bearing a C. briggsae chromosomal fragment, referred to as an introgression line. 

A genome-wide HI landscape between the two Caenorhabditis species was established, based on 

characterization of a large collection of introgression lines, revealing an HI pattern that male 

inviability and sterility can be produced by introgressions from several regions on the C. briggsae 

X chromosome but not on autosomes in Chapter 2. Two male sterile lines were molecularly 

characterized in Chapter 3, but the obtained molecular evidences were not sufficient to identify the 

HI loci and mechanisms involved. 

Here, to dissect the genetic mechanisms of asymmetric male inviability and sterility in F1 hybrids 

of the two species, I performed reciprocal crosses between C. briggsae and different C. nigoni 

lines each bearing a GFP-labeled C. briggsae introgression and scored the HI phenotypes among 

F1 progeny. The accumulative introgressions cover 94.6% of the C. briggsae genome, including 

100% of the C. briggsae X chromosome. Surprisingly, I found that three X-linked C. briggsae 

introgressions that had been shown to produce C. nigoni male sterility could rescue the hybrid F1 

sterility in the males fathered by C. briggsae, suggesting that multiple X-autosome interactions are 

involved in hybrid F1 male sterility. Importantly, backcrossing the rescued sterile males with C. 
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nigoni led to the isolation of a 1.1-Mb genomic interval on the Chromosome II, which specifically 

interacts with an X-linked C. briggsae introgression and is essential for hybrid male fertility. In 

addition, I found that several introgressions from the C. briggsae Chromosome II and IV could 

rescue the inviability but not the sterility F1 hybrid F1 males fathered by C. nigoni. In addition, I 

identified three regions on the C. briggsae Chromosome I, II and IV that can produce inviability 

in all F1 progeny depending on their parent-of-origin. Taken together, I identified interactions 

between multiple independent loci on autosomes and the X chromosome that are responsible for 

asymmetric sterility or inviability in hybrid F1 males and females, which lays a foundation for 

molecular characterization of these loci and their interactions. 

 Introduction 

Phenotypes of hybrid progeny between C. briggsae and C. nigoni demonstrates asymmetr in three 

aspects. First, in consistence with Haldane’s rule, all homogametic female hybrids (bearing two X 

chromosomes) are viable and fertile while heterogametic male hybrids suffer from inviability or 

sterility. Second, the HI phenotypes in male hybrid progeny that bear a maternal X chromosome 

was determined by the hybrid cross direction. The male F1 hybrid can only survive if the progeny 

is derived from the cross between a C. briggsae male and a C. nigoni female (F1(b, n)) but not in 

the other cross direction (F1(n, b)). Third, asymmetry can be observed between backcross 

directions as F2 hybrid breakdown only took place in backcrossing progeny fathered by C. 

briggsae (F2(b; b, n) and F2(b; n, b)) manifested by zero hatching rate in embryos. Backcrossing 

F2 hybrids fathered by C. nigoni (F2(n; b, n) and F2(n; n,b)) are viable and fertile, and so do the 

following backcrossing generations. Hybrid breakdown by inviability was also found in embryos 
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generated from the cross between other backcrossed hybrids and C. briggsae males (Woodruff et 

al., 2010). The same asymmetry in HI phenotypes were observed in hybrid cross of C. briggsae 

strain AF16 and C. nigoni strain JU1421 in our lab. So far, we do not have a valid explanation for 

the observed asymmetry, and no HI genes have been identified between the two species. 

Paternal Maternal 
Hybrid 

naming 

Detailed phenotype Overall 

phenotype Male Female 

C. briggsae C. nigoni F1(b, n) 
Viable Viable Hybrid male 

sterility Sterile Fertile 

C. nigoni C. briggsae F1(n, b) 
Inviable Viable Hybrid male  

inviability NA Fertile 

C. briggsae F1(b, n) F2(b; b, n) 
Largely inviable* Largely inviable* 

F2 hybrid 

breakdown 

(in backcrossing 
with C. briggsae) 

Sterile Sterile 

C. briggsae F1(n, b) F2(b; n, b) 
Largely inviable* Largely inviable* 

Sterile Sterile 

 

Table 4-1. Asymmetric HI phenotypes of the hybrid progeny between C. briggsae and C. nigoni.  

Note: directions of the hybrid cross are indicated in parenthesis, b for C. briggsae and n for C. nigoni. 

Paternal species is on the left and maternal species on the right, separated by a comma (F1) or semicolon 

(F2 backcrossing hybrids). NA: Not applicable since no viable hybrids can be scored for the specific 

phenotype (male sterility in this case). Largely inviable*: embryo-to-adult survival rate is lower than 1%. 

 

Figure 4-1.Workflow of HI loci screening to identify interspecific substitutions that alter the 

asymmetric HI phenotypes.  

Detailed HI phenotypes of F1 and F2 from different hybrid crosses were listed in supplementary table. 
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The large collection of C. nigoni-bacground introgression lines obtained in previous study give us 

an chance to isolate HI loci that are responsible for the assymetric HI phenotypes by providing 

generate F1 hybrids whose genome is “imbalanced” between the two parental species as compared 

to wild-type hybrids. With the help of fluorescence markers that link with these mapped 

introgressions, I was able to track transmission of introgressions in the hybrid cross and study how 

hybrids react to the interspecific substitution of chromosomal regions by screening changes in HI 

phenotypes. The substitution may be between non-homologous genes of the two species as many 

translocations took places during speciation of the two species (Ren et al., 2018), resulting in loss 

of C. nigoni genes. Close attention was paid to the rescue of inviability and sterility in male hybrids 

as the male HI is crucial for  reproductive isolation between the two species. The introgression-

bearing F1 hybrids were also used in a model to simulate the genotypes of F2 hybrids fathered by 

C. briggsae to study whether homozygosity of specific C. briggsae autosomal fragments is 

responsible for the hybrid breakdown.  

In this chapter, I will demonstrate that substitution of several regions on the C. nigoni autosomes 

or X chromosome by the C. briggsae counterpart could rescue hybrid F1 male inviability or 

sterility, respectively. This was based on parallel comparisons of the HI phenotypes between wild-

type F1 hybrids and introgression-bearing F1s derived from hybrid crosses of both directions. 

These results indirectly proved that C. nigoni genome is crucial for manifesting the asymmetric 

HI phenotypes in the F1 hybrid, suggesting a reciprocal interaction between the loci on the 

autosomes and the X chromosome between the two species.  
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 Results 

Homozygosity of C. briggsae alleles in F1 cannot restore their self-reproduction ability. 

In our systematic hybrid cross between the C. briggsae and C. nigoni introgression lines bearing 

chromosome fragments covering 94.6% of the C. briggsae genome, none of the female F1 hybrids 

bearing a GFP-flagged introgression was able to produce embryos without mating. In a few cases, 

embryos were found in the hybrid cross plate, which turned out to be experimental errors where 

their fertile parents were not completely removed or killed. This observation suggests that even if 

it is possible that certain recessive genes regulating the self-reproduction ability of C. briggsae 

were silenced in the F1 hybrid background, they cannot be simply activated by homozygosity of a 

few closely-linked genes located on the same chromosome.  

 

Figure 4-2. Physical map of the 28 GFP-flagged introgressions used in screening F1 phenotypes.  

Diagram showing introgressions as black segments in alignment with their linked chromosome. Mapping 

loci on C. briggsae genome are indicated by vertical bars in scale.  Details of introgressions can be found 

in supplementary tables S1. 
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Substitution of two independent C. nigoni autosomal regions rescues male inviability in the 

F1(n, b) hybrids. 

Male hybrid inviability, the characteristic HI phenotype in heterogametic F1(n, b) bearing a 

maternal C. briggsae X chromosome, can be rescued when part of the C. nigoni Chromosome II 

or IV was substituted by its counterpart in C. briggsae, as GFP-expressing F1(ir, b) male hybrids 

were found from hybrid cross using male C. nigoni bearing one zzyIR10012, zzyIR10312, 

zzyIR10353, zzyIR10265 or zzyIR10275 (Figure 4-3). Non-GFP expressing siblings cannot be 

obtained from the same hybrid cross. Genome-wide screening through scoring male F1(ir, b) 

viability suggested that both GFP-expressing F1(ir, b) bearing other autosome-linked 

introgressions and non-GFP F1 fathered by C. nigoni male bearing an X-linked introgression   

showed the same male inviability as F1(n, b). Taken together, these results suggest that the 

rescuing gene is exclusively located on the identified autosomal regions and is not simply due to 

paternal effects. The rescuing introgressions are mostly found on the right arm of the Chromosome 

II or on the left arm of Chromosome IV, allowing us to isolate two non-overlapping genomic 

intervals responsible for the rescue of male inviability. The C. nigoni genes located on the 

corresponding region of the C. briggsae genome between the two genomic intervals are thought 

to contribute to the hybrid male inviability in wild-type F1(n, b). 

The rescued F1(ir, b) was categorized by introgression linkage groups for further characterization 

and quantification. Within each group, the ratio of male GFP-expressing F1(ir, b) was significantly 

increased with increase in the length of rescue introgression (Figure 4-3, panel B and C), 

suggesting that the fitness of rescued male F1(ir, b) hybrids may be a quantitative trait determined 

by multiple genes on the rescue introgressions within and outside the deduced genomic intervals.    
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Figure 4-3. Characterization of rescued viability in male F1(ir, b) from a few introgressions from 

Chromosome II or IV.  

(A) Diagram showing hybrid genotypes of wild-type F1(n, b) male (top) and F1(ir,b) male bearing an 

autosome-linked introgression (bottom) from hybrid crosses. Horizontal bars are chromosomes and 

differentially color-coded for species, i.e., white for C. nigoni and grey for C. briggsae. The X chromosome 

is highlighted by a slash on the right end of the bar. Note that the C. briggsae introgression carrying a GFP-

coding vector was indicated by a grey segment with a green fragment within. Hybrid cross using 

heterozygous introgression lines also yields hybrids with no GFP expression which are not shown in the 

diagram. (B) Map of 5 viability-rescuing introgressions. Rescue introgressions are shown as solid bars with 

a 5-digit number indicating their introgression name. Prefix is not written for simplicity. Based on the 

overlap of viability-rescuing introgressions, two genomic intervals of Chromosome II and IV deduced to 

contain loci responsible for the rescue of male inviability are shaded. (C) Bar plots showing the increased 

ratio of male in GFP-expressing F1(ir, b) progeny bearing an autosome-linked introgression described in 

(B) as opposed to the zero male ratio in wild-type F1(n, b). The population of scored hybrids is indicated 

in parenthesis. Significant difference between introgressions and from control groups are marked by stars 

(Student t-test, p < 0.05) 
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Crossing tests on F1(ir, b) male hybrids bearing either of the 5 rescue introgressions suggested that 

none of the rescued male hybrids are fertile. Micrographs of F1(10353, b) and F1(10275, b) as 

representatives of the linkage groups revealed altered male germline morphology, which may 

account for their sterility. In comparison with wild-type C. briggsae or C. nigoni (Figure 4-4, panel 

A and B), the rescued F1(10353, b) male had a similar asymmetric gonad with loop and vas 

deferens connecting to its posterior, suggesting a complete germline development. However, germ 

cells of mixed stages are relocated from the distal tip to regions close to vas deferens, and few 

primary or secondary spermatocytes are present (Figure 4-3, panel C). Micrographic study of 

spermatids from dissected F1(b, 10353) showed that rescued male could produce small-sized 

spermatids similar to C. briggsae and wild-type F1(b, n) male, and a handful of pre-activated 

spermatozoa were found. Although further study is still needed, it can be deduced from the 

germline morphology that spermatogenesis of rescued F1(b, 10353) was disrupted. Sterility of 

introgression-bearing F1(10275, b) could be easily explained as underdevelopment of germline 

(Figure 4-3, panel D). Although a few spermatocytes could be observed inside the cell mass, it is 

impossible for F1(10275, b) male to deliver them to the spermatheca of female worms without vas 

deferens. In summary, C. briggsae substitution on specific regions of C. nigoni Chromosome II 

and IV can rescue hybrid F1 male inviability, but cannot rescue male sterility. 
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Figure 4-4. Characteristics of rescued F1(ir, b) male in comparison with C. nigoni and C. briggsae. 

(A-B) Lateral view of C. nigoni (A) and C. briggsae (B) male adult worms showing distal-proximal polarity 

manifested by asymmetric U-shape gonad structure and cell stages. (C-D) Lateral view of GFP-expressing 

F1(10353, b) and F1(10275, b) adult male hybrid as a representative of rescued F1(ir, b) male hybrids 

homozygous for alleles from C. briggsae Chromosome II and IV, respectively. GFP expression is not 

shown for clarity. Note that they are different in germline morphology. Scale bars: 100μm; dt: distal tip; lo: 

loop; vd: vas deferens; sc: spermatocyte; sp: post-meiotic spermatids. 
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Figure 4-5. Morphology of sperms of rescued F1(b,10353) male hybrids (A) and size statistics (B).  

(A) Micrographs of sperms in sperm medium buffer without sperm activation chemical. Scale bar: 10μm. 

The pseudopods are highlighted by a white triangle. (B) Violin plots showing the size (μm2) of sperms from 

male worms of different genotypes that are released into the sperm medium. Species and hybrid genotype 

as indicated by abbreviations. Cbr: C. briggsae; Cni: C. nigoni; F1(b, n): hybrid from cross of C. briggsae 

male and C. nigoni female; F1(10353, b): hybrid from cross of C. nigoni male bearing zzyIR10353 and C. 

briggsae hermaphrodite, specifically introgression-bearing hybrid with GFP expression if not specially 

noted. Note that sperm size of F1(10353, b) is comparable with C. briggsae male (Wilcoxon test, p <2.2e-

16), which is between the size of F1(b, n) and C. nigoni.  
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Substituting part of C. nigoni X with C. briggsae introgressions does not produce hybrid male 

inviability while some introgressions can rescue male hybrid sterility 

Our screening of the phenotypes of F1 male hybrids bearing an X-linked introgression was 

performed using 9 lines whose accumulated C. briggsae introgressions cover the entire X 

chromosome. As male inviability was observed only in F1(n, b) male hybrids, which differs from 

F1(b, n) male in both genotype and parental effects. Candidate loci responsible for hybrid male 

inviability include inviable loci on the C. briggsae X chromosome, loci on mitochondrial genome, 

and deleterious environmental factors from seminal fluid and spermatheca because of the specific 

hybrid cross setup. The X chromosome of GFP-expressing F1(b, ir) male hybrids derived from C. 

nigoni mother carrying an X-linked introgression consists of a GFP-flagged C. briggsae X 

fragment. The remaining X is derived from C. nigoni. The longer introgression the F1(b, ir) male 

possesses, the closer its hybrid genotype to the inviable F1(n, b) male (Figure 4-6). In our genome-

wide screening substitution of X chromosome with C. briggsae introgression varied between 1Mb 

and half the length of C. briggsae X, but no significant decrease was found in male ratios of GFP-

expressing F1(b, ir) hybrids compared to F1(b, n) of wild-type hybrid cross. The ratio shows 

increase in F1(b, 10307), which had the second largest X-linked introgression in our screening. 

The remarkable number and proportion of male out of introgression-bearing F1(b, ir) hybrids 

suggest that interspecific substitution of any regions on C. nigoni X by the C. briggsae counterpart 

do not produce lethality in male hybrids (Figure 4-6, panel C), but it is still possible that multiple 

genes located further from the C. briggsae X interact to produce male inviability in F1(n, b). 
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Figure 4-6. Characterizing HI phenotypes of F1(b, ir) bearing an X-linked introgression derived from 

designed hybrid cross, hybrid male fertility and viability included. 

(A) Diagram showing genotypes of GFP-expressing F1(b, ir) male are hemizygous for a C. briggsae X 

fragment (middle) in contrast with hybrid progeny derived from reciprocal hybrid crosses (top and bottom) 

of C. briggsae and C. nigoni. (B) Map of scored X-linked introgressions. Introgressions are color-coded for 

male fertility in F1 hybrid. Based on contrast between introgression that rescue F1(b, ir) male fertility 

(black) and those cannot (grey), two genomic intervals responsible for the rescue of hybrid male sterility 

are deduced and shaded in green. (C) Bar plot showing male ratio in GFP-expressing F1(b, ir) hybrids in 

comparison with wild-type F1(b, n) hybrids (control). Note that there is no significant decrease in male 

ratios between hybrids bearing X-linked introgressions and the control group regardless of hybrid male 

fertility.   
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The screening of F1 bearing a hemizygous X-linked introgression also showed an intriguing result. 

The GFP-flagged introgressions zzyIR10330 (X, RW20130>JU1421) and zzyIR10307 (X, 

RW20107>JU1421, X), which were regarded as typical male sterile introgressions (see Chapter 2 

and 3), were able to rescue F1 hybrid male sterility. GFP-expressing F1(b, 10330) and F1(b, 10307) 

male hybrids were able to fertilize C. nigoni female or C. briggsae hermaphrodite, yielding dozens 

of F2 embryos. Their non-GFP F1(b, ir) male siblings did not benefit from their C. nigoni mother 

carrying a fertility-rescuing introgression, and they remained sterile as wild-type F1(b, n) males, 

suggesting that the rescue is due to changes in hybrid genotype rather than a maternal effect from 

the introgressions. The possibility that the rescue is from disruption of genes or chromosome 

rearrangement by transgenic insertion of GFP-coding sequence can be ruled out as F1 male hybrids 

bearing zzyIR10295 (X, RW20130>JU1421) or zzyIR10287 (X, RW20107>JU1421) remained 

sterile (Figure 4-6, panel B, row 3 and 8). These two introgressions were generated from the same 

transgenic C. briggsae strains with zzyIR10330 and zzyIR10307, respectively, but the 

introgressions were shorter than those of the fertility-rescuing ones. The rescue was also found in 

male hybrids bearing zzyIR10303, which fully covers zzyIR10330 (not shown here), and in hybrids 

in possession of zzyIR10279 (X, RW20101>JU1421), which shares a 5Mb overlapping fragment 

with zzyIR10307. Through characterization of introgression lines by HI phenotypes, it was shown 

that all introgressions with the ability to rescue F1 male sterility could produce male sterility in C. 

nigoni background (see Chapter 2), while those that cannot rescue F1 male fertility did not cause 

C. nigoni male sterility. Comparison between F1 male fertility and sterility produced by different 

introgressions made it possible to map two independent loci rescuing hybrid male sterility to two 

genomic intervals on the center and the right arm of C. briggsae X chromosome, respectively. The 
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two genomic intervals were the same two loci that produced male sterility in the C. nigoni as they 

were based on the contrast of the same introgression lines (Figure 4-6, panel B). 

In F1(b, n) hybrids from a cross of wild isolates, both germline underdevelopment and malfunction 

contribute to the male sterility. High-resolution DIC figures showed that male gonad of F1(b, n) 

was generally ball-shaped cell mass showing no polarity(Figure 4-7, panel A), in contrast with the 

asymmetric gonad that occupies around 2/3 of the body in wild type C. briggsae or C. nigoni 

(Figure 4-5, panel A and B), indicating that germline development was arrested at larval stages. 

Most of the F1(b, n) male hybrids did not develop vas deferens that connected germline with the 

cloaca, making it impossible to transport sperms to female spermatheca. However, a few sperms 

could be occasionally graphed and quantified during dissection of F1(b, n) male hybrids, 

suggesting that spermatogenesis can be completed in some of the male hybrids. Quantification of 

sectional sperm area uncovered that male hybrids had abnormally smaller sperm size 

(11.6±0.8μm2) when compared to C. nigoni and C. briggsae (38.0±3.3μm2 and 15.9±0.3μm2, 

respectively, p < 2.2e-16 in Wilcoxon test), rather than equal to the average size of the two parental 

species. Distinct difference in male sperm size between gonochoristic and androdioecious 

nematodes was proposed to be the result of different sperm competition strategies (LaMunyon & 

Ward, 1999), but clearly male hybrids did not follow this pattern. Meanwhile, sperm activation 

assays by in vitro protease treatment (see Material and Methods of Chapter 4) suggested that F1(b, 

n) hybrid sperms were insensitive to activation and their activation rate was significantly declined 

(12.3±6.1%) in comparison with wild isolates C. briggsae (83.4±3.7%) and C. nigoni (89.0±3.1%), 

indicating that hybrid sperm may lack the ability to transform into motile spermatozoa after 

entering the spermatheca of female worms. The few activated hybrid spermatozoa also showed a 
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dubious appearance with a limited number of pseudopods and elongated head (Figure 4-8, panel 

A), casting doubt on their motility to approach the oocytes.  

 

Figure 4-7. Micrographs showing male germline of sterile and rescued fertile F1 hybrid male.  

(A) Lateral view of wild-type F1(b, n) sterile male hybrid, adult stage. Note that the development and 

differentiation of germline was strongly suppressed that only some mitotic cell mass and spermatocyte-like 

cells can be seen. In comparison with male worms from wild isolates (Figure 4-5, panel A and B), the 

germline fails to curve towards the posterior during gonad migration and lacks vas deferens for transport 

of spermatids to the cloaca located underneath the tail. (B-C) Lateral view of introgression-bearing F1(b, 

10330) and F1(b, 10307), respectively. Note that both hybrids show good distal-proximal polarity that a 

complete asymmetric U-shape structure and sperm cells of different stages can be clearly seen as in C. 

briggsae and C. nigoni wild isolates. Scale bars: 100μm. lo: loop; dt: distal tip; sc: spermatocyte; sp: 

spermatid; vd: vas deferens. GFP expression is not shown for clarity.   
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All described defects in male germline were resolved in F1(b, ir) male hybrids that part of C. nigoni 

X was substituted by zzyIR10330 or zzyIR10307. DIC figures showed that the male gonads were 

in similar proportion to their bodies as the male worms of their parental species, with well-formed 

polarity including the distal tip, loop and vas deferens (Figure 4-7, panel B and C). Dissecting the 

fertile male hybrids provided hundreds of mature spermatids for imaging study (Figure 4-8, panel 

A) and quantification. The two fertility-rescuing introgressions showed no significant difference 

in hybrid sperm size from each other (Figure 4-8, panel B) despite their differences in length and 

location. Mean sectional areas of sperms of rescued fertile hybrids were 29.0 and 27.9μm2, which 

were more than 2 folds of that sperm sectional area of sterile F1(b, n). They were also significantly 

larger than male sperms of C. briggsae but smaller than those of the C. nigoni (p < 2.2e-16 in 

Wilcoxon test). In vitro sperm activation assays from fertile male hybrids showed that substitution 

by either zzyIR10330 or zzyIR10307 could restore sperm activation. The activation rates were 

significantly increased to a level similar to wild isolates (Figure 4-8, panel C, 77.1±4.5% and 

74.5±6.1% in GFP-expressing F1(b, 10330) and F1(b, 10307), respectively) and the appearance 

of activated spermatozoa was similar to wild isolates rather than the sterile F1(b, n). Quantification 

of male fertility by brood size suggested that embryos generated from crossing fertile F1 male with 

C. nigoni female were fewer than that from C. nigoni inbreeding. In a hybrid cross with C. nigoni 

female, GFP-expressing F1(b, 10330) yielded significantly higher amounts of embryos than F1(b, 

10307), suggesting differences in fertility rescue with the substitution of different regions on X. 

The brood size of rescued fertile male hybrids in the cross with sperm-depleted C. briggsae was 

similar to those of both C. briggsae and C. nigoni male, suggesting the brood size is limited by 

amount of remaining C. briggsae oocytes.  
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Figure 4-8. Characteristics of rescued hybrid male fertility by imaging (A), quantification on sperm 

size and activity (B-C) as well as embryo productivity (D).  

 (A) DIC figures showing sectional view of spermatids before (left) and after (right) protease treatment, 

with an enlarged view of spermatozoa in the inlet. Scale bar: 10μm. Cni: C. nigoni; Cbr: C. briggsae. (B-

C) Quantification of male spermatids by size and activation rates of wild isolates and hybrids, 3 to 4 

replicates of 81 to 958 sperms for each group. The total number scored are indicated in parenthesis. Note 

the significant difference between sterile (dark grey) and fertile (light grey) worms. (D) Quantification of 

male fertility by column plot showing embryo production. Female species used in the cross are color-coded 

grey and white for C. briggsae and C. nigoni, respectively.  
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Besides male F1(b, 10330) and F1(b, 10307) hybrids showing rescued fertility, study on sterile 

F1(b, ir) male hybrids hemizygous for other X-linked introgressions outside of the two deduced 

genomic intervals also provided us with insights on how substitutions on other C. nigoni X regions 

affect the male reproductive system. For instance, a hybrid cross between C. briggsae with 

homozygous introgression lines ZZY10320, ZZY10295 or ZZY10289 yielded dozens of sterile 

male hybrids, but their germline was found to be quite different from that of the wild-type F1(b, 

n), which was featured with indiscernible or ball-shaped mitotic cell mass showing no polarity 

(Figure 4-5, panel A). Quantification of germline morphology suggested that the portion of hybrid 

males suffering from germline underdevelopment was significantly decreased in F1 bearing a 

mosaic X in comparison with F1(b, n) (Table 4-2) as asymmetric gonads occupying more than 1/2 

of the worm body could be regularly observed in scored introgression-bearing F1(b, ir) male 

hybrids. Though disorganized and mixed with residual bodies, spermatocytes and spermatids could 

be identified, suggesting that spermatogenesis and all earlier processes can be somehow 

accomplished in the hybrid background when part of the C. nigoni X was substituted.  

Next, zzyIR10295 and zzyIR10289, the two introgressions used to map the specific fertility-

rescuing genomic interval on the right end of X, each covering more than 1/3 of zzyIR10330 

(Figure 4-6, panel B), assisted us in understanding whether loci on zzyIR10330 but outside the 

interval also play an ineligible role in the rescue process. It is intriguing to find that the malformed 

structures that resulted in sterility of F1(b, 10295) and F1(b, 10289) were quite different. The F1(b, 

10289) male had a well-formed asymmetric gonad similar to fertile male worms of the rescued 

hybrids, in which organized germ cells of different stages could be seen. However, the lack of vas 

deferens made it impossible to deliver spermatids for ejaculation), panel C). On the contrary, even 



92 

 

as the F1(b, 10295) failed gonad migration and did not curve the male gonad to the posterior, they 

developed vas deferens that pointed to the anterior (panel A). As linker cell-guided gonad 

migration and vas deferens precursors enter differential cell fate following Z1/Z4 of L1 gonad 

primordium division(Kimble & Hirsh, 1979; Miskowski, Li, & Kimble, 2001), presumably rescue 

of gonad migration and formation of vas deferens may be controlled separately by zzyIR10295 and 

zzyIR10289 in the following developing stages. Even as spermatids in both F1(b, 10295) and F1(b, 

10289) were far smaller than that of the rescued fertile F1(b, 10330) and whether their sperms can 

be activated by protease have not been tested, it is too overreaching to make the deduction that the 

genomic regions inside the interval is responsible for restoration of sperm activity. 

 

Table 4-2. Characterization of defect proportion in male germline of F1(b, ir) hybrids bearing an X-

linked introgression.  

Only introgressions sharing overlapping regions with fertility-rescuing introgressions are imaged (not 

shown here) and quantified. The defects are categorized in the same manner as in Chapter 3. Percentages 

Stars are used to indicate statistical differences in defect proportion compared to F1(b, n) (p<0.05, Chi-

square test). All scored C. briggsae introgressions show decrease in underdevelopment proportion 

regardless of the ability to rescue the hybrid male sterility or not. 

 

Asymmetric U-

shape with a loop

Developed but 

disorganized
Underdeveloped

F1(b, n) Sterile 13%                           -   88% 8

F1(b, 10320) zzyIR10320 Sterile 36% ** 18% ** 45% ** 11

F1(b, 10307) zzyIR10307 Fertile 100% **                           -                             -   ** 4

F1(b, 10287) zzyIR10287 Sterile 22% 67% ** 11% ** 9

F1(b, 10330) zzyIR10330 Fertile 83% **                           -   17% ** 12

F1(b, 10295) zzyIR10295 Sterile 27% 67% ** 7% ** 15

F1(b, 10289) zzyIR10289 Sterile 60% ** 25% ** 15% ** 20

Male hybrid
F1 male 

phenotype
N

Germline morphology
C. briggsae 

substitution on X
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Figure 4-9. Characteristics of malformed germline and spermatids of the sterile F1(b, 10295) (A) and 

F1(b, 10289) (B).  

DIC micrographs of lateral views of sterile male hybrid F1(b, 10295) (A) and F1(b, 10289) (B) showing 

distinct different germline morphology. Scale bars for whole worm image: 100μm; scale bars in inlet: 10μm. 

 

 
Figure 4-10.Violin plot showing variation in 

hybrid sperm size.  

Sperms from the two sterile male hybrids in 

Figure 4-9 were quantified to compare with 

F1(b, n) and F1(b, 10330). Note that both sterile 

introgression-bearing male hybrids are 

significantly smaller than the rescued fertile 

F1(b, 10330) (Wilcoxon test, p < 2.2e-16) 

while comparable to F1(b, n), indicative to 

similar spermatogenesis defects. 
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Hybrid F2 breakdown is partially rescued by fertility-rescuing introgressions in the cross of 

fertile F1 male with C. briggsae but not in the opposite cross direction. 

Follow-up quantification on F2 derived from fertile F1(b, 10330) or F1(b, 10307) males showed  

that the F2 hybrid breakdown can be partially rescued as at least 25% of F2 male and female 

hybrids derived from cross between fertile male F1 and C. briggsae hermaphrodite can grow to 

adulthood (Figure 4-11) even as the survival rate was scored smaller than F2 mothered by C. nigoni 

female. Supported by C. nigoni-specific PCR mapping using single worm lysis of F2 hybrids 

mothered by C. briggsae referred to as F2(b, ir; b), it is shown both C. nigoni and C. briggsae 

autosomes can be transmitted from rescued fertile F1 to its male and female offspring. Mapping 

on F2(b, ir; n) hybrids derived from C. nigoni mother also showed different amplicon patterns of 

mapping loci on C. briggsae autosomes (Figure 4-12). 

Figure 4-12). The pattern of chromosome transmission from rescued fertile F1 was not fixed, 

ruling out the possibility that species-specific segregation took place during meiosis of rescued 

F1(b, ir). It also suggests that the viability of C. briggsae-dominant hybrids did not require a 

specific combination of critical loci. The observation of viable F2(b, ir; b) hybrids partially solved 

the problem that obstructed backcrossing hybrid to C. briggsae, making it possible to study how 

C. nigoni genome interacts with a C. briggsae-dominant hybrid background. 

Quantification of F2 phenotypes demonstrated some differences among fertility-rescuing 

introgressions in their effects on F2 survival rates. The male ratio of F2 derived from C. nigoni 

female was approximately 50% (52.3±3.4% in F2 (b, 10330; n) and 50.9±1.1% in F2(b, 10307; 

n)), suggesting relatively comparable survival rates between male and female in spite of their 

difference in the X chromosome. As the X-lined introgression follows sex-linked segregation, F2 
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male hybrids bear a copy of maternal X chromosome while all F2 females were heterozygous for 

the maternal X chromosome. In addition, a mosaic C. nigoni X was partially substituted by 

zzyIR10330 or zzyIR10307. In F2 hybrid embryos derived from C. nigoni mothers, the embryo-to-

adult survival rate was larger in those derived from introgression-bearing F1(b, 10330) male as 

fathers than those from F1(b, 10307), indicating different compatibility between X substitution by 

different introgressions within the C. nigoni genome.  

In the cross with C. briggsae hermaphrodite, F2 hybrids derived from rescued fertile F1 male 

showed no significant difference in embryo-to-adult survival rate among introgressions or in 

comparison with F1(n, b) derived from a hybrid cross using male C. nigoni wild isolates. However, 

a remarkable proportion of F2 male could survive (49.2±4.8% in F2(b, 10330; b) and 36.8±11.5% 

in F2(b, 10307;b)) as opposed to F1(n, b) (Figure 4-11, panel A and B). As compensation, the 

survival rate of female C. briggsae-dominant F2 hybrids was smaller than F1(n, b) female hybrids. 

These survived F2 male hybrids were also strong evidence supporting that introgression-bearing 

F1 does not have a paternal lethal effect to its male progeny.  

Figure 4-11. Quantification of 

hybrid fitness by embryo-to-adult 

survival rate (A) and male ratio (B). 

(A) The F2 backcrossing progeny 

from rescued fertile F1 male showed 

that around a quarter to a half progeny 

can survive to adult, depending on the 

maternal species. (B) Parallel 

comparison suggested male fitness in 

these F2 is much better than F1(b, n) 

and F1(n, b), respectively.
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Figure 4-12. Single worm PCR mapping on viable F2(b, ir; b) and F2(b, ir; n) fathered by the rescued 

fertile F1 (b, ir) showed the segregation during meiosis of hybrid male was not fixed. 

Gel electrophoresis figures showing species-specific amplicons of autosomes using modified protocol of 

single worm PCR. The pattern of first five amplicons from left of each batch is indicative to the autosomal 

mapping loci of specific species. The sixth is the internal control that amplify the maternal mitochondrial 

genome. Mapping of C. briggsae and C. nigoni genome is included as specificity controls. (A) Location of 

five loci for F2(b, 10330; b) in for mapping C. nigoni genome (Mb): I, 8.62; II, 15.51; III, 14.52; IV, 17.54; 

V, 18.04. (B) Location of five mapping loci for F2(b, 10330; n) in C. nigoni genome (Mb): I, 7.94; II, 9.15; 

III, 9.81; IV, 12.05; V, 11.55. Similar mapping results of F2(b, 10307; b) and F2(b, 10307; n) are not shown 

here for simplicity.  

Asymmetry was found in F2 hybrid fertility between backcross species in both male and female, 

but the phenotype was not as clear-cut as in F1 hybrids. F2(b, ir; b) male and female derived from 

C. briggsae hermaphrodite were found to be sterile. A screening based on DIC micrographs of 19 

male adults showed variations in male germline morphology that 26% (N = 19) of them suffered 
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from underdevelopment. Other morphological traits that are probably related to male sterility 

include malformed spicules and shrunken vas deferens (Figure 4-13, panel A and B). 

Quantification based on 72 sperms from 2 dissected male worms suggests that F2(b, 10330; b) 

hybrids might be far smaller (13.4±3.4μm2) than their father. The female sterility was observed as 

no embryos were generated from the mating of F2(b, ir; b) female with C. nigoni or C. briggsae 

males, or from self-production of C. briggsae-dominant C. briggsae hybrids (N = 262), suggesting 

defective oocyte production. The F2(b, 10330; b) female hybrids showed variable sterile 

phenotypes, including undifferentiated cell mass, vacuoles in distal arms and large, disorganized 

cells at the loop region (Figure 4-13, panel C, D, and E), suggesting disrupted oocyte development 

at different stages. 

The fertility-rescuing introgression model and the sterility exhibited by F2(b, ir ;b) males and 

females advanced our understanding of how hybrid phenotypes are manifested in hybrid 

background mostly carrying C. briggsae genome. However, further backcrossing of F2(b, ir; b) 

with C. briggsae was not successful, so the specific C. nigoni chromosomal fragments responsible 

for the rescue was not isolated. Other backcrossing attempts were made via hybrid inbreeding 

between the F1 males and females bearing a fertility-rescuing introgression and backcrossing of 

homozygous F1 females bearing an X or autosome-linked introgression with C. briggsae males. 

The survival rates in hybrid inbreeding embryos were significantly lower than that of the 

backcrossing progeny of C. nigoni or C. briggsae mothers and had large variations (Figure 4-11, 

Figure 4-14, panel E). The few survived hybrids were in poor health state and sterile. The hybrid 

breakdown occurred in all F2 hybrid embryos derived from introgression-bearing F1 female 

backcrossing with wild isolate C. briggsae males at both backcrossing directions   
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Figure 4-13. Characteristics of sterile F2(b, 10330; b) male (A-B) and female (C-D).  

(A-B) Lateral view of non-GFP F2 adult male hybrids revealing variable phenotypes of malformed 

germline. Note that C. briggsae-dominant hybrid may either fail germline migration at larval stage (A), or 

lack of seminal vesicles, which should fill in the blank before vas deferens (B). (C-E) Lateral view of F2 

female hybrid showing different germline developmental defects. Note that female gonad may fail to initiate 

development at larval stage (C), contain vacuoles indicative to apoptosis failure (D), or produce 

disorganized immature oocytes in a loop, which indicate defective meiosis (E). Structures and cells that 

were not observed in wild isolates or figures in previous chapters are highlighted by hollow arrowheads. 

Scale bars: 100μm. Vu: vulva; other abbreviations as in Figure 4-5.  
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Figure 4-14. Diagram showing F2 hybrid breakdown manifested by lethality in embryos fathered by 

C. briggsae cannot be rescued by homozygosity of C. briggsae chromosome fragment.  

(A) A simplified diagram showing genotype of F1 hybrid female bearing an autosome-linked introgression 

(top) and an X-linked one (bottom). (B) Bar plot showing over 90% of C. briggsae genome region was 

scored for its effects in F2 hybrid breakdown as an introgression in F1 female background. (C-D) 

Quantification of F2 hybrid breakdown in progeny fathered by C. briggsae. Mean embryo-to-adult survival 

rate (%) are plotted on the y-axis, and linkage group (in parenthesis) and introgression names are indicated 

under the x-axis. Error bars indicate standard errors. F1 females generated from reciprocal crosses are 

plotted using different shapes. Some F1 homozygous for specific introgressions were not shown here due 

to hybrid female lethality or sterility. (E) Point plot showing the F2 hybrid breakdown was not rescued in 

progeny from interbreeding of F1 male and female both possessing an introgression that can rescue F1 male 

fertility. 



100 

 

C. nigoni-dominant F2(b, ir; n) males and females derived from fertile introgression-bearing F1 

males and C. nigoni females generally exhibited better fitness as compared to their half-siblings 

derived from C. briggsae hermaphrodite (Figure 4-11, panel A). Their fertility was similar to F2 

hybrids generated from a backcross of F1 females with C. nigoni males, i.e., a portion of male 

hybrids was sterile, but all female hybrids were fertile. Taking zzyIR10330 for instance, 

micrographs showed that non-GFP F2 from introgression-bearing F1(b, 10330) males and C. 

nigoni females either had germline developmental defects like F1(b, n) male hybrids or had well-

developed gonad that distal-proximal polarity can be seen (Figure 4-15, panel A and B). A rough 

screening on 17 randomly chosen F2 male worms suggested that the ratio of underdevelopment 

was about 47%. It is not known whether this defect can be attributed to non-uniform segregation-

derived differences in paternal haploid or survival bias due to differential survival rate. 

Underdevelopment was not found in introgression-bearing F2 females and embryos could be 

generated by isolating these females with male C. nigoni, C. briggsae, or their fertile siblings 

(Figure 4-15, panel C). Their survival rates were not scored.  



101 

 

 

Figure 4-15. Characteristics of F2(b, 10330; n) male and female hybrids. 

 (A-B) Lateral views of non-GFP adult male F2(b, 10330; n) hybrids showing variations in germline 

morphology. Note that somatic gonad failed to curve to the posterior (B) during gonad migration and some 

spermatocytes and spermatids indicative to accomplished spermatogenesis can be seen in the center of the 

gonad. (C) GFP-expressing female F2(b, 10330; n) hybrids showing complete symmetric gonad with 

mature oocytes and inbreeding embryos inside. Note that the female gonad takes up a larger proportion of 

the worm’s body as compared to female F2(b, 10330; b) exhibiting defective reproductive gonad (Figure 

4-13). Scale bars: 100μm; oo: oocyte; emb: embryos derived from F2 hybrid inbreeding; other abbreviations 

as in Figure 4-13. F2(b, 10307; n) exhibiting similar phenotypes were not shown here.
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C. briggsae autosomal loci interact with zzyIR10330 to rescue the hybrid F1 male sterility, 

which led to the isolation of these loci on the Chromosome II. 

ZZY10330 had been intensively studied as its 5.2-Mb introgression can produce male sterility in 

the C. nigoni when substituting loci on the right end of X chromosome (Chapter 2 and 4) while it 

rescues hybrid male sterility in F1 hybrid. The hypothesis is that male sterility is due to the loss of 

critical regulatory factors located on C. nigoni X, and the rescue of hybrid male fertility in 

introgression-bearing F1(b, 10330) is due to the presence of C. briggsae spermatogenesis genes, 

which are rich in autosomes and under the regulation of genes within zzyIR10330. The theory was 

supported by the generation of a double-introgression line through backcrossing F1(b, 10330) 

female with C. nigoni for 19 generations. The backcrossing was tracked by continuous 

examination of the male fertility and C. briggsae-specific PCR mapping for the right end of X 

chromosome as recombination of zzyIR10330 with right end of C. nigoni X chromosome would 

not produce male sterility. Genotyping using single worm lysis of fertile GFP-expressing F20 male 

suggested that male sterile loci were retained in the GFP-flagged introgression during the 

backcrossing as amplicons of the 5.2-Mb of the right end of C. briggsae X chromosome could be 

detected. The other co-segregating fragment was mapped to the right arm of Chromosome II. The 

double-introgression line was named ZZY10230 and the II-linked co-segregatinng fragment from 

20 generations of introgressive backcrossing was named zzyIR10230, which was not flagged by 

any visible marker. Whole-genome sequencing via Nanopore provided detailed genotyping of 

zzyIR10230, which occupies more than half of Chromosome II. The result excluded the possibility 

that other remnant of C. briggsae genome contributed to the rescue of male sterility produced by 

zzyIR10330 (Figure 4-17). To isolate the rescue loci at more defined genomic intervals, we set up 
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a cross between ZZY10330 female and male bearing an autosome-linked introgression and tested 

fertility of GFP-expressing male worms bearing both introgressions by PCR mapping. The 

screening eventually narrowed down the location of the interacting loci to a 1. 5Mb-interval on II 

(Figure 4-16, panel B).   

 

Figure 4-16. Isolation of C. briggsae loci on Chromosome II that rescue the male sterility of 

zzyIR10330 in a C. nigoni background.  

(A) Backcrossing strategy to generate a double-introgression line ZZY10230 for isolating a co-segregating 

fragment that can rescue male sterility of zzyIR10330 in C. nigoni. (B) Diagram showing the method to 

score whether an autosome-linked introgression can rescue male sterility of zzyIR10330 (C) Map of 

introgressions color-coded for their ability to rescue zzyIR10330 on Chromosome II. The deduced genome 

interval responsible is shaded. Note the depicted segment indicating zzyIR10230 was based on NGS result. 
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Figure 4-17. Genotyping ZZY10230 by NGS sequencing. Shown are the coverage of reads aligned 

against C. briggsae chromosomal coordinates.  

The NGS sequencing revealed an otherwise pure C. nigoni genome with no continuous reads except two C. 

briggsae introgressions (labeled and shaded grey) . Coverage plot in alignment with C. nigoni genome is 

not shown for simplicity. 
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Homozygosity of C. briggsae autosomal fragments especially the piRNA-rich regions plays 

an important role in hybrid F2 breakdown fathered by C. briggsae. 

Genome-wide screening for loci that alter the F1 phenotypes showed that F1(b, ir) hybrids bearing 

a GFP-flagged autosomal introgression were more likely to show decreased male ratio due to 

homozygosity of C. briggsae autosomal fragment than wild-type hybrids (34.6±3.4%, shown in 

Figure 4-18, panel B). An extreme case was found in zzyIR10353 (II, RW20153>JU1421) where 

GFP-expressing male F1(b, 10353) hybrids could be hardly seen, suggesting that the survival rate 

of F1(10353, b) male homozygous for the right arm of Chromosome II was close to zero. The 

general trend of decrease in male ratio in F1(b, ir) indicates that C. nigoni genes related to survival 

of male hybrids spread along autosomes and are not functionally replaceable by genes located on 

C. briggsae introgressions.  

Replacing C. nigoni autosomal regions by specific C. briggsae introgressions in the hybrid 

background could compromise the fitness of female worms as well. Neither GFP-expressing males 

nor females were found in F1(b, ir) hybrids derived from C. nigoni backcross lines heterozygous 

for zzyIR10051 (I, ZZY10051>JU1421), zzyIR10351 (II, RW20151>JU1421), zzyIR10026 (II, 

ZZY0026>JU1421) or zzyIR10018 (IV, ZZY0018>JU1421), while non-GFP hybrids could be 

found from the same hybrid (Table 4-3), suggesting that the killing effect only works on 

introgression-bearing F1. These F1 killing introgressions can be further divided into two categories. 

This is because that GFP-expressing female F1(ir, b) bearing I- or II-linked introgressions could 

be generated from a hybrid cross of the opposite direction but not from those homozygous for the 

right arm of Chromosome IV despite the cross direction. The first category is defined as regions 

with directional killing effect as introgression-bearing F1(b, ir) and F1(ir, b) female hybrids 
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bearing the same nuclear genome exhibited different hybrid viability, likely due to a collective 

effect of substituting essential C. nigoni genes and parental factors. Effects due to the difference 

in maternal mitochondria were ruled out as a hybrid cross using cytoplasm-replaced introgression 

lines did not rescue introgression-bearing F1(b, ir) hybrids, (Table 4-3, marked by stars). The 

killing effect of zzyIR10018 was not directional as only non-GFP F1(b, ir) or F1(ir, b) adult hybrids 

could be generated from a hybrid cross of either direction. By comparing zzyIR10018 and 

zzyIR10268, two fragments that were from recombination of the former and non-lethal to the 

hybrids, regions responsible for the non-directional killing effect were deduced to a 4.38Mb 

genomic interval on the right arm of Chromosome IV. The right arm of Chromosome IV was 

characterized by a high density of piRNA that was not conserved between C. briggsae and C. 

nigoni (Li et al., 2016). It is highly likely that homozygosity of C. briggsae fragment in hybrids 

leads to deletion of C. nigoni piRNA, causing lethality in both male and female hybrids regardless 

of the hybrid cross direction. 

In summary, I identified three genomic intervals located at Chromosome I, II and IV respectively 

that homozygosity of fragment in either region would kill both male and female hybrids fathered 

by C. briggsae. Under the assumption that C. briggsae and C. nigoni autosomes segregate 

randomly in meiosis during oogenesis of female hybrids, the frequency of F2 hybrids derived from 

C. briggsae male and F1 female being homozygous for C. briggsae Chromosome I, II and IV is 

1- 50% × 50% ×50% = 87.5%. Although it is still smaller than the 99% actual lethality in F2 

fathered by C. briggsae, the homozygosity of C. briggsae autosomes in hybrids should contribute 

to the majority of hybrid breakdown during backcrossing to C. briggsae. 
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Figure 4-18. Homozygosity of introgression from C. briggsae in hybrids affected hybrid fitness.  

(A) A simplified diagram showing genotypes in F1 and F2 hybrids derived from C. briggsae father. Note 

the similarity in homozygous C. briggsae genomic regions between introgression-bearing F1(b, ir) and F2 

backcrossing hybrid, which are largely inviable. (B) Bar plot showing fitness of male F1(b, ir) hybrids are 

more likely to be compromised by homozygosity of C. briggsae alleles on autosomes. In all scored 

introgression lines, The male ratio in GFP-expressing F1(b, ir) (blue) derived from C. nigoni bearing 

autosome-linked introgression is significantly smaller than male ratio in wild-type F1(b, n) (white), and 

also smaller than those homozygous/hemizygous for an X-linked introgression (see Figure 4-6).  
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Figure 4-19. Physical map of introgressions that have killing effect in F1 when substituting C. nigoni 

autosomal region.  

The introgressions are depicted in the same manner as maps in previous sections, differently colored to 

indicate a directional (orange) or non-directional (red) F1 killing effects. Other introgressions exhibiting no 

changes in F1 phenotypes from wild-type F1(b, n) are colored grey. Note that both male and female F1(b, 

ir) hybrids with GFP expression can be observed in progeny derived from hybrid cross with C. nigoni 

bearing F1 killing introgressions. Three genomic intervals are deduced to contain loci responsible for the 

directional and universal killing of F1 hybrids, which are highlighted with red boxes by contrasting the F1 

phenotypes. 

 

Table 4-3. Quantification of F1 killing introgressions by statistics of adult F1 generated from the 

hybrid cross of both directions.  

Stars “*” indicate the strain/hybrid possesses C. briggsae mitochondria but not C. nigoni mitochondria.  

GFP-expressing Non-GFP

male female male female

ZZY10018 AF16 F1(10018,b) 0 0 0 139 NA

AF16 ZZY10018 F1(b,10018) 0 2 50 178 0.000                        

ZZY10051 AF16 F1(10051,b) 0 324 0 ND NA

AF16 ZZY10051 F1(b,10051) 0 0 131 341 0.002                        

AF16 ZZY10051* F1(b,10051) * 0 0 66 301 0.000                        

ZZY10351 AF16 F1(10351,b) 0 567 0 ND NA

AF16 ZZY10351 F1(b,10351) 0 0 272 800 0.000                        

AF16 ZZY10351* F1(b,10351) * 0 0 186 412 0.071                        

Parental 

strain

Maternal 

strain
F1 hybrid

  p value for χ² test 

on non-GFP hybrids 
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 Discussion 

The parent-of-origin effects from both species play a significant role in hybrid viability in F1 

and BC2. 

Directional killing effect by homozygosity of zzyIR10051 or zzyIR10351 in the F1 hybrids, which 

means that the hybrids of different parent-of-origins exhibited differential viability in spite of their 

same genetic makeups. We confirmed that the observed asymmetry inviability did not involve 

mitochondria. It is clear that interspecific genomic interaction in female F1(b, 10051) or F1(b, 

10351) hybrids bearing imbalanced autosomes could not completely kill the hybrid progeny 

without the contribution from parental effects, in particular the C. briggsae father or introgression-

bearing C. nigoni mother. We cannot exclude the contribution from either parent as non-GFP 

hybrids showed a shifted male ratio that was significantly lower than F1(b, n) even though they 

were both derived from C. briggsae father and bear the same hybrid genome (Table 4-3, p < 0.05,  

χ² test), attributing the disproportionally compromised male fitness in F1(b, ir) to an at least 

partially dominant maternal effect. As zzyIR10051 was shown to produce a dominant HI effect in 

decreasing embryonic lethality in a C. nigoni background (Chapter 2) and it covers a piRNA-rich 

region in C. briggsae, there is a possibility that zzyIR10051 contains dominant loci that interfere 

pre-mating environment and embryogenesis. 

The difference in embryo-to-adult survival rate between C. briggsae-dominant F2 progeny from 

different cross directions is another example of the significant parent-of-origin effect on hybrid 

viability. Backcross hybrids fathered by fertile introgression-bearing F1(b, ir) male reached a 
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survival rate of around 25%, which is 20 times more than those fathered by C. briggsae male even 

though they were from the same gene pool. This result provides indirect evidence that hybrid 

breakdown in BC2 fathered by C. briggsae might not be the result of specific incompatible 

interactions between genetic loci but rather due to epigenetic factors from C. briggsae male. 

Referring to the peel-1/zeel-1 model that had been confirmed in C. elegans subspecies (Seidel et 

al., 2011), a working model is that both C. briggsae hermaphrodite and C. nigoni female can 

produce antidote to deleterious epigenetic factors from the C. briggsae male. The regulatory 

mechanisms may have been interfered in F1 hybrids and C. nigoni female heterozygous for some 

C. briggsae introgressions, leading to suppression of the antidote production. Under this 

assumption, loci regulating antidote production are likely to locate on genomic counterparts of 

zzyIR10051 and zzyIR10351. However, the model is only an empirical one based on simple 

observations and requires molecular evidence to support it. 

Cross direction-independent killing effects from homozygosity of piRNA-rich region indicate 

substantial species divergence.  

The observation that F1 hybrids homozygous for C. briggsae introgression zzyIR10018 could not 

survive regardless of gender and parent of origin support that interspecific substitution of the 

piRNA-rich region on Chromosome IV is lethal for the hybrids. Previous study on other model 

organisms have shown that species divergence in piRNA would lead to hybrid dysgenesis between 

different Drosophila species(Kelleher, Edelman, & Barbash, 2012). In our previous screening of 

HI traits in C. nigoni, the presence of piRNAs from Chromosome IV of both species was sufficient 

to produce dominant lethality in heterozygotes. Analysis on genome of the two species also 

suggested that C. nigoni has some unique TE that were never found in C. briggsae. Even as we do 
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not have molecular evidence to confirm whether the dominant lethality in C. nigoni is from up-or 

down-regulation of C. nigoni TE silencing, it is clear that deletion of all C. nigoni piRNA severely 

breaks the balance of TE regulation in F1(b, 10018). Our best guess is that the direction-

independent killing effect of zzyIR10018 should be attributed to some desilenced C. nigoni TEs. 

C. briggsae autosomal alleles are at least partially dominant in regulating hybrid male 

fertility by X-autosome interaction. 

Male sterility in F1(b, n) hybrids and C. nigoni bearing an X-linked introgression are manifested 

as malformed germline and non-functional spermatids, the mechanism underlying which had not 

yet been deciphered yet. Some models were proposed, but they cannot fully account for the 

interactions between autosomes and the X chromosome of the parental species. As genes related 

to male fertility are enriched on autosomes in both C. briggsae and C. nigoni, one of the promising 

models for F1(b, n) male sterility states that C. briggsae autosomal alleles are dominant in the 

competitive regulation of germline development and spermatogenesis against C. nigoni autosomal 

alleles, which can be suppressed by some hemizygous loci on C. nigoni X. The rescue of F1 male 

sterility by substituting C. nigoni X with introgressions covering the two deduced sterility-rescuing 

genomic intervals, i.e., zzyIR10330 and zzyIR10307, can be explained by deletion of X-linked loci 

necessary to produce the suppression effect. As zzyIR10330 and zzyIR10307 do not overlap with 

each other, multiple loci located on the homologous regions of the two introgressions may be 

involved. Male sterility produced by either of the two introgressions in C. nigoni background can 

be attributed to the lack of critical loci on C. nigoni X. This hypothetical model is consistent with 

the observation that male hybrids with or without rescued fertility had significant smaller sperms 

than those of C. nigoni, which had reduced competitiveness in fertilization due to gamete 
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incompatibility (Vielle, Callemeyn-torre, Gimond, & Poullet, 2016). 

The success in generating fertile male bearing a hemizygous zzyIR10330 and a heterozygous 

autosome-linked introgression in two independent attempts provides further support to this 

hypothesis. We showed that the three zzyIR10330-rescue introgressions were within the 

homozygous viable regions located on the right arm of the C. briggsae Chromosome II as 

confirmed in interbreeding lines bearing an otherwise pure C. nigoni background. As a result, the 

possibility that these introgressions contain recessive HI loci that compromise C. nigoni male 

fertility can be ruled out. However, they could rescue sterility produced by zzyIR10330 with the 

presence of C. nigoni counterpart, suggesting that these introgressions can produce effects that 

cannot be silenced by C. nigoni. We propose that the presence of Chromosome II-linked 

introgression restores homologs of some crucial X-linked loci that had been substituted by 

zzyIR10330 on C. nigoni X. This theory is consistent with the observation that interbreeding 

between II-linked introgression lines and ZZY10307 carrying the other independent male sterile 

locus could not produce fertile GFP-expressing male bearing two introgressions at the same time. 

As the two X-linked male sterile introgressions do not overlap, it is possible that the II-linked 

zzyIR10353 does not contain critical homologs of the C. nigoni alleles that had been substituted 

by zzyIR10307. 

Study of chromosome-linked loci interactions is inhibited by the lack of a second visible marker 

with strong intensity for genetic tracking. This difficulty was alleviated by the successful 

construction of the pmyo-2::mRuby3 vector carryings a single-copy insertion of fluorescent 

markers through miniMos transposon-assisted technique. Generation of 31 transgenic RFP-

expressing C. briggsae strains with at least 3 introgressions flagging each chromosome provides 
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us with a platform to study the interaction between distantly located genes, especially those of 

different linkage groups. The dual-marker system was used to facilitate scoring of rescue loci 

penetrance on C. briggsae II in interaction with zzyIR10330. It was also used for systematical 

isolation of potential autosome-linked loci that rescue male sterility produced by zzyIR10307. As 

the sterility-rescue pathway may not be one-on-one, a genome-wide screening for other interacting 

loci is necessary and is now feasible. 

Multiple recessive pathways observing the Dobzhansky-Muller may be involved in both 

hybrid male sterility and inviability. 

It is an intriguing coincidence that hybrid F1 male sterility and inviability could each be rescued 

by two independent loci, suggesting that both incompatible traits are the result of multiple 

recessive incompatible gene interactions between C. briggsae HI loci and C. nigoni alleles 

substituted by rescue introgressions in the hybrid background. For example, male inviability could 

be rescued by either zzyIR10353 (II) or zzyIR10265 (IV), while C. nigoni counterpart of the 

zzyIR10353 and the rest of the hybrid genome were present in rescued viable F1(b, 10265) male 

hybrids. However, potential incompatible interactions between these genomic components are not 

dominant enough to produce a killing effect, and vice versa. These recessive HI interactions meet 

the description of the Dobzhansky-Muller model, which states that incompatible loci are the results 

of spontaneous mutations during independent speciation of the two nematode species. 

The deduction that multiple recessive DMI pathways are involved in producing male sterility in 

F1(b, n) are made through the same logic. Furthermore, the characterization of sterile F1(b, 10295) 

and F1(b, 10289) male germline malformations suggested that hybrid male sterility rescued by 

zzyIR10330 is a result of the interplay of at least two pathways, both regulated by multiple loci 
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located across different rescue introgressions. An inference can also be made that pathways 

regulated by C. briggsae alleles on zzyIR10295 and zzyIR10289 are blocked by genes on the C. 

nigoni counterparts, resulting in gonad underdevelopment in F1(b, n) male. It should be noted that 

we could not explain the male sterility of X-linked introgression lines. Meanwhile, whether 

multiple loci are involved in the rescue of F1 male sterility by zzyIR10307 is also unknown, 

requiring further study using new introgressions.  

  Material and Methods 

Nematode strains and maintenance: The following species/strains were used in the study: C. 

briggsae (AF16), C. nigoni (JU1421), C. nigoni cytoplasm-replaced hybrids (ZZY10357), and 28 

C. nigoni-background lines each bearing an independent GFP-flagged C. briggsae introgression 

(supplementary table S1). Generation of ZZY10357 that possesses a full-set of C. nigoni 

chromosomes and C. briggsae cytoplasm was started with the hybrid cross of C. nigoni male and 

C. briggsae hermaphrodite, then backcrossed female hybrids with C. nigoni male worms for 20 

generations. Genotypes were confirmed by species-specific PCR. All worms were maintained at a 

constant temperature of 25°C on 1.5% agar NGM (Nematode Growth Medium) plates seeded with 

E. coli strain OP50. 

Criteria in selecting introgressions: C. briggsae introgressions scored for F1 phenotype were 

chosen based on the following criteria. First, they have been characterized for their HI phenotypes 

in an otherwise C. nigoni background. Second, a few more were chosen to fill in the gaps that were 

not covered by those in previous to achieve as high coverage over C. briggsae genome as possible. 

Third, several introgressions overlapped with those which were confirmed to produce changes in 
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F1 phenotypes were added to deduce interval responsible to the changes. Note that the 

introgression fragments were named after strain name using the same 5-digit number with a prefix 

“zzyIR”. 

Crossing strategy and nomenclarture of hybrids: The paternal and maternal species/strains of 

hybrids were indicated in the parenthesis after “F1” and separated by comma. The letter “b” was 

used to stand for C. briggsae and “n” for C. nigoni. The word “ir” was short for introgression and 

a 5-digit number was used when referring to a specific strain. F1(b, n) represented F1 hybrids from 

crossing between C. briggsae male and C. nigoni female worms while F1(n, b) represented F1 

hybrids from the opposite hybrid cross direction. Introgression-bearing C. nigoni male/female 

worms with GFP-expression were crossed with C. briggsae hermaphrodite/male, respectively, 

producing hybrids referred to as F1(ir, b) and F1(b, ir), accordingly. Note that the “ir” here does 

not mean the hybrids have to bear the GFP-flagged C. briggsae fragment if its C. nigoni parent is 

heterozygous for the introgression. 

Viability: Hybrid viability was defined by whether a remarkable number of hybrids could survive 

to adult. In this study, F1(b, ir) or F1(ir, b) hybrid viability was recorded by scoring GFP-

expressing and non-GFP-expressing male and female adults to find out whether the introgression 

produced any changes to hybrid viability opposed to hybrids F1(b, n) or F1(n, b), respectively. 

Note that hybrid inviability was exclusively found in F1(n, b) male hybrids but not in F1(b, n) 

male or female hybrids from either hybrid cross.  

Male ratio: Since there was some intraspecific variations between male ratio scored in using 

different strains (Kozlowska, Ahmad, Jahesh, & Cutter, 2012), male ratio was scored in wild-type 

hybrids derived from strain C. briggsae AF16 and C. nigoni JU1421 in both hybrid cross directions 
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as the control group, shown by mean± standard error in percentage. For a target introgression, the 

hybrid male ratio was scored as the proportion of male adult hybrids in all GFP-expressing hybrid 

progeny under the same circumstances to quantify its effect on imbalanced male/female fitness. It 

was calculated by average of at least 3 replicates, more than 150 adults in each replicate. 

Fertility: Hybrid fertility was defined as the ability to yield embryos after mating with the opposite 

sex from either C. briggsae or C. nigoni. Note that hybrid sterility (infertility) was exclusively 

found in F1(b, n) male hybrids but not in either F1(b, n) or F1(n, b) female. F1(n, b) male was 

feasible for fertility test due to hybrid inviability. Fertility of hybrid male worms bearing target 

introgression was identified by isolating GFP-expressing male worms with C. nigoni L4 stage 

female worms or C. briggsae sperm-depleted hermaphrodites for 24 hours. Fertility of hybrid 

female worms bearing target introgression was identified by isolating GFP-expressing L4 stage 

female worms with C. briggsae or C. nigoni male worms for 24 hours. Fertility of some 

introgressions were quantified by brood size, calculated by average embryo production of at least 

3 worms in their whole lifespan. 

Selfing ability: The significant trait of C. briggsae hermaphrodites to self-produce embryos 

without mating with males as opposed to C. nigoni females was not observed in female hybrids. 

GFP-expressing female hybrids from cross of both directions were scored for selfing ability by 

isolating L4 stage female hybrids for 24 hours. 

Survival rate of backcrossing F2: In cross between F1 female hybrids and C. briggsae male 

worms, hundreds of backcrossing F2 embryos could be laid but less than 1% could survive and 

grow up to adulthood. Survival rate of backcrossing F2 embryos generated by cross between C. 

briggsae male worms and GFP-expressing F1 female bearing target introgression was scored to 
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find out whether homozygosity of C. briggsae genomic fragment in F1 can improve embryo-to-

adult survival rate. The crossing was set up by incubating GFP-expressing F1(b, ir) or F1(ir, b) L4 

stage female worms bearing target introgression with C. briggsae male worms for 24 hours, 

followed by transferring F1 female hybrids every 12 hours in their whole lifespan and counting all 

F2 embryos and adults yielded. The survival rate was calculated by average ratio of F2 adults in 

F2 embryos of at least 3 replicates, more than 150 embryos in each replicate. 

Micrography: A Zeiss LSM 510 confocal laser microscope was used for DIC micrographs of 1024 

x 1024 pixels. Specimens were pre-treated in homogenous buffer, e.g. M9 buffer with 0.05M 

sodium azide for worm and sperm medium (SPM) for spermatids from dissected worms.  Objective 

lens: HCX PL APO CS 63.0x1.20 WATER UV; Laser: Argon, 25%; Wavelength: 476nm for DIC 

figures, 488nm to check GFP expression; Scan speed: 400Hz; Zoom-in factor: 3; Pinhole: 0.72AU; 

Calculation speed to merge images for Tilescan figures: Slow. 

Sperm size: The target to measure male sperms of targeted species or hybrids was achieved by 

micrography of spermatids from dissected male worms in sperm medium under Leica Confocal 

Laser microscope. 3-day-old male worms were generated from incubating embryos in E. coli 

culture on NGM plates for 72 hours at 25°C. Note food should not be exhausted to avoid 

suppression on spermatogenesis. For male hybrids bearing target introgression, GFP expression 

was pre-checked under stereo microscope. Spermatids were obtained by dissecting male worms in 

SPM (50 mM HEPES pH7.8, 50 mM NaCl, 25 mM KCl, 5mM CaCl2, 1 mM MgSO4, 1 mg/ml 

BSA) (Ward, Hogan, & Nelson, 1983) with needles and were immediately imaged. Using the 

parameters described in Microscopy part, 1250 pixels were equal to 100 μm in the uncompressed 

images. ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, 
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Maryland, USA, http://imagej.nih.gov/ij/,1997–214) was used to automatically measure cross-

sectional area of spermatids using the function “particle analysis”. For each species or hybrid 

shown in violin plot sperm size was measured in 3 to 4 males yielding at least 80 sperms. 

Sperm activation: Sperms were activated by freshly made pronase diluted in SPM (Sigma-

Aldrich) in a final concentration of 200 ng/μl. In vitro sperm activation assays of target worms was 

performed by dissecting male worms in pronase-SPM solution. Micrographs were taken within 5–

30 minutes after dissection. Activation rate of wild-type C. briggsae or C. nigoni male sperms was 

scored as control for enzyme activity in each trial. Sperm activation rate was calculated by average 

of individual activation rate (number of activated sperms divided by number of all sperms in view) 

of 3 to 4 male adults, shown as mean ± standard error in percentage.  

Nanopore sequencing for zzyIR10230 that rescued male sterility of ZZY10330:  Genomic DNA 

was collected in an indirect way by picking F21 female progeny generated from cross of fertile 

GFP-expressing F20 male hybrids and L4 stage C. nigoni female worms of 3 batches. The total 

number of F21 adult female worms was 371. GFP-expressing F20 male hybrids were PCR-mapped 

to ensure the genotype of X-linked introgression was the same with zzyIR10330 which produced 

male sterility in C. nigoni background but rescued by the co-segregating zzyIR10230. It was 

expected that 100% of F21 female worms possessed the GFP-flagged zzyIR10330 as a result of 

sex-linked segregation of the X-linked introgression and 50% carried the non-GFP-flagged 

zzyIR10230 inherited from fertile F20 male worms heterozygous for the co-segregating rescue 

fragment. 

http://imagej.nih.gov/ij/,1997–214


 

119 

 

Supplements 

Supplementary table 1: List of C. nigoni backcrossing lines bearing a C. briggsae introgression (IR) (partial). 

Introgression that were intensively studied in Chapter 2-4 can be found here with genotypes, scored HI phenotypes in C. nigoni 

hybrids F1 and BC2 annotated. ND: Not determined; chr: chromosome linkage group. 

IR strain 

name 

Inserted visible marker in C. 

briggsae  
chr 

5' end 

(Mb) 

3' end 

(Mb) 

IR 

Size 

(Mb) 

Homo-

zygous 

viability 

Male  

HI 
Effects in F1  

Rescue of 

F2 hybrid 

breakdown 

ZZY10012 
zzyIs0012[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 8.02  13.98 5.96 No No 

Rescue inviability 

in F1(ir, b) 
No 

ZZY10013 
zzyIs0013[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
I 0.00  4.55 4.55 Yes No No No 

ZZY10014 
zzyIs0014[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

II 9.15  16.63 7.48 No No ND ND 

ZZY10018 
zzyIs0018[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
IV 11.52  17.49 5.97 No No 

Kill F1(b, ir) and 

F1(ir, b) 
No 

ZZY10026 
zzyIs0026[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 6.94  9.15 2.21 ND No 

Kill F(b, ir) male 
and female 

hybrids  

No 

ZZY10028 
zzyIs0028[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
V 6.02  7.11 1.09 ND No ND ND 

ZZY10030 
zzyIs0030[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
III 1.59  8.90 7.31 No No No No 



 

120 

 

IR strain 

name 

Inserted visible marker in C. 

briggsae  
chr 

5' end 

(Mb) 

3' end 

(Mb) 

IR 

Size 

(Mb) 

Homo-

zygous 

viability 

Male  

HI 
Effects in F1  

Rescue of 

F2 hybrid 

breakdown 

ZZY10033 
zzyIs0033[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 0.00  2.37 2.37 Yes No ND ND 

ZZY10036 
zzyIs0036[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 0.00  4.51 4.51 Yes No No No 

ZZY10051 
zzyIs0051[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
I 4.54  14.98 10.44 No No 

Kill F1(b, ir) male 
and female 

hybrids  

No 

ZZY10065 
zzyIs0065[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
V 0.00  0.35 0.35 Yes No ND ND 

ZZY10265 
zzyIs20105[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

IV 0.00  8.99 8.99 ND No 
Rescue F1(ir, b) 
male inviability 

No 

ZZY10268 
zzyIs0018[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
IV 11.52  13.11 1.59 Yes No No No 

ZZY10275 
zzyIs20105[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
IV 0.00  9.85 9.85 No No 

Rescue F1(ir, b) 

male inviability 
No 
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IR strain 

name 

Inserted visible marker in C. 

briggsae  
chr 

5' end 

(Mb) 

3' end 

(Mb) 

IR 

Size 

(Mb) 

Homo-

zygous 

viability 

Male  

HI 
Effects in F1  

Rescue of 

F2 hybrid 

breakdown 

ZZY10279 
zzyIs20101[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 6.30  16.36 10.06 No Sterile 

Rescue F1(b, ir) 

male fertility  
ND 

ZZY10281 
zzyIs20147[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 19.03  21.37 2.34 No No ND ND 

ZZY10285 
zzyIs20101[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 5.04  16.36 11.32 No Sterile ND ND 

ZZY10286 
zzyIs20153[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

II 9.15  16.63 7.48 Yes No ND ND 

ZZY10287 
zzyIs20107[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 4.51  6.75 2.24 Yes No No No 

ZZY10288 
zzyIs20144[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
V 3.50  7.75 4.25 Yes No No No 

ZZY10289 
zzyIs20143[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 19.65  21.54 1.89 Yes No No No 

ZZY10290 
zzyIs20133[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
V 0.00  0.61 0.61 Yes No No No 

ZZY10291 
zzyIs20132[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 15.80  16.63 0.83 Yes No No No 

ZZY10292 
zzyIs20131[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
III 7.98  13.34 5.36 Yes No No No 

ZZY10293 
zzyIs20127[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 4.51  5.51 1.00 Yes No No No 
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IR strain 

name 

Inserted visible marker in C. 

briggsae  
chr 

5' end 

(Mb) 

3' end 

(Mb) 

IR 

Size 

(Mb) 

Homo-

zygous 

viability 

Male  

HI 
Effects in F1  

Rescue of 

F2 hybrid 

breakdown 

ZZY10295 
zzyIs20130[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

X 16.29  18.19 1.90 Yes No No No 

ZZY10296 
zzyIs0017[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
V 0.00  7.75 7.75 Yes No No No 

ZZY10297 
zzyIs20147[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 19.03  21.37 2.34 No Inviable ND ND 

ZZY10300 
zzyIs20137[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 12.24  15.11 2.87 No Inviable ND ND 

ZZY10305 
zzyIs20105[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
IV 0.00  9.85 9.85 No No ND ND 

ZZY10307 
zzyIs20107[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

X 4.51  12.23 7.72 No Sterile 
Rescue F1(b, ir) 
male fertility 

Yes (in F2 

fathered by 

fertile F1 male)  

ZZY10310 
zzyIs20110[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 11.12  16.63 5.51 No No 

Rescue F1(ir ,b) 

male inviability 
No 

ZZY10312 
zzyIs20112[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 9.15  15.29 6.14 ND No 

Rescue F1(ir ,b) 

male inviability 
No 

ZZY10316 
zzyIs20116[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
V 10.43  19.50 9.07 No No No No 
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IR strain 

name 

Inserted visible marker in C. 

briggsae  
chr 

5' end 

(Mb) 

3' end 

(Mb) 

IR 

Size 

(Mb) 

Homo-

zygous 

viability 

Male  

HI 
Effects in F1  

Rescue of 

F2 hybrid 

breakdown 

ZZY10318 
zzyIs20118[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 13.14  16.63 3.49 ND No ND ND 

ZZY10320 
zzyIs20120[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 1.59  5.19 3.60 Yes No No No 

ZZY10328 
zzyIs20128[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 3.00  12.24 9.24 No Sterile ND ND 

ZZY10329 
zzyIs20129[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 6.02  21.54 15.52 ND Inviable ND ND 

ZZY10330 
zzyIs20130[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

X 16.36  21.54 5.18 No Sterile 
Rescue F1(b, ir) 
male fertility 

Yes (in F2 

fathered by 

fertile F1 male) 

ZZY10331 
zzyIs20131[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

III 9.81  12.60 2.79 YES No ND ND 

ZZY10332 
zzyIs20132[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 3.40  6.94 3.54 YES No ND ND 

ZZY10333 
zzyIs20133[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

V 0.00  0.61 0.61 YES No ND ND 

ZZY10334 
zzyIs20134[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
V 8.98  12.03 3.05 No No No No 

ZZY10335 
zzyIs20135[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

X 4.24  21.54 17.30 ND Inviable ND ND 

ZZY10337 
zzyIs20137[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 3.34  14.07 10.73 No Sterile ND ND 
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IR strain 

name 

Inserted visible marker in C. 

briggsae  
chr 

5' end 

(Mb) 

3' end 

(Mb) 

IR 

Size 

(Mb) 

Homo-

zygous 

viability 

Male  

HI 
Effects in F1  

Rescue of 

F2 hybrid 

breakdown 

ZZY10341 
zzyIs20141[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
IV 0.60  10.88 10.28 No No ND ND 

ZZY10347 
zzyIs20147[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
X 20.04  21.37 1.33 ND No ND ND 

ZZY10351 
zzyIs20151[cbr-unc-119(+); 

cbr-Pmyo-2::GFP] 
II 0.00  10.16 10.16 No No 

Kill F1(b, ir) male 

and female 
No 

ZZY10353 
zzyIs20153[cbr-unc-119(+); 
cbr-Pmyo-2::GFP] 

II 10.16  16.63 6.47 YES No 
Rescue F1(ir, b) 
male inviability 

No 

 



 

125 

 

Supplementary table 2. List of the C. briggsae-specific genotyping primers based on “cb4” version of C. briggsae genome 

assembly (partial list) as an update to the primer list in published work (Bi et al., 2015) 

Primer name 
Linkage 

group 
Left primer sequence Right primer sequence start end 

I-1.3 I CAAACGAAAGATGGCAAACA ATATGCCGCATGGAAGAGAC 704104 704455 

I-8.2 I TGGCACTCTCCTTTTGCTTT AATGGTGGGTTTTCCATTCA 3833898 3834444 

I-7.9 I AGCAGCTTCAGAACCGACAT CGACGACCCAAAACTAGGAA 3416733 3417227 

I-8.1 I TCGTTGGGAGACGACACATA CGCAATATCATGAAGGGACTC 3647753 3648104 

II-7.3 II CGCCTAAAACTACCGCAATG CCCAAGTCGTCACCAAAAAT 6677468 6677896 

II-7.7 II GGATGATTGAAGTTTGGGAAA GCTTTGTAAAACCGGCGAAC 6794588 6794848 

II-6.9 II CATCGGAATTAACCGAAACG CCAACGTTCAAGCTGTTTCA 6299536 6299788 

II-7.1 II CCAAGCCGGCAGAAACATTT TGTTTTCTTCCGGAGTCATTTTC 6506850 6507146 

II-6.9(1) II GAAAAGCCCTATCGCATGAA GCTCGAGTCATGCAAACAAA 6452549 6453034 

II-6.9(2) II TGAACTTCTGAACAGTAATCTGAAGAG GCCTGTGCACAAACTCATTG 6485803 6486055 

II-7.6 II GAGGCAGAGGAGGTGAAAGA AATCTGCAGGCTGAGTTTCG 6708616 6708888 

II-15 II ACTTTCAGCGGAGAATGGAC TCTCGCTTTAAACCCTGCAT 16314686 16315136 

II-12.8 II ATAATGCCAAAAGCGAAACG GCTGATTTCGCTGACCTACC 14635444 14635734 

II-16 II TGTTGTCGACGGAATCTGAA TTCAGTGGTCTTCTCACAATCCT 16409605 16409955 

III-13.5 III CCGATATAGCCGGAATTCAA ATTTAGCCTCACCTCGCTCA 10799541 10799836 

V-2.4 V TCTGAATCGCCTTCGACTTT CCTTGCTCTCGTGTTCATCA 610254 610542 

V-8.7 V CACTAGGCAAATGAGCAGCA CTCCAGCGAATCCAACATTT 11548587 11548954 

V-6.3 V CAAAACGCTTTGATTCGACA GCTTTCCTGGGCCTTCTAAC 6535665 6536176 
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V-6.4(1) V AAAGCGCACGGTAAAACTTG CAGCTGTTTCGTCATCCAGA 7113583 7113897 

V-6.4(2) V AGGGGTGGAATCACAAAACA AGCTTCCTGTGAATCCGATG 6920361 6920955 

X-5.1 X ACGCTGATAACCTGCGAAAT AGTTGCTACCCCGTTCATTG 4507476 4508014 

X-5.8 X TTTCACCAGTGAGCGTGTTC CCTACTGTTAGGCGCGAGAC 5511961 5512322 

X-13.46 X TTCACTGCTCAACTCCCTGT GGTCCCGTGTTGTTGTTACC 19289253 19289532 

X-13.7 X TGTTGTCCGACTGTAGTGCT GCTTTCGAGGTTTACACGGA 19650420 19650809 

X-13.8 X CCTTACAGTCTCCTCAGGGG AGTTTGGACAAGCAGCAGAAG 19847017 19847280 

X-9.8 X AAAATGTCTGAACGGTCCGC GGATGGCCGGCACAACTATA 14275500 14275808 

X-9.9 X CAGTCATAGCCGAGAAACATCA GCAATAAGATATCACGCGTGGA 14471544 14471889 

X-12.3 X TTGATGAAACGTCTGGATGG CCTGGTTGATGGGAAACAAG 16495321 16495714 

X-14.3 X TGTCAGATTCTCCGCCTCTT AAAGCAACACCCCGTACTTG 20479465 20479974 

X-20101-L3 X GACATTGCCTTGGGGTTAGA CCGTGTGCTCTTTTTCCAAT 4946926 4947444 

X-20101-L6 X AACGAGGGGGCAATAAAAAG GCAATTTCCAATGCAGGAGT 4992629 4992878 

X-20101-L10 X TTGAAGAGCGCAGAACAAAC ACCCAACTTTCCAAACAAGC 5079194 5079540 

X-20101-L12 X CCGTAACATTGGCGTACAAA CAGCTTGCTACCTCCGATCT 5098112 5098629 

X-20101-L8 X TCCCGAACTTTTCAAGTGCT TTGGGAAACTTTGGACTTCG 5002278 5002731 

X-5.9 X TGAGGGCGGGTATATAATGC CGGTTTTCGACGAATCAGAC 5904815 5905096 

X-6.3 X ATGCTGATAAGGGTGGCCTT ACACTTGAGTTCTGGAGCGT 6400457 6401026 

X-20147-L1 X GGAACGTTTCTCAAGCACCT TCCAGCCAACCTATCCATGA 19499960 19500231 

X-20147-L2 X ATCGAGCCCAAACTACGAGT TGAGCCGATTGAGTATGTAGCA 19607159 19607494 

X-20147-R2 X AGCATATGGACAAGGCAAACT GTTACGCATTGGTTCTCCCC 19691461 19691958 

X-20147-R1 X CGCCCACTCGAACTATCTCT AAATCTGGCCCCACACAAAC 19806964 19807312 
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Supplementary table 3. Single Factor ANOVA test for lengths (Mb) between introgressions 

from different chromosomes (A) and between X-linked introgressions categorized by male HI 

phenotypes (B). 

(A)  Between linkage group     

Groups Count Sum Average Variance   

Chromosome I 11 67.09 6.099091 19.76905  

Chromosome II 24 172.28 7.178333 11.72566  

Chromosome III 8 54.55 6.81875 4.507613  

Chromosome IV 20 192.31 9.6155 9.484184  

Chromosome V 32 233.61 7.300313 18.29239  

Chromosome X 57 420.52 7.377544 26.57809  

ANOVA       

Source of 

Variation 
SS df MS F P-value F crit 

Between Groups 119.4208 5 23.88416 1.275186 0.277728 2.276169 

Within Groups 2734.571 146 18.72994    

       

Total 2853.991 151         

       

(B)  Between X-linked introgressions    

Groups Count Sum Average Variance   

X-inviable 12 163.4 13.61666667 6.684387879   

X-sterile 19 160.79 8.462631579 7.957109357   

X-fertile 14 36.53 2.609285714 1.145699451   

ANOVA       

Source of 

Variation 
SS df MS F P-value F crit 

Between Groups 789.4555521 2 394.727776 71.56720537 2.95805E-14 3.219942 

Within Groups 231.6503279 42 5.515483999    

       

Total 1021.10588 44         



 

128 

 

Reference 

Albritton, S. E., Kranz, A.-L., Rao, P., Kramer, M., Dieterich, C., & Ercan, S. (2014). Sex-biased 

gene expression and evolution of the X chromosome in nematodes. Genetics, 197(3), 865–

883. 

Andrus, C. F., Seshadri, V. S., & Grimball, P. C. (1971). Production of seedless watermelons (Vol. 

1424). US Agricultural Research Service. 

Baird, S. E., & Seibert, S. R. (2013). Reproductive isolation in the Elegans-Group of 

Caenorhabditis. Natural Science, 05(04), 18–25. https://doi.org/10.4236/ns.2013.54A004 

Bateson, W. (1909). Heredity and variation in modern lights. Darwin and Modern Science. 

Ben-David, E., Burga, A., & Kruglyak, L. (2017). A maternal-effect selfish genetic element in 

Caenorhabditis elegans. Science, 356(6342), 1051–1055. 

Bi, Y., Ren, X., Yan, C., Shao, J., Xie, D., & Zhao, Z. (2015). A Genome-wide hybrid 

incompatibility landscape between Caenorhabditis briggsae and C. nigoni. PLoS Genetics. 

https://doi.org/10.1371/journal.pgen.1004993 

Brennecke, J., Malone, C. D., Aravin, A. A., Sachidanandam, R., Stark, A., & Hannon, G. J. (2008). 

An epigenetic role for maternally inherited piRNAs in transposon silencing. Science, 

322(5906), 1387–1392. 

Brideau, N. J., Flores, H. A., Wang, J., Maheshwari, S., Wang, X. U., & Barbash, D. A. (2006). 

Two Dobzhansky-Muller genes interact to cause hybrid lethality in Drosophila. Science, 

314(5803), 1292–1295. 

Bundus, J. D., Alaei, R., & Cutter, A. D. (2015). Gametic selection, developmental trajectories, 

and extrinsic heterogeneity in Haldane’s rule. Evolution. https://doi.org/10.1111/evo.12708 

Bundus, J. D., Wang, D., & Cutter, A. D. (2018). Genetic basis to hybrid inviability is more 

complex than hybrid male sterility in Caenorhabditis nematodes. Heredity. 

https://doi.org/10.1038/s41437-018-0069-y 



 

129 

 

Castañeda, J., Genzor, P., & Bortvin, A. (2011). piRNAs, transposon silencing, and germline 

genome integrity. Mutation Research/Fundamental and Molecular Mechanisms of 

Mutagenesis, 714(1–2), 95–104. 

Chang, C.-C., Rodriguez, J., & Ross, J. (2015). Mitochondrial-Nuclear Epistasis Impacts Fitness 

and Mitochondrial Physiology of Interpopulation Caenorhabditis briggsae Hybrids. G3 

(Bethesda, Md.), 6(1), 209–219. https://doi.org/10.1534/g3.115.022970 

Charlesworth, B., Coyne, J. A., & Orr, H. A. (1993). Meiotic drive and unisexual hybrid sterility: 

a comment. Genetics, 133(2), 421. 

Coyne, J. A. (1989). Two rules of speciation. Speciation and Its Consequences, 180–207. 

Darwin, C. (1869). ORIGIN OF SPECIES. The Athenaeum, (2174), 861. 

Dey, A., Jeon, Y., Wang, G. X., & Cutter, A. D. (2012). Global population genetic structure of 

caenorhabditis remanei reveals incipient speciation. Genetics, 191(4), 1257–1269. 

https://doi.org/10.1534/genetics.112.140418 

Dey, A., Jin, Q., Chen, Y.-C., & Cutter, A. D. (2014). Gonad morphogenesis defects drive hybrid 

male sterility in asymmetric hybrid breakdown of Caenorhabditis nematodes. Evolution & 

Development, 16(6), 362–372. 

Dobzhansky, T. (1934). Studies on hybrid sterility. Zeitschrift Für Zellforschung Und 

Mikroskopische Anatomie, 21(2), 169–223. 

Equence, C. E. S., Iology, T. O. B., The, C., Consortium, S., & Consortium, T. C. elegans S. (1998). 

Genome Sequence of the Nematode C. elegans: A Platform for Investigating Biology. Science 

(New York, N.Y.), 282(5396), 2012–2018. https://doi.org/10.1126/science.282.5396.2012 

Erwin, A. A., Galdos, M. A., Wickersheim, M. L., Harrison, C. C., Marr, K. D., Colicchio, J. M., 

& Blumenstiel, J. P. (2015). piRNAs are associated with diverse transgenerational effects on 

gene and transposon expression in a hybrid dysgenic syndrome of D. virilis. PLoS Genetics, 

11(8), e1005332. 

Félix, M.-A., Braendle, C., & Cutter, A. D. (2014). A streamlined system for species diagnosis in 

Caenorhabditis (Nematoda: Rhabditidae) with name designations for 15 distinct biological 



 

130 

 

species. PloS One, 9(4), e94723. 

Ferree, P. M., & Barbash, D. A. (2007). Distorted sex ratios: a window into RNAi-mediated 

silencing. PLoS Biology, 5(11), e303. 

Frokjaer-Jensen, C., Davis, M. W., Sarov, M., Taylor, J., Flibotte, S., LaBella, M., et al. (2014). 

Random and targeted transgene insertion in C. elegans using a modified Mosl transposon. 

Nat. Methods, 11(5), 529–534. https://doi.org/10.1038/nmeth.2889 

Haag, E. S. (2014). Intense sperm-mediated sexual conflict promotes reproductive isolation in 

Caenorhabditis nematodes. PLoS Biology, 12(7), e1001915. 

https://doi.org/10.1371/journal.pbio.1001915 

Haas, B. J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P. D., Bowden, J., et al. (2013). 

De novo transcript sequence reconstruction from RNA-seq using the Trinity platform for 

reference generation and analysis. Nature Protocols, 8(8), 1494. 

Harris, T. W., Baran, J., Bieri, T., Cabunoc, A., Chan, J., Chen, W. J., et al. (2013). WormBase 

2014: new views of curated biology. Nucleic Acids Research, 42(D1), D789--D793. 

Johnson, N. A., Perez, D. E., Cabot, E. L., Hollocher, H., & Wu, C.-I. (1992). A test of reciprocal 

X-Y interactions as a cause of hybrid sterility in Drosophila. Nature, 358(6389), 751. 

Jovelin, R., & Cutter, A. D. (2013). Fine-scale signatures of molecular evolution reconcile models 

of indel-associated mutation. Genome Biology and Evolution, 5(5), 978–986. 

https://doi.org/10.1093/gbe/evt051 

Kelleher, E. S., Edelman, N. B., & Barbash, D. A. (2012). Drosophila interspecific hybrids 

phenocopy piRNA-pathway mutants. PLoS Biology, 10(11), e1001428. 

Kelly, W. G., Schaner, C. E., Dernburg, A. F., Lee, M.-H., Kim, S. K., Villeneuve, A. M., & 

Reinke, V. (2002). X-chromosome silencing in the germline of C. elegans. Development, 

129(2), 479–492. 

Kimble, J., & Hirsh, D. (1979). The postembryonic cell lineages of the hermaphrodite and male 

gonads in Caenorhabditis elegans. Developmental Biology, 70(2), 396–417. 



 

131 

 

Kiontke, K. C., Félix, M.-A., Ailion, M., Rockman, M. V, Braendle, C., Pénigault, J.-B., & Fitch, 

D. H. (2011). A phylogeny and molecular barcodes for Caenorhabditis, with numerous new 

species from rotting fruits. BMC Evolutionary Biology, 11(1), 339. 

https://doi.org/10.1186/1471-2148-11-339 

Kiontke, K., Gavin, N. P., Raynes, Y., Roehrig, C., Piano, F., & Fitch, D. H. A. (2004). 

Caenorhabditis phylogeny predicts convergence of hermaphroditism and extensive intron 

loss. Proceedings of the National Academy of Sciences of the United States of America, 

101(24), 9003–9008. https://doi.org/10.1073/pnas.0403094101 

Kozlowska, J. L., Ahmad, A. R., Jahesh, E., & Cutter, A. D. (2012). Genetic variation for 

postzygotic reproductive isolation between Caenorhabditis briggsae and Caenorhabditis sp. 

9. Evolution: International Journal of Organic Evolution, 66(4), 1180–1195. 

Kumar, S., Koutsovoulos, G., Kaur, G., & Blaxter, M. (2012). Toward 959 nematode genomes. 

Worm, 1(1), 41–49. https://doi.org/10.4161/worm.19046 

LaMunyon, C. W., & Ward, S. (1999). Evolution of sperm size in nematodes: sperm competition 

favours larger sperm. Proceedings of the Royal Society B: Biological Sciences, 266(1416), 

263. 

Li, R., Ren, X., Bi, Y., Wing, V., Ho, S., Hsieh, C.-L., et al. (2016). Specific Downregulation of 

Spermatogenesis Genes Targeted by 22G RNAs in Hybrid Sterile Males Associated with an 

X-Chromosome Introgression. Cold Spring Harbor Laboratory Press on July, 4. 

Long, M., Vibranovski, M. D., & Zhang, Y. E. (2012). Evolutionary interactions between 

sexchromosomes and autosomes. 

Lu, X., Shapiro, J. A., Ting, C.-T., Li, Y., Li, C., Xu, J., et al. (2010). Genome-wide misexpression 

of X-linked versus autosomal genes associated with hybrid male sterility. Genome Research, 

20(8), 1097–1102. 

Maheshwari, S., & Barbash, D. a. (2011). The Genetics of Hybrid Incompatibilities. Annual 

Review of Genetics, 45(1), 331–355. https://doi.org/10.1146/annurev-genet-110410-132514 

Masly, J. P., Jones, C. D., Noor, M. A. F., Locke, J., & Orr, H. A. (2006). Gene transposition as a 



 

132 

 

cause of hybrid sterility in Drosophila. Science, 313(5792), 1448–1450. 

Masly, J. P., & Presgraves, D. C. (2007). High-resolution genome-wide dissection of the two rules 

of speciation in Drosophila. PLoS Biology, 5(9), 1890–1898. 

https://doi.org/10.1371/journal.pbio.0050243 

Meyer, B. J., & Casson, L. P. (1986). Caenorhabditis elegans compensates for the difference in X 

chromosome dosage between the sexes by regulating transcript levels. Cell, 47(6), 871–881. 

Michalak, P. (2009). Epigenetic , transposon and small RNA determinants of hybrid dysfunctions. 

Heredity (Edinb)., 45–50. https://doi.org/10.1038/hdy.2008.48 

Miskowski, J., Li, Y., & Kimble, J. (2001). The sys-1 gene and sexual dimorphism during 

gonadogenesis in Caenorhabditis elegans. Developmental Biology, 230(1), 61–73. 

Muller, H. J. (1942). Isolating mechanisms, evolution and temperature. Biol. Symp, 6:71-125. 

Mushegian, A. R., Garey, J. R., Martin, J., & Liu, L. X. (1998). Large-scale taxonomic profiling 

of eukaryotic model organisms: A comparison of orthologous proteins encoded by the human, 

fly, nematode, and yeast genomes. Genome Research, 8(6), 590–598. 

https://doi.org/10.1101/gr.8.6.590 

Naveira, H., & Fontdevila, A. (1991). The evolutionary history of Drosophila buzzatii . XXI . 

Cumulative action of multiple sterility factors on spermatogenesis in hybrids of D . buzzatil 

and D . koepferae. 67. 

Orr, H. A. (1995). The population genetics of speciation: The evolution of hybrid incompatibilities. 

Genetics, 139(4), 1805–1813. https://doi.org/10.1534/genetics.107.081810 

Ortiz, M. A., Noble, D., Sorokin, E. P., & Kimble, J. (2014). A new dataset of spermatogenic vs. 

oogenic transcriptomes in the nematode Caenorhabditis elegans. G3: Genes, Genomes, 

Genetics, 4(9), 1765–1772. 

Praitis, V., Casey, E., Collar, D., & Austin, J. (2001). Creation of low-copy integrated transgenic 

lines in Caenorhabditis elegans. Genetics, 157(3), 1217–1226. 

Ragavapuram, V., Hill, E. E., & Baird, S. E. (2015). Suppression of F1 Male-Specific Lethality in 



 

133 

 

Caenorhabditis Hybrids by cbr-him-8. G3 (Bethesda, Md.), 6(3), 623–629. 

https://doi.org/10.1534/g3.115.025320 

Reinke, V., San Gil, I., Ward, S., & Kazmer, K. (2004). Genome-wide germline-enriched and sex-

biased expression profiles in Caenorhabditis elegans. Development, 131(2), 311–323. 

Ren, X., Li, R., Wei, X., Bi, Y., Ho, V. W. S., Ding, Q., et al. (2018). Genomic basis of 

recombination suppression in the hybrid between Caenorhabditis briggsae and C. nigoni. 

Nucleic Acids Research. https://doi.org/10.1093/nar/gkx1277 

Ross, J. A., Howe, D. K., Coleman-hulbert, A., Denver, D. R., & Estes, S. (2016). Paternal 

Mitochondrial Transmission in Intra-Species Caenorhabditis briggsae Hybrids. 33(12), 

3158–3160. https://doi.org/10.1093/molbev/msw192 

Ross, J. A., Koboldt, D. C., Staisch, J. E., Chamberlin, H. M., Gupta, B. P., Miller, R. D., et al. 

(2011). Caenorhabditis briggsae recombinant inbred line genotypes reveal inter-strain 

incompatibility and the evolution of recombination. PLoS Genetics, 7(7). 

https://doi.org/10.1371/journal.pgen.1002174 

Ryan, L. E., & Haag, E. S. (2017). Revisiting suppression of interspecies hybrid male lethality in 

Caenorhabditis nematodes. G3: Genes, Genomes, Genetics, 7(4), 1211–1214. 

Satyaki, P. R. V, Cuykendall, T. N., Wei, K. H. C., Brideau, N. J., Kwak, H., Aruna, S., et al. 

(2014). The Hmr and Lhr hybrid incompatibility genes suppress a broad range of 

heterochromatic repeats. PLoS Genetics, 10(3), e1004240. 

Schaner, C. E., & Kelly, W. G. (2006). Germline chromatin. In WormBook: The Online Review of 

C. elegans Biology [Internet]. WormBook. 

Schärer, L. (2014). Rogue sperm indicate sexually antagonistic coevolution in nematodes. PLoS 

Biology, 12(7), e1001916. https://doi.org/10.1371/journal.pbio.1001916 

Seidel, H. S., Ailion, M., Li, J., van Oudenaarden, A., Rockman, M. V., & Kruglyak, L. (2011). A 

novel sperm-delivered toxin causes late-stage embryo lethality and transmission ratio 

distortion in C. elegans. PLoS Biology, 9(7). https://doi.org/10.1371/journal.pbio.1001115 

Seidel, H. S., Rockman, M. V, & Kruglyak, L. (2008). Widespread genetic incompatibility in C. 



 

134 

 

elegans maintained by balancing selection. Science (New York, N.Y.), 319(5863), 589–594. 

https://doi.org/10.1126/science.1151107 

Senti, K.-A., Jurczak, D., Sachidanandam, R., & Brennecke, J. (2015). piRNA-guided slicing of 

transposon transcripts enforces their transcriptional silencing via specifying the nuclear 

piRNA repertoire. Genes & Development, 29(16), 1747–1762. 

Shpiz, S., Ryazansky, S., Olovnikov, I., Abramov, Y., & Kalmykova, A. (2014). Euchromatic 

transposon insertions trigger production of novel Pi-and endo-siRNAs at the target sites in 

the drosophila germline. PLoS Genetics, 10(2), e1004138. 

Sp, C., Kozlowska, J. L., Ahmad, A. R., Jahesh, E., & Cutter, A. D. (2011). Genetic variation for 

postzygotic reproductive isolation between Caenorhabditis briggsae and Caenorhabditis sp. 

9. Evolution: International Journal of Organic Evolution, 66(4), 1180–1195. 

https://doi.org/10.1111/j.1558-5646.2011.01514.x 

Stein, L. D., Bao, Z., Blasiar, D., Blumenthal, T., Brent, M. R., Chen, N., et al. (2003). The genome 

sequence of Caenorhabditis briggsae: A platform for comparative genomics. PLoS Biology, 

1(2). https://doi.org/10.1371/journal.pbio.0000045 

Thomas, C. G., Li, R., Smith, H. E., Woodruff, G. C., Oliver, B., & Haag, E. S. (2012). 

Simplification and desexualization of gene expression in self-fertile nematodes. Current 

Biology, 22(22), 2167–2172. 

Turelli, M., & Orr, H. A. (1995). The dominance theory of HALDANE’s rule. Genetics, 140(1), 

389–402. 

Vieira, C., Lepetit, D., Dumont, S., & Biémont, C. (1999). Wake up of transposable elements 

following Drosophila simulans worldwide colonization. Molecular Biology and Evolution, 

16(9), 1251–1255. 

Vielle, A., Callemeyn-torre, N., Gimond, C., & Poullet, N. (2016). Convergent evolution of sperm 

gigantism and the developmental origins of sperm size variability in Caenorhabditis 

nematodes. 

Vielle, A., Callemeyn-Torre, N., Gimond, C., Poullet, N., Gray, J. C., Cutter, A. D., & Braendle, 



 

135 

 

C. (2016). Convergent evolution of sperm gigantism and the developmental origins of sperm 

size variability in Caenorhabditis nematodes. Evolution. https://doi.org/10.1111/evo.13043 

Ward, S., Hogan, E., & Nelson, G. A. (1983). The initiation of spermiogenesis in the nematode 

Caenorhabditis elegans. Developmental Biology, 98(1), 70–79. 

Woodruff, G. C., Eke, O., Baird, S. E., Félix, M. A., & Haag, E. S. (2010). Insights into species 

divergence and the evolution of hermaphroditism from fertile interspecies hybrids of 

Caenorhabditis nematodes. Genetics, 186(3), 997–1012. 

https://doi.org/10.1534/genetics.110.120550 

Wu, C.-I., & Xu, E. Y. (2003). Sexual antagonism and X inactivation--the SAXI hypothesis. 

TRENDS in Genetics, 19(5), 243–247. 

Yan, C., Bi, Y., Yin, D., & Zhao, Z. (2012). A Method for Rapid and Simultaneous Mapping of 

Genetic Loci and Introgression Sizes in Nematode Species. PLoS ONE, 7(8). 

https://doi.org/10.1371/journal.pone.0043770 

Yin, D., Schwarz, E. M., Thomas, C. G., Felde, R. L., Korf, I. F., Cutter, A. D., et al. (2018). Rapid 

genome shrinkage in a self-fertile nematode reveals sperm competition proteins. Science, 

359(6371), 55–61. 

Yu, G., Wang, L.-G., Han, Y., & He, Q.-Y. (2012). clusterProfiler: an R package for comparing 

biological themes among gene clusters. Omics: A Journal of Integrative Biology, 16(5), 284–

287. 

Zhao, Z., Flibotte, S., Murray, J. I., Blick, D., Boyle, T. J., Gupta, B., et al. (2010). New tools for 

investigating the comparative biology of Caenorhabditis briggsae and C. elegans. Genetics, 

184(3), 853–863. https://doi.org/10.1534/genetics.109.110270 

 

  



 

136 

 

CURRICULUM VITAE 

 

 

Academic qualifications of the thesis author, Ms BI Yu: 

 

-          Received the degree of Bachelor of Science from Hong Kong Baptist University, November 

2011. 

-          Received the degree of Master of Philosophy from Hong Kong Baptist University, 

November 2014. 

 

 

Date: August 2019 


