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Abstract

Hybrid incompatibility (HI) refers to lethality, sterility and other reduction in fitness of
hybrid progeny between related species which has been frequently observed in different
taxa. Its mechanism has been generalized as the consequence of conflicts between
genomes of the related species that have been subject to independent evolution. HI plays
a critical role in speciation by reducing or preventing exchange of the genetic materials
between related species, gradually leading to reproductive isolation. According to the
widely accepted Dobzhansky-Muller model, HI is produced by incompatible epistatic
interactions between multiple genes that are independently diverged between the
parental species. HI has been intensively studied especially in Drosophila species. A
number of HI loci have been mapped in various species, several of which have been
molecularly cloned. However, HI remains poorly understood in other taxa.
My thesis focuses on systematic characterization of HI between two sequenced
nematode species, C. briggsae and C. nigoni (C. sp. 9). The former has long been
established as a companion species of C. elegans for comparative study while the latter
is a recently identified species that can mate with the former and produce viable and
fertile hybrids in spite of their different reproduction modes, allowing one to genetically
and molecularly characterize HI between nematode species for the first time. Such a
study is impossible with model organism C. elegans as it cannot produce viable hybrids
with any other nematode species. To facilitate genome-wide mapping of HI loci between
the two nematode species, over 90 dominant visible GFP markers have been randomly
integrated into C. briggsae chromosomes, permitting repeated backcrossing the
marker-associated C. briggsae genomic fragments into an otherwise C. nigoni
background and definitive mapping of HI loci. Genotyping of the introgressions has
ii

been achieved by C. briggsae specific PCR, with primers as close as about half a million
base pairs away from each other on average.
Using the cost-effective protocol for introgression and genotyping, a genome-wide HI
map between the two species has been obtained based on characterization of
approximately 100 independent introgression lines. A remarkable proportion of C.
nigoni genome was found to be replaceable by that from C. briggsae as judged by the
fact that these introgressions are viable as a homozygote. A few HI loci critical to male
inviability and sterility have been narrowed down to small intervals on the X
chromosome by contrasting genotypes and HI phenotypes of independent introgression
strains. Strains containing these introgressions have been examined for their gonadal
structures using fluorescence microscopy. Our study provides genome-wide landscape of
HI between nematodes for the first time, allowing comparative studies of HI between
nematode and other species.
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Chapter 1 Introduction
1.1

Overview of Hybrid Incompatibility (HI)

It has been well-known that hybrids of closely related species suffer from fitness
reduction, a phenomenon called hybrid incompatibility including compromised
viability and fertility. Its existence has caught attention of scientists for many years.
Darwin had been puzzled by the phenomenon for a long time since HI serves no
apparent function for parental species, and contradicts with natural selection which
acts to increase individual fitness of environment. He devoted an entire chapter of
Origin of Species discussing hybrid sterility and 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, 1859).
There is also another term, hybrid superiority for describing improved qualities of
hybrids and it is discussed in the same chapter with hybrid incompatibility (Darwin,
1859). Hybrid superiority is used to describe any improvement or increased function
in any biological quality of hybrids mostly from intraspecific strains. In outbreeding
of model animals, whether fitness of F1 or F2 generation of intraspecific hybrids is
improved or reduced is determined by their closeness between parents. In either
intraspecific or interspecific hybrids, superiority coexists with incompatibility,
especially the sterility. A clear and common example of interspecific hybrid
incompatibility is mule, the hybrid of horse and donkey. It is more adaptive to harsh
environment than either parental species, but cannot produce progeny by inbreeding
or backcrossing with very few exceptions. In some fields of agricultural science,
hybrid incompatibility is expected to prevent some superior traits of hybrids from
degradation during self-fertilization (Li and Yuan, 2010).
The inviability and sterility of hybrid ensures species-specific genetic characteristics
and genomic integrity. Since species is generally defined as a group of organisms
perfectly capable of interbreeding and producing fertile offspring (Dobzhansky, 1935),
hybrid incompatibility plays a significant role in speciation by acting as a
reproductive isolation barrier. The mechanisms of reproductive isolation are classified
in two broad categories: those that act before formation of zygotes (pre-zygotic) and
those that act after (post-zygotic) (Mayr, 1963). For many closely related species that
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are phylogenetically close and morphologically similar, HI serves as the post-zygotic
reproduction barrier by decreasing the survival efficiency of hybrids or keeping
hybrid genome from propagation to next generation.
The genetic study of HI mechanisms has more variants than study of other fields since
hybrids exhibit a unique genetic background but not simply the sum of two parental
genomes. HI loci or genes, generally defined as genomic regions that cause
measurable reductions in fitness in F1, F2, or the 1st backcross generation of
interspecific hybrids (Maheshwari and Barbash, 2011), cannot be easily predicted
from their known functions as these knowledge is obtained under genomic
background of one species. They may participate in an unexpected pathway in hybrid
background and lead to deleterious results. Some species-specific regulation pathways
may be disrupted by a variety of foreign extrachromosomal factors including mRNA
and protein, leading to failures in gene expression or silencing. Meanwhile, the
divergence in non-genic DNA is able to lead to failures in chromosome paring as well
as mismatch repair. The asymmetric inheritance from the maternal cytoplasm, such as
mitochondria and noncoding small RNA contributes to different HI patterns in
reciprocal crosses. All these factors make study of hybrid incompatibility a mysterious
and promising field for genetic study.
Genetic study of HI used to be difficult since it is hard to obtain and maintain large
population of viable hybrids for subsequent genetic study. Thus, the study is usually
performed using species or intraspecific strains which are partially reproduction
isolated. The genetic study provides evidences that HI is induced by deleterious
epigenetic interactions involving different categories of genetic materials between
species. Divergence in ploidy is a major HI factor in plants, and it has been purposely
applied in agricultural study to obtain fruit or crops with undeveloped and sterile
seeds (Andrus et al., 1971). Rearrangement of chromosomes like inversion is another
common factor to reduce fitness of hybrids by suppressing recombination of
homologous chromosomes and extending the effects of linked isolation genes in both
animals and plants (Rieseberg, 2001). For species pair that has similar genomic
composition, HI induced by malfunction of one or multiple pairs of alleles is of larger
significance for study than the others since it is more likely to be induced by
spontaneous mutation during evolution as the key to hybrid breakout.
2

1.2

Models explaining hybrid incompatibility

Due to its significant role in producing reproductive isolation, HI has been considered
as the key to decipher the mechanism of speciation, but its details remain largely
unknown. Charles Darwin’s hypothesis that HI is a by-product of other evolutionary
divergence has been studied and further elucidated by a handful of models for the past
two decades.
There is a widely accepted model known as Bateson-Dobzhansky-Muller Model or
DM model (Orr, 1996). The model is independently described by Bateson and
Dobzhansky based on study of different pairs of Drosophila species (Bateson, 1909;
Dobzhansky, 1934) and further elaborated by Muller (Muller, 1942). DM model
provides an explanation to both the mechanism and the evolution of HI in inducing
intrinsic post-zygotic isolation. The simplest version of the model requires divergence
of two genetic loci to cause incompatibility rather than one, i.e. an ancestral species
with diploid genotype AA/BB will be split to two species when two loci evolve to
incompatible alleles. In isolated lineages, new alleles a and b independently arise
from spontaneous mutation and are fixed to genotype AA/bb and aa/BB by either
genetic drift or natural selection. Both combinations of loci work well in their own
backgrounds and give out neutral phenotypes. But after the hybridizing of two
populations, the interaction of loci a and b in hybrids with genotype AaBb can be
incompatible and lead to the speciation.
The model has a low opinion of the idea that speciation can be induced by the
underdominant effect at one single HI locus, i.e. different species with neutral
homozygous genotype AA and aa are reproductively isolated by the incompatible
genotype Aa of hybrids (Dobzhansky, 1936). The one-locus model fails to explain the
HI evolution as the substitution of allele a to allele A in the ancestral species requires
an intermediate stage of heterozygous genotype Aa before fixed to the new genotype
aa. The incompatible genotype Aa is of low possibility to survive in natural selection
that block the speciation. The one-locus model is conceivable only in species of
multiple small-sized subpopulations where genetic drift can take place.
The DM model has been guiding the study of HI for decades, but it still needs to be
further elaborated. Abundant evidence has shown that the HI mechanism, especially
those of hybrid male sterility are often more complex than expected and requires
3

correct combination of three or more loci (Long, 2008). The requirement of correct
combination of multiple loci has increased the difficulty of HI study.
In 1989, “Two rules of speciation” was proposed in characterizing HI pattern and had
great influence in the follow-up HI study (Coyne, 1989). One is the Haldane’s rule,
originally known as Haldane’s simple observation. It states that if only one sex in F1
hybrids exhibit disproportionately inviability or sterility, it is usually the
heterogametic sex. This rule is based on the observation of fertility and viability of
different taxa, and it has been successfully extended to other morphological traits
affecting hybrid fitness (Haldane, 1922; Wade et al., 1997). It is consistent the
different HI patterns between mammals (male is heterogametic, e.g. XY), nematodes
(female has two copies of sex chromosomes while male has only one copy) and birds
(female is heterogametic, e.g. ZW). Though genetic and evolutionary causation of this
rule has not been clear, it has been generally accepted as one of the most valuable and
empirical summarization in evolutionary biology.
Several theories have been raised to explain Haldane’s rule. One of the famous
attempts in explaining Haldane’s rule is made by Muller. He stressed the role of
interaction of X chromosome with autosomes as both males and females inherit at
least one X chromosome. Hybrids of both sexes have a haploid set of autosomes from
each parents, but different pair of sex chromosomes. Taking organisms with XY
sex-determination system as example, homogametic hybrid has exactly one haploid
genome from both parents so that two sets of species-specific interactions between
autosomes and X chromosomes can be accomplished, which reaches some kind of
internal balance. Hybrids of heterogametic sex lack X chromosome from paternal
species, resulting in loss of interacting factors to paternal autosomes (Muller, 1940).
This explanation used to be termed as X-autosome (X-A) imbalance model of
Haldane’s rule and widely accepted, but eventually rejected by a study of Drosophila
species. By using an attached-X stock of D. simulans, F1 hybrid females inheriting
both X chromosomes from maternal species can be obtained. Although these female
hybrids have the same degree of X-A imbalance as their sterile male siblings, i.e. X
chromosomes from only one parental species, they were found to be relatively fertile
(Coyne, 1985). Although it can be explained by the large difference in genetic control
between male and female sterility (Coyne and Orr, 1989), the model remains grossly
inadequate in generalizing the HI pattern.
4

The X-A imbalanced model has been refined, now known as Dominance theory to
explain the hybrid inviability. It suggests that hybrid males would suffer more than
females only if alleles inducing hybrid incompatibility were at least partially recessive
for their deleterious effects on fitness. That is to say, the deleterious expression of HI
loci on sex chromosome is mostly masked by their dominant alleles in homogametic
hybrids, whereas full effects of recessive incompatibility take place on heterogametic
hybrids. The theory shows no contradiction with the neutral phenotype of either
parental species and supports the Haldane’s rule in prediction of hybrid viability of
both sexes (Turelli and Orr, 1995).
Another support of Haldane’s rule in explaining hybrid sterility is the faster-male
theory. It states that HI loci responsible for male sterility tend to accumulate faster
than those for hybrid female sterility or hybrid inviability (Coyne, 1992). The rapid
evolution is attributed to two physical processes, the pre-copulatory sexual selection
and the easily disturbed process of spermatogenesis. Faster-male theory has not got
clearly understood for its underlying genetic mechanism, but it has gained support
from a genome-wide survey of HI factors between Drosophila species as there are
more introgression strains responsible for male sterility than those responsible for
male inviability and female sterility (Masly and Presgraves, 2007).
The second rule of speciation is called large X effect, which states that substitution of
X chromosome has disproportionately larger effect than substituted autosome of
similar size. In study of gene flow in natural hybrid regions, it has been observed that
interspecific exchange of X-linked loci is far less than autosome-linked loci (Coyne,
1989). The large X effect was questioned by Hollocher and Wu as their study showed
similar effect on hybrid inviability and hybrid sterility between homozygous
autosome-linked and hemizygous X-linked introgression, and they suggested large X
effect was probably due to a methodological bias on introgression resolution
(Hollocher and Wu, 1996). However, genome-wide introgression between Drosophila
species based on study of 142 introgression strains showed that 60% of their X-linked
introgression strains produced hybrid male sterility whereas only 18%
autosome-linked strains did in spite of the similar introgression sizes (Masly and
Presgraves, 2007). Their results 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.
5

1.3

Previous studies on HI

Mapping and characterizing HI loci has been the focus of the study since it provides
insights into definite biological processes that induce reproductive isolation as well as
evidence to verify existing models and rules. Generally, mapping has to be started by
generating viable hybrids with observable HI phenotypes including inviability,
sterility and segregation distortion. Whether mapping is performed in F1, recombinant
inbred strain or introgression is dependent on levels of incompatibility and the
feasibility of available mapping methods. A handful of inter- or intraspecific HI loci
were mapped in model species of yeasts, plants and multicellular animals including
nematode, fruit fly and mouse.
Genome-wide screening of HI loci in yeast was started with constructing a series of
chromosome replacement lines after 5 to 7 generations of backcrossing of S. bayanus
to S. cerevisiae as F1 offspring of these two species exhibit hybrid sterility, spore
inviability specifically. To trace chromosome replacement, a URA3 marker for
negative selection was inserted near the centromere of a specific chromosome from S.
cerevisiae through the lithium acetate procedure (Ito et al., 1983). Score of sporulation
frequency suggested substitution of Chr. 13 induced complete sterility, which can be
rescued by AEP2 gene from S. cerevisiae. The incompatibility between Sb-Aep2
protein and S. cerevisiae mitochondria led to disturbed translation of a mitochondrial
gene OLI1 that encoded a subunit of the ATP synthase complex, resulting in a
respiration defect and sporulation failure. Their study came up with AEP2 gene as the
first interspecific HI locus characterized in yeast species and revealed that most of
yeast chromosomes do not carry HI genes as well as linked interacting components
with dominant effects in hybrid fertility (Lee et. al., 2008)
HI study in plants was performed via different methodologies with fruitful results. A
common method is mapping in Recombinant inbred lines (RIL), which can only be
performed in species that allows selfing after hybridizing. A pair of intraspecific HI
loci was identified based on segregation distortion within 367 F6 RILs of two
geographically isolated populations of Arabidopsis thaliana (Bikard et al., 2009).
These loci were involved in duplication of an essential gene but mechanism kepst
unclear. Several loci were cloned and found responsible in inducing sterility and
segregation distortion in intraspecific and interspecific hybrids of rice. Analysis of
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three tightly linked genes uncovered a killer-protector system controlling endoplasmic
reticulum stress during female sporogenesis (Yang et al., 2012).
In nematodes, a pair of intraspecific hybrid inviability loci were located on Chr. I
from Bristol (N2) strain (Seidel et al., 2008). In crossing of N2 strains and a
population isolated in Hawaii, HI was observed in F2 generation as around 25%
progeny from selfing or sibling crossing of F1 hybrids were arrested in embryos.
Meanwhile, lethality in backcrossing of F1 to parental strains revealed a paternal
pattern. Mapping was performed on RILs from the 10th generation of these two
populations with single nucleotide polymorphism (SNP) markers, and a pair of
interacting genes zeel-1 and peel-1were isolated. Products of both genes were
evolutionarily novel and had not been observed outside C. elegans. Gene peel-1
encoded a transmembrane protein toxin exclusively in spermatocytes. The toxin was
delivered to embryos, inducing defects in muscle and epidermis tissue that arrested
embryonic development. 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 the greatest
breakthrough in HI study of nematodes ever since.
Drosophila species have been intensively used to systematically identify HI loci for
decades (True et al., 1996; Hollocher and Wu, 1996; Laurie et al., 1997; Ting et al.,
1998; Masly and Presgraves, 2007). Hundreds of introgression lines from three
commonly used species were obtained through repeated backcrossing. In order to
trace homologous recombination during introgression process, a semi-dominant and
visible white eye gene was randomly integrated into chromosomes via P-element
insertion. Phenotypic traits were scored in homozygotes for introgression. Although
this method was not feasible in explaining HI induced by complicated interaction
between multiple loci, a large amount of loci have been narrowed down to small
intervals. An HI locus responsible to segregation distortion and male sterility was
identified on X chromosome from subspecies of D. pseudoobscura. The locus was
predicted to encode a polypeptide related to DNA-binding (Phadnis and Orr, 2009).
Another independent study identified an interspecific HI locus responsible for hybrid
male lethality, which encodes a BESS domain involved in heterochromatin DNA
binding (Brideau et al. 2011).
7

HI loci were also mapped in mammals. By comparing fertility and genotypes of F1
hybrids between an inbred strain and several classical lab-used subspecies of mouse, a
few loci were found responsible for male sterility. Molecular cloning and sequencing
were attempted to sort out other linked genes, leaving one gene encoding a meiotic
histone H3 methyltransferase the only candidate in inducing the spermatogenic failure
in sterile hybrids (Mihola et al., 2008).
1.4
1.4.1

Caenorhabditis species as an HI model
Overview of Caenorhabditis species

Caenorhabditis is a genus of nematodes under the family of Rhabditidae. Species of
this genus share a common feature of un-segmented, vermiform and bilaterally
symmetrical body with about 1 mm in length (Wood, 1988). Its cuticle integument
and fluid-filled pseudo coelomate cavity provides a transparent appearance and a clear
look into its homogeneous light brown guts under compound microscope. In natural
environment, Caenorhabditis species feeds on bacteria and prefers forming
self-sustaining population in bacteria-rich habitats. They used to be isolated from soil,
but rotten fruits have been confirmed as a better sampling source (Kiontke et al.,
2011). Several species have been found globally distributed and coexist on same
isolated sample, including the common model species of C. elegans and C. briggsae.
It is accepted by scientists that only a small fraction of Caenorhabditis species have
been known and studied.
Sex in Caenorhabditis species is determined by the copy number of X chromosomes.
Male carries one copy, and the other gender carries two. They can be easily
distinguished under compound microscope since male adult has a specialized tail with
fan and rays for mating. The pattern of rays is also an important morphological
criterion for species identification. Two reproductive modes are found within the
genus: gonochoristic and hermaphroditic. Most Caenorhabditis species are
gonochoristic, which means worms are either male or female, without a third choice.
Zygotes are formed in gonads of females after fertilization of oocytes by sperms from
males. Only C. elegans, C. briggsae, and C. tropicalis are androdioecious, which
means they can provide progeny either by crossing between two genders or by
self-fertilization of hermaphrodites (also known as selfing). The spermatogenesis of
8

hermaphroditic germ cells is initiated in the L4 stage and then switched into oogenesis
after about 300 spermatids are produced and stored in two proximal gonad arms. The
spermatids are pushed into the spermatheca by the first ovulation. They are able to
fertilize oocytes in spermatheca after differentiating into active spermatozoa. Selfing
is the major reproductive mode in natural populations of hermaphrodites, but it can be
dominated by mating with male and male sperms are used preferentially. Although
male occupies less than 0.5% in natural populations, it provides the opportunity for
gene flow and genetic manipulation.
The model species in Caenorhabditis genus, C. elegans is the first multicellular
organism whose genome is completely sequenced (The C. elegans Sequencing
Consortium, 1998). Its genome has been extensively studied for decades and many
genetic tools have been invented for its molecular and genetic study. Its natural
companion, C. briggsae, is also a promising and appealing model that has been
sequenced for comparative genomic study and evolution of nematodes (Stein et al.,
2003). Comparing with other multicellular model species, Caenorhabditis species
have a smaller genome size (around 100Mb), shorter life span (3 days), and are easier
to generate large population for study. Large-scale taxonomic study on orthologous
protein shows that C. elegans has a faster evolutionary rate in most of genes than
Drosophila melanogaster (Mushegian et al., 2013). Caenorhabditis species gain extra
attention in evolution and genomic study since speciation within this genus is
accompanied with evolution of different reproductive modes. Phylogenetic analysis
and comparative genetics have shown that hermaphroditism has evolved
independently in C. elegans and C. briggsae and their reproductive mechanisms
involve different regulation pathways (Kiontke et al., 2004).
1.4.2

HI study in Elegans group

HI study of nematode has been lagged far behind than that in the other species since
the model animal C. elegans is not feasible for interspecific crossing and so do the
other Caenorhabditis species. The bottleneck was overcome in recent years by the
discovery of C. sp. 9, newly named C. nigoni (Woodruff et al., 2010, Félix et al.,
2014) , and a new isolating strategy from vegetable material contributed to enrichment
of species in a monophyletic clade informally called Elegans group, which provided
new candidates for HI study (Kiontke et al., 2011). Their phylogenetic relationship
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was checked by genetic analysis and mating test (Figure 1). About half of species pair
within Elegans group was confirmed to be cross fertile as mating process and hybrid
embryos can be found (Table 1, P11). Relatively better fitness of hybrid female than
male was observered (Kiontke et al., 2011), which is consistent with Haldane’s rule.

Figure 1. Phylogenetic tree of species from Elegans group, adapted from study of
Félix et al., 2014.
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Table 1. Cross fertility between ten known Caenorhabditis species from Elegans group. The table is summaried from Baird et al. 1992; Baird
and Yen, 2000; Hill and L’Hernault, 2001;Baird, 2002; Woodruff et al,2010; Kionkte et al., 2011; Dey et al., 2012.

*: hybrid viable; #: hybrid viable and fertile for at least one sex.
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In interspecific crossing within Elegans group, most hybrid embryos are arrested
during embryogenesis with six exceptions (Table 1, P11). HI pattern is generally
consistent with phylogenetic relationship constructed by genetic alignment of several
rRNA and protein-encoding genes (Kionkte et al., 2011). These hybrid viable species
are more close to C. remanei and C. briggsae rather than C. elegans, and are expected
to form a better and more promising system for HI study.
C. remanei and C. latens are initially identified as geographcally isolated subspecies
until hybrid breakdown of 97% reduction in brood size in F2 generation was observed.
Nucleotide polymorphism was quantified at 20 X-linked loci, revealing high genetic
divergence between two species (Dey et al., 2012). Further fine-scale investigation in
molecular signature of C. latens posited that their speciation may be attributed to
concatenated mutation of short insertion or deletion (Jovelin and Cutter, 2013).
HI study of C. briggsae used to be performed using its related species including C.
elegans and C. remanei. Both were confirmed to be inadequate companion as crossing
with the former failed to produce viable hybrids even with attempts on tetraploids and
complete sterility was found in interspecific progeny with the latter (Hodgkin and
Whittington, 2003; Baird et al., 2002). Similar incompatibility was observed in
crossing with C. sp.5 (Kiontke et al., 2011). Although exhibiting different
reproductive modes, crossing between C. briggsae and C. nigoni produced partially
viable and fertile hybrids, permitting following backcrossing to obtain introgression
strains for mapping HI loci over genome. Study of HI between them was pioneered by
the Haag lab through backcrossing to both parental species and genotyping of SNP
loci. Reduction in viable progenies, loss of selfing ability and disrupted ferility in
male were observed in F1 and further backcrossing generations. Generally, F1 hybrids
from crossing of male from C. briggsae and female from C. nigoni had better viability
and fertility than the hybrids from crossing of the other direction (Woodruff et al.,
2010). It can be explained by uni-maternal effect of C.briggsae as its mitochondrial
genes were reported to evolve faster than the others (Howe et al., 2008) and more
likely to induce incompatibility between nucleus and cytoplasm. Observations also
suggested that the selfing ability is regulated by an almost completely recessive
mechanism since no more than 1.2% hybrids can produce embryos by selfing and
none of those embryos can hatch. In further backcrossing with C. nigoni, selfing
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ability was not observed. Meanwhile, males were more likely to suffer lethality and
sterility in F1 hybrids from crossing of both directions. C. briggsae paternal effect
was observed in inducing complete inviability in backcrossing of F1, which limited
the introgression direction (Woodruff et al., 2010).
Intraspecific variation in hybrid incompatibility has been investigated and quantified
by Cutter lab by studying crossing of eight C. briggsae strains and four C.nigoni
strains of both directions (Kozlowaska et al., 2011). Interaction between cytoplasm
and nuclear were stressed as an explaination to skewed inviability towards
backcrossing with C. briggsae. In explaining the low sufficiency of backcrossing
between C. briggsae male and hybrid female from both reciprocal crossing, a
recessive paternal factor from C. briggsae may be involved while pre-mating
selection cannot be excluded. Another attempt in constructing near isogenic lines by
inbreeding F2 siblings for several generations and mapping of SNP loci is also in
progress (personnal communication) as constructing of recombinant inbred strains
between these two specise was hindered by loss of selfing ability after F1 generation,
which seems to be a long-term work.
In general, the C. briggsae-C. nigoni is a promising model in HI study, especially in
dissecting evolution of reproductive mode but long-term investigation is still needed.
1.4.3

Approaches used in studying HI between C. briggsae and C. nigoni

1.4.3.1 Marker insertion
In order to trace introgression between two species, Green Fluorescent Protein (GFP)
has been chosen as a selective marke. The protocol of using transposon like Mos-1in
C. briggsae was still in the early phase of development and it did not allow random
insertion over genome (Williams et al., 2005). The GFP has a major excitation peak at
488nm with emission peak at 509 nm agrees with spectral characteristics of FITC
filter, allowing observation of bright fluorescence through the transparent body of
Caenorhabditis species. It has been long used in nematode species for genetic study.
The disadvantage of using GFP in HI study is that it is a dominant marker rather than
a semi-dominant one like white eye marker in Drosophila. Difference in fluorescence
intensity from expression of different copies of GFP genes cannot be reliably
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differentiated by eye, making it impossible to distinguish heterozygotes and
homozygotes for marker-linked introgression.
Two gene transformation methods are commonly used in obtaining transgenic C.
briggsae. Microinjection is performed by injecting vectors into the middle region of
distal arm of the gonad of young adult or L4 stage hermaphrodite, where a central
core of cytoplasm is shared by many germ cell nuclei (Mello et al., 1991; Mello and
Fire, 1995). Therefore, injected vectors can be imported into the self-fertilized zygotes
and delivered to many progeny. This method is not suitable for tracing introgression
since injected DNAs are more likely to form large extrachromosomal DNA arrays.
Integration into host chromosomes occurs at a low efficiency even when DNA is
directly injected into oocyte nucleus. As extrachromosomal arrays are not linked with
a specific chromosome, microinjection does not serve our purpose in tracing
recombination
The use of microparticle bombardment for generating transgenic C. elegans strains is
promoted by Praitis decades after its invention (Sanford et al., 1987; Praitis et al.,
2001). It can be easily performed in large population. Microparticles are bombarded
into nucleus, breaking chromosomes randomly. Vectors are introduced with
microparticles and are integrated into chromosomes during DNA repairing of host
chromosomes. It should be noted that microparticle bombardment also increases the
efficiency of chromosome translocation or transposition.
1.4.3.2 Generation of introgression strains
Introgression has been a common method in generating a large amount of strains for
genome-wide investigation of HI loci based on homologous recombination of
chromosomes during repeated backcrossing. It was confirmed to be powerful in
mapping HI loci in yeast and drosophila (Lee et al., 2008; Phadnis and Orr, 2009;
Cattani and Presgraves, 2012).
Compared with other approaches, introgression can isolate a candidate HI region from
one species into an otherwise pure genome of another species. Through recombination,
it can be whittled down to loci of expected size, ranging from one or a combination of
several linked genes to a chromosome. The introgression size depends on the
recombination frequency on both sides of the region of interest as well as the
backcrossing generations. Boundaries of substitution are likely to be located on
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recombination hotspots. The introgression size is also limited by the divergence
between genome as species-specific nucleotide polymorphism reduces recombination
frequency by leading mismatch of DNA during meiosis.
In our HI study of C. briggsae and C. nigoni, introgression was performed in one
direction since backcrossing to C. nigoni has better viability and labeling of
chromosomes is only available in C. briggsae. Homozygotes for introgression are
expected as they can provide a unique transgenic model carrying substituted genomic
fragment without dominant effect from its homologous region.
1.4.3.3 Characterization of HI loci by phenotypes
Theoretically, HI phenotypes can be observed in homozygotes for introgression.
Besides complete inviability or sterility, they can be quantified and sorted to two
categories. Percentages of embryonic lethality and larval arrest as well as sex ratio are
able to reveal increase of lethality at different stages and imbalance between males
and females. Brood size or fecundity demonstrates interfered fertility. Comparison of
these HI phenotypes with those of parental species provides insights into biological
processes disrupted by HI loci on their introgressions.
Characterization of HI phenotypes in heterozygotes also provides evidence in
determining the dominance of involved HI loci. When these loci are recessive,
significant changes in viability and sterility are not expected since deleterious effects
should be masked by their dominant alleles. Deviation from control refers to at least
partially dominant HI loci or accumulative effects from multiple loci, especially when
the introgression is relatively large in size.
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Chapter 2 Materials and Methods
2.1
2.1.1

Worm growth and handling
Strains used in the thesis

RW20000 is a C. briggsae mutant strain homozygous for recessive gene cbr-unc-119.
This mutant gene is located on Chr. III, resulting in strongly undermined mobility and
inability to enter the developmental paused Dauer stage (Zhao et al., 2010).
AF16 is a C. briggsae strain used for constructing physical map of genome. Its
sequence has been assembled (Stein et al., 2003), and the assembly WUGSC 1.0/cb3
(short for cb3) can be found in UCSC Genome Brower website. Its most recent
assembly WS225/cb4 (short for cb4) is used as reference (Ross et al., 2011).
A variety of transgenic C. briggsae lines have been generated via bombarding plasmid
pZZ31 carrying gene cbr-myo-2::GFP and rescuing gene unc-119(+) into RW20000
(cbr-unc-119(st20000), III). They were named after RW20101 ~20120 and RW20125
~20155.These strains have been acquired by my supervisor Dr. Zhao Zhongying. GFP
has been confirmed constantly expressing in pharynx.
JU1421, C. nigoni was an inbred derivative of JU1325 provided by Asher D. Cutter
from University of Toronto. A genome database WS226 based on strain JU1422, C.
nigoni has been available but also found to be cross-contaminated by genes from C.
afra. The strain was used in backcrossing to obtain introgression strains.
2.1.2

Medium preparation

1.5% nematode growth medium (NGM): The medium can be prepared by mixing 25g
of bacteriological agar (Affimetrix®), 3g of NaCl and 2.5g peptone with 975ml
milliQ H2O in 1L bottle. The solution is sterilized by autoclaving at 120°C for 30
minutes. After cooling down to around 55°C in oven, 1ml 1 M CaCl2, 1 ml 5 mg/ml
cholesterol in ethanol, 1 ml 1 M MgSO4 and 25 ml 1 M KPO4 buffer were added and
mixed thoroughly by shaking vigorously. After bubbles disappear, agar is poured into
sterile plastic plates using aseptic technique.
M9 buffer: It consists of 3 g KH2PO4, 6 g Na2HPO4 and 5 g NaCl and 1L milliQ H2O.
After sterilization by autoclaving and cooling down to room temperature, 1 ml 1 M
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MgSO4 was added using aseptic technique. The buffer is isotonic to worm and eggs to
avoid osmotic stress.
Bleach mixture: The mixture consists of 1:1 ratio of 2M NaOH and bleach solution
with original concentration of 6% NaClO. To achieve complete lysis of contaminate
and worm bodies, mixture should be prepared within 30 minutes before egg
preparation and the volume should be at least five times to the volume of precipitated
pellet (including embryos, worm bodies and bacteria).
S buffer and Freezing buffer: S buffer is made up of 129 ml 0.05 M K2HPO4, 871 ml
0.05 M KH2PO4 and 5.85 g NaCl and sterilized by autoclaving before use. Freezing
buffer is made up of 30% absolute glycerol and 70% autoclaved S buffer.
2.1.3

Worm maintenance

C. briggsae and C. nigoni were maintained on the surface of 1.5% NGM with E.coli
as food sources. E.coli culture was obtained by incubating autoclaved LB broth
(20g/L) after addition of a single colony of OP50 from streak plate at 37°C overnight.
After agar solidified, appropriate volume of OP50 E. coli culture was loaded onto the
surface of agar and spread evenly using a glass spreader. This procedure was carried
out under aseptic technique. The area of E. coli lawn varied according to requirement.
Culture plates were incubated in 37°C overnight and then packed and stored in 4°C.
Plates should be recovered to room temperature before use to avoid temperature stress
to worms.
When food was exhausted, worms can be transferred to new NGM plates with food by
cutting a chunk of medium and putting it on new plates. It can also be transferred by
washing old plates and loading to new ones using M9 buffer. As strain RW20000
cannot move normally, M9 buffer was necessary for transfer and distribute mutate
strain evenly on medium surface.
2.1.4

Decontamination of worm culture

In order to get rid of bacterial and fungal contamination, especially toxic pathogens,
egg preparation can be performed using bleach mixture. Equal volumes of bleach
mixture and M9 buffer (including pellet) were mixed thoroughly by four minutes
vortexing and then washed with M9 buffer for 3 times. The washing buffer should be
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at least 10 times of volume of remnant mixture and pellet. It should be noted that
prolonged lysing would increase embryonic lethality.
This preparation can also be used to synchronize worm stages.
2.1.5

Strain storage

All strains used in following experiments were stored in both -80°C freezer and
nitrogen tank. S buffer and Freezing buffer should be prepared before freezing.
Worms were cultured on 90mm NGM plates and collected into Eppendorf tubes using
S buffer after large amounts of L1 stage larvae were observed. After centrifuging and
removing extra supernatant, collection with equal amount of freezing buffer was
transferred into freezing tubes. Buffer should be mixed well by shaking vigorously
several times. Freezing tubes should be put in -80°C refrigerator after wrapped in at
least 3 layers of tissues. Tissue was used to prevent the harmful formation of ice
particles inside worm body when exposed to sudden temperature drop.
The frozen buffer containing worms should be thawed after one week to check
whether healthy worms can be recovered. At least 3 tubes should be prepared: two
replicates in separate boxes in -80°C refrigerator and one being stored in liquid
nitrogen.
2.2

Generation of chromosomally integrated GFP marker over C. briggsae genome
by bombardment

2.2.1

Preparation of plasmid pZZ0031 for bombardment

The transformed E.coli strain containing plasmid pZZ31 was cultured in 20g/L LB
broth overnight. A final concentration of 10mg/ml Ampicilin was added into the
autoclaved broth to avoid contamination of unexpected bacteria and to purify the
plasmid constitution. Plasmids were extracted using Qiagen® Midi Plasmid Kit
according to protocol for low-copy plasmid and dissolved in milliQ water. The
plasmid was stored in -20°C and thawed on ice before use.
2.2.2

Preparation of DNA-coated golden beads

15mg of chempur® 0.3-3 micron/99,9+% golden beads was weighed in siliconized
eppendorf tube. After addition of 1ml 70% ethanol, the tube was vortexed for at least
5 minutes to wash out impurities. The eppendorf tube was kept still for 15 minutes.
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Supernatant was removed after 5 seconds’ spinning using a benchtop micro centrifuge.
Beads were than washed with 1ml distilled H2O for 3 times. They can be kept in
250µL 50% glycerol as long as two weeks.
Before coating of DNA, beads should be vigorously vortexed (magnitude at 9) for at
least 5 minutes to obtain a homogeneous suspension. Concentration of extracted
plasmid DNA was adjusted to 1µg/µL. After adding 20µL plasmid DNA for two blasts,
200µL 2.5M CaCl2 and 80µL 0.1M spermidine were added immediately. The
high-concentration calcium salt solution can precipitate DNA from solution in a final
concentration of around 1.0M, and spermidine could accumulate electrons on GC-rich
segment of plasmid DNA to assist the coating process. Suspension should be vortexed
for another 5 minutes in a relatively small strength (magnitude at 4) to wrap the
plasmid DNA on golden beads sufficiently. Then beads were washed with 300µL 70%
ethanol and 300µL absolute alcohol to get rid of coating reagents.
Golden beads should be eventually resuspended in 160µL water-free ethanol by
vortex at a small strength (magnitude at 2) for at least 5 minutes. The suspension was
tested by applying 1 – 2µL on glass slide under microscope to see whether beads has
been suspended properly into single beads and small clusters to minimize physical
harm to worms. If large clusters were observed, suspension should be vortexed for
another 5 minutes.
After sufficient resuspending, beads were distributed over central region of
macrocarriers which have been sterilized by 75% ethanol. It should be noted golden
beads outside central holes of macrocarrier holder would not be accelerated in
bombardment. Macrocarriers should be placed DNA-size down and fastened by 75%
ethanol-sterilized rubber plug so that they would not fall before proper acceleration.
2.2.3

Preparation of synchronized cbr-unc-119 population

Before microparticle bombardment, RW20000 worms were synchronized for same
stage through egg preparation. After 48 hours incubation in 25°C, most worms got to
young adult stage and were ready for bombardment. Worms were collected by
washing NGM plates with M9 buffer and transferred to a 90mm NGM plate.
Collection should be the last step of preparation before bombardment since crowded
population would produce stress to worms, resulting in suppressed embryogenesis.
Embryos should not be collected since the microparticle bombardment on
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multicellular embryos would lead to mosaic, i.e. not all somatic and germ cells have
chromosomally integrated vector. The mosaic was of low efficiency to produce stable
transgenic lines.
2.2.4

Microparticle bombardment

The microparticle bombardment was performed in Biolistic® PDS-1000/He Particle
Delivery System. Rupture disk for 1350 Psi was sterilized by isopropanol and put into
the disk retaining cap. The cap was screwed onto the top of the gene gun and
tightened with a torque wrench. Macrocarriers should be assembled with the stopping
screen in the bottom of macrocarrier launch assembly and placed into the system
above the 90mm plates. Air within the system was pumped out to obtain 28 inches of
mercury (hg) vacuum, which would minimize deceleration from air. Then the pump
was put on a “hold” state to maintain the vacuum. Helium was pumped into the
system but stopped by the rupture disk until it reaches its pressure limit and cracks.
Break of rupture disk leads to immediate raise of pressure within the system.
Macrocarriers were accelerated in split-second and stopped by the stopping screen.
The golden beads with plasmid DNA pass through the screen and bombarded worms.
After the bombardment, air should be ventilated into the system to minimize exposure
of worms in vacuum. Same operation should be applied on the same plate for one
more time to increase efficiency.
2.2.5

Screening for transgenic C. briggsae

After bombardment, worms should be incubated in 25°C in one hour for recovery,
then transferred into a series of plates using M9 buffer. The amount of worms on each
plate was limited by food. There should be enough food for sustaining P0 worms at
least 3 days. Plates should be checked after at least one week to screen for rescued
worms with normal mobility. Each plate can yield at most one independent transgenic
strain. Rescued worms were observed under Leica® Compound microscope by
illuminating blue light to check GFP expression.
No matter integrated into chromosomes or not, introduced plasmids carrying
cbr-myo-2::GFP and cbr-unc-119(+) in worms were able to recover normal mobility
and specifically express GFP in pharynx. Only strain with 100% rescue and stable
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GFP expression for at least 2 generations were counted as an independent transgenic
strain. They were named and stored under -80°C.
2.3

Introgression of the marker-associated C. briggsae genomic fragment into C.
nigoni by repeated backcrossing

Introgression of marker-associated genome was performed by backcrossing which
basically followed the scheme used in Drosophila species (Brideau et al., 2006; Etges
et al.2007) with some modification according to crossing results of Haag lab
(Woodruff et al., 2010). The P0 generation was obtained by crossing five adult males
from AF16, C. briggsae with five L4 stage transgenic C. briggsae hermaphrodites
with GFP expression (GFP+). Hybrid progeny were incubated for 3 days in 25°C.
Then five GFP+ adult males were picked to cross with five L4 stage females from
JU1421, C. nigoni. The subsequent backcrossing was carried on in different ways
based on different segregation pattern of selectable marker as well as their HI
phenotypes (Figure 2, P22).
2.3.1

Introgression for autosome-linked marker

When GFP marker was associated with an autosome, both hybrid F2 males and
females were viable and fertile. The introgression was performed by crossing GFP+
male with virgin JU1421 female from F2 onward. Five males and five females for two
replicates were performed for each generation. After 10 generations of backcrossing,
one male with GFP expression was used to fertilize three females for 3 replicates.
2.3.2

Introgression for X-linked marker

GFP+ male adults were always preferred to be used in backcrossing for introgression
from X chromosome. Segregation of marker demonstrates a sex-linked alternating
pattern. Only female GFP+ progeny from crossing between GFP+ male and JU1421
female was available. Thus, the introgression was alternated between crossing with
GFP+ male and female from JU1421 and that between male from JU1421 and GFP+
female. However, complete male inviability or sterility was commonly observed. In
such cases, virgin GFP+ female were used for the subsequent backcrossing instead.
After F10, single GFP expressing individual, no matter male or female, was used to
perform backcrossing.
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Figure 2. Introgression strategies for markers on different linkage groups (adapted
from Yan et al., 2012). A: introgression for autosome-linked marker; B: introgression
for X-linked marker when GFP+ hybrid males were inviable or sterile; C:
introgression for X-linked marker when GFP+ hybrid males were fertile.
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2.4
2.4.1

Genotyping introgression boundaries through PCR
Primer design

In order to perform genotyping for introgressions by PCR, primers were designed to
selectively amplify C. briggsae genomic sequence but not C. nigoni genome (Figure 3,
P24). Species-specific amplification was achieved by choosing the least conservative
C. briggsae genomic regions between the two species (as judged from UCSC genome
browser) as a target sequence for primer selection. Regions carrying repeat masker
were excluded. Chosen sequences were aligned against C. nigoni genome with
BLASTN using default settings on the 959-nematode server (Blaxter, personal
communication). Regions of one or multiple hits with a BLAST score of more than 50
were discarded and a nearby sequence was selected as an alternative. The sequence of
PCR product predicted from the selected primers was used as a query sequence to
align against C. nigoni genome with BLASTN using the default settings. Those with
exact match on either ends of both primers with more than 15 base pair in C. nigoni
genome were discarded to prevent non-specific binding. The primer selection process
was reiterated until satisfactory primers were found. Size of final PCR product has
been limited to 250bps to 800bps.
A notable fact was that the actual specificity of primers may not be as good as we
expected likely due to flaws in genome assemblies of both species. For example, the
most updated C. briggsae genome assembly version of WS225/cb4 still has around
2.9 Mb of DNA sequence unassembled to any chromosome and 0.29 Mb without
determined coordinates on chromosomes. In addition, the contaminated C. nigoni
genome assembly, WS226 was derived from sequencing of strain JU1422 which
might contain genomic divergence from that of JU1421. Primer specificity should be
verified using genomic DNA of AF 16, C. briggsae and JU1421, C. nigoni as a
template before being mapping (Figure 4, P25). After PCR and gel electrophoresis,
only primers that yielded single band with expected size using gDNA of AF16 but no
band using that of JU1421were retained for the subsequent genotyping.
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Figure 3. Flowchart of primer selection
for genotyping introgression boundaries
(Yan et al., 2012).
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Figure 4. Gel electropherogram of specificity test for seven pairs of primers using
gDNA of AF16 (C. briggsae, left panel) or JU1421 (C. nigoni, right panel) as a
template. Six of seven primers succeded in C. briggsae-specific PCR while one failed
to amplify any product in both cases (4th from left, indicated with arrow). The false
negative primers will be excluded in genotyping of introgression strains.
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2.4.2

Single-worm PCR

Genotyping of introgressions were performed using a total of 196 pairs of primers as
markers to replacement in order to construct a genetic map with sufficient resolution.
Introgressions can be mapped into small intervals of 0.52 Mb on average. To
minimize the working load of PCR mapping, a preliminary mapping of 15 PCR
reactions (three pairs of primers on each autosome) was performed using worms of F5
generation as templates unless a clear sex-linked segregation of GFP expressing can
be observed. A total of 15 pairs of primers that amplify sequence on the left arm,
middle region and right arm of autosomes of C. briggsae were used. When the
segregation was sex-linked, three pairs of primers for mapping X chromosome were
used. The preliminary mapping can frequently locate a substituted chromosome.
Advanced mapping using more primers was performed with worms of F15 generation
to increase resolution of genotyping.
In order to track the change of introgression size over generation of backcrossing, at
least two strains of each linkage group were chosen to be mapped using a complete set
of primers on this chromosome at F7, F10 and F15 respectively
2.4.2.1 Lysis
In order to obtain DNA templates for PCR, lysis was conducted by putting one single
worm of interest into 0.7µL lysis buffer on top of a PCR tube under stereomicroscope.
The lysis buffer was made up of 50mM KCl, 10mM Tris (pH = 8.3), 2.5mM MgCl2,
0.45% NP-40 (IGEPAL), 0.45% Tween-20 and 0.01% Gelatin to digest cells. 10% of
QIAGEN® Proteinase K solution (concentration >600 mAU/ml) was added to digest
collagen and purify the final DNA sample from protein. Tubes were centrifuged in for
one minute at 14,000 rpm. After worms were spun down to the bottom with lysis
buffer, the tube was snap frozen with liquid nitrogen and kept at -80°C for at least 1
hour.
After removal from refrigerator, a drop of mineral oil was added into the tube to
prevent evaporation of sample. By using Applied Biosystems® 96 well thermal cycler,
worms were lysed to release genomic DNA by 90 minutes’ heating in 65°C, which
was optimal for proteinase K to digest proteins without self-degradation. After
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digestion, temperature was raised and kept in 95°C for 15 minutes to inactivate the
proteinase K.
2.4.2.2 Sngle-worm PCR
After lysis, 5µL AmpliTaq Gold® Fast PCR Master was added into the lysed sample
with 0.5µL primers of interest. Appropriate volume of autoclaved milliQ H2O was
added to obtain a final volume of 10µL. PCR was performed in thermal cycler with
the following conditions: heating at 95°C for 10 min ; 96°C for 3 seconds, 55°C for 3
seconds and 68°C for 10 seconds for 30 cycles; 72°C 10 seconds for 1 cycle. The
amplification ended up with cooling down to 4°C.
2.4.3

Gel electrophoresis

1% agarose/TAE gel was used to illustrate the pattern of C. briggsae-specific
amplification. The gel was obtained by heating the agarose solution in microwave for
at least two minutes until no visible pellets can be observed in naked eyes. After
cooling down to around 50°C, a final concentration of 0.05% INtRon RedSafeTM
was added for DNA staining.
5µL PCR product was mixed with1µL Fermatas® 6X DNA loading dye thoroughly
by pipetting the mixture up and down for several times. 1µL Fermatas® GeneRulerTM
1 kb DNA ladder was used as a reference to verify specific amplification of product
with expected size. The mixture was separated on the gel under 85V for 35 minutes.
As positive gel bands indicated the presence of C. briggsae genome of known
coordinates, introgression boundaries were determined by negative bands which were
closest to the outermost positive bands (Figure 5, P28 and Figure 6, P29). This
method can avoid underestimation substitution on genome of C. nigoni but will lead
to a little overestimation in introgression size and coverage calculation.
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Figure 5. Illustration on principle of genotyping introgression boundaries through C. briggsae-specific PCR (adapted from Yan et al., 2012). The
boundary was defined as the coordinates of primers that fail to amplify and were newerest to the those that produce successful amplification.
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Figure 6. Gel electropherogram in PCR mapping. The gDNA from strain ZZY10295
and ZZY10297 were used as a template with the same batch of primers to map their
introgression region with AF16 and JU1421 as a positive and a negative control
respectively. The boundaries were indicated with arrows.
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2.5

Methods for rendering homozygous introgression

A single GFP+ male was crossed with three L4 stage females from JU1421 to ensure
the introgression was derived from one single lineage. Five GFP+ males and five
GFP+ females were allowed to mate in a crossing plate for three days. One GFP+ male
and one GFP+ virgin female adult were chosen from the crossing progeny and mated.
At least ten replicates were set up.
After 3 days’ incubation at 25°C, progeny were screened for 100% GFP expression.
Only those with 100% GFP expression for 3 successive generations were treated as
homozygous strains. Once such a strain was achieved, the introgression was deemed
as homozygous viable. When a homozygous introgression cannot be obtained after
five such attempts, it was assumed as homozygous inviable.
It should be noted that GFP+ male was hemizygous for X-linked introgression that
homozygosity for male was not needed. When males with GFP expression were not
viable, homozygosity for introgression in female cannot be performed and the
introgression was deemed male inviable and homozygous inviable at the same time.
2.6

Phenotypic characterization of HI loci

HI phenotypes were scored using either homozygotes or heterozygotes for
introgression. Same traits of JU1421, C. nigoni were also scored as a control. All the
strains were incubated at 25°C.
2.6.1

Embryonic lethality

In order to score increased lethality in embryogenesis stage, the percentage of
unhatched embryos out of all laid embryos of homozygous strains was scored as
embryonic lethality, or short for Emb%. It was started with preparation of gravid
GFP+ females. For strains that we haven’t obtained introgression as homozygote,
virgin female heterozygous for GFP-linked introgression were crossed with
heterozygous GFP+ male. In cases that GFP+ males were sterile or inviable, females
were inseminated with males from JU1421 instead.
Gravid females were incubated in NGM plates under 25°C for 4 hours followed by
picking off. Embryos were counted as soon as parents were removed and unhatched
embryos were counted after 24 hours. Emb% was calculated by dividing the number
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of unhatched embryos with that of laid ones. At least five replicates, each having over
100 embryos were performed for data analysis.
Progeny from crossing of heterozygotes for autosome-linked introgression consisted
of 25% homozygotes, 50% heterozygotes and 25% carrying no introgression (Figure
7). According to the Dominance theory, embryonic lethality of heterozygotes should
not be increased compared with JU1421. In assuming 100% lethality of homozygotes,
the maximal Emb% was determined by the sum of 75% of control Emb% of JU1421
and 25%. Progeny from females heterozygous for X-linked introgression and males
from JU1421 involved 25% of heterozygous female, 25% hemizygous male and 50%
that do not carry introgression (Figure 8, P32). In assuming 100% lethality of
hemizygotes and no increase in embryonic lethality of heterozygotes, the maximal
Emb% was the sum of 75% of control Emb% and 25%. Any deviation from expected
value was estimated by Student’s t-test. If scored Emb% was confirmed to be larger
than maximum, it can be inferred that the introgression carries at least partially
dominant HI loci that leads to increased embryonic lethality in heterozygotes.

Figure 7. Segregation pattern of autosome-linked marker in crossing between
heterozygous parents. Segregation ratios were indicated in the bottom.
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Figure 8. Segregation pattern of X-linked marker. A: crossing between GFP+ male
and female from JU1421; B: crossing between male from JU1421 and GFP+ female;
C: crossing between parents heterozygous for GFP-linked introgression. Segregation
ratios were indicated in the bottom.
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2.6.2

Larval arrest

Reduced fitness in post-embryonic development was characterized by the percentage
of progeny that was arrested at larval stages, referred to as percentage of larval arrest
or Lva%.
Taking the day that embryos were counted as day 0, the adults were counted on the
day 3. Lva% was calculated by dividing the difference between hatched larvae and
adults with total number of larvae. Number of hatched larvae was calculated by
subtracting unhatched embryos (recorded on day 1) from laid embryos (recorded on
day 0). At least five groups, each having over 100 larvae were required for average
calculation. Deviation from control group was estimated by Student’s t-test.
The definitive value of Lva% of heterozygotes to testify Dominance theory cannot be
calculated in the same way as Emb% since percentage of heterozygotes and
homozygotes in larvae have been disrupted by unbalanced embryonic lethality. An
adjusted Lva% was used to characterize dominance effect in post-embryonic
development, calculated by the number of arrested larvae divided by laid embryos.
Deviation from expecting value was estimated by Student’s t-test.
2.6.3

Sex ratio and segregation ratio of marker-linked introgression

In our cases, sex ratio specifically refers to the ratio of male and female with GFP
expression in introgression strains, which reveals the penetrance of lethal effect from
introgression. Both ratios were scored by the number of adults on day 3. Experimental
setups of autosome-linked heterozygotes and X-linked strains with male inviability or
sterility were exactly the same with that for Emb% and Lva%.
Crossing between heterozygotes and backcrossing with JU1421 in both directions was
performed to determine the marker locations. The expected ratios of sex and marker
segregation of X-linked strains have been illustrated in Figure 8, P32. Distortion was
tested by χ² test.
2.6.4

Sterility

Whether introgression leads to sterility or not can be tested by allowing mating
between ten virgin female and ten male adults with GFP expression in a single plate
and incubated for 12 hours. Presence of embryos was assumed as evidence to fertility
of both sexes. In most cases, only male was tested. Virgin GFP+ females can be
33

replaced with females from JU1421 at L4 stage. When embryos cannot be found, the
introgression was assumed as male sterile.
To characterize the sterility with more details, DIC photos of the hybrid sterile males
can be taken using confocal microscope after staining with DAPI.
2.6.4.1 DAPI staining
DAPI was used to stain DNA to provide insights to nucleus shapes under exposure of
ultraviolet light. Preliminary works include pre-chilling 100% methanol in -20°C,
diluting 1mg/ml DAPI stock to 0.1mg/ml and preparing 1X PBS buffer with 8g NaCl,
0.2g KCl, 0.61g Na2HPO4 (or 0.765g Na2HPO4`2H2O), 0.2g KH2PO4 and 1L water. To
take micrographs of worms, a minimal of 50 animals was necessary. Worms were
washed with M9 buffer for 3 times to get rid of bacteria and spun down at 1000g for 2
min with a desktop micro centrifuge. Supernatant was carefully removed, leaving a
final volume of 0.1 ml. Fixation of worms was performed by adding 1ml of prechilled
100% methanol into the tube and incubating it under -20°C for 15 min.
After the fixation, 3µl 0.1mg/ml DAPI was added. The tube should be incubated in
room temperature for 45min, wrapped with aluminum foil to avoid photobleaching.
Supernatant was removed by centrifuging at 1000g for 2min after staining. PBST,
made of 0.1% Tween 20 in PBS, was added to wash off nonspecific staining. Washing
was facilitated by shaking the foil-wrapped tube at the speed of 150/min. After 10
minutes’ shaking, worms were subject to centrifugation at 1000g for 2 min, washed
for 5 times, leaving a final volume of 0.1 ml.
After resuspending worms by slightly pipetting up and down, 10µl buffer with worms
was put on a slide and dispersed carefully. A cover slide was placed on the buffer and
slightly pressed with pipette tip to make the worm a bit flat. The slide was sealed with
Vaseline or nail polish. It should be noted that the slide should be air-dried under
aluminum foil for at least 15 min before observing under Leica laser scanning
confocal microscope.
2.6.5

Fertility

One virgin GFP+ female and three GFP+ males were picked onto a single plate. The
plate was checked for embryos every 12 hours. After embryos were found, males were
killed and the gravid female was transferred to a fresh plate. Embryos were counted
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immediately after the removal. Female was transferred to another plate every 12 hours
until no embryos can be found. Fertility was scored as the average number of embryos
laid by a single female. Five independent replicates were performed to calculate the
average. In strains that male and female were of the same genotype, it was also known
as brood size.
In cases that GFP+ male was sterile or inviable, the total number of embryos of a
single GFP+ female inseminated by males from JU1421 were scored instead, which
was known as fecundity of female.
It should be noted that brood size was determined by the number of functional sperms
from one ejaculation and the number of functional oocytes in one cross. In crossing
between homozygotes or heterozygotes, compromised fertility of either sex can lead
to a reduction in brood size. The fecundity of scored X-linked strains demonstrates
yield of functional oocytes as sperms were supplied by males from JU1421.
In both cases, average number of embryos laid by one single female of JU1421 was
used as a control.
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Chapter 3 Results
3.1

Generation of chromosomally integrated C. briggsae transgenic strains

A total of 97 transgenic C. briggsae with stable GFP expression were obtained
(Appendix 1, P68). They were named and stored under -80°C.
3.2

Introgression strains and genotyping of introgression boundaries

Among the 97 transgenic C. briggsae strains, three of them, RW20113, RW20114 and
RW20156 exhibited compromised fitness that prevented subsequent backcrossing and
thus not included for the downstream analysis. Whether it was due to compromised
viability from bombardment or HI effect is unknown.
A total of 107 strains carrying 102 independent introgressions were obtained including
six autosome-linked and six X-linked homozygous introgressions, covering 98.82%
of C. briggsae genome in total (Table 2 and Appendix 1, P68). One transgenic C.
briggsae strain could produce multiple lines of different introgression lengths with
distinct HI phenotypes. They were assigned with different strain names. None of them
exhibited selfing ability and appears to be gonochoristic like C. nigoni.

Table 2. Statistics of strains and introgressions.
Transgenic
linkage group

Number of
strains

Cumulative
Introgression size (Mb)

Coverage*

Chr. I

9

15.45

100.00%

Chr. II

19

16.63

100.00%

Chr. III

8

13.34

91.50%

Chr. IV

15

17.48

100.00%

Chr. V

31

19.49

100.00%

Chr. X

25

21.54

100.00%

Overall

107

103.93

98.82%

*: The percentage of coverage was calculated by the cumulative introgression size divided by
the length of its linked chromosome. Overlapped introgressions have been excluded.

36

So far PCR mapping was found to be an effective method in genotyping introgression
strains with a few drawbacks. First, although the AmpliTaq Gold® Fast PCR Master
is designed to amplify sequence within the range of 1.5kbps, it always gave out false
negative results when product sizes were larger than 700bps in single-worm PCR. The
primary specificity test failed to rule out this design error as single individual of AF16
was able to provide sufficient gDNA for effective amplification but introgression
strains failed to do that. This problem was solved by limiting the expected product
sizes to 250 to 600bps in primer design.
Second, genotyping of some strains came up with dubious PCR results that cannot be
explained based on the recently updated version of C. briggsae genome assembly
WS225/cb4. Mapping results of strain ZZY10353 and ZZY10320 strongly agrees
with old version cb3 but not with cb4 (Appendix 1, P68). Some mapping results
cannot be explained by either cb3 or cb4. Taking genotyping of ZZY10318 as an
instance, negative results were obtained in eight pairs of primers whose binding sites
were located between primer II-6.5 and II-7.5, whereas these two primers were able to
produce C. briggsae-specific amplification. Similar problem was found in mapping of
introgressions from Chr. III and Chr. IV. These results revealed possible errors in
assembly of either cb3 or cb4.
The third problem is the false genotype may be obtained as multiple worms were
required. An example was introgression from ZZY0044 whose length at F7 was larger
than F10 and F15, which was probably due to multiple worms from at least two
independent chromosomal recombinations were used in PCR mapping and
backcrossing respectively. This problem can be alleviated by isolating several parents
for 24 hours before genotyping and using embryos for backcrossing.
However, the C. briggsae-specific PCR is the most economical way to map
introgressions. Genotypes of 102 independent introgressions have been summarized
in Appendix 2, P74 by the order of linkage group of introgression.
3.2.1

Distribution of GFP insertions over C. briggsae genome

Definite mapping of integrated vectors based on inverse PCR had been confirmed
infeasible as microparticle bombardment tends to introduce multiple copies of
marker-linked vectors into host genome, hindering efficient PCR of target sequence
(Yan et al., 2012). Instead, estimation of GFP insertion site was made by assuming the
37

marker was located around the midpoint of an introgression fragment (Figure 9, P39).
In subsequent analysis, only boundaries of the smallest introgression from same
starting strain were used and homozygous and heterozygous strains for the same
introgression were counted only once. Introgressions with uncertainty in size were
excluded.
The accuracy of estimation is influenced by resolution of mapping. There were 20
strains whose estimated insertion site overlapped with at least another one since PCR
mapping provided the same genotype. Ten of them were linked with Chr. V with a
relatively large size. Similar genotypes for introgression were also observed between
a handful of strains. For instance, introgressions of strain ZZY10051, ZZY10053 and
ZZY10057 were located on the middle to the right arm of Chr. I and their markers
clustered instead of random distributed. Similar biases were seen on Chr. III and IV. It
could be explained by recombination resistance in some chromosomal regions of C.
nigoni against C. briggsae but remained to be confirmed by further comparative
genomic study.
Theoretically, microparticle bombardment should provide a random insertion over C.
briggsae genome. According to χ² test, the distribution of GFP insertion is not random
between different linkage groups (p <0.05 at df = 5). There is a significant bias in Chr.
V and an underrepresentation in Chr. I and III. The distribution may be explained by
difference in gene function and density between chromosomes that influence the
survival efficiency of transgenic worms after bombardment. Study based on F2 and
RILs from intraspecific crossing within C. briggsae showed that homozygosity of
alleles on Chr. III can induce delayed development (Ross et al. 2011; Baird and
Stonesifer, 2012). Both investigations provided indirect support to the hypothesis that
Chr. III is rich in essential genes related to developments that biased the distribution
of inserted markers in transgenic strains.
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Figure 9. Genetic map of chromosomally integrated GFP marker over C. briggsae genome. Inverted hollow triangles indicate insertion sites
while the solid black ones indicate overlapping insertions within proximity.
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3.2.2

Distribution of introgression sizes

The introgression size between autosome-linked and X-linked strains showed no
significant difference (Student’s t-test, p =0.15), which is unexpected considering
different recombination rates of autosomes and X chromosome (Figure 10, A).
Introgression can be further sorted based on recombination domains where markers
were inserted (Figure 10, B). The recombinant rate domains were determined by the
ratio of genetic (cM) and physical length (Mbs) based on mapping around 1000 loci
of intraspecific inbred lines of C. briggsae (Ross et al., 2011). Arms exhibited higher
ratio than center regions. Deviation between introgression linkage domains was
observed in most linkage groups (p < 0.05).

Figure 10. Distribution of introgression size (Mb) sorted by transgenic marker
location. A: Box plot for introgression size of autosomal and X linkage group
respectively; B: Box plot for introgression size sorted by insertion sites of marker (on
chromosome and recombinant rate domain)
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3.2.3

Effect of backcrossing generations on introgression size

Theoretically, introgression size would keep decreasing during backcrossing as a
result of recombination, and the decrease ratio depends on the recombination rate.
However, no changes between F7 and F15 were observed in 9 out of 15 scored strains,
including all the five scored strains linked to Chr. I or III (Appendix 2, P74). The
increase in introgression size over generations from strain ZZY0044 is probably an
artifact since the early backcrossing was performed using multiple individuals, which
subjected to multiple introgressions.
Backcrossing after F15 was performed in two X-linked sterile strains. Decrease of
introgression size was observed after at least 20 generations of backcrossing,
accompanied with a change in HI phenotype from male sterile to male fertile.
Although tracing of more strains is required to make the statistics more confident, a
speculation can be made that recombination was ceased after F7 in a remarkable
portion of lineages during backcrossing. The observation provided supports to the
hypothesis that genomic divergence between C. briggsae and C. nigoni may be
large that resists interspecific homologous chromosomal recombination.
It should be noted that PCR mapping result of backcrossing F15 from strain
RW20147 was dubious and contradicted with its segregation pattern. It was not until
F10 generation that GFP expression was constantly observed in males. A lineage with
male inviability (GFP+ male less than 1%) was derived from F10 generation and
named ZZY10297 whose introgression was confirmed to be located in a 2.34 Mb
interval on X chromosome by PCR mapping. GFP+ males from ZZY10297 failed to
produce progeny with virgin females from JU1421. Another lineage named
ZZY10347 was derived from crossing of fertile males with GFP expression in F11. Its
introgression was mapped to an interval of 1.33Mb from positive PCR results of two
pairs of primers, II-13 and X-14.5, which specifically amplified a segment from right
arm of X chromosome of C. briggsae. Striking segregation pattern for marker-linked
introgression was observed in crossing between GFP+ males and females from
JU1421 that GFP expression was found in male progeny but not all female progeny.
These observations contradicted with sex-linked segregation pattern of X-linked
marker as it should only be inherited by female progeny but male from their GFP +
father (Figure 8, P32). PCR mapping results of these female progeny also suggested
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that the marker was no longer located on X chromosome (Figure 11). Two
explanations had been proposed to answer this unexpected segregation. First,
GFP-linked introgression from X chromosome of C. briggsae was translocated to an
autosome of C. nigoni. Second, observed fluorescence was from extrachromosomal
arrays which segregated independently. As GFP expression was still associated with
species-specific amplification of two pairs of primers (Figure 11, panel C and D), the
marker was likely to be linked with some segment from X chromosome of C.
briggsae.

Figure 11. Gel electropherogram for genotyping strain ZZY10347. Primers II-13 (left)
and X-14.5 (right) were used. A: positive control of AF16, C. briggsae; B: negative
control of JU1421, C. nigoni; C: replicates of GFP- female progeny from crossing of
GFP+ male and females from JU1421, D: females with GFP expression.
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3.3

HI phenotypes between C. briggsae and C. nigoni

In order to further characterize HI loci over genome, a subset of introgression strains
were chosen to score HI phenotypes. To achieve high coverage and resolution, these
strains were chosen based on the following criteria: First, they have relatively small
introgression sizes; second, locations of introgressions were relatively unique on
chromosomes (e.g. left and right arms, center region) and shared minimal overlapping.
A total of 41 strains were scored for 38 independent introgressions (Table 3 and
Figure 12, P44). It should be noted that some introgressions have their HI phenotypes
scored using both heterozygotes and homozygotes.

Table 3. Coverage statistics on introgressions from 41 strains for which the HI
phenotypes were scored.
Introgression
linkage groups

Strains

Homozygous
coverage*

Heterozygous
coverage*

Chr. I

3

1.42%

96.50%

Chr. II

10

2.71%

84.00%

Chr. III

4

30.47%

70.90%

Chr. IV

3

0.00%

84.27%

Chr. V

6

39.76%

33.40%

Chr. X

15

44.01%

84.40%

Overall

41

21.24%

75.84%

*: The percentage of coverage was calculated by the cumulative introgression size divided by
the length of its linked chromosome. Overlapped introgressions were excluded.
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Figure 12. Genome-wide HI landscape between C. briggsae and C. nigoni based on genotyping of 40 scored strains without ZZY10318
(dubious PCR result shown in Appendix1, P68). Stars (“*”) were used to label introgressions that HI phenotype was scored using homozygotes.
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3.3.1

Pervasive HIs between the two species

Incompatibilities from introgressions all over genome were revealed by phenotypic
characterization. Physical coordinates of scored introgressions can be found listed in
Appendix 1, P68 and data of lethality, segregation ratio and brood size of scored
strains can be found in Appendix 3 to 6, P75 to P78.
34 introgressions that cover over 70% of autosomes and 90% of the X chromosome
(Table 4, P46) were scored for homozygous viability, providing information about
whether chromosomes of C. nigoni could be replaced by those from C. briggsae. 12
of them were successfully rendered homozygous, confirming homozygous viability of
21.24% over C. briggsae genome. The rest of scored regions were characterized
homozygous inviable (Figure 13, P46). GFP segregation ratio revealed that
homozygotes appeared to be viable in four autosome-linked introgressions strains (in
comparison with 75%, χ² test, p > 0.05, data from Appendix 5, P7776) while
homozygous lineages cannot be rendered after five attempts. The failed homozygosity
may be due to sterility of homozygotes of either male or female. These introgressions
were also regarded as homozygous inviable ones in analysis. There was no significant
deviation between sizes of homozygous inviable introgressions compared to viable
ones (Student’s t-test, p > 0.05), rejecting the hypothesis that large introgression size
is responsible to homozygous inviability.
Single copy of introgression sufficient in inducing complete inviability or sterility in
heterozygotes was not found from all linkage groups as males carrying
autosome-linked introgressions and all females were viable and fertile. Inference can
be made that HI loci over 98.52% of C. briggsae genome are at least partially
recessive in inducing hybrid inviability and sterility.
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Table 4. Coverage information for introgressions with scored homozygous viability.
Introgression
linkage group

Scored
coverage*

Homozygous viable
coverage

Homozygous inviable
coverage

Chr. I

76.78%

1.42%

75.36%

Chr. II

82.68%

2.71%

79.97%

Chr. III

70.85%

30.45%

40.40%

Chr. IV

84.22%

0.00%

84.22%

Chr. V

70.00%

39.74%

30.26%

Chr. X

94.52%

44.01%

50.51%

Overall

80.50%

21.24%

59.26%

*: The percentage of coverage was calculated by the cumulative introgression size divided by
the length of its linked chromosome. Overlapped introgressions were excluded.

Figure 13. An HI map of introgressions based on scored homozygous viability.
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Based on quantitative characterization of HI phenotypes on homozygous introgression
strains, lethality was generally increased and Emb% and Lva% exhibited similar but
not identical pattern between scored strains (Figure 14, A, P48). Most homozygotes
showed significant increase in Emb% and Lva% compared to JU1421. Strain
ZZY10290 showed similar Emb% in comparison with control and the smallest Lva%
in 12 homozygotes, indicating a minor HI effect on fitness during embryogenesis
from its introgression (location: Chr. V, 0.00 to 0.61Mb). Largest Lva% was
manifested in ZZY10292 (location: Chr. III, 8.90 to 10.34Mb), suggesting increased
lethality or cease in post-zygotic development. Both Emb% and Lva% revealed a
position-specific effect from introgression rather than size between and within linkage
groups (Figure 14, B, P48).
Introgression of strain ZZY10296 covers that of ZZY10288 despite a non-overlapping
region (location: Chr. V, 4.66 to 7.75Mb). As they have similar Lva% but different
Emb%, inference can be made that the non-overlapping region has significant
interference in embryogenesis but limited influence in post-embryonic development.
Similar inference can be made by contrasting strain ZZY10036 and ZZY10033 that
their non-overlapping region (location: Chr. X, 2.37 to 4.51Mb) largely disturbs
post-embryonic development rather than embryogenesis (Figure 14, A, P48).
Increase in lethality was also found in progeny from crossing between
autosome-linked heterozygotes and crossing between X-linked heterozygous and
males from JU1421, indicating incompatibility from introgressions scored (Figure 14,
C and D, P48). In determining dominant effect of loci from scored heterozygous
strains, the critical value is 29.1% and 44.2% for ratio of embryonic and total lethality
respectively for both autosome-linked and X-linked strains. Three autosome-linked
introgressions appeared to be at least partially dominant in interfering embryogenesis
and eight disturbed post-embryonic development. Two X-linked introgressions were
characterized dominant in increasing lethality but only one of them was confirmed of
100% male inviability. Strain ZZY10297 and ZZY10329,which were characterized as
male inviable according to observation of adults with GFP expression, had an Emb%
smaller than 25%, indicating their hemizygous introgression in male did not lead to
complete inviability during embryogenesis (Appendix 4, P76).

47

Figure 14. Percentages of embryonic
lethality, larval arrest and GFP expression
of 35 introgression strains with control
group. A: column plot for homozygous
strains; B: scatter plot for homozygous
strains against introgression size; C:
column plot for autosome-linked strains;
D: column plot for X-linked strains.
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The connection between dominant HI effect on lethality and GFP expression ratio was
not very strong. Based on χ² test, significant reduction from 66.7% (segregation
pattern explained in Figure 7, P31) was observed in strain ZZY10018 and ZZY10028
in assuming heterozygotes suffered similar lethality with control group. However, the
lethality of ZZY10028 was smaller than the critical value of determining dominance
in lethality, which contradicted with this inference. The reduction was more likely due
to a pre-zygotic distortion in segregation of marker-linked introgression. There were
also several strains exhibiting dominance in lethality but no significant deviation in
GFP+%, suggesting progeny suffered similar lethal effect despite their genotypes. An
extreme example is ZZY10030, whose lethality was scored larger than 90% but
GFP+% was around 75%, much larger than 66.7% (χ² test, p > 0.05). Similar
contradictions were also found in X-linked introgression strains. GFP expression ratio
should be within the range of 33.3% and 50% in assuming heterozygotes for X-linked
introgression, i.e. GFP+ females suffered lethality similar to JU1421. Significant
reduction from 33.3% was found in only one X-linked introgression strain ZZY10297,
which also contradicted with its lethality (Figure 14, D, P48 and Appendix 5, P77).
These cases revealed complication of lethality increase from autosome-linked
introgression.
Fertility appeared to be interfered in a different way (Figure 15, P51). Generally, the
scoring of brood size provided evidence fertility suffered a position-specific effect
from introgression rather than size between and within linkage groups. Nine out of
twelve homozygous introgression strains laid a significantly smaller amount of
embryos than JU1421. It should be noted that brood size of the homozygous strain
ZZY10290 was drastically increased, which suggested effect from introgressions was
not simply deleterious.
Changes in fertility were also found in crossing between heterozygotes for
autosome-linked introgressions. In comparison with control, 12 out of the 16 scored
strains laid a relatively small amount of embryos whereas three of them had enhanced
fertility. These deviations were indicative to dominant effect from HI loci on fertility
although whether gametes of male or female was the limiting factor kept unknown.
Another intriguing observation was that fertility of strain ZZY10333 was
compromised in a larger scale than ZZY10290 while these two strains were
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heterozygotes and homozygotes for the same introgression respectively. It appeared
that ZZY10333 was also subjected to incompatible interactions between homologous
regions from C. briggsae and C. nigoni. It can be inferred that deleterious influence
from introgression on fertility is not simply determined by copy numbers but by more
complicated epistatic interactions (Appendix 4, P76).
Female fertility of X-linked introgression strains scored was generally smaller than
control group, indicating an at least partially dominant HI effect on female fertility
(Appendix 4, P76).
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Figure 15. Fertility of 33 scored introgression
strains ordered by its linkage groups and
control of JU1421, C. nigoni. A: column plot
for homozygous strains; B: scatter plot for
homozogous strains against introgression size;
C: column plot of autosome-linked strains; D:
column plot of X-linked strains.
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3.3.2

Sex-biased pattern of hybrid incompatibility

Phenotypic characterization revealed a sex-biased incompatibility in distortion in
segregation ratio, as well as male inviability and sterility. Based on observation during
backcrossing and results of homozygous/hemizygous fertility test, inviability and
sterility were exposed only in males which were hemizygous for X-linked
introgressions.
In the control group of JU1421, C. nigoni, 52.7% of the population developed into
male. Significant deviations from control group in sex ratio were observed in five out
of twelve homozygous introgression strains (Figure 16, χ² test, df = 1, p < 0.05),
indicating higher penetrance of lethal effect from HI loci to male rather than female. It
should be noted that strain ZZY10320 and ZZY10293 exhibited a lower male ratio
than other X-linked strains (p < 0.001, and Appendix 3, P75). Although introgressions
of all six homozygous X-linked strains were located in arms, introgressions of these
two strains were located closer to the chromosome center.

Figure 16. Male ratio of homozygous introgression strains.
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Deviation in GFP expression ratio between male and female was indicative to
sex-biased penetrance of HI loci, which appeared to be strongly related with linkage
group (Figure 17, P54). Besides all the strains whose introgression was located on Chr.
II, deviation in GFP+% between male and females was found in all other linkage
groups and three strains linked to Chr. IV and V respectively showed a larger GFP +%
in females. These deviations suggested position-specific penetrance of HI effect while
influence from pre-zygotic segregation distortion could not be excluded
Deviation of GFP expression ratio mostly observed a sex-biased pattern that
hemizygotes for X-linked introgression took a smaller proportion in male progeny
than heterozygotes in females (Figure 17, P54). Introgressions from four scored
X-linked strains were characterized male inviable as GFP+ males could hardly be
found.
Besides scored strains, GFP+ males could hardly be observed in males from other five
out of all 23 X-linked strains (Appendix 1, P68). By contrasting non-overlapping
regions between introgressions of these nine strains and the rest male viable ones, two
loci related to male inviability were deduced to be located in two intervals of
approximately 0.5 Mb in size (Figure 18, P55). They would be referred to as
middle-X and right-X intervals for inviable loci respectively. Inviable loci in the
right-X interval between 19.03 and 19.47Mb were inferred to function
antagonistically with some closely associated loci located within the range of 18.19
and 19.03Mb. This inference was made considering the observation that an over 97%
male lethality was induced by introgression covering the right-X interval (ZZY10297)
but can be suppressed when the introgression also covers the associated region
(ZZY10303 and ZZY10330).
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Figure 17. Column plot of GFP expression ratio in males and females. A: progeny
from crossing of heterozygotes for autosome-linked introgression; B: progeny from
crossing of heterozygous females for X-linked introgression and males from JU1421
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Figure 18. An HI map of 17 independent introgressions and the deduced intervals of male inviable loci along X chromosome. a: middle-X
inviable loci; b: right-X inviable loci; c: interacting loci for b.
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Five X-linked introgression strains exhibited male sterility (Appendix 1, P68), i.e., no
embryos were laid within 24 hours by females from JU1421 after mating with males
from these strains. By contrasting the overlapping regions between male fertile and
sterile introgressions, two X-linked male sterility loci were located within two
intervals of 4.98 Mb and 1.28Mb respectively. Based on their positions on X
chromosome, they would be referred to as middle-X and right-X intervals for sterility
loci respectively. The deduced right-X interval for male sterility loci overlapped the
right-X one for male inviability loci (Figure 18, P55 and Figure 19, P57).
The HI mechanism in inducing sterility has not been clearly identified. Given their
inter-fertilizing behaviors, pre-mating barrier could be ruled out. Structure of tails
including pattern of rays seemed intact as opposed to those of males from JU1421, C.
nigoni or fertile strains (Figure 20, P58). Presence of copulatory plug in females from
JU1421 after 24 hours’ incubation with males carrying marker-linked introgression
also indicated successful mating (Figure 21, P59).
DAPI-stained male from strain ZZY10307 and ZZY10330 provided some insights of
male sterility through gonad structure compared to JU1421 and revealed that two
distinct mechanisms may be involved (Figure 22, P60)
Gonad of strain ZZY10307 was relatively intact with clear distal tip, loop and seminal
vesicle. It occupied a relatively smaller proportion in the body. The gonad can be
further dissected by the shape and pattern of DAPI-stained nuclei. Spermatids with
small condensed nucleus can be found in male but not in females mated with the
males from ZZY10307, suggesting the male sterility may be resulted from improper
ejaculation or failed fertilization between sperms and oocytes in spermatheca, rather
than due to incomplete spermatogenesis in males. Contrasted with strain ZZY10307
and JU1421, the profile of gonad in strain ZZY10330 was not as clear in DIC pictures.
What’s more, the epifluorescent image of male from ZZY10330 revealed that
spermatids dispersed all over the body. It is very likely that the observed sterility from
right-X loci was induced by defect in spermatids storage and transportation, resulting
in too few inserted spermatids into spermatheca of females. The definitive sterility of
introgression of ZZY10307 requires further evidence including images of mated
female.
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Figure 19. An HI map of 17 independent introgressions and the deduced intervaled of male sterile loci based along X chromosome. d: middle-X
male sterile loci; e: right-X male sterile loci. X chromosome is depicted as black horizontal line with positions of genotyping primers indicated
in scale. Two deduced male sterility loci have been labeled in light yellow color on the axis.
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Figure 20.
DIC micrographs of
male tails.
A: JU1421, C. nigoni;
B: AF16, C. briggsae
(Baird et. al. 2001);
C: Introgression strain
ZZY10293;
D: ZZY10307;
E: ZZY10328;
F: ZZY10337;
G: ZZY10330;
H: ZZY10303. Males
in A, B and C were
confirmed fertile
while D to H were
sterile.
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Figure 21. DIC micrograph (top) and DAPI epifluorescence image (bottom) of a sexually mature female from JU1421, C. nigoni after mating
with a sterile male from introgression strain ZZY10307.
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Figure 22. DIC (top)
and epifluorescence
micrographs (bottom)
of DAPI-stained male
from JU1421, C. nigoni,
introgression strain
ZZY10330 and
ZZY10307. Male
gonadal structures are
labeled with arrows.
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3.3.3

Large X effect supported only by fertility data

Substitution of X chromosome induced a variety of incompatibility in introgression
strains. A comparison between HI phenotypes induced by substituted autosomes and
X chromosome would be made in this section.
Statistical test on sizes of non-overlapping independent introgressions suggested no
significant difference between length of homozygous viable ones from different
linkage groups (Student’s t-test, p = 0.343). Hypothesis that X-linked homozygous
viable introgressions are generally smaller than autosome-linked ones was denied.
In comparison with autosomes, a smaller proportion on X chromosome was
confirmed to be homozygous inviable (Table 4, P46). However, this result may not be
convincing as the homozygous inviable coverage from scored strains was greatly
biased by some extraordinarily large introgression at some specific positions on
autosomes (Figure 23), e.g. introgression from the right arm of Chr. I and the left arm
of Chr. IV (Figure 13, P46).

Figure 23. Box plot for homozygous inviable introgressions from different linkage
groups.
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Although male inviability was exclusively observed in X-linked introgression strains,
its support to the large X effect may not be solid as introgressions inducing complete
male lethality are too large. Autosome-linked heterozygous strains scored were not
parallel for comparison since the recessive HI effect may not be manifested according
Dominance theory. The largest introgression for autosome-linked homozygous strain
is 7.75 Mb from ZZY10296, which is smaller than the average of X-linked ones.
Lethality increase in homozygotes for autosome-linked and X-linked introgressions
wass similar to each other during embryogenesis (p = 0.13) and post-zygotic
development (p = 0.93), revealing substitution on X chromosome did not lead to
disproportional deleterious effect on lethality. Comparison of lethality in
heterozygotes and distortion of segregation ratio cannot be performed as the crossing
setups were different and progeny were not parallel for comparison.
Fertility was extraordinarily interfered by X-linked introgressions rather than
autosome-linked ones (Figure 15, P51). Overlapping introgressions excluded,
X-linked introgressions resulted in a significantly greater decrease in brood size than
autosome-linked introgressions in 8 scored homozygous strains (One-way ANOVA,
p<0.001, details in Appendix 7, P79 while they were of similar length
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Chapter 4 Discussion
Investigation of hybrid incompatibility between Caenorhabditis species used to be
limited in study of different strains of C. elegans. A handful of intraspecific HI loci
had been mapped, but only few of them were related to hybrid male sterility and
inviability which worked as the major reproductive barrier. Our study on two related
sister species pair C. briggsae and C. nigoni provided new insights into genetic basis
of interspecific hybrid incompatibility of Caenorhabditis species.
Previous genome-wide scoring of HI phenotypes uncovered that HI loci over C.
briggsae genome are largely recessive in affecting viability but at least partially
dominant in interfering fertility of either sex. A handful of homozygotes for
independent introgressions were obtained, suggesting a relatively small divergence in
a remarkable proportion of genome in inducing incompatibility.
Male inviability from substituted X chromosome from C. briggsae was confirmed by
a handful of X-linked introgression strains, which was consistent with the study of F1
hybrids by Haag lab (Woodruff et al., 2010). It provided support to the explanation to
Haldane’s rule between these two species that X chromosome from C. briggsae plays
a more critical role in hybrid breakout in F1 generation than that from C. nigoni.
The observed hybrid inviability and sterility permitted mapping of HI loci into a series
of clustered intervals on center region and right arm of X chromosome of C. briggsae.
Mechanism that prevents HI loci from even distribution along X chromosome is still
unclear and deserves further evolutionary study. As these intervals are overlapping,
inference can be made that genes responsible for male inviability and sterility are
closely linked on X chromosome. Our future target is to dissect whether inviability
and sterility are caused by a single locus or combination of multiple loci or
chromosomal rearrangement within these intervals.
Despite observed male inviability and sterility from X-linked introgression, our study
also revealed a complicated sex-biased penetrance of HI loci, demonstrated by
skewed sex ratio and sex-biased GFP expression ratio.
Methods in scoring deviations in lethality and fertility from homozygous inviable
introgressions could be improved as the current crossing setups induced multiple
variations in comparison with control groups, resulting in complication in explaining
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HI mechanism involved. Although the workload may be doubled, crossing of
heterozygotes with JU1421 on both directions would provide more details. Dominant
effect from introgression in heterozygotes would be distinctly manifested by any
increase in lethality or reduction in fertility and it would provide a clear insight of
which gender is responsible for the deviation from control group.
Analysis on fertility in both homozygotes and heterozygotes are more supportive to
large X effect than viability as brood size of X-linked homozygotes was largely
reduced in comparison with autosome-linked ones. X-linked HI loci appeared to be
more dominant in inducing reduction of female fertility. These dominant HI loci were
whittled down to intervals of several million bps and remain to be an unexploited field
for HI study of Caenorhabditis species.
Our current study cannot explain why strain ZZY10347 carried an extrachromosomal
array carrying both GFP marker and some segment from C. briggsae as the possibility
of translocation to an autosome can be excluded. Distortion in sex and marker
segregation ratio was observed in backcrossing on both directions. From crossing of
GFP+ male with females from JU1421, 30 out of 45 GFP + adults were males. The
male ratio deviated from expected 1/2 (χ² test, p < 0.05). The GFP segregation of all
three crossings exhibited large deviation from the expected (p< 0.002), and cannot be
explained by increased lethality from introgression. Percentages of embryonic
lethality and adjusted larval arrest of ZZY10347 did not show any dominant effect in
comparison with control or significant difference from other autosome-linked and
X-linked introgression strains (Appendix 6, P78). The possibility that marker-linked
introgression was cleaved from C. nigoni genome by unclear mechanism cannot be
excluded but it still requires evidence.
Caveats of our previous study include large introgression size compared with
introgression labeled by white eye gene in Drosophila species and uneven distribution
of the fluorescent markers over C. briggsae genome generated by microparticle
bombardment. Several plausible factors may contribute to the large introgression size.
First, divergence between two species is more substantial than we expect that
recombination between homologous chromosomes becomes difficult. This
explanation is supported by the mostly paused recombination after seven generations
of backcrossing. Sequence comparison suggested the two diverged from their
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common ancestor around one million years ago (Cutter et al., 2010), older than the
common ancestor around 300,000 years age of Drosophila species used in HI studies
(Kliman et al. 2000). Second, as integration of marker into host chromosome
depended on a DNA repairing mechanism after breaking of chromosomes, some
balanced but cryptic rearrangements took place during the process, resulting in
resistance to homologous recombination. The uneven distribution of fluorescent
marker is expected to be alleviated by site-directed cleavage of Cas-9 induced
homologous recombination (Auer et al., 2013). The new transgenic method was
successfully performed in C. elegans (Dickinson et al., 2013; Chen et al. 2013), and
confirmed feasible in C. briggsae by our labmates. With the help of this novel method,
the genome-wide characterization of HI between Caenorhabditis species is expected
to be improved in two aspects. First, C. briggsae chromosomal regions with few
insertions can be specifically targeted, including middle and right arm of Chr. I, left
arm of Chr. III, the whole Chr. IV and right arm of Chr. V. Second, it makes flagging
genome of C. nigoni possible. Our introgression protocol and mapping method are
still feasible for further introgression of both directions with high resolution and
coverage, and can hopefully bring us more in-depth knowledge of hybrid
incompatibility between these two species.
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Chapter 5 Conclusion
Our genome-wide characterization of HI between C. briggsae and C. nigoni lays
down a framework for study of speciation genetics between nematode species for the
first time, providing abundant opportunities for fine mapping and possible
determination of molecular identity of gene underlying an HI locus. Importantly, the
study allows parallel comparison of HI patterns between nematodes and Drosophila
species. It is worthy of noting that relatively large introgression size in comparison
with other species could be due to the large genomic divergence between the two
nematode species. Large X effect was confirmed from analysis of fertility, but not so
certain in lethality.
Our study provides basis for further investigation of HI mechanism, especially study
of male incompatibility. It can be expected that morphological study and tracking of
sperms from sterile males can provides us information for its sterility and
complementation tests on a handful of HI loci would provide evidence to
identification of HI genes responsible for different hybrid incompatibility between
these two species.
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Appendix 1. List of C. briggsae transgenic strains and introgression strains derived from them, arranged according to the linkage group and
second by 5’end position of introgression.
Backcross Transgenic 5' end 3' end
Transgenic Introgression
Introgression
generation
linkage position position
stain name strain name
Size (Mb)
with JU1421
group
(Mb) (Mb)
ZZY0065

ZZY10065

F15

I

0.33

0.55

0.22

ZZY0065

ZZY10294

F15

I

0.33

0.55

0.22

ZZY0013

ZZY10013

F15

I

0.41

4.55

4.14

ZZY0027

ZZY10027

F15

I

0.41

5.48

5.07

ZZY0041

ZZY10041

F17

I

0.41

7.94

7.53

ZZY0010

ZZY10010

F15

I

2.00

3.54

1.54

RW20125

ZZY10325

F15

I

2.43

5.48

3.05

ZZY0053

ZZY10053

F15

I

3.54

15.46

11.92

ZZY0057

ZZY10057

F20

I

3.54

15.46

11.92

ZZY0051

ZZY10051

F15

I

4.55

15.46

10.91

RW20119

ZZY10319

F15

II

0.00

6.49

6.49

RW20151

ZZY10351

F15

II

0.00

4.29

4.29

ZZY0024

ZZY10024

F15

II

0.00

6.49

6.49

ZZY0040

ZZY10040

F15

II

0.33

6.94

6.61

RW20142

ZZY10342

F15

II

2.62

6.94

4.32

RW20110

ZZY10310

F16

II

5.97

6.94

0.97
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Comments on introgression
Homozygous strain.
Homozygous inviable.

Homozygous inviable.
Homozygous inviable.

Homozygous inviable.

Backcross Transgene 5' end 3' end
Transgenic Introgression
Introgression
generation
linkage position position
stain name strain name
Size (Mb)
with JU1421
group
(Mb) (Mb)

Comments on introgression

RW20132

ZZY10291

F15

II

6.49

6.94

0.45

RW20132

ZZY10332

F15

II

6.49

6.94

0.45

RW20117

ZZY10317

F15

II

6.94

10.16

3.22

ZZY0026

ZZY10026

F15

II

6.94

9.15

2.21

ZZY0021

ZZY10021

F15

II

7.18

11.78

4.60

RW20152

ZZY10352

F15

II

8.02

15.80

7.78

ZZY0011

ZZY10011

F15

II

8.02

12.33

4.31

RW20112

ZZY10312

F15

II

9.15

15.29

6.14

ZZY0012

ZZY10012

F15

II

9.15

13.98

4.83

Homozygous inviable.

ZZY0014

ZZY10014

F15

II

9.15

16.63

7.48

Homozygous inviable.

RW20153

ZZY10286

F15

II

11.12

16.63

5.51

Dubious mapping result of negative result of primer X-4.

RW20118

ZZY10318

F15

II

6.49

6.94

0.45

Dubious mapping result by amplification of two unadjacent primer pairs
II-7.5 and II-6.5

ZZY0020

ZZY10020

F15

III

0.00

7.29

7.29

ZZY0052

ZZY10052

F15

III

0.00

9.81

9.81

Dubious mapping result of amplification of primer III-12.

ZZY0030

ZZY10030

F15

III

1.59

5.06

3.47

Homozygous inviable.

ZZY0032

ZZY10032

F15

III

4.62

13.34

8.72

ZZY0015

ZZY10015

F25

III

6.48

13.34

6.86

Homozygous inviable.

ZZY0047

ZZY10047

F15

III

6.93

13.34

6.41

Dubious mapping result of negative result of primer III-12.
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Homozygous strain.
Homozygous inviable.

Backcross Transgenic 5' end 3' end
Transgenic Introgression
Introgression
generation
linkage position position
stain name strain name
Size (Mb)
with JU1421
group
(Mb) (Mb)

Comments on introgression

RW20131

ZZY10292

F15

III

8.90

13.34

4.44

Homozygous strain. Dubious mapping result of negative result of primer
III-12.

RW20131

ZZY10331

F15

III

8.90

13.34

4.44

Dubious mapping result of negative result of primer III-12.

ZZY0023

ZZY10023

F15

IV

0.00

13.11

13.11

ZZY0037

ZZY10037

F20

IV

0.00

15.35

15.35

ZZY0039

ZZY10039

F20

IV

0.00

9.43

9.43

ZZY0043

ZZY10043

F15

IV

0.00

9.85

9.85

ZZY0049

ZZY10049

F15

IV

0.00

9.85

9.85

RW20141

ZZY10341

F17

IV

0.60

10.88

10.28

RW20115

ZZY10315

F15

IV

1.28

8.99

7.71

RW20139

ZZY10339

F15

IV

1.28

10.88

9.60

ZZY0029

ZZY10029

F15

IV

1.28

9.85

8.57

ZZY0031

ZZY10031

F15

IV

1.50

9.85

8.35

ZZY0044

ZZY10044

F15

IV

1.63

17.49

15.86

RW20154

ZZY10354

F15

IV

4.55

13.11

8.56

RW20105

ZZY10305

F15

IV

5.64

12.05

6.41

ZZY0046

ZZY10046

F15

IV

9.85

17.49

7.64

ZZY0018

ZZY10018

F16

IV

13.11

16.39

3.28

RW20126

ZZY10326

F15

V

0.00

14.44

14.44
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Homozygous inviable. Dubious mapping result of negative result of primer
IV-4.

Homozygous inviable.
Homozygous inviable.

Backcross Transgene 5' end 3' end
Transgenic Introgression
Introgression
generation
linkage position position
stain name strain name
Size (Mb)
with JU1421
group
(Mb) (Mb)
RW20133

ZZY10290

F15

V

0.00

0.61

0.61

RW20133

ZZY10333

F15

V

0.00

0.61

0.61

RW20145

ZZY10345

F15

V

0.00

14.44

14.44

ZZY0017

ZZY10296

F15

V

0.00

7.75

7.75

ZZY0017

ZZY10017

F15

V

0.00

6.90

6.90

ZZY0022

ZZY10022

F15

V

0.00

13.00

13.00

ZZY0045

ZZY10045

F15

V

0.00

6.02

6.02

ZZY0067

ZZY10067

F15

V

0.00

9.66

9.66

RW20032

ZZY10232

F15

V

0.14

4.32

4.18

RW20155

ZZY10355

F15

V

0.14

6.02

5.88

RW20146

ZZY10346

F15

V

2.19

11.03

8.84

RW20136

ZZY10336

F15

V

3.50

8.45

4.95

ZZY0025

ZZY10025

F15

V

3.50

8.45

4.95

RW20111

ZZY10311

F15

V

4.32

14.88

10.56

RW20144

ZZY10288

F15

V

4.66

7.75

3.09

RW20144

ZZY10344

F15

V

4.66

7.75

3.09

ZZY0055

ZZY10055

F15

V

4.66

19.50

14.84

RW20109

ZZY10309

F15

V

6.90

19.50

12.60

ZZY0019

ZZY10019

F15

V

6.90

19.50

12.60

ZZY0048

ZZY10048

F15

V

6.90

19.50

12.60
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Comments on introgression
Homozygous strain.

Homozygous strain.

Homozygous strain.

Backcross Transgenic 5' end 3' end
Transgenic Introgression
Introgression
generation
linkage position position
stain name strain name
Size (Mb)
with JU1421
group
(Mb) (Mb)

Comments on introgression

ZZY0066

ZZY10066

F15

V

7.75

17.07

9.32

RW20134

ZZY10334

F15

V

8.98

12.03

3.05

RW20102

ZZY10302

F15

V

9.91

15.91

6.00

RW20106

ZZY10306

F17

V

9.91

15.91

6.00

RW20108

ZZY10308

F15

V

9.91

15.40

5.49

ZZY0035

ZZY10035

F15

V

9.91

15.91

6.00

ZZY0038

ZZY10038

F15

V

9.91

19.50

9.59

ZZY0016

ZZY10016

F15

V

11.03

15.91

4.88

RW20116

ZZY10316

F15

V

12.03

17.28

5.25

Homozygous inviable.

ZZY0028

ZZY10028

F15

V

12.03

14.88

2.85

Homozygous inviable.

ZZY0033

ZZY10033

F15

X

0.00

2.37

2.37

Homozygous strain.

ZZY0034

ZZY10034

F20

X

0.00

1.88

1.88

ZZY0036

ZZY10036

F20

X

0.00

4.51

4.51

ZZY0054

ZZY10054

F15

X

0.00

3.34

3.34

RW20120

ZZY10320

F15

X

1.59

5.19

3.60

Homozygous strain. Dubious mapping result of amplification of primer X-4.

RW20137

ZZY10337

F15

X

3.34

14.62

11.28

Leading to sterility in male.

RW20135

ZZY10299

F15

X

4.24

21.54

17.30

Leading to inviability in male.

RW20127

ZZY10293

F15

X

4.51

5.51

1.00

Homozygous strain.

RW20127

ZZY10327

F15

X

4.51

5.51

1.00
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Homozygous inviable.

Homozygous strain.

Backcross Transgenic 5' end 3' end
Transgenic Introgression
Introgression
generation
linkage position position
stain name strain name
Size (Mb)
with JU1421
group
(Mb) (Mb)

Comments on introgression

RW20101

ZZY10301

F15

X

4.92

17.02

12.10

Leading to inviability in male.

RW20107

ZZY10307

F15

X

6.02

11.00

4.98

Leading to sterility in male.

RW20128

ZZY10328

F15

X

6.02

12.24

6.22

Leading to sterility in male.

RW20129

ZZY10329

F15

X

6.02

21.54

15.52

Leading to inviability in male.

RW20140

ZZY10340

F15

X

6.02

15.63

9.61

Leading to inviability in male.

RW20135

ZZY10335

F15

X

8.74

21.54

12.80

Leading to inviability in male.

RW20101

ZZY10298

F15

X

9.74

18.19

8.45

Leading to inviability in male.

ZZY0064

ZZY10064

F15

X

9.74

21.54

11.80

Leading to inviability in male.

RW20137

ZZY10300

F15

X

12.24

15.11

2.87

Leading to inviability in male.

RW20103

ZZY10303

F15

X

15.11

21.37

6.26

Leading to sterility in male.

RW20130

ZZY10295

>F25

X

16.29

18.19

1.90

Homozygous strain.

RW20130

ZZY10330

F18

X

16.29

21.54

5.25

Leading to sterility in male.

RW20147

ZZY10297

F10

X

19.03

21.37

2.34

Leading to inviability in male.

RW20143

ZZY10289

F15

X

19.47

21.54

2.07

Homozygous strain.

RW20143

ZZY10343

F15

X

19.47

21.54

2.07

RW20147

ZZY10347

F15

X

20.04

21.37

1.33

Fertile but not homozygous viable.

RW20113

ZZY10313

F15

NA

ND

ND

ND

Introgression failed due to sickness of transgenic animal

RW20114

ZZY10314

F15

NA

ND

ND

ND

Introgression failed due to sickness of transgenic animal

RW20156

ZZY10356

F15

NA

ND

ND

ND

Introgression failed due to sickness of transgenic animal
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Appendix 2. Effect of crossing generation on the introgression size. Some strains
were backcrossed for more generations to examine whether the size can be further
whittled down to expected size. “*” indicates that introgression size increases was
detected, probably due to methodological errors. These values are excluded from ratio
calculation.“ #” indicates that the introgression was confirmed extrachromosomal and
the size determined by PCR mapping may not be reliable.
Backcross generation

Starting strain

Transgenic
linkage group

F7

F10

F15

F20

ZZY0051

I

10.43

10.43

10.43

-

ZZY0053

I

11.92

11.92

11.92

11.92

ZZY0056

II

12.34

12.34

12.34

-

RW20151

II

3.61

1.94

1.94

-

ZZY0052

III

9.81

9.81

9.81

8.90

ZZY0047

III

6.41

6.41

6.41

-

ZZY0049

IV

13.11

9.85

9.85

-

ZZY0044

IV

14.08

15.56*

15.56*

-

ZZY0046

IV

7.64

7.64

7.64

-

ZZY0045

V

6.90

6.02

6.02

-

RW20134

V

8.10

3.58

3.58

-

ZZY0048

V

12.60

12.60

12.6

-

RW20103

X

5.91

5.91

5.91

-

ZZY0054

X

2.37

2.37

2.37

-

RW20130

X

-

-

5.25

1.90

RW20147

X

-

2.76

1.33#

-

RW20137

X

-

-

9.87

8.90
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Appendix 3. Statistics of HI phenotypes in homozygous introgression strains. Percentages of embryonic lethality (Emb%) and larval arrest
(Lva%) are shown as average and their standard deviation with number of total scored individuals in parenthesis. Data of brood size observes the
same order. Sex ratio is shown with original number of scored male and female. “*” and “**” indicate p<0.05 and p<0.01 respectively in
Student’s t-test; “†” and “††” indicate p<0.05 and p<0.01 respectively inχ² test.
Strain name

Introgression
linkage group

Emb% (n)

JU1421

NA

5.5± 2.1(1341)

ZZY10065

I

ZZY10291

Lva%(n)

Fertility (n)

Male% (n)

14.1± 2.4(1239)

235.8± 6.3(1663)

52.7± 1.4 (1079)

17.7± 2.4(690)**

32.1± 5.0(568)**

216.0± 10.6(864)*

45.4±3.5(493)†

II

17.0± 2.8(818)**

34.9± 6.1(686)**

131.3± 9.6(394)**

50.4± 2.7(516)

ZZY10292

III

53.0± 2.8(1038)**

47.1± 3.8(604)**

221.0± 20.5(1105)

40.0±4.2(319)††

ZZY10290

V

7.3± 0.8(1246)

10.5± 2.9(1156)

329.5± 27.3(1318)**

49.9± 1.4(1031)

ZZY10288

V

46.0± 6.4(873)**

32.2± 2.4(176)**

206.0± 47.6(1030)

43.7±3.8(377)†

ZZY10296

V

70.7± 7.7(668)**

32.7± 2.1(193)**

156.3± 32(436)**

52.5± 8.3(130)

ZZY10033

X

19.4± 2.0(470)**

18.3± 4.5(338)**

56.4± 14.0(282)**

52.4± 6.5(276)

ZZY10036

X

20.0± 2.0(270)**

39.0± 7.3(270)**

32.6± 8.2(152)**

48.5± 2.5(260)

ZZY10320

X

16.8± 1.4(530)**

34.5± 2.1(440)**

47.8± 13.5(239)**

43.7±5.0(805)††

ZZY10293

X

27.0± 2.4(494)**

38.8± 1.9(305)**

78.0± 8.6(312)**

43.3±5.0(224)†

ZZY10295

X

13.4± 1.5(1303)**

31.2± 6.4(1130)**

136.8± 23.1(547)**

52.0± 1.6(997)

ZZY10289

X

10.8± 1.1(673)**

30.8± 3.1(600)**

80.5± 5.0(322)**

50.3± 3.5(666)
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Appendix 4. Statistics of HI phenotypes in heterozygous introgression strains. Format
of percentages of embryonic and adjusted larval arrest as well as fertility is the same
with Appendix 3. It should be noted that only GFP+ adults, i.e. adult individuals
carrying introgression, are scored in sex ratio. “#” and “##” indicate p<0.05 and
p<0.01 in one-tail Student’s t-test, in comparison with critical values, which are
29.1±2.1% and 44.2±4.1% respectively for dominance determination; “*” and “**”
indicate p<0.05 and p<0.01 respectively in Student’s t-test;

JU1421
ZZY10051
ZZY10351

Introgression
linkage group
NA
I
II

5.5± 2.1 (1341)
39.8± 3.0 (660)##
27.4± 3.6 (592)

13.7± 2.4 (1341)
22.4± 4.2 (660)
33.8± 5.1 (592)

235.8± 6.3 (1663)
276.3± 21.0 (1105)**
167.0± 24.8 (835)**

ZZY10318

II

46.6± 3.4 (924)##

25.6± 2.4 (924)

174.8± 17.2 (699)**

ZZY10332

II

55.7± 5.5 (760)##

9.8± 8.4 (760)

182.0± 36.0 (910)*

ZZY10310

II

26.6± 4.0 (1079)

24.9± 7.4 (1079)

175.8± 46.6 (879)*

ZZY10014

II

18.8± 1.3 (1430)

22.0± 4.1 (1430)

228.4± 47.5 (1142)

ZZY10353

II

15.3± 1.2 (731)

25.2± 4 (731)

145.4± 6.2 (727)**

ZZY10030

III

34.3± 16.7 (1435)

55.9± 1.4 (1435)

224.0± 13.8 (1120)

ZZY10331

III

19.9± 1.8 (1286)

23.3± 5.2 (1286)

298.6± 18.4 (1493)**

ZZY10341

IV

27.9± 2.3 (738)

15.5± 5 (738)

221.4± 34.9 (1107)

ZZY10305

IV

18.0± 1.1 (1245)

12.8± 5.5 (1245)

270.4± 13.8 (1352)**

ZZY10018

IV

30.8± 4.3 (669)

26.7± 5.3 (669)

125.6± 36.2 (628)**

ZZY10333

V

4.2± 0.4 (329)

13.1± 2.7 (1351)

143.8± 15.9 (575)**

ZZY10334

V

7.5± 1.6 (1351)

57.7± 3.8 (329)

156.0± 22.4 (780)**

ZZY10028

V

12.3± 2.4 (669)

11.2± 4 (669)

192.4± 32.0 (1097)*

ZZY10307

X

13.1± 1.5 (642)

30.4± 0.9 (642)

197.4± 17.4 (1623)**

ZZY10328

X

12.3± 2.8 (1062)

37± 14.9 (1062)

ND

ZZY10337

X

11.1± 1.8 (732)

20.8± 3.6 (732)

ND

ZZY10335

X

25.8± 4.5 (689)

38± 8.1 (689)

146.3± 6.9 (1011)**

ZZY10300

X

29.2± 1.6 (510)

15.1± 6.3 (510)

70.4± 8.4 (951)**

ZZY10297

X

18.6± 2.1 (716)

12.7± 13.9 (716)

ZZY10330

X

17.7± 2.9 (1448)

24.8± 4 (1448)

196.3± 10.9 (785)**

ZZY10329

X

19.9± 1.9 (324)

21.8± 2 (324)

149.2± 12.3 (746)**

Strain name

Emb % (n)

adj Lva %(n)
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Fertility (n)

ND

Appendix 5. Segregation ratio of GFP expression in male and female. Crossing
settings can be found in Chapter 2.

GFP+% (n)

Introgression
linkage group

In male

in female

ZZY10051

I

69.4± 7.7 (223)

60.9± 3.0 (161)

ZZY10351

II

70.8± 12.4 (117)

65.0± 3.4 (118)

ZZY10318

II

73.1± 2.3 (140)

78.1± 5.8 (115)

ZZY10332

II

73.1± 7.2 (133)

76.3± 1.9 (141)

ZZY10310

II

74.3± 3.5 (242)

73.6± 4.2 (236)

ZZY10014

II

68.5± 0.2 (413)

67.2± 1.7 (438)

ZZY10353

II

64.7± 4.3 (219)

68.2± 2.6 (215)

ZZY10030

III

78.3± 1.2 (68)

63.1± 2.5 (71)

ZZY10331

III

79.9± 2.2 (400)

71.4± 1.8 (414)

ZZY10341

IV

85.0± 4.0 (193)

66.2± 1.2 (226)

ZZY10305

IV

73.9± 2.2 (400)

66.5± 2.7 (451)

ZZY10018

IV

26.8± 5.4 (195)

59.2± 6.8 (127)

ZZY10334

V

81.8± 2.1 (487)

71.7± 3.1 (386)

ZZY10333

V

70.6± 3.0 (207)

84.1± 2.8 (141)

ZZY10028

V

21.6± 6.1 (249)

86.7± 10.1 (266)

ZZY10307

X

39.0± 0.8 (804)

41.2± 1.5 (1006)

ZZY10328

X

36.7± 8.5 (484)

45.8± 4.7 (478)

ZZY10337

X

28.4± 3.3 (193)

48.9± 10.7 (238)

ZZY10335

X

37.8± 5.2 (442)

41.6± 6.4 (393)

ZZY10300

X

0.5± 0.0 (613)

9.6± 1.4 (529)

ZZY10297

X

0.0± 0.0 (97)

48.2± 6.8 (244)

ZZY10330

X

0.0± 0.0 (70)

53.4± 5.1 (152)

ZZY10329

X

0.0± 0.0 (80)

43.4± 3.4 (139)
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Appendix 6. Phenotypic data used in confirming location of marker-linked
introgression of strain ZZY10347. “†” and “††” suggest p<0.05 and p<0.01
respectively in χ² test, indicating deviation from expected segregation ratios.

Paternal
strain

Maternal
strain

Emb % (n)

Embryo-to-adult
lethality % (n)

GFP+% (n)
In male

In female

ZZY10347 ZZY10347 13.2± 2.6 (1865)

33.2± 8.1 (1865) 5.8 (811)††

4.5 (751)††

JU1421

25.8± 4.6 (1444) 3.3 (1485)††

5.3 (1222)††

ZZY10347 11.4± 2.3 (1444)

ZZY10347 JU1421

6.7± 3.8 (517)

34.6± 5.7 (517)
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3.5 (847)††

2.1 (704)††

Appendix 7. Genetic map of scored introgression of autosome and X linkage groups
whose fertility has been tested by ANOVA test

SUMMARY
Groups
Autosome-linked homozygotes (4)
X-linked homozygotes (4)

Count

Sum Average Variance
17 3195 187.9412 1536.684
16 1244
77.75 2128.467

ANOVA
Source of Variation
Between Groups
Within Groups

SS
100080.3
56513.94

Total

156594.2

df

MS
F
P-value
F crit
1 100080.3 54.89777 2.41E-08 4.159615
31 1823.03
32

SUMMARY
Groups
Autosome-linked heterozygotes (11)
X-linked heterozygotes (3)

Count

Sum Average Variance
50 9841 196.82 3726.069
12 1855.8

154.65 4055.182

ANOVA
Source of Variation
Between Groups
Within Groups

SS
17209.44
227184.4

Total

244393.8

df

MS
F
P-value F crit
1 17209.44 4.545059 0.037118 4.001191
60 3786.406
61
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