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Abstract
Identification of genetic basis of Hybrid Incompatibility (HI) in hybrids between
closely related species leads to a comprehensive understanding of speciation. In
Drosophila species, systematic characterization of HI has been intensively preceded,
but similar studies are falling behind in other species, including nematodes. Although
model organism C. elegans is well-established and utilized in laboratory, it has
performed little contribution to this research area, because C. elegans failed to mate
with other sister species and produce viable progeny. As a sister species of C.
briggsae, which is close to C. elegans, newly discovered C. nigoni made it possible to
identify the genetic basis of HI in nematode species.
In this study, a new species pair including C. nigoni and C. briggsae was used to
study the genetic and molecular bases of HI between the two. 96 GFP markers were
randomly integrated into the genome of C. briggsae by biolistic bombardment.
Next-Generation Sequencing (NGS) combined with single worm PCR were
performed to identify the location of GFP markers. By tracking those markers, the
genomic fragments of C. briggsae linked to GFP were backcrossed into C. nigoni.
Such process was repeated for at least 15 generations and total 111 strains carrying
independent introgressions were generated. The patterns of HI were dissected by
scoring the embryonic lethality, larval arrest, sex ratio and male sterility for each
introgression strain. Widespread HI loci were identified on a genome-wide scale for
the first time in nematode species, which also supported Haldane’s Rule and large
X-effect theory between the two species. In this study, C. nigoni genome “cn1” was
de novo assembled by using a hybrid approach, which combined Illumina synthetic
long-read technology and massive parallel sequencing of Fosmid mate-pair library.
The “cn1” genome will serve as an important resource for comparative analysis in
nematode species. Two lines of hybrid sterile males each carrying an independent
introgression fragment from C. briggsae X chromosome in an otherwise C. nigoni
background, demonstrate similar defects in spermatogenesis. A similar pattern of
downregulated genes that are specific for spermatogenesis between the two hybrids
and wild type control was observed. Importantly, the downregulated genes caused by
the X chromosome introgressions are significantly enriched on autosomes, suggesting
an epistatic interaction between the X chromosome and autosomes. By measuring
small RNAs, the results shows that a subset of 22G RNAs specifically targeting the
downregulated spermatogenesis genes are significantly upregulated in hybrids,
indicating that perturbation of small RNA-mediated regulation may contribute to the
X-autosome interaction. Taken together, this thesis provides a comprehensive study of
identification of loci/genes responsible for hybrid incompatibilities between C.
briggsae and C. nigoni and comparative genomics analysis between the two species.
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Chapter 1

Literature Review

1.1 Brief introduction of Hybrid Incompatibility
1.1.1 What is Hybrid Incompatibility
It is widely observed that many closely related species can perform mating behavior
with each other; however the hybrid progeny frequently suffer from lethality, sterility,
abnormal development or show less extreme unfitness (Johnson NA, 2010). These
phenomena are referred to as Hybrid Incompatibility (hereafter termed as HI). HI is a
fundamental biological barrier to limit gene flow between different species, which
leads to speciation and fabulous biodiversity.

HI not only acts as a reproductive barrier in speciation, but also creates a unique
genetic background that is different from a simple combination of two parental
species. The molecular and genetic mechanisms of HI still remain largely unclear
(Maheshwari S et al., 2011), even though HI has been discovered in diverse taxa
(Table. 1.1) (Presgraves DC, 2010).

Table. 1.1 Intrinsic postzygotic isolation increases with divergence between
species. (Modified from the publication “Darwin and the origin of interspecific
genetic incompatibilities” by Presgraves DC, 2010)

1

1.1.2 The genetic basis of Hybrid Incompatibility
Bateson-Dobzhansky-Muller model
Hybrid incompatibilities usually involve interaction between multiple genes instead of
single genetic change (Orr HA, 1996). Bateson, Dobzhansky and Muller proposed this
interaction model independently, which is collectively called the BDM model
(Bateson W, 1909; Dobzhansky T, 1937; Muller HJ, 1942). According to BDM model,
multiple functional genes are becoming divergent between two closely related species
during an evolutionary process, the combination of those divergent genes in hybrids
may result in reduced viability or fertility (Fig. 1.1) (Johnson NA, 2010). In separate
populations, such interacting genes evolve independently without causing reduced
fitness to host; only the combination of them in hybrid will lead to incompatibility.
The BDM model involves two loci for general illustration, but also multiple loci can
2

be involved in this model (Muller HJ, 1942). Due to the generality and simplicity of
BDM model, it has been a guide for HI genetics study for over 70 years (Maheshwari
S et al., 2011). Experimental supports to BDM model have come from many taxa,
such as rice (Chen J et al., 2008; Long Y et al., 2008), and other plants (Hollingshead
L, 1930; Christie P et al., 1984; Sweigart AL et al., 2006). In Drosophila, several
studies reveal that BDM model may involve complex interactions between many
genes rather than two or three loci, which contribute to a defined HI phenotype
(Naveira HF et al., 1998; Tao Y et al., 2003a; Masly JP et al., 2007). As BDM model
has been approved widely to elucidate the genetic basis of HI, more closely related
species can be used as a model system to dissect HI mechanism completely
(Maheshwari S et al., 2011).

Fig. 1.1 The Bateson–Dobzhansky–Muller (BDM) model. (Modified from the
publication “Hybrid incompatibility genes: remnants of a genomic battlefield?” by
Johnson NA, 2010)

Although BDM model was originally conceived as elucidation of interactions
between nuclear genes, recent studies suggest that those interactions could also arise
between nuclear and mitochondrial genomes (mtDNA) (Kenyon L et al., 1997; Fujii S
et al., 2008; Lee HY et al., 2008), which makes cyto-nuclear incompatibility as a
certain type of BDM model. The mtDNA possesses several unique features, such as
dynamic genomic structure, high mutation rate and uniparental inheritance (Chou JY
3

et al., 2015). In most cases, mtDNA evolves more rapidly compared to nuclear
genome, leading to rapid accumulation of mutations in a population. In such condition,
due to the intimate interaction，the nuclear genome needs to catch up the pace
between these two genomes (Sackton TB et al., 2003; Burton RS et al., 2013). If such
co-evolution of cyto-nuclear diverges in different directions between two populations,
incompatibility in hybrids can be introduced eventually (Wang Z et al., 2006; Chou
JY et al., 2010).

Karyotype changes and chromosome rearrangements
Two parental species carrying different karyotypes may have hybrid progeny suffering
from meiotic defects or producing aneuploidy gametes, and thus showing sterile
phenotype (Maheshwari S et al., 2011). When structural changes in chromosome such
as translocations, inversions, duplications and deletions become fixed in either of two
parental species, the recombination of rearranged chromosomes in a heterokaryotypic
hybrid could result in reduced fertility or complete sterility (Brown JD et al., 2010).
Reiseberg et al demonstrated extensive genomic reorganization in the hybrid species
Helianthus anomalus, relative to its parents H. annuus and H. petiolaris, resulting
from the combination of pre-existing chromosomal rearrangements between the
parents (Rieseberg LH et al., 1995).

Reciprocal gene loss and gene transposition
Beside BDM model, one possible reason of HI is that hybrid progeny lacks a copy of
one essential gene (Lynch M et al., 2000). Those genes are distinct from BDM model
genes because functional divergence is not required in the HI caused by their absence,
which leads to a special case outside of widely accepted BDM model (Muller HJ,
1942).

One of the mechanisms that could produce this condition is gene transposition (Moyle
LC et al., 2010). If one gene transposes between different chromosomes, F2 or later
generation may suffer from reduced fertility due to lack of any copy of the gene in the
4

genome after random segregation. Masly et al demonstrated that in certain hybrids
between Drosophila simulans and D. melanogaster, hybrid male sterility is caused by
the lack of a single-copy gene essential for male fertility, JYAlpha. JYAlpha located on
Chromosome 4 originally transposes to Chromosome 3 during the evolutionary
history of the D. simulans lineage, which leads to a fraction of hybrids without
JYAlpha and become sterile (Masly JP et al., 2006).

Noncoding DNA and Transposable Elements
BDM model has been widely accepted to elucidate mechanisms underlying HI,
however, are rapidly evolving protein-coding genes the only cause of HI? Some
noncoding DNAs may also contribute to certain HI phenotypes. In higher eukaryotes,
noncoding repetitive sequences including transposable elements (TEs) and satellite
repeats are major contributors to genome evolution (Brennecke J et al., 2008; Ferree
PM et al., 2009). Those sequences form heterochromatins that remain more
condensed than gene-containing euchromatin through the cell cycle (Ferree PM et al.,
2009). It has been found that heterochromatin could vary greatly in sequence
composition and repeat abundance between closely related species (Gatti M et al.,
1976; Kamm A et al., 1995), which is consequential in that reproductive isolation
between two species may also be caused by divergent noncoding repetitive sequences
instead of protein-coding genes (Yunis JJ et al., 1971). As an example, study of Zhr
locus in D. melanogaster demonstrates that the divergence of noncoding repetitive
sequences between species can directly cause reproductive isolation by altering
chromosomal segregation (Sawamura K et al., 1997; Ferree PM et al., 2009).

In many cases, when two different haplotypes from independent parental species are
combined together through hybridization, the hybrids have to respond to massive
regulatory changes. This so called “genomic shock” (McClintock B, 1984; Comai L et
al., 2003) initiates extensive modifications of genome and transcriptome (Michalak P
et al., 2003), reorganized gene expression patterns (Ranz JM et al., 2004), regulatory
interactions (Riddle NC et al., 2003; Adams KL et al., 2005), epigenetic
5

reprogramming (Salmon A et al., 2005) and transposable element mobilization
(Michalak P, 2009). As predicted by McClintock in 1980s, transposable elements may
be activated as a result of hybridization; more evidences have emerged to show a
relationship between hybridization and transposon mobilization. Shan et al
demonstrated that an inverted-repeat transposon mPing, together with its putative
transposase-encoding partner, Pong, was mobilized in hybrid between rice (cultivar
Matsumae) and wild rice (Zizania latifolia Griseb) (Shan X et al., 2005), while they
still remain immobile in the control lines. Another example is provided by Ungerer et
al, who used three hybrid sunflowers, Helianthus anomalus, H. deserticola and H.
paradoxus, to demonstrate that their nuclear genome are at least 50% larger than that
of either parental species due to retrotransposon proliferation (Ungerer MC et al.,
2006).

Based on these evidences, it seems that interspecific hybridization could induce
genomic instability by transposition burst (Guerreiro MP, 2014), leading to
reproductive

isolation.

However,

such

effect

may

be

ephemeral,

DNA

hypermethylation, internal sequence deletion and some other defense-acting
mechanisms are likely responsible for rapid transposon repression (Liu B et al., 2000).
For example, hybrid incompatibility genes, Hmr and Lhr are required to repress
transcripts from satellite DNAs and many families of transposable elements in
Drosophila (Satyaki PR et al., 2014).

1.1.3 Approaches for identifying HI loci/genes
Mapping in backcrosses or introgression
In 1930s, Dobzhansky described a backcrossing method combined with visible and
molecular markers to perform genetic mapping in Drosophila. The hybrid males of F1
between D. persimilis and D. pseudoobscura are sterile, while the hybrid females are
viable and fertile. Then F1 females are used in backcrossing with males from parental
species to get recombinant backcross males, whose genotypes and phenotypes would
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be recorded for genetic mapping (Dobzhansky T, 1936). This approach could be easily
used to assay incompatibilities in backcrossing F1 or F2 generations combined with a
high density of molecular markers (Maheshwari S et al., 2011). Some experiments
suggest that, quantitative trait loci (QTL) mapping can be utilized for estimation of
the number and location of putative HI loci across the genome (Tao Y et al., 2003b;
Moehring AJ et al., 2006). However, the relatively low resolution of backcrossing
method limited its application in mapping more specific HI loci. Dobzhansky
suggested an extension to this approach by repeatedly backcrossing a candidate HI
region into the hybridizing species from the foreign species until the region has been
introgressed into another isogenic genomic background (Dobzhansky T, 1936), which
is called introgression. The length of introgression region could be shorter according
to recombination after repeated backcrossing, leading to a relatively smaller range of
putative HI loci. One example is the exact site of the Odysseus (Ods) locus of hybrid
male sterility in Drosophila was mapped by using introgression method (Ting C-T et
al., 1998). An advantage of introgression is that it can be performed to generate a
large number of recombinant lines which carry different small introgression regions
(True JR et al., 1996; Tao Y et al., 2003a; Masly JP et al., 2007; Moyle LC et al.,
2008), or to introduce a large genomic fragment, such as whole chromosome into
foreign genomic background (Gregorová S et al., 2008; Lee HY et al., 2008). Both
could serve as important resources for comparative mapping analysis.

Deviations from Mendelian ratios
Backcrossing combined with QTL has been widely applied in many taxa for mapping
of HI loci, however, the transmission of markers in backcross or later generations may
deviate from Mendelian ratios (Gadau J et al., 1999; Harushima Y et al., 2002). This
so called transmission ratio distortion (TRD) (Nakazato T et al., 2007) could provide
evidences for discovering reproductive barriers with different types, such as
gametophytic selection (Xu Y et al., 1997). It may be an alternative way to map
hybrid incompatibility genes by analyzing segregation distortion deviated from
Mendelian ratios (Maheshwari S et al., 2011).
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Transcriptional profiling
Evolution of regulatory genetic pathways plays an important role in speciation and HI
can be contributed by disruptions of gene regulatory pathways (Johnson NA et al.,
2000). Whole-genome expression profiling has been applied in several studies and
substantial differences in gene regulation and expression have been revealed between
parental species and their hybrids (Michalak P et al., 2003; Ranz JM et al., 2004;
Auger DL et al., 2005; Malone JH et al., 2007; Graze RM et al., 2009; McManus CJ
et al., 2010). Some studies provided a series of candidate genes that may be related to
certain HI phenotype. For example, Michalak and Noor discovered that
underexpression of at least five genes in hybrids is associated with hybrid sterility and
those five genes are coordinately regulated in Drosophila (Michalak P et al., 2004).
On the other side, Barbash and Lorigan compared whole-genome transcriptional
profiles between lethal hybrid males between D. melanogaster and D. simulans and
those rescued by the Hmr mutation and suggest that even though interspecific hybrids
may have substantial gene misregulation compared to parental species, those
differences may be only indirectly related to certain HI phenotype (Barbash DA et al.,
2007). Most of studies using transcriptional profiling for mapping do not lead to
discovery of new HI genes, but they still show interesting gene expression patterns in
hybrids (Maheshwari S et al., 2011), such as differential gene expression patterns
between X chromosomes and autosomes or between sexes (Malone JH et al., 2008;
Good JM et al., 2010; Lu X et al., 2010; Oka A et al., 2014).

Other genetic approaches
The mechanisms of HI have been well studied in last few decades in model organisms,
especially in Drosophila. One beneficial resource is the collection of D. melanogaster
mutant strains that carry certain deletion of defined segments in the genome
(Maheshwari S et al., 2011). Based on that, the deletion can be crossed into hybrids
and the uncovering hemizygous region causing HI can be identified. This approach
has been applied in several studies (Coyne JA et al., 1998; Presgraves DC, 2003;
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Matute DR et al., 2010) and led to the identification of Nup96 (Presgraves DC et al.,
2003; Barbash DA, 2007; Presgraves DC, 2007a; Presgraves DC et al., 2007)and
Nup160 (Tang S et al., 2009; Sawamura K et al., 2010), which cause hybrid lethality
as two adaptively evolving nucleopore subunit genes.

However, some large deletions may cause lethality rather than HI, which limit the
application of this method (Maheshwari S et al., 2011). Recent popular genome
editing methods, such as TALEN, CRISPR/Cas9 systems, could be used to induce
defined small insertion/deletion (indel) mutations, which would be useful in
molecular cloning of HI loci between related species. The genome editing methods
could also be used for validation of candidate HI gene (Civetta A, 2016).

1.2 Caenorhabditis species as a model for HI study
1.2.1 The elegans group of Caenorhabditis species
Hybrid incompatibility plays an important role as a reproductive barrier between
populations, which leads to speciation. Characterization of HI mechanisms will help
us get a broad understanding of speciation process. Given the HI gene is usually a
side-product of purifying selection, therefore they show poor conservation across
phylogenetic groups. So it is necessary to extend HI study in diverse taxa to achieve a
global view of HI. Caenorhabditis species in general, C. elegans in particular, became
a major genetic model in laboratory over the past decades, which has provided key
insights into molecular biology (e.g. RNA interference), cell biology (e.g. apoptosis)
and evolutionary biology (Kiontke KC et al., 2011). Several characteristics of C.
elegans make this roundworm a very convenient model for laboratory use, including a
short life cycle (Fig. 1.2) (Altun Z et al., 2002), ease of cultivation and small genome
size (Wood WB, 1987; Riddle D et al., 1997). The reproduction mode of C. elegans is
selfing with facultative outcrossing (Kiontke KC et al., 2011), which enables C.
elegans for HI study.
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Fig. 1.2 Life cycle of C. elegans at 22℃ (Altun Z et al., 2002).

However, as a well-established nematode model organism, C. elegans has contributed
little to HI studies (Baird SE et al., 1992; Seidel HS et al., 2008; Kiontke KC et al.,
2011), because that there is no closely related species which C. elegans could mate
with and produce viable crossing progeny. In recent years, a number of new
Caenorhabditis species have been discovered (Kiontke KC et al., 2011; Dey A et al.,
2012; Félix M-A et al., 2014), which provides new resources to empower nematode
species for study of HI mechanisms.

1.2.2 Postzygotic isolation in elegans group
As Félix M-A et al proposed in the phylogenetic analysis of newly isolated free-living
nematode species, several new species belong to elegans supergroup (Fig. 1.3) (Félix
M-A et al., 2014), which are morphologically similar and follow similar patterns of
development (Sudhaus W et al., 1996; Baird SE et al., 2000). Taking advantage of
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those newly discovered species, many pairwise hybridization experiments have been
performed (Fig. 1.4) (Baird SE et al., 2013). For most of pairwise combinations, F1
hybrids arrest during embryogenesis (Baird SE et al., 2000; Kiontke KC et al., 2011).
Table. 1.2 (Baird SE et al., 2013) shows six combinations from which F1 adults can
be obtained and four of these combinations could give birth to fertile F1 adults
(Woodruff GC et al., 2010; Dey A et al., 2012). The results of the pairwise
hybridizations suggest that there are ample possibilities in elegans group for genetic
and genomic studies of HI.

Fig. 1.3 Phylogenetics of named Caenorhabditis species in laboratory culture
(Félix M-A et al., 2014).
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Fig. 1.4 Cross fertility among elegans group species. (Modified from the
publication “Reproductive isolation in the Elegans-Group of Caenorhabditis” by
Baird SE et al., 2013)

Table. 1.2 Hybrid sterility and hybrid breakdown in the elegans-Group.
(Modified from the publication “Reproductive isolation in the Elegans-Group of
Caenorhabditis” by Baird SE et al., 2013)
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Among these crosses between pairwise species, a gender bias is observed in the
fitness of F1 hybrids (Haldane JB, 1922; Laurie CC, 1997). In general, F1 hybrid
males always show severer fitness reduction than F1 hybrid females. This
phenomenon is referred to as Haldane’s Rule, which states that the heterogametic sex
is absent, rare or sterile in the first hybrid generation between two species (Haldane
JB, 1922). Caenorhabditis females and hermaphrodites are diploid with five pairs of
autosomes and one pair of X chromosomes, while males are diploid for the five pairs
of autosomes and haploid for the X chromosome (Haag ES, 2005). Males produce
both X and O sperm and show reduced fitness in hybrid F1 due to hemizygosity
(Baird SE, 2002; Woodruff GC et al., 2010; Kozlowska JL et al., 2012). Haldane’s
Rule, as an empirical rule, has gained proofs in diverse taxa with sex-chromosome,
including nematodes. The genetic basis underlying Haldane’ Rule still remains elusive
and several hypotheses have been proposed to explain it (Table. 1.3) (Delph LF et al.,
2016). In fact, each of those hypotheses is based on BDM model (Delph LF et al.,
2016).

Table. 1.3 List of genetic hypotheses proposed to explain Haldane’ Rule.
(Modified from the publication “Haldane's Rule: Genetic Bases and Their Empirical
Support” by Delph LF et al., 2016)
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1.2.3 New tools developed for HI study
The enriched elegans group with many newly discovered Caenorhabditis species
holds promise to serve as a useful system for comparative analysis, such as
evolutionary development and HI study. Several forward and reverse genetic tools
developed in the past few years would facilitate comprehensive utilization of elegans
group for HI study in the future. Here I focus on those tools as follows.

New tools for mutagenesis
C. elegans is highly amenable to mutagenesis because of its short lifespan and ease of
cultivation. Several chemical methods, including ethyl methanesulfonate (EMS)
(Brenner S, 1974; Flibotte S et al., 2010), trimethylpsoralen with ultraviolet light
(UV/TMP) (Cole RS, 1970; Flibotte S et al., 2010) and N-ethyl-N-nitrosourea (ENU)
(Flibotte S et al., 2010), are used for genome-wide mutagenesis, which provide a
straightforward way to induce mutagenesis at high frequency (Kutscher LM et al.,
2014). However, handling those mutagens does need special care. In 2015, an
optogenetic mutagenesis approach has been developed which is free of toxic
chemicals and easy to perform in C. elegans (Souslova EA et al., 2016; Xu S et al.,
2016). The rationale behind this method is that His-mSOG animals could produce
reactive oxygen species (ROS) which can modify and damage DNA under exposure
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to blue light (Noma K et al., 2015), leading to progeny with heritable phenotypes.
His-mSOG can induce mutations including single-nucleotide variants (SNVs) and
chromosomal deletions, which expands forward genetics toolbox (Noma K et al.,
2015).

Beside genome-wide mutagenesis, it is also important to generate gene-targeted
mutagenesis by inducing lesions to specific gene of interest, which is an efficient
approach to establish a gene’s function. Several transposon-based methods could
fulfill this requirement, for example, Mos1 excision-induced Transgene-Instructed
gene Conversion (MosTIC) can introduce point mutations, small indels into a specific
gene in C. elegans (Robert V et al., 2007). A similar approach, MosDEL
(Mos1-mediated deletion) could create large deletions up to 25 Kbp to the targeted
site (Frøkjær-Jensen C et al., 2010). Both methods introduce mutagenesis based on
transposition effect of an exogenous Mos1 transposon; however, the limit is that the
strain must carry a genomic Mos1 insertion near or in the target gene. A genome wide
collection of mutant strains carrying Mos1 insertion has been made which covers most
coding genes (Bazopoulou D et al., 2009; Vallin E et al., 2012).

Due to the requirements for targeted mutagenesis, Zinc-Finger Nucleases (ZFNs)
(Kim Y-G et al., 1996; Morton J et al., 2006), Transcription Activator-Like Effector
(TALE) Nucleases (TALENs) (Miller JC et al., 2011; Wood AJ et al., 2011; Lo TW et
al., 2013), and RNA-guided Clustered Regulatory Interspaced Short Palindromic
Repeats (CRISPR)/Cas9 endonuclease systems have emerged as popular techniques
which have been adapted in nematodes (Wiedenheft B et al., 2012; Chiu H et al.,
2013; Cho SW et al., 2013; Friedland AE et al., 2013; Sugi T, 2016). These
techniques could be performed to introduce specific point mutation, small indels at
defined genomic position. The details of those techniques are substantially illustrated
in many reviews (Doudna JA et al., 2014; Hsu PD et al., 2014; Sugi T, 2016), which
will not be discussed here. One issue worthy of note is that off-target mutagenesis
may take place in the host genome, so it is necessary to perform several rounds of
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outcrossing with wild type strains to remove unwanted off-target mutations.

New tools for generation of transgenic strains
In previous studies of HI, DNA polymorphisms, including SNPs and Indels, have
been used as markers for QTL mapping of HI candidate genes (Koboldt DC et al.,
2010; Zhao Z et al., 2010). In the process of backcrossing or introgression, such
visible marker as transgene is required for tracing hybrid progeny with specific
genetic background between generations, including fluorescent markers (GFP or RFP)
(Yan C et al., 2012), phenotype markers (Cbr-unc-119 or dpy-5) (Maduro MF, 2015)
and antibiotic selection markers (NeoR or PuroR) (Giordano-Santini R et al., 2010).
In C. elegans, transgenic strains can be easily obtained by DNA microinjection into its
germline to form extrachromosomal arrays (Mello CC et al., 1991). It is relatively
easy to achieve such array-containing transgenic strains but they are unstable,
meaning they may randomly lose the transgene in their progeny. Biolistic
transformation can be used to generate transgenic strains carrying foreign DNA
randomly inserted into the host genome (Praitis V et al., 2001; Berezikov E et al.,
2004). Transgene such generated is stable but its copy number varies between
different strains. In order to insert a single copy of transgene into C. elegans genome,
a method called MosSCI (Mos1-mediated Single Copy Insertion) has been developed
(Frokjaer-Jensen C et al., 2008). Mobilization of Mos1 transposon generates a double
strand break and the break is repaired by copying foreign DNA injected into the
germline. The resulting transgene is in single copy and stably heritable, but the
limitation is that there must be a pre-existing Mos1 transposon insertion in the
genome (Frokjaer-Jensen C et al., 2008). Later, Frokjaer-Jensen et al modified Mos1
transposon to minimal Mos1 transposon (miniMos), which could be used to insert a
single copy transgene up to 45 Kbp to a random or a targeted site in C. elegans
genome (Frokjaer-Jensen C et al., 2014). A collection of C. elegans transgenic strains
carrying a single copy GFP marker all over the genome has already been created by
using this approach (Frokjaer-Jensen C et al., 2014). Theoretically, this would be a
useful resource in HI study and this approach can be applied to other species closely
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related to C. elegans.

As previously discussed, in nematode species, the genome editing methods including
ZFNs, TALENs and CRISPR/Cas9 systems have been used as indispensable tools for
investigating gene functions (Sugi T, 2016). They not only allow researchers to
produce gene-specific knock-out strains but also permit gene-specific knock-in with
reduced cost (Dickinson DJ et al., 2013; Kim H et al., 2014; Paix A et al., 2014;
Dickinson DJ et al., 2015; Paix A et al., 2015; Dickinson DJ et al., 2016). Those
techniques provide an alternative avenue for investigating gene functions or
confirmation of HI candidate genes.

1.3 Objectives
In this study, we choose two closely related species C. nigoni and C. briggsae as a
species pair model for identification of the genes or loci responsible for hybrid
incompatibilities between the two.

The main objectives are:
1) To establish a genome-wide land scape of HI between C. nigoni and C. briggsae.
2) To construct a Fosmid library of C. nigoni and perform parallel end-sequencing
of the library to facilitate assembly of C. nigoni genome as stated below.
3) To generate C. nigoni genome assembly to facilitate genetic mapping of HI loci
and other comparative genomic analysis between C. briggsae and C. nigoni.
4) To molecularly characterize HI between C. briggsae and C. nigoni with a focus
on hybrid male sterility using genetics and functional genomics approaches.
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Chapter 2

Genome-wide identification of Hybrid Incompatibility related
genes/loci between Caenorhabditis briggsae and C. nigoni
Abstract
In hybrids between closely related species, identification of genetic basis of HI leads
to a comprehensive understanding of speciation. In Drosophila species, systematic
characterization of HI has been intensively preceded, but similar studies are falling
behind in other species, including nematodes. Although model organism C. elegans is
well-established and utilized in laboratory, it has performed little contribution to this
research area, because C. elegans failed to mate with other sister species and produce
viable progeny. As a sister species of C. briggsae, which is close to C. elegans, newly
discovered C. nigoni made it possible for identifying the genetic basis of HI in
nematode species. In this study, we chose a new species pair including C. nigoni and
C. briggsae to study the genetic and molecular bases of HI between the two. 96 GFP
markers were randomly integrated into the genome of C. briggsae by biolistic
bombardment. Next-Generation Sequencing (NGS) combined with single worm PCR
were performed to identify the location of GFP markers. By tracking those markers,
the genomic fragments of C. briggsae linked to GFP were backcrossed into C. nigoni.
Such process was repeated for at least 15 generations and total 111 strains carrying
independent introgressions were generated. Nearly all over the genome of C. briggsae
was covered by introgression fragments. The patterns of HI were dissected by scoring
the embryonic lethality, larval arrest, sex ratio and male sterility for each introgression
strain. Among any non-Drosophila species, widespread HI loci were identified on a
genome-wide scale for the first time in nematode species, which also supported
Haldane’s Rule and large X-effect theory between the two species.
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2.1 Introduction
Between closely related species, the hybrid progeny frequently undergo lethality,
sterility or abnormal development. This phenomenon is summarized as Hybrid
Incompatibility (HI), which acts as a reproductive barrier to gene flow between
species (Bi Y et al., 2015). The BDM model, independently proposed by Bateson,
Dobzhansky and Muller, has been generally used in clarification of HI mechanisms.
In this model, multiple genes undergo functional divergence between two parental
species and the deleterious epistatic interactions between them in hybrid can lead to
certain HI phenotype (Coyne JA et al., 2004; Presgraves DC, 2007b). Many
experimental evidence from research of hybrids in diverse taxa (Brideau NJ et al.,
2006; Matute DR et al., 2010) support the BDM model, even though controversy
exists over the methods of HI phenotype evaluation (Barbash DA, 2011).

The mechanism of HI could be explained by two empirical rules (Coyne JA et al.,
1989). The first rule postulates that if one sex of hybrid progeny is more likely to be
dead or sterile, this sex is always heterogametic, referred to as Haldane’ Rule
(Haldane JB, 1922). One of the many theories proposed to explain this phenomenon is
called dominance theory. The recessive HI causing allele will manifest its full effects
in heterogametic hybrid progeny due to hemizygosity, while the effects will be
compensated in the homogametic hybrids progeny because of the existence of a
wild-type allele (Turelli M et al., 1995). In both animal and plant species, such
dominance theory is widely supported by HI study. Another theory is called fast-male
theory (Wu C-I et al., 1993), which is that, compared to hybrid inviable or female
sterile loci, the faster evolving speed of male-specific genes caused by sexual
selection can lead to faster accumulation of the hybrid male sterile loci. In Drosophila
species, several analysis of gene expression proposed fast-X theory, stating that
compared to autosome-linked genes, the X-linked genes appear to diverge faster
(Meisel RP et al., 2012). However, in different Drosophila species, some comparative
analysis of DNA sequences seems to be contradictory to this theory (Thornton K et al.,
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2006). The second empirical rule is referred to as large X effect. Much more severe
HI phenotype could be produced by substitution of X chromosome other than that of
autosomes, which has been confirmed systematically in Drosophila species (Masly JP
et al., 2007), but remains largely unknown in other species.

Drosophila species, as another model organism, have been especially used in
characterization of HI mechanism by taking advantage of ample molecular and
genetic tools (Lee HY et al., 2008). Those studies provided unprecedented insights
into how interaction of multiple genes leads to certain HI phenotype. Although model
organism C. elegans is well-established and utilized in laboratory, little contribution
has been performed to this research area, because C. elegans failed to mate with other
sister species and produce viable progeny (Baird SE et al., 2000; Kiontke KC et al.,
2011; Félix M-A et al., 2014). Seidel et al have identified a pair of genes in C.
elegans, which is responsible for intraspecific HI between different strains (Seidel HS
et al., 2008), but the genetic basis of interspecific HI between any nematode species
still remains largely unknown. In Caenorhabditis species, a newly discovered species
called C. nigoni is closely related to another nematode species, C. briggsae (Woodruff
GC et al., 2010). This new species pair gives a chance to define HI loci systematically
for the first time between nematode species.

As a sister species to C. elegans, C. briggsae has been utilized for comparative
analysis with C. elegans over the past decade, which genome has already been
sequenced (Stein LD et al., 2003). Moreover, in order to efficiently generate and map
transgenes integrated in chromosomes, people have developed abundant genetic tool
for C. briggsae (Koboldt DC et al., 2010; Zhao Z et al., 2010; Yan C et al., 2012).
The draft genome of C. nigoni is also available and under active annotation (Erich
Schwarz, personal communication). Identification of mechanisms underlying HI can
provide comprehensive understanding of speciation due to lack of any representative
species used in HI study in this phylogenetic group. Among Drosophila species, a
visible and dominant white gene combined with a P element transposon is used as a
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marker in mapping of HI loci (Masly JP et al., 2007). The selection of heterozygous
transgene is permitted as random integration of a visible white gene into a Drosophila
genome along with the transposon. However, both C. nigoni and C. briggsae are
hindered from being studied in a similar way due to a paucity of such tools in
nematodes. Several attempts have been made, such as the crossings in both directions
between two species performed by Woodruff et al, which showed that the results of
crossing in certain direction confirmed Haldane’ Rule (Woodruff GC et al., 2010).
Five inbreeding C. nigoni strains and eight isogenic strains of C. briggsae were used
to perform reciprocal crossing and the results confirmed Haldane’ Rule again, which
revealed that the F1 hybrids presented strain-dependent HI patterns (Kozlowska JL et
al., 2012). However, a genome-wide landscape of HI between the two nematode
species remains to be seen.

In order to identify HI loci between C. nigoni and C. briggsae, we performed a fusion
between GFP and the myo-2 promoter (hereafter termed as myo-2::GFP) and
integrated a large collection of transgenes on chromosomes independently by using
biolistic bombardment. The transgene was used as a visible marker in the C. briggsae
genome and the insertion sites in the genome were mapped using our previous method
(Yan C et al., 2012). To dissect the genome-wide HI, we repeatedly backcross the C.
briggsae genomic DNA linked with GFP into C. nigoni background and scored the
phenotypes in the following steps, which were used to test the “two empirical rules of
speciation” (Coyne JA et al., 1989; Masly JP et al., 2007).
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2.2 Materials and Methods
2.2.1 Strains and maintenance
All of the C. briggsae strains used were AF16 or its derivatives. Due to the relatively
low level of inbreeding depression (Kozlowska JL et al., 2012), C. nigoni strain
JU1421, an inbred line of JU1325 (Woodruff GC et al., 2010), was used for all
introgressions. All strains were maintained on regular NGM plates with a higher
concentration of agar (1.5%) seeded with food E. coli OP50 at 25°C.

2.2.2 Generation of stable transgenic strains of C. briggsae
A plasmid construct, pSO159 (Bao L et al., 2006), went through double enzyme
digestion by SpeI and ApaI to remove the his-72 fragment and replace it with the
cbr-myo-2 promoter to give rise to construct pZZ0031. Amplification of the promoter
from C. briggsae genomic DNA was performed with the primers cbr-myo-2-F:
tgcccgtgttatcaattagag and cbr-myo-2-R: ttcgtgatcCATtgctgtgt (Bi Y et al., 2015). The
construct carrying unc-119 rescuing fragment derived from pSO159 was introduced
into cbr-unc-119 deletion mutant strain RW20000 (Zhao Z et al., 2010) by biolistic
bombardment. Transgenic strains showing 100% rescue and bright expression of
myo-2::GFP under a fluorescence stereomicroscope were retained for subsequent
mapping and introgression (Bi Y et al., 2015).

2.2.3 Mapping of transgene insertion site by single-worm PCR
Mapping of the transgene insertion site was performed essentially as described (Yan C
et al., 2012). We crossed the GFP-linked C. briggsae genomic fragment into C. nigoni
for at least 15 generations and performed genotyping with single worm PCR using C.
briggsae specific primers. The size of the introgression fragment was calculated based
on the interval between the two primers that produced negative PCR results and
positioned next to the left-most and right-most primer pairs that gave rise to positive
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PCR results (Yan C et al., 2012). We used the introgression regions as a proxy for the
GFP insertion site in the C. briggsae genome to make the physical map (Fig. 2.1). We
included positive (C. briggsae (AF16)) and negative (C. nigoni (JU1421)) controls in
parallel in all PCR genotyping steps. After we published the mapping method, the C.
briggsae genome assembly “cb4” became available which showed substantial
changes in the genomic positions of the mapping primers compared to those in the
“cb3” assembly. We generated an updated list of primers and their genomic positions
associated with “cb4” assembly were listed in Supplement Table. 2.2. We found in
some cases, a mapping result from a single genotyping primer pair is inconsistent with
those using its multiple flanking primer pairs. In those cases, only the genotyping
results from the latter was retained as the final result while that from the single
exception was highlighted in Supplement Table. 2.1 & 2.2.
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Fig. 2.1 A C. briggsae physical map consisting of a subset of 48 chromosomally
integrated transgenic GFP markers. Chromosome and mapped position for each
transgenic marker are depicted in scale as solid and dashed horizontal lines
respectively based on the C. briggsae “cb4” genome assembly. Mid-point of the
mapped transgene is indicated with an inverted triangle. Name of the transgene is
indicated above. All the mapped boundaries are derived from a single transgene
except for the transgene zzyIs20137 (highlighted in blue) for which the boundaries
were calculated from the overlapping regions of the two independent introgressions.
Chromosome numbers are indicated on the left. Chromosomal coordinates are labeled
at 1Mb interval with vertical bars.

2.2.4 Mapping of transgene insertion site by NGS
By using an independent method to validate a subset of the mapping results obtained
from single-worm PCR, we constructed sequencing libraries for C. briggsae (AF16),
C. nigoni (JU1421) and introgression strains using an Illumina Nextera XT DNA
Sample Preparation Kit. We produced approximately 4 million paired-end reads per
sample using the Illumina MiSeq platform. Then we aligned the reads against the
reference sequence which was a combination of the C. briggsae genome “cb4” and C.
nigoni contigs (the latter were a gift from Erich Schwarz) using Bowtie 2 (version
2.1.0) (Langmead B et al., 2012) in “sensitive-local” mode to find the best alignment
positions in the two genomes. The “bam” files containing the best aligned reads were
converted to wiggle format using RSeQC (Wang L et al., 2012), normalized by the
total bases sequenced for each sample. We calculated the average coverage of the C.
briggsae “cb4” genome in a 10-kb window and plotted against C. briggsae genome
using the R package. The regions with a five-fold higher coverage than those of its
flanking regions were assumed to be caused by insertion of the C. briggsae fragment
into the C. nigoni genome (Bi Y et al., 2015).
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2.2.5 Introgression strategy
All the GFP labeled C. briggsae strains were backcrossed to AF16 at least twice
before they were used for introgression. Considering all the GFP markers were
generated in C. briggsae, the backcrossing of the GFP marker was performed in one
direction, i.e., from C. briggsae to C. nigoni. Therefore, we initiated the introgression
by crossing seven GFP labeled C. briggsae males with five virgin C. nigoni females
(L4 stage JU1421). We picked five GFP-expressing F1 L4 females to cross with seven
C. nigoni males. In the next generation, Seven GFP-expressing F2 males were picked
to cross with five C. nigoni L4 females for the autosome-linked introgression. Starting
from F3, only a single GFP-expressing male was crossed with three C. nigoni L4
females with five replicates. We picked the worms from a single crossing plate for the
subsequent crossings and reiterated the crossing for another 13 generations to produce
an introgression line with at least 15 generations of introgression (Fig. 2.2). The initial
crossing steps of an X-linked introgression were the same as those of the
autosome-linked introgression up to the F2 generation, while the X-linked
introgression consistently led to male inviability or sterility, particularly during the
first 10 generations of introgression. Thus, we crossed a single GFP-expressing L4
female with three virgin C. nigoni males in five replicates for a total of 15 generations
from the F2 generation onward. For each transgene, a large number of strains were
generated and only strains carrying independent introgressions derived from the same
transgene but with different sizes were kept in frozen tank in most cases. We also
performed control introgression in parallel using the same scheme by crossing C.
nigoni males with C. nigoni L4 females in five replicates (both are JU1421 worms).
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Fig. 2.2 Introgression strategy. (A) Strategy for autosome-linked introgression.
Introgression was initiated by crossing GFP-expressing C. briggsae males (in AF16
background) with C. nigoni (JU1421) virgin (L4 stage) females. The GFP-expressing
F1 L4 females were then backcrossed with C. nigoni males followed by repeated
backcrossing between F2 GFP-expressing males with C. nigoni L4 females. (B)
Strategy for X chromosome-linked introgression. Introgression was initiated in the
similar way as that for the autosome-linked introgressions, but only GFP-expressing
L4 female progeny were used to backcross with C. nigoni males from the F2
generation onward. All of the introgressions were performed for at least 15
generations followed by genotyping with single-worm PCR. The HI phenotypes
scored for homozygous or heterozygous introgressions are listed at the bottom of each
panel.
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2.2.6 Generation of homozygous introgression
The GFP-expressing animals were de-contaminated by egg preparation after 15
generations of introgression. We chose seven young male adults and five L4 females
as P0 from progeny of the 15-generation, both heterozygous or hemizygous for GFP
introgression, and let them mate on a single NGM plate for two and a half days.
Among the F1 progeny after crossing, a single GFP-expressing young male (homo- or
heterozygous) and a single GFP-expressing female L4 worm (homo- or heterozygous)
were picked on an individual plate with 12 replicates for mating based on the
expectation that one out of nine plates is expected to be homozygous for both male
and female. After 24 hours, the parents were killed and the number of GFP-expressing
and non-expressing animals was counted after another 24 hours at 25°C. If there were
few or only a very small number of animals without GFP expression in a plate, we
selected a single GFP-expressing male and a single GFP-expressing female and let
them mate on a fresh plate with 10 replicates, and we repeated the steps once. In two
consecutive generations, a line with an absence of cross progeny showing no GFP
expression was assumed to be a successful candidate for homozygous introgression.
For a single introgression, if we attempted the above steps five times without
obtaining a homozygous introgression line, the introgression fragment was deemed
inviable as a homozygote in C. nigoni.

2.2.7 Phenotype scoring
Male sterility. If the introgressions can be rendered as viable homozygote, they were
assumed as male fertile and viable. For those containing introgression fragment
present only as heterozygote or hemizygote, male sterility was determined. Male
sterility was assumed when progeny were readily found in the cross between seven C.
nigoni (JU1421) males and five GFP-expressing L4 females as the GFP-expressing
males in three replicates but no progeny was found in the cross between seven
GFP-expressing heterozygous or hemizygous males and five C. nigoni (JU1421) L4
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females picked from the same brood (Bi Y et al., 2015).

Male inviability. Male inviability was defined as the absence of GFP-expressing
males (L4 or adult) during a cross between five GFP-expressing heterozygous females
(autosome linked) and seven C. nigoni (JU1421) males in three replicates (Bi Y et al.,
2015).

Embryonic lethality. For homozygous introgression animals, we picked 10 gravid
young adults to lay eggs for 5 hours at 25°C in five replicates and killed all the
parents. We counted the total number of eggs immediately after removal of the
parents and re-counted the number of eggs left on the plates after overnight (ON)
incubation. We calculated the embryonic lethality as the percentage of un-hatched
eggs out of the total number of eggs laid. For heterozygous introgressions, we scored
the embryonic lethality of the mating progeny between GFP-expressing males and
GFP-expressing females. According to expected inheritance, 25% of the crossing
progeny from the parents both carrying a recessive autosome-linked heterozygous
introgression is inviable if the introgression produces fully penetrant embryonic
lethality. We also included embryos from C. nigoni inbreeding adults (JU1421) as
control (Bi Y et al., 2015).

Larval arrest. We counted the number of hatched L1 larvae in the above experiments
at the same time as the un-hatched eggs after ON incubation. After incubation of the
eggs at 25°C for another 48 hours, we counted the number of adults on each plate.
Five replications were performed in parallel. We defined the larval arrest ratio as the
difference between the number of larvae and adults divided by the number of hatched
L1 larvae. Inviability referred to either embryonic lethality or larval arrest. We also
included larvae from C. nigoni inbreeding adults (JU1421) as a control (Bi Y et al.,
2015).

Brood size. For homozygous introgressions, we picked a single young male with a
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single L4 female and let them mate on a single seeded NGM plate for 12 hours at
25°C with 10 replicates. Then, we transferred the gravid females to a fresh plate every
12 hours for 72 consecutive hours at 25°C. We counted the number of eggs on each
plate immediately after every transfer. Only eggs laid by the parent that survived the
entire 72 hours were counted. For heterozygous introgressions, we picked a single
GFP-expressing young adult male and a single GFP-expressing L4 female and let
them mate on individual plates in 10 replicates and repeat the remaining steps as those
for homozygous introgressions. We defined the brood size as the total number of eggs
laid during the 72 hours. We also counted the brood size from C. nigoni (JU1421)
young adults similarly as the control.

Percentage of GFP-expressing and non-GFP-expressing male progeny. For
homozygous introgression lines, we picked 10 young gravid adults to lay eggs on a
NGM plate in five replicates and we removed the parents after three hours. The eggs
were incubated at 25°C for 72 hours and we counted the numbers of males and
females respectively. We calculated the percentage of males out of the total progeny
as all of the progeny expressing GFP. For heterozygous introgressions (likely
homozygous inviable) on the autosome, we picked 10 GFP-expressing young males
and 20 GFP-expressing L4 females and let them mate on a single plate in five
replicates. We judged ten female adults with successful mating by the presence of a
mating plug and transferred them onto a fresh plate after overnight incubation at 25°C
and allowed them to lay eggs for three hours followed by removal of the parents. We
incubated the eggs at 25°C for another two days. We counted the numbers of
GFP-expressing and non-GFP-expressing males and females respectively in five
replicates and calculated the percentages of GFP-expressing animals and
GFP-expressing males by dividing their numbers with the total number of progeny.
The percentage of GFP-expressing progeny was similarly calculated, for X-linked
male sterile or inviable introgression, except that 10 heterozygous GFP females were
crossed with 20 C. nigoni males. We scored the overall ratio of GFP-expressing
progeny as the percentage of total GFP-expressing progeny out of total crossing
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progeny.

2.2.8 Statistical analysis
We performed one-way ANOVA among all scoring of each phenotype to evaluate
whether there were any significant differences between introgressions and control,
which is inbreeding crossing between C. nigoni females and males (JU1421). Then
we used Tukey's Honestly Significant Difference (Tukey’s HSD) test as a post hoc test
to calculate the significance of mean between introgressions and control for each
phenotypic category.

We performed chi-squared test (X2) test for the male percentage of homozygous
introgression with expected percentage of 50 to determine whether there is any
significant bias on sex segregation or sex-specific segregation of GFP. X2 test was
also performed to examine sex-specific segregation of GFP for heterozygous
introgressions, including percentage of autosome and X-linked GFP-expressing and
non-GFP expressing male progeny out of total GFP expressing progeny with an
expected percentage of 50%; and autosome and X-linked overall percentage of GFP
-expressing progeny with an expected percentage of 75% and 50% respectively if an
X-linked introgression male is viable or 75% and 33.3% respectively if an X-linked
introgression male is inviable (Bi Y et al., 2015).
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2.3 Results
2.3.1 A high-density C. briggsae physical map was generated that was
comprised of 96 chromosomally integrated fluorescent markers
By taking advantage of the C. briggsae and C. nigoni species pair as a model for the
dissection of HI loci, a physical map comprised of 96 stable transgenic markers of
myo-2::GFP in C. briggsae was created. Chromosomally integrated C. briggsae
transgenic lines were generated by using biolistic bombardment, which brightly
expressed the markers in the pharynx (Supplement Fig. 2.1). A total of 97 independent
stable transgenic strains expressing the GFP were produced (Supplement Table. 2.1).
Without obvious defects in fitness, all of the strains carrying a homozygous or
hemizygous transgene were viable, except for one strain that demonstrated a smaller
brood size (fewer than 25) than that of the wild-type. We excluded this strain from the
subsequent analysis. At first, we initially attempted to identify the GFP insertion site
through inverse PCR by using the primers specific for the GFP vector. However, the
PCR products were derived from the vector itself according to the sequencing results
presumably because the transgenes produced by biolistic bombardment were present
as tandem copies in both orientations in the host genome. Then the marker insertion
sites were mapped following the method we developed previously (Yan C et al., 2012)
(Fig. 2.2 and Supplement Table. 2.1). Introgressions for all of the independent
GFP-linked C. briggsae genomic fragments into C. nigoni were performed for at least
15 generations and a total of 111 independent introgression lines were made
(Supplement Table. 2.1). The lack of F1 fertile males supported Haldane’s Rule,
which is consistent with the previous crossing results between the two species
(Woodruff GC et al., 2010; Kozlowska JL et al., 2012). The boundaries of the
introgression fragments were mapped by PCR genotyping of the GFP-expressing
animals using C. briggsae (cb4) (Ross JA et al., 2011) specific primers (Supplement
Table. 2.2). We used these boundaries to estimate both the introgression size and the
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GFP insertion site in C. briggsae genome as described below. The PCR-based
genotyping results were validated for eight out of the 13 homozygous introgression
fragments using NGS (see Materials and Methods). The results from the two methods
agreed well (Supplement Fig. 2.2, Supplement Table. 2.3), indicating that the previous
PCR-based mapping method could reliably detect the introgression boundaries albeit
with a lower resolution than the NGS method (Bi Y et al., 2015). It is worth noting
that no C. briggsae genomic sequences (except for ZZY10291) other than those
linked with GFP in the introgression strains were recovered by NGS sequencing
(Supplement Fig. 2.2D-F, Supplement Table. 2.3). The boundaries of the introgression
with PCR were re-genotyped after another 60 generations of backcrossing. However
the ambiguity persisted, as there was no change in the introgression size. According to
this result, it is possible that the fragment that was separate from the GFP marker but
left in the C. nigoni background after the backcrossing was not due to the insufficient
backcrossing, but was owing to a genome assembly error that placed the two
fragments into separate parts of the chromosome II that actually belonged to a single
chromosomal region (Bi Y et al., 2015). Consistent with this, highly repetitive
sequences were distributed within the boundaries of the two fragments, which could
be responsible for the potential assembly error. Additionally, it was noticed that
another two genomic fragments associated with genotyping primers, X-4 and II-7.5
(Supplement Table. 2.2) respectively, which appeared to be placed into incorrect
genomic positions according to our PCR-based genotyping data (Supplement Fig. 2.3).
For example, the PCR result indicated that the X-4 primer was placed into an interval
of chrII: 15,286,436.15,286,841 in the C. briggsae assembly “cb4”. But according to
the genotyping results for the introgression ZZY10353, it was probably placed there
due to an assembly error, because all of its flanking primers showed the expected
amplification except for the primer itself (Supplement Fig. 2.3). It was likely to be
located between the primer X-3.5 and X-4.5 on the chromosome X by the genotyping
results from the introgression ZZY10320. Further application of this primer in
genotyping would cause uncertainty if its position (annotated in “cb4”) was assumed
to be correct. Therefore, the introgression boundaries were assigned based on the
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consensus of genotyping results derived from multiple primers and the primers that
gave an exceptional result were not counted. We also observed another similar
situation for the primer II-7.5 (Supplement Fig. 2.3D). Taken together, it was
sufficient to get rid of the sequences that were unlinked with the GFP markers by 15
generations of backcrossing, but the interpretation of some mapping results may still
be complicated by potential C. briggsae genome assembly errors.

A physical map of C. briggsae was produced by using a subset of 49 independent
mapped introgressions covering 48 independent transgenes as a proxy for the GFP
insertion site (Fig. 2.1). The subset was prioritized based on the following criteria.
First, the introgressions that were included were relatively small in size. Second, if we
achieved multiple independent introgression lines for a single transgene, we used the
overlapping regions between independent introgressions as the final introgression
region for the transgene in the map (Supplement Table. 2.1). Finally, we excluded
those transgenes with mapping complications associated with possible assembly
errors in making the map. The possibility of systematic isolation of the HI loci
between C. briggsae and C. nigoni was opened up by the large collection of the
mapped GFP insertions and introgression lines, which has not been achieved between
any nematode species.

2.3.2 A large portion of the C. briggsae genome appeared difficult to
recombine with C. nigoni chromosomes
Initially, the characterization of HI was planned mainly based on homozygous
introgressions. However, it seemed like that a large portion of the C. briggsae
genomic regions were resistant to recombination with its homologous regions in C.
nigoni, according to the introgression sizes over backcrossing generations (Fig. 2.3).
Therefore, a homozygous subset of the 111 introgressions was established based on
the following criteria. First, the introgressions were relatively small in size and
showed minimal overlapping between one another. Second, after a cross between
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parents that were both heterozygous for the GFP locus on the autosome, the ratio of
overall GFP-expressing progeny to the total hybrid progeny was as close as possible
to 75%. This criterion was chosen because the animals carrying the homozygous
introgressions were more likely to be viable with the ratio close to 75%, as was
expected from the dominance feature of the GFP. 13 of a total of 35 independent
introgressions (Fig. 2.4, Supplement Table. 2.1) were successfully rendered
homozygous, representing 26.5% of the C. briggsae genome (Table. 2.1, Supplement
Table. 2.4, Fig. 2.5). We failed to render homozygous for the remaining 22
introgressions after five attempts, indicating that they were inviable as homozygotes
or sterile/inviable as hemizygotes (Fig. 2.4, Supplement Table. 2.1). Compared to the
recombination frequency between Drosophila sister species, the frequency was
relatively low between C. briggsae and C. nigoni. Our mapping results showed that
the average sizes of the introgressions were far bigger than those of Drosophila
species. For example, the average sizes of the homozygous introgressions were
approximately 3.2 and 2.6 Mb for the autosomal and the X chromosomal
introgressions, respectively after 15 generation of backcrossing (Supplement Fig.
2.4C). Compared to this, the autosomal and X chromosomal introgressions between D.
mauritiana and D. sechellia were reported to be approximately 1.3 and 1.0 Mb
respectively (Masly JP et al., 2007). Between C. briggsae and C. nigoni, the average
sizes of the inviable introgressions were 4.6 and 7.7 Mb for autosomal and X
chromosomal introgressions respectively (Supplement Fig. 2.5) while those for the
similar introgressions were approximately 1.5 and 1.7 Mb, respectively between D.
mauritiana and D. sechellia. A second finding was that further recombination was
limited after 10 generations of backcrossing. For example, both sizes of the
introgressions from the transgenic line ZZY0051 and ZZY0048 were over 10 Mb.
They remained unchanged from the 7th to the 15th generations of backcrossing (Fig.
2.3). We tested the effect of backcrossing generations on the introgression size among
14 introgressions and seven showed no further recombination after the 7th
backcrossing. In the meanwhile, two out of the 14 introgressions benefited from
further recombination from backcrossing beyond 10 generations. Consistent with this,
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many inviable introgressions appeared to be larger than those that were rendered as
viable homozygotes successfully, which might contribute to their failure to be
rendered homozygous.

Fig. 2.3 Effect of the number of backcrossing generation on the introgression size.
Shown are changes in introgression sizes over backcrossing generations which are
derived from 14 different transgenic strains with names indicated above. The
boundaries of introgressions are genotyped immediately after 7th, 10th and 15th
generation of backcrossing. X and Y axis indicates C. briggsae chromosome numbers
and introgression sizes respectively.
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Fig. 2.4 A genome-wide hybrid incompatible landscape between C. briggsae and
C. nigoni. Individual introgressions (indicated by its strain name) are drawn in scale
as horizontal bars above their source C. briggsae chromosomes (blue horizontal lines
with the identity indicated on the left). The introgressions are differentially color
coded according to their observed HI phenotypes as indicated when present as a
homozygote or hemizygote in the C. nigoni background. Positions of the PCR primers
used for genotyping are indicated in scale as small vertical blue bars. Only the
introgressions that were selected for rendering homozygous are shown. *All HI
phenotypes including sterility, viability, Emb, Lva and brood size were scored; # only
viability and sterility were scored.
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Fig. 2.5 Hybrid incompatible phenotypes for the homozygous introgressions
between C. briggsae and C. nigoni. (A) Shown are the mean percentages of Emb,
Lva and male out of the total progeny for the homozygous introgressions. (B) Shown
are the mean brood sizes for the homozygous introgressions. Names of the strains
used for phenotypic scoring are indicated at the bottom. The names of the strains
carrying an X-linked introgression are shaded. Emb: embryonic lethality; Lva: larval
arrest; percentage of male progeny is calculated as the ratio of males out of total
hybrid progeny (see Materials and Methods). Standard deviations (SD) are indicated
as error bars. Statistical significances from comparing mean of Emb, Lva and brood
size are indicated with “*” or “**” which denotes p<0.05 and p<0.01 respectively
(One-way ANOVA followed by post-hoc test); “#” and “##” indicate p<0.05 and
p<0.01 respectively in X2 test with an expected percentage of 50%. Sample size tested
was listed in Supplement Table. 2.4.

Table. 2.1. Coverage statistics for introgressions along with its homozygous
viability based on the “cb4” assembly of C. briggsae genome.
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2.3.3 Phenotypic characterization demonstrated pervasive HI in the
hybrids containing either homozygous or heterozygous introgressions
HI phenotypes were characterized for all 13 homozygous and another 23
heterozygous introgressions, including most of the 22 inviable introgressions
described above (Supplement Fig. 2.6). A few others that were not tested for
homozygous viability (Fig. 2.4 and 2.5, Supplement Table. 2.1) were also
characterized for the HI phenotypes. Fertility (used interchangeably with brood size)
was defined as the total number of eggs during the lifetime of an animal. Phenotypic
scoring of all introgression strains revealed extensive HI for homozygous or
heterozygous introgressions (Fig. 2.5 and 2.6, Supplement Table. 2.4 & 2.5). For
example, the percentages of embryonic lethality and larval arrest were significantly
higher for most of the homozygous introgressions than for the C. nigoni control strain
(JU1421) (post-hoc test after one-way ANOVA) (Fig. 2.5A). For 9 out of the 13
introgressions, the brood sizes were significantly smaller than that of the control
(JU1421) (Fig. 2.5B). Intriguingly, the introgression homozygous in ZZY10290 did
not only show little effect on embryonic and larval viabilities, but also led to a
significantly bigger brood size than the control (JU1421) (Fig. 2.5B). Some
homozygous introgression strains, such as ZZY10296, were difficult to be maintained
as a stable line, because of the high incidence of embryonic lethality and larval arrest
(Fig. 2.5A). This suggested that some lethal effect caused by interactions between the
genes within the introgression fragments and those of C. nigoni, even though some
interactions were not fully penetrant. We observed that the percentage of overall
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GFP-expressing progeny for about half of the autosomal introgressions that we
attempted to render homozygous was significantly lower than the expected 75%
(p<0.01, X2 test) (Fig. 2.6A, Supplement Table. 2.5), also see Materials and Methods),
suggesting the homozygous inviability of the autosomal introgressions. Surprisingly,
we observed over 44% of the C. briggsae X chromosomes in C. nigoni as viable
homozygous introgressions, while the ratio of autosomes that were successfully
rendered homozygous were fewer than 22% in our assay (Table. 2.1). Considering the
complications with large introgression size, it would need further analysis to precisely
dissect the number of HI loci involved in the lethal gene interactions between C.
briggsae and C. nigoni in the two cases. Regardless of whether the introgressions
were located on the autosome or on the X chromosome, significant deviations in male
ratio were not observed for most of the homozygous introgressions, compared to the
fertility and fitness results (Fig. 2.5A).
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Fig. 2.6 Hybrid incompatible phenotypes for autosome- or X-linked heterozygous
introgressions between C. briggsae and C. nigoni. (A & C) Shown are the mean
percentages of Emb, Lva, GFP-expressing or non-GFP-expressing male and overall
GFP-expressing progeny out of the total progeny for autosome- or X
chromosome-linked introgressions respectively. (B & D) Shown are the mean brood
sizes for the autosome- and X chromosome-linked introgressions respectively. Names
of the strains used for phenotypic scoring are indicated at the bottom. Percentage of
GFP-expressing males is calculated as the ratio of GFP-expressing males out of total
GFP expressing hybrid progeny in a cross between parents both heterozygous for the
introgression (see Materials and Methods). In the case of male sterile or inviable
introgression, the percentage was scored in a cross between a JU1421 male and a
female heterozygous for the introgression. Overall percentage of the GFP expressing
progeny (GFP expressing %) is calculated the ratio of GFP expressing animals out of
the total hybrid progeny. Statistical significances and standard deviations are labeled
in the same way as that in Fig. 2.5; Sample size tested was listed in Supplement Table.
2.5.

For many heterozygous introgressions, other HIs were frequently observed in addition
to the overall ratios of GFP-expressing progeny to the total hybrid progeny. For
example, significantly higher ratios of embryonic lethality were resulted from 15 out
of the 23 heterozygous introgressions. Three of the autosomal introgressions,
ZZY10051, ZZY10318 and ZZY10332, appeared to be at least partially dominant in
terms of embryonic lethality (Fig. 2.6A). If the embryonic lethality ratio of the hybrid
progeny (from a cross between parents that were both heterozygous for the
introgression) was higher than the sum of the lethality ratio of the control and 25%
(which was the expected ratio of homozygous introgressions, assuming that all of the
embryos were dead), an autosomal heterozygous introgression would be considered to
have a dominant effect. We observed a significantly higher ratio of larval arrest in 11
out of the 23 heterozygous introgressions and two of which, ZZY10030 and
ZZY10333, appeared to be dominant (Fig. 2.6A). In contrast to that significant
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reductions as showed for most of the heterozygous introgression lines, apparent
elevations in fertility were demonstrated on three of them, ZZY10051, ZZY10331 and
ZZY10305 (Fig. 2.6B). In several cases of crossing between two parents that were
heterozygous for the GFP locus, the differential ratio of GFP-expressing male to
female hybrid progeny provided a strong evidence of HI. Given that all of the
introgression-containing males were viable, 75% of the male hybrid progeny from
autosomal introgressions were expected to express GFP, and 50% of them were
expected to express GFP from X chromosomal introgressions. Intriguingly, we
observed a significant reduction in the ratio of GFP-expressing males in the hybrid
progeny in 7 out of 8 heterozygous X chromosomal introgressions, whereas a similar
deviation was observed only in 3 out of the 15 heterozygous autosomal introgressions.
This result was probably related to the dominance effect of the introgression. The
dominance effect was masked in the heterozygote males for the autosome-linked
introgressions, but was manifested in the hemizygote males for the X-linked
introgressions.

Surprisingly, ZZY10051 and ZZY10334, among the three autosomal introgression
containing strains, showed a significant elevation in the ratios of GFP-expressing
males, while only a single autosomal introgression-containing strain, ZZY10028
demonstrated a significant decrease in the ratio (p<0.01, X2 test) (Fig. 2.6A). For X
chromosomal introgressions leading to male sterility or inviability, we performed
backcrossing in the opposite direction relative to that used for the autosome-linked
introgressions. That is, we crossed a GFP-expressing female with a C. nigoni male.
Based on that, 50% of the male crossing progeny were expected to express GFP, if all
of the GFP-expressing males were viable. On the contrary, 33.3% of the total crossing
progeny were expected to express GFP, if all of the GFP-expressing males were
inviable. The significant deviation from the expected ratio, which is also called a
distortion of sex segregation, indicates that homozygous, heterozygous or hemizygous
introgressions could induce sex-specific embryonic lethality or larval arrest. Based on
these observations, less than half of the autosomal heterozygous introgressions
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produced hybrid progeny that expressed GFP at a ratio significantly lower than the
expected 75% of the total progeny. In the meanwhile, for all of the X chromosomal
heterozygous introgressions, the GFP-expressing ratios were significantly lower than
the expected 50% and 33.3% for male viable and inviable introgressions, respectively
(p<0.01, X2 test) (Fig. 2.6A and C). It remained to be determined whether this result
reflected the large X effect, due to the different crossing strategies used for male
sterile and male fertile introgressions and the complications associated with
introgression sizes (Supplement Fig. 2.5).

2.3.4 Hybrid male sterile and male inviable loci were frequently
observed in the middle and right arm of the X chromosome
Aided by X-chromosome linked GFP markers, we could perform systematic isolation
of male sterile or male inviable loci due to their full penetrance as X-linked
introgressions. For an X-linked introgression, we defined male inviability as the
absence of any GFP-expressing F1 male progeny, but the presence of GFP-expressing
female progeny in a cross between a C. nigoni young male and a GFP-expressing
virgin female (L4 staged female). Similarly, we defined male sterility as the absence
of any F1 progeny in a cross between a C. nigoni virgin female and a male bearing an
introgression. A total of 18 independent transgenic strains were obtained with
transgene insertions located on various parts of the X chromosome (Supplement Table.
2.1). Six X-linked introgressions in the C. nigoni background were successfully
rendered homozygous, which occupied 44.0% of the C. briggsae X chromosome (Fig.
2.7 and Table. 2.1). We observed that all of the homozygous viable introgressions
were located on both arms of the X chromosome, while multiple male sterile
introgressions (at least two) and the inviable introgressions (at least one) were mainly
located in the middle or right arm (Fig. 2.7). By contrasting multiple overlapping
introgressions, we could deduce that there were one inviable locus and at least two
male sterile loci (one in the middle and the other on the right arm of the X
chromosome) (Figs. 2.4 and 2.7). For example, by comparison of the HI phenotypes
42

of the X-linked inviable and sterile introgressions of ZZY10337 and ZZY10300, we
could infer that a chromosomal interval of roughly 490 Kbp in size (from 14.62 to
15.11 Mb) was essential for male viability (Fig. 2.7). One thing worth noting is that
the observed inviability may not necessarily be male specific, because the
introgression which was fully penetrant in the male may have been masked in the
female as a heterozygote. By comparing another two X-linked introgressions,
ZZY10297 and ZZY10289, we could deduce a male sterile locus within an interval of
approximately 440-Kbp region (Fig. 2.7). Interestingly, a sharp contrast in the
percentages of GFP-expressing male progeny and all GFP-expressing progeny was
revealed by comparison of the heterozygous overlapping introgressions between
ZZY10297 and ZZY10330 (Fig. 2.6C), which were located on the right arm of the X
chromosome. They produced male sterility as hemizygote with 2.34 and 5.25 Mb in
size, respectively. The introgression ZZY10297 was a subset of the introgression
ZZY10330 (Fig. 2.7). However, the former produced only 4.9%, while the latter
yielded 51.1% GFP-expressing males. Additionally, only 3.4% GFP-expressing
progeny was produced by ZZY10297, while 37.6% GFP-expressing progeny was
produced by ZZY10330, indicating the possibility that there was a closely linked
suppressor locus for male viability, which was probably located somewhere outside of
the introgression ZZY10297, but within the introgression ZZY10330. On the other
hand, we observed that some of the male sterile and inviable loci were closely linked.
In the strain ZZY10297, the introgression was classified as male sterile, but the male
progeny with GFP expression showed significantly lower viability than that of the
control (JU1421) (p<0.01, X2 test) (Fig. 2.6C). Generally speaking, once a male
carrying a X-chromosomal introgression (or hemizygous introgression) was fertile,
the introgression was successfully made homozygous (Figs. 2.4 and 2.7), suggesting
that X-linked female sterile or inviable loci were rare.

On the autosome-linked introgressions, male sterile or inviable loci appeared to be
rare in contrast to the situation on the X chromosome. First, only 1 out of 7 autosomal
homozygous introgressions was found to produce a significantly lower ratio of male
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progeny (X2 test, p<0.01) (Fig. 2.5), indicating that sex-specific inviability or gamete
production was uncommon in homozygous autosomal introgressions. Second, after
the crosses between parents that were both heterozygous for the introgression,
approximately 75% of the progeny expressed GFP during our efforts to make
homozygous introgressions (Fig. 2.6A). Based on this ratio, we suggested that most of
the GFP-expressing male progeny were viable regardless of the presence of
introgressions as a homozygotes or heterozygotes. If male sterility was caused by a
homozygous autosomal introgression, the male F1 crossing progeny would be
expected to have a 12.5% chance of being sterile during our efforts to make
homozygous introgressions (Materials and Methods). However, any males that failed
to produce progeny were not found, indicating that male sterility was rarely caused by
homozygous autosomal introgression. Intriguingly, a significantly higher percentage
of GFP-expressing male progeny was produced by 2 out of the 15 autosomal
heterozygous introgressions. It remained to be determined whether this reflected a
shift in the ratio of X or O sperm production by GFP-expressing males or sex-specific
inviability.

Fig. 2.7 Refined mapping of HI loci on X chromosome by contrasting the HI
phenotypes between independent introgressions. Male fertile (green), male sterile
(blue) and male inviable introgressions (red) are depicted along the X chromosome,
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which is drawn as a horizontal black line with positions of the genotyping primers
indicated by black vertical bars. The corresponding chromosomal coordinates in Mb
are indicated below the bars. Small intervals mapped for male viability and male
sterility are shaded in blue and pink respectively. The region containing a potential
suppressor of male viability is shaded in brown. The strain names for a subset of
introgressions are indicated.

2.3.5 C. briggsae introgression fragments functioned mostly as
recessive loci in an otherwise C. nigoni background
We observed that all the introgressions were able to propagate to the last introgression
steps and all of the males and females carrying a heterozygous introgression were
fertile, which suggested that few introgressions were dominant enough to produce
complete inviability or sterility as a heterozygote. To our observation, most of the C.
briggsae introgressions acted as a recessive locus in a C. nigoni background. This
conclusion was striking considering some of the introgressions were over 10 Mb in
size. GFP-expressing fertile males were rarely found in the F1 progeny, but were
readily identified in the F2 progeny of all autosome-linked introgressions (Fig. 2.2),
consistent with the previous studies (Woodruff GC et al., 2010; Kozlowska JL et al.,
2012). In contrast, we could easily find GFP-expressing fertile females in the F1
progeny of all of the autosome-linked introgressions. All those results confirmed the
dominance theory of Haldane’s Rule, which claims that alleles causing HIs are
partially recessive (Turelli M et al., 1995). The observation that approximately 57%
of the C. briggsae genome was inviable as a homozygote in C. nigoni, but could be
readily maintained as a heterozygote (Table. 2.1) also supported the dominance theory.
A significant distortion in sex segregation was observed from the introgression of
ZZY10028, which produced 18% GFP-expressing males and 82% GFP-expressing
females. The ratio of larval arrest was comparable between the control (JU1421) and
ZZY10028 and the observed difference in embryonic lethality could not fully account
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for sex segregation distortion, which indicated that the introgression functioned as a
dominant locus on the sex ratio. Some unidentified factors affecting the segregation
ratio of X and O sperm might contribute to the distortion of the sex ratio. To
investigate this possibility, the ratio of GFP-expressing females and the ratios of
non-GFP-expressing males and females were counted and it appeared that the
reduction in GFP-expressing males were largely compensated by an increase in
non-GFP-expressing males. Consistent with this observation, a previous work in C.
elegans demonstrated that predictable segregation distortion effects could be caused
by interactions between autosome in different sizes with X hemizygosity in male
meiosis. In other words, hermaphrodites tended to inherit a shorter chromosome while
the males tended to inherit a longer chromosome (Wang J et al., 2010). Comparing to
the syntenic region in C. nigoni, our C. briggsae introgression fragment was probably
smaller in size, given its origin of a hermaphroditic species (Barrière A et al., 2009;
Thomas CG et al., 2012). Therefore, we assumed that a C. nigoni chromosome
containing the introgression to be smaller than its homologous chromosome without
the introgression, leading to a biased segregation of GFP-negative chromosome in
males but not of GFP-positive chromosomes in females. The observed segregation
distortion might be accountable by this pattern. Given the presence of both
heterozygous and hemizygous X-linked introgressions, all of the male sterile and
inviable loci appeared to be recessive because all of the females carrying the same
heterozygous introgression were viable and fertile. We used a calculation method
similar to that used for autosomal introgressions and demonstrated that the
heterozygous introgressions in ZZY10300 appeared to be dominant in terms of
fertility (Fig. 2.6, Supplement Table. 2.5).

2.3.6 Fertility data of homozygous introgressions were consistent with
the rule of large X-effect
Various hybrid studies have provided wide support for Haldane’s Rule (Masly JP et
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al., 2007; Woodruff GC et al., 2010; Kozlowska JL et al., 2012), but the large
X-effect has been evaluated in few species other than those of Drosophila. Based on
the large X-effect, substitution on the X chromosome between two related species has
a relatively larger effect than a similar substitution on the autosome (Coyne JA, 1992).
The rule was tested according to comparison of the HI phenotypes between X-linked
and autosome-linked homozygous introgressions. A significantly greater decrease in
fertility was observed from all of the X chromosomal introgressions than that from the
autosomal introgressions (p<0.01, post-hoc ANOVA) (Fig. 2.5A and B). In the
meanwhile, the mean size of the X-linked introgressions was slightly shorter than that
of the autosomal ones (Supplement Fig. 2.4C). Those results were consistent with the
large X-effect. However, no significant changes between the X-linked and the
autosomal introgressions (p>0.01, one-way ANOVA) were observed on the remaining
HI phenotypes of the homozygous introgressions, including embryonic lethality,
larval arrest and the percentage of hybrid male progeny expressing GFP (Supplement
Fig. 2.7, Fig. 2.5). It is only fertility data from the homozygous introgressions which
appeared to be consistent with the large X-effect. It is worth noting that some of the
introgressions used for fertility analysis were not independent from each other, which
may complicate the interpretation of the data (Bi Y et al., 2015).

To develop a comprehensive understanding of the male sterility caused by the
introgressions, the germline morphology was examined for ZZY10307, a male sterile
strain which carried a relatively short X-linked introgression (Fig. 2.7, Supplement
Table. 2.1). We performed DAPI staining and demonstrated that the number of sperms
produced by the sterile adult male was in sharp contrast to that produced by the C.
nigoni male (Supplement Fig. 2.8). Additionally, a clear mating plug was present after
mating C. nigoni L4 females with ZZY10307 sterile males, indicating that the
observed male sterility seemed to be caused by defective spermatogenesis induced by
the introgression instead of defective mating. Given that apparent sperms were not
reliably detected in the mated females (Supplement Fig. 2.8), it remained to be
determined whether the sterility was caused by the poor quality of the sperms or an
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insufficient number of sperms delivered to the female. We will need further studies to
distinguish these possibilities.
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2.4 Discussion
2.4.1 A new avenue for studying inter-species hybrid incompatibilities
between nematode species
Identification of HI genes and loci has been performed between many closely related
species, but never between nematode ones. Unfortunately, C. elegans as a genetic
model organism has contributed little for this purpose, due to the lack of a sister
species with which it can mate and produce viable hybrid progeny (Baird SE et al.,
2000). The discovery of C. nigoni, a sister species for C. briggsae, raised the
possibility of studying the genetic basis of HI between nematode species for the first
time (Woodruff GC et al., 2010). C. briggsae and C. elegans diverged from their
common ancestor about 30–100 million years ago (Stein LD et al., 2003; Cutter AD,
2008). As a companion species of C. elegans for comparative analysis, C. briggsae
has been developed as a model for comparative study over the past two decades.
However, due to the lack of efficient molecular and genetic tools, C. briggsae is
prevented from being used for systematic study of HI loci. Therefore, most of the
links between a certain HI phenotype and a defined genomic region has not been
identified based on the previous studies of speciation genetics with the two species
(Woodruff GC et al., 2010; Kozlowska JL et al., 2012). Several attempts have been
performed, for example, Woodruff et al used SNP and indel markers in bulk segregant
assay to demonstrate that 13 C. briggsae genomic fragments showed significant
distortions in segregation (Woodruff GC et al., 2010). Our observations are largely
consistent with the results of their study. For example, none of our introgressions on
chromosome IV could be rendered homozygous in a C. nigoni background (Fig. 2.4),
which was consistent with their finding that all of the markers on chromosome IV
showed substantial distortions in segregation.

In this study, we generated a large collection of chromosomally integrated GFP
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markers and their derived introgression lines, which provide an entry point for
characterization of candidate genomic regions responsible for a given HI phenotype
between the two nematode species. We also developed methodologies which can be
readily adapted to any other Caenorhabditis species. For example, it has been found
that C. latens was able to mate with C. remanei and produce viable hybrid F1 progeny,
even though the F2 hybrid showed significant breakdown (Dey A et al., 2012; Félix
M-A et al., 2014). It might provide some advantages to study the genetic basis of HI
between C. remanei and C. latens, because that two are obligatory outcrossing species,
potential complications of different reproduction modes seen between C. briggsae and
C. nigoni would be avoided. By taking advantage of the recently developed genome
editing techniques (Barrett PL et al., 2004; Dickinson DJ et al., 2013; Mali P et al.,
2013), similar tools could be established in C. remanei and/or C. latens as well as in
other nematode hybrid viable species in the future for definitive mapping of HI loci.

2.4.2 Possible explanations for male sterility caused by X-linked
introgression
According to previous expression analysis using microarray, C. elegans germline
enriched genes were mostly located on the autosome, with few on the X chromosome
(Reinke V et al., 2000). Spermatogenesis genes showed a similar bias. The hypothesis
that the X-linked genes are mostly silenced in the germline has been supported by
multiple lines of evidence (Kelly WG et al., 2002; Pirrotta V, 2002; Schaner C et al.,
2006). Based on the observation that our sterile males appeared to result from
defective spermatogenesis, it is possible that the introgression on the X chromosome
could de-silence the X-linked genes in an otherwise C. nigoni background, leading to
defective spermatogenesis. According to the fast-X hypothesis, X-linked genes
diverge at a faster rate than autosomal genes. This hypothesis has gained supporting
evidences from studies in Drosophila species (Kayserili MA et al., 2012; Llopart A,
2012; Meisel RP et al., 2012), but controversy still exits (Thornton K et al., 2006). If
this is the case, one possibility is that the X chromosome-linked genes involved in
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spermatogenesis may undergo functional divergence too far to be replaced between
the two species. Due to sexual selection, male-specific genes are considered to
diverge faster than other genes, which is the so-called fast-male theory (Wu C-I et al.,
1993). We will generate high quality of genomes for both C. briggsae and C. nigoni to
distinguish those possibilities. The draft genome of C. briggsae was released nearly
10 years ago (Stein LD et al., 2003). Although a few updates have been developed on
its assembly (Hillier LW et al., 2007; Ross JA et al., 2011), there are still numerous
errors in assemblies (Uyar B et al., 2012; Yan C et al., 2012). In our genotyping of
introgression, we encountered quite a few uncertainties (Supplement Table. 2.1 & 2.2,
Supplement Fig. 2.3), which suggested the possible assembly errors in the relevant
genomic regions.

2.4.3 Complications of large introgression sizes
The sizes of the introgressions are relatively large compared to those of Drosophila
species and we cannot determine whether an observed HI phenotype was caused by a
single locus or multiple ones within a given introgression fragment. The frequently
observed hybrid inviabilities between the two species could also be explained by the
large size of the introgressions. A few plausible explanations have been proposed for
their large size. First, compared to gonochoristic C. nigoni, the reproduction mode of
hermaphroditic C. briggsae likely leads to smaller genome size. Consistent with this,
the size of genome and transcriptome are bigger in all the sequenced gonochoristic
Caenorhabditis species than that in the hermaphroditic ones (Barrière A et al., 2009;
Thomas CG et al., 2012). Based on the preliminary assembly of C. nigoni genome,
we could also infer that its genome size is substantially bigger than that of C. briggsae
(personal communication, Eric Haag and Barbara Meyer). Disparities of chromosome
size caused by insertion or deletion between C. briggsae and C. nigoni may affect the
formation of synaptonemal complex during meiosis. Second, a substantial portion of
C. nigoni genome may still be heterozygous despite intensive inbreeding of the
outcrossing strain JU1421, as is the case in other outcrossing species C. brenneri and
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C. remanei (Barrière A et al., 2009). Some of the deleterious alleles in the genome
must be present as a heterozygote to be viable. The reduced fitness in the hybrids
produced by haploinsufficiency or by polygenic effects may not be complemented by
the alleles in its C. briggsae syntenic regions either due to the possible mis-regulation
of its expression in C. nigoni background or rearrangement as described below. Third,
there might be substantial genetic divergences and quite a few chromosomal
rearrangements between the genomes of the two species, which could hinder
recombination. Fourth, the gene transformation method we used involves a
mechanical force to integrate the transgene into the host chromosome by breaking the
chromosomal DNA, which may introduce some chromosomal rearrangements that are
balanced but cryptic in the C. briggsae genome. Given the chance of such
rearrangement is unlikely to be high, we backcrossed the transgenic strains with AF16
for at least two generations before crossing with C. nigoni to remove possible
balanced chromosomal rearrangements. Also, the mapping results of introgression
boundaries with NGS did show very few C. briggsae genomic fragments that were
present in the introgression animal but not linked with the GFP marker. Considering
the large size and resistance to recombination of the collection of introgressions, they
could be used as a genetic balancer which would facilitate the other genetic study in C.
nigoni. Currently, we only generated GFP markers in the C. briggsae genome, making
it impossible to identify the HI genes by the crossing in the opposite direction
between the two species (Woodruff GC et al., 2010; Kozlowska JL et al., 2012). By
taking advantage of new tools developed in genome manipulation, such as TALEN or
CRISPR/Cas, it is within reach to generate such markers in C. nigoni.

The percentages of both embryonic lethality and larval arrest were much lower in the
C. briggsae laboratory strain than those of the C. nigoni inbreeding strain JU1421
(Kozlowska JL et al., 2012) (Fig. 2.6). For example, the C. briggsae AF16 strain
demonstrated 5.8% of larval arrest compared to 14.1% in JU1421, which could
confound the interpretation of an observed HI phenotype. Notably, a few
introgressions increased brood sizes, either as homozygote or heterozygote, indicating
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there are some possible outcrossing benefits by suppressing the inbreeding depression
within C. nigoni. Additionally, a phenomenon called polyfactorial interspecies
incompatibility (Woodruff GC et al., 2010), suggested that multiple genetic
interactions between C. briggsae and C. nigoni may be the cause of reduced fitness of
hybrid progeny, which seems to be common in other species (Good JM et al., 2008;
Taylor SJ et al., 2009). The interpretation of an observed HI phenotype may be further
complicated by interaction between inbreeding depression loci and outbreeding
incompatible loci between the two species. Due to the error-prone feature of the
single-worm PCR, even though the mappings were performed in parallel with both
positive and negative controls, the mapped transgene insertion sites/introgression
sizes may not be error free. We recommend a rigorous check of the genotype of
interest before using the introgression strains.

In summary, we provide a genome-wide landscape of HI between C. briggsae and C.
nigoni based on our introgression data and established a framework for further
identification of genetic basis underlying various HIs, especially those of male
inviability and sterility in nematode species.

This chapter is entirely based on my previously published article:

A Genome-Wide Hybrid Incompatibility Landscape between Caenorhabditis briggsae
and C. nigoni

Bi Y, Ren X, Yan C, Shao J, Xie D, Zhao Z (2015)

PLoS Genet 11(2): e1004993. doi:10.1371/journal.pgen.1004993
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Supplement

Supplement Fig. 2.1 Strategies for generation of stable transgenic reporters in C.
briggsae. (A) Flowchart for generating stable transgenic strains in C. briggsae. (B) A
fluorescence micrograph of reporter expression under a stereo microscope.
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Supplement Fig. 2.2 Validation of PCR mapping results by NGS. Shown are the
validations for two homozygous introgression lines ZZY10296 (A-C) and ZZY10291
(D-F) located on chromosome V and II respectively. Shown are plots of the read
coverage (Y axis) against C. briggsae chromosomal coordinates (X axis). Reads in A
& D or B & E were derived from genomic DNAs of C. briggsae and C. nigoni
respectively and reads in C & F from ZZY10296 (C) or ZZY10291 (F) respectively.
For introgression ZZY10296 (C), it was mapped into a genomic interval of 7.75 Mb,
i.e., chromosome V: 0–7.75 Mb by single-worm PCR (Supplement Table. 2.1 and 2.3).
Note the read coverage of the introgression was significantly deeper from 0 to 7.10
Mb (shaded in grey), the interval of which is consistent with that obtained by the PCR
albeit a bit smaller in size, which is likely owing to the low primer density. In addition,
the patterns of read fold enrichment for the introgression region were more similar to
those of C. briggsae (A) than to those of C. nigoni (B). The remaining part of
ZZY10296 shows the similar enrichment patterns as those of C. nigoni (B). For
introgression ZZY10291, it was mapped into a genomic interval of 0.45 Mb, i.e.,
chromosome II: 6.49–6.94 Mb by the single-worm PCR (Supplement Table. 2.1 and
2.3). The NGS mapping results agree partially with that of the PCR-based genotyping
and have a higher resolution (Supplement Table. 2.3), because a second chromosomal
region at the very end of the same chromosome also shows an unusual high coverage
of sequencing reads as indicated with an arrow head (shaded in green). Read
coverages were plotted not in the same scale.
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Supplement Fig. 2.3 Example of potential assembly errors in C. briggsae genome
(cb4) revealed during mapping of introgressions. (A) Shown were the names and
positions of five pairs of primers used for genotyping introgressions of ZZY10353
and ZZY10320. Names of the remaining genotyping primers were omitted for
simplicity. The chromosomal position of primer X-4 was originally located between
the primers X-3.5 and X-4.5 on the X chromosome based on “cb3” assembly but
relocated to an interval between primers II-12.9 and II-14 on the chromosome II based
on “cb4” assembly as indicated by a tilted line. (B) Single-worm PCR results for
genotyping a chromosome II-linked introgression ZZY10353 after 15 generations of
backcross. The three primers, II-12.9, X-4 and II-14 showed expected amplifications
with C. briggsae animal as a template but no amplification with C. nigoni (JU1421) as
a template. However, the primer X-4 did not show amplification as expected from
“cb4” assembly whereas it’s two flanking ones did show amplification as expected. (C)
Single-worm PCR results for genotyping of an X chromosome-linked introgression
ZZY10320 after 15 generations of backcross. The primer X-4 showed amplification
as expected from the “cb3” assembly, which supported its position between the primer
X-3.5 and X-4.5 on the X chromosome. (D) A diagram showing PCR amplification
results with the primers indicated on the top using an animal carrying introgression
ZZY10318 as a template. Note the PCR result with primer II-7.5 is inconsistent with
those from the remaining primers, suggesting the genomic region covering the primer
may belong to somewhere else in the genome.
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Supplement Fig. 2.4 Fertility data of the animals carrying a homozygous
introgression support the rule of large X-effect. (A) The X chromosomal
introgressions (depicted as red bars in scale with the host chromosome in the left
panel) appear to have a larger effect on fertility (right panel) than that of the
autosomal introgressions. Brood sizes (depicted in horizontal line) for the control
(JU1421), autosomal and X chromosomal introgressions are differentially colored in
green, blue and cyan bars respectively with strain names indicated. Chromosome
numbers are indicated on the top. (B) and (C) Boxplot of the brood sizes and
introgression sizes (Mb) for the autosomal or the X chromosomal introgressions used
in panel A respectively.
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Supplement Fig. 2.5 Boxplot of the sizes (Mb) for heterozygous introgressions of
autosomal or X chromosomal origin. Only those used in scoring of HI phenotypes
as shown in Fig. 2.6 were included for size calculation.

Supplement Fig. 2.6 Venn diagram showing the redundancy between the
introgressions that were subjected to test of homozygous viability and those used
for HI phenotypic scoring. Strain names unique for each set are indicated. Number
of the common introgressions used in both was indicated in the overlapping part.
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Supplement Fig. 2.7 Sex ratio, larval arrest (Lva) and embryonic lethality (Emb)
for the homozygous introgressions. Chromosomes and introgressions were depicted
in the same way as that in Supplement Fig. 2.4, Note that the effects of the X
chromosomal introgression (blue) were comparable to those of the autosomal
introgressions (cyan).

Supplement Fig. 2.8 Defective spermatogenesis in a sterile male carrying an
introgression. Shown are germline nuclei stained with DAPI from a male adult of C.
nigoni (A), a male adult of sterile introgression line ZZY10307 (B) (Fig. 2.7) and a
post-mating female adult of C. nigoni crossed with the ZZY10307 male (C)
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respectively. Germline and partial body parts are indicated. Note the dense sperm
nuclei in C. nigoni male (A) versus the sparse sperm nuclei in the sterile male (B),
suggesting defective spermatogenesis in the latter. A clear mating plug in C. nigoni
female (C) indicates that the sterility is not caused by the defect in mating.
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Supplement Table. 2.1 Detailed information on the transgenic and introgression
strains (Partial list).
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Supplement Table. 2.2 List of the updated information for the genotyping
primers based on “cb4” version of C. briggsae genome assembly (Partial list).
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Supplement Table. 2.3 Comparison of mapping results between PCR-based and
NGS-based methods.

* Genotyped with PCR
**Also mapped to II: 15.80-16.63 or II: 15.91-16.63 by PCR and NGS respectively
# Genotyped with NGS

Supplement Table. 2.4 Details of phenotypic scoring of homozygous
introgressions.

Number of embryo (Emb% and Brood size) or animal (Lva% and Males%) that were
counted was shown. Emb: embryonic lethality; Lva: larval arrest

Supplement Table. 2.5 Details of phenotypic scoring of heterozygous
introgressions.
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Number of embryo (Emb% and Brood size) or animal (Lva%, Males%,
GFP-expressing or non-expressing males% and overall GFP expressing&) that were
counted was shown.
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Chapter 3

A hybrid approach for de novo assembly of C. nigoni genome

Abstract
Caenorhabditis species, with many newly discovered members, represent a very
important model system for studying comparative biology and speciation genetics.
Among the system, C. nigoni as a closely related sister species to C. briggsae, has
been chosen for characterization of hybrid incompatibility (HI) between the two. In
our previous work, a genome-wide hybrid incompatibility landscape between C.
briggsae and C. nigoni has been produced and a framework for possible cloning of HI
loci or genes between two species has been established. However, due to the status of
draft genome that is error prone, there exist multiple discrepancies during our
mapping of HI loci between the two species, indicating a need for a better genome
assembly especially for C. nigoni. In this study, a hybrid approach for de novo
assembly of C. nigoni genome was demonstrated, which combines Illumina synthetic
long-read technology and massive parallel sequencing of Fosmid mate-pair library.
The highly accurate Illumina synthetic long reads are assembled into contigs and
further into scaffolds with mate-pair reads derived from C. nigoni genomic Fosmid
library. This hybrid approach works as an alternative way to other de novo genome
assembly methods, which may also be applied to other Caenorhabditis species. The C.
nigoni genome assembled in this study, also called “cn1”, paves the way for
identification of HI related genes and facilitates the study of evolutionary biology
during development in nematode species.
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3.1 Introduction
With many newly discovered Caenorhabditis species (Félix M-A et al., 2014), the
enlarged elegans group presents a very important model system for comparative
analysis of speciation genetics. Among the system, a new species pair, C. briggsae
and C. nigoni, has been applied in characterization of hybrid incompatibility related
genes (Bi Y et al., 2015). In our previous research, a genome-wide hybrid
incompatibility landscape between C. briggsae and C. nigoni has been generated and
the framework for the possible cloning of HI loci or genes between two species has
been established (Bi Y et al., 2015). We backcrossed GFP-labeled C. briggsae
genomic fragment into C. nigoni for at least 15 generations and produced 111
independent introgressions lines (Bi Y et al., 2015). Due to the status of the draft
genome, genomic sequences of C. nigoni were frequently found to be unreliable,
which prevents studying of the genetic basis of hybrid incompatibility based on our
model. A more reliable genome of C. nigoni is urgently in need in the community.

Next-Generation Sequencing (NGS) has transformed biological research to “omics”
research due to the capacity of generating large amount of sequencing data at fewer
costs, which provides an unrivalled resource for genome assembly. However, the
relatively short length of sequencing reads generated from most NGS platforms limits
their use, especially in de novo genome assembly. Substantial efforts have been made
to increase the read length in the past few decades. For example, Illumina platform
has increased the read length from 22 bp to up to 300 bp (Bentley DR et al., 2008),
while the 454 platform can produce reads of length up to 1 Kbp (Margulies M et al.,
2005). Those efforts also speed up the development of the third generation sequencing,
regarding the capacity of producing reads of unusual length. The single molecule real
time sequencing (SMRT) from PacBio, is one representative of the third generation
sequencing, which is able to produce up to 30 Kbp reads and sequence through
repetitive regions (Bashir A et al., 2012). However, those SMRT reads suffer from
high error rate up to 15-18% (Carneiro MO et al., 2012), which need to be corrected
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before use in further steps.

Recently, Illumina has released Synthetic Long-Read Technology, which allows
generation of accurate synthetic long reads up to 18.5 Kbp upon underlying short
reads data (McCoy RC et al., 2014). This technology has been applied in de novo
genome assembly of Botryllus schlosseri (Voskoboynik A et al., 2013), whole genome
haplotyping of humans (Kuleshov V et al., 2014) and identification of transposable
elements in the genome of Drosophila melanogaster (McCoy RC et al., 2014). Li R et
al performed systematic evaluation of this technology based on the “finished” genome
of C. elegans and demonstrated that the long-reads are highly accurate and capable of
recovering most types of repetitive sequences (Li R et al., 2015), which suggests
synthetic long-read technology can help play a good tradeoff between read length and
accuracy. However, given the relatively small N50 contig size with the long reads
compared with other sequencing platforms such as PacBio (Chin C-S et al., 2013),
complement of Illumina synthetic long reads by independent sources of data, for
example, sequencing reads of mate-pair library would be necessary to generate a
“finished”-grade genome (Li R et al., 2015).

Given the high accuracy but relatively short length of the synthetic long reads, it is
valuable to construct mate-pair libraries with insertion size more than 10 Kbp, the
average size of synthetic long reads (Li R et al., 2015), such as the mate-pair library
based on Fosmid clones with insertion size of 36 Kbp on average. Mate-pair
sequencing applied to large DNA fragments cloned in Fosmid (Kim U-J et al., 1992)
or BAC (Shizuya H et al., 1992) vectors plays an important role during Sanger-based
sequencing era (Williams LJ et al., 2012). The large insertions are able to span long
repetitive regions and segmental duplications, which provides long-range connectivity
in genome assembly. Fosmids are shorter than BACs but are easier to be produced
and manipulated. To get mate-pairs of Fosmids, several steps will be required: the
Fosmids are digested enzymatically and the bulk of genomic DNA fragment are
excised; the two ends of DNA insertions attached to Fosmids backbone are brought
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together by self-circularization; the ligated two ends will be isolated and sequenced.
Combined with high-throughput sequencing, Fosmid-sized mate-pair library has been
successfully applied for genome assembling (van Heesch S et al., 2013; Zimin A et al.,
2014; Mostovoy Y et al., 2016) and detection of structural variation on chromosomes
(Hampton OA et al., 2011).

In this study, I present a hybrid approach for de novo assembly of C. nigoni genome,
which combines Illumina synthetic long-read technology and parallel sequencing of
Fosmid mate-pair library. The methodology of the pipeline will be described and the
promise of this approach in de novo genome assembly will be discussed.
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3.2 Materials and Methods
3.2.1 Strains and maintenance
Strain JU1421 was used as a wild isolate of C. nigoni and maintained at 25℃ on
NGM plates seeded with E. coli OP50 as food source. JU1421 was subjected to
inbreeding for at least 70 generations before it was used for extraction of genomic
DNA and preparation of Fosmid and sequencing libraries.

3.2.2 Illumina synthetic long-read sequencing of C. nigoni genome
DNA extraction was performed by using PureLink® Genomic DNA Mini Kit
(Invitrogen). The sequencing library was prepared according to Illumina’s protocol.
500ng high quality genomic DNA was sheared in g-Tube by Covaris sonicator and
went through several steps including end repair, dA-tailing and adaptor ligation.
Products after adaptor ligation were size-selected for 8-10 Kbp by agarose gel and
followed by qPCR quantification. Based on the results of qPCR quantification, the
library was diluted and distributed into a 384-well plate. About 3 fg of the library was
assigned for each well and went through long range PCR. The PCR product of each
well went through Nextera tagmentation and amplified with 384 different barcoding
PCR primers. The barcoded final products were pooled together, purified,
concentrated, size-selected and eventually sequenced by HiSeq 2500 as 2 × 101 bp
with 8 bp barcode. The primary sequencing results were uploaded to Basespace and
pre-assembled by using TruSeq Long-Read Assembly App v1.0. In the first stage, the
sequencing and PCR errors of the reads were corrected and read depths were
normalized across fragments. In the second stage, the String Graph Assembler (SGA)
was used to construct a string graph based on the pre-processed reads, which was used
to produce an initial set of contigs with paired-end information from the short reads.
In the third stage, the contigs were further scaffolded to resolve repeats and fill gaps.
After examination of possible sequence errors and mis-assemblies, the assembled
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long-reads were generated as FASTQ files and used in following analysis.

3.2.3 Construction of C. nigoni Fosmid library
DNA extraction was performed by using PureLink® Genomic DNA Mini Kit
(Invitrogen). Fosmid library was prepared according to the protocol of NxSeq® 40 kb
Mate Pair Cloning Kit (Lucigen) with modifications. The genomic DNA went through
end-repair and size-selection for around 40 Kbp by running at 0.7% agarose gel at
40V overnight. Size-selected genomic DNA was recovered by using GELase Enzyme
and GELase 50X Buffer provided in CopyControl™ Fosmid Library Production Kit
with pCC1FOS™ Vector (Epicentre). The recovered genomic DNA was ligated into
pNGS FOS Cloning Vector provided in NxSeq® 40 kb Mate Pair Cloning Kit
(Lucigen), which contained NGS primer binding sites. The recombinant pNGS FOS
Fosmid clones were packaged into MaxPlax Lambda Packing Extract provided in
CopyControl™ Fosmid Library Production Kit with pCC1FOS™ Vector (Epicentre).
The packed Fosmid clones were transfected into Replicator FOS strain provided in
NxSeq® 40 kb Mate Pair Cloning Kit (Lucigen). The Replicator FOS strain was
spread on LB agar plates with chloramphenicol (12.5μg/ml). The clones were
inoculated into 96-well plates filled with LB broth with chloramphenicol (12.5μg/ml),
cultured and then stored in -80℃.

3.2.4 Paired-end sequencing of C. nigoni Fosmid library by NGS
The Fosmid clones were inoculated into 96-well plates filled with LB broth with
chloramphenicol (12.5μg/ml). They were cultured in 37℃ for 16 hours and pooled
with a four-dimension strategy by columns, rows, plates with the same last digit and
plates with ten continuous numbers (such as 1~10, 11~20,……, 261~270). The
Fosmids were extracted from those pools respectively and went through CviQI
enzyme digestion. The digested DNAs were run at 0.7% agarose gel at 85V for
50mins and were size-selected for 8-9 Kbp. The recovered Fosmid backbones
carrying two ends of genomic DNA insertions went through self-circularization and
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PCR amplification with barcoded Illumina compatible primers (Supplement Table.
3.1). The PCR products were sequenced as 2 × 250 bp on MiSeq and the FASTQ files
generated were used in the following analysis.

3.2.5 Read decontamination and mapping
The sequencing reads went through BLASTN locally against NR database with
default parameters to identify possible DNA contaminations. The hits with best match
(smallest e-value) to a target that does not belong to any Caenorhabditis genome were
treated as contamination and removed from the following analysis.

3.2.6 De novo genome assembly
Around 20X coverage of Illumina synthetic long reads produced for C. nigoni
(JU1421 inbreeding strain) were assembled as described (Li R et al., 2015). Reads of
Fosmid mate-pairs and BAC-ends (Liu X, personal communication) were used for
scaffolding with SSPACE (Boetzer M et al., 2011). C. nigoni pseudo chromosomes
were generated with syntenic information with C. briggsae. BAKER1 pipeline was
used to perform preliminary genome annotation (Hoff KJ et al., 2015).

3.2.7 Identification of orthologs and phylogenetic analysis
Protein coding genes among 14 core species from WormBase WS253 were used to
identify the ortholog groups. Multiple putative orthologs were directly inferred by
OrthoMCLv.2.0.9 (Li L et al., 2003) based on all-vs-all BLASTp with an E-value
cutoff of 1×e-5. The aligned protein sequences of a total of 248 single-copy orthologs
among the 14 species were used for phylogenetic analysis. The maximum-likelihood
(ML) analysis was performed by using the bootstrap RAxML pipeline (Stamatakis A,
2014) implemented in ETE3 package (Huerta-Cepas J et al., 2016). The estimation of
divergence time was calculated using RelTime method (Tamura K et al., 2012), and
further calibrated by adding two known pair-wise divergence time between species.
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3.2.8 Positively selection analysis for orthologs between C. briggsae
and C. nigoni
The pair-wise codon alignments between all 1:1 orthologs from C. briggsae and C.
nigoni were generated by using the ETE3 package (Huerta-Cepas J et al., 2016) with
Muscle (Edgar RC, 2004) as an aligner. The alignments were further curated by
Gblock (Castresana J, 2000) with the default parameter. The dN/dS ratio between 1:1
gene pairs were calculated by using KaKs_calculator 2.0 (Wang D et al., 2010) with
modified Li-Pamilo-Bianchi (MLPB) method (Tzeng Y-H et al., 2004). A gene with
dN/dS ratio >1 and an adjusted p-value <0.05 was considered as a positive selected
gene.

3.2.9 Gene family analysis
Protein coding genes of all 14 species were scanned against PfamA domains using
HmmScan (Eddy SR, 2011). A domain with multiple copies in a protein was counted
only once. The Pfam domain counts in C. nigoni were also compared against both C.
briggsae and the background average domain counts of the other 13 species. The
differences between the numbers were measured with Fisher’s exact test in R (V3.1.1)
(Team RC, 2016). Only gene families with p-value <0.05 were considered as
expanded/contracted. The gain or loss of domains in the evolution history of all the 14
species were counted using Count (Csűös M, 2010). The numbers of gene gain or loss
on each branches of the phylogenetic tree were calculated using Wagner parsimony
(Farris JS, 1970).

72

3.3 Results
3.3.1 Sequencing and assembly of C. nigoni genome
The currently used C. nigoni draft genome was assembled based on NGS paired end
reads with a read length of approximately 100 bp on average, which is impractical to
produce contigs and scaffolds with sufficient length and accuracy for further use
(Kumar S et al., 2012). One issue worthy of note is that the draft genome is
contaminated by genome sequence from C. afra to an unknown extent, leading to
further complication (Félix M-A et al., 2014). Previous study has already
demonstrated the high accuracy of Illumina synthetic long reads and also the capacity
of recovering most types of repetitive sequences except for tandem repeats arranged
in a long stretch (Li R et al., 2015). In this study, approximately 20X coverage of
Illumina synthetic long reads for C. nigoni were produced as previously described for
C. elegans genome assembly (Li R et al., 2015). Most reads are 10 Kbp in size on
average with 1.5 Kbp as minimum size. A total of 4075 contigs were assembled using
the long reads with an N50 around 63.4 Kbp.

A Fosmid library was constructed from C. nigoni comprised of 25920 Fosmid clones
arrayed in 96-well plates (around 8X coverage). All Fosmid clones were pooled into
57 super pools with a four-dimension strategy as described in the methods above.
Barcoded mate-pair tags from 57 super pools were added after amplification with
Illumina compatible primers. After sequencing, the mate-pair reads were mapped to
the contigs assembled using Illumina synthetic long reads and the insert size of
Fosmid library was determined as 36 Kbp on average. Total 6887 Fosmid mate-pairs
were combined with contigs and 2169 scaffolds were generated with an N50 size of
452.5 Kbp.

The scaffolds were aligned against C. briggsae (AF16) reference genome “cb4” (Ross
JA et al., 2011) to locate the syntenic blocks between the two species and the result of
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alignment was used for construction of C. nigoni pseudo chromosomes (Table. 3.1).
The assembled C. nigoni genome containing six pseudo chromosomes is comprised of
119 Mbp sequences with 22 Mbp remaining as so-called unassigned sequences.
Considering the residual heterozygosity even after inbreeding for over 70 generations,
the total size of the C. nigoni genome was estimated around 130-140 Mbp. This so
called “cn1” draft genome was used for the subsequent analysis.

Table. 3.1 The summary of C. nigoni genome assembly.

*1. The gaps are defined as a fragment with at least one hundred of continued “N” in
the assembly.
*2. The chromosome 7 contains a “un” chromosome

3.3.2 Annotation of C. nigoni genome
Preliminary annotation of predicted 24120 protein-coding genes was performed for
the “cn1” genome (Table. 3.2; Fig. 3.1; Supplement Fig. 3.1 and Supplement Table.
3.2), compared to 21863 in C. briggsae. By clear orthologous alignment, a total of
15168 one-to-one orthologs were identified between the two species, and 3765 gene
families contained one-to-many and many-to-many orthologs. In addition to an
expanded genome size, C. nigoni genome also encodes 1757 specific genes that are
not found in C. briggsae. The dN/dS ratios of those one-to-one orthologs were
calculated and 6 out of 15168 one-to-one orthologs were found to undergo underlying
positive selection after the split of the two species (dN/dS ratio > 1, p-value <0.05)
(Table. 3.3).

Table. 3.2 The gene prediction inside of the “cn1” genome assembly, compared
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with C. briggsae.

Table. 3.3 List of orthologous genes that undergo positive selection (1:1 orthology
with dN/dS > 1) between C. nigoni and C. briggsae. Fisher: Fisher’s exact test. nt:
nucleotide.
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Fig. 3.1 Overview of C. nigoni genome. Shown are densities of protein coding genes
(blue), transposable elements (TE) (red) and dN/dS ratio (cyan) of orthologous pairs
between C. nigoni and C. briggsae on chromosome I and X in 100 Kbp window size.

3.3.3 Estimation of divergence time between C. nigoni and C. briggsae
Based on the phylogenetic analysis (Félix M-A et al., 2014), C. nigoni and C.
briggsae are most closely related species that are identified so far. To estimate the
divergence time of those two species, 12 core species besides C. nigoni and C.
briggsae were chosen from WormBase (release WS253) as outgroups, including C.
elegans, C. sinica, C. remanei, C. tropicalis, C. brenneri, C. japonica and C. angaria
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in the Caenorhabditis clade and Pristionchus. pacificus, Brugia. malayi, Onchocerca.
volvulus, Panagrellus. redivivus, Streptococcus. ratti from less closely related groups.
Based on the fine or draft genomes of the 14 core species, the (1:1:1…1) orthologs
across all the core species were calculated and a total of 248 orthologs were used for
estimation of divergence time. Considering the divergence time between C. briggsae
and C. elegans is 80-110 MYA (Stein LD et al., 2003), and the divergence time
between P. pacificus and B. malayi is 350-540 MYA (Dieterich C et al., 2008), the
estimated divergence time between C. briggsae and C. nigoni is about 8.11 MYA (Fig.
3.2).

Fig. 3.2 The estimated divergence time for 14 core species. MYA, million years
ago.

3.3.4 Variation of gene content during evolution
The gene family analysis was performed by scanning all protein coding genes against
Pfam domains. The gain or loss of domains of all 14 core species were counted and
the results showed the numbers of gene gain or loss accompanying every speciation
(Fig. 3.3)
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Fig. 3.3 Estimation of gene gain/loss by counting Pfam domain in 14 core species.
Shown are gene gain (red) and gene loss (blue) accompanying every speciation. The
calculation of total gene gain (red)/loss (blue) in individual core species compared to
the common ancestor are shown on the right.

The Pfam domain counts in C. nigoni were also compared against average Pfam
domain counts of 13 core species besides C. nigoni. The gene families with a p-value
<0.05 were counted as expanded or contracted. Fig. 3.4 showed a total of 9 gene
families expanded in C. nigoni, compared to other 13 core species. Further estimation
of expansion and contraction of the total 9 gene families was performed for each of
the other 13 core species besides C. nigoni, by comparing the Pfam domain counts of
one species against average Pfam domain counts of all 14 core species for each gene
family (Fig. 3.4).
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Fig. 3.4 The heatmap showing gene family dynamics in C. nigoni compared with
other nematodes. The colors indicate the fold change of gene number inside one
gene family against the average number of 14 species. Red color indicates the
expansion of a gene family of one species, while blue color indicates the contraction
of a gene family.

Between C. nigoni and C. briggsae, the expanded gene families which carry at least
one transposase domain were retrieved for phylogenetic analysis (Fig. 3.5). The gene
families carrying MULE transposase domain, Pao retrotransposon peptidase domain,
or Tc5 transposase C-terminal domain show the highest expression in C. nigoni, while
the gene families carrying ISXO2-like transposase domain show the highest
expansion in C. briggsae.
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Fig. 3.5 The phylogenetic trees of the gene families with expansion in C. nigoni (A,
B and C) or C. briggsae (D). Red line: gene families expanded in C. nigoni, cyan line:
gene families expanded in C. briggsae.

3.3.5 Detection of synteny blocks
The overall synteny between all 14 species is characterized by counting the ratio of
orthologs placed in the same order against all orthologs (Fig. 3.6). Up to 92% of
orthologs of C. briggsae and C. nigoni are placed within the syntenic regions,
indicating a high degree of similarity in genome organization between the two
species.
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Fig. 3.6 A phylogenetic tree based on the synteny among 14 nematode species.
The synteny gain and synteny lose in 14 species. The color in each branch indicates
the ratio of genes within syntenic blocks.

The longest cn1 scaffold is around 3.6 Mbp, covering the regions mostly within the
Chromosome X (Fig. 3.7). Intriguingly, part of the synteny blocks aligns with C.
briggsae chromosome V, suggesting a translocation event from Chromosome V to
Chromosome X between C. nigoni and C. briggsae. Notably, the results shows that
about 80 Kbp region from Chromosome V_random in cb4 assembly is syntenic to this
scaffold, which is supposed to be adjacent to another region from chromosome V in
cb4. These results indicate a possibility of using the syntenic region from C. nigoni to
fix the unsolved contigs in cb4 assembly.
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Fig. 3.7 The dot plot showing the syntenic linearity between the longest cn1
scaffold and C. briggsae genome. C. briggsae chromosomes are differentially
color-coded. The vertical lines punctuate with the boundaries of individual C.
briggsae syntenic blocks.

3.4 Discussion
In this study, a hybrid de novo assembly pipeline was described, which combined
highly accurate Illumina synthetic long reads and mate-pair reads from Fosmid library
to assemble the genome of C. nigoni. Previous approaches of de novo assembly
usually fall short in highly repetitive regions due to the short length of reads. The
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single molecule real time sequencing (SMRT) from PacBio, as a representative of the
third generation sequencing, is able to generate sequencing reads up to 30 Kbp.
However, the error rate of SMRT is up to 15-18% (Carneiro MO et al., 2012). As an
alternative to the third generation sequencing, Illumina synthetic long read sequencing
can produce reads with lengths of 1.5-18.5 Kbp and an extremely low error rate
(~0.03% per base) (McCoy RC et al., 2014). According to our previous study, it has
been demonstrated that the synthetic long reads are capable of recovering most types
of repetitive sequences except for the tandem repeats arranged in a long stretch (Li R
et al., 2015). In this study, most of the synthetic long reads are approximately 10 Kbp
on average, which shadows the value of mate-pair libraries with relatively small insert
size, such as 2 Kbp, 3 Kbp or even 5 Kbp. Given this, a Fosmid library was
constructed with an insertion size of around 36 Kbp on average. Both Fosmids and
BACs carry a large insert DNA fragment, but Fosmids are more stable and easier to
work with. For a large DNA fragment, especially those larger than 150 Kbp, a steep
drop in cloning efficiency was observed (Williams LJ et al., 2012). Therefore,
Fosmids provide a good balance between insert size and cloning efficiency. Also the
relatively narrow size range of Fosmid insertions can provide benefits for accurate
scaffolding of contigs.

Different from another approach of pair-end sequencing of Fosmid libraries, which is
called Fosill, a method that can convert Fosmids to Illumina-compatible jumping
libraries (Williams LJ et al., 2012), our method does not involve any modification of
Fosmid vectors. The commercial vector pNGS FOS used in this study contains primer
binding sites with no barcodes for Illumina platforms, but the barcodes can be easily
added to mate-pair tags in the last PCR amplification step by using Illumina
compatible primers carrying different barcodes inside. The results showed that the
barcodes were exactly introduced to the PCR products of mate-pairs, leading to
multiplex sequencing on Illumina platform. Such sequencing combined with a
four-dimension pooling strategy can enable physical mapping of most Fosmid clones
based on high-throughput sequencing reads, which provide specific information on
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correspondence between individual Fosmid clone and the sequence of its mate-pair
tag. By aligning the mate-pair tags to genome sequence, the physical mapping of
Fosmid clones becomes feasible.

Compared with Fosmid “diTags” method for physical mapping (Hampton OA et al.,
2011), one advantage of our method is that longer sequencing reads are allowed (up to
2 × 250 bp in this study, but even 2 × 300 bp are possible), whereas the diTags are
limited to 2 × 26 bp. This is beneficial for assembly and mapping in that two different
mate pair ends located in repetitive regions could be discriminated more efficiently
(Williams LJ et al., 2012).

However, there are a few difficulties encountered in this study during construction
and multiplex sequencing of the Fosmid library. First, the construction of Fosmid
library is sensitive to quality and quantity of the input DNA. For example, short or
degraded DNAs will severely decrease the cloning efficiency. Second, Fosmid
libraries are prone to the bias induced by PCR amplification. In order to get mate-pair
tags, most DNA inserts are treated by CviQI enzyme digestion. The size range of the
mate-pair tags is approximately 200-3000 bp and the shorter inserts may be enriched
by PCR amplification, leading to a bias against longer inserts. In this study, the cycle
number of PCR was reduced to 15 to alleviate biased amplification. It is worth noting
that, there is a limitation to the insert length of sequencing library on Illumina
platform. If too long (> 2000 bp), they may fail to generate clusters on the flowcell,
leading to a poor quality score of the reads. Therefore, extra size-selection of
sequencing libraries was performed for 200-2000 bp after PCR amplification, so that
the mate-pair tags longer than 2000 bp will be excised out and not be sequenced.
Moreover, the reads of mate-pair tags were mapped back to contigs and the results
surprisingly showed that for some mate-pair tags, the forward and reverse reads were
mapped to the same region, rather than to the different regions as expected for a
mate-pair tag. We speculate that, due to the random distribution of CviQI enzyme
cutting site, the residual length of one tag between a mate-pair happens to be very
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short, and very close to Illumina sequencing primers binding sites. Such short tag
might be trimmed off based on their poor quality scores during FASTA QC process,
leaving the remaining mate-pair tags mapped to the genomic regions.

In this study, a de novo assembly of C. nigoni genome was generated, referred to as
“cn1” genome. The estimated genome size is 130-140 Mbp, which is about 20-25%
larger than the genome of C. briggsae, a close relative of C. nigoni. Based on the
annotation of C. nigoni genome, a total 15168 one-to-one orthologs are calculated
compared to C. briggsae but only 6 out of them are undergoing positive selection,
indicating that most of those orthologs between the two species are well conserved
over evolution. The ortholog CBG15218, with highest dN/dS ratio among the 6
orthologs, is involved in protein deubiquitination, suggesting that the divergence of
CBG15218 may play an important role in C. nigoni under positive selection.
According to the orthologs across all 14 core species, the estimated divergence time
between C. briggsae and C. nigoni is about 8.11 MYA, which is larger than 3.5 MYA
as predicted in other study (Thomas CG et al., 2015).

The difference in genome size between C. briggsae and C. nigoni may be with a
product of the different reproductive modes of the two species, with C. nigoni
adopting outcrossing while C. briggsae self-fertile hermaphroditic mode respectively.
Such patterns can also be observed in other nematode species (Fierst JL et al., 2015)
and plants (Wright SI et al., 2008). Consistent with this, the number of annotated
protein-coding genes in C. nigoni is higher than in C. briggsae, whereas the numbers
of gene gain and loss are more or less similar between the two (Fig. 3.3). Expansion
and contraction at the level of gene family are further analyzed to account for the
observed difference in genome sizes. Compared with other 13 core species, several
gene families show significant expansions in C. nigoni. Among those expanded gene
families, one containing Tc5 transposase C-terminal domain is inherited from a
common ancestor with C. sinica and C. remanei, while most of the remaining are
expanded after split from C. briggsae. Intriguingly, the gene family containing Tc5
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transposase C-terminal domain shows a unique contraction in C. briggsae based on a
comparison of gene family expansion and contraction of C. briggsae relative to the
remaining Caenorhabditis species (Fig. 3.4). Moreover, most of the gene families
expanded in C. nigoni relative to other 12 core nematode species show an overall
contraction in C. briggsae except for one family, which carries Nematode
insulin-related peptide beta type, suggesting a C. briggsae-specific contraction of
these gene families. Consistent with this, C. briggsae genome size is substantially
smaller than that of C. nigoni. Such genome shrinkage is also observed between C.
briggsae and C. remanei, another outcrossing Caenorhabditis species (Fierst JL et al.,
2015). We have identified a total of around 2,200 more protein-coding genes in C.
nigoni genome than in C. briggsae genome (Table. 3.2). Given the average size of a
protein-coding gene is approximately 5 Kbp in size (Consortium S, 1998), the extra
genes in C. nigoni may occupy another 10 Mbp genomic region. However, most of
these genes are fast evolving with relatively simple gene structure; we speculated the
average size of these genes may lie between 3-4 Kbp in size. Therefore, we estimated
that these 2,257 genes may account for about 7-8 Mbp of genome size. Since our
estimated C. nigoni genome is approximately 24 Mbp bigger in size than that of C.
briggsae, the remaining differences in genome size may mostly be accounted for by
the different sizes in receptive sequences as stated in Chapter 4.

Among those protein-coding genes, transposable elements (TEs) containing
protein-coding domains are further analyzed between C. briggsae and C. nigoni.
Some TE families are identified as significantly expanded in C. nigoni than in C.
briggsae and phylogenetic relationship appears to be very close among those TE
families containing one specific Pfam domain, such as MULE transposase domain,
Pao retrotransposon peptidase domain, or Tc5 transposase C-terminal domain (Fig.
3.5), suggesting that several TE families carrying certain protein-coding domains are
expanded in C. nigoni after split from C. briggsae. Those expanded TE families may
be misregulated in hybrids between C. briggsae and C. nigoni, potentially leading to
HI phenotypes.
86

Synteny analysis between C. briggsae and C. nigoni revealed very concordant
genome continuity between two genomes. A high quality assembled long scaffold
may not only facilitate assembly of C. nigoni genome, but also provide a way to fix or
assemble fragmented C. briggsae fragments into its native genomic environment as
shown in Fig. 3.7.

In summary, the de novo assembly of C. nigoni genome “cn1” was generated in this
study by using a hybrid approach as described above. The “cn1” genome paves the
way for identification of HI related genes between C. briggsae and C. nigoni and
facilitates the study of evolutionary biology during development in nematode species.
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Supplement

Supplement Fig. 3.1 Overview of C. nigoni genome continued from Fig. 3.1.
Shown are densities of protein coding genes (blue), transposable elements (TE) (red)
and dN/dS ratio (cyan) of orthologous pairs between C. nigoni and C. briggsae on
chromosome II - V in 100 Kbp window size.
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Supplement Table. 3.1 List of barcoded Illumina compatible primers.

Supplement Table. 3.2 The dN/dS ratio of C. briggsae: C. nigoni 1:1 orthologous
genes (Partial list).
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Chapter 4

Molecular characterization of hybrid male sterility associated
with an X-Chromosome introgression
Abstract
Hybrid incompatibility (HI) lies at the heart of speciation genetics, as a barrier
preventing gene flow between species. One of the most common HI phenotypes is
male sterility. Two superficially contradictory observations exist for hybrid male
sterility. The first is so-called large-X theory, which states that an introgression on the
X chromosome is more likely to produce male sterility than on autosome. Second,
spermatogenesis genes are depleted on the X chromosome but enriched on the
autosomes, referred to demasculization of X chromosome. Gene expression studies in
Drosophila hybrids show that a genetic interaction between X chromosome and
autosomes plays an essential role in male fertility. However the mechanism
underlying such an interaction remains largely unknown. In this study, we examine
the interaction in nematode species based on comparison of the expression of both
coding genes and TEs between hybrid sterile males and its parental nematode males.
Two lines of hybrid sterile males each carrying an independent introgression fragment
from C. briggsae X chromosome in an otherwise C. nigoni background, demonstrate
similar defects in spermatogenesis. A similar pattern of downregulated genes that are
specific for spermatogenesis between the two hybrids and wild type control was
observed. Importantly, the downregulated genes caused by the X chromosome
introgressions are significantly enriched on autosomes, suggesting an epistatic
interaction between the X chromosome and autosomes. The results show that a subset
of 22G RNAs specifically targeting the downregulated spermatogenesis genes are
significantly upregulated in hybrids, indicating that perturbation of small
RNA-mediated regulation may contribute to the X-autosome interaction.
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4.1 Introduction
Among many types of measurable reduction in fitness, hybrid incompatibility (HI) is
commonly seen in interspecific hybrids. Hybrid male sterility is one of the most
extreme types of HI, which may completely block gene flow between two species.
The genetic and molecular bases underlying an observed HI may vary dramatically
across species, suggesting a necessity of dissecting HI across diverse taxa to obtain a
global view of genetic or genomic conflict leading to HI in hybrids. According to
Haldane’s rule, the heterogametic hybrid progeny are more likely to suffer HI
compared to their homogametic siblings (Turelli M et al., 1995; Schilthuizen M et al.,
2011). One explanation for this is the dominance theory, which states that the
recessive and sex-linked alleles in the heterogametic hybrid progeny will manifest full
effects leading to HI because of hemizygosity, while the effects will be shadowed by a
second copy of a wild-type allele in homogametic hybrid progeny (Turelli M et al.,
2000). Dominance theory has gained wide support in genetic studies of hybrid
sterility in both animal and plant species (Masly JP et al., 2006; Yang J et al., 2012).

However, expression and genetic analyses have revealed seemingly contradictory
roles of the X chromosome in hybrid male sterility. On the one hand, during
spermatogenesis, genes expressed in the germline are enriched on the autosomes but
depleted on the X chromosome in both Drosophila and Caenorhabditis species
(Reinke V et al., 2004; Sturgill D et al., 2007; Ortiz MA et al., 2014; Vicoso B et al.,
2015). Also, histone markers indicative of active gene transcription are depleted on
the X chromosome but enriched on autosomes in C. elegans male germline, which is
opposite for repressive histone markers (Kelly WG et al., 2002; Schaner C et al.,
2006). Those observations are consistent with the hypothesis of X demasculization or
sexual antagonism and X inactivation (SAXI) (Wu C-I et al., 2003). On the other
hand, the X chromosome is found to play a disproportionately larger role than
autosomes in development of hybrid male sterility (Masly JP et al., 2007; Bi Y et al.,
2015). This discrepancy could possibly be explained by the presence of a genetic
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interaction between the X chromosome and autosomes. Such an interaction leading to
correct expression ratios between the X chromosome and the autosomes (hereafter
termed as X:A imbalance) is essential for spermatogenesis (Wu C-I et al., 2003). To
detect such an interaction, the clearest way is to use hybrid sterile males carrying a
defined introgression from another species in an otherwise isogenic genetic
background. Indeed, it has been revealed that the testis genes on autosome were more
likely to be misexpressed than those on the X chromosome according to expression
analyses between hybrid D. simulans males that carry a fertile or sterile introgression
(Lu X et al., 2010). The difference in a small region of the X chromosomes between
hybrid fertile and sterile males leads to identification of the Ods-site homeobox
(OdsH) locus of hybrid sterility (Ting C-T et al., 1998; Sun S et al., 2004), supporting
a genetic interaction between X and autosomes. However, how the interaction is
maintained and whether a similar interaction is present in other taxa are largely
unknown.

Transposable element (TE) is another important factor contributing to HIs
(Maheshwari S et al., 2011). When introduced into a new host, TEs may become
aberrantly activated due to the lack of a specific control mechanism. A wide spread
invasion of TEs in the host genome may lead to hybrid sterility or lethality. For
example, researchers have observed TE mobilizations in hybrids between different
marsupial species (Metcalfe CJ et al., 2007) and between Drosophila species (Shpiz S
et al., 2014; Erwin AA et al., 2015). The genetic interaction of two HI genes Hmr and
Lhr causes hybrid lethality between D. melanogaster and D. simulans (Brideau NJ et
al., 2006). Hmr and Lhr are also required to repress transcription from satellite DNAs
and many families of TEs in its native host revealed by RNA-seq analysis (Satyaki PR
et al., 2014). One possible cause of aberrant TE expression in hybrids is altered
expression of Piwi-interacting small RNAs (piRNAs). The piRNAs could interact
with the Piwi family of Argonaute proteins to control the expression of TEs in the
germline (Di Giacomo M et al., 2013). Through generation of new piRNA clusters,
including de novo production of piRNA and other type of small RNAs, the piRNA
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population in a host can rapidly adapt to the TE content (Shpiz S et al., 2014; Senti
K-A et al., 2015), which can be seen clearly through the phenomenon of hybrid
dysgenesis. For example, the intraspecific crosses between different Drosophila lines
with and without a particular TE produce sterile progeny, due to a requirement for
maternally deposited piRNAs for silencing a paternally derived TE (Brennecke J et al.,
2008). Consistent with this, the interspecific hybrids in Drosophila phenocopy piRNA
pathway mutants (Kelleher ES et al., 2012). It remains largely unexplored whether
de-silencing of TEs is directly involved in interspecific hybrid sterility in other
species. In most of the studies on TE-mediated hybrid sterility or lethality, total RNAs
were extracted from hybrid F1 animals with a largely heterozygous genetic
background. It is worth noting that both sets of piRNA loci on autosomes are present,
so it is difficult to determine whether the causative for TE dysfunction is
misexpression of piRNAs and whether TE dysfunction itself is responsible for
sterility.

Newly isolated nematode C. nigoni, previously known as C. sp.9 (Félix M-A et al.,
2014) as a C. briggsae sister species, opens the possibility of interspecific HI study in
nematode species. As a new species pair model for identification of HI loci, we have
backcrossed C. briggsae chromosomes with GFP markers into defined C. nigoni
genomic regions (Bi Y et al., 2015). Multiple independent introgressions from C.
briggsae X chromosome in C. nigoni background produce sterile males (Bi Y et al.,
2015), but the molecular mechanism underlying the observed sterilities remains
undetermined. By using genomic approaches in this study, we examined the
molecular mechanisms of hybrid male sterility between C. briggsae and C. nigoni.
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4.2 Materials and Methods
4.2.1 Strains and maintenance
Strains JU1421 and AF16 were used as wild isolates of C. nigoni and C. briggsae
respectively throughout the thesis. Hybrid male sterile strains ZZY10307 and
ZZY10330 were produced previously by backcrossing with GFP-labeled C. briggsae
strains with JU1421 for at least 15 generations (Bi Y et al., 2015). The
GFP-containing introgression fragments were maintained as a female heterozygote.
All worms were maintained on NGM plates seeded with E. coli OP50 as food source
at 25°C.

4.2.2 Genotyping of introgression boundaries by NGS
The introgression boundaries of ZZY10307 and ZZY10330 were genotyped as
described (Bi Y et al., 2015). A total of 1.5 M and 1.7 M reads were generated for
ZZY10307 and ZZY10330, respectively. The reads were mapped back to the
combined C. briggsae (“cb4”) and C. nigoni reference genomes (“cn1”). The
coverage of reads was visualized with C. briggsae genome as shown in Fig. 4.1 and
Supplement Fig. 4.1.
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Fig. 4.1 Characteristics of two hybrid male sterile lines. (A-C) Confirmation of
introgression boundaries by NGS for ZZY10307 (A) and ZZY10330 (C), each
carrying an introgression derived from C. briggsae X chromosome in an otherwise C.
nigoni background. Read coverage (y axis) is shown across C. briggsae X
chromosome coordinate (x axis). Genotyping results by single-worm PCR are shown
in the middle (B), with PCR positive and negative corresponding to the presence and
absence of C. briggsae-specific amplification respectively. (D) Schematic diagram
showing the steps of generating two hybrid sterile lines. (E-J) Sperm morphology and
activation in C. nigoni (JU1421) or hybrid males. (E-G) DIC micrographs showing
sperm morphologies for JU1421, ZZY10307 and ZZY10330 respectively. (H-J) DIC
micrographs showing sperm activations for JU1421, ZZY10307 and ZZY10330
respectively. Residual bodies and sign of activation in hybrids are indicated with an
arrow head and arrow respectively. SM: sperm media.
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4.2.3 Compilation of TEs in C. nigoni and C. briggsae genomes
With the genome sequences of C. nigoni (“cn1”, this study) and C. briggsae (“cb4”)
as an input, RepeatModeler (version 1.0.7) was used to de novo annotate putative TEs
respectively with default parameters. The consensus sequences of TEs produced were
used as an input to RepeatMasker (version 4.0.4) and all the possible TE loci were
annotated over the two genomes. Then the genome sequences were aligned against
possible TEs in the two annotation pipelines by using RMblast (version 2.28).

4.2.4 Quantification of mRNAs by NGS
300 young adult males were picked for mRNA extraction for each sample for C.
briggsae (AF16), C. nigoni (JU1421), ZZY10307 and ZZY10330 in three replicates.
To collect young adult males of ZZY10307 and ZZY10330, fertile females that carry
the introgression were mated with JU1421 males. Judging by the expression of
cbr-myo-2::GFP under a fluorescence microscope, the male progeny that carry the
introgression were picked for mRNA extraction. The initial plan was to use dissected
germlines for RNA extraction, but it turned out to be impractical to dissect germline
from hybrid sterile males as hydrostatic pressure in the sterile males is not comparable
to parental males (data not shown). Total RNAs were extracted using TRIzol
(Invitrogen) following the manufacturer’s instructions and mRNA purification and
fragmentation, cDNA synthesis, end repairing, adapters ligation, and DNA fragment
enrichment were performed using Illumina’s TruSeq Stranded mRNA Library
Preparation Kit based on the Kit’s manual. Each library was bar-coded and sequenced
using Illumina MiSeq to obtain pair-end (2×150 bp) reads. Approximately 8 million
reads of high-quality score (>30 mean quality score) were achieved on average per
sample.

4.2.5 Quantification of small RNAs by NGS
RNA were extracted from C. briggsae (AF16), C. nigoni (JU1421) and hybrid
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(ZZY10330) males expressing GFP and treated with 2ul RppH (NEB) to remove both
5’ caps and 5’ triphosphate to enable cloning of 22G RNAs. Libraries were
constructed using the Illumina TruSeq small RNA library prep kit according to the
manufacturer’s instructions.

4.2.6 Data analysis of mRNA-seq reads.
All the mRNA-seq reads were mapped against C. briggsae genome (“cb4”) using
CLC genomic workbench 8.0. A relaxed mismatch cutoff was used for reads derived
from C. nigoni and hybrids than for those derived from C. briggsae to ensure the
same mappability between C. nigoni and C. briggsae reads against C. briggsae ORFs.
The gene with fold change >2 and FDR <0.01 between C. nigoni (JU1421) and a
hybrid was considered as a DEG (differentially expressed gene). All reads from
mRNA-seq were mapped against the TE consensus sequences as described above
using CLC genomic workbench 8.0 for quantification of TE expression, with a cutoff
of at least 75% similarity and 75 % length. Total numbers of the mapped reads were
counted for calculation of the differential expression between JU1421 and hybrids in
the similar way as that for mRNAs.

4.2.7 Enrichment analysis of misregulated genes
Gene ontology (GO) terms for C. elegans and the C. elegans/C. briggsae ortholog
table were fetched from WormBase (WS250) and the gonad-specific gene categories
were previously defined by the comparison of RNA-seq results between C. elegans
male and female specific gonads (Ortiz MA et al., 2014). The C. briggsae GO term
and gonad-specific gene categories were built based on the ortholog table from C.
elegans data. The sex-biased gene categories for C. briggsae were fetched from the
comparison of RNA-seq results of C. briggsae male and female worms (Albritton SE
et al., 2014). The enrichment analysis was carried out for GO terms, gonad-specific
and sex-biased gene categories using ClusterProfiler (Yu G et al., 2012) by
hypergeometric test in R statistical computing environment (Team RC, 2016). The
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p-value and FDR were calculated for each category and the categories with FDR <
0.05 were reported.

4.2.8 Data analysis on small RNAs
To identify piRNAs, 21U-RNAs that did not map either exactly or with up to 1
mismatch to a C. briggsae miRNA were collected and aligned to the C. nigoni
genome assembly (“cn1”) using bowtie, allowing 0 mismatches and reporting only
one alignment per sequence. Plots of the density of piRNA loci across the C. nigoni
genome were examined using histograms made in R. It was verified that piRNAs
were strongly enriched at the syntenic regions to the C. briggsae piRNA clusters
described previously (Shi Z et al., 2013). Plots of the piRNA clusters were then
prepared to compare the number of unique sequences per million total unique
sequences. The Wilcoxon test (unpaired) were used to assess the difference in the
overall piRNA read counts, which makes no assumption about the distribution
involved.

22G RNAs were aligned to either TEs or transcripts from C. nigoni. The total counts
for 22G RNAs mapping to individual genes or TEs were assessed and this total read
count was normalized to the total number of mapped 22G RNAs. Annotations of 22G
RNAs mapping to C. briggsae (Claycomb JM et al., 2009) were used to compare the
22G RNAs mapping to different gene classes. CSR-1 targets in C. briggsae
hermaphrodites were reported in this study by a direct immunoprecipitation approach,
and information about WAGO targets was also added by homology. These annotations
were supplemented with identification of CSR-1 targets in C. elegans males (Conine
CC et al., 2013). Then blast was used to identify the best matching C. nigoni
transcript to the C. briggsae transcriptome. The genes that failed to map with an
e-value of less than 10-4 were discarded, for which a homologue with a better than 10-4
e-value could not be assigned. The significance of up- or downregulation of 22G
RNAs were assessed using the Wilcoxon test (paired between individual loci), which
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does not make any assumption of the underlying distribution.
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4.3 Results
4.3.1 Replacement of different fragments of the C. nigoni X
chromosome with homologous regions from C. briggsae results in
defective spermatogenesis and sterility
Multiple independent introgression lines that demonstrate complete male sterility
were produced based on previous systematic introgression of GFP-linked C. briggsae
genomic fragment into C. nigoni background (Bi Y et al., 2015). Here two male
sterile lines were used in this study with each carrying an independent,
non-overlapping fragment from the C. briggsae X chromosome (Fig. 4.1). The
females are fertile with either of the introgressions as a heterozygote. ZZY10330
carries a fragment from the right arm of the C. briggsae X chromosome that is
approximately 5.1 Mbp in size and ZZY10307 contains a fragment from the middle of
the C. briggsae X chromosome which is approximately 7.6 Mbp in size (Fig. 4.1A to
C). We achieved the introgressions by repeated backcrossing of the GFP-linked C.
briggsae genomic fragment into C. nigoni for at least 15 generations (Fig. 4.1D) (Bi Y
et al., 2015). The genomic background of the two male sterile lines is purely derived
from C. nigoni except for the introgression region. The introgression boundaries were
determined by single-worm PCR (Yan C et al., 2012) and NGS as described (Bi Y et
al., 2015). The introgression boundaries defined by NGS agree well with those by the
PCR-based genotyping results as expected in both strains (Fig. 4.1B). We did not find
any extra C. briggsae fragments in the introgression lines (Supplement Fig. 4.1),
indicating that the two lines carry essentially a C. nigoni genomic background except
for a GFP-labeled C. briggsae genomic fragment.

Germline morphology was examined in the hybrid males at first to investigate
whether the observed sterilities are caused by defective spermatogenesis. The results
showed that, the male germlines of ZZY10307 and ZZY10330 are disorganized and
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appear to lack an obvious turn (Supplement Fig. 4.2A & B), compared to the typical
“U” shape as seen for male germline of C. nigoni. Additionally, unlike those observed
in the F1 hybrids between the two species (Ting JJ et al., 2014), the sperm cell were
displaced anteriorly, suggesting a defect in spermatogenesis. Next, the mating tests
were performed by mating MitoTracker-stained sterile males with C. nigoni virgin
female to examine whether the sterility is produced by failed sperm-transfer. The tests
proved that sperm transfer was successful for both ZZY10307 and ZZY10330
(Supplement Fig. 4.3A & B), excluding the failure in sperm transfer during copulation
as a cause of sterility. Finally, we checked the morphology of the sperm cells and
evaluated their competences for activation in C. nigoni males and both hybrids. The
sperm cells in the two lines showed similar phenotypes, such as irregular shapes and
smaller sizes compared to C. nigoni (Fig. 4.1E to J). Residual bodies were frequently
found in the sperm cells from ZZY10330, suggesting a defect in spermatogenesis (Liu
Z et al., 2013). Then the activation potential of the sperm in both sterile males and
JU1421 was evaluated. C. elegans sperm can be activated by either of Pronase, zinc,
monensin or TEA (Liu Z et al., 2013), however, C. nigoni sperm cells can only be
activated by Pronase (Fig. 4.1H and data not shown). Based on our observation, the
sperm cells from both sterile males also showed a sign of activation (Fig. 4.1I & J),
despite the abnormal size and shape, but they may not be competent enough for
fertilizing C. nigoni oocytes. All the data demonstrate that the sterilities are mainly
caused by defective spermatogenesis in both ZZY10307 and ZZY10330.

4.3.2 Independent introgressions on X chromosome produce a similar
pattern of downregulation in genes that are significantly enriched on
autosomes
In previous studies, a biased expression of spermatogenesis genes between X
chromosome and autosomes was observed by using microarray, RNA-seq or antibody
staining, which states that most genes expressed in male germline are located on
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autosomes but depleted from X chromosome (Albritton SE et al., 2014; Ortiz MA et
al., 2014). We hypothesized that the “imbalanced expression” between X
chromosome and autosomes could be disrupted by replacement of part of the C.
nigoni X chromosome with its homologous sequence from C. briggsae, leading to the
observed sterilities. To test this, RNA-seq analysis was performed to quantify the
mRNA transcripts in the two sterile male lines and their parental males from C.
briggsae and C. nigoni (Supplement Table. 4.1). Around 8 million reads were
produced for each sample with three replicates each and mapped against annotated
coding sequences in C. briggsae (AF16) (Harris TW et al., 2014). We also de novo
assembled the reads into transcripts using Trinity (Haas BJ et al., 2013) for the
purpose of small RNA mapping as detailed below.

A total of 574 and 922 genes were identified that are significantly upregulated in the
males of ZZY10307 and ZZY10330 respectively. 1242 and 1317 genes are
significantly downregulated respectively in the two compared with C. nigoni males
(Supplement Table. 4.2). Compared with C. nigoni males, a total of 358 and 860
genes are significantly up- and downregulated respectively in both hybrid lines (Fig.
4.2A). Intriguingly, the downregulated genes share a highly overlapping set of genes
between the two independent introgression lines (p<1e-5 by random sampling),
whereas the similar overlapping pattern is not observed in upregulated genes (Fig.
4.2B). Between the two sterile lines, overall similarity of gene expression is much
higher than that between JU1421 and either of the two (Fig. 4.2C and 4.2F to H).
Despite the introgression fragments are located on X chromosome, the ratio of
downregulated genes on autosomes is disproportionately higher than that on the X
chromosome (p<1e-17, Fisher’s exact test). Although X chromosome carries around
17% of protein coding genes in C. nigoni, only 4% of the shared downregulated genes
are located on the X chromosome in contrast to 96% of the shared downregulated
genes located on the autosomes (Fig. 4.2D to E). It is worth noting that we did not
observe such enrichment for the upregulated genes in both hybrid males (Fig. 4.2E).
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Fig. 4.2 Expression profiling of coding genes in male hybrids and their parental
males. (A) Venn diagrams showing shared numbers of up- or downregulated genes
between both hybrid males and C. nigoni. (B) The bootstrap test for the intersection of
misregulated genes between two hybrids. The observed number of intersection from
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downregulated genes (860, blue line) is significantly higher than random, while the
observed number of intersection from upregulated genes (358, red line) is not higher
than random. The bootstrap sampling was performed 100000 times with one-tailed p
value shown on the top. Green: p<0.05; red: p>0.05. (C) A heat map showing
hierarchical clustering of normalized expression for the shared up-(red) and
downregulated (green) genes in (A) for each RNA-seq sample of C. briggsae (AF16),
C. nigoni (JU1421), ZZY10330 and ZZY10307. Expression of each gene is
normalized against the average of 12 samples. (D) Chromosomal distribution of up(brown) and downregulated genes (green) as defined in (C). (E) Percentages of down(green) or upregulated genes (red) on autosomes or X chromosome. Note the
percentage of downregulated genes is significantly higher on the autosomes than on
the X chromosome regardless the genes are located within or outside the
introgressions; whereas no significant enrichment is found for upregulated genes. (F,
G) A pairwise comparison of overall expression in males between ZZY10307 (F) or
ZZY10330 (G) and C. nigoni respectively. Correlation coefficient (R) is indicated. (H)
A pairwise comparison of overall expression in males between ZZY10307 and
ZZY10330.

To evaluate whether the locations of genes within and outside of the introgressions are
associated with differential patterns in misregulation, the C. briggsae X chromosome
was divided into three distinct regions, i.e, introgression from ZZY10307 and
ZZY10330 and the remaining region. The sizes are 7.7, 5.1 and 8.7 Mbp respectively.
The number of C. briggsae genes showing misregulation in the hybrid background
within each introgression was recorded. We also counted the number of C. nigoni
genes orthologous to the C. briggsae genes within the remaining 8.7 Mbp (X_other in
Fig. 4.2D & E) that showed misregulation in the hybrid background. There is no
significant enrichment of upregulated genes located within or outside of both
introgressions on the X chromosome (Fig. 4.2D & E). However, a significant
enrichment of genes within introgression region of ZZY10330 was observed
compared with those outside of both introgressions on the X chromosome (p=1e-4,
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Fisher’s exact test, Fig. 4.2E). We performed a pairwise comparison of genes located
within the introgression regions between a hybrid and its native parental strain. The
results reveals that the expression pattern of genes located within the ZZY10330
introgression is comparable to both parents, while the genes within the ZZY10307
introgression region seem to be expressed in a more similar way as those in C.
briggsae than in C. nigoni (Supplement Fig. 4.4). Additionally, we calculated the
correlations of expression between genes within introgression and those in both
parental species. The results are higher in ZZY10307 (with a correlation coefficient of
0.817 and 0.903 respectively) than in ZZY10330 (with a correlation coefficient of
0.744 and 0.717 respectively), suggesting a higher level of gene misregulation in the
introgression of ZZY10330 than in the introgression of ZZY10307. In summary,
preferential downregulation of autosome-linked genes associated with male sterilities
are induced by independent replacements of X chromosome fragment in hybrids.
Such an interaction between X chromosome and autosomes is consistent with the
hypothesis of demasculization of X chromosome.

4.3.3 Only spermatogenesis genes are significantly enriched in the
downregulated gene set in both hybrid sterile males
Given the male sterility phenotype associated with the two introgressions seems to be
caused by defective spermatogenesis (Fig. 4.1E to J), we tried to find the relationship
between the misregulated genes shared in both sterile strains and the sterility
phenotype. In recent studies, the classification of C. elegans male- and
female-specific germline genes as well as C. briggsae sex-biased genes was
performed by using RNA-seq data (Thomas CG et al., 2012; Albritton SE et al., 2014;
Ortiz MA et al., 2014). We applied these classifications into our results and examined
whether our misregulated genes showed enrichment in the categories of
spermatogenesis or male specific ones (Supplement Table. 4.3). The enrichment
analysis was performed separately for the down- and upregulated genes shared
between the two hybrids against spermatogenesis or male-specific genes. Only
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spermatogenesis genes showed significant enrichment in the downregulated gene list
(FDR<0.01), while no enrichment of oogenesis and gender neutral ones was observed
in the list (Fig. 4.3A, Supplement Table. 4.3). However, all categories showed no
significant enrichment in upregulated genes. We also performed similar enrichment
analysis using sex-biased genes defined by previously (Thomas CG et al., 2012;
Albritton SE et al., 2014) and found that male specific genes were significantly
enriched in the downregulated gene list (Fig. 4.3B, Supplement Table. 4.3).
Additionally, a category of “Low Male” genes were also significantly enriched in the
upregulated list, although the scale was much lower than that in the downregulated list.
According to gene ontology (GO) analysis, genes involved in protein phosphorylation
or regulation of cell shape are significantly enriched (Fig. 4.3C), indicating possible
involvement of these pathways in spermatogenesis. In both hybrids, the upregulated
genes were not enriched on either spermatogenesis (Fig. 4.3A) or autosomes (Fig.
4.2E), indicating that these genes may be involved in general developmental pathway
or physiology other than spermatogenesis. Consistent with this, these genes are
primarily involved in response to nutrient levels or extracellular stimuli as judged by
gene ontology analysis (Fig. 4.3C). When the misregulated genes were analyzed
separately for the two hybrid strains, the results revealed similar enrichment patterns
(Supplement Fig. 4.5). Intriguingly, we also observed a significant enrichment on the
autosomes versus the X chromosome for the downregulated but not the upregulated
genes (Supplement Fig. 4.5). In summary, it is the preferential downregulation of
spermatogenesis genes that are mainly located on autosomes that leads to male
sterilities associated with non-overlapping replacements of X chromosome fragment.
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Fig. 4.3. Enrichment analysis of down- or upregulated genes against sex-biased
genes. Analysis was performed separately for downregulated and upregulated genes
found in both hybrids against the gene categories defined by two previous studies (see
text). Note a significant enrichment of spermatogenesis genes (A) or male specific
genes (B) in the downregulated gene list. “Low male” category also shows a
significant enrichment for upregulated genes, but its ratio is not comparable to those
in downregulated list. (C) Gene ontology analysis of down- or upregulated genes
shared by the two sterile lines.

107

4.3.4 Few transposable elements show aberrant expression in the
hybrid sterile males compared with C. nigoni males
Overexpression of TEs which is associated with male sterility is frequently found in
F1 hybrids (Rozhkov NV et al., 2013; Erwin AA et al., 2015). Despite the fact that
the introgression lines were subjected to backcrossing for at least 15 generations (Bi Y
et al., 2015), we still tried to figure out whether misregulation of TEs might be
associated with the observed male sterility. A TE list was de novo compiled from both
C. briggsae and C. nigoni genomes (Supplement Fig. 4.6) and a total of 247 and 319
families of TE was defined in C. briggsae and C. nigoni respectively (Supplement
Table. 4.4). Intriguingly, C. nigoni genome seems to carry all the TE families found in
C. briggsae genome with some unique TE families. We performed read mapping
against TEs in the similar way as that for protein-coding ones with modified
parameters (see Methods). In both hybrids, overall expression of TEs was similar to
those in C. nigoni (Fig. 4.4). Compared with C. nigoni males, we observed a
significant

elevation

of

expression

for

only

one

family

(cb_rnd-3_family-789(DNA/PiggyBac)) in ZZY10307 males and two families in
ZZY10330 males (cb_rnd-3_family-381(DNA/Merlin) and c_sp9_rnd-4_family-428
(LINE/CR1)) out of all the measured TE families. A single TE family
(c_sp9_rnd-5_family-1528(LINE)) was significantly downregulated in ZZY10307
(Fold change >2 and p<0.01) (Fig. 4.4C & D, Supplement Table. 4.4). We further
determined whether the member count contributed to the significant increase in TE
expression, considering one single TE family may comprise multiple members. We
mapped the normalized reads between three replicates in the hybrids to the three TE
families and calculated the average numbers, which were 38, 34 and 25 respectively
with average fewer than two copies per member. The results indicate a discrepancy
with a significant role of overexpression of the three families in the observed male
sterilities, judged by empirical data on TE misregulation in other species. For example,
over 50 TE families demonstrated overexpression in F1 hybrids caused by two HI
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genes, Hmr and Lhr in sterile hybrids between D. melanogaster and D. simulans with
a much higher read count (up to 1 million reads) relative to both parents (Satyaki PR
et al., 2014), which is also much higher than the expression of misregulated TEs
relative to C. nigoni. It is worth noting that the whole animals were used for RNA
extraction due to the difficulties in isolating germlines from hybrid sterile males.
Therefore, we cannot distinguish between germline and somatic tissues based on our
expression assays.

Fig. 4.4 Comparison of transposable-element (TE) expression between hybrid
and C. nigoni (JU1421) males. (A and B) Boxplots showing the comparison of
overall expression of TEs in the males at TE class level between ZZY10307 or
ZZY10330 and JU1421 respectively. (C and D) Volcano plots showing the
comparison of overall expression of TEs in the males at TE family level between
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ZZY10307 or ZZY10330 and JU1421 respectively. Note there are only one and two
TE families showing a significantly higher expression (highlighted in red) in
ZZY10337 (C) or ZZY10330 (D) than in JU1421 for respectively. LINE: long
interspersed nucleotide elements; LTR: long terminal repeats; RC: rolling circle.

4.3.5 22G RNAs but not piRNAs are misregulated in the hybrid sterile
males
Given its essential roles in regulation of TEs, piwi-interacting small RNAs (piRNAs)
are regarded as key regulators of genome stability. For example, piRNA mutants
which are associated with altered TE expression show defects in spermatogenesis,
leading to sterilities in both D. melanogaster and M. musculus (Cox DN et al., 1998;
Brennecke J et al., 2007; Carmell MA et al., 2007). Moreover, hybrid dysgenesis
between different Drosophila species is caused by differences in piRNA content
(Kelleher ES et al., 2012). 21U-RNAs, as piRNAs of C. elegans, associate with the
Piwi protein PRG-1 and target transposable elements for silencing via the induction of
22G RNAs (Batista PJ et al., 2008; Das PP et al., 2008). Both transgenes and
endogenous loci can be targeted by piRNAs for heritable silencing. Loss of the
piRNA pathway associated with increased repetitive element expression leads to
progressive sterility (Batista PJ et al., 2008; Das PP et al., 2008; Simon M et al.,
2014). Therefore we investigated whether the defective spermatogenesis and male
sterility are caused by differences in piRNA expression between sterile hybrids and
the parental lines

Considering the highly similar phenotypes in sperm and expression patterns of mRNA
and TE between the two sterile hybrids, we focused on one of the two sterile lines,
ZZY10330 for small RNAs analysis. As in C. elegans, piRNAs are produced from
individual loci located in clusters in C. briggsae. Each individual piRNA associated
with a specific upstream promoter can be identified by a highly conserved motif (the
Ruby motif) (Ruby JG et al., 2006; de Wit E et al., 2009; Shi Z et al., 2013). Previous
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studies have revealed that the C. briggsae piRNA clusters are located on the
Chromosome I and IV (de Wit E et al., 2009; Shi Z et al., 2013). Therefore small
RNAs from both C. nigoni parent males (hitherto wild-type) and sterile hybrid males
were aligned to the C. nigoni scaffolds “cn1” as described above. Strong enrichment
of piRNA alignments within the regions of C. nigoni genome corresponding to the C.
briggsae piRNA clusters were observed in both cases, with little difference in the
alignment positions, as the insertion region of C. briggsae genome in the hybrid strain
is outside of these loci. Although we observed a reduction in the total number of
overall reads from piRNA loci in the hybrid (p<2e-16, Mann-Whitney U-test), this
difference was rather small (median 8 reads/million for C. nigoni versus 7
reads/million in ZZY10330) (Fig. 4.5A & B).
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Fig. 4.5 Comparison of expression of piRNAs and 22G RNAs between the males
of ZZY10330 and C. nigoni (JU1421). (A) Comparison of read counts for piRNAs
between C. nigoni males and the hybrid males (ZZY10330). (B) Distribution of
piRNAs along the piRNA clusters on Chromosome I and Chromosome IV for C.
nigoni (top) and Hybrid (bottom). The y axis shows the number of unique piRNA
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sequences per million in each genomic window of 100 Kbp. The x axis shows
position along the chromosome in base pairs. (C) Boxplot showing differences in 22G
RNAs mapping antisense to different classes of TEs between hybrid males and C.
nigoni males. Box shows interquartile range with a line at the median and the
whiskers show the furthest point <=1.5 times the IQ range. (D) Boxplot showing
differences between hybrid and C. nigoni in 22G RNAs mapping antisense to C.
nigoni genes categorized by annotations from C. briggsae (CSR-1) or C. elegans
(other categories). (E) Breakdown of spermatogenesis genes from (D) into CSR-1 and
WAGO targets. (F) Differences between hybrid and C. nigoni either in all
male-specific CSR-1 targets as defined in C. elegans or the male-specific CSR-1
targets that overlap with spermatogenesis genes from (D). herm: hermaphrodite.
Boxplot parameters as in (C). (G) Boxplot showing differences between hybrid and C.
nigoni 22G RNAs mapping antisense to spermatogenesis genes found either
upregulated or downregulated in hybrid males by mRNA-seq analysis (Fig. 4.2).
Boxplot parameters as in (C).

It is conceivable that this small reduction in piRNA expression might lead to
differences in silencing of TEs downstream. To test this, we mapped the 22G RNAs to
the TEs compiled above and examined whether there were differences between the
hybrid and wild type males. Overall, an excellent correlation was observed between
wild type and sterile hybrids in terms of the reads mapped to consensus TE sequences
(Supplement Fig. 4.7), suggesting that in hybrids the 22G RNAs mapping to TEs were
mostly unchanged. We observed 5 TEs showing >4-fold difference in read count, but
with no differential expression by RNA-seq (Supplement Table. 4.4). Moreover, the
levels of 22G RNAs mapping to different classes of TEs did not show significant
shifts between sterile hybrid and wild type (p>0.1 for each, Wilcoxon paired test, Fig.
4.5C). Considering the absence of differences in the expression of TEs, misregulation
of piRNAs is unlikely to explain the male sterility phenotype in the hybrid.

Many different primary small RNA triggers, both piRNA dependent and piRNA
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independent, can generate 22G RNAs, which could also map to genic loci in addition
to TEs (Gu W et al., 2009; de Albuquerque BF et al., 2015; Phillips CM et al., 2015).
Therefore, we wondered whether 22G RNAs mapping to coding genes might show
differences between the hybrid and the wild type. We focused on germline genes due
to the sterility phenotype of the hybrids. There are two major classes of 22G RNAs
that are found in the germline of C. elegans, CSR-1, which bind to the Argonaute
CSR-1 (Claycomb JM et al., 2009) or WAGO, which bind to WAGO-family
Argonautes (Yigit E et al., 2006; Gu W et al., 2009). CSR-1 dependent small RNAs
activate target gene expression whereas WAGO dependent small RNAs generally
reduce target gene expression (Seth M et al., 2013; Wedeles CJ et al., 2013). To
classify genes in C. nigoni, previously published C. briggsae annotations of CSR-1
RNAs based on a direct immunoprecipitation approach was used for CSR-1 (Tu S et
al., 2015) and homology mapping from C. elegans was used for WAGO (Gu W et al.,
2009). Then we characterized levels of 22G RNAs mapping antisense to these genes
in hybrid and wild types (Supplement Table. 4.5).

In the hybrid, the putative spermatogenesis genes showed a clear increase in median
levels of 22G RNAs relative to wild type C. nigoni (p=1.5e-10, Wilcoxon Signed
Rank test) (Fig. 4.5D). The increased 22G RNAs did not correspond to either CSR-1
target genes, which showed no significant change (p>1e-3, Wilcoxon Signed Rank
test) or WAGO-dependent genes, which showed a decrease in 22G RNA levels
(p=2e-4, Wilcoxon Signed Rank test). In other words, neither CSR-1 nor WAGO-1
target genes could explain the increased levels of 22G RNAs mapping to
spermatogenesis genes. Consistent with this interpretation, no altered levels of 22G
RNAs were showed by CSR-1 or WAGO-1 targeted spermatogenesis genes, while the
predominantly affected genes were not targeted by either Argonaute (Fig. 4.5E).
However, these annotations refer to hermaphrodites specifically. CSR-1 was observed
to target spermatogenesis genes in C. elegans males (Conine CC et al., 2013).
Therefore, the 22 G RNAs mapping to male-specific CSR-1 targets were
characterized. Intriguingly, orthologs of spermatogenesis genes in C. elegans males
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that were CSR-1 targets were significantly upregulated in hybrids relative to C. nigoni
(p=1e-10, Wilcoxon Signed Rank test). C. nigoni orthologs of CSR-1 targets in C.
elegans males that were not sperm genes were not affected, which demonstrated no
significant difference between hybrids and C. nigoni (Fig. 4.5F).

We wondered whether the upregulation of 22G RNAs could be associated with the
downregulation of spermatogenesis gene expression we observed (Fig. 4.3A)
Therefore, the spermatogenesis genes were subdivided into upregulated and
downregulated genes. We observed that only downregulated spermatogenesis genes
showed increased 22G RNAs mapping to them. The upregulated spermatogenesis
genes showed no significant change in 22G RNAs (Fig. 4.5G). It is worth noting that
this misregulation of 22G RNAs is not directly due to cis-acting differences in the X
chromosome. Within the introgressed region, we did not find the spermatogenesis
genes with 22G RNAs increased by at least 2-fold and showed significantly altered
gene expression by RNA-seq (Supplement Table. 4.5). Such genes were more likely
to be found on autosomes than expected even given the biased distribution of
spermatogenesis genes with altered expression by mRNA-seq (Odds ratio >15 p=0.02
Fisher’s exact Test; Supplement Table. 4.5). Both the decreased expression in
spermatogenesis genes and the increased 22G RNAs are likely to be indirectly
associated with the introgression region. We hypothesize that upon the disruption of X
chromosome integrity, the misregulation of 22G-RNAs might be a general response to
the disrupted X:A imbalance shown in hybrids.

4.3.6 Differential cis-acting regulation of miR-237 between C. briggsae
and C. nigoni is associated with sterility in hybrid males
We also compared expression of miRNAs between the males of hybrid and those of C.
nigoni to examine possible molecular differences. miRNAs are remarkably conserved
across species, but some of them evolve rapidly due to the short sequence lengths and
relatively straightforward requirements for processing (Marco A et al., 2013).
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We first identified homologues to previously identified C. briggsae miRNAs in the
wild type C. nigoni to identify possible miRNAs that were different between C.
briggsae and C. nigoni (de Wit E et al., 2009; Shi Z et al., 2013; Kozomara A et al.,
2014). The majority of miRNAs had identical sequences between C. briggsae and C.
nigoni. We found 6 miRNAs with single nucleotide polymorphisms in the mature
miRNA sequence, but none of them showed any change in the critical“seed region”
between nucleotides 2-7 (Bartel DP, 2004) responsible for targeting (Supplement
Table. 4.6). Given the high conservation of miRNA sequences between the two
species, the expression of these miRNAs was analyzed in wild type males and
ZZY10330 sterile males. Between the two strains, majority of miRNAs showed
highly consistent expression, with one exception, miR-237, which showed >5-fold
reduced reads in the hybrid ZZY10330 relative to wild type C. nigoni. (Fig. 4.6A;
Supplement Table. 4.7). When the expression of this miRNA was checked in C.
briggsae males, it also showed significantly reduced reads relative to its counterpart
in C. nigoni (Fig. 4.6B). It is worth noting that this miRNA is found within the
introgression region (Supplement Table. 4.7). As we supposed, the difference in
expression of miR-237 might reflect sequence changes in the locus. There is only one
nucleotide difference outside of the seed region in the mature miRNA, which seems
unlikely to affect expression directly. Moreover, we predicted that miRNA-precursors
would form with highly comparable free energy (-39kJ/mol for C. nigoni versus
-41kJ/mol for C. briggsae; Fig. 4.6C & D) by using RNAfold. Thus differences in the
processing of the precursor miRNA by Drosha or Dicer cannot explain this difference
in expression.
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Fig. 4.6 miR-237 is differentially expressed between males of ZZY10330 and C.
nigoni. (A and B) Scatterplots showing miRNA read counts in C. nigoni (X axis)
against either hybrid males (A) or C. briggsae (B). miR-237 mature (5p) and star (3p)
are highlighted. (C and D) Secondary structure predictions of the miRNA precursors
in C. briggsae and C. nigoni. Predictions were made by RNAfold. (E) Alignment of
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mir-237 genomic loci in C. briggsae and C. nigoni showing some sequence
divergence in the putative promoter region.

However, appreciable sequence divergence was observed in the region immediately 5’
to the miR-237 sequence (Fig. 4.6E), leading to the possibility that the differential
expression of this miRNA in both C. briggsae and C. nigoni background might be
driven by a sequence difference in the promoter of mir-237. We suppose that the
differential expression we observed may be a causative to the sterility of hybrid lines
and previous study shows that miR-237 is expressed in the somatic gonads of C.
elegans (Harris TW et al., 2014). However, because the two introgression regions
associated with sterility are non-overlapping on the X chromosome, we can only find
the cis-acting differences in the mir-237 promoter in one of the sterile lines arguing
that this cannot be the sole cause of sterility. Still it will be an interesting area for
further research to test the consequences of reduced miR-237 expression in C. nigoni
males.

118

4.4 Discussion
Although intensive studies of hybrid incompatibility have been performed by
expression analyses, the regulatory mechanism across species still remains poorly
understood. Most of these studies focus on hybrids incompatibilities, including hybrid
male sterility on F1 generation. Our previous work produced animals carrying an
introgression genomic segment in an otherwise pure genetic background, leading to
possibilities of identifying region-specific interaction that could be responsible for a
given HI, which might reveal mechanisms different from that underlying F1 HI.
Consistent with this, it is demonstrated that cbr-him-8 could suppress the lethality of
hybrid F1 males between C. briggsae and C. nigoni in a recent study (Ragavapuram V
et al., 2015). Additionally, 37% of the F1 hybrid males have no gonad and most of
them are atypically small between the two species (Woodruff GC et al., 2010;
Kozlowska JL et al., 2012), while in this study, nearly all of the hybrid males used
have gonads with obvious sperm cells (Bi Y et al., 2015). In order to investigate the
molecular mechanism of hybrid male sterilities between the nematodes C. briggsae
and C. nigoni, we performed detailed analysis of expression changes of coding-genes,
transposable elements and small RNAs. The sterile hybrid males carry independent
introgressions of an X-chromosome linked fragment from C. briggsae in an otherwise
C. nigoni background. A genetic interaction between X chromosome and autosomes
leading to sterility is proposed based on our results and a role of the endogenous
RNAi pathway may be involved in mediating the interaction.

The misregulation of piRNAs and their associated TEs are widely regarded as one of
the major contributors to hybrid incompatibility especially in F1 hybrids (Erwin AA et
al., 2015). However, this seems not applicable to the hybrid that carries an X-linked
introgression fragment in a homogenous genetic background, because few changes in
expression for both piRNAs and TEs were detected in the two hybrid lines (Figs. 4.4
& 4.5). In the F1 hybrid males between C. briggsae and C. nigoni, it is possible to
observe the misregulation of piRNAs and their associated TEs, but immunity against
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these TEs in the hybrid might be developed through generation of 22G RNAs
downstream of piRNA targeting during the subsequent introgression steps(Ashe A et
al., 2012; Shirayama M et al., 2012). More investigations in these possibilities by
assessment of transcriptomes of both TEs and piRNAs in the F1 hybrid males
between the two species would provide more information.

As demonstrated previously in Drosophila species (Lu X et al., 2010), the disruption
of a genetic interaction between the X chromosome and the autosomes (X:A
imbalance) is an alternative explanation for the observed hybrid male sterilities. It has
been observed that genes expressed in the male germline tend to be depleted on the X
chromosome but enriched on the autosomes (Albritton SE et al., 2014; Ortiz MA et
al., 2014), indicating the interaction between autosomes and X chromosome could be
essential for proper spermatogenesis. This hypothesis is only supported by evidence in
Drosophila species so far (Lu X et al., 2010). In this study, such interaction in
Caenorhabditis species is demonstrated based on our transcriptome data of the hybrid
sterile males and its parental C. nigoni males. We performed multiple generations of
backcrossing and achieved the two sterile lines each carrying an independent
introgression fragment from the X chromosome of another nematode species C.
briggsae but in an otherwise C. nigoni background (Fig. 4.1D). The complications of
the mixed genomes are minimized compared to the case of F1 hybrids. In contrast to
that the sterility was attributed to one specific locus on the X chromosomes in
Drosophila (Lu X et al., 2010), the two C. briggsae introgressions are quite large
non-overlapping fragments in the C. nigoni background (Fig. 4.1A to C). However,
the two sterile lines demonstrate very similar defects in germline and sperm,
indicating similar defects in spermatogenesis. Additionally, the expressions of
spermatogenesis genes are downregulated in the similar way between two sterile lines
and such expression changes are significantly enriched in autosomal genes (Figs. 4.2
& 4.3). Taken together, it is important maintain a correct expression balance between
the X-linked and autosomal genes to ensure proper spermatogenesis. Not limited to
one or two “master regulators”, maintaining the correct balance requires broad regions
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of the X chromosome based on the fact that similar effect can be produced by distinct
non-overlapping regions. Instead, a plausible explanation for the sterilities as a result
of introgression of the C. briggsae X into the C. nigoni background is the perturbed
X:A imbalance caused by disrupted X chromosome integrity involving multiple loci.
The studies of dosage compensation also provide evidence for the interaction between
X chromosome and autosome (Meyer BJ, 2005).

Our analysis of small RNAs provides insights into the interaction between autosomes
and X chromosome and reveals specific upregulation of 22G RNAs targeted to
spermatogenesis genes. Importantly, the small RNAs upregulated corresponded well
to spermatogenesis genes downregulated in the hybrids (Fig. 4.5D). The upregulation
of 22G RNAs mapping to spermatogenesis genes, leading to reduced expression of
spermatogenesis genes, may cause failure of spermatogenesis possibly through
inducing epigenetic change in chromatin. CSR-1 and WAGO type 22G RNAs are the
two major classes of small RNAs enriched in C. elegans germline. Considering that
CSR-1 dependent small RNAs are enriched for spermatogenesis genes (Conine CC et
al., 2013), it can be proposed that the spermatogenesis genes showing increased 22G
RNAs are CSR-1 dependent. We observed that the spermatogenesis genes with
increased 22G RNAs are enriched for genes homologous to CSR-1 targets previously
annotated as enriched in C. elegans males (Fig. 4.5F) (Conine CC et al.,
2013).However, in contrast to WAGO dependent 22G RNAs, which act to silence
their targets, CSR-1 functions to protect gene expression (Seth M et al., 2013;
Wedeles CJ et al., 2013). Thus as we speculated, in wild type C. nigoni males, the
22G RNAs targeted to spermatogenesis genes bind to CSR-1 and normally support
gene expression, while the 22G RNAs targeted to spermatogenesis genes become
rerouted in sterile hybrids into the WAGO pathway leading to gene silencing. As
stable 22G RNA mediated silencing of the “non-self” region could be triggered by
“non-self” DNA in C. elegans (Ashe A et al., 2012; Lee HC et al., 2012; Shirayama
M et al., 2012), we speculated that 22G RNA upregulation occurs as a result of
disrupted X:A imbalance, which might act as a more widespread response to foreign
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sequences, leading to global misregulation of spermatogenesis genes. Further
experiments will be required for definitive test of such a possibility, for example,
RNA-seq for small RNAs combined with pull-down assays using various types of
Argonautes, which are beyond the scope of this study.
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Supplement

Supplement Fig. 4.1 Confirmation of introgression boundaries by NGS for
ZZY10307 (A) and ZZY10330 (B), each carrying an introgression derived only
from C. briggsae X chromosome. Shown are genotyping results for autosomes in the
same format as that for X chromosome shown in Fig. 4.1. Read coverage (y axis) is
shown across C. briggsae chromosome coordinates in base pair.
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Supplement Fig. 4.2 DIC micrographs of male germline. (A) Shown are adult male
of ZZY10307 (top), C. nigoni (JU1421) (middle), and ZZY10330 (bottom). A “U”
shaped turn in C. nigoni germline is indicated with an arrow and sperms with an
arrow head. Displacement of sperms is indicated with an arrow head in ZZY10330.
(B) A zoom-in view of partial germline (indicated with dashed rectangle) of
ZZY10307 (top), JU1421 (middle) and ZZY10330 (bottom) respectively. Note that
germlines in both hybrids are disorganized compared with that of JU1421.
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Supplement Fig. 4.3 Pairwise comparison of expression between genes expressed
within (_in) or outside (_out) the introgression region on the X chromosome and
their orthologous ones in either of parental strains. (A-D), Scatterplot showing
expression of the genes located within or outside hybrid introgression region and their
orthologues in JU1421 respectively. (E-H), Scatterplot showing expression of the
genes located within or outside hybrid introgression region and their orthologues in
AF16 respectively. (I) and (J), Scatterplot showing parental expression of the genes
within ZZY10307 introgression region respectively. (K) and (L), Scatterplot showing
parental expression of the genes within ZZY10330 introgression region respectively.
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Supplement Fig. 4.4 The down-regulated genes are significantly enriched on
autosomes in both hybrid strains as shown in Fig. 4.2E. (A and B) Ratios of down(green) or upregulated genes (brick) on different part of genome of ZZY10307 and
ZZY10330. A significant ratio change was indicated with a * (p < 0.01, Fisher’s exact
test). Expression of the genes within introgression ZZY10330 also shows a significant
decrease than other genes on the X chromosome.

126

Supplement Fig. 4.5 Enrichment analysis of misregulated (down- (cyan) and
up-regulated (red)) genes in either ZZY10307 or ZZY10330 out of gonad- (left)
and sex-specific genes (right) respectively. (A) The enrichment analysis for
ZZY10307. (B) The enrichment analysis for ZZY10330. The Y axis indicates the
percentage of genes while X axis indicates gene ontology defined previously.

Supplement Fig. 4.6 The copy number (A) and total length (B) of different TE
classes identified in C. briggsae (cbr, A) and C. nigoni genome (cni, B).
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Supplement Fig. 4.7 Scatterplot showing 22G RNAs mapping to individual TEs
in hybrid ZZY10330 and wild type JU1421.
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Supplement Table. 4.1 Normalized gene expression (RPKM) in C. briggsae
(AF16), C. nigoni (JU1421) and two hybrids (ZZY10307 and ZZY10330) (Partial
list).

129

Supplement Table. 4.2 List of differentially expressed genes between Hybrids and
JU1421 (Partial list).

Supplement Table. 4.3 Enrichment analysis of mis-regulated or differentially
expressed genes (DEGs) against gonad-specific, sex-biased and GO terms
(Partial list).

Supplement Table. 4.4 TE expression (uniquely mapped reads) in C. briggsae
(AF16), C. nigoni (JU1421) and two hybrids (ZZY10307 and ZZY10330) (Partial
list).
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Supplement Table. 4.5 Normalized expression (RPM) of 22G RNAs with
significant upregulation in hybrid ZZY10330 than in C. nigoni (JU1421) (Partial
list).

Supplement Table. 4.6 miRNAs with sequence differences between C. nigoni and
C. briggsae with >20 reads/million miRNAs.

# bold text shows the single nucleotide polymorphism (SNP) in C. nigoni versus C.
briggsae

Supplement Table. 4.7 Normalized expression of C. briggsae miRNAs and its
orthologues in C. nigoni (JU1421) and hybrid (ZZY10330) (Partial list).
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#red: miRNA altered sequence in both hybrid and JU1421
#green: miRNA altered sequence in JU1421 not hybrid
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