ABSTRACT
HUNTER, CHAD MICHAEL. Environmental and Genetic Determinants of Recombination
Rate in Drosophila melanogaster. (Under the direction of Nadia D. Singh).
During meiosis, homologous chromosomes exchange genetic material through the
process of recombination. Recombination helps ensure proper chromosome segregation.
Recombination defects can have devastating consequences, including aneuploid gametes
and cell mortality. Recombination is also a pivotal evolutionary force, creating new allelic
combinations for selection to act upon. Interestingly, the frequency of recombination events
and how those events are distributed genome-wide are highly variable. Here, I explore the
environmental and genetic determinants of recombination rate variation in the model
organism, Drosophila melanogaster.
In CHAPTER 2, I address how female and male genetic backgrounds individually and
jointly affect crossover rates. I measured crossover rates of 10 inbred lines in a full diallel
cross. The experimental design facilitates measuring the contributions of female and male
genetic background, as well as female by male genetic background interaction effects on
rates of crossing over in females. My results indicate that although female genetic
background significantly affects crossover rates, male genetic background and the
interaction of female and male genetic backgrounds have no significant effect. These
findings thus suggest that male-mediated effects are unlikely to contribute greatly to natural
variation in recombination rate in Drosophila.
In CHAPTER 3, I test the hypothesis that maternal age influences rates of crossing
over in a genotypic-specific manner. After estimating rates of crossing over for individual D.
melanogaster females from several strains as a function of maternal age, I find that both age
and genetic background significantly contribute to variation in recombination frequency, as
do genotype-age interactions. I further find differences in the effect of age on recombination
in the two genomic regions surveyed. These results highlight the complexity of
recombination rate variation and reveal a new role of genotype by environment interactions
recombination rate variation.
In CHAPTER 4, I exploit natural variation in recombination rate among the sequenced
lines of the D. melanogaster Genetic Reference Panel (DGRP) to map genetic variants
affecting recombination rate. I measured rates of recombination in intervals on the X and 3R
chromosomes for 205 DGRP lines. I found ~2-fold variation in recombination rates among

lines and that recombination rates are uncorrelated between the two chromosomal regions. I
performed a genome-wide association study to identify genetic variants associated with
natural variation in recombination rates. I selected twenty genes for functional variation and
present strong evidence that four genes mediate natural variation in recombination rate. The
results reveal the magnitude of population variation in recombination rate in D.
melanogaster and identify new genetic factors modulating this variation.
In CHAPTER 5, I hypothesize that the connection between hybrid sterility and
recombination illustrated with PRDM9 is not coincidental and that rather, hybrid sterility is a
consequence of recombination defects. I asked whether genes involved in hybrid
incompatibilities in Drosophila have yet unknown roles in meiotic recombination. My results
suggest that two genes with clear functions in hybrid incompatibility, JYalpha and Lhr,
mediate rates of recombination in Drosophila.
In CHAPTER 6, I utilize evolutionary rate covariation (ERC) to identify new genes
mediating recombination rate variation. ERC is based on the idea that members of biological
pathways are likely to experience similar evolutionary pressures, resulting in correlated rates
of evolution. I analyzed ERC of 21 genes with known function in Drosophila meiotic
recombination. My results confirm elevated ERC among meiotic recombination genes. I also
identify thirteen candidate genes that have statistically significant ERC with at least eight
meiotic recombination genes. Functional validation highlights two genes, CG31898 and
CG2975, that when disrupted significantly alter recombination rate in an interval on
chromosome 3R. These results thus contribute two genetic factors involved in mediating
recombination rate and demonstrate the potential of the ERC method.
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CHAPTER 1. INTRODUCTION
For all organisms, the most basic biological goal is the production of offspring. For
organisms that reproduce sexually, this requires the production and subsequent union of
gametes. The process to create these gametes is known as meiosis. Meiosis is very similar
to mitosis, as it generates new cells. However, after chromosomes are replicated, they
undergo two cellular divisions, first separating homologous chromosomes, followed by
separating sister chromatids. Meiosis is characterized by 4 stages (prophase, metaphase,
anaphase and telophase), which repeat themselves during meiosis I and meiosis II. Briefly,
during the precursor to meiosis (interphase), DNA is replicated (for a detailed review, see
Bell and Dutta 2002). During prophase I, homologous chromosomes synapse and undergo
homologous recombination. During metaphase I, chromosomes are aligned along the
metaphase plate. During anaphase I, homologous chromosomes separate and during
telophase I, the cleavage furrow forms and the cytoplasm is separated. This process is then
repeated (minus recombination as present in prophase I) and 4 haploid cells are formed.
Meiotic recombination, one of the most intriguing and exciting biological processes,
occurs during the lengthiest of the eight phases of meiosis, prophase I. In Drosophila, which
is the subject of this thesis work, meiotic recombination occurs in females but not in males
(Morgan 1912, 1914), Within females, recombination occurs within region 2a of the
germarium (Mehrotra and McKim 2006), which is the most anterior portion of the ovariole.
During recombination, homologous chromosomes first undergo synapsis with the formation
of the synaptonemal complex (SC) which is made primarily of C(3)G (crossover suppressor
on 3 of Gowen) (Page and Hawley 2001) and C(2)M (Manheim and McKim 2003). C(3)G is
the transverse filament (Page and Hawley 2001) and C(2)M is the lateral element (Anderson
et al. 2005), essentially forming a bridge between the homologous chromosomes. Following
synapsis (Figure 1.1A), programmed DSBs are initiated by MEI-W68 (McKim and HayashiHagihara 1998) (known as Spo11 in many other organisms) and MEI-P22 (Liu et al. 2002)
(Figure 1.1B). Spo11 was originally discovered in yeast (Keeney et al. 1997). MEI-P22
mutants display the same phenotype as MEI-W68 mutants (Liu et al. 2002) which is
surprising since most other organisms to date rely simply on Spo11 for the formation of
DSBs. Additionally, before the recruitment of MEI-W68 and MEI-P22, Trade Embargo
(Trem) is engaged in promoting locations for DSBs (Lake et al. 2011). A suite of proteins
assist in repairing DSBs via the DSB repair model originally proposed by Szostak (1983).
Following the DSB, the ends are processed to produce 3’ overhangs (Sun et al.
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1991) (Figure 1.1C), this process is also known as resection. The next step is known as
strand invasion (Figure 1.1D) in which one 3’ end will invade the other strand (which does
not contain a DSB). Proteins involved in this step and proceeding steps include OKRA,
spindle-A (SPNA), spindle-B (SPNB), and spindle-C (SPNC) (Ghabrial et al. 1998;
McCaffrey et al. 2006). This invasion creates what is known as displacement loop, or Dloop. DNA synthesis will occur following the template strand. Following this is second-end
capture in which the other resected end anneals to the D-loop and synthesis begins for the
upper portion of the D-loop. There are two possible fates for this structure. One pathway is
through synthesis-dependent strand annealing pathway (Figure 1.1G-H). This involves
disassociation (Figure 1.1G), followed by annealing which results in a non-crossover
product (Figure 1.1H). The other pathway follows the typical DSB repair pathway. In
Figure 1.1E, there is the formation of the double Holliday junction, named after Robin
Holliday who originally proposed the structure (Holliday 1964). Following this structure
formation is a process known as resolution in which the fate of the products will be decided
(as either a noncrossover or crossover product). The fate of the products is decided by
where the nicks in each strand are. The majority of nicks are aided by a RecQ DNA helicase
(BLM) (Chu and Hickson 2009), which creates noncrossover products, with only a subset
resulting in crossover products (shown in Figure 1.1F). There numerous proteins involved in
the processing of a crossover product such as MEI-9 (Sekelsky et al. 1995), MUS312 (Yildiz
et al. 2002), ERCC1 (Radford et al. 2005), and HDM (Joyce et al. 2009). Additionally, a
recent study has shown that REC, MSH4 and MSH5 help block BLM in order to promote
crossovers in Drosophila (Kohl et al. 2012).
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Figure 1.1 - Meiotic DSB repair pathway. Modeled after Andersen and Sekelsky (2010) and
Bugreev et al. (2011). Originally proposed by Szostak (1983). The resulting products are
either a (F) crossover or (H) noncrossover.
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IMPORTANCE OF RECOMBINATION
Meiotic recombination is necessary for proper chromosome segregation in many
organisms (Roeder 1997). Lack of recombination and aberrant placement of recombination
events along the chromosome can generate aneuploid gametes; aneuploidy is the leading
known cause of miscarriages and the principal genetic cause for developmental disability
and delay in humans (Hassold and Hunt 2001). For example, reduced recombination has
been repeatedly linked with human trisomies such as trisomy 15 (Robinson et al. 1998), 16
(Hassold et al. 1995), 18 (Bugge et al. 1998), 21 (Hassold and Sherman 2000) along with
sex chromosome trisomies (Hassold et al. 1991; MacDonald et al. 1994).
In addition to its role in preserving genomic integrity between generations,
recombination is a pivotal force in evolution, breaking down linkage disequilibrium. In this
way, recombination can create new allelic combinations and may provide adaptive potential
for populations (Rice 2002). Recombination also reduces Hill-Robertson interference
between alleles thus increasing the efficacy of natural selection (Fisher 1930; Muller 1932;
Hill and Robertson 1966). Consistent with the importance of recombination for genome
evolution in particular, rates of recombination have been shown to correlate with a number
of genomic traits such as the amount of DNA polymorphism (Aguadé et al. 1989a,b;
Stephan and Langley 1989; Begun and Aquadro 1992), rates of protein evolution (Pál et al.
2001; Betancourt and Presgraves 2002), density of transposable elements (Bartolome et al.
2002; Rizzon et al. 2002; Petrov et al. 2011; Kofler et al. 2012), density of satellite DNA
(Stephan 1986, 1987), and codon bias (Comeron et al. 1999; Marais and Piganeau 2002).
RECOMBINATION RATE VARIATION
Given the crucial role of recombination in meiosis and the devastating consequences
of aberrant recombination, one might hypothesize that the process of recombination would
be tightly regulated and finely-tuned so as to ensure proper chromosome segregation, yet
both the rate and distribution of recombination are highly variable. Variation in recombination
rate is present in almost all species studied to date such as yeast (Mancera et al. 2008; Tsai
et al. 2010), worms (Barnes et al. 1995; Rockman and Kruglyak 2009), Drosophila (Brooks
and Marks 1986; True et al. 1996; Stevison and Noor 2010; Comeron et al. 2012), honey
bees (Ross et al. 2015), maize (Bauer et al. 2013), chickens (Rahn and Solari 1986), mice
(Dumont et al. 2009), chimps (Ptak et al. 2004, 2005; Winckler et al. 2005) and humans
(Kong et al. 2002; Crawford et al. 2004; Myers et al. 2005), to name a few. Variation is still
present even on smaller scales such as within and between populations (Brooks and Marks
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1986; Crawford et al. 2004; McVean et al. 2004; Fearnhead and Smith 2005; Graffelman et
al. 2007; Dumont et al. 2009; Kong et al. 2010; Comeron et al. 2012) and among
individuals (Brooks and Marks 1986; Yu et al. 1996; Coop et al. 2008; Dumont et al. 2009;
Wang et al. 2012).
In many different organisms, there are differences in recombination rates between
the sexes. According to Haldane-Huxley’s rule (Haldane 1922; Huxley 1928), the
heterogametic sex will typically have lower rates of recombination. We see a drastic
example of this in Drosophila melanogaster and other Drosophilids with the males
experiencing no recombination events (Morgan 1912, 1914). In numerous organisms, the
heterogametic sex has lower rates of recombination such as in silk moths (Tanaka 1914),
zebrafish (Singer et al. 2002), dogs (Neff et al. 1999), pigs (Marklund et al. 1996), mice
(Dietrich et al. 1996), wallabies (Zenger et al. 2002) and humans (Dib et al. 1996). Yet there
are also exceptions to this such as in sheep (Crawford et al. 1995) where the heterogametic
sex has more crossovers, and also in chickens (Groenen et al. 2000) and pigeons (Pigozzi
and Solari 1999) where there are no differences between sexes. It appears though that the
majority of species have sex differences in recombination rates (for a more detailed list, see
Lenormand and Dutheil 2005).
The distribution of recombination events within the genome also varies on both broad
and fine scales (Lindsley et al. 1977; McVean et al. 2004; Cirulli et al. 2007; Paigen et al.
2008; Singh et al. 2009, 2013). This heterogeneity in rates of recombination across the
genome can be seen in species such as in humans (Kong et al. 2002, 2010), mice
(Nachman and Churchill 1996) and in Drosophila (Cirulli et al. 2007; Comeron et al. 2012).
Typically, in regards to chromosome dynamics, there tend to be more crossover events in
the middle of the chromosome, slight elevation near the telomeres in many species, and
less crossover events near the centromere (Choo 1998). One hypothesis on why there are
fewer crossovers near the centromere is because there is more heterochromatin in these
regions as well as the fact that centromeres are needed for chromosome stability. In
addition, in many species, there are areas of increased recombination known as “hotspots”
(see Lichten and Goldman 1995 for review). Hotspots are local peaks of recombination
exhibiting rates of recombination 10-1000 fold higher than adjacent regions. Some species
are more extreme than others in their hotspot usage. In humans, roughly 80% of crossovers
are believed to occur in these hotspots which only occupy 10-20% of the genome (Myers et
al. 2005). A number of other organisms also exhibit these hotspots such as yeast (Gerton et
al. 2000; Mancera et al. 2008), dogs (Axelsson et al. 2012), mice (Smagulova et al. 2011)
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and chimps (Auton et al. 2012). In contrast, Drosophila do not have recombination hotspots
though there is fine-scale heterogeneity of where crossovers occur (Cirulli et al. 2007; Singh
et al. 2009, 2013; Comeron et al. 2012).
GENETIC FACTORS INFLUENCING RATES OF RECOMBINATION
Given the importance of recombination and the pervasive natural variation in
recombination rate, it is perhaps unsurprising that the genetic basis of this variation has
been an active area of research for the last decade. However, to date, only a small handful
of genetic determinants have been identified that mediate the frequency of recombination.
While CHAPTER 4 will go more in depth on what is known, there are a few key points that
will be highlighted here. It is well-documented that recombination rate is a variable and
heritable trait in Drosophila. For instance, classical genetic experiments indicate that the
amount of crossing-over as well as the distribution of crossover events can vary among lines
of D. melanogaster (Broadhead et al. 1977; Brooks and Marks 1986; Comeron et al. 2012;
Hunter and Singh 2014), suggesting population-level variation in this trait. Additionally, there
have been numerous artificial selection studies on rates of crossing over in Drosophila
(Detlefsen and Roberts 1921; Parsons 1958; Acton 1961; Mukherjee 1961; Moyer 1964;
Chinnici 1971a,b; Kidwell 1972a,b; Valentin 1973a,b; Charlesworth and Charlesworth
1985a,b; Charlesworth et al. 1985), many which have been successful in either increasing
or decreasing rates of recombination in a given interval over many generations. Finally,
changes in recombination rate have been shown to evolve as a correlated response to
artificial selection on other characteristics, such as sternopleural bristle number (Rodell et al.
2004), DDT resistance (Flexon and Rodell 1982), geotaxis (Korol and Iliadit 1994), and
resistance to temperature fluctuations (Zhuchenko et al. 1985), which is again consistent
with segregating natural variation in recombination rate.
Chromosomal inversions are one of the most dramatic examples of a genetic
element affecting recombination rate. Numerous studies in Drosophila (Sturtevant and
Beadle 1936; Schultz and Redfield 1951; Novitski and Braver 1954; Stevison et al. 2011)
have shown that inversions reduce recombination in the region of the inversion and increase
recombination in other areas of the genome (also known as the interchromosomal effect;
Schultz and Redfield 1951).
With respect to the genetic basis of the distribution of crossover events, the first
known determinant of recombination distribution in metazoans was discovered recently
(Baudat et al. 2010; Myers et al. 2010; Parvanov et al. 2010). This remarkable discovery
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implicates PRDM9 in determining the locations of meiotic recombination hotspots in both
humans and mice. Variation within PRDM9 also modulates hotspot activity in humans (Berg
et al. 2010). PRDM9 is a histone methyltransferase that catalyzes histone H3 lysine 4
trimethylation (Baudat et al. 2013). This rapidly evolving protein (Oliver et al. 2009) was first
associated with hybrid sterility in rodents (Mihola et al. 2009), and evidence continues to
accumulate that it is a major component of recombination hotspot determination in
mammalian systems (Berg et al. 2010, 2011; Kong et al. 2010; Hinch et al. 2011;
Smagulova et al. 2011; Auton et al. 2012; Brick et al. 2012). Comparatively less is known in
other systems such as Drosophila. Several studies have identified sequence motifs
associated with recombination events (Cirulli et al. 2007; Kulathinal et al. 2008; Stevison
and Noor 2010; Comeron et al. 2012; Heil and Noor 2012; Miller et al. 2012; Singh et al.
2013), but none have been functionally validated to date. Drosophila lacks PRDM9 (Oliver et
al. 2009; Heil and Noor 2012), and perhaps relatedly, also lacks the highly punctate
recombination landscape seen in mammals. Crossover distribution in Drosophila is far less
heterogeneous (Comeron et al. 2012) and linkage disequilibrium decays over very small
chromosomal spans (e.g. Mackay et al. 2012).
Recent work in mammals has also provided insight into the genetic architecture of
global recombination rate. RNF212 has been repeatedly associated with natural variation in
recombination rate in several systems including humans (Kong et al. 2008; Chowdhury et al.
2009), cattle (Sandor et al. 2012), and Soay sheep (Johnston et al. 2015). Consistent with a
role of this protein in modulating recombination rate, mouse RNF212 is essential for meiotic
recombination and has a key role in stabilizing meiosis-specific recombination factors
(Reynolds et al. 2013). Moreover, in addition to its role with hotspot determination, PRDM9
has also been associated with heritable variation in recombination rate (Hinch et al. 2011;
Capilla et al. 2014) in humans and mice. Other mediators of recombination rate include
REC8 (Sandor et al. 2012), which is a cohesin that is required for proper chromosome
segregation in many organisms (Bhatt et al. 1999; Parisi et al. 1999; Watanabe and Nurse
1999). In humans, inversion 17q21.31, a 900 kb inversion, is associated with increased
recombination and fecundity in European females (Stefansson et al. 2005).
ENVIRONMENTAL FACTORS INFLUENCING RATES OF RECOMBINATION
Recombination rates are phenotypically plastic, meaning that rates of recombination
can vary in response to environmental conditions even within a single genetic background.
A common hypothesis is that environmental stress alters rates of recombination (Parsons
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1988; Hoffmann and Parsons 1997; Hadany and Beker 2003), typically increasing
recombination (Agrawal et al. 2005; Zhong and Priest 2011). Since the early days of
Drosophila genetics, many different factors have been studied and continue to be studied
(see CHAPTERS 2 & 3 for my addition to the current growing literature). For example,
nutrition has been shown to alter rates of crossing over in both yeast (Abdullah and Borts
2001) and in Drosophila (Bergner 1928; Neel 1941). Other factors that have been examined
that affect rates of crossing over include mating partner (Redfield 1966; Priest et al. 2007,
2008; Stevison 2012), maternal age (Bridges 1915, 1927; Plough 1917, 1921; Stern 1926;
Neel 1941; Hayman and Parsons 1960; Redfield 1966; Brooks and Marks 1986; TedmanAucoin and Agrawal 2011), pathogen exposure (Singh et al. 2015), social stress (Belyaev
and Borodin 1982), and temperature (Plough 1917, 1921; Stern 1926; Smith 1936; McNellyIngle et al. 1966; Rose and Baillie 1979; Ashburner et al. 2005; Lim et al. 2008).
DISSERTATION SUMMARY
The following dissertation will take you on a journey investigating both environmental
and genetic determinants of recombination rate in D. melanogaster. CHAPTER 2
investigates the possibility that males can influence rates of crossing over in females that
they are mated with, as proposed by Stevison (2012). The results were published in
Evolution (Hunter and Singh 2014). CHAPTER 3 investigates how advancing maternal age
affects rates of crossing over in D. melanogaster females, a topic that has been highlystudied and remains intensely-debated in Drosophila and in humans. The results are in
revision at G3: Genes | Genomes | Genetics. CHAPTER 4 focuses on using the natural
variation of the Drosophila melanogaster Genetic Reference Panel (Mackay et al. 2012) to
complete a genome-wide association study of recombination rate variation and identifies
new genetic factors possibly involved with meiotic recombination rate variation. The results
are in review at PLoS Genetics. CHAPTER 5 investigates the hypothesis that genes
involved in hybrid incompatibilities and hybrid sterility might have a dual role in modulating
recombination rates. Finally, CHAPTER 6 investigates proteins that are evolving at similar
rates to many known meiotic genes and if they also have a previously unidentified role in
recombination. Enjoy!
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background on female meiotic crossover rates in Drosophila melanogaster. Evolution
68: 2718–2726.
The following paper was published in the journal, Evolution. The goal of the study
was to address two outstanding questions related to male-mediated effects on female
recombination rate. First, we were interested in investigating whether the effect of male
genetic background is mediated in part by female genetic background. That is, are there
female × male genetic background interaction effects on crossover rate? Second, we were
interested in what the mechanism underlying the effect of male genetic background on
female crossover rate was? Was it due the to gametic selection or was it due to increased
rates of crossing over?
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Meiotic recombination is a critical genetic process as well as a pivotal evolutionary force. Rates of crossing over are highly variable
within and between species, due to both genetic and environmental factors. Early studies in Drosophila implicated female genetic
background as a major determinant of crossover rate and recent work has highlighted male genetic background as a possible
mediator as well. Our study employed classical genetics to address how female and male genetic backgrounds individually and
jointly affect crossover rates. We measured rates of crossing over in a 33 cM region of the Drosophila melanogaster X chromosome
using a two-step crossing scheme exploiting visible markers. In total, we measured crossover rates of 10 inbred lines in a full diallel
cross. Our experimental design facilitates measuring the contributions of female genetic background, male genetic background,
and female by male genetic background interaction effects on rates of crossing over in females. Our results indicate that although
female genetic background significantly affects female meiotic crossover rates in Drosophila, male genetic background and the
interaction of female and male genetic backgrounds have no significant effect. These findings thus suggest that male-mediated
effects are unlikely to contribute greatly to variation in recombination rates in natural populations of Drosophila.
KEY WORDS:
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During meiosis, one of the most important cellular processes
occurs when homologous chromosomes undergo meiotic recombination and exchange genetic material. Meiotic recombination
begins with a programmed double-stranded break (DSB) in the
DNA (Orr-Weaver et al. 1981; Szostak et al. 1983). These DSBs
have two possible fates after processing via the DSB repair pathway, noncrossovers and crossovers. Crossovers not only aid in
proper chromosome segregation but also help to maintain genome
stability (Andersen and Sekelsky 2010).
Meiotic recombination is also a pivotal force in genome
evolution. Recombination breaks down linkage disequilibrium
and increases the efficacy of natural selection by reducing Hill–
Robertson interference (Hill and Robertson 1966). Indeed, areas of the genome with higher rates of recombination also have
a higher efficacy of natural selection (e.g., Berry et al. 1991;
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Comeron et al. 1999; Haddrill et al. 2007). Additionally, rates
of recombination have been shown to correlate with genomic
features such as the amount of DNA polymorphism (Begun and
Aquadro 1992), rates of protein evolution (Pál et al. 2001; Betancourt and Presgraves 2002), density of transposable elements
(Rizzon et al. 2002), and codon bias (Comeron et al. 1999; Marais
and Piganeau 2002), highlighting the biological significance of
recombination rate for genome architecture and evolution.
Rates of meiotic recombination have been shown to be variable at all scales. Recombination rate varies among closely related
species (True et al. 1996; Wall et al. 2003; Jensen-Seaman et al.
2004; Ptak et al. 2004, 2005; Winckler et al. 2005), among populations (Brooks and Marks 1986; Crawford et al. 2004; McVean
et al. 2004; Fearnhead and Smith 2005; Graffelman et al. 2007;
Dumont et al. 2009; Kong et al. 2010; Comeron et al. 2012),
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among individuals (Brooks and Marks 1986; Yu et al. 1996; Coop
et al. 2008; Dumont et al. 2009; Kong et al. 2010; Wang et al.
2012), and within the genome (Lindsley et al. 1977; McVean et al.
2004; Cirulli et al. 2007; Paigen et al. 2008; Singh et al. 2009,
2013).
In addition to being highly variable within and among
species, recombination rates are also highly plastic. That is, recombination rate can vary in response to environmental conditions even within the context of a single genetic background. For
instance, previous work indicates that stress alters recombination rate (Parsons 1988; Hadany and Beker 2003), typically increasing rates of recombination (Agrawal et al. 2005; Zhong and
Priest 2011). Stressors that influence rates of crossing over include age (Stern 1926; Bridges 1927; Redfield 1966; Speed 1977;
Kong et al. 2004; Tedman-Aucoin and Agrawal 2011; Vrooman
et al. 2013), nutrition (Neel 1941; Abdullah and Borts 2001),
pathogens (Lucht et al. 2002; Kovalchuk et al. 2003), and temperature (Plough 1917, 1921).
One stressor that most sexually reproducing organisms encounter is the act of mating. In Drosophila, mating has been shown
to have detrimental effects on female fitness (Fowler and Partridge
1989) as well as to a lesser degree on male fitness (Markow et al.
1978; Dewsbury 1982). Previous work has suggested that mating
stress, including the amount of mating and the age at which mating occurs, can significantly affect crossover rates in Drosophila
(Redfield 1966; Priest et al. 2007, 2008). Moreover, a recent
study indicated a significant effect of male genetic background
on female crossover rate in Drosophila melanogaster (Stevison
2012). That is, genetically identical females produced different
proportions of recombination progeny depending on the genetic
background of the males to which they were mated. This could
suggest that males are differentially stressful to females during
mating and that one consequence of this variability is an effect of
male genotype on female recombination rate.
The goal of our study was to address two outstanding questions related to male-mediated effects on female recombination
rate. First, we were interested in investigating whether the effect
of male genetic background is mediated in part by female genetic
background. That is, are there female × male genetic background
interaction effects on crossover rate? Second, what is the mechanism underlying the effect of male genetic background on female
crossover rate? Is this due to gametic selection or is it due to
increased rates of crossing over?
To address these questions, we used a classical genetic approach. We measured crossover rate over a 33 cM region on the X
chromosome by exploiting visible phenotypic markers in a twostep crossing scheme. Our study made use of 10 inbred strains
from a North American population of flies. We used a full diallel cross, allowing us to investigate the effects of female genetic
background, male genetic background, and female × male ge-

netic background interaction effects. To distinguish between the
two mechanistic hypotheses, we utilized the timing of oogenesis to
separately analyze recombination events that occurred before and
after the act of mating. Our results confirm a strong female genetic
background effect as well as an effect of maternal age, as expected
based on previous work (Plough 1917, 1921; Stern 1926; Bridges
1927; Redfield 1966; Brooks and Marks 1986; Tedman-Aucoin
and Agrawal 2011). However, we see no evidence of an effect of
male genetic background or a female × male genetic background
interaction effect. Our results thus suggest that male genetic background does not markedly contribute to variation in rates of crossing over in this population of D. melanogaster. We therefore suggest that male-mediated effects on female recombination rate in
Drosophila are unlikely to be pervasive in natural populations.

Materials and Methods
STOCKS AND MARKERS

We randomly selected 10 lines from the D. melanogaster Genetic Reference Panel (DGRP) (Mackay et al. 2012). The 10
lines were RAL_21, RAL_26, RAL_38, RAL_40, RAL_45,
RAL_57, RAL_59, RAL_73, RAL_75, and RAL_136. Three of
lines (RAL_26, RAL_38, and RAL_136) contain autosomal inversions (Huang et al. 2014). The visible markers used in the study
were yellow (y) and vermillion (v). These recessive markers are
33 cM apart on the X chromosome (Morgan and Bridges 1916).
These markers were selected due to their apparent lack of viability defects (Morgan and Bridges 1916), ease of scoring and large
genetic distance. Although yellow mutants show defects in male
behavior and courtship (Barker 1962), such defects are unlikely
to adversely affect our experiment because these males are not
used in the experimental cross (see below). Rather, these males
are simply used to generate females that are doubly heterozygous
for visible markers such that recombination can be scored. The
marker strain was constructed by using a y1 v1 mutant line (stock
no. 1509 from the Bloomington Drosophila Stock Center) and
introducing the doubly marked X chromosome into a Samarkand
wild-type genetic background using balancers.
EXPERIMENTAL CROSSES

To score crossover frequency on the X chromosome, we used a
two-step crossing scheme (Fig. 1). All crosses were performed at
25°C with a 12-h light–dark cycle on standard media using virgin
females aged 12–24 h post eclosion. In the first cross, 20 virgin
females from each of the 10 different DGRP lines were collected
and then crossed to 20 y v males in 8 oz. bottles. F1 + + / y v virgin
females were subsequently collected. Males and females were allowed to mate for 5 days, after which all adults were cleared from
the bottles. In the second cross, 10 virgin F1 females (12–24 h old)
and 10 DGRP males (3–4 days old) were crossed in vials; this was
EVOLUTION SEPTEMBER 2014
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using random effects implemented in PROC MIXED in SAS
software. The full model is as follows:
Rijklmn = µ + Fi + M j + Tl + Fi × M j + Fi × Tl + M j × Tl
+ Fi × M j × Tl + Bk + V [F, M, B]m + εn ,
for i = 1 . . . 10; j= 1 . . . 10; k= 1, 2; l= 1, 2; m= 1, 2;
n = 1 . . . 800

Figure 1. Two-step crossing scheme to score crossover rates. Only
the X chromosome is shown for simplicity. Recombinant males are
highlighted in the box outlined in black.

done for all 100 combinations of females and males (two vials
per combination per block). After 6 h, males were removed from
the vials. We chose a 6 h mating window because in our own experience, !60–70% of single pair copulations for DGRP strains
are successful over this time frame. Males were removed after
this window to minimize the potential effects of multiple matings,
as previous studies have suggested that increased mating increases
crossover rates (Priest et al. 2007). Although D. melanogaster
females display a lack of receptivity to remate soon after mating (Manning 1962, 1967; Bubis et al. 1998), remating within a
6-h window is not uncommon (e.g.,Van Vianen and Bijlsma 1993;
Drapeau et al. 2001). However, very young females (such as those
used for the current experiment) show very low remating rates,
on the order of 10% (Van Vianen and Bijlsma 1993). We are thus
confident that remating is sufficiently rare in our experiment as to
not compromise our ability to detect effects of various factors on
crossover rate.
The experimental crosses were set up in two blocks, with two
replicates per cross per block. The F1 females were transferred to
new vials every day for 10 days. After 15 days, the progeny were
collected from each vial, frozen, and male progeny were scored
for the recombinant phenotypes. Recombinant male progeny were
identified as having only one visible marker (y + or + v). Previous
work in our laboratory has demonstrated that freezing flies has no
effect of the visible markers we are scoring. All of the raw data
associated with this manuscript have been deposited into Dryad.
STATISTICS

All statistics were run using SAS version 9.3. To test for significant
effects of crossover frequency, we used a mixed effects model
2720

where R represents the crossover frequency, µ represents the
mean of regression and ε represents the error. The model terms F
and M stand for female and male genotype, respectively. T stands
for time, either the first 5 days or the second 5 days. The timing
of oogenesis allows us to separate crossover events that occurred
before mating (the first 5 days) and crossover events that occurred
after mating (the later 5 days) (McKim et al. 2002; Mehrotra
and McKim 2006). F, M, and T are all fixed effects. Although
modeling F and M as random effects could also be argued as
appropriate, we note that modeling F and M as random effects
does not change our results (data not shown). B is block and V
is vial (replicate within block) and is nested within F, M, and
B. Both B and V are random effects. There are also interaction
effects between F, M, and T. We can estimate the proportion of
phenotypic variation in recombination rate explained by each
factor by taking the ratio of the sum of squares of a given factor
to the total sum of squares. These proportions are converted to
percentages and reported in Table 1.
Because inversions have an effect on recombination (Sturtevant and Beadle 1936; Schultz and Redfield 1951; Novitski and
Braver 1954), we ran the model on two datasets: one with all
lines included and one with only the seven inversion-free lines.
Additionally, we utilized the SLICE function in SAS software to
test for effects of each of these factors in the context of each time
block, either the first 5 days or the second 5 days. The SLICE
function allows for a test of simple effects; in this case, we are
testing for an effect of M and F within each level of T (Winer
1971). We also repeated the analysis using our data coded as a
binary response (whether an individual was recombinant or not)
using a PROC GLIMMIX framework with the same parameters
listed above, modeling after Stevison (2012).
Finally, to test for an effect of male genetic background on
female fitness, we used a PROC MIXED framework described
above. We use total number of progeny as a measure of female
fitness. The full model is
Pijkmn = µ + Fi + M j + Fi × M j + Bk + V [F,M,B]m + εn ,
for i= 1 . . . 10; j= 1 . . . 10; k= 1, 2; m= 1, 2; n= 1 . . . 800
where P represents the number of progeny, µ represents the mean
of regression, and ε represents the error. The model terms F and
M stand for female and male genotype, respectively. F and M are
fixed effects. B is block and V is vial (replicate within block) and
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Table 1.

PROC MIXED fixed effects analysis.

With inversions present
Source

df

F value

F
M
T
F×M
F×T
M×T
F×M×T

9
9
1
81
9
9
81

9.62
0.72
46.94
0.68
1.40
0.46
0.87

Without inversions present
Pr > F

%

df

F value

<0.0001
0.69
<0.0001
0.96
0.19
0.90
0.78

16.23
3.06
-

6
6
1
36
6
6
36

6.73
1.08
20.81
0.71
1.12
0.20
0.74

Pr > F

%

<0.0001
0.39
<0.0001
0.86
0.35
0.98
0.86

16.03
3.08
-

% = percentage of variance explained by factor (reported only for significant factors); F = female genotype; M = male genotype; T = time (either the first 5

days or the second 5 days).

is nested within F, M, and B. Both B and V are random effects.
There is also an interaction effect between F and M.

Results and Discussion
ROBUSTNESS OF CROSSOVER RATE ESTIMATION

In total, 152,547 progeny were collected from the experimental
crosses, with 73,870 of those being males that were scored for
recombination. Of these males, 12,356 were of the phenotype
y + and 11,604 were of the phenotype + v. The average crossover
frequency was 33 cM, which aligns perfectly with the expected
genetic distance between these markers of 33 cM (Morgan and
Bridges 1916). To test for deviations from expected ratios of
phenotype classes, we performed G-tests for goodness of fit for
all 100 combinations of female lines crossed to male lines for the
following ratios: total males versus total females, total wild-type
males versus total y v males and finally, total y + males versus
total + v males. The null hypothesis for each comparison is a 1:1
ratio of phenotype classes. We used a Bonferroni correction with
an initial α = 0.05 to correct for multiple tests. For each of the 100
crosses, we summed progeny counts across the four replicates of
that cross.
Comparing total females to total males, only six out of the
100 combinations show significant deviations from the expected
1:1 ratio (P < 0.0004, G-test). Interestingly, in all six cases, there
were significantly more females than males. This is consistent
with a very mild viability defect associated with the y v chromosome. Comparing wild-type males versus y v males, five out of
the 100 combinations show a significant deviation from the expected 1:1 ratio (P < 0.0001, G-test). Again, all five of these lines
show deviations in the same direction, with significantly more
wild-type males than y v males. This is similarly consistent with
a small viability defect associated with the doubly marked chromosome. Surprisingly, there was no overlap in the combination
of lines from the two tests. Comparing the counts of y + males

versus + v males, none of the 100 crosses showed a significant
difference between recombinant phenotypes (P > 0.004, all comparisons, G-test). Given the overall concordance of our results
with null expectation, we believe that viability defects associated
with the doubly marked chromosome are minute at best and as
a consequence, we are confident that our approach to estimating
crossover rate is robust.
FACTORS AFFECTING CROSSOVER RATE VARIATION

Overall, crossover frequency varies markedly among female genetic backgrounds (measured as an average across all 10 male
genotypes for the entire 10-day collection period), ranging from
28.3 to 37.6 cM (Fig. 2A). The magnitude of variation in crossover
frequency among lines (measured as the maximum observed
crossover rate—minimum crossover rate) from the current study
(9.26 cM) is comparable to the range in crossover frequency observed in this interval previously (8.8 cM; Brooks and Marks
1986; Fig. 2A). Measured in a slightly different way, our data
show 1.33-fold variation in crossover rate among lines which
is highly consistent with previous reports of 1.27-fold variation
across strains in this same region (Brooks and Marks 1986).
To identify factors significantly contributing to crossover rate
variation in this experiment, we used a mixed effects model. Our
results indicate that female genetic background significantly affects crossover frequency (P < 0.0001), explaining 16.23% of the
observed phenotypic variation in crossover rate (Table 1). This
result is robust to the effect of inversions, as female genetic background remains a significant factor even if we restrict our analysis
to the seven lines that are homozygous for a standard chromosome
arrangement (P < 0.0001; Table 1). In addition, female genetic
background contributes persistently to crossover rate variation,
as this factor is clearly significant in both time points surveyed
(Table 2). Our results are thus consistent with previous work highlighting a role of female genetic background in recombination rate
variation (Brooks and Marks 1986; Comeron et al. 2012).
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Figure 2.

Crossover frequency over the entire 10-day period of (A) females averaged across male genetic backgrounds and (B) line

RAL_40 females as a function of male genetic background. Error bars represent standard deviation. Note that in panel A, previous data
are included for comparison (lines 7, 19, 26, 59, 90, 101, and Ore-R taken from Brooks and Marks 1986).

In contrast to previous results (Stevison 2012), we find no
significant contribution of male genetic background to crossover
rate variation (P = 0.69; Table 1). We also find no evidence in
support of female × male genetic background interaction effects
on crossover rate (P = 0.96; Table 1). This is not due to confounding effects of inversions, as limiting the analysis to lines
with standard arrangements produces similar results (Table 1).
Indeed, very little variation in crossover frequency is observed for
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a given female genetic background as a function of male genotype
(e.g., Figs. 2B, S1–S9).
One formal possibility for this negative result is a lack of
sexual conflict among the genotypes chosen for our study. Indeed,
our study is motivated by the hypothesis that mating is stressful in
Drosophila and that different males genotypes are differentially
stressful to females. If the genotypes surveyed here do not vary
in their consequences for female fitness, then perhaps a lack of
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Table 2.

PROC MIXED fixed effects analysis including time.

With inversions present

Without inversions present

Source

Time

df

F value

Pr > F

df

F value

Pr > F

F
F
M
M
F×M
F×M

Early
Late
Early
Late
Early
Late

9
9
9
9
99
99

5.94
9.01
0.83
0.48
1.07
1.58

<0.0001
<0.0001
0.59
0.89
0.32
0.0017

6
6
6
6
48
48

3.86
6.57
1.03
0.64
1.01
1.57

0.0013
<0.0001
0.41
0.70
0.46
0.021

F = female genotype; M = male genotype; T = time (either the first 5 days or the second 5 days).

male-mediated effects on recombination rate is unsurprising. To
address this, we used a mixed effects model to test of the effect
of male genetic background on female offspring production. This
analysis reveals a strong effect of male genetic background on
female offspring production (P = 0.004; Table S1), suggesting
that the genotypes surveyed here do indeed play some role in
mediating female fitness. It bears noting that this measure of
fitness is somewhat crude, which may indicate that the effects
of male genetic background on female reproductive fitness may
be even more substantial than detected here. We further note
that differential reproductive output as a function of male genetic
background may result from differing numbers of eggs laid and/or
other factors such as larval competition, as each vial in this assay
contained 10 females.
Our finding of a lack of an effect of male genetic background on recombination rate in spite of a strong effect of male
genetic background on offspring production prompted us to consider what size of an effect of male-mediated effects on female
recombination rate we would be able to detect given our experimental design. Although the appropriateness of post hoc power
analyses is quite uncertain (see Hoenig and Heisey 2001), we can
conduct a rough calculation to provide qualitative insight into the
quantitative scope of our result. The critical F-value for the effect
of male genetic background is 1.96. Thus, the sum of squares
for the male genetic background would need to be 2.7 times as
large as was observed to achieve significance at an α = 0.05.
If the male genetic background effect was 2.7 times as large, it
would explain only 3.3% of the variance in recombination rate
observed in our experiment. This suggests male-mediated effects
on female recombination explain at most 3.3% of the variance in
female recombination rate, which is roughly 1/5 of the magnitude
of the effect of female genetic background. This suggests strongly
that male-mediated effects, if any, are minor in comparison to the
effects of female genetic background.
However, depending on the mechanism underlying the previously observed male-mediated effects on female recombination
rate (Stevison 2012), we might not expect to see an effect over the

entire 10-day collection period. Although the effects of gametic
selection should be consistent across the experimental time frame,
if the effect is due to increases in the number of crossover events,
then the timing of the response should be notably different. During
oogenesis, crossovers are initiated in region 2a of the germarium
(Mehrotra and McKim 2006). It takes roughly 4–5 days between
when crossovers are initiated and when mature oocytes are laid
by mated females. That is, crossovers are occurring well before
a female has been mated (King et al. 1968; King 1970). Thus, it
is possible that the effect of male genetic background does affect
crossover rate, but that the effect would only be visible after 4–5
days.
To test this, we separated crossovers occurring before versus after mating by transferring females over the course of the
experiment. We analyzed crossovers from the first 5 days (days
1–5) compared to the second 5 days (days 6–10); the first 5 days
contained progeny that had crossovers initiated before a female
was mated, whereas the second 5 days contained progeny that
had crossovers initiated after mating and storage of sperm. Slicing (see Materials and Methods) the data into early (days 1–5) and
late blocks (days 6–10) reveals no significant effects of paternal
genotype (Table 2) in either block. Our results thus suggest that
males play no detectable role in influencing crossover frequency
in this population of D. melanogaster.
RECONCILING OUR RESULTS WITH PREVIOUS
FINDINGS

Our results contrast significantly with previous work (Stevison
2012), which merits discussion. There are many factors that could
serve to explain the differences between these studies. First, the
strains used in the two studies are very different. The original
study used flies collected in Zimbabwe, Africa whereas our study
used flies from Raleigh, North Carolina (Mackay et al. 2012). If
the effects of male genetic background on female crossover rates
are population-specific, this could explain the differences in our
results. This would also suggest that male-mediated effects are
unlikely to dominate natural populations.
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Another difference between the two studies is that crossover
frequency was scored using molecular markers in the original
study whereas our study used phenotypic markers. Phenotypic
markers can have differences in viability whereas molecular
markers are likely to be unbiased. Based on our G-test analyses presented above, we believe our results have not been adversely affected by viability defects associated with these mutations. However, it remains possible that the difference between the
studies with respect to how crossovers were measured underlies
the difference in outcomes.
Another important difference between the two studies is the
environmental conditions under which the experiment was conducted. The temperature of the initial study was 21°C whereas
our experiment was conducted at 25°C. Temperature, as mentioned before, will have an effect on crossover frequency (Plough
1917, 1921; Stern 1926). Notably, crossover frequency increases
over 22°C (Ashburner 1989). One possibility is that crossover
frequencies are near their extreme values at 25°C which reduces
the capacity for phenotypic plasticity in crossover rate in response
to male genetic background. Similarly, females in the initial experiment were held as virgins for 4 days in comparison to our
females, which were held as virgin for 12–24 h. It is clear that
maternal age affects crossover rate in Drosophila (Plough 1917,
1921; Bridges 1927; Neel 1941; Hayman and Parsons 1960; Redfield 1966; Priest et al. 2007; Tedman-Aucoin and Agrawal 2011),
and it is possible that capacity for plasticity varies as a function
of age as well. It is also possible that the duration of the aging
window (4 days vs. 1 day) contributes to the difference between
results observed in the current versus original study.
The final difference between the two studies that bears mentioning is the statistical framework in which the data were analyzed. Although the original study coded individuals as binary
(recombinant vs. nonrecombinant), the current study estimated
crossover frequency for a given replicate vial. To test whether this
difference in analysis approach was sufficient to drive the difference in the results, we repeated our analysis using a statistical
model similar to that employed previously. This analysis revealed
no significant effect of paternal genotype on female crossover
rate (Table S2). This result holds when we limit the analysis to
inversion-free genotypes (Table S2) as well as when we control
for the timing of crossover events during oogenesis (Table S2).
Thus, the precise reasons underlying the differences between
our results and previous work remain unknown. However, we
suggest that our results indicate that effects of male genotype
on female genetic background are not pervasive in natural populations of D. melanogaster. Certainly in the case of this North
American population, male genetic background appears to play
no role in determining female crossover rates. In contrast, female genetic background contributes significantly to the variation
in crossover rate observed in this experiment and is likely to
2724

contribute markedly to natural variation in crossover rate in D.
melanogaster.
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Table 2.S1 - PROC MIXED fixed effects analysis on fitness.

With Inversions Present
Source

df

F Value

Pr > F

F

9

2.30

0.022

M

9

0.90

0.004

F×M

81

0.60

0.99

Key
F = female genotype; M = male genotype
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Table 2.S2 - PROC GLIMMIX fixed effects analysis

With Inversions Present

Without Inversions Present

Source

df

F Value

Pr > F

df

F Value

Pr > F

F

9

7.80

<.0001

6

5.65

0.0002

M

9

0.90

0.53

6

1.04

0.41

T

1

47.61

<.0001

1

21.71

<.0001

F×M

81

0.60

0.99

36

0.57

0.96

F×T

9

0.98

0.45

6

1.21

0.30

M×T

9

0.39

0.94

6

0.48

0.82

F×M×T

81

1.08

0.29

36

1.08

0.36

KEY
F = female genotype; M = male genotype; T = time (either the first five days or the second
five days)
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Table 2.S3 - PROC GLIMMIX fixed effects analysis separated by time

With Inversions Present

Without Inversions Present

Source

Time

df

F Value

Pr > F

df

F Value

Pr > F

F

Early

9

5.79

<.0001

6

3.85

0.0008

F

Late

9

7.44

<.0001

6

5.62

<.0001

M

Early

9

0.89

0.56

6

1.32

0.25

M

Late

9

0.74

0.67

6

0.63

0.71

F×M

Early

99

1.08

0.29

48

1.02

0.43

F×M

Late

99

1.29

0.0029

48

1.24

0.13

KEY
F = female genotype; M = male genotype
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Figure 2.S1 - Crossover frequency of line RAL_21 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S2 - Crossover frequency of line RAL_26 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S3 - Crossover frequency of line RAL_38 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S4 - Crossover frequency of line RAL_45 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S5 - Crossover frequency of line RAL_57 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S6 - Crossover frequency of line RAL_59 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S7 - Crossover frequency of line RAL_73 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S8 - Crossover frequency of line RAL_75 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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Figure 2.S9 - Crossover frequency of line RAL_136 females as a function of male genetic
background. Error bars represent standard deviation across replicates.
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CHAPTER 3. GENETIC BACKGROUND, MATERNAL AGE AND INTERACTION EFFECTS MEDIATE
RATES OF CROSSING OVER IN DROSOPHILA MELANOGASTER FEMALES

AUTHORS
Chad M. Hunter, Matthew C. Robinson, David L. Aylor and Nadia D. Singh
ABSTRACT
Meiotic recombination is a genetic process that is indispensable for proper
chromosome segregation in many organisms. Despite being fundamental for organismal
fitness, rates of crossing over vary greatly at all levels of biological organization. Both
genetic and environmental factors contribute to phenotypic variation in crossover frequency,
as well as genotype-environment interactions. Here, we test that hypothesis maternal age
influences rates of crossing over in a genotypic-specific manner. Using classical genetic
techniques, we estimated rates of crossing over for individual Drosophila melanogaster
females from several strains as a function of maternal age. We find that both age and
genetic background significantly contribute to observed variation in recombination
frequency, as do genotype-age interactions. We further find differences in the effect of age
on recombination in the two genomic regions surveyed. Our results highlight the complexity
of recombination rate variation and reveal a new role of genotype by environmental
interactions in mediating recombination rate.
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INTRODUCTION
Meiotic recombination is a critically important biological process, as chromosomal
crossovers are required for proper chromosome segregation in many organisms (Roeder
1997). Defects in meiotic recombination can have detrimental consequences including
increasing the probability of nondisjunction (Koehler et al. 1996; Hassold and Hunt 2001).
The exchange of genetic material associated with crossing over can have important
evolutionary consequences by combining or separating beneficial or deleterious alleles.
Given the central importance of recombination for organismal fitness, one might hypothesize
that this process would be highly regulated, with little to no variation present. However, a
wealth of evidence in a variety of taxa points to the contrary. Variation in rates of
recombination have been identified in yeast (Mancera et al. 2008), worms (Barnes et al.
1995; Rockman and Kruglyak 2009), fruit flies (Brooks and Marks 1986; Singh et al. 2009,
2013; Comeron et al. 2012), honey bees (Ross et al. 2015), maize (Bauer et al. 2013),
chickens (Rahn and Solari 1986), mice (Dumont et al. 2009), chimps (Ptak et al. 2005;
Winckler et al. 2005), and humans (Kong et al. 2002; Crawford et al. 2004; Myers et al.
2005), to name a few. This source of this variation is an intriguing evolutionary question, as
both genetic factors such as PRDM9 (Baudat et al. 2010; Myers et al. 2010; Parvanov et al.
2010) and environmental variables such as nutrition (Neel 1941; Abdullah and Borts 2001)
have been shown to greatly contribute to variation in rates of recombination.
It has long been known that recombination rates are plastic, meaning that a given
genotype has the capability to exhibit different phenotypes in response to the environment. It
has been noted that stress influences recombination rates, often increasing rates (Parsons
1988; Hadany and Beker 2003; Agrawal et al. 2005; Zhong and Priest 2011). Many studies
have linked various types of stress to changes in recombination such as mating (Priest et al.
2007), nutrition (Neel 1941; Abdullah and Borts 2001), parasitism (Fischer and SchmidHempel 2005; Kerstes et al. 2012), social stress (Belyaev and Borodin 1982), and
temperature (Plough 1917, 1921; Stern 1926; Smith 1936; Grushko et al. 1991).
For this study, we were interested in investigating how the stress of aging influenced
rates of recombination in D. melanogaster females. Aging, “a steady progressive,
irreversible decline in organismal performance” (Helfand and Rogina 2003), is a ubiquitous
process with detrimental consequences, including an increase in genome instability (Vijg
2000). The accumulation of DNA damage associated with aging can lead to harmful
mutations and ultimately to the occurrence of cancer (Hoeijmakers 2009). For most
organisms, advancing age is accompanied by a decrease in overall fitness (Williams 1957;
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Partridge and Barton 1993) and also a decrease in overall reproductive output (Stearns
1992).
Many studies have addressed the phenomenon of recombination rates changing
with advancing maternal age in Drosophila (Bridges 1915, 1927, 1929; Plough 1917, 1921;
Stern 1926; Bergner 1928; Neel 1941; Hayman and Parsons 1960; Redfield 1966; Lake and
Cederberg 1984; Parsons 1988; Chadov et al. 2000; Priest et al. 2007; Tedman-Aucoin and
Agrawal 2011; Stevison 2012; Manzano-Winkler et al. 2013; Hunter and Singh 2014) and in
other species such as worms (Rose and Baillie 1979), tomatoes (Griffing and Langridge
1963), mice and hamsters (Henderson and Edwards 1968; Sugawara and Mikamo 1983)
and humans (Kong et al. 2004; Coop et al. 2008; Hussin et al. 2011; Bleazard et al. 2013;
Rowsey et al. 2014; Campbell et al. 2015). In spite of the depth of research on this topic, a
clear picture of how maternal age affects rates of recombination has yet to emerge. In
humans, for instance, while some studies show fewer crossovers over time (i.e. Kong et al.
2004; Hussin et al. 2011), others show more crossovers over time (i.e. Tanzi et al. 1992;
Bleazard et al. 2013). The Drosophila literature shows similar discrepancies, with some
studies showing clear increases in crossover frequency with increasing maternal age (i.e.
Bridges, 1915; Stern, 1926; Bergner, 1928; Lake & Cederberg, 1984; Priest et al., 2007;
Hunter & Singh, 2014), others showing decreases (i.e. Bridges, 1915; Hayman & Parsons,
1960; Chadov et al., 2000), some revealing non-linear effects (i.e. Plough, 1917, 1921;
Bridges, 1927; Neel, 1941; Redfield, 1966; Tedman-Aucoin, 2008) and others yet finding no
significant changes in recombination rates (i.e. Bridges, 1915; Plough, 1921; Stevison,
2012; Manzano-Winkler et al., 2013).
It has proven difficult to compare these studies for a variety of reasons. First, many
different strains have been employed in the above experiments, and it is not yet clear
whether the effects of maternal age on recombination frequency are dependent on genetic
background. Other factors such as repeated mating, which may affect rates of crossing over
in Drosophila (Priest et al. 2007), have not been controlled for in all studies, further
complicating the interpretation of previous data. Experimental design differs among studies
as well, with some studies assaying recombination from single females while others assay
recombination from a pool of females; this too may contribute to the observed differences in
the effects of maternal age on recombination among studies. Finally, different regions of the
genome have been surveyed, and it is possible that the affect of maternal age on
recombination rate is not uniform across the genome.
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The goal of this study is to test the hypothesis that the effects of maternal age on
recombination rate are genotype and/or locus-specific. Demonstrating genotype-by-age
interaction effects, or genomic heterogeneity in the magnitude/direction of age-associated
changes in recombination rate is a critical first step in quantifying the extent of such effects
and determining their genetic basis. To test for genotype-age interaction and locus-specific
effects, we used multiple wild-type lines of D. melanogaster and measured recombination
rates of individual females for a period of three weeks after a single mating event. This study
estimated crossover rates in two different genomic locations. We find an increase of
recombination rates with increasing maternal age on the X chromosome, though no
significant age-dependency in recombination frequency on the 3R chromosome. This
suggests that age-related changes in recombination rate are not constant genome-wide. In
addition, our study confirms genotype-specific variation in recombination rate, and indicates
that the effects of maternal age are indeed genotype-dependent. In moving forward, it will be
important to control for genetic background effects when examining the effects of
environmental factors on rates of crossing over. We demonstrate this in Drosophila and
predict that genotype-environment interaction effects on crossover rates are likely to be
pervasive in other species as well.
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MATERIALS AND METHODS
Fly Lines
Five inbred wild-type strains of Drosophila were used in this study from the
Drosophila melanogaster Genetic Reference Panel (DGRP) (Mackay et al. 2012; Huang et
al. 2014). The five lines were RAL_21, RAL_59, RAL_73, RAL_75 and RAL_136. Four of
the lines are free of chromosomal inversions and have the standard karyotype while one
(RAL_136) is heterozygous for the Mourad inversion on 3L and heterozygous for the Kodani
inversion on 3R (Huang et al. 2014). It should be noted that because of these inversions,
RAL_136 was not used for estimating rates of recombination using markers on 3R. These
lines were previously used in a study by the authors and were shown to be significantly
variable for crossover rates (Hunter and Singh 2014).
To measure rates of recombination, we employed a classical genetic crossing
scheme using homozygous, recessive visible markers. The markers used to measure
recombination on the X chromosome were yellow (y1) and vermilion (v1) and are 33 cM apart
(Morgan and Bridges 1916). The markers on the 3R chromosome were ebony (e4) and
rough (ro1) and are 20.4 cM apart (Bridges and Morgan 1923). These markers were
selected due to their genetic distance, ease of scoring and lack of viability defects.
Experimental Crosses
All crosses were executed at 25°C with a 12 hour light-dark cycle on standard
cornmeal-molasses media. To score crossover frequency, we used a two-step crossing
scheme (Figure 3.1). We conducted this experiment twice; once for the y v marker pair and
once for the e ro marker pair. For the first cross, 20 virgin DGRP females were mated to 20
doubly-marked males for 5 days in 8 oz. bottles. (Doubly-marked males are denoted by m1
m2 for simplicity and refer to either y v males or e ro males.) After 5 days, parental flies were
removed. Virgin F1 females (+ +/ m1 m2) were collected within a two-hour period between
8AM and 10AM on the same day for all lines contemporaneously and held virgin for 24
hours in groups of 20. Twenty virgin females were mass-mated with twenty males in 8 oz.
bottles for a period of 24 hours (for flies with the y v markers) or for 48 hours (for flies with
the e ro markers). Males with e ro markers seemed less enthusiastic to mating (a first trial of
a 24 hour window produced very few gravid females), necessitating the longer mating
window. Due to the apparent effect of repeated mating on rates of recombination (Priest et
al. 2007), we limited females to mating attempts only in the short window of 24-48 hours.
This short window allows for roughly one mating event since females become unresponsive
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to remating for roughly one day after copulation (Manning 1962, 1967; Gromko et al. 1984).
Drosophila females are able to store sperm for periods greater than two weeks (Kaufman
and Demerec 1942; Lefevre and Jonsson 1962) so all progeny collected are a result of
mating within that original 24-48 hour window. After mating, individual females were placed
into vials and transferred every two days at the same time of day for 22 days. For y v, 150
replicate females were used for each line. For e ro, 175 replicate females were used for
each line. The resulting progeny from each vial were scored for both sex and presence of
morphological markers after the female had been removed from the vial. Recombinant
progeny were identified by the presence of only one visible marker (recombinant genotypes
are m1 + or + m2).
Statistics
All statistics were conducted using JMP®Pro v11.0.0 and/or R v3.2.0 unless
otherwise noted. We used a repeated measures ANOVA (Winer 1971) on transformed data
as a test for the effects of maternal age, genetic background, and the interaction between
these factors. The full model is as follows:
Rij = µ + Gi + Aj + Gi × Aj + εn,
for y v, i = 1...5; j = 1...6; and n = 1...306
and for e ro, i = 1... 2; j = 1...3; and n = 1... 54
where R represents crossover frequency, µ represents the mean of regression and ε
represents the error. G represents female genetic background, modeled as a fixed effect
and A represents maternal age, also modeled as a fixed effect, along with the interaction of
the two. For the repeated measures ANOVA, we restricted our analysis to Days 1-12 for the
interval on the X, as the number of females producing an appreciable number of progeny
markedly decreased after day 12. For the same reason, we limited our analysis to Days 110 for the interval on 3R, as the number of females producing an appreciable number of
progeny markedly decreased after day 10.
Additionally, we used a generalized linear model with a binomial distribution and logit
link function to test for an effect of age, genetic background as well as the interaction of the
two on recombination frequency. We treated each progeny as a realization of a binomial
process (recombinant versus nonrecombinant) and summarized the data for a given vial by
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the number of recombinants and the number of trials (total number of progeny per vial), The
full model was as follows:
Rij = µ + Gi + Aj + Gi × Aj + εn,
for y v: i = 1...5, j = 10, and n = 1...2648
and for e ro: i = 1... 4, j = 3, and n = 1... 625
where R represents crossover frequency, µ represents the mean of regression and ε
represents the error. G represents female genetic background, modeled as a fixed effect
and A represents maternal age, also modeled as a fixed effect, along with the interaction of
the two.
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RESULTS AND DISCUSSION
Robustness of Crossover Frequency Estimation
In total, we scored 105,378 progeny for both intervals combined (78,292 for the y v
interval and 27,086 for the e ro interval). We performed G-tests for goodness of fit (Sokal
and Rohlf 1994) on our combined data to validate that the correct proportions of females
versus males, wild-type versus m1 m2, and m1 + versus + m2 were being recovered. It is
expected that each member of these pair will be recovered in a 1:1 ratio due to Mendelian
segregation. Comparing females versus males for the y v interval, only 1 out of 613
replicates showed a significant deviation from the 1:1 ratio (Bonferroni-corrected P = 0.05,
G-test) while for the e ro interval, 0 out of 467 replicates showed a significant deviation from
the 1:1 ratio (Bonferroni-corrected P > 0.05, all comparisons, G-test). Comparing wild-type
versus m1 m2 (progeny with both markers), in the y v interval, 6 out of 613 replicates showed
a significant deviation from the expected 1:1 ratio (Bonferroni-corrected P < 0.05, G-test)
while for the e ro interval, none of the replicates showed a significant deviation from the 1:1
ratio (Bonferroni-corrected P > 0.05, all comparisons, G-test). Comparing the ratio of
recombinant progeny (m1 + versus + m2), none of the replicates showed a significant
deviation from the expected 1:1 ratio for the either the y v or e ro interval (Bonferronicorrected P > 0.05, all comparisons, G-test). These results indicate that there is no viability
defect associated with any of the mutations used in the current study and gives us
confidence that our estimates of crossover are robust.
Interaction of Genetic Background and Maternal Age
The primary motivation for this study was to determine how crossover frequency
varies in relation to genetic backgrounds, advancing maternal age and the interaction of the
two. Although work has shown that meiotic nondisjunction increases with maternal age in
Drosophila (using oocytes aged ~4 days; Jeffreys et al. 2003; Subramanian and Bickel
2008, 2009; Weng et al. 2014), the nature of the relationship between recombination rate
and maternal age is less clear. As described before, increases, decreases, non-linear and
no changes in rates of recombination with increasing maternal age have all been observed
previously.
We analyzed recombination rates for individual females every two days for their
lifetime. Analysis of the y v region data (up to day 12; see Materials and Methods) using a
repeated measures ANOVA indicates that genetic background (F4,302 = 12.56; P < 0.001)
and maternal age (F1,1837 = 63.72; P < 0.001) significantly contribute to recombination rate
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observed in our study. Importantly, the interaction of genetic background and maternal age
is also significant (F4,1837 = 3.82; P = 0.004; Table 3.1), indicating that the effects of maternal
age on recombination rate are genotype-dependent. Analysis of the full data complement
using a generalized linear model is consistent with these findings (Table 3.2), suggesting
that our results are robust to sample size and method of statistical analysis. Additionally,
removing RAL_136 which contains segregating inversions on arms 3L and 3R (see
Materials and Methods) produces the same result (data not shown).
These data thus clearly indicate that the effects of age on recombination frequency
are genotype-specific. While previous work showed that different strains of D. melanogaster
containing different dominant deleterious mutations differed in the magnitude and extent of
age-dependent changes in recombination (Tedman-Aucoin and Agrawal 2011), here we
report that natural genetic variation can also drive changes in the effects of maternal age on
recombination rate. Our data further indicate that rates of crossing over increase with
maternal age within this genomic region (Figure 3.2), although these increases appear to
not be strictly linear. The increase in recombination frequency with increasing maternal age
is consistent with several previous studies in Drosophila (Bridges 1915; Stern 1926; Bergner
1928; Lake and Cederberg 1984; Priest et al. 2007; Hunter and Singh 2014) and other
species (Kong et al. 2004; Coop et al. 2008).
Variation in recombination rates among individuals has been detailed in numerous
different species such as in Drosophila (Brooks and Marks 1986), mice (Dumont et al.
2009), and humans (Yu et al. 1996; Coop et al. 2008; Wang et al. 2012). A significant effect
of genetic background (Fig S1A-B) confirms previous work that has shown variation in
recombination rates is associated with genetic background differences among DGRP lines
(Comeron et al. 2012; Hunter and Singh 2014) as well as in Drosophila in general (Chinnici
1971a,b; Brooks and Marks 1986; Comeron et al. 2012).
It bears mentioning that our surveyed window does not fully capture the potential
effects of age on recombination. Indeed, Drosophila can have lifespans of ~80 days and
beyond (Grönke et al. 2010; Mockett et al. 2012; Ivanov et al. 2015). However, the average
life span is ~45-60 days under optimal conditions (see Ivanov et al., 2015) and usually less
under normal conditions (Ashburner et al. 2005). Additionally, the act of mating can
significantly reduce the average life span of a female as compared to her non-mated
counterpart (Fowler and Partridge 1989). The average (unmated) lifespan for the five lines
used in this study is ~56 days (Arya et al. 2010; Ivanov et al. 2015). Therefore, our
measurements spanning 22 days encompass a large proportion of the adult lives of these
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flies. While it is possible that were we able to survey recombination rates over a longer
period of time we would see more dramatic effects of age on recombination, that we
observe a significant effect of maternal age on recombination rates in the y v region
indicates that the effects of age even within the first 22 days are biologically relevant.
Locus Effects
Previous research has indicated that rates of crossing vary along the genome, both
on broad and fine scales (Lindsley et al. 1977; McVean et al. 2004; Cirulli et al. 2007;
Paigen et al. 2008; Singh et al. 2009, 2013; Comeron et al. 2012). We hypothesized that
changes in crossover frequency due to age might also be variable across the genome, and
another goal of this work was to test the whether the effects of maternal age on
recombination frequency are locus-dependent. By using markers on both the X and 3R
chromosomes, we can compare the effect of maternal age and genetic background at two
different genomic locations. For the recombination rate estimation on chromosome 3R, we
limited our analysis to only the first 10 days, combining progeny from days 6 through 10.
This maximized the useable data, as we recovered fewer progeny overall from this crossing
scheme as compared with the crossing scheme used to survey recombination on the X
chromosome. In addition, we did not include RAL_136 in this experiment due to the
aforementioned segregating inversions.
A repeated measures ANOVA suggests that maternal age is a significant factor, but
only marginally so (P = 0.04; Table 3.1). Using a generalized linear model (see Materials
and Methods), we find that genetic background significantly contributes to the observed
variation in recombination rate (P = 0.05) but neither maternal age (P = 0.98) nor the
interaction term (P = 0.65) are significant. Given the sensitivity of these results to the
method of analysis, it is difficult to interpret the results. However, it is worth noting that
reducing the X chromosome dataset to the first 10 days only and combining days 6-10
confirms significant effects of genetic background (P < 0.001) and maternal age (P < 0.001)
and the interaction of the two (P = 0.002) on recombination frequency in this X chromosome
interval using a repeated measures ANOVA. This indicates that the lack of detectable effect
of maternal age on crossover frequency on 3R is not due to the sampling structure of the
experiment. That we detect no consistent effect of age or genetic background on
recombination frequency in the third chromosome region surveyed is suggestive that
crossover frequency at this locus is differentially sensitive to genetic and environmental
variation.
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Integrating our findings with previous work also points to genomic heterogeneity in
the recombinational response to maternal age. Bridges (1915) found differences in the
frequency of crossing over in two different broods from the same females for markers on the
third chromosome (pink and kidney), while we observed no significant differences in
crossover frequency associated with maternal age using our markers on the same
chromosome. In addition, Bridges found no significant differences in crossover frequency in
broods between markers on the X chromosome (vermilion and fused), while we observed a
significant increase in crossover frequency between our X chromosome markers. Data in
humans are similarly suggestive of chromosome-level variability in the effect of maternal
age on crossover frequency (Hussin et al. 2011).
Conclusion
Our results indicate that crossover frequency is mediated by genetic background and
maternal age. The novel contribution of our work is the finding of natural genetic variation for
age-dependent changes in recombination rate in Drosophila. Future work will be aimed at
quantifying the magnitude of genotype-age interaction effects in natural populations.
Moreover, the DGRP provides an excellent community resource that can be used to
uncover the genetic basis of these interaction effects, another area of future work. Our data
are also suggestive of genomic variability in the effects of maternal age on recombination
frequency, opening the possibility that environmental stressors may influence different parts
of the genome in different ways. Future work will also be aimed testing for heterogeneity in
the recombinational response to environmental stimuli at a genomic scale.
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TABLES
Table 3.1 - Repeated measures ANOVA effects.

X

3R

Source

df

SS

MS

F Value

Prob>F

Line

4

0.937

0.234

12.56

< 0.001

Residuals

302

5.634

0.019

Maternal Age

4

0.855

0.855

63.72

< 0.001

Line × Maternal Age

1

0.205

0.051

3.82

0.0043

Residuals

1837

24.654

0.013

Source

df

SS

MS

F Value

Prob>F

Line

2

0.00033

0.00017

0.017

0.98

Residuals

14

0.14

0.0096

Maternal Age

2

0.057

0.029

3.72

0.036

Line × Maternal Age

4

0.010

0.0025

0.33

0.86

Residuals

30

0.23

0.0077
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Table 3.2 - GLM effects.

GLM
Source

df

χ2

Prob> χ2

Line

4

46.41

< 0.001

Maternal Age

9

126.10

< 0.001

Line × Maternal Age

36

48.80

0.075

Source

df

χ2

Prob> χ2

Line

3

7.84

0.0495

Maternal Age

2

0.039

0.98

Line × Maternal Age

6

4.22

0.65

X

3R
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FIGURES

Figure 3.1 - Two-step crossing scheme used in order to generate crossover frequency. + +
denotes wild-type genotype while m1 m2 denotes either marker combination y v or e ro.
Recombinant progeny are denoted by having one visible marker (either + m2 or m1 +) and
are box outlined in black.

65

48

Recombination Rate (cM)
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Figure 3.2 - Average crossover frequency separated by day. Data for RAL_21 (black line, ●
data points), RAL_59 (dark grey line, ■ data points), RAL_73 (long-dashed black line, ▲
data points), RAL_75 (short-dashed black line, X data points) and RAL_136 (light grey line,
◆ data points) are shown. Error bars denote standard error.
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CHAPTER 4. THE GENETIC ARCHITECTURE OF NATURAL VARIATION IN RECOMBINATION RATE IN
DROSOPHILA MELANOGASTER
AUTHORS
Chad M. Hunter, Wen Huang, Trudy F.C. Mackay, and Nadia D. Singh
ABSTRACT
Meiotic recombination ensures proper chromosome segregation in many sexually
reproducing organisms. Despite this crucial function, rates of recombination are highly
variable within and between taxa and the genetic basis of this variation remains poorly
understood. Here, we exploit natural variation in the inbred, sequenced lines of the D.
melanogaster Genetic Reference Panel (DGRP) to map genetic variants affecting
recombination rate. We used a two-step crossing scheme and visible markers to measure
rates of recombination in a 33 cM interval on the X chromosome and in a 20.4 cM interval
on chromosome 3R for 205 DGRP lines. We find ~2-fold variation in recombination rates
among lines. Interestingly, we further find that recombination rates are uncorrelated between
the two chromosomal regions. We performed a genome-wide association study for genetic
variants associated with recombination rates in the two intervals surveyed. We refined our
list of candidate variants and genes associated with recombination rate variation and
selected twenty genes for functional variation. We present strong evidence that four genes
are likely to contribute to natural variation in recombination rate in D. melanogaster and lie
outside of the canonical meiotic recombination pathway. Further, we find a weak effect of
Wolbachia infection on recombination rate and we confirm the interchromosomal effect of
polymorphic inversions in both regions. Our results highlight the magnitude of population
variation in recombination rate present in D. melanogaster and implicate new genetic factors
mediating natural variation in this quantitative trait.
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INTRODUCTION
Meiotic recombination, the reciprocal exchange of genetic information between
homologous chromosomes during meiosis, is necessary for proper chromosome
segregation in many organisms (Roeder 1997). Lack of recombination and aberrant
placement of recombination events along the chromosome can generate aneuploid
gametes. Aneuploidy is the leading known cause of miscarriages and the principal genetic
cause for developmental disability and delay in humans (Hassold and Hunt 2001). Given the
crucial role of recombination in meiosis and the devastating consequences of aberrant
recombination, one might hypothesize that the process of recombination would be tightly
regulated so as to ensure proper chromosome segregation. In stark contrast to this
expectation, recombination rates vary dramatically in almost all taxa studied to date.
Recombination rate varies within and between species and populations in a huge diversity
of species including humans, chimpanzees, flies, mice, worms, yeast, and many others (e.g.
Brooks and Marks 1986; Rahn and Solari 1986; Barnes et al. 1995; True et al. 1996; Kong
et al. 2002; Wall et al. 2003; Crawford et al. 2004; Ptak et al. 2004, 2005; Fearnhead and
Smith 2005; Myers et al. 2005; Winckler et al. 2005; Wilfert et al. 2007; Mancera et al. 2008;
Dumont et al. 2009; Rockman and Kruglyak 2009; Comeron et al. 2012; Bauer et al. 2013;
Ross et al. 2015). Work in many species, particularly humans, mice, flies and yeast, also
indicate that there is also considerable variation in how recombination events are distributed
along the chromosome (Lindsley et al. 1977; Kong et al. 2002; Crawford et al. 2004;
McVean et al. 2004; Myers et al. 2005; Cirulli et al. 2007; Mancera et al. 2008; Paigen et al.
2008; Singh et al. 2009, 2013; Comeron et al. 2012).
In addition to its role in preserving genomic integrity between generations,
recombination is a pivotal force in evolution. Recombination can reduce interference
between selected alleles and the genetic background in which they reside, thereby
increasing the efficacy of natural selection (Fisher 1930; Muller 1932; Hill and Robertson
1966). Moreover, the exchange of genetic material between homologs creates new allelic
combinations and thus provides the raw material for the process of evolution. Further
highlighting its importance for evolution in general and genome evolution in particular, rates
of recombination correlate with numerous genomic features such as the level of DNA
polymorphism (Aguadé et al. 1989; Stephan and Langley 1989; Begun and Aquadro 1992),
rates of protein evolution (Pál et al. 2001; Betancourt and Presgraves 2002), density of
transposable elements (Bartolome et al. 2002; Rizzon et al. 2002; Petrov et al. 2011; Kofler
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et al. 2012), density of satellite DNA (Stephan 1986, 1987), and codon bias (Comeron et al.
1999; Marais and Piganeau 2002).
Given the importance of recombination and the pervasive natural variation in
recombination rate, it is perhaps unsurprising that the genetic basis of this variation has
been an active area of research for the last decade. With respect to the genetic basis of the
distribution of crossover events, the first known determinant of recombination distribution in
metazoans was discovered recently (Baudat et al. 2010; Myers et al. 2010; Parvanov et al.
2010). This remarkable discovery implicates PRDM9 in determining the locations of meiotic
recombination hotspots in both humans and mice. Sequence variation within Prdm9 also
modulates hotspot activity in humans (Berg et al. 2010). PRDM9 is a histone
methyltransferase that catalyzes histone H3 lysine 4 trimethylation (Baudat et al. 2013). This
rapidly evolving protein (Oliver et al. 2009) was first associated with hybrid sterility in rodents
(Mihola et al. 2009), and evidence continues to accumulate that it is a major component of
recombination hotspot determination in mammalian systems (Berg et al. 2010, 2011; Kong
et al. 2010; Hinch et al. 2011; Smagulova et al. 2011; Auton et al. 2012; Brick et al. 2012).
Comparatively less is known in other systems such as Drosophila. Several studies
have identified sequence motifs associated with recombination events (Cirulli et al. 2007;
Kulathinal et al. 2008; Stevison and Noor 2010; Comeron et al. 2012; Heil and Noor 2012;
Miller et al. 2012; Singh et al. 2013), but none have been functionally validated to date.
Drosophila lacks PRDM9 (Oliver et al. 2009; Heil and Noor 2012), and perhaps relatedly,
also lacks the highly punctate recombination landscape seen in mammals. While in humans
up to 80% of recombination events fall in 10-20% of sequence (Myers et al. 2005),
crossover distribution in Drosophila is far less heterogeneous (Comeron et al. 2012; Kaur
and Rockman 2014).
Recent work in mammals has also provided insight into the genetic architecture of
global recombination rate. RNF212 has been repeatedly associated with natural variation in
recombination rate in several systems including humans (Kong et al. 2008; Chowdhury et al.
2009), cattle (Sandor et al. 2012), and Soay sheep (Johnston et al. 2015). Consistent with a
role of this protein in modulating recombination rate, RNF212 is essential for meiotic
recombination and has a key role in stabilizing meiosis-specific recombination factors in
mice (Reynolds et al. 2013). PRDM9 has also been associated with heritable variation in
recombination rate (Hinch et al. 2011; Capilla et al. 2014) in humans and mice. Other
mediators of recombination rate include REC8 (Sandor et al. 2012), which is a cohesin that
is required for proper chromosome segregation in many organisms (Bhatt et al. 1999; Parisi
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et al. 1999; Watanabe and Nurse 1999). In humans, inversion 17q21.31, a 900 kb inversion,
is associated with increased recombination and fecundity in European females (Stefansson
et al. 2005).
The genetic architecture of recombination rate variation outside of mammals remains
poorly understood, even in the model organism Drosophila melanogaster. However, it is
well-documented that recombination rate is a variable and heritable trait in Drosophila. For
instance, classical genetic experiments indicate that the amount of crossing-over as well as
the distribution of crossover events can vary among lines of D. melanogaster (Broadhead et
al. 1977; Brooks and Marks 1986; Comeron et al. 2012; Hunter and Singh 2014), suggesting
population-level variation in this trait. Additionally, genetic control for crossover rate has
been suggested by laboratory selection experiments in which recombination rate itself was
successfully subject to artificial selection (Detlefsen and Roberts 1921; Parsons 1958;
Mukherjee 1961; Moyer 1964,Chinnici 1971a,b,Kidwell 1972a,b,Valentin
1973a,c,Charlesworth and Charlesworth 1985a,b; Charlesworth et al. 1985). Finally,
changes in recombination rate have been shown to evolve as a correlated response to
artificial selection on other characteristics, such as sternopleural bristle number (Rodell et al.
2004), DDT resistance (Flexon and Rodell 1982), geotaxis (Korol and Iliadit 1994), and
resistance to temperature fluctuations (Zhuchenko et al. 1985), which is again consistent
with segregating natural variation in recombination rate. Additionally, the fact that modifiers
of recombination rate are commonly linked to variants controlling completely unrelated traits
suggests that the genetic regulation of recombination rate modifiers are pervasive in the
genome and may have pleiotropic effects.
To gain the first insight into the genetic basis of population-level variation in
recombination rate in D. melanogaster, we used an association mapping approach. We
favored an unbiased approach in part because D. melanogaster lacks homologs of the three
known determinants of recombination rate in mammals noted above: RNF212, REC8, and
PRDM9. We measured recombination rates on both the 3R and X chromosomes in the 205
fully-sequenced inbred lines of the Drosophila melanogaster Genetic Reference Panel
(DGRP) (Mackay et al. 2012; Huang et al. 2014) using a two-step crossing scheme. We find
nearly 2-fold variation in recombination rate among lines. Unexpectedly, we find that
recombination rates are uncorrelated between the X and 3rd chromosome. We leveraged
this pervasive population-level variation in recombination rate for genome-wide association
(GWA) mapping to identify variants associated with phenotypic variation in recombination
rate on each chromosome. We selected the top 20 most promising candidate genes
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associated with recombination rate and subjected these candidates to both gene-level and
allele-level functional validation. Our functional assays implicate five highly promising
candidates for novel mediators of recombination rate variation in D. melanogaster:
CG10864, CG33970, Eip75B, lola, and Ptp61F. Our results thus provide new insight into the
scale and scope of population level variation in rates of recombination and more importantly
implicate new determinants of natural variation in recombination rate in Drosophila.
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RESULTS
Robustness of Data
To assay recombination rate variation in the DGRP, we used a classic two-step
crossing scheme (Figure 4.1). We measured recombination rates in two different genomic
intervals: a 20.4 cM interval between ebony (e) and rough (ro) on chromosome 3R and a 33
cM interval between yellow (y) and vermilion (v) on the X chromosome. In total, 506,045
progeny were scored for recombinant phenotypes (217,525 for the e ro interval and 288,520
for the y v interval). Each replicate (three per DGRP line per chromosome assay) contained
an average of ~427 flies. We first verified that our data conformed to expectations given
Mendelian inheritance. To do so, for each line we compared the number of wild-type
progeny to the number of progeny possessing both markers (either e ro or y v), summing
across all three replicates (Table 4.S1). We also compared the number of recombinant
progeny possessing only one marker to the number of recombinant progeny containing only
the other marker (either e + versus + ro or y + versus + v) (Table 4.S1). The null expectation
is a 1:1 ratio for the aforementioned pairs of phenotype classes. We used a Bonferroni
correction (Dunn 1959, 1961) with α = 0.05 to correct for multiple tests. When comparing the
ratios of the two non-recombinant haplotypes, we find 15 lines that deviate from the
expected 1:1 wt: e ro ratio (Bonferroni-corrected P < 0.03, G-test) and 8 lines that deviate
from the expected 1:1 wt: y v ratio (Bonferroni-corrected P < 0.03, G-test). In all but one
case, the deviation is in the direction of a relative excess of wild type flies. Only one line
deviated significantly in both intervals (DGRP_819), with more wild-type progeny in both
intervals. When comparing the ratios of the two recombinant haplotypes, we find DGRP_31
deviates significantly from the expected 1:1 e +/ + ro ratio (Bonferroni-corrected P < 0.0001,
G-test) and one line (DGRP_819) that deviates significantly from the expected 1:1 y +/ + v
ratio (Bonferroni-corrected P < 0.0001 G-test).
Similarly, we tested for unity of sex ratio by comparing the numbers of female and
male progeny. There are no deviations from the expected 1:1 male:female ratio in the 205
lines for the e ro region (Bonferroni-corrected P > 0.10, all comparisons, G-test). For the y v
region only two lines significantly deviate from expectation (DGRP_41 AND DGRP_801)
(Bonferroni-corrected P < 0.0002, G-test), both in the direction of a relative excess of
females.
Together, these data indicate that our assays for measuring recombination rate
faithfully conform to the expectation of Mendelian inheritance. Critically, the lack of
systematic bias towards wild-type chromosomes indicates that there are no major viability
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defects associated with any of these mutations alone or in the pairs in which they were used
for the current experiment. This confirms previous descriptions of these mutants and their
lack of viability defects (Morgan and Bridges 1916; Bridges and Morgan 1923).
Heritable Continuous Variation in Recombination Rate Among DGRP Lines
Following the crossing scheme detailed in the Materials and Methods and in Figure
4.1, we estimated crossover rate for each DGRP line in the e ro and the y v regions (Figure
4.S1A-B Fig; Table 4.S2). Analyzing only lines with a standard karyotype on all
chromosomes (n = 112), the average crossover rate for e ro is 20.9 ± 0.2 cM (ranging from
14.2 cM to 26.12 cM) (Figure 4.2A). This agrees well with the published map distance of
20.4 cM (Bridges and Morgan 1923). Among these lines, we observe 1.84-fold variation in
mean crossover rate. Analyzing only lines with a standard karyotype on all chromosomes,
the average crossover rate for y v is 31.2 ± 0.3 cM (ranging from 23.6 cM to 39.30 cM)
(Figure 4.2B), compared with the published map distance of 33 cM (Morgan and Bridges
1916). Similar to the magnitude of population-level variation in recombination rate on 3R,
here we observe 1.67-fold variation among these lines in mean crossover rate for the y v
interval.
There is significant genetic variation for crossover rate among lines for both regions
(Fe ro = 1.34, Pe ro = 0.038 and Fy v = 3.00, Py v < 0.0001, ANOVA). Using only lines with a
standard karyotype (112 lines), we estimated H2 for e ro as 0.12 and for y v as 0.41 (Table
4.S3). Interestingly, there is no significant correlation between recombination rate in these
two intervals (Spearman’s ρ = 0.09, P = 0.36; Figure 4.2C). Consistent with this, a model
fitting effects of line, genomic interval, and line-by-interval interaction effects reveals
significant interaction effects (P < 0.0001, ANOVA), indicating that the magnitude of the
difference in recombination frequency between the two loci surveyed varies significantly
among lines. These analyses illustrate that recombination rate on chromosome 3R and
chromosome X, at least in the way they have been assayed here, are independent traits in
this panel of flies.
Correlation with other Phenotypes
As a widely-used community resource, the DGRP offers a unique opportunity to
examine the relationship between recombination rate and other phenotypes because a
variety of phenotypes have been surveyed in this panel. We tested whether crossover rates
in the e ro or y v region (of lines with standard karyotypes) were correlated with various traits

73

including aggression (Shorter et al. 2015), behavioral response to odorants (Swarup et al.
2013; Arya et al. 2015), chill coma recovery (Ayroles et al. 2009; Mackay et al. 2012),
longevity (Ivanov et al. 2015), nutritional and immune indices (Unckless et al. 2015),
oxidative stress (Weber et al. 2012), pigmentation (Dembeck et al. 2015), sleep phenotypes
(Harbison et al. 2013), startle response (Ayroles et al. 2009; Mackay et al. 2012), and
starvation (Mackay et al. 2012)stress (Ayroles et al. 2009; Mackay et al. 2012) (Table 4.S4).
The majority of correlations were weak and not statistically significant. However, for the e ro
region, crossover rates were significantly positively correlated with female response to citral
(Spearman’s ρ = 0.20, P = 0.03) and negatively correlated with female survival on paraquatlaced food (Spearman’s ρ = -0.25, P = 0.01). For the y v region, crossover rates were
negatively correlated with female and male response to ethyl butyrate (Spearman’s ρ = 0.21, P = 0.03; Spearman’s ρ = -0.20, P = 0.04) as well as female response to eugenol
(Spearman’s ρ = -0.22, P = 0.02). Also in the y v region, similar to the e ro region, crossover
rates were positively correlated with female response to citral (Spearman’s ρ = 0.21, P =
0.03), male response to citral (Spearman’s ρ = 0.28, P = 0.004) and also to male response
to hexanal (Spearman’s ρ = 0.20, P = 0.04). We find no evidence of a relationship between
recombination frequency and fitness (as measured as reproductive output in our
recombination assay) in the e ro region (Spearman’s ρ = -0.10, P = 0.26) but we do see a
marginally significant negative correlation in the y v region (Spearman’s ρ = -0.19, P = 0.05).
Interchromosomal Effect
Chromosomal inversions were first discovered in D. melanogaster (Sturtevant 1917).
Recombination is suppressed within the inverted region, yet recombination elsewhere in the
genome increases through what is known as the interchromosomal effect (Schultz and
Redfield 1951; Lucchesi and Suzuki 1968). The interchromosomal effect has been
repeatedly documented in Drosophila (Portin 1990; Joyce and McKim 2010; Stevison et al.
2011), and has also been observed in other species such as grasshopper (White and
Morley 1955) and maize (Bellini and Bianchi 1963). A large number of the DGRP lines are
either homozygous or polymorphic for a chromosomal inversion, as expected for natural
North American populations of Drosophila melanogaster (Mettler et al. 1977). Within the
DGRP, there are a total of sixteen different segregating inversions, all on the autosomes
(Huang et al. 2014). Out of the 205 lines, 93 lines contain at least one inversion
To test for the interchromosomal effect, we separated lines with inversions from lines
with standard karyotype and tested whether lines that possessed an inversion somewhere in
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the genome had higher rates of recombination in our surveyed regions. Lines with
inversions have significantly increased rates of recombination in the y v interval relative to
lines with standard karyotypes (35.1 cM vs. 31.0 cM, P < 0.0001; t-test). This trend is
echoed in the e ro region (20.9 cM vs. 20.7 cM) but the difference in recombination
frequency between standard and inverted karyotypes is not statistically significant (P = 0.66,
t-test). These data further illustrate the interchromosomal effect in Drosophila.
Effects of Wolbachia
In the DGRP, 108 lines are infected with Wolbachia pipientis (Huang et al. 2014). To
test for an effect of Wolbachia infection on recombination frequency, we used a linear model
(see MATERIALS AND METHODS) and fit effects of line and Wolbachia infection status for each
interval surveyed. Analyzing only lines with standard karyotype, we find there is a significant
effect of Wolbachia infection in the y v region (P = 0.0003, ANOVA), such that Wolbachiainfected lines had a higher crossover frequency (31.8 cM) than uninfected lines (30.0 cM).
No effect of Wolbachia infection was found for the e ro region (P = 0.35, ANOVA).
Genome-wide Association Analyses
The continuous variation for recombination among lines described above suggests
that the genetic architecture of this trait is likely complex and regulated by many
independent genetic factors (Figure 4.2A-B). The observed variation in recombination rate
in the DGRP motivates our association mapping approach to more finely define the genetic
basis of this trait. To identify genetic variants contributing to variation in recombination rate
variation, we performed genome wide association mapping on the mean crossover rates
from the DGRP in the e ro and y v regions. We did the association mapping in three different
ways for each interval because of the inversions segregating in the DGRP and the known
effect of inversions on recombination frequency (see Lucchesi and Suzuki 1968 for review).
None of these inversions are on the X chromosome. However, 49 lines contained at least
one copy of the C, K, Mo or P inversion on chromosome arm 3R; all four of these inversions
span at least part of the e ro interval used to assay recombination rate (dos Santos et al.
2015). We thus completely exclude these lines when analyzing recombination rate data for
the 3R interval. The three datasets used for the 3R analyses were: 1) lines with no inversion
on 3R (n = 156), 2) lines with neither 3R inversions nor inversion polymorphisms elsewhere
in the genome (n = 130), and 3) lines with the standard karyotype (lines lacking inversions; n
= 112). The three datasets used for the X chromosome analyses were: 1) all lines (n = 205),
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2) lines without inversion polymorphisms (n = 152) and 3) lines with a standard karyotype (n
= 112).
The statistical model used to infer associations assesses and adjusts for significant
associations of both Wolbachia status and inversions. For the e ro region, there is a
significant association of the NS inversion (Table 4.1; P = 0.003, ANOVA) on crossover rate
in the restricted data set that removes lines with inversions on 3R and lines with inversion
polymorphisms. For the y v region, Wolbachia infection is significantly associated with
crossover rate in all three of our data sets (Table 4.1; P < 0.01, all cases, ANOVA).
Additionally, inversions t, NS, K, and Mo are all significantly associated with crossover rate
in the y v region (Table 4.1; P < 0.05, all cases, ANOVA). These data are summarized in
Table 4.1.
The full results for all six GWA analyses are presented as supplementary tables
(Tables 4.S5-10). To generate a list of candidate genes and alleles, we combined the
results from the different GWAS for each chromosome interval, using a significance
threshold of P < 10-5. For a Venn diagram displaying overlap between the different data sets,
see Figure 4.S3. We tested whether the distribution of these associated variants was
significantly different from the null expectation of uniform distribution across chromosomes
(as a function of the number of polymorphisms on each chromosome). Using lines with
standard karyotypes, we find that the distribution of associated variants is significantly
different from the distribution of variants in the genome for both intervals (P < 0.02, both
comparisons, G-tests). It appears that in both intervals, there is an enrichment of associated
variants on chromosome 2R (e ro: 63 versus 33; y v: 29 versus 16; observed versus
expected).
For the e ro region, the three GWAS yielded a combined total of 688 unique variants
at a nominal significance threshold of P < 10-5. Of these variants, 45 are deletions, 25 are
insertions, 2 are multiple nucleotide polymorphisms (MNPs) and the remaining 616 are
single nucleotide polymorphisms (SNPS). Of these variants, 132 are on chromosome 2L,
126 are on chromosome 2R, 98 are on chromosome 3L, 263 are on chromosome 3R and
69 are on chromosome X. For the 263 variants located on the 3R chromosome, 79 were
located within the e ro region. Analyzing the location of these variants in relation to gene
regions, 174 variants were located in intergenic regions. The remaining variants were either
a codon deletion (n=1), downstream modifiers (n=43), located within an exon (n=5), located
within in an intron (n=327), non-synonymous coding (n=27), a gained start site (n=2),
synonymous coding change (n=54), upstream (n=28), UTR 3’ (n=15) or UTR 5’ (n=12).
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For the y v region, combining results from all three GWA analyses, we identified 160
unique variants at a nominal significance threshold of P < 10-5. Of these variants, 9 are
deletions, 3 are insertions, and the remaining 148 are SNPs. Of these variants, 45 are on
chromosome 2L, 41 are on chromosome 2R, 31 are on chromosome 3L, 17 are on
chromosome 3R and 26 are on chromosome X. For the 26 variants located on the X
chromosome, 16 variants were located within the y v region. Analyzing the location of these
variants in relation to gene regions, 38 variants were located in intergenic regions. The
remaining variants were either downstream modifiers (n=8), located within in an intron
(n=83), non- synonymous coding (n=5), synonymous coding change (n=12), upstream
(n=12), UTR 3’ (n=1) or UTR 5’ (n=1). There were no variants that overlapped between the
two regions, consistent with the lack of correlation between the two traits, although different
variants in the same gene (see below) were found. Variants in 359 genes were implicated
as potential candidates from the three e ro GWAS, and variants in 111 genes were
associated with recombination rate variation in the y v GWAS. There is very little overlap
between these gene lists; a total of fifteen genes showed overlapping (gene-level)
associations between the e ro and y v GWAS (bab1, bun, CG4440, CG5953, CG31817,
CG32521, CR44199, dnr1, dpr6, Eip63E, Eip75B, Ptp61F, Sec16, Shroom, and
SNF4Agamma). Additionally, the effect sizes for these variants were moderate, averaging
~2.32 cM for both regions (Figure 4.S2A-B). Figure 4.3A-B displays the Manhattan plots
and linkage disequilibrium plots for both regions for the lines with standard karyotypes while
Figures 4.S4-5 display the same information for the other data sets analyzed.
Candidate Genes
We sought to functionally validate a subset of the genes identified by our association
mapping. We used several criteria to refine our list of candidate associations to a tractable
set of 20 candidate genes. First, we restricted our focus to protein-coding genes harboring
significantly associated genetic variants. We then integrated the P-value of the association,
effect size, and the number of GWAS the gene was implicated in on either or both
chromosomes to refine our list of putative candidates. We narrowed our list further by
limiting ourselves to genes with documented expression in the ovaries (Chintapalli et al.
2007; Celniker et al. 2009; Adrian and Comeron 2013). Our final candidate gene list (Table
4.2) includes eleven genes from the e ro GWA, five genes from the y v GWA and four genes
that were found in both. There was more than one significantly associated genetic variant in
8 of our 20 candidate genes (CG1273, CG4440, CG7196, dpr6, Eip75B, jing, Ptp61F and
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Ubx) with jing and Ptp61F having the most significantly associated variants (17 and 13
respectively). The full list of variants within these genes and associated P-values are listed
in Table 4.S11 and the genotypes of each DGRP line at these variants are listed in Table
4.S12.
Functional Validation
If these identified candidate genes mediate recombination rate in some way, we
expect that perturbing these genes will affect recombination rate. We used both mutant
analysis and RNAi to either knock out or knock down expression of each of these genes,
and compared recombination rate in the knock out/down lines to an appropriate genetic
background control. We measured recombination rate in the e ro and y v intervals for
available mutants and RNAi lines for all 20 candidate genes in the same way as described
earlier. We used a combination of P-element insertions, chromosomal deletions, as well as
any available RNAi lines. For the RNAi experiments, we used a nanos GAL4 driver, which
should target the effects of knockdown to oogenesis. For validation using the e ro markers,
the only line tested that produced a significant difference from control line was a deletion
line, Df(3R)ED2 (P = 0.004, Dunnett’s test) (Figure 4.4A; Table 4.S14); this line shows a
significant increase in recombination frequency relative to the genetic background control.
This deletion encompasses 71 full genes and part of 1 additional gene, including two of our
candidate genes - cdi and CG10864. It should also be noted that this deletion is on
chromosome 3R, spanning the cytological region 91A5 to 91F1 (for reference e is at 93C793D1 and ro is at 97D4-97D5). Using the y v markers, seven genes tested show a
significant deviation in recombination frequency relative to the appropriate control (Figure
4.4B; Table 4.S15). These included alph, CG9650, CG33970, Eip75B, grp, lola, and Ptp61F
(P < 0.05, all comparisons, Dunnett’s test). Eip7B and CG9650 showed a decrease in
recombination relative to the control while alph, CG33970, Eip75B, lola, and Ptp61F showed
an increase in recombination relative to the control. Interestingly, one P-element insertion in
grp showed a significant increase of recombination while a different P-element insertion in
grp showed a significant decrease of recombination.
Expression Analysis
While the mutant/RNAi analysis provides insight as to whether the candidate genes
function in some way to mediate recombination, we also wanted to test whether these
candidate genes show significant differences at the allelic level. We hypothesized that the
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effects of these genes on recombination rate were mediated by expression level differences
and thus tested for differences in gene expression in ovaries between allelic variants of our
20 candidate genes. We measured gene expression as mRNA abundance using
quantitative RT-PCR (qPCR). For each of our twenty candidate genes, we selected three
DGRP lines containing the major allele and three lines containing the minor allele (Table
4.S16). For candidate genes that had that multiple significantly associated variants, all
attempts were made to include lines in which all minor alleles were present. The genotypes
of these lines at the gene surveyed can found in Table 4.S17. Once a line was selected to
validate a candidate gene, it was not used to validate another candidate gene. RNA was
extracted from dissected ovaries from virgin DGRP females. The qPCR data (normalized to
GAPDH) reveal significant differential expression for 11 of our 20 candidate genes (Figure
4.5; Table 4.S18). DGRP lines with the major alleles of CG4440, CG15365, CG33970, and
Ptp61F (P < 0.003, all comparisons, t-tests) display higher expression levels than lines with
the minor alleles. Conversely, DGRP lines with the major alleles of CG1273, CG10864,
dpr6, Eip75B, lola, Oaz, and Ubx (P < 0.05, all comparisons, t-tests) display lower
expression levels than lines with the minor alleles. It should be noted for variants these
eleven candidate genes, all minor alleles are associated with reduced rates of
recombination. Comparisons of un-normalized data (with concern over unstable
housekeeping gene expression - Guénin et al. 2009; Hruz et al. 2011) largely confirm these
results (Figure 4.S6; Table 4.S19).
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DISCUSSION
Population Level Variation in Recombination Rate
Here we report the largest population-level survey of recombination rate variation in
Drosophila to date. We find significant genetic variation for recombination rate in this North
American population of D. melanogaster for two independent genomic intervals. At the
broadest scope, these data are consistent with previous work from other systems. Indeed, a
wealth of data indicate that recombination rate varies between and within populations in
species such as Drosophila (Brooks and Marks 1986; Comeron et al. 2012), mice (Dumont
et al. 2009), and humans (McVean et al. 2004; Fearnhead and Smith 2005; Graffelman et
al. 2007; Kong et al. 2010).
The magnitude of population-level variation in recombination rate exposed by our
survey is comparable to what has been previously shown in D. melanogaster. For instance,
we observe 1.67 fold-variation for the y v interval, and previous work in this region shows
~1.2-fold variation (Brooks and Marks 1986; Hunter and Singh 2014). Other genomic
regions in Drosophila consistently show 1-2 fold variation in crossover frequency among
strains (Brooks and Marks 1986). Although measured with a different approach, work from
heterogeneous stock mice indicates crossover frequency varies ~2-fold in both males and
females (Dumont et al. 2009). Work from cattle indicates average genome-wide
recombination rate varies ~1.7 fold in males (Sandor et al. 2012), which aligns well with our
survey. Similarly, humans show ~2-fold variation in crossover frequency in both males and
females (Broman et al. 1998; Chowdhury et al. 2009).
It should be noted that the ~2 fold variation in recombination frequency that we report
above is biased downward and is not truly reflective of segregating natural variation in
recombination rate in Drosophila. When we include lines with inversions, which clearly
segregate in natural populations, we see a much greater span in recombination rates in the
DGRP: 5.2-fold for the e ro interval (excepting lines with an inversion on 3R) and 3.5-fold for
the y v interval. This range of variation in recombination frequency is remarkable, nearly
doubling previous estimates from Drosophila, mouse and humans.
Lack of Correlation Between Rates of Crossing Over on 3R and X
Our results indicate that recombination rate at the two intervals surveyed are
uncorrelated in the DGRP. This independence does not appear to be universal, however.
Previous work in humans showed a significant positive correlation of the number of maternal
recombination events on individual chromosomes and the number of maternal
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recombination events in the remaining genome complement for 20 out of 23 chromosomes,
as well as a large significant correlation for the first eight chromosomes compared to
chromosomes nine through twenty-two and the X chromosome (Kong et al. 2002). The
difference between Drosophila and humans is interesting, and may point to different genetic
architectures of this trait in these systems. Certainly, the molecular mechanics of meiotic
recombination have diverged markedly between humans and Drosophila (e.g. Kohl et al.
2012) and the recombinational landscapes in humans and flies are qualitatively different as
well.
Correlation with other Available DGRP Phenotypes
Although anecdotal evidence suggests a link between recombination rate and
organismal fitness (Tucić et al. 1981; Kong et al. 2004), the adaptive significance of
population-level variation in recombination rate remains unknown. We find no direct
evidence of a relationship between recombination frequency and fitness in the e ro region
but we do see a marginally significant negative correlation in the y v region. The direction of
this correlation is opposite of what has been previously reported in humans (Kong et al.
2004) but similar to what has been reported in Drosophila (Tucić et al. 1981). It is unclear
why humans and Drosophila differ in this way, and whether this is biologically relevant or an
artifact of our experimental design. Indeed, our measurement of fitness is coarse and is
likely a poor indicator of organismal fitness. Previously reported estimates of longevity in the
DGRP, another aspect of organismal fitness, show no significant correlation with our
estimates of recombination rate in either interval (Table 4.S4; Ivanov et al. 2015). Thus, any
connection between recombination and fitness based on these data should be interpreted
as tenuous at best.
However, if population-level variation in recombination rate has biological
significance, one might expect that recombination rate would correlate with other organismal
phenotypes. We mined published DGRP phenotype data to test this explicitly. While we saw
correlations of crossover rate and behavioral responses to different naturally occurring
odorants, the biological link between these remain unclear. The most intriguing significant
correlation we uncovered is the correlation of rates of crossing over in the e ro region (ρ = 0.25, P = 0.01) to female survival time on paraquat-laced food. Paraquat can cause
oxidative stress and single-base damage, often corrected through the base-excision repair
pathway. Though paraquat exposure does not appear to plastically increase meiotic
recombination (Langberg 2014), there is clearly a link between stress and recombination in
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Drosophila and other systems (Stern 1926; Neel 1941; Belyaev and Borodin 1982; Parsons
1988; Abdullah and Borts 2001; Singh et al. 2015). This correlation between recombination
and resistance to the toxic effects of oxidative stress specifically in females revealed here
may be reflective of the general connection between stress and recombination. Interestingly,
of seven candidate genes associated with oxidative stress susceptibility/resistance in the
DGRP, two overlap with candidate genes selected for this study, CG9650 and Eip75B
(Weber et al. 2012). This overlap could suggest conserved players in the DNA damage
repair pathway in both meiotically and mitotically dividing cells.
Heritability
Previous work has estimated heritability for recombination rate in many different
species. While estimates of heritability are necessarily population-specific, mammalian
estimates encompass a wide range, from as small as 0.14 (Fledel-Alon et al. 2009) and 0.30
(Coop et al. 2008) in humans to as large as 0.46 in mice (Dumont et al. 2009). In maize,
heritability of recombination frequency is considerably higher (broad sense heritability 0.210.69; Hadad et al. 1996). Insects show a wide range as well, with estimates of narrow sense
heritability of recombination rate ranging from 0.16 in Tribolium (Dewees 1975) to 0.27-0.49
in grasshoppers (Shaw 1972). Early estimates of narrow sense heritability of recombination
frequency in Drosophila based on parent-offspring regression are comparable to ours (0.090.38; Valentin 1973b), and selection based approaches yield a narrow sense heritability of
0.12 (Kidwell 1972a). That estimates of heritability of recombination are low indicates that
much of the observed variation in recombination frequency cannot be ascribed to genetic
differences along lines. This is consistent with the remarkable phenotypic plasticity in
recombination frequency in Drosophila, evidenced in response to temperature (Plough
1917, 1921; Stern 1926; Smith 1936; Grell and Chandley 1965; Grell 1966; Grushko et al.
1991; Jackson et al. 2015), maternal age (Bridges 1915, 1927, 1929; Plough 1917, 1921;
Stern 1926; Bergner 1928; Neel 1941; Hayman and Parsons 1960; Redfield 1966; Lake and
Cederberg 1984; Chadov et al. 2000; Priest et al. 2007; Tedman-Aucoin and Agrawal 2011;
Hunter and Singh 2014), nutrition (Bergner 1928; Neel 1941), parasite pressure (Singh et al.
2015) and other environmental factors.
Effects of Wolbachia pipientis Infection
Wolbachia pipientis is a common endosymbiont that infects the reproductive tissues
of many different arthropods (Werren 1997). Evidence points to the fact that over 40% of
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arthropods are infected by W. pipientis (Jeyaprakash and Hoy 2000; Hilgenboecker et al.
2008; Zug and Hammerstein 2012). Roughly 29% of Drosophila stocks from Bloomington
Drosophila Stock Center (Clark et al. 2005) are infected, along with 76% of the
Drosophila Population Genomics Project (n = 116) (Richardson et al. 2012). In the DGRP,
108 of 205 (53%) lines are infected with W. pipientis (Huang et al. 2014). In Drosophila,
there is clear infection in the ovaries (Dobson et al. 1999; Clark and Karr 2002) and infection
has been shown to reduce egg production (Hoffmann et al. 1990).
Interestingly, we see a significant association with Wolbachia infection in crossover
rates in the y v region yet not in the e ro region. This discrepancy between the two intervals
surveyed is difficult to explain, and merits further investigation. More curious yet is the
contrast with previous results. It has been shown that Wolbachia infection has no effect on
rates of crossing over in the w ct region (18.5 cM) in the laboratory wild-type strain Canton S
(Serga et al. 2010). The w ct region is actually within the y v region surveyed in this study,
so the discrepancy between the two studies is puzzling. It may be that the effect of
Wolbachia infection on recombination frequency is sufficiently minor that the previous study,
using a single genetic background and smaller sample sizes than the present study, was
underpowered to detect this small effect (an average increase of 1.8 cM associated with
Wolbachia infection in our study). Our results, coupled with previous findings, suggest that
W. pipientis might have differential effects on recombination frequencies in different parts of
the genome. Testing explicitly for this heterogeneity will be a topic of future exploration. In
the future, it will also be interesting to see if infecting DGRP lines with Wolbachia causes an
increase of crossover rates and if curing DGRP lines via tetracycline yields a decrease in
crossover rates.
Candidate Genes
The DGRP allows us to couple phenotypic variation with genetic variation such that
the genetic basis of complex traits of interest can be dissected. One benefit of this
association mapping approach is that it is unbiased, which means that new genes, outside
of known pathways playing a role in the phenotype of interest, can be identified. For
example, a recent study using the DGRP dissecting the genetic architecture of abdominal
pigmentation yielded associations with several variants in the known pigmentation pathway
but importantly, also functionally validated seventeen out of twenty-eight candidate genes
that had not been previously associated with pigmentation (Dembeck et al. 2015). Because
nothing was known regarding the genetic basis of population-level variation in recombination
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rate in Drosophila and because Drosophila lacks homologs of all genes associated with
recombination rate variation in other systems, we were eager to leverage this unbiased
approach to gain novel insight into the genetic architecture of this fundamentally important
trait.
Consistent with the power of GWAS to uncover novel genes associated with
phenotypic variation, our top candidate genes involved with recombination rate variation
contains genes outside of the meiotic recombination pathways, which have been
characterized in exquisite detail (see McKim et al. 2002 for review). Among the top 20
candidates for functional validation, seven are computationally predicted genes which have
no clearly defined biological function or human orthologs. Interestingly, four of our candidate
genes have Cys2His2 zinc fingers (CG9650, jing, lola, and Oaz). This is particularly intriguing
due to the link between the zinc-finger domain containing PRDM9 and hotspot
determination, and it is tempting to speculate that these proteins bind to DNA and designate
crossover sites in a way that is vaguely reminiscent of the role of PRDM9 in mammalian
recombination (Baudat et al. 2010; Myers et al. 2010; Parvanov et al. 2010). Moreover, the
D. pseudoobscura ortholog of Oaz, GA14502, was previously identified as a possible
candidate gene involved in recombination as the frequency of its zinc finger binding motif
was significantly negatively associated with recombination on a broad scale (Heil and Noor
2012). Consistent with a role for zinc-finger DNA binding in Drosophila recombination, Trem,
which also contains zinc fingers, was recently shown to be necessary along with Mei-W68
and Mei-P22 for the formation of DSBs in Drosophila (Lake et al. 2011).
We chose two methods for validation. The first method involves is a gene-level
approach and asks whether perturbation of candidate genes perturbs recombination
frequencies. To complement this approach, we also compared expression levels of the
different alleles in these candidate genes using qPCR. Significant differential expression of
our candidate genes (separated based on major and minor alleles implicated in our GWA)
could provide evidence for gene expression differences affecting rates of crossing over.
Overall, there were 5 genes (bru-2, CG4440, jing, MESR3, and pk) which showed no
change in recombination frequency the e ro or y v region when perturbed and no difference
in expression level between the major and minor allelic variants. However, lack of functional
validation does not imply that a candidate gene has no role in modulating recombination rate
in Drosophila. Indeed, validation of candidate genes is challenging. The effect sizes of the
genetic variants are moderate at best (Figure 4.S2A-B), making detection of these changes
quite difficult in the absence of very large sample sizes. Additionally recombination rate
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variation is highly likely to be a polygenic trait (Chinnici 1971a,b), and our results confirm
this. Further, it has been shown that in many quantitative traits within the DGRP, there is
pervasive epistasis (Huang et al. 2012; Mackay 2013). Epistatic interactions may similarly
contribute to recombination rate variation in Drosophila. Consistent with this is the
observation that we see an increase in recombination rate relative to the appropriate
background for one P-element insertion of grp and a decrease in recombination rate for
another insertion line (though we note that this observation is also consistent with variation
in allelic effects at a single locus if the two P-elements were inserted into different locations).
Finally, the process of recombination is likely to be highly buffered, and one could
hypothesize that there is redundancy in maintaining the approximate number of crossovers
required. It is also possible that these statistical associations are false positives due to our
lenient P-value.
However, integrating across both the gene- and allele-level functional analysis, we
find five high quality candidate genes for further investigation. These genes show significant
perturbations in recombination frequency relative to the appropriate genetic background
control in addition to differential expression specifically in ovaries between allelic variants at
this locus. These were CG10864, CG33970, Eip75B, lola, and Ptp61F. Two of these
(Eip75B and Ptp61F) were identified in GWAS in both the e ro and y v region.
CG10864 is involved in potassium channel function (Döring et al. 2006). In humans,
another protein involved in potassium channel function, KCNQ1, has been shown to
somatically imprint regions of the genome with higher rates of recombination (Pàldi et al.
1995). While imprinting appears to be less common in Drosophila females (Coolon et al.
2012), it is unclear if CG10864 is participating in a similar role as compared to KCNQ1.
CG33970 is predicted to be involved with ATP binding and transporter activity
(dos Santos et al. 2015). A direct link between ATP binding and meiotic recombination has
yet to be shown, but there have been some hints of connections in the literature. For
example, mutations in the ATP-binding domain of RecA (Konola et al. 1994) in Escherichia
coli, DMC1 (Dresser et al. 1997), Rad51 and Rad55 in yeast (Shinohara et al. 1992;
Johnson and Symington 1995) and XRCC3 in humans (Rafii et al. 2003) cause defects in
homologous recombination and meiosis. While speculative, this gives credence to the idea
that the putative ATP-binding ability of CG33970 may contribute to meiotic recombination.
Further work is aimed at dissecting this link.
Eip75B (Ecdysone-induced protein 75B) is involved in mediating ecdysone signaling,
a steroid hormone. Defective ecdysone signaling affects the early germarium, causing
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defects with meiotic entry (Morris and Spradling 2012). Interestingly, ecdysone signaling is
important for female fertility but not for male fertility (Garen et al. 1977; Bownes et al. 1983;
Gaziova et al. 2004). Drosophila males do not undergo meiotic recombination (Morgan
1912, 1914). It remains to be seen whether the connection between recombination, fertility
and ecdysone signaling is merely coincidence; however, the role of Eip75B in oogenesis
makes it a particularly exciting candidate for further work.
lola, or longitudinals lacking, is BTB zinc finger containing transcription factor that is
required for axon growth and guidance (Seeger et al. 1993; Giniger et al. 1994). As noted
above, DNA binding ability along with zinc fingers is exciting as a possible link with
recombination. The predicted human ortholog, ZBTB46 or BZEL, was shown to repress a
desumoylase (Shin et al. 2012). Sumoylation has been linked to DNA repair (Potts 2009)
and therefore it is possible that lola is involved in early processes that could ultimately lead
to crossover formation.
Ptp61F (Protein tyrosine phosphatase 61F) is a member of the protein tyrosine
phosphatase family. Ptp61F is an induced antagonist of the JAK/STAT pathway (Baeg et al.
2005; Müller et al. 2005) and has been directly implicated in oogenesis (Ursuliak et al.
1997). In the female germline, expression of Ptp61F is targeted to the nucleus and
cytoplasmic organelles (Fitzpatrick et al. 1995) and this gene is required for normal female
fecundity (Buszard et al. 2013). Tentative links between Ptp61F and DNA damage can be
made in mammals; Ptp61F is the Drosophila homolog of human PTP1B and knockout
PTP1B mice show a higher sensitivity to irradiation and an upregulation of many genes in
the DNA excision/repair pathway (Través et al. 2014). Homologous recombination, base
excision repair, and nucleotide excision repair are the primary pathways by with DNA
damage are repaired in Drosophila. While the role for Ptp61F in meiotic recombination is not
obvious the clear function in oogenesis coupled with the tentative connection to DNA
damage repair is promising.
Conclusion
In conclusion, we have quantified levels of recombination rate variation in a natural
population of D. melanogaster and have shown that genetic background significantly drives
phenotypic variation in this critically important phenotype. The magnitude of observed
phenotypic variation in recombination rate is large, with almost 2-fold variation present in
each genomic region analyzed. We demonstrate that inversions play a large role in
mediating rates of recombination, indicative of the interchromosomal effect, and provide the
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first evidence that Wolbachia infection can significantly increase rates of recombination.
Through our GWA approach, we show that recombination rate is a highly polygenic trait,
with many genetic factors of small effect associating with phenotypic variation. We show that
a subset of our candidate genes (CG10864, CG33970, Eip75B, lola, and Ptp61F) play
putative roles in modulating recombination rate variation in Drosophila through both genelevel and expression-level validation. Future work will be aimed at determining the role of
these candidate genes in the molecular process of recombination.
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MATERIALS AND METHODS
Fly Stocks
The Drosophila Genetic Reference Panel is a collection of 205 fully-sequenced
inbred lines (Mackay et al. 2012; Huang et al. 2014). Mated, gravid Drosophila
melanogaster females were originally collected in Raleigh, NC, USA in 2003. Their progeny
underwent 20 generations of full-sibling matings and were then fully sequenced. A total of
4,853,802 single nucleotide polymorphisms (SNPs) and 1,296,080 non-SNP variants were
identified among these lines (Huang et al. 2014). GWA studies can then be performed to
identify genetic variants significantly associating with phenotypes of interest.
To assay recombination rate, we took advantage of visible, recessive markers in D.
melanogaster. To measure recombination rates on the 3R chromosome, we used a strain
marked with ebony (e4) and rough (ro1); these markers are 20.4 cM apart (Bridges and
Morgan 1923). To measure recombination on the X chromosome, we used a strain marked
with yellow (y1) and vermillion (v1); these markers are 33 cM apart (Morgan and Bridges
1916). These markers were chosen to examine due to the genetic distance between them,
ease of scoring and also their apparent lack of viability defects (Morgan and Bridges 1916;
Bridges and Morgan 1923). Each of the doubly marked chromosomes were substituted into
a wild-type isogenic Samarkand genetic background, free of P-elements (Lyman et al.
1996), to allow for continuity between assays and to minimize marker genetic background
effects.
Recombination Rate Assay
To assay recombination rate variation in the DGRP, we used a classic two-step
crossing scheme (Figure 4.1). All crosses were executed at 25°C with a twelve:twelve hour
light:dark cycle on standard media using virgin females aged roughly 24 hours. For each
interval, all 205 lines were crossed simultaneously; this was repeated three times to yield
three replicate estimates of recombination frequency per line per interval. For the first cross,
ten virgin females from every DGRP line were crossed to ten doubly-marked males (either e
ro or y v) in eight ounce bottles. Males and females were allowed to mate for five days, after
which all adults were cleared from the bottles. F1 females resulting from this cross are
doubly heterozygous; these females are the individuals in which recombination is occurring.
To uncover these recombination events we backcross F1 females to the doubly marked
males. For this second cross, twenty heterozygous virgin females were collected and
backcrossed to twenty doubly-marked males. Males and females were allowed to mate for
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five days, after which all adults were cleared from the bottles. After eighteen days, BC1
progeny were collected, frozen, and scored for sex and for visible phenotypes. Previous
work in our lab has demonstrated that freezing flies has no effect on the visible markers we
scored. Recombinant progeny were then identified as having only one visible marker (m1 +
or + m2). For each replicate, recombination rates were estimated by taking the ratio of
recombinant progeny to the total number of progeny. Double crossovers cannot be
recovered with this assay, so we our estimates of recombination frequency are likely to be
biased downwards slightly. The estimated recombination for a given strain and interval was
calculated as the average across the three replicates for use in the DGRP GWA pipeline.
Inversions
Freeze 2 of the DGRP contains 16 different segregating autosomal inversions
verified by cytological methods (Huang et al. 2014). We therefore performed association
mapping in three different ways for each interval. The X chromosome (in this population of
flies) lacks inversions while 49 lines contained an inversion on chromosome arm 3R which
span at least part of the e ro interval used to assay recombination rate (dos Santos et al.
2015). We thus completely exclude these lines when analyzing recombination rate data for
the 3R interval. The three datasets used for the 3R analyses were: 1) lines with no inversion
on 3R (n = 156), 2) lines with neither 3R inversions nor inversion polymorphisms elsewhere
in the genome (n = 130), and 3) lines with the standard karyotype (n = 112). The three
datasets used for the X chromosome analyses were: 1) all lines (n = 205), 2) lines without
inversion polymorphisms (n = 152) and 3) lines with a standard karyotype (n = 112).
Statistical and Quantitative Genetic Analyses
To estimate the broad-sense heritability (H2) of recombination rate variation, we used
an ANOVA framework. The ANOVA followed the form of Y = µ + L + ϵ, for each
chromosome assayed where Y is recombination rate, µ is the overall mean, L is the random
effect of line and ϵ is the residual. Additionally, we ran a similar ANOVA, adding the genomic
region as a fixed factor, to test for a significant interaction. That ANOVA followed the form of
Y = µ + L + R + L × R + ϵ, with the terms remain the same and R is the genomic region
assayed. To estimate H2, we followed the formula H2 = σ2L / (σ2L + σ2ϵ) where σ2L is the
variance component among lines and σ2ϵ is the residual variance or variance component
attributed to error. The variance components were calculated using REML. All H2 estimates
were calculated using R Statistical Software, v3.2.1 and RStudio v0.99.467.
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To test for a significant effect of Wolbachia infection, we used an ANOVA framework
as well. That ANOVA followed the form of Y = µ + W + ϵ, for each chromosome assayed
where Y is recombination rate (measured in cM), µ is the overall mean, W is fixed effect of
Wolbachia infection status and ϵ is the residual, on all measurements (not average line
means as used in the GWA described below).
Genome-wide Association
To identify genetic variants that are influencing differences in the mean crossover
number in two different regions of the Drosophila genome, we performed a GWAS using the
established web-based pipeline developed by the Mackay lab at NC State University,
Raleigh, NC (http://dgrp2.gnets.ncsu.edu/) (Mackay et al. 2012; Huang et al. 2014). The first
step in conducting the GWAS was to adjust line means for the effects of Wolbachia pipientis
infection as well as the presence of inversions that are segregating in the DGRP. The
adjusted line means are then used to fit a linear mixed model, Y = Xb + Zu + e. Y is the
adjusted phenotypic value, X is the design matrix for the fixed SNP effect b, Z is the
incidence matrix for the random polygenic effect u and e is the residual. The vector of
polygenic effects u has a covariance matrix in the form of Aσ2, where σ2 is the polygenic
variance component and A is the genomic relatedness. Additionally, Manhattan plots were
constructed using the qqman package in R (Turner 2014).
Validation of Candidate Genes - Recombination Rate Assay
As described in the text, we selected 20 candidate genes to validate that contained
at least one significantly associated genetic variant within them based on P-value of the
SNP located within the gene, effect size of the SNP, and the number of GWAS the gene
was implicated in and expression data. To validate these candidate genes, we took
advantage of available P-element insertion lines and chromosomal deletions as well as
RNAi lines (Table 4.S13). Lines containing a P-element insertion or chromosomal deletion
(deleting the candidate gene) as well as appropriate controls (genetic background used to
generate P-element insertion or chromosomal deletion) were used in the same crossing
scheme (Figure 4.1) detailed above. For the first cross, ten virgin females from every line
containing a P-element insertion or chromosomal deletion were crossed to ten doublymarked males (either e ro or y v) in eight oz. bottles. Males and females were allowed to
mate for five days, after which all adults were cleared from the bottles. For the second cross,
ten virgin heterozygous females were collected and backcrossed to ten doubly-marked
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males in vials. Males and females were allowed to mate for five days, after which all adults
were cleared from vials. BC1 progeny were collected from each vial, frozen, and scored for
sex and for visible phenotypes. For each P-element insertion or chromosomal deletion,
there were 30 replicates. For each replicate, recombination rates were estimated by taking
the ratio of recombinant progeny to the total number of progeny.
The RNAi lines followed a similar crossing scheme except for the males used in the
F0 cross. These males contained the doubly marked chromosome (e ro) along with nanosGAL4 driver (Rørth 1998; Van Doren et al. 1998). nanos is expressed throughout Drosophila
oogenesis (Wang et al. 1994). All P-element insertions, chromosomal deletions or RNAi
lines were compared to appropriate controls using Dunnett’s Test (Dunnett 1955, 1964)
using both the raw recombination proportions as well as arcsined transformed data.
Statistics for validation were performed in JMP® Pro 11.2.0.
Validation of Candidate Genes - Expression Analysis
To test the hypothesis that gene expression differences between alleles are driving
phenotypic variation, we analyzed mRNA abundance differences between the major and
minor allele for each of our 20 candidate genes using quantitative RT-PCR (qPCR). For
each candidate gene, three DGRP lines containing the major allele and three DGRP lines
containing the minor allele were chosen (Table 4.S16). For the eight genes that had multiple
significant genetic variants associated within the gene region, DGRP lines that contained the
most major/minor alleles were selected (Table 4.S17). For each candidate gene, virgin
females were collected from the six DGRP lines contemporaneously to minimize
environmental variation. Females were aged three days in vials with roughly 0.5 mL of yeast
paste. Ovaries were then dissected from anesthetized females in a solution of 1X PBS and
stored in Life Technologies RNAlater® solution (Life Technologies). For each line, four
replicates of ten pairs of ovaries were dissected. Total RNA was extracted from
homogenized ovaries using Trizol® (Life Technologies) following manufacturer instructions.
cDNA was generated using Bio-Rad iScript™ cDNA Synthesis and following manufacturer
instructions. Primers for candidate genes were generated using FlyPrimerBank (Hu et al.
2013) (Table 4.S20). qPCR was run a BioRad CFX384 machine using Bio-Rad iQ™
SYBR® Green following manufacturer instructions. Four technical replicates for each sample
were run on the same 384 plate, minimizing the contribution of between plate variation.
Samples were analyzed using GAPDH for normalization due to its relative
consistent expression (Suzuki et al. 2000). For each candidate gene, there were six lines
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analyzed, three that contained the major allele and three that contained the minor allele
identified in our GWAS. For each line, we collected RNA in replicates of four. We ran each
RNA sample (converted to cDNA) in replicates of four. Therefore, for each line, there are a
total of 16 qPCR measurements for the candidate gene of interest and 16 qPCR
measurements for the GAPDH control. Measurements from each DGRP line were
normalized by dividing by the average Cq value of GAPDH for the corresponding DGRP
line, modeled after common normalization procedures (Vandesompele et al. 2002). These
96 measurements (48 measurements for the major allele and 48 measurements for the
minor allele) were then analyzed by comparing the means of the lines containing the major
allele to the means of the lines containing the minor allele via a students t-test using JMP
Pro 11.2.0. In addition, the raw Cq values (before normalization) were also analyzed to
ensure that differential GAPDH expression was not biasing results.
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TABLES
Table 4.1 - Analyses of variance of the effects of Wolbachia infection and inversions on recombination rate. .0.17

Region
e ro
e ro
e ro
yv
yv
yv

Data Set
All lines (with no 3R
inversions)
No inversion
polymorphisms (and
no 3R inversions)
Only standard
karyotypes
All lines
No inversion
polymorphisms
Only standard
karyotypes

P values

# of
DGRP
Lines

Wolbachia
Status

2L(t)

2R(NS)

3R(P)

3R(K)

3R(Mo)

156

0.17

0.12

0.59

-

-

-

130

0.31

0.12

0.003

-

-

-

112

0.53

-

-

-

-

-

205

0.01

< 0.0001

0.0006

0.1

0.002

0.001

152

0.006

< 0.0001

0.002

0.16

0.049

0.0004

112

0.008

-

-

-

-

-
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Table 4.2 - Summary of Candidate Genes identified during GWAS and selected for functional validation. Number of GWAS
implicated in out of six total. FlyAtlas expression is listed as mRNA signal in ovaries as well as whole flies (i.e. ovary mRNA signal
/ whole fly mRNA signal). mRNA expression from Adrian and Comeron (2013) is listed as either expression in only ‘early’ meiosis
(germaria to stage 3), ‘late’ meiosis (remaining ovarioles), ‘both’ phases, or significant differential expression (‘DE’) between the
early and late.

Candidate
Gene

GWAS

Number of
GWAS

Lowest Pvalue

Largest
Effect Size

modENCODE
Expression

FlyAtlas
Expression

alph
bru-2
cdi
CG1273
CG4440
CG7196
CG9650
CG10864
CG15365
CG33970
dpr6
Eip75B
grp
jing
lola
MESR3
Oaz
pk
Ptp61F
Ubx

yv
e ro
e ro
e ro
e ro & y v
e ro
e ro
e ro
e ro
yv
e ro & y v
e ro & y v
e ro
e ro
e ro
yv
yv
e ro
e ro & y v
yv

1
1
1
1
6
3
1
1
1
1
4
2
1
3
1
1
1
1
3
1

2.29E-07
1.14E-05
9.22E-06
3.47E-07
1.10E-08
8.00E-07
5.54E-06
3.72E-06
3.55E-07
5.66E-05
9.37E-08
5.98E-06
3.31E-06
4.17E-08
6.13E-08
5.90E-06
8.84E-06
7.20E-09
3.36E-08
4.82E-06

3.435
1.565
1.634
2.613
2.999
3.029
2.336
2.394
2.606
2.807
3.094
2.694
-1.098
2.786
2.755
2.281
2.682
2.922
3.146
1.53

Very High
Moderately High
Moderate
Very High
Moderate
Very High
Moderate
Moderate
High
-

207 / 222
2/9
6/60
3 / 12
2 / 46
2 / 80
12 / 9
5/6
6/8
56 / 366
20 / 13
115 / 68
2137 / 1069
72 / 26
112 / 95
197 / 236
1/1
6 / 13
928 / 359
1 / 13

Adrian &
Comeron
(2013)
Both
Both
Both
Both
Early
Both
Both
Both
Both
Both
Both
Both
DE
Both
DE
Both
Both
DE
DE
Both
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Figure 4.1 - Two-step crossing scheme to measure crossover frequency in the DGRP. + +
denotes wild-type and m1 m2 denotes either e ro on chromosome 3R or y v on the X
chromosome. In addition, since males are heterogametic, only one copy of the y or v marker
is needed to display a phenotype. Crossover frequency is calculated by taking the ratio of
total recombinants (denoted by black box) to total number of progeny.
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Figure 4.2 - Natural variation in recombination rate. Variation in crossover frequency in the DGRP (standard karyotypes only) in
the (A) e ro region on chromosome 3R and (B) in the y v region on the X chromosome. The strains in each panel are ordered by
recombination rate. Grey bars depict standard error. For reference, the reported map distance for the e ro region is 20.4 cM,
while the reported map distance for the y v region is 33 cM, denoted by a horizontal line in both graphs. (C) Recombination rate
on 3R as a function of recombination rate on the X chromosome (standard karyotypes only).
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Figure 4.3 - Genome-wide association analyses. Manhattan plots and accompanying linkage disequilibrium heat maps are
depicted for the (A) e ro region and (B) y v region for the standard karyotypes. A significance threshold of P ≤10-5 is denoted for
Manhattan plots. Dots represent all tested genetic variants in the DGRP and dots above this threshold indicate significantly
associating SNPs. Additionally, the surveyed region for each chromosome is bracketed. The triangular heat map displays the
amount of linkage disequilibrium (LD, measured here as r2) between variants. Each major chromosome is depicted. Red denotes
complete LD and blue denotes absence of LD.
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Figure 4.4 - Functional validation of candidate genes. Recombination rate of P-element insertions, chromosomal deletions and
RNAI lines assayed in the (A) e ro region and (B) y v region. Darker grey boxes indicate control genetic background, followed by
strains compared to that control genetic background. Boxplots show first to third quartiles with whiskers extending to the smallest
and largest nonoutliers. * indicates a P < 0.05, ** indicates P < 0.01 and *** indicates P < 0.001 (via Dunnett’s test).
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Figure 4.5 - Validation of expression difference in ovaries via qPCR. For each candidate gene, the normalized average
expression of three lines with major allele (blue bars) and three lines with minor allele (red bars) are shown. Error bars denote
standard error. * indicates a P < 0.05, ** indicates P < 0.01 and *** indicates P < 0.001 (via a student’s t-test).
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SUPPLEMENTAL TABLES
Table 4.S1 - Robustness of data. Raw counts, expected numbers and G-test P-values for number of males versus females,
number of wild-type progeny versus doubly marked individuals (m1 m2), and number of recombinant progeny (either + m2 or
m1 +).
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Table 4.S1 Continued
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Table 4.S1 Continued
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Table 4.S1 Continued
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Table 4.S2 - Recombination rate data for DGRP lines. Three replicates and average (in cM; used for GWA analysis) for both
intervals (e ro and y v) are included along with inversion status and Wolbachia status of each line (Huang et al. 2014).
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Table 4.S2 Continued
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Table 4.S2 Continued
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Table 4.S2 Continued
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Table 4.S3 - Analyses of variance of recombination rate. Results are displayed for both the e ro and y v intervals (using only
standard karyotypes). H2 denotes broad sense heritability.
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Table 4.S4 - Correlation with DGRP phenotypes. Spearman’s rank correlation for crossover
rates in the e ro and y v regions (using only standard karyotypes) compared to numerous
DGRP published phenotypes. Sources of data are listed both within the main text as well as
in the chart. Significant correlations are in bold.
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Table 4.S4 Continued
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Table 4.S5 - Genome-wide association analyses for recombination rate. Results from GWA on e ro data set including all DGRP
lines (except those containing an inversion on 3R).
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Table 4.S5 Continued
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Table 4.S5 Continued

136

Table 4.S5 Continued
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Table 4.S5 Continued
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Table 4.S5 Continued
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Table 4.S5 Continued
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Table 4.S5 Continued
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Table 4.S5 Continued
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Table 4.S6 - Genome-wide association analyses for recombination rate. Results from GWA
on e ro data set excluding DGRP lines with an inversion on 3R or any polymorphic
inversions.
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Table 4.S6 Continued
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Table 4.S6 Continued
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Table 4.S6 Continued
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Table 4.S6 Continued
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Table 4.S6 Continued
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Table 4.S6 Continued
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Table 4.S7 - Genome-wide association analyses for recombination rate. Results from GWA on e ro data set of DGRP lines only
with standard karyotypes.
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Table 4.S7 Continued

151

Table 4.S7 Continued

152

Table 4.S7 Continued
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Table 4.S8 - Genome-wide association analyses for recombination rate. Results from GWA on y v data set including all DGRP
lines.
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Table 4.S9 - Genome-wide association analyses for recombination rate. Results from GWA on y v data set excluding DGRP lines
with any polymorphic inversions.
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Table 4.S10 - Genome-wide association analyses for recombination rate. Results from GWA on y v data set of DGRP lines only
with standard karyotypes.
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Table 4.S10 Continued
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Table 4.S11 - Genetic variants from GWA. List of significantly associated genetic variants
within candidate genes with corresponding P-value.
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Figure 4.S11 Continued

159

Table 4.S12 - Genotypes of DGRP lines. Genotype of each DGRP line at each significantly associated genetic variant within
candidate genes surveyed.
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Table 4.S12 Continued
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Table 4.S12 Continued
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Table 4.S12 Continued
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Table 4.S12 Continued

164

Table 4.S12 Continued
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Table 4.S12 Continued
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Table 4.S12 Continued
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Table 4.S13 - Genotypes of P-element insertions, chromosomal deletions and RNAi lines.
Lines used for functional validation.
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Table 4.S14 - Functional validation results in the e ro interval. Raw counts and associated P-values from validation in the e ro
interval.
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Table 4.S14 Continued

170

Table 4.S15 - Functional validation results in the y v interval. Raw counts and associated P-values from validation in the y v
interval.

171

Table 4.S16 - DGRP lines used for qPCR expression analysis. List of DGRP lines selected
for each candidate gene for qPCR expression analysis.

172

Table 4.S17 - Genotypes of DGRP lines used for qPCR. Genotype of DGRP lines selected
for qPCR expression analysis at respective gene of choice.
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Table 4.S17 Continued

174

Table 4.S17 Continued

175

Table 4.S18 - qPCR expression data. Cq values from qPCR expression analysis, normalized to GAPDH expression. Lines 1-3 for
the major and minor allele correspond to lines in Table 4.S16.
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Table 4.S18 Continued

177

Table 4.S19 - qPCR expression data before normalization. Cq values from qPCR expression analysis. Lines 1-3 for the major
and minor allele correspond to lines in Table 4.S16.
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Table 4.S19 Continued

179

Table 4.S20 - Primers used for qPCR. Forward and reverse primers of candidate genes
(and control) for qPCR expression analysis.
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SUPPLEMENTAL FIGURES

Figure 4.S1 - Natural variation in recombination rate. Variation in crossover frequency in the DGRP (all lines) in the (A) e ro
region on chromosome 3R and in the (B) y v region on the X chromosome. The lines for each panel are ordered by recombination
rate. Error bars depict standard error. For reference, the reported map distance for the e ro region is 20.4 cM, while the reported
map distance for the y v region is 33 cM, denoted by a horizontal line in both graphs.
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Figure 4.S2 - Distribution of effect sizes. Distribution of combined effect sizes for (A) e ro and (B) y v effect sizes from all GWA
analyses.
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Figure 4.S3 - Venn diagram of SNPs uncovered from GWAS. Overlap of significantly
associated genetic variants from the three different data sets for each chromosomal interval
assayed.
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Figure 4.S4 - Genome-wide association analyses. Results are depicted for the (A) all lines in the e ro region (with no 3R
inversions) and (B) all lines in the y v region. A significance threshold of P ≤ 10-5 is displayed. The triangular heat map displays
the amount of linkage disequilibrium (LD or r2) between variants. Each major chromosome is depicted. Brackets within Manhattan
plot display chromosomal interval assayed. Red denotes complete LD and blue denotes absence of LD.
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Figure 4.S5 - Genome-wide association analyses. Results are depicted for the (A) all lines in the e ro region (with no 3R
inversions or polymorphic inversions) and (B) all lines in the y v region (with no polymorphic inversions). A significance threshold
of P ≤ 10-5 is displayed. The triangular heat map displays the amount of linkage disequilibrium (LD or r2) between variants. Each
major chromosome is depicted. Brackets within Manhattan plot display chromosomal interval assayed. Red denotes complete LD
and blue denotes absence of LD.
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Figure 4.S6 - Validation of expression difference in ovaries via qPCR. For each candidate gene, the raw (before normalization)
average expression of three lines with major allele (solid lines) and three lines with minor allele (shaded lines) are shown. Error
bars denote standard error. * indicates a P < 0.05, ** indicates P < 0.01 and *** indicates P < 0.001.
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CHAPTER 5. TWO HYBRID INCOMPATIBILITY GENES IMPLICATED IN MEDIATING RECOMBINATION
RATE VARIATION IN DROSOPHILA MELANOGASTER

ABSTRACT
Within meiosis, homologous chromosomes exchange genetic material in a process
known as meiotic recombination. This process helps ensure proper chromosome
segregation. Defects in this process can lead to severe decreases in fitness, including
aneuploid gametes and cell mortality. In addition, this process is also a pivotal evolutionary
force, creating new allelic combinations for selection to act upon in future generations.
Interestingly, the frequency of recombination as well as how recombination events are
distributed across the genome are highly variable. Yet, the genetic factors underlying this
variation remain poorly understood, especially in the model organism Drosophila
melanogaster. Recently, PRDM9 was implicated in mediating both the distribution and
location of recombination events in mammals. However, PRDM9 was first highlighted for its
role in hybrid male sterility in mice. We hypothesized that this connection between hybrid
sterility and recombination was not coincidental and that in fact, the hybrid sterility is a
consequence of recombination defects. To test this hypothesis, we used Drosophila as a
model system. Specifically, we asked whether genes involved in hybrid incompatibilities in
Drosophila also have yet unknown roles in meiotic recombination. Our results suggest that
two genes with clear functions in hybrid incompatibility, JYalpha and Lhr, mediate rates of
recombination. Future work is aimed at exploring the molecular mechanisms of JYalpha and
Lhr in meiotic recombination.
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INTRODUCTION
Generating gametes is a necessity for organisms to produce offspring.
Gametogenesis is accomplished by the cellular process of meiosis. During meiosis, DNA is
replicated, and cells undergo two rounds of division. Before the first cellular division,
homologous chromosomes are aligned along the metaphase plate and genetic material is
exchanged. This exchange, also known as meiotic recombination, helps ensure proper
chromosome segregation (Roeder 1997). Defects in this process can cause aneuploidy, the
leading genetic cause of miscarriages in humans (Hassold and Hunt 2001). Despite being
so essential, it is a highly variable process with rates varying between closely related
species (True et al. 1996; Wall et al. 2003; Jensen-Seaman et al. 2004; Ptak et al. 2004,
2005; Winckler et al. 2005), between populations (Brooks and Marks 1986; McVean et al.
2004; Crawford et al. 2004; Fearnhead and Smith 2005; Graffelman et al. 2007; Dumont et
al. 2009; Kong et al. 2010; Comeron et al. 2012), among individuals (Brooks and Marks
1986; Yu et al. 1996; Coop et al. 2008; Dumont et al. 2009; Wang et al. 2012), and even
within the genome on both broad and fine scales (Lindsley et al. 1977; McVean et al. 2004;
Cirulli et al. 2007; Paigen et al. 2008; Singh et al. 2009, 2013). Work has emphasized that
both environmental and genetic factors contribute to recombination rate variation.
Recent work has highlighted PRDM9 as a key genetic factor in modulating
recombination rate variation (e.g. Baudat et al. 2010; Myers et al. 2010; Parvanov et al.
2010; Berg et al. 2010, 2011; Kong et al. 2010; Fledel-Alon et al. 2011; Hinch et al. 2011).
PRDM9 contains a KRAB domain, a PR/SET domain and multiple zinc fingers. PRDM9 was
shown to bind a 13-base pair motif (Myers et al. 2005, 2008) that is enriched in mammalian
recombination hotspots (Baudat et al. 2010; Myers et al. 2010; Parvanov et al. 2010).
Further work demonstrated that allelic variation within the Cys2His2 zinc fingers of Prdm9 is
associated with the location and distribution of crossovers (Berg et al. 2010, 2011; Kong et
al. 2010; Hinch et al. 2011). Drosophila does not possess a clear PRDM9 ortholog (Oliver et
al. 2009; Heil and Noor 2012) and work has demonstrated that the zinc finger binding motifs
of other proteins do not explain recombination rate variation within or between species of
Drosophila pseudoobscura and Drosophila miranda (Heil and Noor 2012).
In addition to playing a role in hotspot usage, PRDM9 has also been linked with male
sterility due to allelic incompatibilities in mice which cause defects in spermatogenesis
(Forejt and Iványi 1974; Forejt 1996; Mihola et al. 2009). Because of this, PRDM9 has been
commonly referred to as a hybrid incompatibility gene. In a popular model known as the
Dobzhansky-Muller model of hybrid incompatibility (Dobzhansky 1937; Muller 1942), an
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ancestral population is split into two and an allele (or alleles) diverge over time. If these
populations are later reunited and try to mate with each other, divergent alleles are no
longer compatible. Broadly speaking, hybrid incompatibility genes have detrimental effects
on fitness in hybrids and often result in sterility or lethality (Maheshwari and Barbash 2011).
In the case of PRDM9-associated sterility, the sterility phenotype is caused by failures in
meiotic prophase, thus linking the hybrid dysfunction phenotype to the role of PRDM9 in
recombination (which occurs during meiotic prophase). Due to PRMD9’s dual role in meiotic
recombination and hybrid sterility, we hypothesized that genes involved in hybrid
incompatibilities more generally may have dual functions in meiotic recombination.
We tested this hypothesis using Drosophila melanogaster as a genetic model
system. Many genes involved in hybrid incompatibility have been identified in Drosophila
melanogaster. These include JYalpha, Lhr, Hmr, Nup96, Nup160, Ods/OdsH, and Zhr. A
recent transposition of JYalpha, which is required for sperm motility, from the 3rd to 4th
chromosome in D. melanogaster causes male sterility in D. melanogaster-D. simulans
hybrids (Masly et al. 2006). Lethal hybrid rescue (Lhr), a loss-of-function mutation
discovered from a natural population of D. simulans, rescues the lethality of the hybrid
males from D. melanogaster females and D. simulans males (Watanabe 1979) while a lossof-function mutation of Hybrid male rescue (Hmr) will allow for viable hybrid males from
crosses between D. melanogaster females to D. mauritiana, D. simulans, and D. sechellia
males (Barbash et al. 2000). Functional divergence of Odysseus (Ods) (known as Ods-site
homeobox (OdsH) in D. melanogaster) causes hybrid male sterility between D. simulans
and D. mauritiana (Perez et al. 1993; Perez and Wu 1995). Nup96 and Nup160 act in
concert to cause hybrid incompatibility in D. melanogaster/D. simulans hybrids (Presgraves
et al. 2003; Barbash 2007; Tang and Presgraves 2009; Sawamura et al. 2010). Finally, a
variant of Zygotic hybrid rescue (Zhr) rescues the hybrid embryonic lethality in crosses
between D. simulans females and D. melanogaster males (Sawamura et al. 1993).
To test our central hypothesis, we screened available mutants and RNAi lines of
known hybrid incompatibility genes for changes in rates of crossing over using classical
genetic techniques. Our results suggest that two genes, JYalpha and Lhr, have potential
roles in determining rates of recombination. We hypothesize possible genetic roles of these
proteins in recombination and discuss future experiments that could validate the
connections between these genes and meiotic recombination.
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MATERIAL AND METHODS
Fly Lines
We obtained available mutations, P-element insertions and UAS-RNAi lines for the
following genes: Hmr, JYalpha, Lhr, Nup96, Nup160, Ods/OdsH, and Zhr. These lines
tested in this study are listed in Table 5.1, separated by gene, and include genotype, source
(with stock number if appropriate), genetic background control, and appropriate references.
Construction of UAS-RNA lines from the Transgenic RNAi Project (TRiP) at Harvard Medical
School and UAS-RNAo lines from the Vienna Drosophila Resource Center (VDRC) are
detailed in Dietzl et al. 2007 and Ni et al. 2008.
Crossover Rate Assay in D. melanogaster and D. simulans
To assay crossover rates in D. melanogaster and D. simulans, we took advantage of
classical genetic techniques and visible mutations. To measure recombination rates on the
3R chromosome in D. melanogaster, we used a fly strain marked with ebony (e4) and rough
(ro1) (Bloomington Stock #496). These genes are roughly 20.4 cM apart (Bridges and
Morgan 1923). The mutation in ebony causes dark pigmentation of the cuticle. The mutation
in rough causes a reduction in the compound eye as well as rough texture on the eye.
These markers were selected due to their genetic distance, lack of apparent viability defects
and success in previous studies (Singh et al. 2015).
To measure recombination rates on the D. melanogaster X chromosome, we used a
fly strain maker with vermilion (v1) and forked (f2) (Drosophila Species Stock Center #140210251.128). The mutation vermilion causes bright red compound eyes while the mutation in
forked causes kinked thoracic bristles. These genes are roughly 26.65 cM apart (Barker and
Moth 2001). These markers were selected due to their genetic distance and lack of apparent
viability defects (Sturtevant 1929; Barker and Moth 2001).
To measure recombination rates on the D. simulans 3R chromosome, we used a fly
strain marked with scarlet (st1) and ebony (e1) (Drosophila Species Stock Center #140210251.034). These genes are roughly 30.0 cM apart (Barker and Moth 2001). The mutation in
scarlet causes a reduction in the compound eye as well as rough texture on the eye while
the mutation in ebony causes dark pigmentation of the cuticle.
The crossover rate assay used a two-step crossing scheme (Figure 5.1). All crosses
were executed at 25°C with a 12 hour: 12 hour light:dark cycle on standard media using
virgin females aged roughly 24 hours. For the first cross, ten virgin females were crossed to
ten doubly marked males in eight ounce bottles. Males and females were allowed to mate
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for a total of five days, after which all adults were cleared from the bottles. For the second
cross, virgin females were collected. These females are heterozygous for the visible
markers and are the females in which crossing over is occurring and subsequently scored
(via their progeny). Ten females were backcrossed to ten doubly marked males in 25 x 95
mm vials. There were 30 replicate backcrosses per line. Males and females were allowed to
mate for five days, after which all adults were cleared from the vials. After eighteen days,
BC1 progeny were scored for both sex and presence/absence of visible markers.
Recombinant progeny possessed only one morphological marker. The UAS-RNAi lines in D.
melanogaster followed a similar crossing scheme except for the males used in this F0 cross.
These males contained the doubly marked chromosome along with nanos-GAL4 driver on
the same chromosome arm (Van Doren et al. 1998; Rørth 1998). nanos is expressed
throughout Drosophila oogenesis (Wang et al. 1994).
Nondisjunction Assay
To assay rates of nondisjunction in D. melanogaster, we used a multiply marked fly
strain and a simple crossing scheme (Figure 5.2). The full genotype of this strain is y cv v f
/ T(1:Y)BS (Kohl et al. 2012). All crosses were executed at 25°C with a 12 hour:12 hour
light:dark cycle on standard media using virgin females aged roughly 24 hours. For the
cross, ten virgin females from all lines were crossed to ten y cv v f / T(1:Y)BS males in eight
ounce bottles. We used five replicates per line. Males and females were allowed to mate for
a total of five days, after which all adults were cleared from the bottles. All subsequent
progeny were collected and scored for both sex and presence/absence of Bar eyes.
Females displaying Bar eyes or males displaying wild-type eyes indicate an nondisjunction
event. The total number of nondisjunction progeny observed was multiplied by two to
account for triplo-X and nullo-X progeny, which are lethal (and thus not observable).
Statistics
To estimate the rate of crossing over for each vial, we took the ratio of recombinant
progeny (flies possessing only one morphological marker) to the total number of progeny.
These crossing over values were then arcsine transformed and compared to appropriate to
control via a students t-test or Dunnett’s test (Dunnett 1955, 1964) which controls for
multiple testing. To calculate the rate of nondisjunction for each bottle, the total number of
observed exceptional progeny was multiplied by two and then divided by the total number of
progeny observed. These percentages were then arcsine transformed and compared to
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appropriate controls using again a Dunnett’s test. All statistics were performed using JMP®
Pro 11.2.0.
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RESULTS AND DISCUSSION
The genetic architecture of recombination rate variation remains poorly understood in
the model organism Drosophila melanogaster. To identify new genes that may mediate
recombination rate variation in this system, we used a candidate gene approach.
Specifically, we focused on genes associated with hybrid incompatibility. This approach is
motivated by previous work in mammals. Specifically, if PRMD9’s role in determining hybrid
sterility is a consequence of its role in designating crossover sites during gametogenesis,
then perhaps other hybrid incompatibility genes could have similar roles in meiosis and
meiotic recombination. Though Drosophila lacks an ortholog of PRDM9 (Oliver et al. 2009;
Heil and Noor 2012), there have been numerous hybrid incompatibility genes identified in
this system. Notable ones tested in this study include Hmr (Barbash et al. 2000, 2004;
Barbash and Ashburner 2003; Barbash and Lorigan 2007), JYalpha (Masly et al. 2006), Lhr
(Brideau et al. 2006; Prigent et al. 2009), Nup96 (Presgraves et al. 2003; Presgraves and
Stephan 2007; Presgraves 2007; Barbash 2007), Nup160 (Tang and Presgraves 2009;
Sawamura et al. 2010), Ods/OdsH (Ting et al. 1998; Bayes and Malik 2009), and Zhr
(Sawamura and Yamamoto 1997; Ferree and Barbash 2009). We tested the hypothesis that
disrupting hybrid incompatibility genes in Drosophila would also cause defects in rates of
meiotic recombination. To assay recombination rates in Drosophila, we used a classic twostep crossing scheme (Figure 5.1) as detailed in the MATERIALS AND METHODS.
Five genes (Hmr, Nup96, Nup160, Ods/OdsH, and Zhr) showed no significant
change in recombination rates as compared to genetic background control (P > 0.08, all
comparisons, Dunnett’s test; Figure 5.3 & 5.4) using various UAS-RNAi lines, P-elements,
and loss-of-function alleles. However, two genes did display a significant change in
recombination rate when perturbed as compared to appropriate genetic background control.
These were JYalpha and Lhr.
JYalpha is a 4.1-kb gene located on the 4th chromosome in D. melanogaster that
encodes a Na+/K+ ATPase. It is expressed in the testes (Chintapalli et al. 2007). Work has
shown that this gene is located on the 3rd chromosome in D. simulans and this simple gene
transposition causes hybrid incompatibility (Masly et al. 2006). D. melanogaster males
homozygous for the D. simulans 4th chromosome produced immotile sperm and no progeny,
while D. melanogaster males containing one copy of the D. simulans 4th chromosome and
one copy of a D. melanogaster 4th chromosome displayed no reproductive defects and
produced wild-type numbers of progeny. Mapping techniques isolated JYalpha as the culprit
of these reproductive defects. Further work demonstrated that null mutants of JYalpha in
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D. melanogaster produce sterile males (Masly et al. 2006). JYalpha is similar to the α4
isoform of Na+/K+ ATPases in mammals, also expressed in the testes (Woo et al. 1999).
Like JYalpha, inhibition of this isoform causes fertility defects including problems with sperm
motility (Woo et al. 2000), suggesting conserved function among taxa.
JYalpha mutants showed significant changes in recombination frequency in three
instances (Figure 5.5). First, 4-sim/eyD, a line containing one copy of a D. simulans 4th
chromosome (which lacks a functional copy of JYalpha) showed a significant increase in
rates of recombination (P = 0.04, Dunnett’s test) relative to a genetic background control.
For clarification, our crossing scheme measures recombination in heterozygous females.
Therefore 4-sim/eyD flies in our cross contain one copy of a D. melanogaster 4th
chromosome and one copy of a D. simulans 4th chromosome. Second, a P-element insertion
(KG09295) showed a significant decrease from control (P = 0.03, Dunnett’s test) and finally,
a precise P-element excision showed a significant increase from control (P = 0.01, Dunnett’s
test). 4-sim/ciD and the imprecise excision also showed an increase from control, although
this increase was not statistically significant. The combination of these three results
suggests that the loss of JYalpha can cause perturbations in recombination frequency that
are dominant. Two UAS-RNAi lines for JYalpha, with knockdown expressed only in early
meiotic prophase by use of GAL4-nanos (Wang et al. 1994; Van Doren et al. 1998; Rørth
1998), showed no significant change in recombination rates relative to the genetic
background control (P > 0.08, both comparisons, Dunnett’s test).
Expanding on these results, we also measured levels of nondisjunction using a
simple crossing scheme (Figure 5.2; see MATERIALS AND METHODS). Abnormal rates of
recombination have been associated with increased levels of nondisjunction (Koehler et al.
1996). For example, in humans, reduced recombination is present in many common
trisomies (e.g. Hassold et al. 1995; Robinson et al. 1998; Hassold and Sherman 2000). The
analyzed lines of JYalpha showed no elevated nondisjunction as compared to control (P >
0.85, all comparisons, Table 5.2), suggesting that the altered rates of recombination due to
JYalpha are having no detectable effect on chromosome segregation.
JYalpha as a possible mediator of recombination in Drosophila is puzzling. First,
evidence from mammals point to expression primarily located within the testes, with function
directed at sperm motility. Analyzing JYalpha expression in Drosophila points to similar
trends, with no detectable signal in the ovaries (Chintapalli et al. 2007; Adrian and Comeron
2013) or whole females (Celniker et al. 2009) as compared to readily-detectable levels in
both testis and whole flies (combined sexes) (Chintapalli et al. 2007). It should be noted
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here that Drosophila males do not undergo meiotic recombination (Morgan 1912, 1914) and
male genotype has been shown not to significantly influence female rates of crossing over
(Hunter and Singh 2014). How JYalpha can mediate rates of crossing over without being
expressed in females is difficult to envision.
To explore possible mechanisms by which JYalpha mediates crossover frequency,
we first tested for a possible role of allelic variation at JYalpha in mediating population-level
variation in recombination rate by leveraging previous data. A prior experiment measured
rates of recombination in the Drosophila Genetic Reference Panel (Mackay 2001; Huang et
al. 2014) using the same experimental procedure in both the e ro interval as well as an
additional interval on the X chromosome between yellow and vermilion (roughly ~33 cM
apart) (Hunter et al., In Preparation). Presumably because the 4th chromosome is largely
heterochromatic and because it is difficult to sequence heterochromatin, the JYalpha region
does not have a great deal of sequence coverage in the DGRP. Out of the 205 lines, 24
lines have genotypic data for this region; these data indicate that there are two polymorphic
deletions at this locus. Among the 24 lines, 23 lines do not have either deletion and 1 line
(RAL_307) has both. We used our recombination rate data (Table 5.3) to test for a
significant difference between genotypes. Using an ANOVA framework, where genotype is
the only fixed effect, we see no significant difference in the e ro region (P = 0.57) while we
see a marginally significant effect in the y v region (P = 0.064). However, these results are
underpowered with only one line having the minor allele. Future work will be aimed at
genotyping this region in the DGRP to further strengthen this analysis to test if naturally
occurring variants in JYalpha significantly contribute to population level variation in
recombination rates.
A clear link between JYalpha and meiotic recombination does not emerge from these
results. In order to further validate these results and potentially develop a mechanism for
JYalpha’s role in modulating recombination rate, I plan additional experiments. First, I plan
to analyze JYalpha expression in ovaries and whole females using quantitative RT-PCR
with primers established in the FlyPrimerBank (Hu et al. 2013; Table 5.4). Meiotic
recombination occurs only in the ovaries and JYalpha has only been detected in the testes
of flies. Therefore, if expression of JYalpha is detected in the ovaries (even at a low level),
this would indicate a secondary unexplored function of JYalpha. Second, I will analyze
sensitivity to DNA damaging agents such as the oxidizing agent paraquat (methyl viologen
dichloride). Meiotic recombination is initiated by programmed double-strand breaks and
further resolved by DNA repair proteins. If JYalpha also has a unexplored role in DNA
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damage repair, we would expect to see increased sensitivity of flies possessing only one
functional copy of JYalpha. Finally, I will repeat the above experiments in hybrids using a
cross between D. simulans females and D. melanogaster males (with and without the
JYalpha P-element). Often, phenotypes from hybrid incompatibility genes are masked in
non-hybrids. Perhaps, phenotypes from the above experiments will be exaggerated in
hybrids, which would provide additional support for a role of JYalpha in recombination.
In addition to JYalpha, a UAS-RNAi knockdown of Lhr also showed a significant
increase of recombination rate compared to genetic background control (P = 0.003,
Dunnett’s test; Figure 3). However, two other UAS-RNAi knockdowns of Lhr did not show
any significant change in recombination rate (P > 0.19, both comparisons, Dunnett’s test).
Moreover, a previously established knockout of Lhr showed no significant perturbation in
recombination frequency (P = 0.99, student’s t-test). In addition, a known interactor with Lhr,
Hmr (Brideau et al. 2006), did not show any significant change in recombination rate in four
different UAS-RNAi lines (P > 0.44, all comparisons, Dunnett’s test) or two deficiency lines
(P >0.21, both comparisons, Dunnett’s test). Similar to JYalpha, these lines show no
significant elevation in rates of nondisjunction as compared to control (P > X.92, all
comparisons; Table 5.2), suggesting that Lhr altering rates of recombination has no
detectable effect on chromosome segregation.
Based on these results, we tested the hypothesis that Lhr might also affect rates of
meiotic recombination in D. simulans. The first loss-of-function mutation of Lhr (Lhr1) was
discovered in a natural population of D. simulans (Watanabe 1979). We employed the same
crossing scheme used in D. melanogaster (see Figure 5.1) with markers in D. simulans.
Using Lhr1, our results show a significant decrease in rates of crossing over in the v f interval
(P = 0.02, Dunnett’s test; Figure 5.6) but no significant difference in the e st interval (P =
0.92, Dunnett’s test; Figure 5.6).
Both Hmr and Lhr are heterochromatin-associated proteins (Brideau et al. 2006;
Greil et al. 2007) that interact in tandem with numerous centromeric proteins including HP1,
Umbrea, and CENP-C (Thomae et al. 2013). While recombination is suppressed in the
centromere (for review, see Choo 1998), it is clear that the centromere plays an integral role
in the process of meiotic recombination. For example, CENP-C, a key centromeric protein, is
a necessary component for the formation of the kinetochore which attaches homologous
chromosomes in Drosophila (Przewloka et al. 2011). Defects in CENP-C disrupt
synaptonemal complex formation and causes meiotic segregation problems (Unhavaithaya
and Orr-Weaver 2013). In addition, mutations in HP1, another centromeric interactor with
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Lhr and Hmr, has been shown to affect crossing over and nondisjunction in flies (Westphal
and Reuter 2002). Centromeres represent just a fraction of heterochromatin within the
genome. This tightly packed DNA elsewhere in the genome has been shown to be involved
in meiotic chromosome pairing (Karpen et al. 1996; Dernburg et al. 1996; Yamagishi et al.
2008). In Drosophila Schneider cells, Hmr and Lhr depletion or overexpression causes
defects in mitotic chromosome segregation. Another hybrid incompatibility gene mentioned
above, Zhr, has been shown to be involved in mitotic defects (Ferree and Barbash 2009).
Therefore, it seems possible that the role of Lhr might be similar to that of its centromeric
interactors. That is, Lhr might have an unexplored role in kinetochore stability. It would not
be surprising that defects with this process might cause changes in recombination rate.
Future work is aimed at testing how depletion of both Lhr and Hmr affect recombination
rates by testing dual knockdowns as it appears there might be a compensatory role of these
interacting proteins (Brideau et al. 2006). In addition, analyzing Lhr in the background of a
mutant with known kinetochore function such as nod (Theurkauf and Hawley 1992) might
also help elucidate the role of Lhr in meiotic recombination if there are epistatic interactions.
Meiotic chromosome pairing is an essential component of determining species
compatibility. For example, studies in Drosophila have highlighted that improper
chromosome pairing can lead to species incompatibilities (Evgenev 1971; Madi-Ravazzi and
Bicudo 1992; Madi-Ravazzi et al. 1997). It can be hypothesized that improper recombination
can also lead to hybrid incompatibilities. The data presented here implicates both JYalpha
and Lhr, both known hybrid incompatibility genes, in mediating rates of recombination. More
work is needed to confirm these results, as our results were somewhat inconsistent
internally. However our results are suggestive that identifying the genetic determinants of
recombination rate variation might also provide insight into species divergence. Future work
will be aimed at deciphering the molecular role of these two proteins in meiotic
recombination as well as DNA damage repair.
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TABLES
Table 5.1 - List of Drosophila stocks used for crossover rate assay. Stocks are listed with genotype, stock center and ID # if
applicable along with appropriate genetics background control. Genotypes of control backgrounds are also included for reference.
1

Stocks provided by D. A. Barbash; 2Stocks provided by J. P. Masly.

Gene

Genotype
1

Stock Center and ID #

* 1

y sc v ;P{y[+t7.7]v[+t1.8]=TRiP.GLV21024}attP2
1118
w ; P{GD9164}v51849
w

1118

; P{GD9164}v51850

P{KK104035}VIE-260B
Hmr

--

Bloomington Stock #36303

VDRC Transformant ID #51849

VDRC Transformant ID #60000

VDRC Transformant ID #51850

VDRC Transformant ID #60000

VDRC transformant ID #101252

VDRC Transformant ID #60100
y w v/ FM7I,Act-GFP
(Barbash and Lorigan 2007)
y w F10 (Aruna et al. 2009; Satyaki
et al. 2014).

1

N/A

1

mel-Hmr-HA

N/A

1

y w F10; Hmr

3

sim-Hmr-HA
1
y ; P{y[+mDint2] w[BR.E.BR]=SUPor-P}JYalpha[KG09295]

N/A

1

y w F10; Hmr

3

w

1118

w

1118

3

Bloomington Stock #16983

Bloomington Stock #169

N/A

2

N/A

2

N/A

2

precise P-element excision (12a/12a)
1118
w ; P{GD1823}v3976

N/A

2

VDRC Transformant ID #3976

VDRC Transformant ID #60000

P{KK111805}VIE-260B

VDRC Transformant ID #106410

VDRC Transformant ID #601000

Bloomington Stock #50531

Bloomington Stock #36303

VDRC Transformant ID #25340

VDRC Transformant ID #60000

VDRC Transformant ID #100529

VDRC Transformant ID #60100

;;;4-sim/ci

D

;;;4-sim/ey

D
D

imprecise P-element excision (20a/ey )

1

* 1

y sc v ;P{TRiP.GLC01649}attP2
w
Lhr

Bloomington Stock #35659

N/A

Df(1)Hmr ,y w v/ FM7I,Act-GFP
P{EPgy2}Hmr

Jyalpha

Genetic Background Control &
Reference (if applicable)

1118

; P{GD9581}v25340

P{KK106339}VIE-260B
Lhr

KO

N/A

1

N/A

1

1

Lhr (D. simulans)

w

1118

(Masly et al. 2006)

w

1118

(Masly et al. 2006)

w

1118

(Masly et al. 2006)

w

1118

(Masly et al. 2006)

y w (Satyaki et al. 2014)
501
w (D. simulans) (Brideau et al.
2006; Satyaki et al. 2014)
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Table 5.1 Continued
Gene
Nup96

Genotype
1
*
1
1
y w ; P{w[+mC]=EP}Nup98-96[G2120]/TM3, Sb Ser

Nup160

w

OdsH

PBac{y[+mDint2] w[+mC]=OdsH-GFP.FPTB}VK00033

Zhr

Zhr

1118

; P{w[+mC]=EP}Nup160[EP372]/CyO

1

Genotype
Control
Control

y v ;P{CaryP}attP2
isogenic host strain, w
host line y,w

Control

y

Control

w

Control

yw

Control

w

1118

Control

w

1118

Control

OreR

Bloomington Stock #28433

Bloomington Stock #6598

Bloomington Stock #17278

Bloomington Stock #5905/#6326

Bloomington Stock #42282

Bloomington Stock #5905/#6326

Bloomington Stock #25140

Bloomington Stock #5

1118

Bloomington Stock #36303
1118
+

VDRC Transformant ID #60000
3`

;P{attP,y ,w }

VDRC Transformant ID #60100

1

Bloomington Stock #169

1118

1

Genetic Background Control &
Reference (if applicable)

Stock Center and ID

1 1

Control

Stock Center and ID #

stock which was originally w

1118

1118

D

;;;ci /ey

D

Bloomington Stock #464
Bloomington Stock #6598
Bloomington Stock #5905
Bloomington Stock #6326
Bloomington Stock #5
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Table 5.2 - Nondisjunction Counts for JYalpha and Lhr. Total number of flies and exceptional progeny are summed from five
separate replicates. Exceptional progeny indicate a fly that has experienced a nondisjunction event.
JYalpha

Total # of Flies

Exceptional Progeny

2724

5

2166

1

1839

2

1738

0

1886

2

1722

0

1479

0

2045

0

2261

5

Control for KK

2100

9

P{KK111805}VIE-260B

2815

1

Total # of Flies

Exceptional Progeny

1449

1

y sc v ;P{TRiP.GLC01649}attP2

2745

2

GD Control for GD

2045

0

2271

2

KK Control for KK

2100

9

P{KK106339}VIE-260B

2520

2

2049

22

1426

5

Control for KG09295
1

y ; P{y[+mDint2] w[BR.E.BR]=SUPor-P}JYalpha[KG09295]
Control for 4-sim, imprecise and precise P-element
w

1118

;;;4-sim/ci

D

w

1118

;;;4-sim/ey

D
D

imprecise P-element excision (20a/ey )
precise P-element excision (12a/12a)
Control for GD
w

1118

; P{GD1823}v3976

Lhr
TRiP Control
1

w

* 1

1118

; P{GD9581}v25340

Lhr

KO

Lhr

KO

Control
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Table 5.3 - JYalpha genotype and crossover rate data from the DGRP.
DGRP Line

chr4:2538-2542 Genotype

chr4:2538-2542 Genotype

e ro - 1

DGRP_32

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

DGRP_57

(C)TCCGC/(C)TCCGC

DGRP_75

e ro - 3

e ro - Avg.

yv-1

yv-2

yv-3

y v - Avg.

8.94

3.29

6.12

31.44

40.62

39.66

37.24

(C)TCCGC/(C)TCCGC

21.08

20.19

20.64

27.30

25.53

34.69

29.17

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

23.26

19.61

21.11

21.33

36.16

35.69

24.68

32.18

DGRP_109

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

11.50

20.25

24.55

18.77

38.75

40.39

40.00

39.71

DGRP_142

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

25.36

20.87

20.95

22.39

32.55

32.42

28.60

31.19

DGRP_229

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

23.04

16.39

19.28

19.57

24.87

24.59

27.40

25.62

DGRP_307

(C)-/(C)-

(C)-/(C)-

25.17

15.38

14.77

18.44

33.55

36.60

35.42

35.19

DGRP_315

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

23.71

21.26

22.49

29.26

30.94

33.26

31.15

DGRP_324

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

11.40

0.00

3.47

4.96

18.03

28.39

28.21

24.88

DGRP_354

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

19.20

17.02

21.01

19.08

28.64

29.90

31.14

29.89

DGRP_355

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

24.63

20.91

23.84

23.13

34.46

34.16

36.74

35.12

DGRP_371

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

24.69

20.32

20.89

21.97

22.25

28.21

29.24

26.57

DGRP_380

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

21.33

25.77

23.55

21.13

31.38

29.74

27.42

DGRP_437

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

0.00

0.00

0.00

30.20

29.55

33.04

30.93

DGRP_596

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

26.07

25.29

25.68

29.71

33.60

26.29

29.87

DGRP_634

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

9.76

4.32

9.33

7.80

33.64

35.64

33.12

34.14

DGRP_727

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

22.64

19.39

17.06

19.70

30.92

31.17

30.26

30.78

DGRP_774

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

20.41

19.74

19.87

20.01

24.40

35.11

23.37

27.63

DGRP_808

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

5.34

14.23

23.13

14.23

27.91

27.66

31.71

29.10

DGRP_843

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

20.81

20.53

20.73

20.69

26.25

28.13

27.57

27.32

DGRP_849

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

22.58

23.67

23.01

23.09

32.29

30.19

26.11

29.53

DGRP_853

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

26.80

18.09

18.41

21.10

30.91

28.80

27.66

29.12

DGRP_887

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

19.13

20.14

20.66

19.98

29.72

30.04

28.57

29.45

DGRP_900

(C)TCCGC/(C)TCCGC

(C)TCCGC/(C)TCCGC

21.29

18.75

18.16

19.40

28.21

27.20

28.80

28.07

0.00

e ro - 2
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Table 5.4 - JYalpha primer pairs for use with future qRT-PCR expression analysis.
Primer Pair
PD40549
PD40550
PD40551

Direction

Sequence

Tm

Forward

GGCAGAACATGGATTCCCCC

60.75°C

Reverse

TTGCCCATACCTTGTTGCAA

58.29°C

Forward

GGCAGAACATGGATTCCCCC

60.75°C

Reverse

ATTGCCCATACCTTGTTGCA

58.06°C

Forward

GGCAGAACATGGATTCCCCC

60.75°C

Reverse

AAAAACCCGGTGCCTGCT

60.12°C

PCR Product Length
234 bp
235 bp
150 bp
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FIGURES

Figure 5.1 - Two step crossing scheme to measure crossover frequency in candidate genes.
+ + denotes wild-type and e4 ro1 denotes the doubly marked chromosome on 3R. Stocks
used in this cross include the genetic background control as well as P-element insertion or
RNAi stocks. Crossover frequency is calculated by taking the ratio of total recombinants
(denoted by black box) to total number of progeny. Crosses with D. simulans follow the
same scheme with the marked chromosome being either st1 e1 or v1 f2.
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Figure 5.2 - Crossing scheme to measure nondisjunction in D. melanogaster. + + denotes
wild-type. A skull and crossbones indicates a lethal genotype that is unrecoverable. Black
boxes indicate progeny that have experienced a nondisjunction event. Aneuploid progeny
can be identified as such by the sex along with presence or absence of the Bar (BS) eye
phenotype.
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Figure 5.3 - Recombination rate of Nup96, Nup160, OdsH, and Zhr in the e ro region.
Control genetic background and strains compared to that background are denoted by similar
colors. Boxplots show first to third quartiles with whiskers extending to the smallest and
largest nonoutliers. No experimental lines tested are significant (via Dunnett’s test)
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Figure 5.4 - Recombination rate of P-element insertions and UAS-RNAi lines of Lhr and Hmr
in the e ro region. Control genetic background and strains compared to that background are
denoted by similar colors. Boxplots show first to third quartiles with whiskers extending to
the smallest and largest nonoutliers. * indicates a P < 0.05 (via Dunnett’s test).
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Figure 5.5 - Recombination rate of P-element insertions, UAS-RNAi, and chromosomal
replacement lines of JYalpha in the e ro region. Control genetic background and strains
compared to that background are denoted by similar colors. Boxplots show first to third
quartiles with whiskers extending to the smallest and largest nonoutliers. * indicates a P <
0.05 (via Dunnett’s test).
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Figure 5.6 - Recombination rate of Lhr1 in the e st and v f region in D. simulans. The two
different intervals are separated by color. Boxplots show first to third quartiles with whiskers
extending to the smallest and largest nonoutliers. * indicates a P < 0.05 (via Dunnett’s test).
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CHAPTER 6. EVOLUTIONARY RATE COVARIATION UNCOVERS NEW GENETIC FACTORS INVOLVED
IN MODULATING RECOMBINATION RATE VARIATION

ABSTRACT
Meiotic recombination is an essential biological process. Not only does it ensure
proper chromosome segregation, it is also a pivotal evolutionary force that creates new
allelic combinations upon which natural selection can act. Interestingly, rates of
recombination are highly variable, due to both environmental and genetic factors. In order to
identify genetic factors playing a role in mediating this variation, we utilized a method
entitled evolutionary rate covariation (ERC). The method exploits the fact that members of
biological pathways are likely to experience similar evolutionary pressures, which could
result in correlated changes in rates of coding sequence evolution. ERC identifies genes
that experience similar rates of evolution by analyzing phylogenetic trends; genes with
highly correlated rates of evolution may be functionally connected in gene networks or
biological networks. Here, we attempt to identify genes that modulate rates of recombination
by analyzing evolutionary rate covariation of 21 genes with known function in Drosophila
meiotic recombination. Our results confirm elevated ERC among meiotic recombination
genes within Drosophila. We also identify thirteen candidate genes that have statistically
significant ERC with at least eight meiotic recombination genes. A majority of these
candidate genes have no known function though two have been previously implicated in
mitotic chromosome segregation. Functional validation highlights two genes, CG31898 and
CG2975, that when disrupted significantly alter rates of recombination rate in an interval on
chromosome 3R. Our results thus contribute two genetic factors involved in possibly
mediating recombination rate in Drosophila. Our findings also demonstrate the potential of
the ERC method in predicting new members of existing biological pathways.
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INTRODUCTION
During meiosis, homologous chromosomes exchange genetic material in a process
known as meiotic recombination. This process is essential for proper chromosome
segregation and cell viability (Roeder 1997; Hassold and Hunt 2001). For example,
abnormal recombination is a hallmark of many human trisomies (Hassold et al. 1991, 1995;
MacDonald et al. 1994; Bugge et al. 1998; Robinson et al. 1998; Hassold and Sherman
2000). Despite this intrinsic importance, rates of recombination are highly variable. Variation
in recombination rate is present in almost all species studied to date such as yeast
(Mancera et al. 2008; Tsai et al. 2010), worms (Barnes et al. 1995; Rockman and Kruglyak
2009), Drosophila (Brooks and Marks 1986; True et al. 1996; Stevison and Noor 2010;
Comeron et al. 2012), honey bees (Ross et al. 2015), maize (Bauer et al. 2013), chickens
(Rahn and Solari 1986), mice (Dumont et al. 2009), chimps (Ptak et al. 2004, 2005; Winckler
et al. 2005) and humans (Kong et al. 2002; Crawford et al. 2004; Myers et al. 2005), to
name a few.
This variation arises from both environmental and genetic factors. To date, very few
genetic factors influencing recombination rate variation have been identified. The most
promising discovery so far has been the link of PRDM9 to determination of meiotic
recombination hotspot locations (Baudat et al. 2010; Myers et al. 2010; Parvanov et al.
2010) as well as crossover number (Hinch et al. 2011; Capilla et al. 2014) in mammals.
Other genetic factors identified as mediators of crossover number include RNF212 (Kong et
al. 2008; Chowdhury et al. 2009; Sandor et al. 2012; Johnston et al. 2015) and REC8
(Sandor et al. 2012). Strikingly, these genetic factors are all absent in Drosophila and
despite being an active area of research, the genetic factors mediating recombination rate
variation in Drosophila still remain poorly understood.
In order to identify genetic factors involved in this process, we utilized a technique
entitled evolutionary rate covariation (ERC). This technique examines tractable phylogenetic
signatures of co-variation of proteins (Clark et al. 2012). This method analyzes amino acid
divergence in species trees and identifies proteins that have more correlated rates of
evolution than expected. This method was inspired by lines of evidence indicating that
proteins that physically interact tend to experience similar evolutionary pressures and thus
display correlated sequence changes (Pazos et al. 1997; Pazos and Valencia 2001; Hakes
et al. 2007; Clark et al. 2009; Clark and Aquadro 2010).
Previous work has spotlighted the success of this method. For example, in yeast,
ERC is elevated for genes that have similar biological functions (Clark et al. 2012). Further,
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an analysis in yeast and mammals demonstrated significantly strong ERC for genes
involved meiotic crossing over pathways (Clark et al. 2013). Finally, a recent study used
ERC to successfully identify new members of protein networks required for Drosophila
female post-mating responses (Findlay et al. 2014). Based on this evidence, ERC is a
powerful tool to identify new players in existing networks and prioritize them for functional
testing.
We hypothesized that genes involved in recombination rate variation would display
elevated ERC with known meiotic recombination genes. We first demonstrated that meiotic
recombination genes displayed elevated ERC values, as would be predicted under the
assumption that genes in a shared pathway show correlated rates of evolution because of
shared evolutionary pressures. In addition, our results point to thirteen candidate genes that
show significant, high correlations in evolutionary rate with eight or more of 21 known
meiotic recombination genes. We show that disruptions in two of these candidate genes,
CG31898 and CG2975, cause significantly altered rates of recombination as compared to
genetic controls. Our results thus reveal two possible new genetic factors involved mediating
recombination rate in Drosophila as well as demonstrate the strength of the ERC method in
identifying and prioritizing candidate genes for validation.
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MATERIAL AND METHODS
ERC Analysis
We made a list of 41 meiotic genes gathered from previous collections (Mehrotra et
al. 2008; Anderson et al. 2009; Lake et al. 2011). We refined this list to a total of 21 genes
for use in downstream ERC analyses (Table 6.1). These 21 genes, in addition to being
involved in meiotic recombination, all show either a defect in double-strand break (DSB)
repair or crossing over in a null mutant background (see Mehrotra et al. 2008 and
references therein).
The ERC method (Clark and Aquadro 2010) analyzes orthologous genes across a
phylogeny and calculates amino acid divergence of each gene on each branch in the
species tree, utilizing PAML (Yang 2007). In our case, method leverages sequence and
alignment data generated as part of the Drosophila 12 Genomes project (Drosophila 12
Genomes Consortium 2007). Protein alignments are only used if there is available data from
a minimum of five species. Following this, branch lengths are transformed into a relative rate
of evolution compared to the genome-wide average tree. Due to differences in number of
species used to create the ERC, these values undergo what is known as a projection
operation (Sato et al. 2005), which allows for direct comparisons between ERCs calculated
from different sets of Drosophila species. These ERC values are then also assigned a Pvalue based on the genome-wide distribution of ERC values for the particular set of
Drosophila species used in the calculation.
All ERC analyses were performed using the ERC webserver (available at
http://csb.pitt.edu/erc_analysis/). First, we aimed to test the hypothesis that our compiled list
of meiotic genes displayed higher ERC within this group than expected by chance. To do
this, we used the Group Analysis option. This analyzes the ERC values within a queried list
of genes and returns the ERC value between all gene pairs as well as accompanying Pvalues based 100,000 permutations (Figure 6.2; Table 6.S1). The P-values describe the
significance of the difference in ERC values of the focal set relative to the background
distribution of ERC values for that collection of species.
After confirming elevated ERC values among meiotic recombination genes, we
analyzed each meiotic gene separately to identify potential novel genes that share similar
evolutionary pressures because of shared function. This analysis, implemented using the
Top Genes option, reports the ERC values between a queried gene and all possible genes
in the genome (~11,100). For each of the 21 meiotic genes, we restricted our analysis to
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genes with a P ≤ 0.10. These lists are included as Supplemental Tables 6.2-22. Finally,
genes that were found in greater than six Top Genes analyses were used for further
analyses (Table 6.S23).
Interpretation of Gene Lists
In order to analyze our generated gene list (Table 6.S23) for possible trends, we
used a pre-established pipeline, BioProfiling.de (available at http://www.bioprofiling.de/).
This pipeline takes queried gene lists and analyzes them for similar gene function,
interactions, pathway involvements and known previous functions (Antonov 2011). The
server uses the novel profiling of complex functionality (Antonov et al. 2008), which can
analyze functions based on ‘and’, ‘or’ and ‘not’ statements. (For example, DNA binding
capability ‘and’ expression in the ovary.) The server gathers data from the Gene Ontology
database (Ashburner et al. 2000; The Gene Ontology Consortium 2015) as well as the
InterPro database (Jones et al. 2014; Mitchell et al. 2015). Statistics for these enriched
categories are computed using a modified χ2 test along with a Monte-Carlo simulation
approach to adjust for multiple testing (Antonov and Mewes 2006).
Fly Stocks
To assay crossover rates, we took advantage of classical genetic techniques and
visible mutations. To measure recombination rates on the 3R chromosome, we used a fly
strain marked with ebony (e4) and rough (ro1) (Bloomington Stock #496). These genes are
roughly 20.4 cM apart (Bridges and Morgan 1923). These markers were selected due to
their genetic distance, lack of apparent viability defects and as well as success in previous
studies (Singh et al. 2015). To functionally validate possible candidate genes, we obtained
multiple P-element insertion and UAS-RNAi lines from the Bloomington Drosophila Stock
Center, Vienna Drosophila Resource Center (Dietzl et al. 2007) and Exelixis Collection at
Harvard Medical School (Parks et al. 2004; Thibault et al. 2004) for use in our crossover rate
assay described below. These stocks are listed in Table 6.S24.
Crossover Rate Assay
To assay crossover rates in the e ro region on the third chromosome, we used a twostep crossing scheme (Figure 6.1). All crosses were executed at 25°C with a 12 hour: 12
hour light:dark cycle on standard media using virgin females aged roughly 24 hours. For the
first cross, ten virgin females were crossed to ten e ro males in eight ounce bottles. Males
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and females were allowed to mate for a total of five days, after which all adults were cleared
from the bottles. For the second cross, once again virgin females were collected. These
females are doubly heterozygous for the visible markers and are the females in which
crossing over is occurring and subsequently scored via their progeny. Ten females were
backcrossed to ten males in 25 x 95 mm vials. There were thirty replicates per line. Males
and females were once again allowed to mate for five days, after which all adults were
cleared from the vials. After eighteen days, BC1 progeny were collected and scored for both
sex and presence/absence of visible markers. The UAS-RNAi lines followed a similar
crossing scheme except for the males used in this F0 cross. These males instead contained
both the doubly marked chromosome (e ro) along with nanos-GAL4 driver on the same
chromosome arm (Rørth 1998; Van Doren et al. 1998). nanos is expressed throughout
Drosophila oogenesis (Wang et al. 1994). Recombinant progeny possessed only one
morphological marker (either ebony or rough). The ratio of recombinant progeny to total
number progeny for each line was compared to the same ratio from the appropriate genetic
background control using a Dunnett’s test (Dunnett 1955, 1964) which controls for multiple
tests. All statistics were performed using JMP®Pro 11.2.0.
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RESULTS AND DISCUSSION
Why rates of recombination are highly variable remains an intriguing biological
question. A large amount of research has been aimed at understanding the genetic
architecture of natural variation in this trait. It is clear from a wealth of literature that genetics
plays a large role in determining recombination rate variation in both Drosophila (Broadhead
et al. 1977; Brooks and Marks 1986; Cirulli et al. 2007; Comeron et al. 2012; Hunter and
Singh 2014) and other species (e.g. Jensen-Seaman et al. 2004; Dumont et al. 2009; Kong
et al. 2010). Despite this, only a handful of genetic factors have been identified that mediate
recombination rate variation. These genes include PRDM9 (Baudat et al. 2010; Myers et al.
2010; Parvanov et al. 2010), RNF212 (Kong et al. 2008; Chowdhury et al. 2009; Sandor et
al. 2012; Johnston et al. 2015) and REC8 (Sandor et al. 2012). Drosophila lacks orthologs of
all these genes, and moreover, the genetic architecture of recombination in Drosophila
remains almost completely unknown. We sought to address this critical knowledge gap by
identifying genes exhibiting high ERC values with other known meiotic recombination genes
under the assumption that the correlated rates of evolution were driven by shared function in
meiotic recombination.
Constructing an accurate list of previously identified genes that are involved in
meiotic recombination Drosophila was of utmost importance. This list (summarized in Table
6.1) was compiled using various reviews and primary literature (Mehrotra et al. 2008;
Anderson et al. 2009; Lake et al. 2011) and includes genes in the major steps of the
crossover pathway. The genes used for analysis include the two members of the
synaptonemal complex: c(2)M (Manheim and McKim 2003) and c(3)G (Page and Hawley
2001) and the three known genes involved in double-strand break (DSB) formation: meiW68 (McKim and Hayashi-Hagihara 1998), mei-P22 (Liu et al. 2002), and trem (Lake et al.
2011). It also includes genes involved in meiotic DSB repair: mre11 (Ciapponi et al. 2004),
mus301 (McCaffrey et al. 2006), okr (Ghabrial et al. 1998), rad50 (Ciapponi et al. 2004),
spn-A (Staeva-Vieira et al. 2003), spn-B (Ghabrial et al. 1998), and spn-D (Abdu et al.
2003). pds5, involved in DSB repair, is also involved in sister chromatid cohesion (Dorsett et
al. 2005; Barbosa et al. 2007) along with ord (Bickel et al. 1996). Other categories include
exchange class genes: Ercc1 (Radford et al. 2005), mei-9 (Sekelsky et al. 1995), and
mus312 (Yildiz et al. 2002); and also precondition genes: Mcm5 (Lake et al. 2007), mei-218
(McKim et al. 1996), and rec (Blanton et al. 2005). Finally, mei-41 was included, which is
involved in checkpoint response (Hari et al. 1995). It should be noted again that in a null
mutant background, all of these genes show either a defect in DSB repair or crossing over.
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For this ERC approach to be successful, it is imperative that our list of meiotic
recombination genes exhibits high ERC values between pairs of genes within this annotated
group. To test this, we analyzed the strength of ERC among only these 21 genes. As
mentioned in the introduction, the ERC can be interpreted as a measure of shared
evolutionary pressure. Therefore, one would hypothesize that we should observe elevated
ERC values among these genes due to their shared involvement in the meiotic
recombination pathway as compared to genomic background. The data provided in Table
6.S1 are the estimates of ERC in all pairwise combinations of these 21 genes. Figure 6.2
displays a heat map of these values. ERC values range from 1 to -1 with 1 being a perfect
positive correlation and -1 being a perfect negative correlation. The largest positive ERC
value (0.77) was between mei-41 and mus301. This large ERC value is validated with
physical interaction of these proteins (Ghabrial and Schüpbach 1999; Masrouha et al. 2003).
The largest negative ERC value (-0.91) was between mei-P22 and ord. mei-P22 is needed
for induction of double-strand breaks (Liu et al. 2002) while ord is essential for sister
chromatid cohesion (Bickel et al. 1996). The mean value of all ERC values between pairs of
proteins (n = 400) was 0.15. This value is much larger than the Drosophila proteome-wide
mean (0.0019) from ~11,100 genes (Findlay et al. 2014). The large average value of ERC,
coupled with previous success of this method in Drosophila and other organisms (Clark et
al. 2012, 2013; Findlay et al. 2014) gave us confidence with this approach for identifying
candidate genes modulation recombination rate variation.
Our hypothesis was that proteins that demonstrated elevated ERC values with a
large proportion of our list of meiotic recombination proteins would also have unexplored
roles in meiotic recombination. We individually ran our 21 meiotic recombination genes (for
simplicity, we also refer to these as the “bait” genes) through the Top Genes option in the
ERC webserver. This tool computes the ERC values between every annotated gene and the
“bait” gene and returns an ERC value along with a P-value of that correlation based on the
distribution of ERC values for that species comparison. From each “bait”, we compiled a list
of genes that have a higher ERC than genomic background with a P ≤ 0.10 (for simplicity,
we also refer to these as “correlated” genes). A lenient P-value ≤ 0.10 was chosen to allow
for a greater chance of identifying proteins that do indeed interact or operate in the same
network. (For example, when looking at the two components of the synaptonemal complex,
c(3)G has an ERC value of 0.53 with c(2)M yet has a P-value of 0.08.) “Bait” genes along
with their “correlated” genes are included as supplemental tables (Supplemental Tables
6.2-6.22). The Top Genes analyses generated a list on average of 1,113 “correlated” genes
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per “bait” gene with a P-value ≤ 0.10. These lists were then collated and analyzed for
reoccurring “correlated” genes across our analyses with “bait” genes.
Our combined gene lists consisted of 23,370 genes. Within this list were 150
“correlated” genes that were present in at least six of the Top Genes lists from our 21 “bait”
analyses (Table 6.S23). Four of our “baits” are included in this list of 150 “correlated” genes.
These were spn-B, mei-41, mus301, and trem and were excluded from future analysis due
to their preexisting known roles in meiotic recombination.
The 146 genes were analyzed to see whether they shared any similar functions or
pathways using the BioProfiling.de pipeline (Antonov 2011). We observe significant
enrichment for distinct categories. These include nucleic acid binding (P = 0.01, Gene
Ontology database), zinc ion binding (P = 0.03), nucleus (P = 0.04), and zinc finger, AD-type
(P = 0.01). These results are summarized in Table 6.S25. Nucleic acid binding is an
interesting gene ontology category because PRDM9, which localizes to recombination
hotspots, has been shown to bind to DNA in the center of hotspots (Grey et al. 2011). In
addition, MUS312, which is involved in Holliday junction resolution, also has DNA binding
domains in Drosophila (Andersen et al. 2009). Finally, the zinc finger category is intriguing
because of the role of PRDM9, a zinc finger containing protein, in determining meiotic
recombination hotspots (Baudat et al. 2010; Myers et al. 2010; Parvanov et al. 2010) and
crossover number (Hinch et al. 2011; Capilla et al. 2014) in mammals. In further support of a
role of zinc fingers for mediating recombination, Trade Embargo, a Drosophila zinc finger
containing protein, works in tandem with Mei-W68 and Mei-P22 to form DSBs (Lake et al.
2011).
We narrowed our list to “correlated” genes that were present in either eight or nine of
our “bait” lists for a manageable amount for functional validation. No “correlated” genes were
present in ten or more “bait” lists. These “correlated” genes are summarized in Table 6.2
and emerge as the most promising candidates for functional validation. Three of these
showed significantly elevated ERC with nine “baits” (CG10560, CG31898, and Nnf1a) and
the other ten showed significantly elevated ERC with eight “baits” (CG10274, CG11778,
CG18806, CG2975, CG34012, CG7069, CG7597, dm, ft, and Kmn1). A majority of our
candidate genes are CGs or computationally predicted genes with no known function.
If these genes function in some way to mediate recombination rate, then we expect
that disrupting these genes will perturb recombination. To functionally test this, we used
available P-element insertions and UAS-RNAi lines and measured rates of recombination in
these strains in the e ro interval on chromosome 3R. Two of 13 candidate genes produce a
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significant change in recombination rate relative to the appropriate genetic background
control: CG31898 (P < 0.035, Dunnett’s test) and CG2975 (P < 0.009, Dunnett’s test)
(Figure 6.3; Table 6.S24). These results thus link both CG31898 and CG2975 with meiotic
recombination. Unfortunately, not much is known about either of these genes. CG31898,
located on chromosome 2L, encodes a protein of 334 amino acids. Based on expression
data from FlyAtlas, there is ~3.4X more expression of CG31898 in the ovaries compared to
whole fly expression (Chintapalli et al. 2007). The second significant gene, CG2975, is also
on chromosome 2L and encodes a protein of 386 amino acids. It shows minimal expression
in the ovaries (Chintapalli et al. 2007; Adrian and Comeron 2013), but clear expression in
ovarian nurse cells (Lin et al. 2008). Future work is aimed at further characterizing these two
genes for their role in meiosis such as analyzing protein interactions between other meiotic
proteins as well as expression profiles.
Our candidate gene list also contained four genes that have previously described
functions: dm, Nnf1a, Kmn1, and ft. It is important to note what is already known about
these genes and their possible relationship to meiosis and meiotic recombination. Even
though perturbing these genes did not significantly affect recombination in the ebony rough
region as detected through our assay, this does not preclude a role of these genes in
modulating recombination rate elsewhere in the genome or under different conditions. Dm,
or Myc, has been heavily studied due to its role as an oncogene in humans (see Meyer and
Penn 2008 for review). In Drosophila, dm/Myc can have detrimental effects on fitness
including delayed development, female sterility and even larval fatality (Johnston et al. 1999;
Pierce et al. 2004, 2008). Myc, along with other proto-oncogenes, is expressed before entry
into meiotic prophase in mice spermatogenesis (Wolfes et al. 1989). Overexpression
induces apoptosis in prophase and causes sterility in male rats (Kodaira et al. 1996). Work
has shown that both somatic and meiotic DSBs tend to occur near the Myc gene region in
mice (Ng et al. 2009), suggesting that Myc might have a role in regulating double-strand
break (DSB) placements.
Not much is known about Nnf1a in Drosophila. The yeast ortholog, NNF1, is required
for proper spindle orientation and nucleolar and nuclear envelope structure (Shan et al.
1997) and is a member of the Mis12 complex (Santaguida and Musacchio 2009). Work has
also proposed that NNF1 is essential for mitotic chromosome segregation in yeast
(Euskirchen 2002). In Drosophila, it was shown that Nnf1a interacts with Centromeric protein
C which is essential for the formation of the kinetochore during mitosis (Przewloka et al.
2011). Kmn1, or kinetochore Mis12-Ndc80 network component 1, (also known as Nsl1) is
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also involved in kinetochore formation. Interestingly, Kmn1 directly interacts with Nnf1a
(Santaguida and Musacchio 2009) as members of the Mis12 complex. In Drosophila, null
mutants of Kmn1 have been linked with mitotic chromosome segregation defects (Venkei et
al. 2011). It is unclear whether Nnf1a and Kmn1 have dual roles in meiosis kinetochore
formation but this is an interesting hypothesis to test. Finally, a mutation in ft, or fat, causes
a short and fat abdomen phenotype (Lindsley and Zimm 1992). A member of the Hippo
pathway, ft controls growth, polarity, and patterning (Bosch et al. 2014). The role of ft in
meiosis or meiotic recombination remains unclear as work has shown that induction of a
mutant clone of ft in Drosophila ovaries causes no observable phenotypes (Sun et al. 2008).
Separate of its function, ft has been shown to interact with dm/Myc (Ziosi et al. 2010),
highlighting once again the strength of using ERC to identify possible protein interactions.
In conclusion, our results thus expose two genes, CG31898 and CG2975, that have
possible previously unreported roles in meiotic recombination. Future work will be aimed at
functionally dissecting these two genes and identifying possible interactions with known
meiotic recombination genes. In addition, while two other candidate genes, Nnf1a and
Kmn1, failed to validate in our assay, they both have roles in mitotic chromosome
segregation. Given the functional and evolutionary similarity of meiosis and mitosis, these
genes may also have roles in meiotic chromosome segregation. This will be another future
avenue of exploration. Our results demonstrate the promise and potential power of using
correlated rates of evolution to identify novel genes in well-established gene networks and
pathways.
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TABLES
Table 6.1 - List of Drosophila genes involved in meiotic recombination along with major
contribution. See main texts for citations.

Gene Name
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

c(2)M
c(3)G
Ercc1
Mcm5
mei-9
mei-41
mei-218
mei-P22
mei-W68
mre11
mus301
mus312
okr
ord
pds5
rad50
rec
spn-A
spn-B
spn-D
trem

Pathway Involvement
Synaptonemal Complex
Synaptonemal Complex
Exchange Class
Precondition
Exchange Class
Checkpoint Response
Precondition
DSB Formation
DSB Formation
DSB Repair
DSB Repair
Exchange Class
DSB Repair
Sister Chromatid Cohesion
Sister Chromatid Cohesion, DSB Repair
DSB Repair
Precondition
DSB Repair
DSB Repair
DSB Repair
DSB Formation

242

Table 6.2 - List of candidate genes used for functional validation. Also included is what Top Genes analysis each candidate gene
was present in along with the sum of counts for each of meiotic recombination gene class.
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FIGURES

Figure 6.1 - Two step crossing scheme to measure crossover frequency. + + denotes wildtype and e4 ro1 denotes the doubly marked chromosome on 3R. For UAS-RNAi lines, males
in the first cross also carried a nanos-GAL4 driver on the same chromosome as the visible
markers. Crossover frequency is calculated by taking the ratio of total recombinants
(denoted by black box) to the total number of progeny.
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Figure 6.2 - Heat map of ERC values from meiotic recombination genes. See Table 6.2-3 for ERC values and associated Pvalues. Dark red indicates larger positive ERC values while dark blue indicates larger negative ERC values (values range from -1
to 1). Genes are organized according to involvement in meiotic recombination.
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Figure 6.3 - Functional validation of candidate genes. Recombination rates of P-element insertions and RNAi lines assayed

in the e ro region. Darker grey boxes indicate control genetic background, followed by mutant/knockdown strains in
that genetic background. Boxplots show first to third quartiles with whiskers extending to the smallest and largest
nonoutliers. * indicates a P < 0.05 (via Dunnett’s test).
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SUPPLEMENTAL TABLES
Table 6.S1 - ERC values with associated P-values of meiotic recombination genes. Bold ERC values indicate a P-value ≤ 0.10.
Genes are organized in the same pattern as displayed in Figure 6.2.
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Table 6.S1 Continued
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Table 6.S2 - Top Genes ERC values for c(2)M arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S2 Continued
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Table 6.S2 Continued
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Table 6.S2 Continued
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Table 6.S3 - Top Genes ERC values for c(3)G arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S3 Continued
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Table 6.S3 Continued
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Table 6.S3 Continued
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Table 6.S4 - Top Genes ERC values for Ercc1 arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S4 Continued
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Table 6.S4 Continued
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Table 6.S4 Continued
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Table 6.S5 - Top Genes ERC values for Mcm5 arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S5 Continued
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Table 6.S5 Continued
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Table 6.S5 Continued
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Table 6.S6 - Top Genes ERC values for mei-9 arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S6 Continued
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Table 6.S6 Continued
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Table 6.S6 Continued
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Table 6.S7 - Top Genes ERC values for mei-41 arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S7 Continued
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Table 6.S7 Continued
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Table 6.S7 Continued
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Table 6.S8 - Top Genes ERC values for mei-218 arranged by largest ERC value. “Bait” genes and candidate genes are shaded
in grey as well as bolded.
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Table 6.S8 Continued
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Table 6.S8 Continued
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Table 6.S8 Continued
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Table 6.S9 - Top Genes ERC values for mei-P22 arranged by largest ERC value. “Bait” genes and candidate genes are shaded
in grey as well as bolded.
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Table 6.S9 Continued
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Table 6.S9 Continued
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Table 6.S9 Continued
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Table 6.S10 - Top Genes ERC values for mei-W68 arranged by largest ERC value. “Bait” genes and candidate genes are shaded
in grey as well as bolded.
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Table 6.S10 Continued
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Table 6.S10 Continued
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Table 6.S10 Continued
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Table 6.S11 - Top Genes ERC values for mre11 arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S11 Continued
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Table 6.S11 Continued

287

Table 6.S11 Continued
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Table 6.S12 - Top Genes ERC values for mus301 arranged by largest ERC value. “Bait” genes and candidate genes are shaded
in grey as well as bolded.
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Table 6.S12 Continued
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Table 6.S12 Continued

291

Table 6.S12 Continued
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Table 6.S13 - Top Genes ERC values for mus312 arranged by largest ERC value. “Bait” genes and candidate genes are shaded
in grey as well as bolded.
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Table 6.S13 Continued
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Table 6.S13 Continued
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Table 6.S13 Continued
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Table 6.S14 - Top Genes ERC values for okr arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S14 Continued
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Table 6.S14 Continued
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Table 6.S14 Continued
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Table 6.S15 - Top Genes ERC values for ord arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S15 Continued
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Table 6.S15 Continued
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Table 6.S15 Continued
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Table 6.S16 - Top Genes ERC values for pds5 arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S16 Continued
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Table 6.S16 Continued
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Table 6.S16 Continued
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Table 6.S17 - Top Genes ERC values for rad50 arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S17 Continued
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Table 6.S17 Continued
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Table 6.S17 Continued
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Table 6.S18 - Top Genes ERC values for rec arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S18 Continued
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Table 6.S18 Continued
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Table 6.S18 Continued
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Table 6.S19 - Top Genes ERC values for spn-A arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S19 Continued
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Table 6.S19 Continued
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Table 6.S19 Continued
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Table 6.S20 - Top Genes ERC values for spn-B arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S20 Continued
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Table 6.S20 Continued
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Table 6.S20 Continued
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Table 6.S21 - Top Genes ERC values for spn-D arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S21 Continued
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Table 6.S21 Continued
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Table 6.S21 Continued
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Table 6.S22 - Top Genes ERC values for trem arranged by largest ERC value. “Bait” genes and candidate genes are shaded in
grey as well as bolded.
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Table 6.S22 Continued
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Table 6.S22 Continued
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Table 6.S22 Continued
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Table 6.S23 - Genes with ≥ 6 significant ERC values with Drosophila meiotic recombination
gene set.

333

Table 6.S24 - List of Drosophila stocks used for functional validation.

Gene Name
CG10560
CG10560
CG31898
CG31898
Nnf1a
CG10274
CG10274
CG11778
CG11778
CG18806
CG2975
CG2975
CG34012
CG7069
CG7069
CG7597
CG7597
dm
ft
ft
Kmn1
Kmn1

Stock Center and Number
BDSC #18339
VDRC #104272
BDSC #18211
VDRC #108688
BDSC #52973
BDSC #26239
VDRC #110232
VDRC #106218
VDRC #7374
VDRC #19197
BDSC #43290
VDRC #2601
Harvard Exelixis c02254
BDSC #17266
VDRC #101116
BDSC #35163
BDSC #42775
BDSC #11298
BDSC #304
VDRC #108863
BDSC #18932
VDRC #106889

Genotype
w[1118]; PBac{w[+mC]=WH}CG10560[f00512]
P{KK106578}VIE-260B
w[1118]; PBac{w[+mC]=RB}CG31898[e03937]
P{KK104442}VIE-260B
y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMJ21658}attP40
y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02137}attP2/TM3, Sb[1]
P{KK112732}VIE-260B
P{KK105246}VIE-260B
w[1118]; P{GD1888}v7374/TM3
w[1118]; P{GD8823}v19197
y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS02662}attP40
w[1118]; P{GD847}v2601
PBac{PB}CG34012c02254
w[1118]; P{w[+mC]=EP}CG7069[EP3224]/TM3, Sb[1] Ser[1]
P{KK106952}VIE-260B
y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL00031}attP2
y[1] sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.GL01137}attP2
P{P-Sal}dmP0/C(1)DX, y1 f1; bw1; st1
ft[1]
P{KK101190}VIE-260B
w1118 PBac{WH}Kmn1f06049
P{KK111826}VIE-260B
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Table 6.S25 - Gene ontology analysis of genes with ≥ 6 significant ERC values from Drosophila meiotic recombination genes
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Table 6.S25 Continued

336

CHAPTER 7. CONCLUSIONS AND FUTURE DIRECTIONS
CONCLUSIONS
During meiosis, homologous chromosomes exchange genetic material in a process
known as meiotic recombination. This process helps ensure proper chromosome
segregation. Defects in this process can lead to severe decreases in fitness, including
aneuploid gametes and cell mortality. This process is also a pivotal evolutionary force,
creating new allelic combinations for selection to act upon in future generations. Despite this
crucial function, rates of recombination are highly variable within and between taxa and vary
due to both environmental and genetic factors. The preceding work has aimed to decipher
the environmental and genetic determinants of that variation using the model organism,
Drosophila melanogaster.
In CHAPTER 2, I employed classical genetics to address how female and male
genetic backgrounds individually and jointly affect crossover rates. I measured rates of
crossing over in a 33 cM region of the X chromosome using a two-step crossing scheme
exploiting visible markers. In total, I measured crossover rates of 10 inbred lines in a full
diallel cross. The experimental design facilitates measuring the contributions of female
genetic background, male genetic background, and female by male genetic background
interaction effects on rates of crossing over in females. My results indicate that although
female genetic background significantly affects female meiotic crossover rates in
Drosophila, male genetic background and the interaction of female and male genetic
backgrounds have no significant effect. These findings thus suggest that male-mediated
effects are unlikely to contribute greatly to variation in recombination rates in natural
populations of Drosophila.
In CHAPTER 3, I tested the hypothesis that maternal age influences rates of
crossing over in a genotypic-specific manner. Using classical genetic techniques, I
estimated rates of crossing over for individual D. melanogaster females from several strains
as a function of maternal age. I find that both age and genetic background significantly
contribute to observed variation in recombination frequency, as do genotype-age
interactions. Further, I observe differences in the effect of age on recombination in the two
genomic regions surveyed. These results highlight the complexity of recombination rate
variation and reveal a new role of genotype by environment interactions in mediating
recombination rate.
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In CHAPTER 4, I exploit the natural variation in the inbred, sequenced lines of the D.
melanogaster Genetic Reference Panel (DGRP) (Mackay et al. 2012; Huang et al. 2014) to
map genetic variants affecting recombination rate. I used a two-step crossing scheme and
visible markers to measure rates of recombination in a 33 cM interval on the X chromosome
and in a 20.4 cM interval on chromosome 3R for 205 DGRP lines. I find ~2-fold variation in
recombination rates among lines. Interestingly, I further find that recombination rates are
uncorrelated between the two chromosomal regions. I performed a genome-wide
association study to identify genetic variants associated with recombination rate in each of
the two intervals surveyed. I refined the list of candidate variants and genes associated with
recombination rate variation and selected twenty genes for functional variation. I present
strong evidence that four genes are likely to contribute to natural variation in recombination
rate in D. melanogaster and lie outside of the canonical meiotic recombination pathway.
Further, I find a weak effect of Wolbachia infection on recombination rate and I confirm the
interchromosomal effect of polymorphic inversions in both regions. My results highlight the
magnitude of population variation in recombination rate present in D. melanogaster and
implicate new genetic factors mediating natural variation in this quantitative trait.
In CHAPTER 5, I hypothesized that the connection between hybrid sterility and
meiotic recombination of PRDM9 in mammals was not coincidental and that in fact, the
hybrid sterility is a consequence of recombination defects. To test this hypothesis, I used
Drosophila as a model system. Specifically, I asked whether genes involved in hybrid
incompatibilities in Drosophila also have yet unknown roles in meiotic recombination. My
results suggest that two genes with clear roles in hybrid incompatibility, JYalpha and Lhr,
mediate rates of recombination. Future work is aimed at exploring the molecular
mechanisms of JYalpha and Lhr in meiotic recombination.
In CHAPTER 6, I utilized a method entitled evolutionary rate covariation (ERC)
(Clark et al. 2012) to identify genetic factors playing a role in mediating recombination rate
variation. This method is based on the idea that members of a given biological pathway are
likely to experience similar evolutionary pressures, which could result in correlated changes
in rates of coding sequence evolution. ERC identifies genes that experience similar rates of
evolution by analyzing phylogenetic trends; genes with highly correlated rates of evolution
may be functionally connected in gene or biological networks. I attempted to identify genes
that modulate rates of recombination by analyzing evolutionary rate covariation of 21 genes
with known function in Drosophila meiotic recombination. My results confirm elevated ERC
among meiotic recombination genes within Drosophila. I also identify thirteen candidate

338

genes that have statistically significant ERC with at least eight meiotic recombination genes.
A majority of these candidate genes have no known function though two have been
previously implicated in mitotic chromosome segregation. Functional validation highlights
two genes, CG31898 and CG2975, that when disrupted significantly alter rates of
recombination rate in an interval on chromosome 3R. My results thus contribute two genetic
factors involved in possibly mediating recombination rate in Drosophila. My findings also
demonstrate the potential of the ERC method in predicting new members of existing
biological pathways.
FUTURE DIRECTIONS
My work has opened the door for many future possible experiments in regards to
deciphering the environmental and genetic determinants of recombination rate variation. I
will highlight a subset of possible future directions for each chapter.
For CHAPTER 2, I highlight discrepancies between my study and the original study
that suggested male-mediated effects on recombination (Stevison 2012). Some of these
discrepancies include the population of flies used (a North American population versus an
African population), the markers used to estimate recombination (visible markers versus
molecular markers), the temperature used in the study (25°C versus 21°C) and the age of
the virgin females used for the crossing scheme (1 day versus 4 days). In order to identify
the source of the difference between the two studies, it would be ideal to repeat the diallel
cross testing specifically for each of these variables. Similar results controlling for these
different variables would confirm my conclusions that male-mediated effects are unlikely to
contribute greatly to variation in recombination rates in natural populations of Drosophila.
Different results from an altering a certain variable would give evidence of what (if anything)
is driving possible male-mediated effects.
For CHAPTER 3, my work regarding advancing maternal age and recombination rate
variation highlighted that there are both genetic background by maternal age effects as well
as differential effects based on genomic location. First, it remains unknown what are the
genetic factors that cause differential changes in rates of recombination over time. One
could address this problem by using a mapping approach like in CHAPTER 4. Second, it will
be important to test how rates of recombination change in other genomic locations of
varying genetic sizes. This can be easily done using different morphological markers that
span the length of entire chromosomes and repeating my experimental design. Finally,
another question that still remains unanswered is how levels of nondisjunction change with
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advancing maternal age. It will be interesting to correlate how rates of recombination and
levels of nondisjunction change over time.
For CHAPTER 4, my analysis of recombination rate variation in the DGRP yielded
several key results. While there are similar degrees of population-level variation in
recombination rate in both regions that were assayed, I do observe a rather large
discrepancy in the broad-sense heritability estimates. Moreover, these rates of
recombination are not correlated between the two regions, evidenced in part by differences
in the genetic variants associating with rates of recombination. It will be important to assay
rates of recombination in other genomic regions (on other chromosomes and other locations
on the same chromosome). This would provide evidence of whether there are simply
differences between autosomes and the sex chromosome or if there are chromosome
specific modifiers. Additionally, I would be able to test if these modifiers are limited to
specific genomic regions or entire chromosomes.
We observe significant effects of both chromosomal inversions and Wolbachia
infection on rates of crossing over. While it has long been known that chromosomal
inversions influence rates of recombination (Schultz and Redfield 1951; Lucchesi and
Suzuki 1968), it remains unclear how other chromosomal rearrangements such as large
deletions affects rates of recombination. This would be easily testable with the large
collection of chromosomal aberrations available from the DrosDel Collection (Ryder et al.
2004, 2007). Would large deletions also cause increases of recombination elsewhere in the
genome? Additionally, I see a significant association with Wolbachia infection in crossover
rates in the y v region yet not in the e ro region. Future work includes testing to see if
infecting DGRP lines with Wolbachia causes an increase of crossover rates and if curing
DGRP lines via tetracycline yields a decrease in crossover rates.
Finally, my results highlight 5 genes (CG10864, CG33970, Eip75B, lola, and Ptp61F)
that play putative roles in modulating recombination rate variation in Drosophila through both
gene-level and expression-level validation. Future work is aimed at determining the role of
these candidate genes in the molecular process of recombination.
For CHAPTER 5, my results suggest that two genes with clear functions in hybrid
incompatibility, JYalpha and Lhr, mediate rates of recombination. As stated in the text, a
clear link between JYalpha and meiotic recombination does not emerge from these results.
Additional experiments to further validate JYalpha’s role in modulating recombination rate
include analyzing expression in ovaries and whole females using quantitative RT-PCR.
Meiotic recombination occurs only in the ovaries and JYalpha has only been detected in the
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testes of flies. Therefore, if expression of JYalpha can be detected in the ovaries (even at a
low level), this would indicate a secondary unexplored function of JYalpha. A second
experiment involves analyzing mutants of JYalpha with respect to their sensitivity to DNA
damaging agents such as the oxidizing agent paraquat (methyl viologen dichloride). Meiotic
recombination is initiated by programmed double-strand breaks and further resolved by DNA
repair proteins. If JYalpha also has an unexplored role in DNA damage repair, I would
expect to see increased sensitivity of flies possessing only one functional copy of JYalpha.
Finally, I can repeat the above experiments in hybrids using a cross between D. simulans
females and D. melanogaster males (with and without the JYalpha P-element). Often,
phenotypes from hybrid incompatibility genes are masked in non-hybrids. Perhaps,
phenotypes will be exaggerated in hybrids, which would provide additional support for a role
of JYalpha in recombination. These experiments can also be repeated similarly for Lhr and
even its known interactor Hmr.
For CHAPTER 6, I identified thirteen candidate genes that have statistically
significant ERC with at least eight meiotic recombination genes. While only two of these
candidate genes functionally validated in my recombination rate assays, it remains untested
what role these thirteen candidate genes have in meiosis. A great first step in deciphering
these roles is testing protein-protein interactions using yeast two-hybrid assays. Further
work can take advantage of the well-studied process of oogenesis in Drosophila to look for
possible defects when these thirteen candidate genes are perturbed.
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