





100kb-scale, RG and ZI show a highly correlated, albeit different, population-based

crossover maps (Spearman’s p= 0.76; P < 1x10-16),

3.5 Supplementary Information

Table 3.1S Statistics of motif presence in D. melanogaster.
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Figure 3.5S Effect of false discovery thresholds on motif presence and sequence.
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A) Estimates of motif 1 (M1) presence across chromosome arm 2R. Purple line indicates presence of the motif
(P < 0.05) with no FDR correction. Green and red lines indicate motif presence after applying 5% and 1% FDR
correction. Blue line indicates motif presence based on match to strict consensus sequence and no FDR
correction. B-E) Motif logos formed from the collected motif matches from each above estimates of motif

presence.
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CHAPTER 4: Environmental contribution to recombination
variation.

4.1 Introduction

Since the early 1900’s researchers have realized that meiotic recombination exhibits an
astounding degree of variation. This variation in recombination rates persists at varying
levels—from within a single individual’s genome, to large differences between individuals
of the same species. These differences are predicted to alter the amount of standing
polymorphism throughout the genome, and for that reason, variation in recombination
rates is an important feature that affects the evolution of a species. Given the substantial
amount of variation in crossing over rates, one might be surprised to find that the meiotic
machinery and process of meiosis is heavily conserved (Keeney 2001). In fact, the process

of meiosis is pervasive throughout all animal life on earth with relatively few exceptions.

Given the apparent paradox exhibited by the near-universal conservation of
recombination, but vast variation in its distribution, explaining this variation has been slow.
Many factors have been heretofore implicated in affecting the distribution of recombination
events, such as meiotic transcription (Adrian and Comeron 2013), epigenetic marks
(Mirouze, Lieberman-Lazarovich et al. 2012, Yelina, Choi et al. 2012), nucleotide
composition (Miller, Takeo et al. 2012), motifs (Steiner, Steiner et al. 2009, Baudat, Buard et
al. 2010), among others. Despite significant effort, models predicting rates of crossover are
incomplete (Adrian, Cruz Corchado, and Comeron, in review), and require additional data to

incorporate thermodynamic considerations of the recombination pathway.

Early experiments by Kidwell and others (Detlefsen and Clemente 1923, Stern 1926,
Bridges 1927, Kidwell 1972) identified that modulators of recombination rates were

numerous. Aside from recombination rates being altered between species and among
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populations of a single species, certain environmental factors were quickly appreciated to
have a strong effect on genome wide recombination rates. In particular, maternal age,
temperature, and food quality were determined to affect genome wide recombination rates
(Bridge 1915, Charlesworth & Charlesworth 1985, Plough 1917). The same regions of the
genome would display different linkage maps among populations and under differential
conditions. These observations provided researchers with an abundant assortment of
questions: are there factors that decrease recombination rates in addition to the many
factors that appear to increase recombination rates. Are the factors shaping recombination
responses to differential environments the same as the ones controlling recombination
rates at other levels? Does the distribution of recombination events change, or does a

proportional change occur across the genome?

Recently, researchers have assumed that rearing Drosophila at different
temperatures would change overall recombination rates proportionally, but not the
distribution of the events between phenotypic markers (Singh 2014). Whether this
assumption is valid, or if recombination rates are altered in other regions differentially is
presently unknown. Preliminary work in our lab performed in 2010 suggested that overall
rates and genomic distribution of recombination events would be altered. Furthermore, due
to a collection of previous observations by our lab and others, we felt it was important to
understand how recombination rates are altered in a few specific cases where the
environment was altered. While early studies had a collection of environmental factors that
affect recombination, no one had described how distribution and amount of recombination
changes in response to any factor at a genome-wide, high-resolution (500kb or less) scale.

As aresult, we set out to utilize next-generation sequencing to rapidly generate high-
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resolution maps of crossing over under several conditions that wild Drosophila would

naturally encounter: elevated temperature, decreased temperature, and acetic acid stress.

The results reported herein are the first of a large project describing the impact of
environmental conditions on recombination rates. Preliminarily, we have created a genetic
broad-scale map of flies exposed to 0.5% acetic acid in their growth medium at two time
frames. Thus far, [ have generated more than 500 single meiosis library preparations for
sequencing. As sequencing data is not available at the time of writing this thesis, I will
instead show the data from the crosses performed and elaborate upon the preliminary
studies and development of new protocols facilitating the high-throughput development of

fine-scale recombination maps.

4.2 Results & Discussion

4.2.1 Identification of Stress-Inducing Conditions

As we wanted to assay recombination rates during natural stress, I chose to pursue
both age and acid-related stress and how these conditions affect recombination rates of
Drosophila. Acetic acid is the final fermentation product of rotting fruits and is naturally
present in many food sources that Drosophila feed upon. Drosophila are attracted to the
odor of vinegar in low concentration, and repulsed by the excessively strong odor of more
concentrated vinegar (Ai, Min et al. 2010). Rotting bananas—a favorite of Drosophilids
cohabitating with humans—have been shown to contain 0.28-0.74% acetic acid per unit
weight while fermenting (Omura and Honda 2003). Because of its common occurrence in
the natural food of Drosophila, and simultaneously a factor that elicits clear avoidance
behavior at high concentration, we chose to assay recombination rates under acetic acid
stress. Notably, this very experiment (albeit without next-generation sequencing) was

suggested by Gowen (1919) who observed early on that many environmental factors



114

affected recombination rates in our favorite model fly. We first determined what
concentration of acid to use by rearing Drosophila on media containing 0, 0.5, 1, and 2%
acetic acid by volume of standard corn meal agar. Concentrations of 0.5 and 1% acid
exhibited a 20-40% reduction in the number of offspring surviving post-eclosion relative to
control (Figure 4.1). Interestingly, though there was no statistical difference in offspring
number between 0.5% and 1% acid (P>0.05), bottles containing 2% acetic acid produced a
maximum of one living fly across three experiments. We, therefore, chose to continue our
experiments with 0.5% acetic acid.

Figure 4.1 Surviving offspring in media containing acetic acid.
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Standard corn meal agar with 0, 0.5, 1, and 2% acetic acid by volume.
Error bars indicate +/- 1 Standard Error across three experiments.
Blue bars: strain 6036. Red bars: strain Raleigh 375

4.2.2 Recombination Frequency among Phenotypic Markers

[ crossed mutant flies containing five phenotypic markers on the X chromosome

(strain 6036), with a Drosophila Genetic Reference Panel (DGRP) strain, 375. These
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heterozygous flies were then placed on acid media with new purebred males to generate
recombinant offspring (Importantly, Drosophila melanogaster males do not exhibit
recombination). Flies were allowed to lay eggs for three days before being moved to new
acid media for days 4-7, and then transferred to a final bottle of acid media. This scheme
allowed us to assay recombination rates of acid-stressed flies and also observe age-related
stress effects. Of 4648 male flies scored for the presence or absence of five markers
independently, we observed, on average, a significant (X2 P < 0.05 in all cases) reduction in
recombination rates across y-w, w-ct, and ct-m intervals (Figure 4.2) following correction
for interference (Kosambi 1944). The m-f interval displayed no significant reduction
following correction. To my knowledge, this is the first report of a reduction in
recombination rates following the application an environmental ‘stress’ to an organism
during meiosis. Notably, however, is that our mutant-carrying strain 6036 displays reduced
fitness relative to wild type due to the phenotypic markers that affect several
developmental processes, namely eclosion (Figure 4.1). For this reason, we will carry out
recombination assays using [llumina sequencing on recombinant, but not phenotypically
affected, females. This approach will allow a decidedly un-biased assay of recombination
rates across the complete genome under stress. If this observed reduction is supported by
our sequencing results, however, the implications bode poorly for this population of flies
experiencing stress. In such a case, a genome-wide reduction in recombination rates would
expectedly reduce the capacity of the population to adapt to its present conditions. The
present assay is limited to just the X-chromosome, and it is likely that other chromosomes
display different alterations in recombination rates. Nevertheless, why these particular
regions exhibit repression of recombination is interesting, and could potentially indicate the

lack of polymorphisms affecting fitness under acetic acid stress on the X chromosome.



116

Figure 4.2 Map distances between select phenotypic markers under acid stress.
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4.3 Materials and Methods

4.3.1 Generation of Recombinants

Recombinant flies were generated by first crossing male RAL 375 strain D.
melanogaster with virgin females of strain 6036 which contained homozygous X-linked
markers for yellow, white, cut, miniature, and forked (y, w, ct, m, f, respectively) to allow for
manual scoring of male recombinants and to track that no errors were made during crosses.
Crosses were kept at 23.5°C unless otherwise specified. Heterozygotes were allowed to
eclose and virgin females were crossed with new male 375 flies in vials, and then placed on
cornstarch media containing 0.5% acetic acid after 12 hours. Adults were transferred to
new media (also containing 0.5% acetic acid) after 3, and 7 days post-eclosion. Offspring
males from each bottle were scored for their recombinant phenotype and frozen alongside
females at -20°C until library preparation. Acetic Acid media was prepared by liquefying
prepared cornmeal media with a small amount of distilled water added to assist melting

and to replace evaporation. Milk bottles were filled with either the reliquifyed corn meal
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media or the media containing an addition of 0.5% glacial acetic acid. Bottles were allowed

to cool and set for 24 hours before use.

4.3.2 DNA Library Preparation

[llumina libraries were prepared using a heavily modified protocol based on
Comeron (2012). Many steps in the procedure had to be modified in order to yield
consistent successful preparations in a high-throughput setting. Single flies were disrupted
for 30 seconds at 50 cycles per second in a Qiagen Tissue Lyser LT. DNA was extracted from
single recombinant female flies in a 96-well format with the Qiagen DNEasy 96-well kit,
following the manufacturer’s insect protocol with additional proteinase K added to
maximize yield. DNA extracts were quantified using a Molecular Biosystems 96-well plate
reader following a modified picogreen-assay protocol using Promega Quant-IT reagent to
detect fluorescence of ds-DNA. DNA extracts were then digested with either Mboll, HpyAV,
or Mn1l restriction enzymes at 37°C for 50 minutes, with an inactivation at 56°C for 20
minutes. This digestion was important for several reasons. Firstly, the use of these enzymes
leaves a 3’ adenine overhang that allows for the ligation of sequence specific adapters.
Secondarily, each restriction enzyme leaves a specific and detectable signature that can be
bioinformatically identified, allowing the repeated use of the same adapter sequence with

different restriction enzymes in multiplex.

The digested products then had Illumina specific adapters ligated overnight at 16°C.
The Ligation was terminated at 56°C for 20 minutes, and the USER enzyme (New England
Biolabs) was finally added to excise an internal uracil linker in the linked adapters. These
adapter-ligated products were grouped in sets of five by concentration, and cleaned up
using a modified Serapure magnetic bead mixture (GE Healthcare) to optimally exclude

excess unligated adapters. The cleaned-up reaction was run on a 0.75% agarose gel at 90V
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for 80 minutes and a 450bp fragment was excised from each reaction and purified using the
Qiagen Gel Cleanup kit following the manufacturers recommended protocol. The size
selected, adapter ligated products were then enriched via high-fidelity polymerase chain
reaction with NEB Phusion HF master mix for 19 to 22 cycles depending on initial
concentration. An aliquot of the library was run on an agarose gel to confirm success and
correct size distribution. Completed libraries were then again quantified on a Molecular
Biosystems plate reader and adjusted to a final concentration of 15nM. [lumina sequencing

was performed on an Illumina Hi-Seq 2500 with a read length of 125bp.

4.3.3 Recombination rate estimation

For each library, reads will be split based on adapter sequence and restriction
enzyme signature and trimmed 3’ to eliminate the barcode sequence, and 5’ until a quality
score of ten or greater is reached. Quality metrics will be performed to ensure un-biased
sequencing and to verify the absence of sequencing artifacts. Because of the heavily
multiplexed nature of our libraries and sensitivity of our approach to errors, we will
required exact read-matches to the respective genome in order to eliminate untrustworthy
data. In order to do so, we will first loosely map to the Drosophila reference genome, and
then the mapped reads will then be re-mapped to the 6036 and 375 genomes. Heterzygous
sites and ambiguous bases will be removed from the analysis. For each sample, crossover
sites will be inferred by ‘switches’ to either 6036 or 375 at polymorphic sites as per

Comeron 2012.
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CHAPTER 5: Conclusions & Future Directions

5.1 Transcriptional Effects on Crossover Localization

In Chapter 2, I sought to more fully understand the impact of the transcriptional
environment of meiotic cells on fine-scale crossover localization. We found evidence that
active transcription during early meiotic development increases the likelihood of
crossovers in D. melanogaster, and similarly that reduced transcription was correlated with
reduced levels of recombination. This evidence supports the idea that transcriptionally
active chromatin may be more susceptible than quiescent chromatin to DSBs. Our models of
crossover patterning are enriched by this study because gene expression is also
nonrandomly distributed throughout the genome, and displays high variability analogous to
the many levels of variability displayed by recombination rates. Therefore, gene expression
could provide a molecular, heritable, and plastic mechanism to explain the observed
patterns of recombination variation—from the high level of intraspecific variation, to the

known influence of environmental conditions.

I identified that while the tissues are highly similar, there are significant differences
in gene expression between early and late meiotic tissues in the Drosophila germarium.
Many of the genes that are over- or under-expressed are involved in proteolysis, likely
underscoring the requirement for rapid turnover of many stepwise developmental and
organizational processes in the developing oocytes. Our analysis also produced a wealth of
information concerning new genes and exons—many of which mapped to thus far
unassembled regions of the Drosophila genome. This is fairly remarkable given that
Drosophila is one of the most studied and best characterized organisms; these results
suggest the existence of many unknown processes ongoing in Drosophila worthy of

continued research. Furthermore, I showed that there are multiple parent-of-origin effects
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on transcription even among similar fly lines (founded from females from the same
geographical location). This finding is interesting in that it speaks to the rapidity in which
transcription can be altered from generation to generation during a highly conserved and
regulated process, though more study is needed in order to explore this possibility further.
Finally, I showed that transcribed genes in meiosis are not distributed randomly along the
genome, but are instead frequently clustered. The observation that transcribed genes are
clustered during meiosis likely underlies the openness of chromatin domains along
particular regions of the chromatin, and may contribute to the accessibility of DNA during

recombination initiation.

Despite our exceptionally deep (400x per condition) transcriptional coverage of
meiotic tissues, our study was technically limited in several ways. | was limited in my ability
to isolate the exact cells undergoing DSB formation. In my study, I produced a
transcriptome for those cells experiencing DSB formation along with associated nurse and
epithelial cells; the cells of interest perhaps only consisting of ~5% of the overall cell
population. This limitation was due to the necessity of hand-dissecting the desired regions
with electrolytically sharpened tungsten probes. While I have since successfully
microdissected out the 2a/2b regions of the germaria using laser capture microscopy, the
tools to do so were unavailable at the time the study took place. A clear advancement of my
study would be to utilize laser-capture microdissection in future experiments. Despite this
limitation in the performed study, due to the deep coverage of reads, I can be reasonably
confident that non-transcribed or lowly transcribed genes represent truly silent or ‘quiet’
genes during meiosis, and provides support for our findings that regions of low

recombination are associated with regions of repressed or absent transcription.
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The exact nature of the relationship between transcription and the likelihood of
recombination is yet unknown. It remains to be seen if transcription itself is the causative
factor, or if some related factor(s) is (are) instead. Future studies should investigate the
potential for chromatin accessibility, and/or possibly related factors, such as histone
methylation, etc. To me, transcription represents a plastic phenomenon that is known to be
altered in varying conditions and among populations—which is the reason that I pursued
the transcriptional avenue rather than say, DNA accessibility for which the intraspecies
variance is less well studied. Additional work is required to parse out the causative agents
and to reveal their underlying molecular mechanisms. For now, models including
transcription appear to be reasonably suited to explaining a nontrivial amount of the

variance in rates of recombination.

5.2 In silico Prediction of Recombination Rates Based on Multiple Motifs

In Chapter 3 I conducted a computational investigation of previously identified
recombination-associated motifs in Drosophila. I found that a combination of motifs can
explain an unprecedented fourth (or more) of the overall variance in genomic
recombination rates. Through the use of careful, FDR-corrected estimates of motif
occurrences, [ show that the presence of poly-A containing or poly-[AT] containing motifs is
most significantly predictive of regions of increased recombination, and that the absence of
these motifs is predictive of depressed rates of recombination (and not a byproduct of local
A/T base composition). Widening our model to include additional factors such as
transcription further improves our predictive capabilities, though motif utilization appears
to play the dominant role in determining model accuracy. These observations support a
model where chromatin accessibility is key to specifying broad-range crossover

localization, and further indicates that multiple DNA motifs may be an important factor in
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the fine scale localization of crossing-over events. Furthermore, the independent
identification of a PRDM9-like core motif suggests that there may be unappreciated
commonalities between mammalian and insect systems with respect to recombination

localization since no PRDM9 homolog has been thus far identified in Drosophila.

Importantly, the use of independent estimates of recombination through maps of
linkage disequilibrium in natural populations of Drosophila supports the validity of our
results (Comeron, Ratnappan et al. 2012). Since the association between these historical
recombination datasets is greater than the association between recombination data from
which the motifs were generated, the most influential motifs may not be as transient as the
PRDM9 motif. Moreover, our observations that these core motifs are utilized differentially
among chromosome arms indicates that recombinational processes may be specified
differently among the chromosomes—a finding that has not been reported yet in any
species thus examined (Adrian, Cruz Corchado, and Comeron). Lastly, the composition of
the most influential motifs speaks to a possible role in the primary structure at sites local to
recombinational events and raises the possibility that certain chromatin configurations

increase the likelihood of a successful DSB or resolution as a crossover.

One barrier for this study was the resolution of crossing over events. While
population estimates for D. melanogaster are accurate at a 100-kb scale, this scale is not
best suited for generating predictive models for recombination rates. This is somewhat
mitigated by our use of linkage disequilibrium based estimates of recombination.
Furthermore, our initial identification of seed motifs was based on a small number of
crossover events that were delimited by 500 base pairs or less (representing less than 5%
of the overall dataset). If recombination rates were accurate at sub-1Kkb, the initial

enrichment calls for seed motifs would have been more accurate and perhaps more
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biologically informative. Thus far, such scales of crossover resolution do not exist for any
organism except S. cerevisiae (Mancera, Bourgon et al. 2008). Finally, our study of motifs
would have been bolstered by additional recombination data under different conditions,

allowing us to more properly parse out the effects of our motifs.

[ have shown that a combination of motifs and transcriptional activity are predictive
of recombination rates in Drosophila. However future studies should investigate to what
extent these predictive motifs alter recombination rates, and if they vary from species to
species. Key questions remain: Are these motifs utilized in other Drosophilids? Are one or
any combination of these motifs necessary for DSB induction? Do these motifs work to alter
chromatin structure for DSB induction, or are they secondary? In order to address these
questions, a variety of molecular genetics and computational approaches should be
employed in concert. Only with a broad spectrum view of these many factors will we

formulate an accurate model of recombination localization.

5.3 Environmental Impact on Recombination Rates

In Chapter 4, I presented the start of an investigation into how various
environmental conditions affected recombination variation in Drosophila melanogaster.
While it has been well established that many conditions do affect recombination rates,
exactly how and to what extent is largely unknown. Recent studies have even shown that
bacterial infection leads to an increase in the recombination rate between markers in
Drosophila (Singh, Criscoe et al. 2015). However, there is still little known as to the
distribution of those increased number of recombinant events and if this represents a
genome-wide phenomenon. [ sought to approach this problem in a systematic way to look
at how age, temperature, and food stress alters recombination landscapes. Herein |

presented preliminary data on acetic acid food stress, a naturally-occurring product of the
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oxidation of ethanol that is often present in the food of wild Drosophila. From my
preliminary scoring of recombinants, it appears that acetic acid may repress recombination
across the X chromosome. This could, however, be an artifact of differential survival of
recombinants and thus should be taken with caution until more unbiased NGS-Sequencing

based data can be obtained.

This investigation should be continued in order to determine how different
stressors affect recombination landscapes, and whether there is overlap in those
differences. Additionally, [ will investigate how recombination landscapes are altered when
multiple stressors are combined: maternal age and temperature stress, maternal age and
acetic acid stress. I am curious to find if the conditions are additive in there effects or if
perhaps a new pattern forms altogether. These findings can then be examined under light of
previous findings to determine if environmental factors are affecting recombination rates

on top of population-level variance, or if environmental effects are separate altogether.

5.4 Summary

Variation in organisms’ recombination rate distribution has been observed since the
early 1900’s. Until relatively recently, the extent of that variation was largely unknown. Our
lab and others have made substantial contributions to this field by identifying and
quantifying the many levels of recombination rate variation in Drosophila. My efforts have
been focused on the causes of this variation at the population and environmental levels by
utilizing a variety of genomics and molecular genetics techniques. Throughout my
investigations, we have learned that valuable information may exist in the primary DNA
sequence of organisms, and that the meiotic environment during DSB induction and
resolution is an important factor contributing to recombination landscapes. We have

learned that motifs may play a major role in the localization of crossovers within the
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Drosophila genome, and that transcriptional effects also play a role, albeit a much smaller
role. Thus far we can explain up to 60% of the observed variance in recombination rates,
however nearly half remains unexplained. I anticipate that a deeper understanding of how
environmental conditions alter recombination landscapes will prove most useful in

understanding this remaining portion of unexplained variation.

As it stands, models incorporating chromatin accessibility and DNA-binding
directors of recombination seem to be the most promising. However, the specific proteins
and mechanisms responsible for the localization of the vast majority of recombinational
events remain elusive. Recombination-selection based experiments and manipulation of
individual recombination correlates is likely required in order to develop the overall picture
more completely. In the near future, we mustn’t become nearsighted in our adoption of
individual factors (e.g. only PRMD9), but rather be open to the likely fact that many players
are involved in this highly complex song and dance. Characterizing the unifying and species-
specific factors that alter the many levels of recombination rate variation is a key step in our
understanding. Of course, the fact that the mechanisms responsible for DSB localization also
may themselves vary dramatically from organism to organism. Whatever the underlying
forces are revealed to be, it is increasingly apparent that nature has established a
remarkably plastic and striking method for altering the efficacy of selection in response to

stress.
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