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Abstract

The lower dipteran fungus fly, Sciara coprophila, boasts unique biolog-
ical properties shared by few others in the kingdom of life. Here, two such
biological features were explored: non-disjunction of the X chromosome and
resistance to irradiation.

While non-disjunction is generally pathologic in species, X chromosomal
non-disjunction occurs naturally during spermatogenesis in male Sciara. The
genomic element mediating non-disjunction, termed the controlling element,
is known to be found within ribosomal DNA (rDNA) but its exact identity
remains elusive. In order to further interrogate the controlling element, the
ribosomal DNA of Sciara was characterized. In particular, Bayesian change-
point analysis was employed to annotate previously-uncharacterized rDNA
segments, and a modified global alignment algorithm was used to identify
conserved islands of rDNA sequence. Furthermore, differential expression
analysis of putative controlling elements within the rDNA tandem array was
conducted.

A second unique biological feature of Sciara is its marked resistance to
irradiation, able to withstand nearly twice the dose of X-irradiation as its
dipteran relative, Drosophila melanogaster. RNA-seq analysis was conducted
to better characterize the radiation response in Sciara. Irradiated samples
exhibited robust upregulation of genes involved in nucleotide excision repair
and the RNA-induced silencing complex, both offering insight into possible
mechanisms of radioresistance in Sciara.
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Part 1: An Exploration of rDNA and the
Controlling Element

Introduction

My exploration of the ribosomal DNA (rDNA) and surrounding genomic ele-
ments in the fungus fly, Sciara coprophila, is motivated by the phenomenon of
X chromosome non-disjunction. While chromosomal non-disjunction is nor-
mally pathologic in species, non-disjunction of the X chromosome is a nor-
mal part of spermatogenesis in male Sciara. Two X chromosomes are passed
to offspring by the paternal parent and one by the materal parent, produc-
ing a triploid zygote. Subsequently, one or two X chromosomes (in females
and males, respectively) are eliminated in somatic cells during the 8th em-
bryonic cleavage. The process of chromosomal non-disjunction followed by
elimination is reminiscent of uniparental disomy in humans, an abnormal
phenomenon that contributes to conditions such as Angelman syndrome and
Prader-Willi syndrome, both of which involve chromosome 15. Furthermore,
non-disjunction underlies myriad human diseases including Klinefelter’s (XXY
genotype), Down syndrome (trisomy 21), and genomically unstable cancers.
Sciara therefore offers a unique opportunity to study a complex pathologic
phenomenon in a tractable organism.

The genomic element(s) mediating Sciara X non-disjunction, termed the con-
trolling element (CE), has been mapped to the rDNA tandem repeats within
the proximal heterochromatin of the X chromosome, which is subdivided into
heterochromomeres Hc1, Hc2 and Hc3. In particular, through a series of
translocation experiments, Hc2 was found to be necessary for non-disjunction,
with X failing to undergo non-disjunction in the absence of Hc2 and with auto-
somes gaining the capacity for non-disjunction when containing Hc2 (Crouse,
1977; Crouse, 1979). It may be the case that the controlling element is a
transcribed element residing in Hc2 that affects global chromosome dynam-
ics, akin to the Xist long non-coding RNA that coats and inactivates the X
chromosome in humans. An alternative explanation is that the translocation
chromosome with the greatest number of rDNA repeats is the one that ex-
hibits CE activity (Abbott & Gerbi, 1981).

In order to further interrogate the identity of the controlling element, the
rDNA tandem array and intervening genomic elements were studied. In par-
ticular, the “R3” insertion within rDNA has been found to be both unique to
Sciara and within Hc2 (Kerrebrock, unpublished). In order to enable future
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assessments of R3 as a candidate for the controlling element, the primary,
secondary, and tertiary structures of Sciara rRNA were determined. The lo-
cation of R3 was identified within each of these structures and any putative
functions noted. Furthermore, a large 50-kilobase segment of non-rDNA inter-
rupting the rDNA tandem array within Hc2 has also been recently identified
(Urban & Gerbi, unpublished). RNA-seq reads were mapped to this region,
and differential expression between male and female samples was assessed to
identify candidates for the controlling element.

Here, I discuss various structural studies of the rDNA, including segmentation
by Bayesian changepoint analysis, primary alignment by a position-weighted
scoring scheme, and visualization of 2D/3D rDNA structures with localization
of R3 insertion sites. Finally, I present results from differential expression
analysis of the 50 kb non-rDNA interruption.

Segmentation and annotation of rDNA

In order to conduct downstream analysis on rDNA, the consensus sequence
must first be segmented into known regions. The rRNA coding regions (18S,
5.8S, 2S and 28S) are separated by transcribed spacers, which are processed
out from the precursor rRNA. In particular, each rDNA repeat is composed
of the following segments, in 5’ to 3’ order: externally transcribed spacer
(ETS), 18S, internal transcribed spacer 1 (ITS1), 5.8S, (5.8S gap region,) 2S,
internal transcribed spacer 2 (ITS2), 28S, and a (generally) non-transcribed
intergenic spacer (IGS). Strong experimental evidence by S1 nuclease mapping
and primer extension has identified 5’ and 3’ ends of all rDNA segments in
Drosophila (Jordan, Jourdan, & Jacq, 1976; Mandal & Dawid, 1981). While
much of this information is transferrable to related species such as Sciara due
to sequence conservation, direct experimental evidence for endpoints of cer-
tain Sciara rDNA segments, including the ETS, is weak or lacking entirely.

The rDNA segments corresponding to mature rRNA (2S, 5.8S, 18S, 28S) are
expected to be enriched in RNA-seq libraries relative to those that are cleaved
and processed out from transcribed spacers (ETS, ITS1, ITS2), which in turn
are expected to be enriched relative to non-transcribed regions (IGS), absent
in RNA-seq libraries. Thus, by mapping start positions of RNA-seq reads
along a contiguous sequence of rDNA, there ought to be identifiable points
(“changepoints”) at which total read count changes in magnitude. This can
be observed in the IGS, in which a small blip of change in mapped read count
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is observed, presumed to correspond to the ETS (Figure 1, left panel, red
enclosure).

Figure 1: Mapped 5’ start positions of RNA-seq reads onto IGS (left);
magnified red enclosure with maximum likelihood changepoint indicated
(right). Colors indicate distinct samples.

In order to infer the exact start position of the ETS, a 200 base pair win-
dow surrounding the putative ETS was selected for analysis. Given the small
size of this window and knowledge about rDNA structural invariance, it was
assumed a priori that only a single changepoint resided within this region.
Standard Bayesian changepoint analysis was then conducted to obtain a pos-
terior on the set of changepoints C (with a strong prior on |C| = 1). Total
read count at any given starting position was modeled as a Poisson random
variable, and log-likelihood of the observed read counts was maximized by an
efficient dynamic programming-based implementation (Appendix).

The inferred location of the changepoint was identical across five of seven sam-
ples (Figure 1, right), with a small 1-2 nucleotide divergence for two low-read
samples. Following primary sequence alignment with Drosophila, there was
found to be little-to-no homology between the ETS of Sciara and Drosophila.
Hence the results from this analysis provide the foundation for any downtream
experimental analyses on the ETS segment.

Position-weighted sequence alignment

In addition to annotating transcribed spacers and mature rRNA coding re-
gions, sequence alignment of rDNA from Sciara and Drosophila was performed
in order to determine regions of homology. Sequence alignment of primary
sequences will also aid in the construction of 2D Sciara ribosomal subunit
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structures from 2D Drosophila reference structures. A modified Needleman-
Wunsch algorithm was used for global alignment of Sciara and Drosophila
rDNA segments. First I describe the standard method for global alignment,
followed by modifications to achieve more optimal results.

Needleman-Wunsch is a standard dynamic programming-based solution to
optimal global alignment of nucleotide or protein sequences. Given two se-
quences A and B of lengths m and n, respectively, the algorithm computes
and stores the maximum score Fi,j of the alignment of prefixes A1:i and B1:j ,
for all 1 ≤ i ≤ m and 1 ≤ j ≤ n. Alignment is scored on the basis of a
scoring matrix S, for which the entry Sb1,b2 gives the penalty/score of aligned
base pairs b1 and b2 (e.g, S(A,G) = −1, a mismatch; S(A,A) = 1, a match;
S(A,−) = −2, a deletion/insertion). The algorithm runs in O(mn) time by
taking advantage of subproblem structure. In particular, the maximum align-
ment score of length-i and -j prefixes is conditionally independent of all other
prefix alignments given the scores of prefixes one unit shorter:

Fi,j = max
(
Fi−1,j−1 + S(Ai,Bj), Fi−1,j + S(Ai,−), Fi,j−1 + +S(−,Bj)

)
One limitation of this algorithm is the invariance of the scoring matrix. That
is, the scoring of matches, mismatches, and gaps are uniform throughout the
sequence alignment. This may be problematic for alignment of sequences such
as rDNA, in which small, highly-conserved segments are flanked by regions
of intermediate or low conservation. An example has been constructed to
demonstrate troublesome alignments that may result from position-uniform
scoring:

ATCGA---TAGT ATCGATAGT--- ATCGATAG---T
||||| |||| ||||||||| |||||||| |
ATCGATAGTAGT ATCGATAGTAGT ATCGATAGTAGT

Conserved reference segment

In these ambiguous alignments, those on the right retain end matches in
the conserved region, whereas those on the left fail to do so. All have the
same alignment score. Even alignments with lower scores may be preferable if
matches are maximized in conserved end regions (especially when those end
sequences have been experimentally confirmed):

ATCGA---TAGT ATCGATAGT---
||||| |||| ||||||.||
ATCGATCGTAGT ATCGATCGTAGT
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In order to penalize errors more severely if they occur in regions of high sim-
ilarity, similarity score Si(b1, b2) was made dependent on reference position i.
Match scores and penalties were made larger in known conserved regions. A
heuristic method was implemented, in which a standard Needleman-Wunsch
alignment is first performed in order to obtain priors on the degree of con-
servation C1...Ck in each of k rDNA segments (e.g, 18S, 28S, 5.8S, 2S, ITS1,
ITS2, and the gap region separating 5.8S from 2S). Next, the scoring matrix
for each region is updated in each region r by multiplying matrix elements by
a factor bCr. This process is repeated until convergence of alignment:

Sufficient convergence was achieved after 1-2 iterations. Employing this method,
marginal increase in similarity of conserved regions was seen, accompanied by
decrease in similarity of non-conserved regions:

As expected, accuracy in known conserved regions increased at the expense of
known variable regions such as transcribed spacers. Percent similarity changes
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were on the order of 1-10%, unsurprising since this method is likely to select
favorable alignments at conserved end regions where there are competing op-
tions, while retaining a majority of the alignment. As an instance of alignment
improvement, one can see a reasonable change made to the 5’ end of the 2S
region:

Visualization of 2D and 3D ribosomal subunits

In order to predict 2D ribosomal subunit structures in Sciara, known 2D struc-
tures for Drosophila (Ribovision; Bernier et al, 2014) were used to anchor the
primary nucleotide sequence from our Sciara-Drosophila alignment. The ref-
erence position-adjusted scoring scheme produced more sensible 2D structure.
As a representative example, the effect of the correction on the 2S 5’ end is
displayed in Figure 2 below.

Figure 2: 2D structure of Sciara 2S
coding region before (left) and af-
ter (right) position-adjusted alignment.
ES = expansion segment.

Positions where base pair identity differs in Sciara as compared to Drosophila
are marked in black. A number of compensatory base pair changes can be
observed (Ext. Data Figure 1), suggesting that our 2D structure is logically
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consistent with evolution of ribosomal structure.

Next, we sought to determine the role of R3, an insertion in the 28S coding
region of 1-2 rDNA repeats and a candidate for the controlling element of
non-disjunction given that it maps to Hc2 (A. Kerrebrock, unpublished). The
location of the R3 insertion site was visualized in 2D and 3D models of the
large ribosomal subunit and compared to the positions of R1 and R2. (Note:
Any given rDNA repeat unit would have none or just one of the three insertions
(R1, R2, R3), but all three insertions are shown superimposed on the same 2D
or 3D structure of 28S rRNA so that their relative positions to one another
may be visualized.) In 2D space, both R3 and R2 sites were found to be
located on 28S helix 69 (Ext. Data Figure 2). In 3D space, the R3 site was
also observed to be near R2 (Ext. Data Figure 3), and all three insertion sites
were located on the subunit interface, suggesting possible interaction with the
small ribosomal subunit. Further inspection of the primary sequence revealed
that the R3 and R2 sites were indeed found be located within highly-conserved
eukaryotic nucleotide element 38 (eCNE 38; Doris et al, 2015), which has a
putative role in the intersubunit bridges B2a, B2b, B3, and B7a. This is also
in agreement with the 2D structure, as 28S helix 69 (on which R3/R2 reside)
is known to participate in the formation of bridge B2a (Behrmann et al, 2016).

Comparing expression in the non-rDNA interruption

The putative controlling element of X chromosome non-disjunction may reside
in a large 50-kilobase segment of non-rDNA that maps to Hc2 and is embed-
ded within the tandem rDNA array. Since non-disjunction occurs during
spermatogenesis, male pupae ought to show evidence of greater CE expres-
sion if the CE is a transcribed RNA. Therefore, mRNA reads from female
pupae, male pupae, and testes isolated from male pupae were mapped to con-
tig 230, an element of a Falcon assembly of the Sciara genome that contains
a large portion of the 50 kb non-rDNA interruption (Ext. Data Figures 4).
Total reads mapping to each 100 bp window in the non-rDNA were summed.
Counts were then normalized by size factors computed by the “median ratio
method,” incorporating all genes represented across samples. P-values for dif-
ferential expression of normalized data were then computed by t-test.

There was found to be no statistically significant differences in expression in
non-rDNA regions. RNA-seq libraries from the male pupal testes contained
markedly less rRNA contamination (< 0.5% as compared to 2-5% in other
samples). This may be attributed to the different protocols used (i.e, polyA
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selection methods) to extract and purify RNA from these samples, rather than
true biological differences.

Discussion

Primary, secondary, and tertiary structures of rDNA were successfully con-
structed through a position-weighted alignment scheme following by anchor-
ing of the Sciara sequence to experimentally verified Drosophila structures.
R3 was found to be located at conserved regions near the subunit interface,
presumed to be involved in inter-subunit bridging. It remains unknown why
the roughly 100 nt region in 28S rRNA is a hotspot for insertion of R1, R2
and/or R3. Given that R3 maps to Hc2, it constitutes a candidate for the
CE, but the mechanism by which it may mediate non-disjunction is enigmatic.

Mapping of RNA-seq reads to the non-rDNA interrupt revealed no regions
of differential expression between male pupal testes and whole-bodied male
pupae, nor between male pupae and female pupae. The controlling element
may therefore have not been present in our RNA-seq library (e.g, due to short
transcript length as in small noncoding RNAs or due to lack of a polyA tail),
or the CE may map to another region of Hc2 entirely (i.e, not within contig
230 of the Falcon genome assembly). Alternatively, the controlling element of
non-disjunction may not be a transcribed element at all. Rather, it is possible
that whichever chromosome contains the majority of rDNA undergoes non-
disjunction (Abbott & Gerbi, 1981). Since 10% of rDNA repeats are found
within Hc1, 50% within Hc2, and 40% within Hc3 (Crouse et al, 1977), the
latter hypothesis is consistent with translocation results indicating that Hc1
+ Hc2 (60% total rDNA) and Hc2 + Hc3 (90% total rDNA) have the CE
activity (Crouse, 1979).
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Part 2: An Exploration of the Radiation Response
via RNA-seq Analysis

Introduction

Sciara coprophila exhibits greater resistance to X-irradiation than related or-
ganisms. The larvae of Drosophila melanogaster, for instance, can withstand
a 20 Gy dose of X-irradiation but will succumb to a 40 Gy dose (Jaklevic and
Su, 2004; Ashburner et al, 2005). By contrast, Sciara larvae are able to with-
stand an 80 Gy dose of X-irradiation and retain full ability to pupate (though
there is a decreased eclosion rate [J. Borden et al, unpublished]). Whereas
Drosophila has long been popular as a model organism for forward genetic
studies (Muller, 1928; Ashburner et al, 2005), Sciara is notably more resis-
tant to mutation. While both gross and minute chromosomal abnormalities
may be induced in Sciara upon irradiation, visible mutations are rare (Crouse,
1949). Some have attributed this phenomenon to the physical appearance of
Sciara, whose black body and eyes make difficult the observation of pheno-
typic changes. Though this may be true, Sciara may also be likely to harbor
an enhanced biochemical responses to radiation.

It is worth noting that the stated radioresistance of Sciara is based on com-
parison with species of its own class. An increased resistance to X-irradiation
is generally seen with organismal simplicity. The bacterium Deinococcus ra-
diodurans, for example, can survive a 5000 Gy dose of X-irradiation (Slade
and Radman 2011). And while an X-irradiation dose of 1200 Gy is lethal
to the budding yeast Saccharomyces cerevisiae (Mitchel and Morrison, 1984),
the Bdelloid rotifers Adineta vaga and Philodina roseola can survive this dose
(Gladyshev and Meselson, 2008). Conversely, complex multicellular organisms
have been shown to be highly sensitive to X-irradiation, with 1.5 to 11 Gy
being the lethal dose for humans. Furthermore, among complex organisms,
insects exhibit relatively high X-irradiation resistance, with the lethal dose
depending on developmental stage: eggs are more sensitive than larvae, with
pupae and adults being the most resistant. Radioresistance, therefore, varies
widely among organisms.

To further explore the relative radioresistance of Sciara, RNA-seq analysis
was performed on irradiated larvae to study gene expression changes. The
study of radioresistance may lead to better understanding of both general
DNA damage responses and the development of radioresistance following ra-
diation therapy for cancer malignancies.
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Methods1

Sample treatment and library preparation
Roughly 590 larvae (Sciara coprophila HoLo2 strain, female, pre-eyespot) from
8 vials were distributed across three 2.2% (w/v) agar Petri plates in a sequen-
tial process (i.e, a single larva was placed on plate A, followed by plate B,
plate C, and so forth). Larvae from each of these three plates were in turn
distributed across four additional plates to provide replicates, making for 12
plates total. Two of the four plates in each replicate were randomly selected
for irradiation, with the other two plates serving as matched controls. Ap-
proximately 50 larvae were present on each plate. Samples were irradiated for
50 minutes at 80 Gy using 137Cs γ rays emitted by a JL Shepherd irradiator.
Doses in Gray (Gy) correspond to the absorption of 1 J/kg, with 1 Gy equiv-
alent to 100 rads. A continuous dose rate of 1.7 Gy/min was administered to
the larvae.

Subsequent steps were performed (or samples frozen) roughly 45 minutes af-
ter radiation. Total RNA isolation was performed by homogenization after
addition of TRIzol reagent (1 ml per 50-100 mg tissue), followed by pelleting
of debris through centrifugation at 12000g for 10 minutes. Subsequently, 0.2
ml chloroform was added per 1 ml of the Trizol-containing supernatant and
shaken for 15 seconds followed by a 2-3 minute incubation. After another cen-
trifugation of 12000g for 10 minutes, the RNA occupying the aqueous layer
in the resulting solution was precipitated with isopropanol. RNeasy columns
were used for isolation of total RNA. Subsequent library preparation involved
AMPure bead cleaning, polyA selection, and NEB adaptor ligation for paired-
end, strand-specific RNA sequencing.

RNA-seq analysis
RNA-seq reads were available as fastq files. Analysis pipeline involved pre-
processing and quality control of fastq files (i.e, trimming of adaptors and
removal of low-quality reads), mapping of reads to the reference genome or
transcriptome, counting reads mapped to features of interest (i.e, genes or gene
isoforms), and analysis of differential expression among samples. All computa-

1Prior to the present work, preparation of samples was completed by John Urban, Jacob
Bliss, and Julia Borden of the Gerbi Lab with irradiation performed with assistance from
Richard Shea of Brown’s Environmental Safety Office. Sequencing of the Sciara genome and
its assembly including Falcon contig 230 was completed by John Urban. RNA-seq data for
pupal testes was courtesy of Christina Hodson.
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tional work was done on N1 cloud machines hosted on Google Cloud Platform.

Quality control was performed using FastQC software (Babraham Bioinfor-
matics) followed by adaptor trimming by Trimmomatic. Per base sequence
quality was observed to be sufficient (Ext. Data Figure 1A), with mild degra-
dation of signal at 3’ and 5’ end of reads. Loss of signal is expected due
to accumulation of errors during sequencing-by-synthesis methods. Per base
sequence content was roughly equivalent across a majority of read positions
(Ext. Data Figure 1B), with large biases at read ends likely due to non-
random hexamer priming. As noted in the literature, hexamer primer bias
may persist for up to 13 bases as opposed to the expected six (Hansen et al,
2010). Per base GC content was normally distributed with a mean at 45%.
Sequence duplication levels were low. Based on these evaluations of quality
control metrics, samples were high-quality and additional removal of reads
beyond adaptors proved unnecessary.

Figure 1: RNA-seq analysis pipeline.

Next, reads were aligned to a Canu-assembled reference genome of Sciara by
STAR software. STAR constructs a suffix array of the reference genome, thus
allowing for rapid read alignment. Reads are first seeded onto the genome, fol-
lowed by stitching of the alignment and determination of optimal gaps. STAR
outputs .sam/.bam files with read alignments in both genomic and transcrip-
tomic coordinates.
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Following read alignment with STAR, ambiguously-mapped reads remained
unresolved. 4-8% of reads mapped to multiple regions of the genome. Retain-
ing all multi-mapping reads may bias gene/isoform counts. If reads mapping
to two genes or isoforms A and B, for instance, are included in both counts,
biologically true differences in expression may be masked. Discarding ambigu-
ous reads may also lead to both bias and loss of information. Thus, ambigu-
ous mappings were resolved using RSEM, which takes as input the genome
sequence, gene annotation, and .bam alignment from STAR, and outputs ex-
pected read count distribution and a probabilistically-weighted alignment.

Expected read counts from RSEM cannot be immediately compared between
sample groups. Differences in sequencing depth, for instance, will confound
true biological differences in gene expression. Furthermore, simply normal-
izing by equating total RNA read counts may lead to misleading results, as
differences in total gene expression may be biologically genuine. Thus, DE-
Seq2 was used to infer true gene expression given observed read counts.

The process for DESeq2 will be explained briefly. First, differences in library
depth are accounted for by the inclusion of a “size factor” term. Size factors
for each sample are estimated by computing the “median of ratios” (that is,
the median of the ratios of each gene count in a sample relative to the geomet-
ric mean of gene counts across all samples). In addition to sequencing depth,
DESeq2 also models variability in gene expression within each group, via a
negative-binomial dispersion parameter. This is performed on a gene-wise ba-
sis, operating under the assumption that biological variance in gene expression
(across cells) ought to be similar. Dispersion is therefore first estimated for
each gene individually. Subsequently, these gene-wise dispersions are fitted
to a smooth function of dispersions relative to mean gene expression. This
serves as a form of regularization, an essential step given that sample sizes
are frequently small in RNA-seq workflows (usually less than 10 samples per
condition). Finally, DESeq2 fits a negative binomial model to each gene given
the estimated size factor and dispersion terms, and employs the Wald Test
to determine significance of differential expression. Log-fold changes (LFC)
estimates are “shrunken” using the mean LFC across all genes as a prior. This
reduces the chance of observing inaccurate LFC estimates when quality is low.

After obtaining log-fold changes in gene expression by DESeq2, over-represent-
ation analysis was performed on the set of differentially expressed genes. In
this analysis, the frequency of a gene set characterization in the differentially-
expressed group is compared to its overall frequency among all known genes.
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If this frequency is significantly higher than would be expected by random
chance, the gene set is considered “over-represented.” This frequency is com-
monly given by the hypergeometric distribution. Gene set enrichment analysis
is similar in objective to over-representation analysis, with the most important
difference being the identity of the input, which is generally a ranked list of all
genes rather than a set of differentially-expressed genes. Over-representation
analysis of Gene Ontology (GO) terms was performed by using the Panther
web interface. A diagram of the complete pipeline is given below (Figure 1).

Results

Evaluating sensibility of the RNA-seq pipeline
Normalized counts and log-fold changes were visualized for preliminary ex-
ploration of the data. Plotting variance of expression within each sample
group against mean gene expression value revealed that the former is gener-
ally greater than the latter (Figure 2).

Figure 2: Mean vs variance in control and irradiated samples. Line is of slope
1 (mean = variance).

This justified our use of DESeq2, which employs a negative binomial model
that allows variance to be greater than the mean. Furthermore, Figure 2
reveals a clear dependency of the variability in the variance on mean gene
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expression (heteroscedasticity). This justifies both the necessity of modeling
dispersion, as well as the mean-based regularization of dispersion that occurs
within DESeq2.

Log-fold changes were visualized both before and after shrinking (Ext. Data
Figure 2). Differentially-expressed genes, marked in red, spanned much of the
range of possible mean normalized counts, and thus DESeq2 appeared to be
effective in removing association between gene mean and likelihood of differ-
ential expression.

Figure 3: Volcano plot of log-fold changes against negative-log p-values for all
genes Line marks p = 0.01
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The radiation response is a transcriptionally active state
The biochemical response to radiation may involve both up-regulation and
down-regulation of gene expression. In our samples, over 80% of differentially-
expressed genes had greater expression in irradiated samples relative to con-
trols (Figure 3). This suggests that the radiation response is a transcrip-
tionally active state, with the predominant short-term response being up-
regulation rather than down-regulation of genes. Additionally, as can be seen
on the volcano plot, log-fold changes of up-regulated genes tended to be larger
in magnitude than those of down-regulated changes and their p-values signifi-
cantly lower. It is important to note, however, that these changes only reflect
relatively immediate changes in RNA expression, as total RNA was extracted
(or samples frozen) roughly 45 minutes after the culmination of radiation
treatment.

Figure 4: DESeq2-normalized counts of nucleotide excision repair genes.

DNA repair genes are up-regulated in response to radiation
DNA repair genes involved in nucleotide excision repair, including homologs
of Rad51, Xrcc5, and Xpc, were observed to be up-regulated in irradiated sam-
ples, with 2-3 fold differences in mean normalized expression, computed using
normalized counts multiplied by fold changes derived from DESeq2 (Figure 4).
Upon observing these differences, expression in other DNA repair pathways
was investigated. Interestingly, differences in expression of mismatch repair
genes (Mlh1, Msh4 ) and base excision glycosylases (Ung) were generally not
significant (with the exception of a small subset of base-excision repair genes
that were down-regulated; Ext. Data Figure 3). This finding may be partially
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attributed to the minimal role that mismatch repair proteins tend to play in
correction of gross DNA abnormalities caused by radiation.

Figure 5: Enrichment analysis of Gene Ontology terms in differentially-
expressed gene set.

Figure 6: DESeq2-normalized counts of Ago and Dicer genes.

Enrichment analysis reveals upregulation of RISC-associated genes
Over-representation analysis of GO sets (“Gene Ontology” sets, grouped by
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biological process, molecular function, or cellular component) revealed enrich-
ment of gene sets involved in ‘telomere maintenance,’ ‘DNA damage repair,’
and ‘DNA biosynthesis.’ Interestingly, genes involved in gene silencing by
miRNA were also observed to be enriched in the differentially-expressed set
(Figure 5). A nearly three-fold increase in Argonaute mRNA expression was
noted, though other RISC-associated genes such as Dicer1 appeared to be
unaffected (Figure 6).

Discussion

RNA-seq analysis revealed up-regulation of DNA repair genes as expected,
including Rad51 for homologous recombination, Xrcc5 for non-homologous
end-joining, and a variety of genes mediating nucleotide excision repair in-
cluding Xpc. The magnitude and rapid onset (within 1 hour of irradiation) of
this response may contribute to radioresistance in Sciara.

Furthermore, our observations of the up-regulation of Ago genes after radia-
tion are consistent with findings in the literature. For instance, an increase
in cell death has been observed post-radiation if Ago/Dicer are suppressed
(Kraemer et al, 2011). Furthermore, there are well-documented miRNA re-
sponses to radiation (Metheetrairut & Slack, 2014), providing a biological
rationale for the up-regulation of Ago genes observed here.

Both Dicer and AGO2 have been found to affect double-strand break (DSB)
repair efficiency, suggesting an active role of these factors in this process of
recruiting DSB repair proteins (Wei et al. 2012). In addition, human AGO2
has been shown to interact with RAD51 (Gao et al., 2014) and recruit this
recombinase to DSB sites, thereby mediating double-stranded DNA ligation
during repair by homologous recombination (HR). Because we did not find
Dicer to be up-regulated after irradiation, it might be the case that any small
RNA that interacts with Ago for radiation repair is Dicer-independent, or
perhaps even RNA-independent. However, since Dicer has been reported to
mediate the DNA damage response (Francia et al. 2016; Burger et al 2017),
it may be more likely that sufficient Dicer is already present in cells and that
it does not have to be up-regulated following X-irradiation. An alternative
explanation is that Dicer is up-regulated on a time frame longer than one
hour.
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Appendix

Bayesian changepoint analysis

Here, I discuss standard mathematics behind Bayesian changepoint inference,
details of my computational implementation, and various modeling choices.

Bayesian statistics enables the inference of parameters responsible for genera-
tion of observable data. In the case of changepoint inference, we wish to infer
the position where a parameter changes value in sequential data. In the con-
text of this work, changepoint inference enables the detection of the starting
point of transcription, at which point the magnitude of mapped read counts
is likely to increase.

To formalize this problem, let our sequence of observed read counts be rep-
resented by S. We model count data as Poisson with mean λ. We wish to
find the set of changepoints C that maximizes the likelihood of observed read
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counts. The posterior distribution on C is given by:

P (C|S1:n) = P (S1:n|C)P (C)∑
C

P (S1:n|C)P (C)

= P (S1:n|C, λ)P (C)P (λ)∑
C

∫
λ
P (S1:n|C, λ)P (C)P (λ)dλ

where the summation is over all sets of changepoints, and the integration is
comprised of k nested integrals over λ = (λ1, λ2 · · ·λk), the set of mean count
parameters given that |C| = k − 1.

In my implementation, the space of λ parameters is discretized and clipped
to a range of reasonable values:

λ ∈ [0, P0.95(S1:n)]

Dynamic programming is used, taking advantage of optimal subproblem struc-
ture. First cumulative log-probabilities of subsequences are stored in a matrix
C, where C(m, i) is the log-probability of observing S1:i−1 given that λ = λm,
the mth value in our discretized space:

C(m, i) = logP (S1:i−1|λm)

= log

i−1∏
j=1

e−λmλ
sj
m

sj !


=

i−1∑
j=1

[
log

(
e−λm

)
− log (sj !) + log

(
λ
sj
m

)]

= −(i− 1)λm −
i−1∑
j=1

log (sj !) + log(λm)
i−1∑
j=1

sj

Next, a lookup table L is constructed with values for maximum log-probability
of observing any given subsequence in S, computed efficiently by making use
of stored log-probabilities in C:

L(i, j) = max
m

[
logP (Si:j |λm)

]
= max

m

[
C(λm, j − 1)− C(λm, i− 1)

]

Finally, a dynamic programming table D is computed in which entry D(k, i) is
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the maximum likelihood of observing sequence S0:i given that the kth change-
point is located at position i. The likelihood of the sequence up till the kth
changepoint is conditionally independent of all other changepoints given the
(k − 1)st changepoint. Thus, our dynamic programming table can be com-
puted by:

D(k, j) = max
i<j

D(k − 1, i) + L(i, j)

As this table of likelihoods is constructed, so too is a table of the λ values
and previous changepoint positions associated with each maximum likelihood.
The kth entry in the last column of our dynamic programming (assuming 1-
indexing) is the maximum likelihood of observing S1:n given k changepoints.
These likelihoods are multiplied by an exponential prior on the number of
changepoints (in log-space, a term −αk is added to the kth entry in the last
column), thus giving us a value proportional to the posterior. The sequence
of changepoints and corresponding lambda values is then obtained by back-
propagating through D and associated tables.

To infer locations of conserved sequence ends in rDNA, the observed data is
taken to be the vicinity (e.g, 200 bp) around the approximate expected loca-
tion. This amounts to setting a strong prior on k = 1, simplifying the above
analysis to a single changepoint.

Conserved reference sequences

These are the original papers identifying 18S, 5.8S, 2S, and 28S rRNA 5’ and
3’ boundary sequences in Drosophila. Most of them used S1 nuclease mapping
to locate the 5’ and 3’ cleavage sites (in some cases 5’ ends were also confirmed
with primer extension analysis).

ETS rDNA
Long, Rebbert, & Dawid, 1981
Sequence: 5’ AGGTAGGCAGTGGTTGCCGACC . . .

18S rDNA
Jordan, Latil-Damotte, & Jourdan, 1980 (3’ cleavage site)
Simeone & Boncinelli, 1984 (5’ cleavage site)
5’ ATTCTGGTTGATCCTGCCAG . . . GGAAGGATCATTA 3’
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5.8S rDNA
Pavlakis et al, 1979 (determined via homology rather than mapping)
5’AACTCTAAGCG...ACGCATATCGCAGTCCATGCTG 3’

2S rDNA
Jordan, Jourdan, & Jacq, 1976; Jordan, Latil-Damotte, & Jourdan, 1980;
Pavlakis et al, 1979
5’ TGCTTGGACTACATATGGTTGAGGGTTGTA 3’

28S rDNA
Mandal & Dawid, 1981
5’ TTATATACAACCT . . . TTTGCTTGATGATTCGA 3’

28S rDNA gap
Ware, Renkawitz, & Gerbi, 1985 (Sciara); deLanversin & Jacq, 1989
5’ AAAATGCCT . . . CACTTGAA 3’
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Extended Data (Part 1)

Figure 1: Partial 2D structure of Sciara large ribosomal subunit; base pair
changes relative to Drosophila highlighted in black for enclosed region.
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Figure 2: Partial 2D structure of Drosophila large ribosomal subunit (high
similarity to Sciara), with R1/R2/R3 insertion sites denoted.
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Figure 3: 3D structures of Drosophila (high similarity to Sciara) large ribo-
somal subunit (Ribovision)
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Figure 4: Total reads mapped, normalized by size factor, along a contig con-
taining rDNA (white) interrupted by retrotransposons (gray) and unique non-
rDNA (green).

29



Extended Data (Part 2)

Figure 1: Quality control by FastQC. (A) Per-base sequence quality. (B)
Per-base sequence content.
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Figure 2: A comparison of shrunken (right) and non-shrunken (left) log-fold
changes with respect to mean count.
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Figure 3: DESeq2-normalized counts of genes in three DNA repair pathways.

32


