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Discovering Patterns in a Scrambled Genome

Natasa Jonoska, University of South Florida

DNA recombination

he classical dogma in biology says that DNA stores infor-
T mation, which is transcribed into RNA and then translated

by ribosomes into functional proteins. This general prin-
ciple is a result of highly complex biomolecular interactions that
reveal other parts of the puzzle. In the past couple of decades, it
has become evident that RNA molecules of various sizes play es-
sential roles in genetic regulation. In the words of Helen Pearson,
John Mattick and Robert Pruitt: ‘In some cases, RNA may even
pass information across generations — normally the sole preserve
of DNA’ [1], while the discovery of alternative splicing shows that
protein-coding regions from one part of the genome can combine
with parts from another area, which can be hundreds of thousands
of bases away.

Our understanding of biomolecular processes is at different
levels, and mathematics has an essential role in this endeavour.
One can consider biomolecules as information processing ma-
terials. RNA, DNA and proteins consist of sequences of units
(nucleotides or amino acids), which can be described by letters
and words. Many sequence-based algorithms, in particular those
that provide fast DNA sequencing, use Eulerian cycles and paths
within so-called de Bruijn graphs [2]. Bioinformatics has been
successful in exploiting sequence-based algorithms for advanc-
ing biotechnology. However, biomolecules are intrinsically three
dimensional and sequences alone do not come even close to de-
scribing biomolecular complexes and their actions. New ways in
which RNA interacts with and regulates DNA are being discov-
ered almost daily. These, for example, include RNA-templated
DNA recombination [3], transcript RNA repairing double cuts in
DNA [4] as well as the essential role of RNA in the CRISPR-Cas9
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technology for precise gene editing; an important tool in gene
therapy. Many of these processes can be understood only mathe-
matically. For example, we cannot quite describe the shape of yet
to be crystallised RNA-DNA complexes, including those formed
during transcription as well as those formed when RNA serves as
a template during DNA recombination; the topic of this article.

DNA recombination is ubiquitous in nature. For over 60
years, biologists have known that chromosomal DNA rearrange-
ments on an evolutionary scale can lead to species-specific dif-
ferentiation. In mammalian genomes, it has been observed that
DNA recombination events are more prevalent within the same
chromosome (intrachromosomal) than across different chromo-
somes [2]. Using graph theory approaches, molecules have been
represented as cycles and paths. Evolutionary recombination
events have also been modelled with double-cut-and-join oper-
ations, which represent recombination through cuts and joins of
these cycles and paths. The number of such operations leading
from one molecule to another can be taken as a genetic distance
in an evolutionary analysis of the design of evolutionary trees [5].

On a developmental scale, DNA rearrangements can specify
gene expression, most commonly involving DNA deletion, and
these events occur even in humans [6]. For about a decade now,
we have been studying RNA-guided DNA recombination using
spatial graphs employing concepts from topological graph the-
ory and knot theory.

As is often the case in biology, a process can be studied best in
an organism where it occurs frequently. For DNA recombination,
such testing grounds are certain species of ciliated protozoa (or
simply ciliates), which are single-cell organisms capable of the
complex behaviour often associated with multi-cell organisms.
Figure 1 shows an artist’s depiction of a ciliate.

Ciliates have a unique nuclear morphol-
ogy and genetics. ~While most eukary-
otic cells contain only one type of nucleus
(sometimes in many copies), ciliate cells
contain two functionally different types of
nuclei: a somatic macronucleus (MAC),
which is responsible for keeping the organ-
ism alive, and an archival germline micronu-
cleus (MIC), which is mostly dormant and
acts as storage. Ciliates are prevalent every-
where on our planet. Even relatively closely
related species may have a vast evolution-
ary distance, and, roughly, can be as dis-
tant as an elephant and a cucumber. Cili-
ate species in the subclass Stichotrichia go
through a massive genomic recombination
during their development. Here we con-
sider a species within this group, Oxytricha
trifallax, whose macronuclear genome was
recently sequenced. It has one of the
most complex genomes known [7]. It has
over 16 000 (nano)chromosomes with one to
eight genes, and each chromosome can have
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Figure 1: An artist’s depiction of a ciliate with micronuclear DNA folding into a
spatial graph (bottom right) and vertex smoothing resulting in macronuclear DNA.
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hundreds or thousands of copies.



Under stressful conditions, two cells mate and produce two
daughter cells. During this process, a massive genetic restructur-
ing of one of the newly formed MICs transforms it into a new so-
matic MAC. MAC development includes extensive DNA process-
ing and recombination, including the deletion of all so-called junk
DNA by eliminating 90-98% of the MIC DNA. The deletion pro-
cess eliminates segments, called internal eliminated sequences
(IESs), that interrupt the coding regions of the genes. Each MAC
gene in the MIC may appear in several segments, called macronu-
clear destined sequences (MDSs). Moreover, the order of these
MDS segments can be permuted or inverted (i.e. rotated by 180°)
in the MIC relative to the order of these segments in the MAC.
As noted in [7], over 3000 genes are scrambled in the MIC of
O. trifallax. The number of MDSs varies from 2 to over 100. As-
sembly of the new macronuclear nanochromosomes may require
any combination of the following three processes: descrambling
(permuting) of MDSs, inversion of MDSs and deletion of IESs.
These restructuring events are the focus of our studies.
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Figure 2: (a) Recombination at pointer sequences through
branch migration. (b) This alignment is represented as a four-
valent rigid vertex in a graph. (c) Two molecules after recom-
bination. (d) Schematic representation of the finished product
as a smoothing of the vertex.
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It has been observed that short DNA sequence repeats, called
pointers, are present at the end of each nth MDS and at the begin-
ning of the (n+1)st MDS in the MIC. Only one copy is retained in
the MAC after recombination. These short direct repeats suggest
pointer-guided recombination, which in computer science is also
known as a linked list. However, the pointer length (2-20 bp) is
prone to frequent repetition within the genome, and a correct re-
combination must require additional information for proper DNA
splicing at the pointer pair.

We proposed a model for RNA-templated DNA rearrange-
ment in [8], which was experimentally confirmed by our collab-
orator, Laura Landweber at Columbia University in New York,
and her lab [3]. The model describes DNA site-specific homol-
ogous recombination via pointers at the splice site. This RNA-
DNA complex during recombination can be seen as topological
braiding (Figures 2(a) and 2(b)), which we represent as a rigid
four-valent vertex of a graph. The recombination event itself (Fig-
ure 2(c)) is represented as a smoothing of the vertex, as depicted
in Figure 2(d).

Theoretical representation of the rearrangement

We developed a theoretical model to describe the process of
rearrangement. The model uses spatial graphs with rigid ver-
tices [9]. To these graphs we also associate double occurrence
words (DOW) [10], and their corresponding chord diagrams [11].
The spatial graph, called an assembly graph, with 4-valent rigid
vertices, with or without end points represents one or more MIC
loci. Figure 3(b) is a schematic representation of the MDS-IES
structure of the scrambled gene in Figure 3(a). A MIC locus is
represented by an Eulerian transverse path in which consecutive
edges, corresponding to an MDS-IES alternating sequence, go
straight through the vertices. Each four-valent vertex represents
a pointer alignment (Figure 2(b)). Such spatial graphs, like that
in Figure 3(b), can be seen as a representation of the DNA during
recombination.

A simultaneous smoothing of the vertices corresponds to
DNA recombination at each pointer site (Figure 3(c)), and we
have proven that for every graph representing a scrambled gene,
such smoothings always produces rearranged genes in the cor-
rect order. Further, we have observed that there is always an em-
bedding of these graphs in R3, such that the smoothing process
produces an unknotted molecule, which is preferred for a well-
functioning gene. As seen in Figure 3(c), the model suggests that
recombination events also produce cyclic molecules containing
joint excised segments. Recent lab experiments [12] indicate that
such molecules might be part of an intermediate process during
MAC development. If indeed shedding of cyclic molecules dur-
ing recombination appears on a large scale, the process may be yet
another reason to study O. trifallax through our model, because
the production of extra-chromosomal circular DNA (eccDNA)
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Figure 3: (a) MIC-MAC map of the scrambled Actin | gene of
Stylonychia lemnae, reproduced from [13]. (b) An assembly
graph representing the MIC locus and a path of MDS seg-
ments corresponding to the MAC gene. (c) Smoothing cor-
responding to homologous recombination forms a component
in which all MDSs are ordered. (d) A chord diagram for the
corresponding DOW.
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during regulatory processes has been observed in other species,
including several human cell types [14].

The sequence of vertices, i.e. pointers, listed in the order vis-
ited by the Eulerian transverse path forms a DOW, also known
as an unsigned Gauss code in knot theory [15]. A chord dia-
gram of a DOW with n symbols is an arrangement of 2n points
on a circle labelled by the letters of the word in their order of
appearance. Chords (line segments) connect pairs of points la-
belled by the same letter. Chord diagrams are used extensively
in many branches of mathematics, such as combinatorics, graph
and knot theory (see, for example, [16, 17]), as well as in biology
(e.g. [18,19]). The corresponding assembly graph of the Actin
I gene shown in Figure 3(a) is depicted in (b). A DOW repre-
senting the graph is 3445675678932289, which is obtained by
reading the vertices along the path passing straight through each
vertex. Its chord diagram is represented in Figure 3(d).

Discovering patterns in the scrambled genes

The main goal of our work is to understand RNA-mediated DNA
recombination, to identify the main players and to unravel the
RNA-DNA complex and the intermediate steps during the rear-
rangements. As mentioned, our model organism O. trifallax has
the highest known level of natural genome editing. However, be-
fore we could start developing a precise experimental design for
detecting the intermediate steps in the process, a better under-
standing of O. trifallax’s genome was needed. It turned out that
this task was both challenging and surprising.

Intragene scrambling: odd—even interleaving

After sequencing both the O. trifallax MIC germline genome and
its MAC somatic genome, we studied the data represented in the
spatial graphs of the scrambled genes. We observed that a major-
ity of the scrambled genes contain a pattern in which clusters of
consecutive even-numbered MDSs are separated from clusters of
consecutive odd-numbered MDSs. We found that there are odd—
even patterns in over 80% of all scrambled Oxytricha genes [20].
In the corresponding DOWSs, odd—even patterns are represented
by subwords of the form ¢ = vwu and b = vwu, where u is a
positive-length word, w is the reverse of u and w is a (possibly
empty) word. We call uu a repeat word in a, and a uu a return
word in b. These patterns appear as braided parallel segments in
the associated assembly graph, as depicted in Figure 4.

Repeat and return patterns can appear nested. For example, in
12234341, the return word 1221 is interrupted by the repeat word
3434. We studied the depth of the nesting patterns (the pattern

Ms
M, M M, M My
MERS DM
1
. AR
scrambling repeat word 12341234

M — J—

51 Ms Ms M2 Mz My Ms
M T - I—"2="3—4
scrambling return word 12344321

Figure 4:  Scrambled MDSs MiMsMsM.M, and

My M3 Ms M, M- with their repeat and return words.
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index) of repeat-return patterns and applied it in a genome-
wide study to all MIC contigs (long DNA segments obtained by
throughput sequencing) of O. trifallax. We found that 97% of the
MIC contigs have a nested pattern index depth of 5 or less [20].
We defined a distance measure between patterns through the pat-
tern index and showed that for DOWSs, this index can be com-
puted [21]. Pattern reduction also indicates possible steps for
unscrambling the genes. Collaborators at Landweber’s lab are
undertaking experimental analysis designed to identify vital in-
termediate DNA segments that arise during MAC development.
Such intermediate molecules may help in deciphering the rear-
rangement process.

Intergene scrambling: nested like a Russian doll

The scrambled genes in the MIC were just a small piece of the
enigma. In the MIC, an IES between two MDSs of one MAC
gene can contain multiple MDSs of another MAC gene, or even
several other MAC genes [7]. We discovered extraordinary MIC
loci that contain up to five layers of nested genes, with all the
segments for one MAC gene completely embedded in the IES of
another MAC locus, whose MDSs themselves are completely em-
bedded within the IES of yet another locus, and so on (Figure 5).
In many other cases across the genome, all of the MDSs for one
MAC gene reside within a single IES of another.

(b)

Figure 5: (a) Coloured assembly graph for a locus of a MIC
segment, contig 87484. MDSs corresponding to MAC genes
are shown as thick coloured lines. (b) An ISP graph for the
MIC segment showing the complex gene arrangement in the
MIC. Each black arrow indicates that an IES of the gene at
the source of the arrow contains MDSs of the gene in the tar-
get of the arrow. Coloured edges indicate that there are other
relationships between the two genes, such as sharing or over-
lapping MDSs.



We can measure the degree of embedding within genes with
an interleaving depth index (IDI) that recursively counts the
nested appearances. For example, in Figure 5(a), the assem-
bly graph represents several, distinctly colour-coded, genes. The
IDI of the red gene is 4. By calculating the IDIs for all MIC
segments, we found that over 60% of the interleaving genes are
scrambled [22].

MIC segments containing interleaving or intersecting MAC
genes can be further represented as directed and coloured graphs,
called intergene scrambling pattern (ISP) graphs. The vertices
of an ISP graph represent MAC genes and the arcs between two
vertices represent interleaving or overlapping MDS segments be-
tween the corresponding MAC genes (Figure 5(b)). The set of
graphs associated with the whole O. trifallax genome identified
283 isomorphism classes. Several isomorphism classes included
cliques (complete graphs) of up to six vertices, implying that
MDSs of six MAC genes mutually interleave or overlap. These
graphs also contain star-like structures, which are for genes with
a high IDIL.

The current experiments being conducted at Landweber’s lab-
oratory, Columbia University are testing the hypothesis that dur-
ing MAC development, the most scrambled and interwoven struc-
tures are processed last. An alternative hypothesis would be that
interwoven structures are unscrambled earlier, which would free
the respective MDSs to recombine with other MDSs for the cor-
rect MAC locus. Given many possibilities, we are eager to learn
more about the rearrangement pathways from experimental data.

Looking ahead

Our studies have unveiled the patterns of scrambled gene seg-
ments and their extent in the genome of O. trifallax. Odd—even
repeat and return patterns account for 82% of the scrambled
MAC genes and almost all scrambled MIC segments (97%) are
nested appearances of repeat-return words, which suggests that
the scrambled patterns (or rearrangements) are not random and
there may be preferred stages of unscrambling. Hence, we need
to develop models that address the rearrangement processes for
these patterns. Moreover, experimental findings of intermediate
molecules that appear during the rearrangement process may re-
veal new and unexpected results. The complex scrambling of the
genes in the MIC was exposed only after detailed studies of the
newly sequenced genome.

It could be argued that the discovery of RNA-guided precise
gene editing is one of the scientific revolutions of our era. Un-
derstanding template-guided genome rearrangement will have a
further impact on society. As a natural phenomenon, when it is
misguided, DNA rearrangement can lead to diseases, for example
certain forms of cancer are a result of DNA recombination gone
awry. However, when harnessed, template-guided recombination
could be the next generation of tools for genome editing.
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