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DNA RECOMBINATION
Genome rearrangement processes are observed in many species, on both evo-
lutionary and developmental scale. Oxytricha trifallax, a species of ciliate, un-
dergoes massive genome rearrangements during the development of a somatic
macronucleus (MAC) from a germline micronucleus (MIC) and is used as a
model organism to study DNA rearrangements [1] (see Fig. 1).

Figure 1: Example of DNA recombination in O. trifallax and the
corresponding chord diagram schematically representing a mi-
cronuclear locus, with pointer list representation 11223434 and
repeat words 11, 22, and 3434.

During the copying of DNA from the MIC to the MAC, fragments, known as
macronuclear destined sequences (MDSs), are often rearranged and inverted.
Short sequences of DNA, called pointers, located on either side of the MDSs de-
termine the rearrangement by overlapping with their unique copy in the MAC
(see Fig. 1).

MATHEMATICAL MODEL
Sequentially labeling the resulting pointers in the MAC determines a labeling of
the pointers in the MIC. Symbolically, we represent these pointer lists by double
occurrence words (DOWs), words where every letter appears twice. Two com-
monly occurring subsequences in the scrambled genome of O. trifallax are the
repeat words and return words (see Figures 1 and 2):

• The repeat word pattern is a word of the form

a1a2 · · · an · · · a1a2 · · · an (e.g. 12341234),

while the return word pattern is a word of the form

a1a2 · · · an · · · anan−1 · · · a1 (e.g. 123456654321).

Double occurrence words can be visually represented via chord diagrams, where
each letter corresponds to the end points of a chord on the outer circle (see Fig. 2).

Figure 2: The chord diagrams associated with the repeat word
12341234 (left) and the return word 123456654321 (right).

Repeat and return words can appear nested within one another in the scrambled
genome. For example, the word 121342566534 has the return word 5665 nested
within the repeat word 3434.

MEASURING REARRANGEMENT COMPLEXITY
To measure the prevelance of repeat and return words as rearrangement patterns
in O. trifallax, we define reductions on words [2]:

•A reduction of a wordw is a sequence of words (u0, u1, . . . , un) in which u0 = w
and uk+1 is obtained from uk by removing all repeat and return subwords.

We also apply the concept of a reduction to search for other patterns. First, we
must define the notion of a pattern.

•A pattern is a sequence of words whose symbols are variables. For example, the
tangled cord T is defined recursively by setting T1 = 11, T2 = 1212, T3 = 121323,
and so on (see Fig. 3). The repeat word and return word are also patterns.

Figure 3: The chord diagram associated
with the tangled cord 121324354656.

To measure how nested a set of pat-
terns appears in a given word, we de-
fine so-called pattern indices:

• Given a set of patterns

P = {p1, p2, . . . , pk},

define the pattern index of a word w
by IP (w) := min{n | (w0, w1, . . . , wn =
ε) is a reduction of w}, where a reduc-
tion now involves removing a single
instance of a pattern from P per step
and ε is the empty word.

• For example, the pattern recurrence index (PRI) of a word w is the pattern
index of w with P = {repeat word, return word}. Similarly, the tangled index
(TI) of a word w is defined by setting P = {tangled cord, letter}.

RESULTS
Out of 2021 scrambled sequences studied in O. trifallax, 1948 reduced to the
empty word, implying that they are compositions of nested repeat and returns
words [3][4]. More notably, 22 DOWs were identified which retained at least 4
letters after iterative removal of all repeats and returns (see Fig. 4).

Figure 4: Analysis of O. trifallax contig OXYTRI_MAC_9447 [1],
starting with the MIC arrangement. Two repeat words and two
hidden tangled cords are highlighted in green and blue.

These 22 highly scrambled genes contain hidden tangled cord patterns:

Average
PRI PRI + T TI

Highly scrambled cases 3.91 3.59 3.91
Random sample 3.50 3.29 4.36

Table 1: Compared with an identically distributed random sam-
ple of 22 DOWs, the 22 highly scrambled cases exhibit signifi-
cantly lower averages on indices that include the tangled cord
pattern. PRI + T is the PRI with tangled cord removals allowed.
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