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The abundance of repeat elements in the maize genome complicates its assembly. Retrotransposons alone are
estimated to constitute at least 50% of the genome. In this paper, we introduce a problem called retroscaffolding, which
is a new variant of the well known problem of scaffolding that orders and orients a set of assembled contigs in a genome
assembly project. The key feature of this new formulation is that it takes advantage of the structural characteristics
and abundance of a particular type of retrotransposons called the Long Terminal Repeat (LTR) retrotransposons.
This approach is not meant to supplant but rather to complement other scaffolding approaches. The advantages of
retroscaffolding are two fold: (i) it allows detection of regions containing LTR retrotransposons within the unfinished
portions of a genome and can therefore guide the process of finishing, and (ii) it provides a mechanism to lower
sequencing coverage without impacting the quality of the final assembled genic portions. Sequencing and finishing
costs dominate the expenditures in whole genome projects, and it is often desired in the interest of saving cost to reduce
such efforts spent on repetitive regions of a genome. The retroscaffolding technique provides a viable mechanism to
this effect. Results of preliminary studies on maize genomic data validate the utility of our approach. We also report
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TURNING REPEATS TO ADVANTAGE: SCAFFOLDING GENOMIC CONTIGS USING LTR

on the on-going development of an algorithmic framework to perform retroscaffolding.

1. INTRODUCTION

Hierarchical sequencing? is being used to sequence
the maize genome!8. In this approach, a genome is
first broken into numerous smaller clones of size up
to 200 kbp each called a Bacterial Artificial Chromo-
some (or BAC). Next, a combination of these BACs
that provide a minimum tiling path based on their
locations along the genome is determined. FEach
selected BAC is then individually sequenced using
a shotgun approach that generates numerous short
(~500-1,000 bp long) fragments. The problem of as-
sembling the target genome is thereby reduced to the
problem of computationally assembling each BAC
from its fragments.

The fragments generated by a shotgun exper-
iment approximately represent a collection of se-
quences originating from positions distributed uni-
formly at random over each BAC. As with a jig-
saw puzzle, the idea is to generate fragments such
that each genomic position is expected to be cov-
ered (or sampled) by at least one fragment — and
also ensuring that there is sufficient computable ev-
idence in the form of “overlaps” between fragments
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to carry out the assembly. Regardless of the cover-
age specified, however, gaps invariably occur during
sequencing, i.e., it cannot be guaranteed that every
position is covered by at least one fragment. Cov-
erage affects the nature of gaps — a low coverage
typically results in several long gaps, while a high
coverage results in fewer and shorter gaps. Because
of gaps, assembling a set of fragments sequenced from
a BAC typically results in not one but many assem-
bled sequences called contigs that represent the set
of all contiguous genomic stretches sampled. The
next step, scaffolding, aims at determining the order
and orientation of the contigs relative to one another.
Once scaffolded, the identified gaps between contigs
can be filled through targeted experimental proce-
dures called pre-finishing and finishing. For simplic-
ity, we use the term “finishing” to collectively refer
to both these procedures.

The main focus of this paper is the scaffolding
step. The need for scaffolding arises from the fact
that there could be gaps in sequencing. To be able to
identify a pair of contigs corresponding to adjacent
genomic stretches, current methods generate shot-
gun fragments in “pairs” — each BAC is first bro-
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Fig. 1.

An example showing 6 pairs of clone mate fragments (shown connected in dotted lines) sequenced from a given BAC.

The relative order and orientation between contigs ¢1 and c2 (also, between c3 and c¢4) can be inferred from the clone mates. The
supplied clone mate information is , however, not sufficient to determine the scaffolding information between all pairs of contigs

in this example.

ken into smaller clones of length ~5 kbp, and each
such clone is sequenced from both ends thereby pro-
ducing two fragments which are referred to as clone
mates (or a clone pair). During scaffolding, the fact
that a pair of clone mates originated from the same
~5 kbp clone can be used to impose distance and
orientation constraints for linking contigs that span
the corresponding fragments!> %> 10, 17, 19 Figure 1
illustrates an example of scaffolding contigs based on
clone mate information. This technique is not, how-
ever, sufficient to link contigs surrounding gaps with-
out a flanking pair of clone mates (gaps in Figure 1).
Such gaps, called physical gaps, are typically harder
to “close”, and involve costly finishing efforts. Per-
forming a higher coverage sequencing is an effective
but expensive approach to reduce the occurrences of
gaps. The approach proposed in this paper provides
an alternative mechanism to scaffold around physical
gaps as well, subject to their repeat content.

In this paper, we introduce a new variant of the
scaffolding problem called the retroscaffolding prob-
lem. The problem is to order and orient contigs
based on their span of LTR retrotransposon-rich re-
gions of the genome. This approach has the following
advantages:

e It does not require clone mate informa-
tion. Thus, our approach complements ex-
isting scaffolding approaches for genomes
with significant LTR retrotransposon con-
tent. Also, with the advent of newer se-
quencing technologies!® that do not gener-
ate clone mate information, the importance
of our approach is further emphasized.

eIt can be wused to identify LTR

retrotransposon-rich portions within the un-

finished genomic regions. Such information
can be useful if it is decided to not finish
repetitive regions in the interest of saving
costs, as is the case with the maize genome
project!®.

e In genome projects of highly repetitive
genomes, most of the sequencing and finish-
ing efforts are expected to be spent on repeat
rich regions. This is one of the main concerns
in the on-going efforts to sequence the maize
genome, at least 50% of which is expected
to be retrotransposons. The retroscaffold-
ing technique provides a mechanism to re-
duce sequencing coverage without affecting
the quality of the genic portion of the final
assembly, thereby providing a means to re-
duce the sequencing costs.

In Section 2, we describe the retroscaffolding
idea, formulate it as a problem, and discuss the var-
ious factors that affect the ability to retroscaffold.
For obtaining a proof of concept, we conducted ex-
periments on previously sequenced maize BAC data.
The results show that (i) 3X/4X coverage sequencing
is suited for exploiting the data’s repeat content to-
wards retroscaffolding, (ii) retroscaffolding can yield
over 30% savings in finishing costs, and (iii) with ret-
roscaffolding it is possible to opt for a lower sequenc-
ing coverage. These and other experimental results
assessing the effects of various factors on retroscaf-
folding are presented in Section 3. As part of the
NSF/DOE/USDA maize genome project'®, we are
working on applying the retroscaffolding technique
To this
effect, we are developing an algorithmic framework

to the maize data as it becomes available.

to perform retroscaffolding as described in Section 4.



In Section 5, we present the results of our exper-
iments to assess the effect of applying both clone
mate based scaffolding and retroscaffolding on maize
genomic data. Various strengths and limitations of
the retroscaffolding technique are discussed in Sec-
tion 6. Given that retrotransposons are abundant in
genomes of numerous plant crops yet to be sequenced
(e.g., wheat, barley, sorghum, etc.), the capability
of retroscaffolding to exploit this repeat content can
provide a significant means to reduce sequencing and
finishing costs.

2. RETROSCAFFOLDING

Retrotransposons are DNA repeat elements abun-
dant in several eukaryotic genomes — occupying
at least 45% of the human genome®, >50% in
maize'® 20, and up to 90% in wheat”. Long Termi-
nal Repeat (LTR) retrotransposons constitute one
of the most abundant classes of retrotransposons,
and have been studied in relation to genome evolu-
tion, genomic rearrangements and retroviral trans-
position mechanisms?® 3. As their name suggests,
LTR retrotransposons are distinctly characterized in
their structure by two terminal repeat sequences —
one each at the 5 and 3’ ends of a retrotransposon
inserted in a host genome. Given that these retro-
transposons are typically 10-15 kbp long, their flank-
ing LTRs can also be expected to be separated by as
many bps along the genome?. Moreover, the LTR, se-
quences are identical at the time a retrotransposon
inserts itself into a host genome, and gradually di-
verge over time due to mutations. Yet, the LTRs
flanking most retrotransposons are similar enough
for detection. These properties form the basis of our
retroscaffolding idea, as explained below.

Low coverage sequencing of a genome with signif-
icant LTR retrotransposon content is likely to result
in a proportionately large number of gaps that span
these repetitive regions. If it so happens that the se-
quencing covers only the two LTRs of a given retro-
transposon, a subsequent assembly can be expected
to have two contigs each spanning one of the LTRs.
Therefore, the detection of two identical or highly
similar LTR-like sequences in two contigs is a neces-
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sary (but not sufficient) indication that the contigs
sample the flanking regions of an inserted retrotrans-
poson. If this indication can be further validated to
sufficiency by searching for other structural signals of
an LTR retrotransposon (described below), then the
contigs can be relatively ordered and oriented (be-
cause LTRs are directed repeats). In addition, this
implies that the intervening region between two con-
secutively ordered contigs contains retrotransposon
related sequences — an information that can be used
to prioritize the gaps for finishing, and potentially re-
duce efforts spent on finishing repetitive regions, if
so desired.

The structure of a full-length LTR retrotranspo-
son (illustrated in Figure 2a) is characterized by the
following key attributes:

e L1 The 5 and 3' LTRs share a “high” se-
quence identity.

e L2 The starting positions of the 5 and
3’ LTRs are at least D,,;, bp and at most
D0z bp apart along the genome.

e L3 Typically, LTRs start with TG and end
in C'A.

e L4 The5 (or 6) bp immediately to the left of
the 5" LTR are “highly similar” (if not iden-
tical) to the 5 (or 6) bp immediately to the
right of the 3' LTR. This repeat is referred to
as a Target Site Duplication (TSD) because
it corresponds to the 5 (or 6) bp duplicated
in the host genome at the time and site of
the retrotransposon’s insertion.

e L5 The intervening region between the 5'
and 3' LTRs contains several signals that
correspond to an inserted retrotransposon.
These include a primer binding site (PBS),
retrotransposon genes (gag, pol, and env),
and a poly-purine tract (PPT).

For a sequence s, let s¥f=s, and s” denote its re-
verse complement. A sequence c is said to contain
a sequence [ if there exists between ¢ and either I/
or [", a “good quality” alignment that spans a suffi-
ciently “long” suffix or prefix of the latter sequence.
Let an LTR pair (I5,l3) denote the two LTRs of a
given LTR retrotransposon.

aSometimes, LTR retrotransposons can be nested within one another, accordingly affecting the distances between the 5’ and 3’

LTRs.
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Fig. 2.
between them.

Definition of a Retro-link: Given a set L of
n LTR pairs, two contigs ¢; and c; are said to be
retro-linked if 3 (I5/,13) € L such that both ¢; and
¢; contain l5 or I3 or both.

An example of a retro-link between two contigs
is shown in Figure 2b. As shown, the above defi-
nition is extended to account for additional struc-
tural attributes such as L3, L4 and L5, to ensure that
a retro-link indeed spans the same full-length LTR
retrotransposon. Details are omitted for brevity.
The Retroscaffolding Problem: Given a set C
of m contigs and a set L of n LTR pairs, partition C
such that:

e each subset is an ordered set of contigs, and

e every pair of consecutive contigs in each sub-
set is retro-linked and there is no contig that
participates in two retro-links in opposite
orientations.

The retroscaffolding problem can be viewed
as a variant of the standard scaffolding problem,
called the Contig Scaffolding Problem that is NP-
complete®. In the latter, the input is a set of contigs
and a set of clone mates, where each clone mate pair
is a pair of fragments sequenced from the same clone
of a known approximate length. This is similar to
the distance constraint imposed by a retro-link be-
tween the two contigs containing two LTRs of the
same retrotransposon. In addition to the LTRs, a
retro-link accounts for other structural attributes of
an LTR retrotransposon. Also, like in the original
scaffolding problem, not all retro-links may be used

(a) Structure of a full-length LTR retrotransposon. (b) An example showing two contigs ¢1 and ¢z with a retro-link

in the final ordering and orientation. Similar to the
contig scaffolding problem, the retroscaffolding prob-
lem can be formulated as on optimization problem.
The effectiveness of retroscaffolding on a genome
is dictated by the following factors:
LTR retrotransposon abundance: The abil-
ity to retroscaffold depends on the number of retro-
links that can be established, which is limited by the
number of detectable LTR retrotransposons in the
genome. Note that this approach of exploiting the
abundance in retrotransposons offers a respite from
the traditional view that these are a source of com-
plication in genome projects.
Presence of distinguishable LTRs: LTRs
from different retrotransposons but from the same
“family” may share substantial sequence similarity.
Therefore, it is essential to take into account other
structural evidence specific to an insertion before es-
tablishing a retro-link between two contigs. Even if
the same LTR retrotransposon is present in two dif-
ferent locations of a genome, it can be expected that
the TSDs are different because they correspond to
the host genomic sequence at the site of insertion.
It may still happen that a target genome contains
the same family retrotransposons in abundant quan-
tities, and other structural attributes become less
distinguishable as well. If BAC-by-BAC sequencing
is used, the above situation can be alleviated by ap-
plying retroscaffolding to contigs corresponding to
the same BAC (instead of across BACs). This is
because the likelihood of the same family occurring
multiple times at a BAC level is much smaller than
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Table 1. Summary of the LTR retrotransposons identified in 4 maize BACs using

LTR_par.
GenBank BAC Length | Number of LTR  Retrotransposons in BAC
Accession (in bp) | retrotransposons Length in bp % bp
BAC:1 AC157977 107,631 3 29,578 27%
BAC2 AC160211 132,549 6 60,391 46%
BACs AC157776 147,470 8 73,099 50%
BACs AC157487 136,932 6 57,783 42%
Table 2. LTR_par parameter settings.

Parameter Name  Default Value

Description

Diin/Dmaz 600/15,000 bp
T 70%
Luin/Lmaz 100/2,000 bp
Match/mismatch  2/-5

Gap penalties 6/1

Distance constraints between 5 and 3’ LTRs (L2)
% identity cutoff between 5’ and 3’ LTRs (L1)
Minimum/maximum allowed length of an LTR
Match and mismatch scores

Gap opening and continuation penalties

at a genome level.
Sequencing coverage: Retroscaffolding targets
each sequencing gap that spans an inserted retro-
transposon such that its flanking LTRs are repre-
sented in two different contigs. Henceforth, we will
refer to such gaps as retro-gaps. Given the length of
such an insert ranges from 10-15 kbp (greater, if it
is a nested retrotransposon), the coverage at which
the genome is sequenced is a key factor affecting the
ability to retroscaffold. If the sequencing coverage is
too high (e.g., 10X), then there are likely be so few
(short) sequencing gaps that the need for any scaf-
folding technique diminishes. Whereas at very low
coverage (e.g., 1X) long sequencing gaps that may
span entire LTR retrotransposons are likely to pre-
vail.

3. PROOF OF CONCEPT OF
RETROSCAFFOLDING ON MAIZE
GENOMIC DATA

In this section, we provide a proof of concept for ret-
roscaffolding. For this purpose, four finished maize
BACs (listed in Table 1) were acquired from Cold
Spring Harbor Laboratory'®. The first step was
to determine the LTR retrotransposon content of
these BACs. LTR_par'!, which is a program for the
de novo identification of LTR retrotransposons, was
used to analyze each BAC with the parameters spec-

ified in Table 2. Table 1 summarizes the findings.

As can be observed, the fraction of LTR retrotrans-
posons in these BACs averages 42%, consistent with
the latter’s estimated abundance in the genome.

The effect of sequencing at different coverages
was assessed as follows. A program that “simulates”
a random shotgun sequencing over an arbitrary input
sequence at a user-specified coverage was provided
by Scott Emrich at Iowa State University®. Each
run of the program produces a set (or sample) of
fragments, along with the information of their origi-
nating positions. We ran this program on each BAC
for coverages 1X through 10X, and for each coverage
10 samples were collected to simulate sequencing 10
such BACs. For each sample, using the knowledge
of the fragments’ originating positions, the set of all
contiguous genomic stretches covered (and thereby
the set of sequencing gaps) was determined. Ide-
ally, assembling the sample would produce a contig
for each contiguous stretch. Based on the placement
information of the contigs on the BAC and that of
the LTR pairs (Table 1) on the BAC, each LTR pair
was classified into one of these three classes (see Fig-
ure 3):

e CgC: both LTRs are contained in two dif-
ferent contigs,

e C_C: both LTRs are contained in the same
contig, and

e GgX: at least one LTR is not contained by
any contig (i.e., it is located in a gap).
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Fig. 3. Classification of LTR pairs based on the location of sequencing gaps, LTRs, and contigs. Dotted lines denote sequencing

gaps. Retro-links correspond to the class CgC.

Table 3.

Classification of the LTR pairs in 4 BACs, with respect to a set

of 10 shotgun samples obtained from each BAC at different coverages.

Coverage | BAC; | BAC, BAC3 BACy
| CgC CC GgX CgC% | C9C% | C9C% | C9C%
1X 16 1 13 53 83 63 63
2X 26 0 4 87 95 Vud 92
3X 25 3 2 83 100 97 100
4X 27 3 0 90 100 88 100
5X 24 6 0 80 95 93 95
6X 22 8 0 73 83 76 98
X 19 11 0 63 83 61 100
8X 18 12 0 60 77 64 67
9X 16 14 0 53 48 50 60
10X 7 23 0 23 37 31 43

In this classification scheme, it is easy to see that
retro-links can be expected to be established only for
CgC LTR pairs. Therefore, the ratio of the number
of CgC LTR pairs to the total number of LTR pairs
is indicative of the maximal value of retroscaffolding
at a given coverage. We computed this ratio for each
of the 4 BACs used in our experiments, by consid-
ering one coverage at a time, and counting the LTR
pairs in each of the three classes over all 10 samples.
From Table 3, we observe that the ratio is maximum
for a 3X coverage for 3 out of the 4 BACs, and 4X
for the other BAC. This implies that a 3X/4X cov-
erage project is expected to best benefit from the
retroscaffolding approach. To understand the above
results intuitively, observe that a very high coverage
has a high likelihood of sequencing an LTR retro-
transposon region to entirety, making retroscaffold-
ing unnecessary. While a very low coverage results in
a high likelihood of LTRs falling in gaps, making ret-
roscaffolding ineffective. Both these expectations are
corroborated in our experiments — in Table 3, the
gradual increase in C'_C' and the decrease in GgX
The C_.C increase with
coverage also indicates the amount of efforts spent

with increasing coverage.

in sequencing retrotransposon-rich regions.

In our next experiment, we assess the potential
savings that can be achieved at the finishing step
through the information provided by retroscaffold-
ing on gap content. Table 4 shows the number of
gaps generated at various sequencing coverages, and
the number of which can be detected using retroscaf-
folding (i.e., retro-gaps). While the results are shown
only for two BACs (due to lack of space), we observed
a similar pattern in all four BACs. As each retro-gap
corresponds to a potential region of the genome that
may not necessitate finishing, the ratio of the num-
ber of retro-gaps to the total number of sequencing
gaps indicates the potential savings achievable at the
finishing step because of retroscaffolding. From the
table we observe this ratio ranges from 23%-40% for
BAC,, and 24%-49% for BAC4; averaging over 34%
savings for both BACs.

Table 4 also shows that sequencing BAC> at a
6X coverage is expected to result in ~37 sequencing
gaps; while sequencing at a 4X coverage and subse-
quently applying retroscaffolding is expected to re-
sult in an effective 39 gaps (= 65.7—26.6). This im-
plies that through retroscaffolding it is possible to re-
duce the coverage from 6X to 4X on BAC, without
much loss of scaffolding information. As retroscaf-
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Table 4. Number of retro-gaps vs. all sequencing gaps. Measurements are averaged over all

10 samples of each of the two BACs.

Coverage | BAC, | BACy
| All gaps Retro-gaps %Retro-gaps | All gaps Retro-gaps  %Retro-gaps |
1X 70.5 26.4 37.4 78.0 24.8 31.8
2X 88.7 33.6 37.9 93.5 33.4 35.7
3X 84.6 32.2 38.1 84.0 31.0 36.9
4X 65.7 26.6 40.5 64.5 19.5 30.2
5X 50.6 19.3 38.1 46.4 16.7 36.0
6X 37.4 13.7 36.6 39.5 13.2 33.4
X 28.3 9.5 33.6 26.6 9.1 34.2
8X 18.7 6.5 34.8 19.1 6.3 33.0
9X 13.0 3.0 23.1 11.9 5.9 49.6
10X 9.3 2.7 29.0 9.5 2.3 24.2

folding can be used independent of clone mate in-
formation, we are working on evaluating the collec-
tive effectiveness of both clone mate-based scaffold-
ing and retroscaffolding approaches. If similar results
can be shown at a much larger scale of experimental
data for a target genome, then retroscaffolding can
be used to advocate for a low coverage sequencing,
directly impacting the sequencing costs of repetitive
genomes.

4. A FRAMEWORK FOR
RETRO-LINKING

We developed the following two-phase approach to
retroscaffolding. In the first phase, retro-links are
established between contigs that show “sufficient”
evidence of spanning two ends of the same LTR
retrotransposon. Once retro-links are established,
the process of scaffolding the contigs is the same
as scaffolding them based on clone mate informa-
tion, i.e., each retro-link can be treated equivalent
to a clone mate pair that imposes distance and ori-
entation constraints appropriate for LTR retrotrans-
poson inserts. Therefore, in principle, any of the
programs developed for the conventional contig scaf-
folding problem®> 9> 10: 17: 19 ¢an be used to achieve
retroscaffolding from the retro-linked contigs®. In
what follows, we describe our approach to establish
retro-links.

There are two types of retro-links that can be
established among contig data: (i) those that cor-

bFor our experiments, we used the Bambus'® program.

respond to LTR retrotransposons that are already
known to exist in the genome of the target organ-
ism or closely related species, and (ii) those that are
de novo found in the contig data. The first class of
retro-links can be established by building a database
of known LTR retrotransposons and detecting con-
tigs that overlap with LTR sequences of the same
retrotransposon. However, such a database of al-
ready known LTR sequences of a target genome may
hardly be complete in practice. For this reason, the
second class of retro-links that are based on a de
novo detection of LTR sequences in the contig data
is preferable. However, additional validation will be
necessary to ensure the correctness of such retro-
links.

In what follows, we describe the algorithmic
framework we developed to establish retro-links
based on already known LTR retrotransposons, and
the results of applying it on maize genomic data.

4.1. Building a Database of LTR Pairs

Given that the entire genome of maize has not yet
been assembled, the first step in our approach is to
build a database of maize LTR pairs from previously
sequenced maize genomic data. A set of 560 known
full-length LTR retrotransposons and 149 solo LTRs®
was acquired from San Miguel'®. In addition, a set of
470 maize BACs were downloaded from GenBank®.
Because the information about the LTR sequences
within the full-length retrotransposons and BACs

¢Solo LTRs are typically the result of a deletion/recombination event at a site of an inserted LTR retrotransposon, in which only

either a 5’ or a 3’ LTR (or a part of it) survives.
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Table 5. Summary of LTR pairs predicted by LTR_par.

Input Number of Number of full- Number of
sequences length predictions  LTR pairs

LTR retrotransposons!6 560 556 556
Solo-LTRs16 149 149
Maize BACs® 470 1,234 1,234
Total 1,939

was not available, we used the LTR_par program to
identify LTR retrotransposons and their location in-
formation. We did not include the LTRs identified
in the four maize BACs listed in Table 1, so that
they can be used as benchmark data for validating
retroscaffolding.

Given a set of sequences, LTR_par identifies sub-
sequences within each sequence that bear structural
semblance to full-length LTR retrotransposons. De-
sired values for structural attributes can be input as
parameters. We used the values shown in Table 2.
As part of each prediction, the locations of both the
5" and 3’ LTRs are output. A prediction is made only
if the identified region satisfies LTR sequence simi-
larity (L1) and LTR distance (L2) conditions. Based
on the presence of other signals such as the TG..CA
motif (L3) and TSDs (L4), each prediction is also
associated with a “confidence level”. A confidence
level of 1 implies presence of both L3 and L4, 0.5 im-
plies either L3 or L4 but not both, and 0 implies only
L1 and L2. In this paper, we use level 1 predictions,
although we are currently evaluating other combi-
nations of LTR pairs from across confidence levels.
Table 5 shows the statistics over the resultant total
of 1,939 LTR pairs.

4.2. An Algorithm to Establish
Retro-links

Let C' denote a set of m contigs generated through
an assembly of maize fragments corresponding to
one BAC, and let L denote the set of n LTR pairs
(n =1,939 in Table 1). Our algorithmic framework
performs the following steps:

e S1  Compute P = {(¢(s,l3))c €
C, (I5,13) € L,c contains I3 or I3 or both}.
e S2 Construct a set G = {G1,G2,...,Gn},
such that VG; C C, Ve € Gy, (¢, (IE, 1)) €
P. Note that G need not be a partition of

C. We call each G; a contig group.
e S3 VG; € G, compute R; = {(ci, ¢j)|ci,cj €
Gi,c; and c; are retro-linked by (I%,,1%,)}.

A naive way to perform step S1 is by eval-
uating each of the m x m pairs of the form
(contig, LT R pair), to check if a contig contains one
of the LTRs. The check can be performed through
standard dynamic programming techniques for com-
puting semi-global alignments that take time pro-
portional to the product of the lengths of the se-
quences being aligned. As reverse complemented
forms also need to be considered, this approach in-
volves 4 x m X n alignments in the worst case. We
developed a run-time efficient method based on the
observation that if two sequences that align signifi-
cantly, then they also have a “long” exact match be-
tween them (although the converse need not hold).
Thus it is sufficient to evaluate only pairs of the form
(contig, LT R) that have an exact match of a mini-
mum cutoff length. For this purpose, we adapted
a parallel algorithm for detecting maximal matches
across DNA sequences that we had originally devel-
oped for a clustering problem'2. The algorithm runs
in linear space and run-time proportional to the num-
ber of the output pairs. For each generated pair, an
optimal semi-global alignment is computed. Only
pairs that have alignments satisfying a specified cri-
teria are output. As pairs are output, the set G is
computed as well in constant time per pair (step S2).

Steps S1 and S2 ensure that two contigs are
paired if and only if they contain LTRs from the
same LTR pair. To perform S3, it is therefore neces-
sary only to establish additional structural evidence
such as the presence of TSDs, PPT, PBS, and/or
retrotransposon genes. The attributes to look for,
however, depends on the location of the subsequences
corresponding to the LTRs within the contigs — for
e.g., it may not be possible to look for retrotrans-
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Fig. 4. Validation of two retro-links — between contigs c19 and c16, and contigs ca1 and c24. Vertically aligned ovals denote
overlapping regions, and squares denote retrotransposon hit through tblastz against the GenBank nr database.

poson genic sequences if the LTR regions within the
contigs are a suffix of one contig and a prefix of an-
other (see Figure 2b). We perform S3 as follows: we
concatenate each pair of contigs under consideration
in each of the 4 possible orientation combinations,
and run LTR_par on the concatenated sequence. A
retro-link is established between a pair only if suffi-
cient structural evidence is detected.

Preliminary Validations:

We validated the retro-linking algorithm on
BAC, of Table 1 as follows.
were experimentally sequenced at a 3X coverage of
the BAC!, and were assembled® using the CAP3
assembler®. The resulting 45 contigs were input
along with the 1,939 LTR pairs (in Table 5) to our
retro-linking program. Note that the 1,939 LTR
pairs do not include the 3 LTR pairs in BAC} as
identified by LTR_par (Table 1) — that way, the val-
idation reflects an assessment of retro-linking under

Shotgun fragments

practical settings in which a target BAC sequence
and its LTR pairs are unknown prior to the ret-
roscaffolding step. The experiment resulted in 44
contig groups (= |G|), and upon investigation we
found that most of the groups were “equivalent”,
i.e., the corresponding LTR pairs share a significant
sequence identity (> 95%). The equivalent groups
were merged.

The subsequent step was to evaluate each contig
pair of a merged group for a valid retro-link. For

detecting retrotransposon genic sequences in con-
tigs, we queried the contigs against the GenBank nr
database using the tblastz program. Other structural
attributes were detected using LTR_par. This step
resulted in only two retro-linked pairs: (¢], — c16),
and (cas — c¢41) with the arrows implying the or-
der in which the contigs can be expected to occur
along the “unknown” BAC sequence (BAC}) in the
specified orientations. We verified the predictions by
aligning each of these 4 contigs directly against the
known sequence of BAC; and found that the ret-
roscaffolding prediction is correct (see Figure 4).

5. SCAFFOLDING WITH CLONE
MATES AND RETRO-LINKS

Retroscaffolding differs from conventional contig
scaffolding as it relies on the presence of LTR retro-
transposons instead of the clone mate information.
While this suggests that either of the techniques can
be applied independent of one another, the output
may themselves be not mutually exclusive — i.e., it
is possible that the relative ordering and orientation
between the same two contigs are implied by both the
techniques. While such redundancies in output can
be used as additional supporting evidence for bol-
stering the validity of scaffolding, the actual value
added by either of these two techniques is dictated
by its respective unique share in output scaffolding.
Ideally, we would hope that these two outputs to



176

Table 6. Results of (i) scaffolding contig data for BACy4 (136,932 bp) using clone
mate information, (ii) retroscaffolding, and (iii) combined scaffolding using both

clone mate and retro-link information.

Clone mate  Retroscaffolding ~ Combined

scaffolding scaffolding
Number of scaffolds 32 5 27
Total span of scaffolds (bp) 120,350 65,605 138,356
Average span of scaffold (bp) 3,760 6,246 4,457
Number of contig pairs scaffolded 42 10 71
Number of assembly gaps covered 22 17 28

complement one another.

We assessed the effect of a combined application
of retroscaffolding and clone mate based scaffolding
on real maize genomic contig data as follows: 62 con-
tigs were generated by performing a CAP3 assembly
over a 3X coverage set of fragments sequenced from
BACY. Ideally, all 62 contigs would be part of just
one “scaffold” if the contigs were all to be ordered
along the target BAC.

The scaffolding achievable from just the clone
mate information was first assessed by running the
Bambus'® program on the contigs. This resulted in
32 scaffolds spanning an estimated total of 120,350
bp and each with an average span of 3,760 bp. (Note
that the “span” of a scaffold output by Bambus is
only an estimate, because it includes the size esti-
mated for sequencing gaps between the scaffolded
contigs.) We then assessed the scaffolding achieved
by retroscaffolding the contig data — retro-links were
first established using the framework described in
Section 4 and the output was transformed as in-
put to Bambus. While retroscaffolding resulted in
many fewer scaffolds (5), the total span was smaller
(65,605 bp) when compared to clone mate scaffold-
ing. However, the average span of each scaffold was
almost twice as large in retroscaffolding. This is as
expected because the distance constraint used for
each retro-link was longer ([5000,15000]) than that
of clone mate links ([2200, 3800]).

In the next step, we input both the retro-link and
clone mate information with their respective distance
and orientation constraints to Bambus. This combi-
nation resulted in fewer scaffolds (27) and a longer
total span (138,356 bp) than was achieved by just
clone mate scaffolding — implying that retroscaffold-
ing provides added information that is not provided
by clone mate information. The above results are

summarized in Table 6. The table also shows the
number of contig pairs scaffolded as a result of the
respective scaffolding strategies; the higher this num-
ber is, the more inclusive scaffolding is on the contigs
— ideally, we would expect all contigs to be in one
scaffold thereby implying (%) contigs pairs.

We also assessed the individual effect of these
scaffolding techniques on “assembly gaps”: Each of
the 62 contigs was individually aligned to the as-
sembled BAC} sequence and the stretch along which
each has a maximum alignment score was selected to
be its locus on the BAC. A maximal stretch along the
BAC not covered by any of the 62 contigs was con-
sidered an “assembly gap”. There were a total of 42
such gaps. For each of the three scaffolding strate-
gies (i.e., clone mate based, retroscaffolding and com-
bined), an assembly gap is said to be “covered” (al-
ternatively, “not covered”) if there exists a (alterna-
tively, does not exist any) pair of scaffolded contigs
spanning the gap. Based on this definition, the num-
ber of covered assembly gaps was 22 for clone mate
scaffolding, 17 for retroscaffolding, and 28 for the
combined scaffolding. This further demonstrates the
value added by retroscaffolding.

6. DISCUSSION

Our preliminary studies on maize genomic (Sec-
tion 3) and the experimental results on maize contig
data (Section 5) demonstrate a proof of concept and
the value added by retroscaffolding in genome as-
sembly projects. For retroscaffolding to be effective
in a genome project, it is necessary that the LTR
retrotransposons in the genome are both abundant
and distinguishable. LTR sequences within the same
family of LTR retrotransposons are harder to distin-
guish, and repeat-rich genomes (e.g., maize) could



have numerous copies of the same family scattered
across the genome. Therefore, applying retroscaf-
folding at a genome level may cause several spurious
retro-links to be established, thereby confounding
the process of scaffolding. It is for this reason that
retroscaffolding is more suited for genome projects
involving hierarchical (e.g., BAC-by-BAC) sequenc-
ing. Retroscaffolding can also be used to order and
orient BACs, if the overlapping ends of two consec-
utive BACs along a tiling path span an LTR retro-
transposon.

In genome projects which generate clone mate
information, the scaffolding information derived from
retroscaffolding may in part be already provided by
clone mates. In the worst case, even if no new scaf-
folding information is provided by retroscaffolding,
we can benefit from the scaffolding information pro-
vided by retroscaffolding in two ways: (i) we will
have information about not only the genomic loci but
also the composition of the assembly gaps covered by
retroscaffolding, as they are expected to contain se-
quences corresponding to a retrotransposon insert.
Therefore, we can prioritize the gaps to finish based
on this information, and (ii) the scaffolding output
by retroscaffolding can be used to as supporting evi-
dence to validate the output of clone mate informa-
tion.

Retroscaffolding will be useful in projects which
do not generate clone mate information. New se-
quencing technologies such as the 454 sequencing'3
that do not generate clone mate information are
increasingly becoming popular due to their high
throughput and cost-effectiveness. Such sequenc-
ing technologies may be an appropriate choice for
low-budget sequencing projects, and retroscaffolding
could make the task of carrying out the assembly in
such projects practically feasible.

Retroscaffolding also provides a mechanism to
explore the feasibility of a lower coverage sequencing
in genome projects. While reducing the sequencing
coverage as low as 3X may expose more gaps to span
LTR retrotransposons in a target genome, it also im-
plies that there is less redundancy in fragment data.
This might affect the quality of the output assem-
bly, especially of those contigs corresponding to the
non-repetitive regions of the genome. To circumvent
this issue in a hierarchical sequencing project, we
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propose the following iterative approach to sequenc-
ing and assembly: first, sequence all the BACs at
a low coverage and assemble them. If a subsequent
retroscaffolding reveals the low repeat content in a
subset of the input BACs, then perform additional
coverage sequencing selectively on these BACs, and
reassemble them with the fragments sequenced from
all sequencing phases. In practice, this procedure
can be repeated until sufficient information is gath-
ered to completely assemble and scaffold each BAC.
This approach provides a cost-effective mechanism to
sequence repeat-rich genomes without compromising
on the quality of the output assembly.

7. CONCLUSIONS

Genome projects of several economically important
plant crops such as maize, barley, sorghum, wheat,
etc., are either already underway or are likely to be
initiated over the next few years. Most of these plant
genomes contain an enormous number of retrotrans-
posons that are not only expected to confound the
assembly process, but are also expected to consume
the bulk of the sequencing and finishing budget. In
contrast to this perspective, the retroscaffolding ap-
proach proposed in this paper offers the possibility of
exploiting the abundance of LTR retrotransposons,
thus serving three main purposes: (i) to scaffold con-
tigs that are output by an assembler, (ii) to guide the
process of finishing by providing information on the
unfinished regions of the genome, and (iii) to intro-
duce the possibility of reducing sequencing coverage
without loss of information regarding the sequenced
genes and their relative ordering. Given that se-
quencing and finishing account for most of the ex-
penditures in genome projects, continued research in
developing this new methodology further could have
a high impact.

Several developments have been planned as fu-
ture work on this research. Specifically, we plan
to evaluate the collective effectiveness of retroscaf-
folding and clone mate based scaffolding at a larger
scale. The algorithmic framework for retroscaffold-
ing is still at an early stage of development. Further
validation of the framework on sequenced genomes
and at much larger scales are essential to ensure an
effective and high-quality application of our method-
ology in forthcoming complex genome projects. To
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this effect, the application of retroscaffolding on the
on-going maize genome project will provide a good
starting point.
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