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ABSTRACT

Recent sequencing of the human and other mammalian genomes has brought about the
necessity to align them, to identify and characterize their commonalities and differences.
Programs that align whole genomes generally use a seed-and-extend technique, starting
from exact or near-exact matches and selecting a reliable subset of these, called anchors,
and then filling in the remaining portions between the anchors using a combination of local
and global alignment algorithms, but their choices for the parameters so far have been pri-
marily heuristic. We present a statistical framework and practical methods for selecting a set
of matches that is both sensitive and specific and can constitute a reliable set of anchors for
a one-to-one mapping of two genomes from which a whole-genome alignment can be built.
Starting from exact matches, we introduce a novel per-base repeat annotation, the Z-score,
from which noise and repeat filtering conditions are explored. Dynamic programming-based
chaining algorithms are also evaluated as context-based filters. We apply the methods de-
scribed here to the comparison of two progressive assemblies of the human genome, NCBI
build 28 and build 34 (www.genome.ucsc.edu), and show that a significant portion of the
two genomes can be found in selected exact matches, with very limited amount of sequence
duplication.
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1. INTRODUCTION

HE AVAILABILITY OF THE HUMAN AND OTHER MAMMALIAN GENOME SEQUENCES (Venter et al., 2001;

Lander et al., 2001; Mural et al., 2002; Waterston et al., 2002) spurred bioinformatics efforts to produce
powerful whole-genome alignment tools to identify and characterize their commonalities and differences.
Conserved syntenic regions between genomes of more distantly related species may reveal functional
regions that were preserved due to negative selective pressure, while differences between genomes of
closely related organisms can point to causal factors for phenotypic differences. Whole-genome alignments
between different genome assemblies of a same species can be used to identify polymorphisms, validate
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or point out assembly errors, and to ease annotation efforts by tracking of features such as genes, SNPs,
and STS markers between different assembly versions.

Programs that align whole genomes (MUMmer, Delcher et al., 1999; BLASTZ, Schwartz et al., 2003;
AVID, Bray et al., 2003; LAGAN, Brudno et al., 2003a; SLAGAN, Brudno et al., 2003b) generally use
a seed-and-extend technique, starting from exact or near-exact matches and selecting a reliable subset
of these called anchors, and then filling in the remaining portions between the anchors using local and
global alignment algorithms or combinations of these methods, but their choices for the values of pa
rameters so far have been primarily heuristic. MUMmer uses the set of maximal unique matches as its
anchors. AVID starts from maximal but not necessarily unique exact matches, filtered to remove those
that are shorter than 50% of the length of the longest match. LAGAN generates anchors from short
chains of 7-mers separated by a maximum distance. The procedure is recursively applied between previ-
oudly discovered anchors until the interanchor distance is less than some fixed maximum value. BLASTZ
first identifies primary anchors as high-scoring local alignments, starting from pairs of spaced 12-mers,
with possibly one transition, and extending them in two stages, by alowing substitutions and then gaps.
The method is reapplied between consecutive primary matches to find new, secondary matches. Both
BLASTZ's and LAGAN's parameters are trained on sets of orthologous regions between several related
species. LAGAN is designed to align a priori identified orthologous regions and therefore is of limited
use for aligning whole genomes, where rearrangements may occur. SLAGAN addresses this limitation
by first identifying large genomic regions that have been shuffled between the two genomes. A similar
method for detecting genome rearrangements is described by Kent et al. (2003). One daunting challenge
to alignment programs is sequence repetitiveness. LAGAN and AVID attempt to avoid repeats by ap-
plying the RepeatMasker program (Smit, 1999) on the input sequences and assigning matches between
masked regions a much lower priority of selection in their alignment generation steps. Not only is this
computationally expensive, but it is not effective for large genomic duplications that are left unmasked by
RepeatM asker.

Recent literature in alignment optimization has focused on designing sensitive seeds for finding all local
alignments (Maet al., 2002; Buhler et al., 2003; Sun and Buhler, 2004). Here we revisit the complementary
problem of selecting a reliable set of matches, or anchors, for scaffolding a one-to-one mapping and
aignment of whole genomes. We tackle this from the perspective of aminimalist approach to whole-genome
comparison and alignment: since later steps are more expensive and their accuracy depends criticaly on
the anchor set selected, we seek a set that is sensitive and specific.

An ideal anchor set should be comprehensive and nonrepetitive, should consist of matches that are not
likely to have occurred by chance and that are correctly located on the genome-to-genome map, and should
be one that can be constructed easily and efficiently. A good starting set is that of maximal unique exact
matches, or MUMs (Delcher et al., 1999). However, a MUM can contain a pair of repetitive subsequences
and thus be misleading. As a means to screen for repetitiveness, we can request that every pair of matched
bases be contained in at least one unique submatch of some length krep. Moreover, the length of a match
is related to its statistical significance. To eliminate matches that are likely to have occurred by chance,
we may disallow matches smaller than some kg in size. Furthermore, spurious matches may divert the
alignment into areas of false rearrangements. We use the framework of dynamic programming and chaining
to select a subset of ordered and oriented matches, based on the genomic context defined by their neighbors.
Lastly, we may demand that each match contain at least one exact unique match of size kseeq, thus ensuring
that all matches are exact extensions of unique ksseg-mer matches, where ks is chosen such as to detect
as large as possible a fraction of the MUMSs set while keeping the amount of repetitive sequence low.

The selection of krep, ksize, kseed @nd chaining parameters is critical to obtaining a one-to-one mapping
of good quality. We applied the theories of the length of longest exact match (Waterman, 1995) based on
the Chen—Stein approximation method (Chen, 1975) to explore the behavior of the longest exact match
under a Bernoulli model and used these to identify sensitive and specific parameters. The real genome
may not be so simply modeled as a Bernoulli sequence. We use it strictly as a null model, to assess the
departure from randomness of our observations.

In order to substantiate our results empirically, we applied the selection methods described here to the
comparison between two different public assemblies of the human genome, the NCBI build 28 and build 34
(www.genome.ucsc.edu). Lacking a systematic way to precisely identify false positives and negatives and
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their true counterparts, we use the amount of nonduplicated sequence found in matches (single coverage)
as a measure for sensitivity and the amount of sequence that occurs in multiple matches (double coverage)
as a measure for specificity. These measures do not account for spurious matches that are incorrectly
located, which would require more rigorous testing on control data, such as a pair of simulated genomes
whose one-to-one map is known.

Starting from the set of MUM s and appropriately choosing the size ks, We find that the selected subset
of matches contains comparable signal with dightly less noise than the entire set. This shows that suffix-
based approaches, generating MUMSs, and hash index-based techniques, generating matches by extending
exact unique k-mer pairs, are equally powerful in producing a good starting match set. By appropriately
choosing the threshold krep for repeat filtering, kgze for filtering short matches, and chaining parameters
for screening potentially spurious hits, we determine that the specificity of the match set can be further
increased, with little effect on the sensitivity.

The paper is organized as follows. Sections 2 and 3 introduce the data structures and the notation and
definitions related to the probability theory of exact matches used by the subsequent sections. Detailed
calculation and reasoning about choosing the different parameter values for match selection are given in
Section 4. Results from applying the methods to a set of matches resulting from the comparison of the
two assemblies, for empirical validation, are presented in Section 5. Lastly, the Chen—Stein method and
the theories of longest exact matches are reviewed in the appendix.

2. MUMS AND Z-SCORES

Throughout this paper, we will assume that all matches are exact, unless specified otherwise. A unique
match therefore implies that each of itstwo (identical) subsegquences is unique with respect to both genomes.

In order to evaluate various parameter choices of our anchor selection process, we computed two
fundamental and computationally expensive kinds of data. The first kind is the MUMSs, or maximal unique
matches, first specified in the computational biology literature by Delcher et al. (1999). The second kind
is the Z-score, which we believe to be a novel annotation. The Z-score is a per-base repeat annotation,
which records the length of the longest exact match of a subsequence starting at that position elsewhere in
the sequence or its reverse complement. From this annotation, the filtering conditions for any krep, kseed
can be explored.

Like the MUMs, the Z-scores can be efficiently computed via suffix trees (McCreight, 1976; Ukkonen,
1992). One can construct a compressed suffix tree on the given sequence and record for each leaf, or suffix
position, its Z-score as the depth of its parent (Fig. 1). In our case, the Z-scores are computed for the
assembly and its reverse complement, for each of the two assemblies compared.

Z-scores serve primarily to alow the efficient application of repeat filtering conditions. Specifically, a
score Z; <[ — 1 signifies that the subsequence of length [ starting at position j has a unique occurrence
in its genome. For the sake of simplicity, we henceforth assume that the matches are between the forward,
i.e., non—reverse complemented, sequences of the two genomes. Thus, given a match, to apply the repeat
filter one removes any base at position i, and its corresponding base in the other genome, that is not
contained in a unique match of length at most krep, i.€., for which Z; > krep for all j : i —krep < j <'i.

We can a'so use Z-scores to answer questions of accessibility: given a maximal unique match, determine
the length of the shortest unique submatch from which the match can be reconstructed. Given a unique
match with beginning and ending positions b, e in the first subsequence and 4’, ¢’ in the second subsequence,
the length of the shortest unique match it contains is

1+ minfz:z=max(Z;, Z'i_pyp),2+i <eand b <i <e}.
V4

While the computation of the MUMs and the Z-scores requires significant resources, the post-processing
required to select an anchor set is inexpensive. Computing the MUMs and Z-scores each used 25 GB of
memory and took 27 CPU hours on an IBM p690 (1,300 MHz Power PC), while the subsequent selection
of matches with the methods described in this paper used less than 1 GB of space and 1 hour of CPU time.
Since neither the MUMSs nor the Z-scores depend on our parameter choices, we can defer any decisions
about our parameters until after the data structures are computed.
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FIG. 1. Suffix tree representation and Z-score calculation for the word “aatatgc.” The Z-score at position i is the
depth of the parent of suffix i.

3. PRELIMINARIES

Let A ={A;,i =1,---,n},B = {Bj,j = 1,---,n} be independently and identically distributed
with letter probabilities p., pc, pe, p.. We cal this distribution of strings the Bernoulli model. When
Pa =Pc=Pg=Di = 711, we call this the uniform Bernoulli model. We define two random variables,

RnZmax{m:Ak:B]+k7k=la"'5m50§.]§n_m}a

H, =max{m : Ajyx = Bjyr,k=1,--- ,m,0<1i,j<n—m}

R, is the length of the longest exact match of a random sequence across another sequence. H,, is the
length of the longest exact match when shifts are allowed. Waterman (1975) gives the limiting distribution
of H,. Under auniform Bernoulli model, the limiting distribution of R,, can be similarly obtained. For the
nonuniform case, the limiting distribution is estimated by a Monte Carlo method. A brief review of the
theories and the Monte Carlo method are given in the appendix.

The Z-score can be formulated mathematically as

Zip=max{Aipy =Ajix,k=0,.... m—-L1<j#i<n-m+1}
m

(writing just Z; when n is understood). It is very similar to R,,, except that it allows self-overlap. Under the
Bernoulli model, Z1,,, Z2,, - -, are identically and dependently distributed, following the same limiting
distribution as R,. In Fig. 2, we show the distributions of Z-scores at a randomly selected position in the
human genome (NCBI release build 34) and at a random nonmasked position within the same genome, after
masking biological repeats with the RepeatM asker program. The mode of the Bernoulli-derived distribution
isjust dightly to the left of that of the genomic distributions, and the genomic distributions have significant
tails.

The base composition of the human genome in a nonrepeat region, which is used for H, and R, is
Pa =029, p. =021, p, = 0.21, p, = 0.29. Lét p = P(A1 = B1) = Y (400 Pf = 0.2597 be the
probability of observing a nucleotide match assuming a Bernoulli sequence model. We take n = 5.74x 10°,
the estimated length of the human genome and its reverse complement.
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FIG. 2. Probability of Z = k for the Bernoulli model and as estimated on NCBI 34 and nonrepetitive NCBI 34.

4. APPLICATIONS TO ASSEMBLY-TO-ASSEMBLY COMPARISON

In this section, we present severa filtration methods and exploit the properties of the tractable mathe-
matical model introduced earlier to identify and explain our parameter choices, then compare the results
to their empirical counterparts. Throughout the analyses, we use the single coverage (SC) and double
coverage (DC) measures defined in the introduction to assess the sensitivity and specificity of a given
match set.

4.1. Noise filtering: Threshold for match length

In a genomic sequence with high compositional complexity, in which a fraction of the sequence is,
however, nearly exactly duplicated, the distribution of match lengths between nonduplicated regions can
be approximated well from a Bernoulli sequence model. The length of a longest spurious exact match
across two assemblies can then be assumed to follow the same distribution as H,, with nonrepetitive base
probabilities.

Table 1 gives the probability for the longest exact match to be greater than or equa to kgz under the
Bernoulli model, for a selection of relevant kg, values. We can see that, between two random assemblies,
it is very unlikely to find a match with length longer than or equal to 40 and that this property holds even
for a threshold as low as kg2 = 35. This suggests that in a comparison between assemblies of the same
organism we can set kgz > 35 to reduce the amount of matches occurring by chance.

This simple notion of match significance is highly effective in screening for short spurious matches,
but is limited to same-species comparisons, in which the distributions of lengths for the true and random
matches are clearly distinctive.

4.2. Repeat filtering

The uniqueness property is desired of a set of matches, as it indicates specificity. Aside from biological
repeats, large genomic duplications also contribute to repetitive MUMs. We can apply the filtering condition
given in Section 2 parameterized by krep to remove all positions i that are not contained in a unique match
of length at most krep, i.€., for which Z; > krep for al j : i — krep < j < i. However, too conservative a
choice of krep results in the fragmentation of a match into smaller, hence less significant matches, which
can result in an unnecessary loss of coverage.

Let Py = P(ﬂle{zi > k}) be the probability that Z > k consecutively across k positions, which is
the condition for the removal of a base by our repeat filtering rule. Based on the Monte Carlo results for
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TABLE 1. PROBABILITY THAT THE LONGEST EXACT MATCH IS
GREATER THAN OR EQUAL TO k UNDER A BERNOULLI MODEL

k P(Hh = k) k P(Hn = k) k P(Hh = k)
32 9.88e—-01 35 7.48e—02 38 1.36e—03
33 6.85e—01 36 2.00e—02 39 3.54e-04
34 2.5%e-01 37 5.23e-03 40 9.18e—-05

TABLE 2. PROBABILITY AND EXPECTED NUMBER OF REPEAT-
FILTERED BASES ESTIMATED FROM THE BERNOULLI MODEL

k P (m};l{zi > k}) E (X ( 0z > k}))

16 1.56e—01 8.98e+4-08
17 1.83e—-04 1.05e+-06
18 1.59e—-08 9.14e+01
19 1.38e-11 7.93e—02
20 1.73e-13 9.95e—-04
21 6.86e—15 3.94e-05

R, under the Bernoulli model and the Markov-like property of Z’'s derived from {Z; > k} C {Z;_1 > k},
we have

k k
Prep =P (ﬂ{z,- > k}) = PZ1z O [[P(Zi = KZia = k)

i=1 i=2
= P(Ry = k) (P(Z2 > k|Z1 = k)1,
and
P(Zy>k|Z1>k) = P(Za >k, Z1 > k|lZy > k)+ P(Zo > k,Z1 =k|Z1 > k)
= P(Z2 2 k|lZ1 > k)P(Z1 > k|Z1 =2 k) + P(Z2 = k|Z1 = k) P(Z1 = k|Z1 > k)

_ P(Zy>k) P(Z1=k)
= P Zi=h + P(Z2 > k)—P(Zl s
_ P(R, > k) PR — k
_—P(ank)+ (Rp = k).

Table 2 summarizes the probability P,., and expected occurrence of such an event across a Bernoulli
genome. We can seethat it is very unlikely that Z > krep aCross krep consecutive positions when krep > 18,
with less than 92 false deletions among al the ~ 5.74 x 10° possible positions in the genome and its
reverse complement.

In our sample comparison, we see that when decreasing krep for repeat filtering both the single and
double coverage rates decrease, but the latter is drastically reduced, by two orders of magnitude relative
to single coverage (Table 3). Note that the amount of sequence lost in the trimmed matches can be easily
recovered by extension in the later alignment steps.

4.3. Match accessibility: Unique submatch size

Every unique match can be generated from a shortest unique submatch, possibly itself, which we call a
seed. Then, the subsets of matches that can be generated from a seed of size less than or equal to k for
increasing values of k are successively finer approximations of the MUMs set. In some practical cases,
it may be more convenient to seek an approximation starting from unique k-mers as generators, rather
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TaBLE 3. SINGLE AND DOUBLE COVERAGE FOR VARYING CHOICES OF kRep

kRep c DC kRep c DC
16 0.59057 6.0016e—06 22 0.75421 5.9241e—05
17 0.65696 1.5178e—05 23 0.76349 6.7472e—05
18 0.69887 2.4944e—05 24 0.77182 7.5851e—05
19 0.71374 3.3517e—05 25 0.77924 8.4866e—05
20 0.73194 4.2853e—05 30 0.80765 1.3257e-04
21 0.74376 5.1184e—05 40 0.83940 2.6511e—04

TABLE 4. PROBABILITY AND EXPECTED OCCURRENCE OF
EXACT MATCHES L = 40 BP OR LONGER WITHIN WHICH ANY
SUBWORD WITH LENGTH k Is REPETITVE, OR EQUIVALENTLY,

WHICH ARE GENERATED FROM A SEED OF SIZE > k + 1

k P (ﬂiLI_lk“{Zi > k}) E (Z' (miL:—1'<+1{zi > k}))

15 8.75e—-01 8.75e+05
16 5.93e—-02 5.93e+04
17 6.24e—06 6.24e+00
18 1.43e-10 1.43e—-04
19 3.64e—13 3.64e—07
20 4.68e—14 4.68e—08

than seeds of arbitrary length: for a given L, the sets of matches of length greater than or equal to L that
can be accessed by unique k-mers for increasing values of k, k < L, are included in each other and are
increasingly finer approximations of the entire set. For k < L, such a subset consists precisely of those
MUMs that have a seed of length less than or equal to k. We call this maximum seed Size kgeeq.

While larger kseeq Values can access a larger set of matches than smaller ones, they may also introduce
more ambiguity, since any match generated from a seed of length & has the property that any submatch with
length k — 1 is exactly repeated somewhere else in the match set. We call such matches (k — 1)-repetitive.
We want to identify a maximum seed size kgeq that can access a comprehensive set of matches, without
significant loss of sensitivity and specificity.

From a practical point of view, the seed size selection is important for some implementations based on
hash tables of k-mer positions in the genome. Indeed, small kseg Values lead to sparse tables, due to the
higher multiplicity of the ksseq-mers, while large ones cannot be represented in a machine word to alow
efficient bit-processing. The uniqueness property also makes the retrieval and processing of kgeeq-mers
computationally efficient.

We use the property of k-repetitiveness to estimate the number of matches that will be gained by
increasing the maximum seed size. Let P, be the probability that a match is k-repetitive, or equivalently,
that its seed is k + 1 bp or longer. As before, the Monte Carlo results for R, under the Bernoulli model
and the Markov-like property of Z's give

L—k+1 L—k+1
Pk_rep=P< M 1z zk}) P(Zi=k ] P(Zi=kzZia=k
i=1 i=2

= P(R, > k)(P(Z2 > k|Z1 > k)L 7*,

where P(Z» > k|Z1 > k) is that calculated in Section 4.2.

Table 4 shows Py_,., for different values of k, assuming a minimum match length L = 40 bp. Our
experiments comparing different assemblies of the human genome show that a typical number of MUMs
is ~ 106. Multiplying the second column by 10° therefore gives an estimate of the expected number of
k-repetitive MUMSs in the genome. Note that for k£ > 17 there are very few expected k-repetitive matches
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FIG. 3. Sequence coverage (Cov) and fraction of MUMs (MUMSs) accessed when varying the seed size k.

TABLE 5. SINGLE COVERAGE AND DOUBLE COVERAGE INCREASE WITH THE
CHOICE OF SEED SIZE

kseed ¢ DC ASC ADC 25
14 0895980 0001255  0.082975  0.000670 0.008
15 0913541 0001994 0017561  0.000740 0.040
16 0019603 0003044  0.006062  0.001050 0.148
17 0920696 0003694 0001092  0.000650 0.373
18 0920940 0003919 0000245  0.000225 0.479
19 0921047 0004046  0.00106  0.000127 0.545
20 0921168 0004144 0000121  0.000098 0.447
21 0921257 0004228  0.00089  0.000083 0.483
22 0921335 0004293  0.00078  0.000065 0.455
23 0921401 0004354  0.00066  0.000061 0.482
24 0921463 0004410 0000062  0.000055 0.473
25 0921495 0004476 ~ 0.00032  0.000066 0.675

or, equivalently, matches that require a seed of size k + 1 or longer, with less than 7 expected occurrences
in the genome. Therefore, increasing the maximum seed size kseq above 18 is not likely to contribute to
a significant increase in sensitivity, while it may slightly increase repetitiveness.

In our empirical evaluation, Fig. 3 shows the fraction of MUMs accessed as extensions of kseeq Unique
matches for relevant values of ksxq, @ well as the fraction of bases from the NCBI build 34 genome
which are contained in the accessed MUMSs. Table 5 gives the single coverage and double coverage rates
by MUMs for the same genome for different values of kgeq. Extra columns have been added to show
the incremental gain in the coverage rates for kgeeq OVEr kseeq — 1. INCreasing kseeg beyond 17 brings
diminishing returns, in that equally many repetitive (A DC) and nonrepetitive (ASC) bases are recruited
with each increment, while single coverage increases by only ~ 0.2% of the coverage of the full set of
MUMs.

4.4. Match filtering by context: Chaining

The noise and repeat filtering techniques presented fail in cases where slight differences between other-
wise duplicated regions of the genome generate a deceptively unique match. In addition, our simple noise
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filter cannot be applied to cross-species comparisons, where the expected match length is close to that of
the Bernoulli model. The resulting spurious matches can confound whole-genome alignment algorithms,
by creating false rearrangement events.

Under the long-standing and accepted assumption that matches are more likely to be preserved as a
block, one can use the genomic context to identify off-diagonal events that are likely to be spurious.
Chaining entails selecting a subset of the matches, ordered and oriented, that will guide the construction
of the nucleotide-level alignment. Since the statistical bases of groups of matches are considerably less
developed than those for matches alone, we approach this from a more empirical perspective.

Chaining algorithms have been successfully and efficiently used to select a subset of matches to anchor
the alignment between between two typically orthologous sequences (Eppstein et al., 1992). We introduce
the concept of chaining graph G = (V, E), which has as vertices the set of matches V = (f1,... fin)
connected by directed edges f; — f; that establish precedence relationships, i.e., what match can follow
another in a chain consistent with the target alignment. Each match f; has an associated score score(f;)
equal to its alignment score, and each edge has a connection penalty connect(f;, f;) that approximates
the cost of the unmatched sequence fragments between f; and f; in the overal alignment. A maximum
scoring path, or chain, through the set of matches can then be computed with dynamic programming.

The whole-genome alignment problem introduces new elements into this formulation, such as the need to
account for rearrangement of genomic sequence (translocations, reversals). We consider a scoring scheme
in which every nuclectide match is assigned some positive score M and each type of rearrangement event
receives a penalty. The following is a general framework for a linear scoring dynamic programming-based
chaining model. We consider only exact matches here, but generalizing to other types is immediate.

A match f is completely described by its projections (b1, e1) and (b2, ¢2) and its orientation ori: +1 =
forward (diagonal) or —1 = reverse complement (anti-diagonal). We denote f; — f; if f; “can precede’
f; in the dignment, i.e,, there is an edge between f; and f;. For simplicity, we alow an edge between
fi and f; only if b1 < b; and either b;2 > ¢;2 or e;? < b;? (Fig. 4). (In practice, we may relax the
condition by alowing at most L < kgz overlapping bases between consecutive matches.)

The scoreof apath P = f1 — fo — ... — fy thenis

score(P) = ) score(f;) — » . comnect(fi_1. f;)

i=1m i=2,m
=M= Y length(f;) — O+ Y reversal(fi_1. fi)
i=1m i=2,m
— Rx Z translocation( fi_1, f;) — D * Z diag_diff (f;_1, f;)
i=2,m i=2,m

where

reversal(fi_1, fi) = 1if ori; # ori;—1; O otherwise,

1, if (b2 < bj_1%2 && ori;_1 = 1) or (b;%> > b;_1° && orij_1 = —1)

trandlocation( fi_1, f;) = )
(fi-1. i) {O, otherwise,

N min(C, |bi2 — bt — ei_1? + e;_1Y)), if orij_1 =1
diag diff i-1, fi) = . .
oAt (fi-1. f1) {mln(C, lei® + bit + bi—1® — ei1)), if orij_1 = -1,
where the diagonal difference penalty is capped at C = 100,000 to alow for distant but significant genomic
rearrangements.
Then determining a maximal path entails recursively computing, for every match f;, the score and
components of a maximum scoring path ending in it:

Score( f;i) = max (0, score( f;) + fmax (Score( fi—1) — connect( fi—1, fi)))

i-17>Ji
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FIG. 4. Areas of extension for a chain ending in f1.

Different chaining methods can be obtained by varying the constraints on constructing the graph and the
M, D, O, and R parameters. In practice, we implemented and explored the parameter space for two such
methods.

e Gchain alows translocations and reversals and produces one chain of matches tiling the entire reference
seguence (sequence 1). It is a global method.

e Lchain iteratively builds maximal scoring local chains, then removes the used matches from the original
set, in the end retaining only those chains that score above a threshold 7. To maintain locality, it
disallows edges between matches located farther than C = 100,000 bp apart in either sequence, as well
as reversals and translocations. This approach is local.

The global method is more stringent in its selection of matches, but less computationally demanding, since
the dynamic programming calculation is only invoked once.

We empirically determined a set of parameters that produce a sensitive and specific set of matches, as
follows. The overal contribution of R and O to the score should be small, the two parameters acting
primarily as noise filters. Indeed, larger translocation and reversal effects are reflected in the diagona
difference penalty. Therefore, we can assume R = O = 0. This reduces the problem of finding a good set
of parameters to finding aratio M/ D, or a pair (M, 0), for each of the two methods Lchain and Gchain,
and, in the case of Lchain, an additional score cutoff 7.

We calibrated the parameters on the set of MUMs with minimum length kg, = 40 between chromosomes
17 of NCBI build 28 and build 34. To explore the parameter space for M, D, and T in a finite manner, we
measured the sensitivity and specificity of the subset of matches retained when we ask for the fraction f of
matches in the top-scoring chains, for progressively lower values of f, and for different M, D parameter
choices. Table 6 shows the variation in the single and double coverage for a range of relevant (M, D)
values when f varies from 0.9 to 0.3 in coarse 0.1 increments. When D = 0, the score is completely
determined by the match size, and all methods retrieve the same sets of matches, with scores scaled
by M, hence the variance is 0. We note that all methods perform similarly for a given cutoff with only
small variations, therefore supporting the robustness of the linear-score chaining model. This suggests the
following calibration strategy for Lchain: first select a trade-off between sensitivity and specificity, from
those sampled by the fraction f, and then select the set of parameters M, D and T = T(f, M, D) that
perform the best in that category. For Gehain, which does not depend on T, the parameters are chosen from
among the sampled M, D combinations. For instance, for Lchain, f = 0.8 and f = 0.6 appear as good
choices when sensitivity or specificity are sought, respectively, and M =20, D =1and M =1, D =0
provide the best methods in their categories (data not shown). For Gchain, M = 30, D = 1 is the optimal
combination.
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TABLE 6. RANGES OF VARIATION (i, 0) FOR SINGLE AND DOUBLE COVERAGE FOR VARIOUS COMBINATIONS OF
PARAMETER VALUES (M, D), WHEN SELECTING A FRACTION f oF MUMS FROM ToP-SCORING CHAINS?

Lchain Gchain
f 0.9 0.8 0.7 0.6 05 0.4 0.3 —

D=1, SC n 0.88253 0.84428 0.79364 0.73083 0.65266 0.57406 0.44933 0.86776

o 000091 0.00279  0.00497 0.00521 0.01032 0.00460 0.00763  0.04368

M=110,..., 100 DC n 0.00566 0.00318 0.00162 0.00060 0.00034 0.00020 0.00008 0.00024

o 000017 0.00016 0.00012 0.00026 2.8e—-06 7.2e-06 23e-06 2.2e-05

(bimodal)

D=0, SC u 088100 0.84335 0.79198 0.72808 0.64942 057206  0.44693  0.87834
o 0 0 0 0 0 0 0 0

M=110,...,700 DC u 000544 0.00313 0.00159 0.00039 0.00034 0.00021  0.00008  0.00025
o 0 0 0 0 0 0 0 0

8When D = 0, the score is completely determined by the match size, and all methods retrieve the same sets of matches, with
scores scaled by M. Hence the variance is 0.

The interplay between sensitivity and specificity may change when different types of matches and
different sequence patterns with respect to repetitiveness, granularity, and frequency of rearrangements are
considered, as well as between cross- and same-species comparisons. Therefore, whenever the conditions
change substantially from those above, a recalibration on a subset of matches that is representative for the
entire comparison is needed.

Using the technique of Eppstein et al. (1992), the dynamic programming cal culation becomes O (n logn).
The run time for Gchain for a problem at the scale of the entire human genome is only a few minutes. For
Lchain, where the procedure is applied iteratively, the run time depends on the score threshold selected
and varies from a few minutes to up to 1 CPU day.

5. RESULTS
We applied our methods to the set of MUMs obtained from the comparison of the NCBI build 34
and build 28 assemblies of the human genome, containing 2,865,069,167 and 2,852,918,546 ACGT-bases,

respectively. Table 7 summarizes the results, and Fig. 5 shows the dot plots of matches obtained by using
the various filtration criteria. Raising the length threshold from 20 bp to 40 bp has only small effects on

TABLE 7. DESIGNING ANCHORS FOR THE COMPARISON OF NCBI 28 AND NCBI 34

Parameters # of matches C DC
kgze = 20 657809 0.92362 0.00623
kgze = 40 535602 0.92280 0.00607
kgze = 40, ksgeq = 18 465326 0.92094 0.00392
kgize = 40, kgeeq = 20 471060 0.92116 0.00414
ksize = 40, kggeq = 25 479873 0.92149 0.00447
ksze =40, kpep = 18 4674558 0.69887 2.49e—-05
ksze = 40, kpep = 20 4502206 0.73194 4.28e—05
ksze = 40, kpep = 25 4011643 0.77924 8.49e—05
kgze = 40, kRep =30 3293565 0.80765 1.33e-04
kgze = 40, kRep =40 2100126 0.83940 2.65e—04
kgze = 40, Gechain, M =30, D =1 451719 0.88753 1.06e—04
ksize = 40, Lchain, M =1, D=0 492325 0.83528 4.72e—04

kgze = 40, Lchain, M =20, D =1 494130 0.89155 0.00190
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FIG. 5. Dot plot representations of MUMs between NCBI 34 and NCBI 28 in an 800 kb region on chromosome X,
using various filtration criteria.

the sensitivity and specificity, since the weak uniqueness of the MUMSs is sufficient to eliminate most of
the short spurious matches. By restricting the MUMs set to only those obtained by extending a unique
kseeq-mer seed, the amount of duplicated sequence in the matches decreases by almost a half, with only
a dlight effect on sensitivity. This suggests that suffix-tree and hash index-based approaches, the former
generating MUMSs and the latter producing matches starting from unique k-mer seeds, are equally powerful
in creating a good starting set of matches. Quantitatively, the choice of kgeq Within the 18-25 interval
has only marginal effects. Applying the repeat filtering rule considerably increases the specificity, by two
orders of magnitude, however at a loss of sensitivity. Nevertheless, a large portion of the lost matches can
be regained in a future alignment stage. Lastly, chaining algorithms can be very effective in reducing noise
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and repetitiveness while maintaining a high coverage of the genome with matches. In particular, applying
Gchain in two stages, with each of the two sequences in turn used as reference, has the same potential
to eliminate repeats as the Z-score based repeat filter, while the coverage achieved is substantially higher.
Chaining agorithms are good filter alternatives for cross-species comparisons, where noise filters cannot
be applied. In addition, local chaining methods like Lchain can be highly effective in identifying large
segmental duplications in the genomes.

6. CONCLUSIONS

We addressed considerations of designing a reliable anchor set to guide the construction of a whole-
genome alignment and proposed a suite of efficient match filtration methods inspired by a novel per-base
repeat annotation of the genome, the Z-score, and from the dynamic programming chaining techniques.
Selecting the appropriate parameters for filtering is computationally inexpensive once the main data struc-
tures are computed. This allows deferring the calibration until after the calculation of MUMs and Z-scores,
when a large parameter space can be explored with relatively few resources.

We tested the effectiveness of our techniques on the comparison of two different public assemblies of
the human genome and showed that a large portion (up to 89%) of the genomes can be aligned reliably in
exact matches, with avery low amount of duplication. From this set, we estimate that a good approximation
of the whole-genome alignment of same-species sequences can be constructed relatively easily. It was our
intention to present the reader with a collection of methods which, when used alone or in combination,
and observant to the type of comparison and alignment strategy, provide a good foundation from which a
reliable one-to-one mapping and alignment of whole genomes can be accurately and efficiently built.

APPENDIX

The Poisson approximations using the Chen—-Stein method

By using the Chen-Stein method (Chen, 1975) and a de-clumping technique, Waterman (1995) gives
the limiting distribution of H, with very small error bounds.

Theorem 1. For t = |Ogl/p(n2(1 — p)) + ¢ (some constant),
|P(Hy < 1) = e 0] < (b1 + b2)(L— e *D) i(n, 1),

where A(n, 1) = [(2n — 2t + 1) + (n — 1)2(1 — p)]p’, and

| | 2 |
bi+by=0 ( Og(”)> 0 ((—092(”)> ) +o0 (_096{;”) ,
n n<y n

where y € (0, 3 — 5141, and § € (0, 1/6].

Similarly, the Poisson approximation for R, under uniform Bernoulli model can be obtained.
Theorem 2. For t = login + ¢ (Some constant),
P
|P(Ry < 1) — e D] < (b1 +bp)(L— e D) /1(n, 1),

where 3.(n, 1) = (n — t + D p', and by + bp = 0 (‘™).
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TABLE 8. ESTIMATION OF THE VARIATION OF THE MONTE CARLO METHOD

t fi(t) VVar (1)) t fi(t) VVar ()

15 2.30e—02 9.46e—05 19 9.59e—-01 6.29e—05
16 2.13e-01 3.14e-04 20 9.8%e—-01 1.76e—05
17 5.90e—-01 3.60e—04 21 9.97e—01 4.86e—06
18 8.56e—01 1.78e—-04 22 9.99e-01 1.34e—-06

The Monte Carlo method

For the nonuniform Bernoulli model, the limiting distribution of R, is estimated by using the Monte
Carlo method. Let x bethe set of {A,C, G, T}. Let w = wiwz---w, be aword of length ¢ from set .
Let ¥;(w) be the random indicator

Y;(w) = I (w starts at position i in A),
Yi(w) = Y;(w)(L = Yica(w)) -+ (L= Yip2(w)),
and
Nw) =) Yi(w), [iw)=EYw).

Reinert et al. (2000) prove that N (w) can be approximated by a Poisson distribution with mean 1, (w) =
(n — t + D i(w) using the Chen—-Stein method. Based on that result, we can estimate

PRy <1) =Y i P(N(w) =0[A142- -+ Ay = w) x P(A1Az-- A, = w).

It is computationally unfeasible to evaluate the above summation, and we use the Monte Carlo method to
empirically estimate P(R, < t). We generate ny independent Bernoulli random strings Sq, S2, - -+, Suy
each with length ¢ and get the estimation

. 1 &
P(Ry <t)=-=Y PR, <t|A1Az-- A, = S)).
m i=1

The above procedure iis repeated B times, and thus we have Py(R,, < 1), Pa(R, <1), -+, Pg(Ry <1). Let
w(t) = E(P(R, < 1)) and o2(t) = Var (P(R, < 1)) which can be estimated by /(1) = %Zle Pi(R, <
1) and 62(t) = ﬁZle(ﬁj(Rn < 1) — [u(r))?, respectively. Function fi(¢) is used at the end for
estimating P(R, < ), and Var ((1)) can be estimated by Var (i(1)) = @. Table 8 gives the i(r) and

V Var (fi(t)) based on ny = 2,000 and B = 200 samples.
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