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Abstract

Background: Analysis of sequence composition is a routine task in genome research. Organisms
are characterized by their base composition, dinucleotide relative abundance, codon usage, and so
on. Unique subsequences are markers of special interest in genome comparison, expression
profiling, and genetic engineering. Relative to a random sequence of the same length, unique
subsequences are overrepresented in real genomes. Shortest words absent from a genome have
been addressed in two recent studies.

Results: We describe a new algorithm and software for the computation of absent words. It is
more efficient than previous algorithms and easier to use. It directly computes unwords without
the need to specify a length estimate. Moreover, it avoids the space requirements of index
structures such as suffix trees and suffix arrays. Our implementation is available as an open source
package. We compute unwords of human and mouse as well as some other organisms, covering a
genome size range from 0% down to 105 bp.

Conclusion: The new algorithm computes absent words for the human genome in 10 minutes on
standard hardware, using only 2.5 Mb of space. This enables us to perform this type of analysis not
only for the largest genomes available so far, but also for the emerging pan- and meta-genome data.

Background

Sequence statistics and unique substrings

Word statistics is a traditional field of genome research.
For word-length 1, GC-content is a basic characteristic
noted for each organism, and dinucleotide relative abun-
dance profiles provide a reliable genomic signature [1].
Dinucleotide content also distinguishes natural RNA from
random sequences [2]. Trinucleotide (codon) usage can
reliably predict bacterial genes [3] even in the presence of
horizontal gene transfer. Short palindromic words mark
the characteristic sites of restriction enzymes in bacteria,
and are therefore under represented in bacterial genomes

[4]. A theory of over- as well as under-represented words
has been laid out in [5,6].

Unique words are of particular interest. They provide
sequence signatures, and microarray probes are often
designed to match them. Unique sequences from several
genomes exhibiting a perfect match serve as reliable
anchors in a multiple genome alignment [7]. Recently,
Haubold et al. [8] addressed the problem of efficiently
computing shortest unique substrings (using their termi-
nology) in a sequence, and provided a program called
SHUSTRING for this purpose. Using this program, they
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found that there is typically much more unique sequence
in a genome than one would expect in a random sequence
of the same length. While this observation by itself is not
a surprise, given the repetitive nature of genomes, their
approach and software allows to quantify this fact. Fur-
thermore, they found unique words to be significantly
clustered in upstream regions of genes in human and
mouse.

Absent words

One may take such investigations farther and investigate
words that do not occur in a genome. We suggest the term
"unwords" for shortest words from the underlying alpha-
bet that do not show up in a given sequence.

A first approach at the unwords problem was recently pre-
sented by Hampikian and Andersen [9]. Their motivation
was to "discover the constraints on natural DNA and pro-
tein sequences". However, there is no evidence that such
constraints exist. The absence of certain shortest words in
a sequence data base, no matter what (finite) size it has, is
a mathematical necessity. Speculations about negative
selection against certain words have been refuted convinc-
ingly in [10]. There, it is shown that human unwords com-
puted in [9] can be explained by a mutational bias rather
than negative selection.

Still, there is twofold interest in the capability of effi-
ciently computing unwords.(1) Statistically, it is interest-
ing to see how length and number of unwords in a given
genome deviates from expectation in random sequences.
(2) Practically, it is useful to know all the unwords when
a genome or chromosome is to be extended by insertion
of foreign DNA. Combinations of unwords can directly
serve as tags that are guaranteed to be unique in the mod-
ified DNA sequence.

Software for unwords computation

Unfortunately, the software presented in [9] is slow and
difficult to use: It reads Genbank files rather than the more
space efficient Fasta format — and space matters a lot when
dealing with genomes as large as human and mouse. It
runs an internal conversion routine for over 50 minutes
before starting unwords computation. The program gen-
erates an excessive number of files that may break your file
systems. The C code is platform dependent and internal
constants must be adapted. Finally, the human unwords
data computed with the program according to [9] appear
to be incomplete (and hence incorrect).

In order to make unwords computation possible in an
efficient and reliable way, we present here a new algo-
rithm and the software implementing it. Efficient compu-
tation of unwords can be done from an index data
structure such as a suffix tree or an (enhanced) suffix array
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[11]. For example, in [8] a suffix tree was used to compute
unique substrings. In fact, our first unwords-program was
an extension to the VMATCH software [12], which is
based on enhanced suffix arrays. However, index data
structures must be built in memory and are space-con-
suming. Hence, we developed a direct approach that
works more efficiently, because the overall sequence need
not be kept in main memory. Computing the unwords of
the human genome, for example, takes about 10 minutes
computation time on a Linux PC with a single 2.4 MHz
CPU. The space requirement is 2.5 megabytes.

In this article, we describe the new program UNWORDS
and report its application to the genomes of human,
mouse, and other organisms, covering a genome size
range from 10° down to 105 bp.

Results

Problem statement

Let X be a finite alphabet of at least two letters. Let |X|
denote the cardinality of X. In genome analysis, X = {a, ¢,
g t} and |Z| = 4. A word is a sequence of letters from the
alphabet. The terms "word" and "sequence" are equiva-
lent, but are used here to indicate that a word is short and
a sequence is long. |w| denotes the length of a word. If |w|
= ¢, we speak of a g-word.

A word w over X is an unword of a sequence G if (1) it does
not occur as a substring of G, and (2) all words over X
shorter than w do occur in G. Note that the unword length
is uniquely defined for a given genome G.

The built-in minimality requirement in this definition is
motivated by the fact that when w is an unword of length
g in G, it has 2|X| one-letter extensions that also do not
occur in G. Therefore, asking for missing words longer
than g would introduce a substantial proportion of redun-
dant results.

Similar to shortest unique substrings, the length of
unwords is expected to increase with genome size. For
fixed unword length, the number of unwords is expected
to decrease while |G| increases. Given G, let g be the
unword length. It is easy to see that 1 < g. To derive an
upper bound on ¢, let w be a shortest unique substring in
G and let € = |w|. Consider the following cases:

o If jw| = |G|, then for any a € %, wa is an unword. Hence
q<|wal =€+ 1.

o If |w| < |G| and w is not a suffix of G, then wa occurs in
G for exactly one letter a. Hence wb for any b € X\{a} is an
unword. This implies g < |wb| = € + 1.
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o If jw| < |G| and w is not a prefix of G, then aw occurs in
G for exactly one letter a. Hence bw for any b € ¥\{a} is an
unword. This implies g < |wb| = € + 1.

Thus we conclude 1 <g <€ + 1.

The problem of unword analysis of a given sequence G (typ-
ically a complete genome) is to determine all unwords of
G. The double-stranded nature of DNA lets unwords
always show up in complementary pairs, as each word
present implies the presence of its Watson-Crick comple-
ment on the opposite strand. Sometimes, however, an
unword is self-complementary, and hence a "pair" repre-
sents only a single word. Therefore, we report unword
numbers rather than numbers of pairs (in contrast to [8]).

Computation of g-word statistics for small q is straightfor-
ward. Efficient computation of unwords when ¢ is
unknown, however, requires more advanced techniques.
Our unword analysis algorithm is described in the section
on computational methods.

Unword statistics

The unword analysis problem is mathematically well
defined. Unwords must exist for any sequence. The inter-
esting question is their size and number, compared to
what one would expect given the alphabet size and the
length of G.

Let w be a word of length |w|, w [i] the i-th letter in w, G a
genomic sequence and P [w [i]] the relative frequency of
nucleotide w [i] in G. The probability for w to occur by
chance (i.e. at a fixed position in a random sequence s of
the same composition and length as G) is then

IP’[w]=H‘ifl‘ Plw|i]]. The expectation value for (the

number of occurrences of) winsis E [wins]|~ P[w]-|G|.

Calculating the probability for a word not to occur in a
specific sequence is quite difficult and not much literature
is available. Following Rahmann et al. [13], a good
approximation of the probability can be given using the
expectation value. A Poisson Distribution is expected for
word counts in a genomic sequence, which is
't
k!
the number of occurrences of the word w. Now let k = 0.
Then

P[X,, =k]= e ) with A(w) = E [w in s], and k

P[X, =0]=1-¢7'®

The expected number N of g-words that do not occur is
therefore
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N ~ |2 |de-Aw)

As an example, for a random sequence G of length
3.1-10° and an unword w of length 14 and typical com-
position, we obtain a probability of 1.40082- 105 for w
not occurring in G. Still, the expected number of unwords
of length 14 is 2590.798, while for length 13, it is only
5.823108 - 10-13. For even shorter unwords, it is practically
zero.

Unwords algorithm

For convenience, we map each of the four letters of the
DNA-alphabet to an integer in the range 0 to 3 as follows:
a=0,c =1,g =2, t =3. Moreover, for any fixed value
g, we use a standard method to map each possible g-word
to a number in the range [0, 49 - 1]. That is, we define

J 4(w) = 2?:1 wli]- 47 for any g-word w. In other words,
g-words are mapped to their rank in the corresponding
lexicographic order. Substrings in G containing at least
one wildcard (e.g. N) are ignored. The integer value ¢, (w)
serves as an index into a bit table Q such that for all
sequences w of length g we have: Q,[¢, (w)] = 1 ifand only
if w occurs as a substring in the genome G. Let |Q,| denote

the number of 1-entries in Q,

Initially we set all bits in Q, to 0. This requires O( % )

time, where w is the computer word size. Then we sweep
a window of width ¢ over G from left to right. For the first
window G [1..q] we determine the integer code ¢, (G
[1..9]) as defined above in O(g) time. For each of the
remaining n - ¢ windows, say at start position i + 1, we
compute ¢, (G[i + 1..i + g]) in constant time from ¢, (G[i..i
+ ¢ - 1]) according to the following equation:

j o(Gli+1.i+q])=( ,(Glii+q-1])-47" Gli])- 4 +Cli +q]

Thus the computation of the n - ¢ + 1 integer code requires
O(n) time. The multiplication and addition in can be
implemented by fast bit-shift and bit-or operations. If j is
the current integer code and Q, [j] is 0, then we set Q_ [j]
to 1 and increment a counter of the number of 1-entries
in Q.. This can be done in constant time. Note that once

|Q,| = 49, we can stop scanning G. While the time require-

ment of this algorithm is O( n+ % ) ituses O(1) + 2q +

Page 3 of 9

(page number not for citation purposes)



BMC Bioinformatics 2008, 9:167

44 bits of space, as only g consecutive letters in G need to
be stored in memory.

If|Q,| = 49, i.e. all 49entries in Q, are 1, then we know that
all possible g-words occur in G. Hence there is no unword
of length ¢ in G. On the other hand, if after processing all
g-words in G, |Q,| < 49, there are some unwords of length
q. If additionally [Q, | = 441, then we know that g is the
smallest value such that unwords of length g exist. The
unwords can easily be computed by determining all j such
that Q, [j] = 0. Given j, one determines the corresponding
g-word w satisfying ¢, (w) = j in O(q) time. Thus the
unwords are enumerated in O(4! + gz) time where z is the
number of unwords.

Let g* be the smallest value such that there are unwords of
length g*. Consider the possible range of values for g for
a given genome length n. Let gmax = flog, (n + 1)1 Then

49" — g8 DT 5 s oo g™ +1. Note that

G contains n - gma + 1 substrings of length gmax. Hence G
is too short to accommodate all possible gmax-words and
therefore there are some unwords of length gm2x. Thus g*
< gmax, j.e. we can restrict the search for g* to the range [1,

qmax] .

There are basically two strategies to determine ¢*. The first
strategy (linear search) starts with ¢ = 1 and increments ¢
until [Q,| <49. Then g* = . The space requirement is O(1)
+2¢* + 49* and the running time is

. & q o ) g +
o(41 +q*z)+zo[n+4w]:0(4" +4°2)+O0(qg'n)+ 0O 4 ” ,
q=1

where z is the number of unwords. Note that we have

Y e S A
n>49'=4_ >4
42

under the realistic assump-

tion that the machine word size w is at least 42. Hence n
dominates the last term in (4). Thus the overall running
time for the linear search is O(49* + g* (n + z)).

The second strategy determines g* by a binary search in
the range [1, gm2x], as described in Table 1. The strategy is
optimal in the sense that it tests a minimal number of pos-
sible values of g before it arrives at g*. Unfortunately, a
value q' determined in line 8 of Table 1, may or may not
be modified later in the loop, which means that one has
to store the corresponding table €. or recompute it later.

The running time of the binary search is
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Table I: Algorithm for computing q* by a binary search
strategy.

|: determine sequence length n
2« |

3ir<log,(n+1)

4: while | <r do

g« (I+n)/2

6: compute Q

7. if || < 49then

8 g <q

9: Qe Qg

10: r<—q-|I

Il: else

12: l—q+1

13: endif

14: end while

15:q* <« q'

16: Qg — Qe

17: for all j € [0, 49 - 1] do
18: if Qi []] = 0 then

19: print w such that g (W) =
20: endif
21: end for

max _;

047 +q°z) +log, ¢™*(n + MT) . Its  space

requirement is O(1) + 2gmax+ 479"

Testing

We used our first implementation (based on suffix-arrays)
of an unwords algorithm to cross-validate the program
presented here. Applied to the human genome, both algo-
rithms (which are completely independent) produce the
same set of unwords. This makes us sure that our set of
104 human unwords is indeed complete, in contrast to
the 80 unwords reported in [9]. (If a smaller genome
assembly or repeat masked sequences were used in this
earlier study, more rather than less unwords should have
been detected.) We computed unwords for six eucaryotic
genomes: Homo sapiens, Release NCBI36 [14], Mus muscu-
lus, Release NCBIm36 [15], Drosophila melanogaster,
Release 5.1 [16], Caenorhabditis elegans, Release WS170
[17], Neurospora crassa [18] and Saccharomyces cerevisiae,
Release SGD1.01 [19], including nonchromosomal
sequences which could not be assigned to a chromosome.
Additionally, unwords for two bacterial genomes were
calculated: Staphylococcus aureus subsp. aureus strain
MSSA476, Refseq number NC_002953 and Mycoplasma
genitalium, Refseq number NC_000908, as well as for two
Archaea genomes:

Thermococcus kodakarensis, Release KOD1 [20] and Meth-
anocaldococcus jannaschii, Release DSM 2661 [21]. Table 2
gives a summary of genome sizes and unword lengths and
numbers. In Table 3, we show the unwords computed
from the human genome. We also indicate the number of
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Table 2: Genome sizes (including sequences not assigned to a chromosome), the logarithm of the genome size to the base of 10,
length and number of unwords of the analyzed genomes

Organism Genome size log,o |G| llog, |G| #unwords length
H. sapiens ~ 3.1 Gb 9 15.8 104 Il
M. musculus ~ 2.7 Gb 9 15.7 192 Il
D. melanogaster ~ 132 Mb 8 13.5 104 Il
C. elegans ~ 100 Mb 8 133 2 10
N. crassa ~ 34 Mb 7 12.5 2262 Il
S. cerevisiae ~ 12 Mb 7 11.8 4 9
S. aureus ~2.79 Mb 6 10.7 248 8
T. kodakarensis ~2.08 Mb 6 10.5 | 8
M. jannaschii ~ .66 Mb 6 10.3 3 6
M. genitalium ~ 0.58 Mb 5 9.6 5 6

Table 3: Unwords for the human genome and their expected number of occurrences. The four words which are also unwords for the
mouse genome are shown in a box.

accgat acgcg 153 accgttcgtcg 153 acgaccgttcg 153 acgat cgt cgg 153
acgcgcgat at 221 acggt acgt cg 153 agcgt cgt acg 153 at at cgcgcgg 153
at at cgcgcegt 221 at cgt cgacga 221 at gt cgcgcga 153 cat at cgcgcg 153
ccgaat acgcg 153 ccgacgat cga 153 ccgacgat cgt 153 ccgat acgt cg 153
ccgcgcegat at 153 ccgt cgaacgc 106 ccgttacgtcg 153 cgaacggt cgt 153
cgaat cgacga 221 cgaat cgcgta 221 cgaccgat acg 153 cgacgaacgag 153
cgacgaacggt 153 cgacgcgat ac 153 cgacgcgtata 221 cgacggacgt a 153
cgacgt aacgg 153 cgacgt accgt 153 cgacgt at cgg 153 cgat cgtgcga 153
cgattacgcga 221 cgattcggcga 153 cgcgacgcat a 153 cgcgacgttaa 221
cgcgcat aat a 319 cgcgcgat atg 153 cgcgct at acg 153 cgcgt aacgcg 106
cgcgt aat acg 221 cgcgt aat cga 221 cgcgt at cggt 153 cgcgtattcgg 153
cgcgttacgceg 106 cgctcgacgta 153 cggt cgt acga 153 cgt acgaaacg 221
cgtacgacgct 153 cgtat acgcga 221 cgt at agcgcg 153 cgt at cggt cg 153
cgtattacgcg 221 cgtcgactatc 221 cgt cgct cgaa 153 cgtcgttcgac 153
cgttacgegtc 153 cgtttcgtacg 222 ctacgcgtcga 153 ctcgttcgtcg 153
gacgcgt aacg 153 gat agt cgacg 221 gcgcgacgtta 153 gcgcgt accga 106
gcgttcgacgg 106 ggt acgcgt aa 221 gtatcgcgtcg 153 gtccgagcgta 153
gt cgaacgacg 153 taacgt cgcgc 153 tacgcgattcg 221 tacgcgcgaca 153
tacgct cggac 153 tacggt cgcga 153 tacgtccgtcg 153 tacgt cgagcg 153
t agcgt accga 221 tatacgcgt cg 221 tat cgcgt cga 221 tatgcgtcgeg 153
tattatgcgcg 321 tattcgcgcga 221 tcgacgcgat a 221 t cgacgcgt ag 153
t cgat cgt cgg 153 tcgattacgcg 221 t cgcacgat cg 153 t cgccgaat cg 153
tcgcgaccgta 153 tcgcgacgt aa 221 tcgcgcgaat a 221 t cgcgcgacat 153
tcgcgt aat cg 221 tcgcgt at acg 221 t cggt acgcgc 106 tcggt acgcta 221
t cgt acgaccg 153 t cgt cgacgat 221 tcgtcgattcg 222 tgtcgcgcegta 153
ttaacgtcgcg 221 ttacgcgtacc 221 ttacgtcgcga 221 ttcgagcgacg 153
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Table 4: GC content of Human, Mouse, Drosophila melanogaster,
Caenorhabditis elegans, Saccharomyces cerevisiae, Staphylococcus
aureus and Mycoplasma genitalium as well as the GC content of
the associated unwords.

occurrences expected for each unword - if the genome
was a random sequence, which of course is not the case.
Deviation of GC content in unwords is summarized in
Table 4. Unwords for the other genomes are given in

Organism Genome GC% Unword GC% Tables 5, 6, 7, 8,9, 10, 11, 12.

H. sapiens ~ 38 ~ 45-72 Conclusion
M. musculus ~40 ~ 54-72 Genomic unwords may not have a functional meaning,

D. melanogaster ~ 40 ~ 45-90 . . .

C. elegans ~ 35 ~ 80 but they do have relevance in practice and in theory.
S. cerevisiae ~38 ~ 89100 When plannipg experiments such as l.arge scal.e mutagep-

S. aureus ~33 ~ 50-100 esis [22], a high number of markers is to be included in
M. genitalium ~32 ~ 66-100 the inserted DNA. Such markers should be disjoint from

each other and from the original genome. Given (say) 100
unwords of length 11, we can directly compose 10,000

Table 5: Unwords for the Mouse genome.

aacgcgt at cg
acgacgt acgg
acgcgt cgcga
at cgacgcgcg
attacgcgcga
ccgat acgcgce
ccgt acgt cgt
cgacgcgt aac
cgat acgccga
cgat cgt cgca
cgcgaccgat a
cgcgat at cac
cgcggt acgat
cgcgtcgatta
cggcgt cgt aa
cgt accgcgat
cgt at cgcggt
cgtcgttacge
cgttgcgecgaa
gcgcgat acga
gt at cgcgt cg
gt gat at cgcg
t acgcgcgaat
t agcgacgcegt
tatcggcgcga
t cgacgttcgt
tcgcgecgat a
t cgcgt acgac
t cgt acgcgag
tcgtttcgegt
ttacgcgtcga
ttcgtacgcga

aat cgcgcgat
acgattcgacg
acgcgtcgcta
at cgcgegatt
attacgcgegg
ccgcgat acga
ccgt cgaat cg
cgacggat acg
cgat acgcgt t
cgat t cgacgg
cgcgacgcaat
cgcgat at ccg
cgcgt aacgt a
cgcgttagtcg
cgggcgt aacg
cgtacgaccgg
cgtccgatcga
cgttaacgtcg
cgttgcgtcga
gcgcgt acgac
gt cgcgaact a
gttacgcgtcg
tacgct cgtcg
tagttcgcgac
tat cggt cgcg
t cgat cggacg
tcgcgcgat ga
tcgcgtccgta
tcgt at cgcgce
t gcgacgat cg
ttatcgcgcgg
ttcgtatcgceg

acccgcgt acg
acgat t cgcgt
acggt cgt cga
at cgcggt acg
attacgt cgcg
ccgcgegat aa
cgaatttcgcg
cgacgt aacgc
cgat agt cgcg
cgat t gacgcg
cgcgacgt aat
cgcgat at gcg
cgcgt at cggg
cgct cgacgt a
cggt cgaacgt
cgt acgat cgc
cgt cgaat cgt
cgttacgcecg
ct aacgcgacg
gcgcgt at cgg
gt cgcgegat a
taaccgcgcga
t acggacgcga
tat acgcgcgg
t cat cgcgcga
t cgcgacgaaa
tcgcgeggtta
tcggcgt atcg
tcgtat cgcgg
ttaacgcgacg
ttatcgcgtcg
tttcgacgegt

accgcgat acg
acgcgaaacga
acgttcgaacg
at cgt accgeg
attcgcgegta
ccgcgcegt aat
cgacgagcgt a
cgacgtt aacg
cgat cgacgcg
cgcat at cgcg
cgcgactatcg
cgcgat cggt a
cgcgt caat cg
cggacgtcgta
cggt cgacgat
cgt acgcgggt
cgt cgacgagc
cgttacgcgeg
ct cgcgat acg
gcgt aacgacg
gt cgt acgcga
t aat cgacgcg
t acgt cgagceg
t at cgcgcgaa
t cgacgaccgt
t cgcgacgagt
t cgcgegt aat
tcggt acgcga
t cgt cgaacga
ttacgacgccg
ttcgcgcaacg
tttcgtcgcga

acgaacgt cga
acgcgaat cgt
acgttcgaccg
at cgt acgccg
attgcgt cgcg
ccgecgegt at a
cgacgcgat aa
cgact aacgcg
cgat cgcgt aa
cgccgat t acg
cgcgat acgaa
cgcgcegt aacg
cgcgt cacgt a
cggat at cgcg
cgt aat cgcga
cgtat ccgtcg
cgtcgcgttaa
cgtt cgaacgt
ctcgcgt acga
gcgttacgtcg
gt cgt acgcgc
taccgat cgcg
tacgt gacgcg
t at cgcgcgac
t cgacgcaacg
t cgcgacgcegt
tcgcgtaccga
t cggt cgaacg
tcgtcgtatcg
ttacgcgatcg
ttcgcgcgata

acgacgcgat a
acgcgt cgaaa
actcgtcgcga
at cgt cgaccg
cccgat acgeg
ccggt cgt acg
cgacgcgat ac
cgat acgacga
cgat cgt acga
cgcgaaattcg
cgcgat acgac
cgcgcegt cgat
cgcgtcgatcg
cggcgt acgat
cgt aat cggeg
cgt at cgcgag
cgtcgegttag
cgttcgaccga
gcgat cgt acg
gct cgt cgacg
gtcgtatcgeg
tacgacgt ccg
tacgttacgcg
t at cgcgt cgt
t cgacgcgt aa
tcgcgattacg
t cgcgt acgaa
t cgt acgat cg
tcgttcgacga
ttacgcgcgaa
ttcgcgegt aa
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Table 6: Unwords for the C. elegans genome.

acccccccag ct ggggggat

markers of length 22 which have a guaranteed Hamming
distance from the genome of at least 2. From this supply
of candidates, markers can be selected according to other
criteria such as melting temperature.

Unwords analysis is fast enough to be applied to the large
mammalian genomes. and even to larger data sets result-
ing from ultra-fast sequencing projects. The fact that the
genome sequence need not be kept in main memory
makes the program applicable to even larger data volumes
in pan- or meta-genome projects. For demonstration, we
have applied our program to a recent version of the NT-
database (all non-redundant GenBank+EMBL+DDBJ+PD
B sequences, 21,789,632,349 bp). It requires 136 minutes
and 40 MB of main memory to compute all 15,560
unwords of length 14. A further interesting application

Table 7: Unwords for the D. melanogaster genome.

http://www.biomedcentral.com/1471-2105/9/167

would be for genomic fragment data. In meta-genome
projects based on ultrafast sequencing technology,
unwords analysis may prove useful in monitoring cover-
age.

Unwords, by definition, always have a fixed length (say k)
in a given genome. Longer absent words may also be of
interest. They are easily determined with our program:
Adding all unwords as additional sequences to the
genome and re-running the program, it will produce all
absent words of length k + 1, since they are the unwords
of the extended genome.

No evidence has been collected for selection against spe-
cific words in a genome-wide fashion. Naturally, unwords
tend to have atypical CG content in the AT-rich genomes
we studied (see Table 4). CpG methylation and subse-
quent mutation favors unwords containing CG dinucle-
otides, and leads to an overabundance of their mutated
variants [10]. These observations suggest that length and
number of unwords, and in particular their deviation

acccct aggga
acct agcgcegce
acgcgct aggt
act aggt accg
agt at aggccg
ccccacgegtg
cccggt agggt
ccct acggggce
cctacgegtca
cct at aggccg
cgcggggt acc
cggccct ageg
cggggcccgac
cggtcctatcc
cgt gcct aggg
ctctacgtagg
gacct aggt ac
gccct acgggg
gcgegt acggg
gct agggt acc
ggggt acccgce
ggt acggccegt
gt aacgcggac
gtcggtcccta
t agcgggacgt
tctaacgtccc

acccctctacg
acct agcgegt
acggccegt acc
aggcccgegeg
at agcgggcect
ccccggect ag
cccggt ct agg
ccctaggcacg
cct acgt agag
cgcgcgggcect
cgcgtagtcta
cggcct at act
cgggt agact ¢
cgt agaggggt
ct agcgacccg
cttaacgcggg
gacgct agggce
gccctagegt c
gcgct agcgeg
ggat aggaccg
ggggt acgege
ggt agggccge
gtacct aggtc
taccct accgg
t agggaccgac
tct agt aggt c

acccggt aggg
acctagcgtga
acgggaggttc
aggcccgct at
cacgcgt gggg
ccccgt aggge
cccgtacgege
ccggt agct ag
cct agaccggg
cgcgcet agege
cgct agggecg
cggcct at agg
cgggt cgct ag
cgtccgt agca
ct agct accgg
gaacct cccgt
gagt ct acccg
gcgcgcet aggt
gcggecect acc
ggcct agecgeg
ggt accccgeg
ggt ccct cacg
gtccgegttac
t agact acgcg
t cacgct aggt
t gacgcgt agg

accctaccggg
acctaggtctg
acgtcccgcta
agggt acgecg
cagacct aggt
cccgegttaag
ccctaccgggt
ccggt agggt a
cctagggt ccg
cgcgcet aggece
cggaccct agg
cggcgt accct
cggt acct agt
cgt gagggacc
ct aggccgggg
gacct act aga
gccccgt aggg
gcgegt accce
gcgggt accce
gggacgtt aga
ggt accct age
ggtccgegeta
gt cgggeccecg
t agcgcggacc
t ccct aggggt
t gct acggacg
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Table 8: Unwords for the S. cerevisiae genome.

ccccgggga  cgecccccg  cggggggcg tccccgggg

Table 9: Unwords for the S. aureus genome (strain MSSA476).

aacccccce acacgggg accccgceg acccgggc acccgggg accggcgg
acgccggyg acgcgggce acggcccg acgggacc acgggccc acgggggy
act ccggg act cgggc agcccggg agccgagg aggccccc aggccccg
aggceccgg aggggggg at ccgggg cacggaga cacggggc cacggggg
cagcgggg caggccgc caggccgg cagggccg ccacggag cccacgga
cccagggg cccececcc ccccccct ccecececgce cccecccegt cccecggg
cccecegtg ccccgagg cccegcegce cccegcetg ccccggag ccccggat
ccceggcec ccceggceg cccegggce cccecgggt ccccegt gt cccct ggg
cccgaggg cccgcagg cccgceggag cccggagce cccggagt cccggcegt
cccgggag cccgggcec cccgggct cccggggag ccct aggg ccctccge
ccctcggg ccgagagc ccgecccg ccgeeggt ccgecgecce ccgcgegg
ccgcgggce ccggaccg ccggeccg ccggecga ccggecgg ccggectg
ccggceggce ccgggagce ccgggceceg ccgggcect ccggggag ccgggggc
ccggt cag cctcagcg cctccgeg cctccgga cctcgeeg cct cggag
cct cggcet cct cgggg cctgcgygg cgaccccc cgagcccc cgagcctc
cgagct cg cgcceccga cgcccegce cgcccgeg cgccgggce cgccgggy
cgcgegga cgcgegge cgcggagg cgcggeceg cgcgggcea cgcgggcg
cgcggggt cgctcccg cgct gagg cggacccce cggacccg cggagacc
cggagccg cggagggc cggccccce cggccccg cggcccga cggcccgce
cggcccgg cggccctc cggccct g cggccgac cggccgeg cggcgagg
cggcgecce cggcgcecg cggcgggc cggctccce cggct ccg cgggaccc
cgggagag cgggagcc cgggagceg cgggcececg cgggceegg cgggccegt
cggggceac cggggcecg cggggcct c€ggggcgg cgggggcc cgggtccg
cggt ccgg ctaccccc ctcccegg ctcccggy ctccgacc ct ccgagg
ctccgegce ctccggag ctccgggg ctccgt gg ctcggecc ct cgggac
ctcgggcce ctctcccg ctgaccgg ctggcccce gaggct cg gagggccg
gatcccta gcceccccc gccecccegg gccecegtg gcccgagt gcccgcecc
gccegcecg gcccgcege gccegcegg gcccgcegt gcceggceg gcccgggc
gcccgogg gcccgggt gccctcceg gccgcecgg gccgegeg gccggcecc
gcgagccc gcgcggag gcgcgggce gcgcggagg gcggaggg gcggceccce
gcggcecgce gcggectg gcggctcc gcgggceceg gcggggcg gcgggggg
gcggtccc gctcccgg gct ccggg gctctcgg ggactccc ggagccgc
ggccagga ggccccceg ggcccgag ggcccgga ggcccggg ggccggga
ggccgagg ggctcccg gggaccgce gggagccg gggagtcc gggat ccc
gggcccegt gggccgag gggccgcea gggccggce gggcgcecg gggcgcegg
gggcgggce gggctcge ggggccag ggggcecgce ggggctcg gggggccg
gggggcct gg9gggggc 99999999 9gggggtt gggggt ag gggggt cg
ggggtccg gggtaccc gggt cccg gggtccga ggtcccgt ggt cggag
ggtctccg gt cccgag gt cggccg gtgccccg t agggat c tcccggece
tccgegeg t ccgcgga t ccggagg t ccgggece t ccot ggg tcctggece
t cggaccc t cggccga t cggccgg t cgggccg t cggggcg tctccgtg
tgcececgeg t gcggccce
Table 10: Unwords for the M. jannaschii genome. Table | 1: Unwords for the T. kodakarensis genome.
cgatcg gcgcgc gt cgac tactagta
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Table 12: Unwords for the M. genitalium genome.

ccggece cgcgcyg ctcgga

ggccgg tccgag

from expectation in random sequences, are statistical
footprints of the process of real genome evolution. Math-
ematical models or reconstructions of genome evolution
should be tested whether they produce a similar footprint.

The program UNWORDS is available from the Bielefeld
University Bioinformatics Server [23]. While online use is
restricted to sequence uploads of at most 5 Mb, the
UNWORDS source code is available at [24], which has no
such restriction.
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