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LARGE COMPOUND POISSON APPROXIMATIONS FOR
OCCURRENCES OF MULTIPLE WORDS

BY GESINE REINERT! AND SOPHIE SCHBATH?

Department of Statistics, UCLA and Unité de Biométrie, INRA, 78352
Jouy-en-Josas, France.
A compound Poisson process approximation for the number of occurrences
of multiple words in a sequence of letters is derived, where the letters are assumed
to be independent and identically distributed. Using the Chen-Stein method, a
bound on the error in the approximation is provided. For rare words, this error
tends to zero as the length of the sequence increases to infinity. As an application
the efficiency of the approximation for the number of occurrences of rare stem-
loop motifs in DNA sequences is illustrated.

1. Introduction. When searching a database for the occurrence of a com-
bination of several words within a sequence, the typical Poisson approximation
used by programs like BLAST is no longer valid, as overlapping words may
be dependent on each other. Here a compound Poisson approximation for the
multiple occurrences of short words within a sequence is derived. Using the
Chen-Stein method for Poisson process approximation, an explicit error bound
for the approximation is given, improving those obtained by Schbath (1995a)
for a single rare word. The approximation error increases with the amount of
overlap between the words. The results are applied to the occurrences of stem-
loop motifs. Another application might be a set of words coding for the same
amino-acid sequence.

In general, consider a finite sequence S of letters chosen independently from
a finite alphabet A. The main example will be the four-letter DNA alphabet
{A,C,G, T} but the results are valid for general finite alphabets such as {0,1} or
the 20-letter amino acid alphabet. An abundant literature exists on the asymp-
totic distribution of the number of occurrences of a single word in such a se-
quence S. A normal approximation, valid for frequent words, is presented by
Prum et al. (1995). A compound Poisson approximation is obtained in Arra-
tia et al. (1990), Geske et al. (1995) and Schbath (1995a) for the number of
occurrences of a rare word, whereas the number of clumps of a rare word is ap-
proximated by a Poisson variable (as a rule of thumb, a word is rare if its length
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is at least of order log n, where n is the length of the sequence). As soon as one
is simultaneously interested in occurrences of different rare words in a sequence,
the asymptotic joint distribution of the different counts is of interest; the nov-
elty in this paper is to provide multidimensional results and to give conditions
for asymptotic independence. The multidimensional approximation and in par-
ticular the asymptotic statistical independence for counts of multiple words is
very useful to study statistical properties of any function of these counts. (Note
that asymptotic statistical independence does not necessarily have a biological
interpretation.)

Instead of using the Chen-Stein method for Poisson process approximation
as stated in Arratia et al. (1990) and refined in Barbour et al. (1992b), a more
direct approach could have been the Chen-Stein method for compound Poisson
approximation, developed by Barbour et al. (1992a), Roos (1994) and Barbour
and Utev (1997), which has been applied in this context to approximate the
count of single words with simple self-overlapping structure in a two-letter al-
phabet [Roos and Stark (1996)], but it is not adapted for a multidimensional
approximation to multiple words.

For non-rare words (short words related to the length of the sequence), a
Gaussian approximation is more appropriate and corresponding results have
been shown: Lundstrom (1990) was the first to derive a multidimensional Gaus-
sian approximation (using the é-method) for a m-tuple of counts; see Waterman
(1995, Chapter 12) for an exposition. Prum et al. (1995) or Schbath et al. (1995)
give an explicit formula for the asymptotic covariance matrix. These results can
be used to construct a Gaussian statistic based on the count of a word family.
Recently, Tanushev (1996) proved the multidimensional Gaussian approxima-
tion for an m-tuple of renewal counts.

The general case where the letters are modeled using a stationary Markov
chain is treated in Reinert and Schbath (1998); Reinert and Schbath (1998) also
give a Poisson process approximation. The purpose of this paper is to treat the
independent case only, meaning that the letters are assumed to be independent
and identically distributed, as under this additional assumption the arguments
and bounds in Reinert and Schbath (1998) simplify considerably.

To approximate the counts of occurrences of words, the “declumping” ap-
proach is used - first the number of clumps of occurrences is counted, and then
the sizes of the clumps are determined. In Section 2, an occurrence of a word
and an occurrence of a clump in a sequence are defined, as well as the number
of occurrences of a word and the number of clumps of a word in a sequence.
Moreover the decomposition of the count of a word with respect to the num-
ber of clumps is introduced; this decomposition is fundamental to proving the
compound Poisson approximation via the Chen-Stein method given in Arratia
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et al. (1990). Next, in Section 3 the compound Poisson process approximations
for counts of m words with not necessarily identical lengths are presented. As
an illustration (Section 4),the count of some stem-loop motifs are studied, like
ATGGCNNNNGCCAT (N denotes any letter in the four-letter DNA alphabet), in a
model for the A-phage genome. We give the expected counts, the error bounds
and the asymptotic distributions. As we will see, the error bounds are very
small, and thus the method provides a useful tool to approximate a collection
of counts.

2. Preliminary notation and the Chen-Stein method. Consider a se-
quence of i.i.d. letters M = {X;}icz on a finite alphabet A, where the letters
{Xi}icz are chosen independently with probabilities P(X; = z) = u(z),z € A;
assume that p(z) > 0 Vo € A. Let u = wjuz---us be a word of length £ on
A. Say that an occurrence of u starts at position ¢ in the infinite sequence M
if XiXit1- - Xiye—1 = urug - - - ug, and denote the indicator random variable of
this event by I;(u). The probability p(u) that u starts at a given position in M
is exactly the expectation of I;,(u) and is given by

p(w) := Eli(w) = pur)p(uz) - - plue).

In the finite sequence § = X; X, - - - X, of length n, the number N(u) of occur-
rences of u in S is defined by

n—~£+1

N(u) = Z Ii(w),

and its expectation is
(2.1) EN(u) = (n — £+ 1)u(w).

2.1. Querlaps and clumps. Occurrences of a word may overlap in S or M.
Through this section the example S = TAAGAAGAAGAAGAAGT and u = AAGAAGAA
is used. In this case, the word u occurs in S at positions 2, 5 and 8. The self-
overlapping structure of a word can be described via the set of principal periods
defined as follows. The lag between two overlapping occurrences of u is said to
be a period of the word u [Guibas and Odlyzko (1981), Lothaire (1983)]. A word
may have several periods; for any word u, the set P(u) of the periods of u, is
defined as

Pu):={pe{l,... £—1}:ui=uip,Vi=1,... ¢ —p}.

The word u is a non-self-overlapping word if and only if P(u) is empty. The
most relevant periods (see for example (2.2) below) are the ones which are
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not a nontrivial multiple of the minimal period. These periods are said to be
principal; let P'(u) denote the set of the principal periods of u. For example
P(u) = {3,6,7} and P’'(u) = {3,7} for u = AAGAAGAA.

In order to study the occurrences of a word u the concept of clumps of a
word u is introduced. A clump of u in a sequence is a maximal set of overlapping
occurrences of u in this sequence; no two clumps of u overlap in the sequence. Say
that a clump of u starts at position 7 in the infinite sequence M if an occurrence
of u starts at position : in M and if this occurrence is not overlapped by a
preceding occurrence of u. Denote the corresponding indicator random variable

by Li(u); i.e.

i—1

L(w) =Lw) [[ (1-Lw).

jmimtt1

The probability ,Ti(y;) that a clump of u starts at a given position in M is exactly
the expectation of I;(u); Schbath (1995a) proved that
(2:2) A(w) :=EL(w) = p(u) — Y puPuw),

pEP'(u)

where u(P) = wjuy - - - u, is the word composed of the first p letters of u.

Here is the sketch of the proof for equation (2.2). A clump of u starts at
position ¢ in the sequence if and only if there is an occurrence of u starting at
position 7 and there are none of the u(P) starting at i — p where p € P(u). In
fact, it suffices to exclude the occurrences of all the u(?) at i — p where p is only
a principal period of u. Thus

Ti(u) = Li(w)T {Npepi(w){no occurrence of u'® starts at i — p}}
= Li(u) (1 — T {Upepr(u){an occurrence of u® starts at i — p}})

One can then show that the events {an occurrence of u(P) starts at 1—p} for p €

P’(u) are disjoint, meaning that any two of them cannot occur simultaneously
[Schbath (1995b)]. This leads to

E(y) Z Li_p(u (p)

PEP'(u)

Z I u(”)u

PEP!(u
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equation (2.2) then easily follows.
Now define N(u) as the count

n—£+1

Nw):= Y Tw),

=1

so that N (u) represents the number of clumps of u in the infinite sequence M
but starting in S. Its expectation is

EN (w) = (n — £+ 1)fi(u).

For 1 <1 < ¢ — 1 the definition of Tf,(_u) involves in particular the letters X
with s — £+ 1 < j < 0. In practice, only the sequence § = X;X;... X, is
observable, and the observable number of clumps, denoted by N*(u), may be
different from N (v). In the above example, in S there is a unique clump of u
starting at position 2 and ending at position 15, and X; = T ensures that this
observable clump is a real one in the infinite sequence. This might not be the case
if the first letter X; was a G. The quantity of interest is N*(u), the observable
number of clumps, but here we will work with the count N (u) instead, since it
is easier and the boundary effect can be controlled. Indeed, P(N*(u) # N(w)) is
an upper bound on the total variation distance between N*(u) and N(u) [see,
e.g., Barbour et al. (1992b)], and

s

-1

P(N*(u) # N(u)) < ]P’(]I,-(g) =1,I(u)=1for some j=i—£€+1,... 71— 1)

~ -,
|
-

(1) = 11 p(w) = 1 or some p € P(1) )

3

~ -
[l
—_

g

i
_-

Li(u) = 1,L;_,(u) = 1 for some p € P’(g))

~
|

P(I;_p(uPu) = 1 for some p € 'P'(y))

1

0—-1) Y pPu) = (¢ -1)(u(w) - Aw).

-.
I

<

—~

As we think of p(u) as being such that nu(u) is bounded as n tends to in-
finity (the rare word condition), the above probability is very small for large
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n. Therefore, N *(u) can be approximated by N (u); as approximate N (u) is
approximated, the approximation for N*(w) follows.

Remark 1. If u is not self-overlapping, meaning that u has no period, then
A(u) = p(u) and N*(u) = N(u) = N(w).

2.2. Clumps of different sizes. Now we distinguish clumps of different sizes.
The size of a clump of u is the maximal number of overlapping occurrences of
u contained in the clump. In the above example, the unique clump is of size
3. The structure of a clump can be complex, depending on the self-overlapping
structure of the underlying word. Let Ci(u) be the set of all the concatenated
words composed of exactly k overlapping occurrences of u. For example,

Ci(u) = {AAGAAGAA},

Cao(u) = {AAGAAGAAGAA, AAGAAGAAAGAAGAA} and

Cs(u) = {AAGAAGAAGAAGAA, AAGAAGAAGAAAGAAGAA, AAGAAGAAAGAAGAAGAA,
AAGAAGAAAGAAGAAAGAAGAA}

for u = AAGAAGAA. Note that the length of two k-clumps may differ a lot, and
that the size of Cx(u) increases exponentially with & whenever u has more than
one principal period. In fact,

ICi(w)] = |P'(w)|*

[see Schbath (1995b)].

Say that a k-clump of u starts at position 7 in the infinite sequence M if and
only if a clump of u starts at position ¢ and this clump is composed of exactly
k overlapping occurrences of u. Denote the corresponding indicator random
variable by I, x(u); Schbath (1995a) proved that its expectation is

Fi(w) = EL k(u) = (1 — A(w)*A(u)* " u(w),
where
(p+1)

(2.3) = 3 st = Y A AR

pEP!(u) J=1 PEP!(u)
The derivation of (2.3) is similar to the one of (2.2). Note that

(2.4) S ielw) = f(w)

k>1

(2.5) Z ki (w) = p(w).
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Moreover, define Ni(u) as the count
(2.6) Ni(w) = Z T (w),

so that ]Vk (u) represents the number of k-clumps of u in the infinite sequence
M but starting in S. Again, because of the boundary effects, the count N (u)
defined by

(27) N(w):= ) kNe(u)

k>1

is not equal to the count N(u) of u in the finite sequence S, but their difference
is negligible. As they can differ only if a clump in M overlaps positions 1 or n,
the same techniques as for the number of clumps give that the total variation
distance between N(u) and N(u) is bounded by

(28)P(N(w) # N(w) <2(¢-1) Y p(uPu) = 2(£ - 1)(u(w) — fi(w)).

PEP!(u)

The counts N(u) and N(u) have the same expectation because of (2.5). Now
focus on N(u) to apply the Chen-Stein method.

Remark 2. If u is not self-overlapping, meaning that u has no period, then
fir(u) = p(u), ae(w) = 0Vk > 2, and N(u) = Ni(u) = N(u).

2.3. The Chen-Stein method. The Chen-Stein method is a powerful tool
for deriving Poisson approximations and compound Poisson approximations in
terms of bounds on the total variation distance. For any two random processes
Y and Z with values in the same space F, the total variation distance between
their probability distributions is defined by

drv(L(Y),£(Z)) = sup IP(Y € B) - P(Z € B)|

= sup |Er(Y)—Er(Z)|,
h:E—[0,1]

where B and h are assumed to be measurable. The Chen-Stein method for
Poisson approximation has been developed by Chen (1975); a friendly exposition
is in Arratia et al. (1989, 1990); an exhaustive description with many examples
can be found in Barbour et al. (1992b). We will use Theorem 1 in Arratia et al.
(1990) with an improved bound by Barbour et al. (1992b) (Theorem 1.A and
Theorem 10.A).
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Theorem 1 (Arratia et al. (1990), Barbour et al. (1992b)). Let I be an
index set. For each o € I, let Y, be a Bernoulli random variable with p, =
P(Y, = 1) > 0. Suppose that, for each o € I, we have chosen B, C I with
a € B,. Let Z,, a € I, be independent Poisson variables with mean p,. The
total variation distance between the Bernoulli process Y = (Yo, € I) and the
Poisson process Z = (Zq,a € I) satisfies

drv (L(Y), £(Z)) < by + by + bs,

where

(2.9) bi=> Y EY.EY,

aEI ﬂeBa

(2.10) be=Y Y E(YaY)

a€l BEBq,f#a

bs =) E|E{Ya ~ palo(Ys, ¢ Ba)}.
a€l

We think of B, as a neighborhood of strong dependence of Y,. Intuitively,
b, describes the contribution related to the size of the neighborhood and the
weights of the random variables in that neighborhood; if all Y, had the same
probability of success, then b; would be directly proportional to the neighbor-
hood size. The term b, accounts for the strength of the dependence inside the
neighborhood; as it depends on the second moments, it can be viewed as a “sec-
ond order interaction” term. Finally, b3 is related to the strength of dependence
of Y, with random variables outside its neighborhood. In particular, b3 = 0 if
Y, is independent of o(Yj, 8 ¢ B,}.

One consequence of this theorem is that for any indicator of an event, i.e.
for any measurable functional A from E to [0, 1], there is an error bound of the
form |ER(Y)—Eh(Z)| < drv(L(Y),L(Z)). Thus, if T(Y) is a test statistic then,
forallt € R,

[P(T(Y) > t) = P(T(Z) > t)] < by + by + bs,

which can be used to construct confidence intervals and to find p-values for tests
based on this statistic.

3. Occurrences of m words of different lengths.

3.1. Notation. Now consider m different words u,,u,,... ,u,, of length ¢,
4, ..., Lm, respectively;

YUp = UpilUr2- - Ure,, V7re{l,...,m}
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Assume that
(A) Vr # 1/, u, is not a substring of any composed word in Cy(x,.) .

Clumps of u, and clumps of u,, may overlap in the sequence. Assumption (A)
guarantees that a clump of u, and a clump of u,, can overlap on at most
max{/,, £} — 1 letters. Heuristically, if v, and u,, do not satisfy Assumption
(A), the approximation of their counts by independent Poisson variables should
not be valid.

In order to describe the possible overlaps between two words u, and u,.,

define
Py, u) :={pe{l,... .4y — 1} t tpr; = Uy iyp, foralli =1,... £, — p}.

Under Assumption (A) , if p € P(y,,u,s) then p > ¢, — £,, and the last (£, — p)
letters of u, are equal to the first ({, — p) letters of u,, (u, can overlap u,
from the right). Note the lack of symmetry; for example, for u = AAGAAGAA and
v = AAGAATCA, it follows that P(u,v) = {3,6,7} and P(v,u) = {7}.

For a bound on the error in the compound Poisson approximation, the fol-
lowing quantities, defined for all r and r' € {1,... ,m}, are needed.

(3.11) M(y,,u,) =1(r #7') Y —(}—p)‘

PEP (u,,1,1) ﬂ(_r' )
R(u,,up) = (n =& + D){(6r — Dp(y, )iy ) + (6 — 1)(u, ) p(z,)

(3.12) (20, + 20 — 3)i(w, fi(u,.)}
T(y,u,) = (n — b + Dpa(u, () {206 + b = 2) + M(u,,1,.)
(313) +M( Upry U r)}

The quantity M(u,,u,/) can be seen as a measure of the overlapping struc-
ture between u, and w,,. If u, and u,, cannot overlap, M (u,,u,,) equals zero;
otherwise, the more they can overlap from the right, the larger is M(u,,u,.).
The quantities R and T correspond to the quantities R and T in Reinert and
Schbath (1998). It will turn out that R is used to describe the “neighborhood
size term” by, whereas T describes the “second order interaction term” b,, when
applying Theoren 1.

Moreover introduce the set of possible words of length £ — 1 preceding a
clump of u;

Gu)={g=91---ge1: for all p € P(u), ge—p- - ge—1 # u(p)}_
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Similarly, D(u) is the set of words allowed after a clump of u;
D(u) ={d=di---dp1:Vp € P(u),di--dp # te—pt1 - ue}.

Recall that Ci(u) is the set of all the concatenated words composed of exactly
k overlapping occurrences of u. Thus, a k-clump of u starts at position ¢ in
the infinite sequence M if and only if one of the words gCd, where g € G(u),
C € Ci(u) and d € D(u), occurs at position 7 — £ + 1. From Schbath (1995a),
no two different C and C’ in Ci(u) can occur simultaneously at position 3.
Therefore,

Tin(y,) = > Liot11(gCd).
geg(ﬂr)Ygeck(ﬁr)VieD(gr)
Note that
(3.14) Yo we0) =YD e (w) = pw).

k21 geg(u), C€Cr(y) k21 k*2>k

3.2. Results. Enumerate the elements of Cx (v, ) from C; to Cipi(, yk-1. Select
the index set

I={(@,rkc):1<i<nr=1,... mk=12,...,.c=1,...,|P(u)|*}.

For each (¢,7,k,c) € I, define the Bernoulli process i = (ﬁi,,,k,c))(i,,,k,c)e 1 by

i\;’(i,r,k,c) = Z Li—e,+1(gCcd).

9€G(u,),d€D(y,)

Thus }A’/'(,-,,,k,c) equals 1 if and only if a specific clump C, of size k of word u,
occurs at position 7 in the sequence. Furthermore define the Poisson process
Z = (Zirkc)irkc)el by having independent components and each component
being Poisson distributed with mean ]E}N/(;,,,k,c). We think of Z; , x . approximating
the indicator random variable ?(i,r,k,cr

For (i,7,k,c) € I, choose as neighborhood

-Bi,r,k,c = {(j,’f", k,’ Cl) € I: "'lQ'| _er’ - gr + 3 S ] -1 S IQC| +€r +£r’ - 3}

Theorem 2. Under Assumption (A) and with the notation (3.12) and (5.13),

we have
drv (L@, L@) £ Y (Rl ) + Tl )}

1<r,r'<m
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Let (Zlgr))kZI,re{l,...,m} be independent Poisson variables with expectation

]EZ,ET) = (n — 4, + 1)x(u, ). From Theorem 2 and Equation (2.6), the following
corollary is easily obtained.

Corollary 1. Under Assumption (A) and with the notation (8.12) and (3.13),

we have

dTV<£((Nk k>1 7TEe{l,.. })7‘C((ZIET))ICZI,TG{I,...,m}))

Z {R Upy Uy +T(ur’ur’)}

1<r,r'<m

Now let CP(") denote the compound Poisson distribution of Y k>t kZ,E') .
From Theorem 2, Equation (2.7) and Inequality (2.8), we have the following
two corollaries.

Corollary 2. Under Assumption (A) and with the notation (3.12) and (3.13)

we have

(1) dTv<C(N(g1), oy N(uy,)), CPV ... ® Cp(m)>

< Z {R ur’ur’ +T(ur’ur’)}

1<r,r'<m

(ir)  drv (E(N(yl), ..., N(u,,)),CPV @ ... ® CP("‘))

< > {R(uu) + Ty u,) +22£—1 — Bi(uy,)).

1<r,r’<m
Let (Zk)k>1 be independent Poisson variables with expectation
EZy =300 (n — & + Die(y,)
and let CP denote the compound Poisson distribution of } =, kZ
Corollary 3. Under Assumption (A) and with the notation (3.12) and (3.13),

we have

drv (c (szv(w) ) S (Rl u) + T u)}

1<r,r'<m

+23 (6 = 1) (p(y,) - i(y,))-
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Note that the compound Poisson distributions defined in Corollaries 2 and
3 reduce to simple Poisson distributions if every u,, r = 1,...,m, is a non
self-overlapping word.

Poisson approximations should be good for rare events. Here, rare words
mean that EN(u,) is bounded away from 0 and oo for r = 1,... ,m; we use
the notation EN(u,) < 1. For a fixed alphabet, this asymptotic framework is
equivalent to 4(u,) < %, and £, < logn because

() (mim p(2)) ™ < () < ) (g o))

If EN(u,) < 1, then T(u,,u,,) X n"tlogn + (M (u,,u,/) + M(w,,u,))n"', and

ine (£(8), £(2)) <0 (n~"ogn) + 0 (DM( o) + Mt ,>>n-l) |

r#r!

Therefore, if u, and u,, cannot overlap too much for r # ' (this is measured
by M(u,,u,) + M(u,,u,)), the error bound is very small for large n. In the
extreme case where u; = AAA---AAA and u, = TAA---AAA, both of length ¢,
we have M(uy,u,) = 352} u(A) =< p(A)~lo8" 5o the error bound may fail to
converge to zero as n tends to infinity. This conﬁrms the intuition that, because
of considerable overlaps, the occurrences of u, and u, should not be independent
even asymptotically.

3.3. Proof of Theorem 2. Our task consists now in bounding b; and b, given
in (2.9) and (2.10). For any C € Ci(u,) it follows that |C| < k(¢, — 1). This
motivates the introduction of the set
(3.15) Bi,k,k',r,r' = {] € {1, e ,n} :

i— K+ —1)+4 —1<j<i+(k+ 1) —1)+ 4 — 1}

for each fixed i,r, 7', k, k', c,c, thus {7 : (4,7, K',¢') € Birkc} C Bikit -

Bounding b;: We have
_S- E ]EYi,r,k,c]EYj,r’ k!
(ivr’kyc)el (jvrl klvcl)EBi,r,k,c

n—£{r+1

Y YY)

rr'=1kk'>1 =1 jJEB,; \ x/ rr

m

<D (n—b+1)

rri=1
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x A (ur )i (up ) (R + 2) (6 — 1) + (K" +2) (6 — 1) + 1),
where B; ki1, is defined in (3.15). Now use (2.4) and (2.5) to obtain

by < Y (n— L+ D{(l — Dp(u, i) + (b — i, )po()

+(26 + 240 — 3)pi(u, )iy, )}

| Bounding by: To bound b, write

by = Z E EY JT’ICIC/ = Z bl(uﬂ Uy

@i,k c)€I (5,0 k! ,¢')EB; p k, \{(3:7.k\C) } rr/=1

with

n—~{r+1

b’ (u,, u) Z Z Z EY e Voo o o

i=1  kk'>1 j:(j,r' k' ,¢')EB; p ke \{(i,m,k\C) }

Now distinguish two cases: The first one when the k-clump starting at 7 and the
K'-clump starting at j overlap in M, and the second one when the clumps do
not overlap but the “enlarged clumps” - including the (¢, — 1) preceding letters
and the (¢, — 1) following letters of the clumps — overlap. Write C = C_, and
C' = C,, for convenience.

1. First consider the case when C and C’ overlap in the sequence, that is,
Je {Z+'Q|_£1‘a ,Z+'Q|—1}U{l— I_QI|+1, 77:— LQII'*'Er’}

Let b}, (u,, u,.) denote the quantity corresponding to this case. Since two clumps
of u, cannot overlap in the sequence, the composed words C and C' starting at
i and j cannot overlap. Therefore we may restrict ourselves to the case r # r'.
First focus on j > 1. If C and C’ overlap, Assumption (A) ensures that only the
last occurrence of u, in C overlaps with the first occurrence of u,, in C’. The
last occurrence of u, in C starts at position ¢ + |C| — ¢,. An occurrence of u,,
starting at position j may overlap u, at i + |C| — 4, only if j =i+ |C| =4, +p
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with p € P(y,,u,.). Therefore,

1‘7 1‘

n—~fr41 ’+|Q|_1

Y Y OY Y Eien@Cdlgm(gCd)

=1 kk'>1 g_eg(y_r) _g_leg(gr’) j=i+lg_‘—lr
deD(u,) d'€D(y,)
CeCi(y,) C'€Cri(u.)

n—4£,+1

Z Z Z Z ZM"—frH(_g_q)l[i+lg—fr—€r:+p+l(Q'C'd')

=1 kZI g(-‘ﬁr) g(Er’) p(ur’-lir’)
k'>1 Ci(u,) D(un)
Ck'(-q-r’)

n—£r+1

Z Z Z Z ELi—,41(9C) Lit (g0 4p(trr) ;

=1 k>1 g€G(u )pe‘P(_r,_r,)
CECk(u,.)

the last inequality comes from summing over d', &/, g C’', d', and then using

that i,'+|g|_£r+p(gr,) < Liyig-t,4p(%,). Now, gC starting at 1 — £, + 1 and u,
starting at 7 4+ |C| — £, + p overlap at most on (£, — 1) letters; thus

/’L(gr’)
)P

Finally, using (3.14) and applying the same reasoning to j < ¢ yields

ELi—t,41(gC)Liticl-tr +p(ur) < 1(gC)

(3.16)  by(uysup) < (n = £ + Dpul, () (M (s wpr) + M (20, %,))

where M is given by (3.11).

2. gCd and ¢'C'd’ overlap in the sequence (at most on ¢, + £,» — 2 letters), but
C and C’ do not overlap, that is,

Je{i=|C =4ty -4, +3,... i —|CI}U{e+|C],...,i+|C|+ 4 + ¢ — 3}
Denote the corresponding quantity by bj,(u,,u, ). For the case that j > 7 it
follows

n—~fr+1 i+|C|+er+£,, -3

Z Z Z Z EI; _¢,41 (gg_@ij,k'(ur')

=1 kk'21 geG(u,),deD(y,)  I=it(C]
CeCr(y,)
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n—{+1 i+|Cl+4r+£,. -3

< >y Y ELigi(90)k(u,)

i=1 kK21 geg(u,)  i=itlCl

CeCr(y,)
n—l,-+1 1+|Q|+lr+lr1_3
S50 3 SIS SRTECR
=1 k21 gegG(u) j=i+|C]|
CECr(u)

The case j < 1 is treated analogously. Summing and using (3.14) leads to
(3.17) bya (U, up) < 2(n — & + 1) (b + Lo — 2)p(u, ().
Combining (3.17), and (3.16) gives by(u,v) < T(u,v). [ ]

4. Application. To illustrate the goodness of the approximation for col-
lections of words in DNA sequences, consider motifs on the four-letter DNA
alphabet A4 = {A,C,G, T} having the structure

(4.18) ajay - a,(N)sa, - - - @z ay,

where the integers r and s are fixed, and a; € A for ¢ = 1,...,r. Here N
represents any letter in the alphabet A, (N); denotes s consecutive, possibly
different letters N, and for each 7 = 1,... ,r, @ is the complementary letter of a;
(A is the complementary letter of T and vice versa, and C is the complementary
letter of G and vice versa). For example, the motif AGGCNNGCCT is such a motif,
involving the collection of the sixteen words (AGGCabGCCT), pe 4 of length 10.
These motifs are particularly interesting because of their possible stem-loop
structure; the prefix aja, - --a, could form a stem with the suffix @, ---a; a7,
leading to a loop of length s as shown by Figure 1. Such a structure may lead to
errors when the polymerase replicates the genome. This phenomenon can also

occur with RNA sequences.

N~N
AGGC \

AGGCNNNNNGCCT A NN N
TCCG_ N-N

Fic. 1. Stem-loop structure

To assess its extent, the number of occurrences of these motifs in a DNA se-
quence are approximated. The number of occurrences of the motif AGGCNNGCCT,
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for instance, is denoted by N(AGGCNNGCCT) and can be easily obtained by sum-
ming the numbers of occurrences of each word AGGCabGCCT, a,b € A:

N(AGGCNNGCCT) = »  N(AGGCabGCCT).
a,beA

The expected count of AGGCNNGCCT in a sequence is

EN (AGGCNNGCCT) = Y EN(AGGCabGCCT),
a,beA

where the right-hand terms are given in (2.1). Using Corollary 3, we calculate
the error bound for approximating the count N(AGGCNNGCCT) by a compound
Poisson variable Y k>1 kZk such that the Z,’s are independent Poisson variables
with expectation

EZ: = Y (1 - A(AGGCNNGCCT))® A(AGGCNNGCCT)* ' EN(AGGCNNGCCT),
a,be A

where A is given in (2.3).
In the application below, a sequence of length n = 48502 on the alphabet A
is considered, with the letter probabilities

(4.19) u(A)=.2544 u(C)=.2342 u(G)=.2643 u(T)= .2471.

These values correspond approximately to the genome of the bacteriophage
Lambda.

Table 1 gives the expected counts in the sequence of the motifs AGGCGCCT,
ATGCGCAT, ATGGCGCCAT, and ATTGGCGCCAAT; the first two nonzero digits are
given. Note that inserting N’s in the word does not change their expected
count, so that the expected count of AGGC(N)sGCCT, for example, equals the
expected count of AGGCGCCT, which is 0.72. All the above motifs have a very small
expected count, which is in agreement with the rare word condition. Naturally,
the expected counts decrease with increasing sequence length.

For a stem of fixed length, increasing the size s of the loop does not change
the order of the bound substantially; it only gently increases. For computa-
tional reasons we restrict our study to loop sizes less or equal than 3, even
though relevant biological loop sizes are slightly larger. This result is particu-
larly interesting since increasing s means enormously increasing the number of
words in our family, which is of course penalizing.

Comparing the results for the motifs AGGC(N),GCCT and ATGC(N),GCAT, the
bounds for ATGC(N),GCAT are larger because of its more complicated overlapping
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TABLE 1
Ezpected counts of some stem-loop motifs, in a sequence of length 48,502 of i.i.d. letters generated by

(4-19)

expected count

AGGCGCCT
ATGCGCAT
ATGGCGCCAT
ATTGGCGCCAAT

0.72
0.73
4.5e-02
2.8e-03

structure. Consider, for instance, the motif ATGCNNNGCAT; Figure 2 describes the
different possible overlaps that can occur between two words belonging to this
motif. Let v and v be two words belonging to the ATGCNNNGCAT family; the set
of periods P(u,v) is then necessarily equal to either {5,9} (16 pairs) or {9}
(4% — 16 pairs). Moreover, the set P(u) is equal to {9} for all words in the motif.

AT GCabdb c G C

AT G C a

o — = >
Q@
aQ Q

AT
T GC d ¥V ¢ G C AT

A
T
9
A
A

T b G C A T

Fi1G. 2. Self-overlaps of the family ATGCNNNGCAT

In contrast, P(u) = @ for all words u in the AGGCNNNGCCT family. Figure 3
describes the possible overlaps between two words of the AGGCNNNGCCT family.
Among all the pairs (u,v) in the AGGCNNNGCCT family, only 16 pairs have a
nonempty period set P(u,v), which in this case equals {5}.

A G G C a

ct— > >

G G
G G

c C T
c ¢CTbH G CCT

Fi1G. 3. Self-overlaps of the family AGGCNNNGCCT

A motif composed of words with many overlaps between themselves will pro-
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duce large quantities M and hence large quantities 7' (given by (3.13)). The
overlapping structure of a motif has an important influence on the error bound
through the terms T'. This explains the larger bounds for ATGC(N),GCAT.

However, Table 2 shows that adding just one letter to the stem of the motifs
ATGC(N),GCAT, in such a way that the high overlapping structure of the matif
is preserved, for instance yielding ATGGC(N),GCCAT, is sufficient to reduce the
global error bound considerably to the order of 107¢. Adding another letter
leads to an error bound of order 1072 for ATTGGC(N),GCCAAT. This illustrates that
the approximation improves with increasing word length, i.e. with decreasing
expected count of the motif (see Table 1).

Now focus on the weight of each of the three terms appearing in the global
error bound given by Corollary 3. The three terms correspond, respectively, to
the bounds of by, by, and the boundary effect calculated in Section 3. Table 2
gives the bound for each term and for the motifs AGGC(N),GCCT, ATGC(N),GCAT,
ATGGC(N),GCCAT, and ATTGGC(N),GCCAAT, s varying from 1 to 3. It is obvious
that the boundary effect is negligible and decreases smoothly as s increases. On
the other hand, b, and b, are the main terms, and their bounds are about of the
same order. These bounds increase very slightly while increasing the loop size
s, leading to a small increase of the global error bound. Note that there is no
boundary effect for AGGC(N),GCCT, s = 1,...,3; the explanation is that these
motifs are composed of non-self-overlapping words (see (2.8)).

TABLE 2
Weight of the different terms involved in the global error bound for the compound Poisson approzi-
mation of some stem-loop motif counts, in a sequence of length 48,502 of i.i.d. letters generated by

(4-19)

by ba boundary effect global bound
AGGCNGCCT 4.4e-04 3.4e-04 0 7.8e-04
AGGCNNGCCT 5.4e-04 4.3e-04 0 9.8e-04
AGGCNNNGCCT 5.4e-04 7.7e-04 0 1.3e-03
ATGCNGCAT 4.5e-04 6.2e-04 1.4e-08 1.0e-03
ATGCNNGCAT 5.1e-04 7.3e-04 7.0e-08 1.2e-03
ATGCNNNGCAT 5.6e-04 1.1e-03 1.1e-09 1.7e-03
ATGGCNGCCAT 2.1e-06  2.7e-06 6.9e-11 4.8e-06
ATGGCNNGCCAT 2.3e-06 3.1le-06 1.9e-11 5.5e-06
ATGGCNNNGCCAT 2.5e-06 4.7e-06 5.2e-12 7.3e-06
ATTGGCNGCCAGT 1.0e-08 1.2e-08 3.3e-13 2.2e-08
ATTGGCNNGCCAGT  1.1e-08 1.3e-08 9.0e-14 2.4e-08
ATTGGCNNNGCCAGT 1.1e-08 1.4e-08 2.4e-14 2.6e-08

In Reinert and Schbath (1998), corresponding bounds are calculated for
the case that the sequence is not composed of i.i.d. letters but generated by a
stationary Markov case. In comparison, the bounds for the independent model
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are orders of magnitude smaller.

Acknowledgment: The first author would like to thank the organizers for the
opportunity to present this paper. Moreover we would like to thank Michael
Waterman and Terry Speed for very helpful discussions. Finally the anonymous
referees deserve thanks for many useful suggestions.

REFERENCES

ARRATIA, R., GOLDSTEIN, L. and GorDON, L. 1989. Two moments suffice for Poisson approxima-
tions: the Chen-Stein method. Ann. Prob. 17 9-25.

ARRATIA, R., GOLDSTEIN, L. and GorpoN, L. 1990. Poisson approximation and the Chen-Stein
method. Statistical Science 5 403-434.

BARrBOUR, A. D., CHEN, L. H. Y. and LoH, W.-L. 1992a. Compound Poisson approximation for
nonnegative random variables via Stein’s method. Ann. Prob. 20 1843-1866.

BARBOUR, A. D., HoLsT, L. and JANsON, S. 1992b. Poisson approzimation. Oxford - University
Press.

BARBOUR, A. D. and UTEv, U. 1997. Compound Poisson approximation in total variation. Preprint.

CHEN, L. H. Y. 1975. Poisson approximation for dependent trials. Ann. Prob. 8 534-545.

GESKE, M. X., GODBOLE, A. P., SCHAFFNER, A. A., SKOLNICK, A. M. and WALLSTROM, G. L.
1995. Compound Poisson approximations for word patterns under Markovian hypotheses.
J. Appl. Prob. 32 877-892.

GuiBas, L. J. and OpLyzko, A. M. 1981. Periods in strings. J. Combinatorial Theory A 30 19-42.

LOTHAIRE, M. 1983. Combinatorics on words. Addison-Wesley.

LunpsTrOM, R. 1990. Stochastic models and statistical methods for DNA sequence data. Ph.D.
Thesis, Department of Mathematics, University of Utah.

PruM, B., RopoLPHE, F. and TURCKHEIM, E. DE 1995. Finding words with unexpected frequencies
in DNA sequences. J. R. Statist. Soc. B. 57 205-220.

REINERT, G. and Schbath, S. 1998. Compound Poisson and Poisson process approximations for
occurrences of multiple words in Markov chains. Preprint.

Roos, M. 1994. Stein’s method for compound Poisson approximation: the local approach. Ann. Appl.
Prob. 4 1177-1187.

Roos, M. and STARK, D. 1996. Compound Poisson approximation of the number of visits to a small
set in a Markov chain. Preprint.

ScHBATH, S. 1995a. Compound Poisson approximation of word counts in DNA sequences. ESAIM:
Probability and Statistics. 1 1-16.(http://www.emath.fr/ps/).

SCHBATH, S. 1995b. Etude asymptotique du nombre d’occurrences d’un mot dans une chaine de Markov
et application d la recherche de mots de fréquence exceptionnelle dans les séquences d’ADN.
PhD thesis, Université René Descartes, Paris V.

SCHBATH, S., PRuM, B. and de TURCKHEIM, E. 1995. Exceptional motifs in different Markov chain
models for a statistical analysis of DNA sequences. J. Comp. Biol. 2 417-437.

TANUSHEV, M. 1996. Central limit theorem for several patterns in a Markov chain sequence of letters.
Preprint.

WATERMAN, M. S. 1995. Introduction to computational biology. Chapman & Hall.

DEPARTMENT OF STATISTICS UNITE DE BIOMETRIE, INRA
UNIVERSITY OF CALIFORNIA 78352 JOUY-EN-JOSAS
Los ANGELEs CA 90024 FRANCE

REINERT@STAT.UCLA.EDU SOPHIE.SCHBATH@QJOUY.INRA.FR





