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A program for building ontig sa�olds in double-barrelled

shotgun genome sequening

�

Jo~ao Carlos Setubal

y

Renato F. Wernek

z

Abstrat

We desribe a program that builds ontig sa�olds from ontig assemblies, to be

used in a whole-genome sequening projet. Our program builds sa�olds based on

forward/reverse pair information (both from small lones, suh as plasmids, and from

large lones, suh as osmids). The program assumes that a DNA assembly, preferably

with large repeats masked, is available. A sa�old is a path in a weighted graph, and

the main novelty of our approah is a areful weighting sheme for ars in this graph,

suh that heavier paths represent more reliable sa�olds. This weighting sheme takes

into aount the presene of repeats, possible lone dupliation, existene of di�erent

lone libraries, and hybrid (small lones mixed with large lones) links between ontigs.

The program provides two di�erent algorithms for sa�old building: one that uses a

simple greedy strategy, and one that produes sa�olds that orrespond to paths of

maximum weight. If jN j is the number of ontigs and jLj is the number of F/R pairs,

the omplexities are O(jN j + jLj log jLj) (greedy) and O(jN j

2

+ jLj log jLj) (maximum-

weight path). This program has been suessfully used in several baterial genome

projets.

1 Introdution

There seems to be a general agreement that the most eÆient way to sequene the whole

genome of a prokaryote is by doing shotgun sequening. This tehnique was �rst e�etively

demonstrated in the genome of Haemophilus inuenzae [4℄, and has been used many times

sine. We assume knowledge of this tehnique. The problem with using only shotgun

reads is the possible presene of long repeats in the genome. When one uses a \standard"

assembly software suh as phrap [5℄ to assemble a genome using only shotgun reads, repeats

an ause the following problems:

1. Some ontigs may be misassembled.

�
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2 J. Setubal and R. Wernek

2. Two distint regions that are very similar to one another may be merged into one

(this is a ollapsed repeat).

Example of misassembled ontigs:

� result of inorret assembly:

{ A{rrr{B . . . C{rrr{D

where A{rrr{B and C{rrr{D are ontigs, and rrr is a repeat.

� orret assembly: A{rrr{D . . . C{rrr{B.

Example of ollapsed repeat:

� result of inorret assembly:

1. A{rrr{B{C{sss{D

2. sss{E{F{rrr

� orret assembly: A{rrr{B{C{sss{E{F{rrr{B{C{sss{D (note that the atual re-

peat is rrr{B{C{sss).

Other examples of problems in assembling in the presene of repeats are presented by

Myers et al. [8℄.

To explain one way to deal with these problems we need the onept of a forward-reverse

pair (F/R pair for short). A given lone an be sequened from either end. One end results

in the forward read and the other results in the reverse read. Given that sequeners an

read about 800 bp of sequene, then if the lone is larger than, say, 2 kb, the sequenes

derived from the end reads will not overlap. This information an be used to \virtually"

link ontigs when read F from a lone is in one ontig and read R is in another ontig,

and eah is \pointing" to the other (relying on F/R pairs in an assembly projet is also

known as double-barrelled sequening, and has been desribed in [9℄). This information an

also be used to span repeats, as follows. In addition to obtaining shotgun inserts loned in

plasmids (whose size is no more than 5 kb) the target DNA is ut in larger piees. These

fragments an be loned in osmids (where average insert length is about 40 kb) or in BACs

(average length 100 kb). This means that these lones are able to span any repeats that

might reasonably be expeted in prokaryotes. One then sequenes only the ends (but both

of them) of these large inserts. One then ould use an assembly software that would take

into aount the fat that ertain reads belong to lones that are a ertain distane apart

(the F/R pairs), and therefore deal orretly with repeats.

1

There are many assembly programs available. Three popular ones are: Staden [1℄,

phrap [5℄, and ap3 [6℄. Staden and phrap do not use information from F/R pairs in

determining ontigs. ap3 does, but in a limited fashion. This paper desribes a program

that an be used in onjuntion with any assembly program to build a sa�old of a genome

1

For an alternative way of handling repeats, whih relies mainly on read disrepanies, see [7℄.
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based on F/R pair information. A sa�old in this paper is an ordered sequene of ontigs

given by links provided by F/R pairs. The use of F/R pair information is done in a muh

more areful way than either in ap3 or in phrap (whih does produe ontig sa�olds

as part of its output, when F/R information an be dedued from read names). On the

other hand, being an add-on to an assembly program our program relies on some manual

intervention to be of any pratial use in a real genome projet. The program has been

suessfully used in the Xanthomonas axonopodis pv itri genome projet [2℄ in the following

way:

1. All reads are assembled using phrap.

2. Repeats are identi�ed by omparing ontig sequenes to one another (several tools are

available for this; one is ross math [5℄). Even ollapsed repeats an be identi�ed,

beause usually di�ering anking sequenes will ause parts of the repeat to separate,

as shown in the example above.

3. After the longer (� 400 bp, i.e. larger than the average length of a read) repeats have

been identi�ed, a new whole assembly should be done, but sreening (masking) the

reads for those repeats.

4. Our program is applied on the resulting ontigs.

In the remainder of this paper we desribe the model upon whih our program is based

and the sa�old onstrution algorithms. Setion 6 provides doumentation for the program.

2 Overview of Model and Algorithms

In this setion we provide an overview that will be detailed in the following setions.

We model the problem of building a sa�old by the problem of �nding paths in a

weighted direted graph. In this graph, nodes represent ontigs and an ar exists between

nodes u and v if there is at least one F/R link between the orresponding ontigs. Given

the assembly output, it is relatively straightforward to build suh a graph, but one has to

be areful with read and ontig orientation. One has also to deal with the possible many

F/R links between two nodes, and this is a ruial part of our program.

The novelty of our approah is in determining ar weights. The idea is that the weight

of an ar (u; v) represents the degree of on�dene that we have that its u and v ontigs are

indeed linked. Therefore, the program has a preproessing step in whih all F/R links for

eah pair of nodes are arefully analyzed. The result of this analysis is the weight of the

ar, and is based on a simple soring sheme.

Path �nding an be done by two di�erent algorithms, at the user's hoie. In one of

the algorithms (alled mwp), we determine maximum weight paths in the graph G. This

algorithm assumes G is ayli. In the presene of repeats or errors the kind of graphs we

build would not neessarily be ayli. We use our weighting sheme to throw away ars that

would make G yli. In the other algorithm (alled gp) we greedily build vertex-disjoint

paths by seleting heavier edges �rst.
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3 Ar List Constrution

In this setion we desribe in detail how the list of ars between nodes is onstruted based

upon the DNA assembly and F/R link information.

A basi aspet of this onstrution is that it relies on naming onventions for the reads

used in the assembly. This means that it is ruial for our program that most (but not all)

read names do orrespond to the atual physial lones. It is well known that this pratie

is subjet to a number of errors, but this problem is beoming less of a onern with the

inreased use of apillary sequeners. We require three piees of information from a read

name: the lone end whih it ame from (either forward or reverse), the lone library whih

it ame from, and whether it is an slone or an llone (see below). Most genome projets

nowadays inlude suh information in read names.

Another basi aspet of our onstrution is that it makes a distintion between small

lones and large lones. We de�ne an slone as an F/R pair derived from a small lone

(� 5 kb); and an llone as an F/R pair derived from a large lone (in the range 30{55 kb).

With the size ranges mentioned, slones orrespond to plasmids and llones orrespond

to osmids, but our program is parameterized so that other kinds of lones an be used.

A third basi aspet of our onstrution has to do with the information we require from

the DNA assembly (step 1 in the proess desribed at the end of Setion 1). We will base

the desription below on phrap, but other assembly programs should be able to provide the

same kind of information. If reads have been named aording to the rules above, phrap

will list all F/R pairs that it has deteted as part of its output. In partiular it lists F/R

pairs whose omponents are in di�erent ontigs. For eah suh pair (r

f

; r

r

), it will output

(among other things) the following information, whih is used by our program:

� The orientation of r

f

and of r

r

with respet to the ontigs where they have been

plaed.

� Contig alignment position of the 5

0

end of eah read.

� The primary and seondary alignment sores of eah read. The primary sore of a

read is the alignment sore that the read has with respet to the ontig to whih it

belongs. The seondary sore is de�ned by the phrap doumentation [5℄ thus: \the

highest sore of a math of the read against some other read in a di�erent ontig or

elsewhere in the same ontig (so reads for whih this number is non-zero are those

whih overlap a repeat, or an inorretly or inompletely assembled region)."

A �nal basi aspet of ar list onstrution has to do with the de�nition of an ar.

Contigs have an orientation with respet to eah other (and disovering the orret relative

orientation is part of the problem). So we onsider eah ontig as having a left end and a

right end. Given a ontig 

u

we represent its left end by 

l

u

and its right end by 

r

u

. The

paths we will look for in the graph will always have to enter a node (ontig) by one of its

ends (either left or right) and then leave by the other (right or left). Therefore, an ar is a

link between ontig ends and not between ontigs as a whole. Given an F/R pair and their

respetive ontigs, how do we know what ends to link? This depends on the orientation of
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Table 1: How links between ontig ends are determined. 

u

and 

v

are ontigs, and r

p

and r

q

are an F/R pair, suh that r

p

is in 

u

and r

q

is in 

v

. When arrows are in the

same diretion it means that the diret sequene of the read was aligned; when arrows have

opposite orientation, it means that the reverse omplement of the read was aligned.

�!



v

�!

r

q

�!



v

 �

r

q

�!



u

�!

r

p



r

u

$ 

r

v



r

u

$ 

l

v

�!



u

 �

r

p



l

u

$ 

r

v



l

u

$ 

l

v

eah read in its ontig. Assuming ontigs 

u

and 

v

and an F/R pair (r

p

; r

q

), so that read

r

p

is in ontig 

u

and read r

q

is in ontig 

v

, we have ars as given by Table 1.

Now we �nally ome to atual ar list onstrution. This is done in two phases. In the

�rst phase all F/R pairs whose omponents are in di�erent ontigs are sanned. From the

ontig alignment positions we ompute L, whih is the sum of the distane between the 5

0

end of one member of the pair to the far end (following the 5

0

! 3

0

diretion of the read)

of the ontig it has been plaed in with the analogous distane for the other member of the

pair. F/R pairs derived from llones are retained only if their L � LMAX (user-de�ned).

F/R pairs derived from slones are retained only if their L � SMAX (user-de�ned). For

F/R pairs that are retained, L is onsidered a lower bound on the size of the lone.

In the seond phase all F/R links between the same pair of ontig ends are analyzed, for

eah pair of ontig ends, with the aim of assigning a weight to the ar that will represent

this link. This is done by a simple soring sheme in whih a read an ontribute ertain

\points" to the total weight. When assigning points to links we look for events that on�rm

the links and that are independent as muh as possible from eah other. We now desribe

this soring sheme in detail. Please note that the sheme relies on several parameters,

whose values should be given by the user (defaults are provided).

2

All parameters are

indiated using ourier font. The details are as follows:

� First, eah read reeives a \uniqueness" value. Uniqueness is de�ned as follows:

uniqueness = 1�

seondary sore

primary sore

With this de�nition, well-anhored reads (seondary sore = 0) have uniqueness = 1.

Low values for uniqueness indiate that the read probably overlaps a repeat. However,

even a read with a low uniqueness may be in the orret plae. So rather than simply

disard reads with low uniqueness, we postpone this judgement until we have all F/R

pairs that make up a given ar. Eah ar reeives a uniqueness value derived from

the uniqueness of its omponent reads in the following way. The uniqueness of eah

F/R pair is taken as the minimum value of the uniqueness of eah of its reads. The

2

The values for parameters LMIN, LMAX, and SMAX an also be spei�ed by the user, but they di�er

from the other parameters in that they should be spei�ed in the \library �le"; see Setion 6 for details.
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uniqueness of an ar will be the mean value of the uniquenesses of its F/R pairs.

Ars for whih the uniqueness is below a ertain threshold (minimum uniqueness) are

disarded. Note also that F/R pairs of a given ar that have been disarded beause

of dupliation or inonsistenies are not used in uniqueness omputation.

� Putative idential F/R pairs are identi�ed, and only one opy is retained (with the aim

of exluding redundant, dupliate reads from the same lone). An F/R pair (r

p

x

; r

q

y

) is

onsidered idential to another F/R pair (s

p

x

; s

q

y

) (where x and y are the ontigs), if the

alignment positions of r

p

x

and s

p

x

di�er by at most minimum alignment differene bp,

and if the alignment positions of r

q

y

and s

q

y

di�er by at most the same value. Note

that this hek does not take into aount the name of the reads; i.e., two reads ould

have totally di�erent names and still be onsidered opies of eah other.

� The �rst F/R pair from a given library ontributes weight first fsmall,largeg

points to the total weight; eah additional F/R pair from the same library ontributes

weight other fsmall,largeg points. We regard reads from the same library as being

events that are not as independent as reads from di�erent libraries, and therefore

weight first should be larger than weight other.

� If all links are just of one type (all slones or all llones), then the weight of the

ar is determined by the above rules. If there are llones mixed with slones, then

further proessing is done as follows.

First a test is done to hek whether eah llone link yields a value for L that is

not too small. Note that having links from slones already indiates that the ontigs

ould be quite lose to eah other in the genome. This means that one or both ends

of llones should be quite a distane away from the ontig end. To be onsistent

with this an llone link must have L larger than or equal to LMIN (user-de�ned). If

all llone links are onsistent with small separation between ontigs, then both sets

of links are onsidered valid, and additional hybrid bonus points are awarded to the

ar weight. These bonus points ome from the empirial observation that k onsistent

slone and llone links give more redene to the ontig link than k links of just

one type.

If some llones are long enough but some are not, then the ones for whih L is too

small are disarded (and their points are not ounted), but additional hybrid bonus

points are still awarded to the ar weight.

If all llones seem to be too short, then the ar weight is determined by either

slone links only or by llone links only. The set that has larger weight determines

the hoie.

It is also possible to speify lones that are neither slones nor llones. They are

alled medium lones. If present in an ar with other kinds of lones and onsistent

with them, suh lones do not make an ar hybrid.
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4 Algorithms

4.1 Desription

This setion desribes the algorithms used to �nd sa�olds in the genome: Greedy Path

(gp) and Maximum Weight Path (mwp).

They share a ommon basi struture. First, they read an input �le desribing the

problem by enumerating ontigs and F/R links. Then, a set A

0

of weighted ars is built

aording to the proedure desribed in Setion 3. Starting from a graph G = (N; ;), both

algorithms try to add ars to G in a greedy fashion, sanning A

0

in nondereasing order by

weight. To be atually inserted, eah ar must satisfy a given set of onditions. Finally, both

algorithms �nd \good" paths in G = (N;A), the resulting graph. The essential di�erene

between the algorithms is the set of onditions an ar a must satisify in order to be inserted

into G.

In the desription below we use (

p

x

; 

q

y

) to represent an ar, where 

p

x

is end p (either

left or right) of ontig/node x, and 

q

y

is end q (either left or right) of ontig/node y.

4.1.1 Greedy Path Algorithm

Let a = (

p

x

; 

q

y

) (with 1 � x; y � jN j) be an ar we want to insert into G. For a to be

atually inserted, two onditions must hold: (1) 

x

and 

y

must belong to di�erent onneted

omponents, and (2) both 

p

x

and 

q

y

must be free, i.e., there must be no ar inident to any

of them in G.

Note that this strategy is very restritive. Not only does it avoid yles, but it also

forbids parallel paths. By the end of the algorithm, the graph will beome a olletion of

vertex-disjoint paths, all of whih are output.

4.1.2 Maximum Weight Path Algorithm

An ar a = (

p

x

; 

q

y

) (with 1 � x; y � jN j) will be inserted into G by mwp if (1) at least

one of f

p

x

; 

q

y

g is free, (2) a's orientation does not onit with previously inserted ars,

and (3) a does not reate a yle. Note that onditions (2) and (3) will be relevant only

when 

x

and 

y

belong to the same onneted omponent. There is no really good reason

for requiring ondition (1) exept that when the ondition is not satis�ed ar a has weight

less than or equal to the weight of two other ompeting ars. When strit inequality holds,

this ar is less reliable.

One the graph is built, the algorithm outputs a number of paths of di�erent lasses.

For eah onneted omponent, the proedure is the following. First, �nd the heaviest main

path p

1

and output it. Seond, report all alternate paths between ontigs in p

1

, i.e., paths

that start and end in ontigs that appear in p

1

but do not use any ar used by p

1

. Then,

remove all ars of p

1

from the graph and repeat the proess, �nding the seond heaviest

main path p

2

and the orresponding alternate paths, and so on for other main paths. As

an additional onstraint, no ontig in p

i

may have appeared in p

j

, j < i. In other words,

all main paths are vertex-disjoint. The onneted omponent will be fully proessed only



8 J. Setubal and R. Wernek

when every ar is either part of some main path p

i

or has both ends in main paths (in this

ase, the ar is said to link the paths and is listed aordingly in the output �le).

4.2 Data Strutures and Running Times

The �rst step of both gp and mwp is to build the set A

0

of ars from the set L of F/R

links read from the input �le. The links that onstitute the ars an be determined in

O(jLj log jLj) total time: sort L aording to link ends and build the ars from onseutive

elements in L. Sine the weight of eah ar a is heuristially determined in linear time w.r.t.

the number of links in a, O(jLj log jLj) is indeed the omplexity of building A

0

.

3

Sorting

this set aording to ar weights an be done in O(jA

0

j log jA

0

j) time. An empty graph G

an be built in O(jN j) time, jN j being the number of ontigs.

Up to this point, the overall omplexity of both algorithms is O(jN j+ jLj log jLj), sine

jLj � jA

0

j. The following subsetions analyze the remaining operations.

4.2.1 Greedy Path Algorithm

For eah ar a, two tests must be made for it to be inserted. First, the ends of a must

be in di�erent onneted omponents. Using a forest-based implementation of a union-�nd

data struture, we an hek all ars in O(jA

0

j � �(jN j+ jA

0

j; jN j)) total time [10℄. Seond,

the ends of a must be free. Testing this is trivial and an be done in O(1) time. The

paths in the graph G build by gp an be found in O(jN j) total time, sine G is atually

a olletion of vertex-disjoint paths. Therefore, the overall omplexity of the algorithm is

still O(jN j+ jLj log jLj).

4.2.2 Maximum Weight Path Algorithm

Although mwp's onditions are not as strit as gp's, testing them is a more omplex task.

Sine ontigs in the same onneted omponent may be linked by a new ar, a union-�nd

data struuture is not enough. Nevertheless, the algorithm does require a union-�nd data

struuture. Sine we sometimes need to know the omplete list of ontigs that are part of

a onneted omponent, the list implementation [3, setion 22.2℄ is the better hoie in this

ase.

Let a = (

p

x

; 

q

y

) be the ar we want to insert. The easier ondition to test is whether

at least one of f

p

x

; 

q

y

g is free: this an be done in O(1) time. If the ar passes this test

and if its ends belong to di�erent onneted omponents (whih an also be determined in

O(1) time using the list implementation of the union-�nd data struture), the insertion is

performed.

On the other hand, if the ontigs are already onneted, their relative orientation must

be onsistent with that suggested by a. In order to make this test in O(1) time for eah

ar, we keep, at all times, the relative orientation of all ontigs. We start the algorithm

assuming that every ontig has the same orientation (whether it is LR or RL is irrelevant).

3

In the worst ase weight determination ould be quadrati in the number of reads, beause of the

dupliity hek. This is kept linear beause we de�ne as a onstant the maximum number of reads to be

heked for dupliity.
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This information is updated as needed, namely when we insert an ar joining di�erent

onneted omponents. For simpliity, we will use an example to explain how this is done.

Assume that ar a = f

r

1

; 

r

2

g is inserted between two di�erent onneted omponents and

that both 

1

and 

2

have orientation LR. The evidene of ar a indiates that 

1

and 

2

annot

have the same orientation in the genome. Therefore, one of the ontigs must be hanged

to RL. Atually, if it is already linked to other ontigs, the whole onneted omponent is

ipped: RL ontigs beome LR and vie-versa. Although any of the onneted omponents

ould be ipped, we ahieve better performane by hoosing the one with fewer ontigs.

This ensures that at most O(jN j log jN j) ontig ips will be neessary during the algorithm.

(The entire ipping proedure an be interpreted as a subroutine of the union operation of

the list-based union-�nd data struture.)

The third and most ostly ondition to test is whether the new ar reates a yle. Sine

it would link 

p

x

to 

q

y

, we have to hek whether there is a path in G joining the ends of 

x

and 

y

not involved in the link (if p 6= q, it would be a path starting in 

p

y

and ending in



q

x

). This requires O(jAj) time in the worst ase.

One the graph G is built, mwp �nds and reports the paths. Sine the resulting graph is

direted and ayli, maximum weight paths an be found in O(jAj) time (lassi omputer

siene result; see for example [3, setion 25.4℄). There will be at most O(jN j) main paths,

sine they are all vertex-disjoint. Therefore, allO(jN j) main paths an be found inO(jN jjAj)

time. The algorithm �nds at most one alternate path starting at eah ontig, so O(jN jjAj)

is enough to �nd all alternate paths. Links an be easily found in O(jAj) time.

All steps onsidered, O(jLj log jLj+ jAj

2

+ jN jjAj+ jN j log jN j)) is the worst ase running

time of mwp. An ar an be inserted only if one of its ontig ends is free. Sine there are

2jN j ontig ends, we have jAj = O(jN j). Therefore, the omplexity of mwp an be rewritten

as O(jN j

2

+ jLj log jLj).

5 Final Remarks

As already remarked, the program desribed has been suessfully used in baterial genome

projets [2℄. The values for the library �le parameters were as follows:

� LMAX = 55 kb

� LMIN = 30 kb

� SMAX = 5 kb

The values for the other parameters were the defaults indiated in their desriptions in

Setion 6. The sa�old program takes a few seonds on a Compaq DS20 workstation, on a

genome projet with hundreds of ontigs. This is insigni�ant ompared to the time spent

in assembly (measured in hours). The program is available from the authors upon request.

We �nish the paper outlining some ways in whih the program an be improved. The

authors are urrently working on these improvements.

� The most problemati part of the program is the requirement that long repeats be

manually masked in order for the program to �nd orret sa�olds. It is possible
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to make the program detet these long repeats based on F/R pair information, and

then proeed to break misassembled ontigs in appropriate positions. The resulting

sa�old(s) would then be made not only out of ontigs but also out of ontig piees.

4

� The ar weighting sheme proposed is arbitrary. Although the authors made an

e�ort to parameterize most omponents, it is desirable to have a weighting sheme

that is based on probability models related to the biologial phenomena that ause

misassemblies. We believe that a muh sounder weighting sheme an be devised

along these lines.

� Even if the program is able to detet repeats and even if it has a more defensible

weighting sheme, some assemblies may result in inonsistent paths (for example, with

bifurations leading to paths of inonsistent length). The program should therefore

try to assign some on�dene level to eah possible path or path setion. The sa�olds

presented should be desribed also in terms of the quantitative on�dene the program

has in their various parts. Suh an output is muh more helpful than a simple list of

sa�olds. The revised ar weighting sheme alluded to above would naturally form

the basis for this on�dene analysis.

� Taking into aount the observations above, the program should be built around just

one algorithm instead of o�ering the user a hoie of two algorithms. In programs that

attempt to solve problems of a biologial nature, it an be the ase that some of the

hoies a program o�ers to users simply represent a lak of on�dene on its possible

results. It an thus be said that sometimes fewer hoies mean better programs.

� The program presented here, although used suessfully in real genome projets, has

not been tested against other similar programs. When a new version of this program

beomes available, we plan to test it against other programs on real data so as to

validate its approah.
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6 Program Doumentation

6.1 Command Line Options

The program is alled gensaff. Its ommand line has the following format:

gensaff <intermediary file> <library file> [options℄

The intemediary �le, detailed in setion 6.3, lists the F/R pairs and the ontigs. The

library �le, desribed in setion 6.4, ontains information about the libraries. The optional

parameters are:

-a <mwp|gp>: algorithm to be exeuted, mwp or gp (default is gp);

-v: verbose mode (report the names of all F/R pairs that belong to eah ar appearing in

the sa�olds);

-V: silent mode (report the name of just one F/R pair in eah ar appearing in the sa�olds

| this is the default);

- <onfiguration file>: read options from a on�guration �le (desribed in setion

6.2).

The program produes two output �les, both with the same pre�x as the intermediary

�le. The omplete output �le (extension: allsaff), desribed in setion 6.5, ontains

not only the sa�olds, but also some additional information that may lead to a better

understanding of the genome assembly. This �le has a very rigid format, whih makes

it easy to be parsed and proessed automatially. The simpli�ed output �le (extension:

saff), desribed in setion 6.6, ontains just the sa�olds in a format that is easier to

read.
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6.2 Con�guration File

Eah line in the on�guration �le ontains a tag followed by its value. Valid tags are:

algorithm: Either gp or mwp (gp is the default algorithm).

minimum uniqueness: Minimum uniqueness an ar must have in order to be onsidered;

must be a real value no greater than 1.0 (default is 0.800).

small large threshold: Hybrid threshold (in base pairs). Clones whose maximum lengths

are smaller than this value will be onsidered slones; lones whose minimum lengths

are larger than the threshold will be llones (default is 10,000).

maximum alternate differene: Maximum perentual di�erene in length allowed be-

tween a onsistent alternate path and a main path (default is 20.0). Setion 6.5.10

details how this parameter is used.

minimum alignment differene: Minimum di�erene in alignment (in base pairs) two par-

allel lones must have to be onsidered di�erent (default is 5). It is enough for one

member of the F/R pair to have alignment di�erene above this threshold for the

lone to be onsidered di�erent.

maximum bak lones: Maximum number of other F/R pairs heked to determine if a

given F/R pair is unique or not

5

(default is 50).

weight first small: Contribution of the �rst F/R pair of a library of slones to the total

weight of an ar (default is 1.00).

weight other small: Contribution of eah F/R pair (other than the �rst) of a library of

slones to the total weight of an ar (default is 0.50).

weight first medium: Similar to weight first small, but for medium lones (lones that

are neither slones nor llones) (default is 1.00).

weight other medium: Similar to weight other small, but for medium lones (default is

1.00).

weight first large: Similar to weight first small, but for llones (default is 1.00).

weight other large: Similar to weight other small, but for llones (default is 1.00).

hybrid bonus: Value added to the weight of hybrid ars (defult is 1.00).

verbose: Choose between silent mode (0) or verbose mode (1). Default is 0 (silent mode).

Not all tags need be in the on�guration �le: gensaff uses the default value for the

parameters omitted. Note that algorithm and verbose an also be set diretly in the

ommand line. If there is a onit between the ommand line and the on�guration �le,

the former prevails.

5

The purpose of this parameter is to avoid that pathologial instanes slow down the algorithm. In

virtually all ases, there is no need to use a value other than the default.
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6.3 Intermediary File

This �le is in extended DIMACS format, and should ontain the information derived from

some previous assembly of the genome, as disussed in the text. There are three types of

lines, identi�ed by their �rst harater. Lines beginning with  are reserved for omments

and may be ignored. Lines with v represent ontigs (the verties of the graph). Eah suh

line ontains only two �elds:

v hontig labeli hontig lengthi

Links are represented in a lines, sine they will onstitute the ars of the graph. Eah

line is made up by 14 �elds,

a h

1

i h

2

i hr

1

i hr

2

i hRjLi hUjCi hlengthi ha

1

i ha

2

i hp

1

i hs

1

i hp

2

i hs

2

i hlibi,

meaning:

� h

1

i and h

2

i: ontig labels;

� hr

x

i: string representing the read aligned with 

x

(where x = 1 or 2);

� hRjLi and hUjCi: together, these �elds de�ne the relative orientation of 

1

and 

2

indued by the link (see Setion 3);

� hlengthi: lower bound on the length (in base pairs) of the lone (see below);

� ha

x

i: alignment position (in bp) of the �rst aligned base (at the 5

0

end) of r

x

with

respet to 

x

. Using 

x

's length and the orientation of r

x

with respet to 

x

it is

possible to determine the distane d

x

of the 5

0

end of r

x

with respet to the far end

of 

x

(if r

x

is not omplemented with respet to 

x

, d

x

= length(

x

) � a

x

; if r

x

is

omplemented, d

x

= a

x

). This enables us to ompute L as d

1

+ d

2

(L is referred to

in Setion 3). Usually hlengthi = L, unless some other soure is used for lone lower

bound information. a

1

and a

2

are also used to detet dupliate lones.

� hp

x

i and hs

x

i: primary and seondary alignment sores of r

x

with respet to 

x

;

� hlibi: string representing the name of the library to whih the lone belongs.

6.4 Library File

This �le ontains information about the libraries mentioned in the intermediary �le. There

are just two types of lines, eah identi�ed by its �rst harater:  lines ontain omments

and may be ignored; l lines desribe the libraries. Eah l line ontains the name of the

library (an arbitrary string) and three integers representing lone sizes (in bp): minimum,

mean and maximum. Minimum and maximum sizes are used to determine whether a lone

is an llone or an slone. The mean size is used to estimate the length of the paths found

by the algorithms, as desribed in Setion 6.7. A typial l line looks like this:

l 01 30000 40000 55000
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Aording to this line, library 01 ontains lones with sizes varying from 30 kb to 55 kb;

the mean lone size in this library is 40 kb.

6.5 Complete Output File (allsaff)

Eah line in the output �le has its struture de�ned by the �rst harater. Some types of

lines appear in several setions:

� f (free line): doesn't have a spei� format and should be ignored by parsers (free

lines with no text are often used to format the output | there are no blank lines);

� s (setion line): marks the beginning of a setion (the �le is divided into setions).

Everything after s represents the name of the setion, as in

s INPUT DATA

� d (data line): has a well-de�ned format, but it depends on the ontext (setion) in

whih the line appears;

� t (tagged data line): has a well-de�ned format and ontains a globally unique tag right

after the letter t indiating what piee of information is represented. For instane,

t ontigs 987

indiates that there are 987 ontigs in the graph. Global uniqueness is useful to build

simple parsers.

Other types of lines only our in setion SCAFFOLDS, whih reports the sa�olds them-

selves:  (onneted omponent), p (main path), q (alternate path), a (ar) and l (link).

Their formats are desribed in Setion 6.5.10.

In some setions, the output �le reports information on individual ars. Although an

ar may ontain more than one F/R pair, it is named after a single lone (the one with the

highest uniqueness). In the ase of hybrid ars, an asterisk is appended to the name: while

A0QH63102 represents a simple ar (with one or more lones, but all of the same type),

A0QH63102* represents a hybrid one.

The remainder of this setion desribes the individual setions of the output �le.

6.5.1 INPUT DATA

This setion summarizes the input information used to build the sa�olds. It begins with

the following t lines:

� file: name of the intermediary �le, as it appeared in the ommand line;

� lones: total number of lones;

� slones: number of small lones;
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� mlones: number of medium lones;

� llones: number of large lones;

� ontigs: total number of ontigs read;

The remainder of the setion reports (also in t lines) the values of the parameters

desribed in 6.2: algorithm, minimum uniqueness, and so on. All parameters appear in

the output �le, regardless of whether they appear in the on�guration �le or not.

6.5.2 CLONE SIZES

This setion ontains the information read from the library �le. There is a d line for eah

library, with four �elds: a string representing the name of the library followed by the

minimum, the mean and the maximum sizes of its lones. For example,

d 07 4000 5000 7000

indiates that lones in library 07 have sizes ranging from 4 kb to 7 kb and their average

length is 5 kb.

6.5.3 UNRELIABLE CLONES

This setion presents lones that should not be trusted upon, sine they have negative

uniquenesses (i.e., primary sores smaller than seondary sores). The �rst line in this

setion is a t line reporting the total number of unreliable lones (unreliable). Then, eah

suh lone is reported in a d line with four �elds: the name of the lone, the label of the

ontig to whih it is unreliably linked, and the lone's primary and seondary sores. A

typial setion looks like this:

s UNRELIABLE CLONES

t unreliable 3

d A0JJ-0DG12-LA00 510 344 347

d A0QR5508D04 494 515 516

d A0JJ-0IA02-LA00 543 158 260

Aording to the �rst d line in this example, the link between lone A0JJ-0DG12-LA00

and ontig 

510

is unreliable beause its primary sore (344) is smaller than its seondary

sore (347).

6.5.4 INCOMPATIBLE LINKS

This setion presents all pairs of ontigs linked to eah other in more than one way (i.e.,

with di�erent pairs of ends involved). The �rst line in the setion is a t line reporting the

total number of ontig pairs with inompatible links (inompatiblelinks). A series of d

lines follows, eah ontaining at least four �elds and at most six. The �rst two are the labels

of the ontigs; the others represent all possible ways of linking the ontigs found. Consider

the following example:
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d 310 396 LL RL

This line refers to ontigs 

310

and 

396

. While at least one lone indiates that 

l

310

is linked

to 

l

396

, there is at least another one in the input �le stating that the link is between 

r

310

and 

l

396

. Clearly, they an't both be orret.

6.5.5 UNUSED F/R PAIRS

This setion lists all F/R pairs disarded by the algorithm. As desribed in setion 3, there

are two reasons for an F/R pair to be disarded:

� it is a putative dupliate, i.e., it is very similar to other F/R pairs linking the same

pair of ontigs;

� its expeted length is inonsistent with the length of other F/R pairs linking the same

pair of ontigs.

Eah unused F/R pair is desribed in a d line with six �elds. A typial example is:

d 432 L 456 R A0JJ0704A09 dupliate

Aording to this line, lone A0JJ0704A09, linking the left (L) end of 

432

to the right

(R) end of 

456

, was disarded beause it was a putative dupliate. If an F/R pair is

disarded beause of inonsisteny with other pairs, the last �eld is inonsistent (instead

of dupliate).

6.5.6 ARC WEIGHTS

This setion reports the sizes of the ars reated (regardless of whether they are atually

inserted in the graph or not). The �rst line is a t line with three �elds (other than the tag

itself, ars): the number of ars reated, the weight of the lightest ar and the weight of

the heaviest ar. This is followed by a series of d lines with two �elds: a weight and the

number of ars with suh weight. A typial output looks like this:

s ARC WEIGHTS

t ars 749 1.0 4.0

d 1.0 526

d 1.5 37

d 2.0 174

d 2.5 8

d 3.0 3

d 4.0 1

In this example, there are 526 ars with weight 1.0, 37 with weight 1.5, and so on.
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6.5.7 HYBRID ARCS

This setion reports the number of hybrid ars, ars that ontain both slones and llones.

Consistent and inonsistent hybrid ars also have their number reported separately. (A

hybrid ar is said to be inonsistent if some of its llones are inompatible with its

slones). The information is shown in t lines with tags hybridars, onsistenthybrid

and inonsistenthybrid. A typial setion is:

s HYBRID ARCS

t hybridars 18

t onsistenthybrid 13

t inonsistenthybrid 5

6.5.8 INSERTION STATISTICS

This setion ontains only t lines. They aount for the total number of ars inserted

(inserted) and not inserted (notinserted) into the graph. This last piee information

is also presented in a more detailed form, with a t line for eah of the four reasons for

disarding an ar:

� yle: the ar would reate a yle if inserted;

� degree: at least one end (gp) or both ends (mwp) of the ar were already onneted

to other ars;

� orientation: the relative orientation of the ends the ar would indue is inompatible

with the orientation indued by previously inserted ars;

� uniqueness: the uniqueness of the ar is lower than the minimum threshold.

Note that degree, uniqueness, and yle an our in both algorithms; orientation

may happen only in mwp. However, all four reasons are always listed, regardless of the

algorithm. The quantities are expressed both as absolute values (�rst �eld after the tag)

and as perentages (seond �eld after the tag). A typial output is:

s INSERTION STATISTICS

t inserted 218 29.1

t notinserted 531 70.9

t yle 1 0.1

t degree 399 53.3

t orientation 0 0.0

t uniqueness 131 17.5
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6.5.9 ARCS NOT INSERTED

This setion lists all ars not inserted into the graph alongside with the reason why they

were kept out. A typial line looks like this:

d A0JJ1388B03* 390 477 degree

The meaning is straightforward: the �rst �eld ontains the name of the ar and the next

two the ontigs it is onneted to. The fourth �eld is always one of the four reasons listed

in the previous setion: yle, degree, orientation, or uniqueness.

When the reason is yle, algorithm mwp adds an f line right after the d line to list

the verties and edges of the yle. gp doesn't do this, sine it an avoid yles by using a

union-�nd data struture; �nding the atual yles would be too ostly. When the reason

is uniqueness a �fth �eld gives the sore of the rejeted ar.

6.5.10 SCAFFOLDS

This is the setion that atually presents the sa�olds. It begins with a t line reporting the

number of onneted omponents in the graph (omponents). Then the omponents them-

selves are listed in noninreasing order of size (number of verties/ontig ends). Components

with no ars (i.e., only one ontig) are omitted.

The desription of a onneted omponent starts with a  line with four �elds: the label

of the onneted omponent (a sequential number starting at 1), the number of ontigs, the

number of ars and the number of main paths built. An example:

 2 117 151 31

This onneted omponent (omponent 2) has 117 verties (ontig ends) and 151 ars;

31 main paths were found by the algorithm (note that for gp the fourth �eld will always

be 1). This line is followed by a desription of the main paths in the onneted omponent,

listed in nondereasing order by weight. If the algorithm is mwp, eah main path is followed

by a list of links to previous main paths and a list of alternate paths.

A typial path looks like this:

p 1 5 102.0 634591

a 480 C 58328 A0JJ-1CC03-LA00* 13.5

a 471 C 30387 A0RN1574A10* 9.0

a 472 C 50408 A0JJ-1XF03-LA00 13.0

a 511 U 143452 A0JJ0701D04* 4.0

a 409 U 5417 A0JJ-1GE01-LA00 4.0

a 504 C 110999 A0QH1368F04* 28.5

a 494 U 71509 A0JJ-1OG05-LA00* 30.0

a 513 U 136421 END 0.0

l 513 5 A0UT6815A09 424 1

l 419 4 A0JJ0713A10 472 5
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q 274734 275713 C

a 511 U 143452 A0JJ-1YF06-LA00 3.0

a 428 U 6012 A0JJ-1ND12-LA00 3.0

a 504 C 110999 END 0.0

Main path Aording to the p line, this is the �fth heaviest path in its onneted ompo-

nent (omponent 1). Its weight is 102.0 and its estimated length is 634,591 base pairs (for

path length omputation, see 6.7 below). The �rst �eld in eah a line represents the label

of a ontig in the path. This partiular one is made up by 8 ontigs (

480

; 

471

; 

472

; : : : ; 

513

,

in this order). The seond �eld is either C or U, depending on whether the ontig is omple-

mented or not in the path (in the example, 

480

, 

471

, 

472

, and 

504

are omplemented). The

length of the ontig (in base pairs) is reported in the third �eld. The name and the weight

of the ar linking a pair of ontigs are reported in the fourth and �fth �elds, respetively.

For instane, 

511

and 

409

are linked by ar A0JJ0701D04*, whose weight is 4.0. Note that

the last a line is speial; the word END replaes the ar name to mark the last ontig of the

path (to make parsing easier, a meaningless 0.0 is plaed on the �fth �eld).

This partiular example was produed with the -V (silent) parameter. The option -v

(verbose) would print, right after every a line (with the exeption of the last one), an f line

with a list of all ative lones in the ar. (Ative lones are those that are neither dupliates

nor inonsistent, and were thus used in ar weight omputations.)

Links (mwp only) After the path itself is printed, its links to previously reported main

paths are listed in l lines. In our example, two links are reported. Ar A0UT6815A09 links



513

, whih belongs to the urrent path (path 5), to 

424

(path 1). The order in whih the

ontigs appear is important. Were 

424

to be inserted in path 5, it would appear after 

513

,

sine 

513

appears before 

424

in the line that desribes the link. The seond link reported

is between 

419

(path 4) and 

472

(urrent path). In this ase, 

419

would appear before 

472

in path 5.

Alternate paths (mwp only) Finally, alternate paths (if any) are reported. Eah one is

introdued by a q line, whih has three �elds. The �rst two are the length of the alternate

path (`

a

) and the length of the orresponding portion of the original main path (`

o

). The

last one is either C (onsistent) or I (inonsistent), depending on how `

o

and `

a

relate to

eah other. If they di�er by no more than 20% (`

a

being the base value), the path is said

to be onsistent; otherwise, the path will be inonsistent. (Atually, 20 is just the default

perentage; the atual value, maximum alternate differene, is user-de�ned.) Eah t line

is followed by a lines desribing the path (exatly like in the main path).

In our example, only one alternate path was found. Sine its length is 274,734 bp and

it orresponds to 275,713 bp in the original path, the path is onsistent. The path ontains

three ontigs, 

511

, 

428

, and 

504

. Note that the �rst and the last ontigs of an alternate

path must also belong to the original path, while all others must not.
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6.6 Simpli�ed Output File (saff)

This �le ontains a subset of the information provided by the allsaff �le. It ontains

just the sa�olds themselves. Although the format is very similar to the one desribed in

setion 6.5.10, there are a few di�erenes that make the �le a little longer, but easier to

read. The path that illustrated setion 6.5.10 is reprodued here in the friendlier format:

Path 5 (omponent 1): 634591 bp, weight 102.00

C 480 (58328 bp) A0JJ-1CC03-LA00* (weight: 13.5)

C 471 (30387 bp) A0RN1574A10* (weight: 9.0)

C 472 (50408 bp) A0JJ-1XF03-LA00 (weight: 13.0)

511 (143452 bp) A0JJ0701D04* (weight: 4.0)

409 (5417 bp) A0JJ-1GE01-LA00 (weight: 4.0)

C 504 (110999 bp) A0QH1368F04* (weight: 28.5)

494 (71509 bp) A0JJ-1OG05-LA00* (weight: 30.0)

513 (136421 bp)

Link: 513 [path 5℄ A0UT6815A09 424 [path 1℄

Link: 419 [path 4℄ A0JJ0713A10 472 [path 5℄

Alternate path (274734 bp, original has 275713 bp)

511 (143452 bp) A0JJ-1YF06-LA00 (weight: 3.0)

428 (6012 bp) A0JJ-1ND12-LA00 (weight: 3.0)

C 504 (110999 bp)

6.7 Path Length Computation

The length of a path is given by the sum of omponent ontig lengths plus the sum of gap

length estimates. Gap length is estimated as follows. In a given ar, there an be one or

more F/R pairs. For eah F/R pair orresponding to a lone p, its gap length is estimated

as max(mean lib size(p) � length(p); 0), where mean lib size is the mean lone size for the

lone library to whih p belongs (information ontained in the library �le) and length is the

lower bound on the size of p, given in the F/R input line for lone p. The gap length for

an ar is taken as the mean of all individual F/R estimates for that ar.


