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ABSTRACT

FAKtory isa software environment for supporting DNA sequencing projects. FAKtory runson
machines configured with the UNI X operating system. It iscalled FAKtory becauseit employs our
FAKII Fragment Assembly Kernel that isa C-library of routinesincorporating our best algorithmsfor
solving the shotgun assembly problem. The system is highly configurable and can perform fragment
clipping, prescreening, and tagging functions, shotgun assembly with or without constraints, and
sequence finishing. An extensible input/output mechanism permits FAKtory to beinserted into any
infor matics environment.
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The FAKtory DNA Sequence Fragment Assembly System

Thefollowing ten sections describe the FAKtory system. We do so, not only to provide a record of what has
been done, but also because we think that the design of FAKtory isvery innovative and distinct in many ways
from current systems. We hopethat readerswill find the design interesting and worthy of support. We have
built a very flexible and general framework that includesthe following design features:

1. FAKtory can be configured with avery large range of options, making it flexible. The resulting complexity is
shielded from end users by a default scheme which permits a master user to establish a lab-customized
configuration that all end users see by defaullt.

2. FAKTtory has been designed to permit co-operative work on a given sequencing project.

3. FAKtory provides a general-purpose fragment database: the type and format of the data kept for each sequenc-
ing reaction is configurable, one may control the vocabularies for given fields and establish default values for
them, one may sort and view records on any combination of fields, and one may select sets of fragment records
using an SQL -like query mechanism that supports string searches.

4. FAKtory provides afragment pipeline which is a configurable sequence of processing stages through which
fragments must pass. There are stages for input, overlap detection, assembly, and prescreening activities such as
vector removal, poor-data trimming, and Alu tagging. FAKtory support modes of processing from fully au-
tomatic to completely manual, and further provides a review mechanism for handling processing anomalies.

5. FAKTtory usestheideas of input and output filters to make it extensible, e.g., handling an unlimited range of in-
put formats and linking to an unlimited range of post-analysis programs.

6. The FAKtory prescreener stages employ avery general framework that permits users to develop highly sophisti-
cated criteriafor clipping or tagging data.

7. FAKtory provides mechanisms that alow for the automatic association of constraints for pairs of fragments
based on naming conventions. The constraints can be any combination of overlap, orientation, and distance con-
straints as realized by the FAK 11 assembly kernel.

8. FAKTtory supportsthe idea of an assembly scratchpad where one can manipulate and interact with a set of possi-
ble alternate solutions to a given data set.

9. The FAKtory finisher automatically keeps track of edited regions of a multi-alignment, organizing the task of
editing the penultimate solution. The finisher maintains a complete history of all editing sessions and allows un-
limited undo and redo of edits.

This partial list isintended to convey the breadth and innovation in FAKtory’s design. We proceed in the following
sections to detail the various components of FAKtory. The reader may peruse parts or all of thisat their whim.

1. Customizations & Preferences: Making FAKtory Flexible Yet Simple

A basic problem in building a single software tool to support DNA sequencing is that different laboratories use
different sequencing protocols, maintain different information about their sequencing reactions, and so on. How do
you build one software tool that can handle awide range of situations?

To address this, FAKtory has been designed so that it can be configured in a number of ways. For example, one
can configure a process pipeline for sequencing reaction data to consist of any number of stages, each of which may
be configured to perform a different function, such as vector removal or poor-data trimming. One can also
configure a database of the sequencing data where each entry has a particular set of fields of specified types of data.
In FAKtory those configuration options which cannot be modified once data begins to enter a project are called cus-
tomizations. Configuring the pipeline and establishing the form of the database are examples of customizations. All
other configuration options are termed preferences. These range from fairly complex settings such as those that pro-
gram avector trimming operation in the pipeline, to simple options, such as setting colors for waveform trace
displays.

The next design problem arises from the answer to the previous problem: now one has a system of significant
complexity because of the large number of dimensionsin which it is configurable. Most userswill not have the time



to learn to operate such a system. Moreover, one cannot be expected to set all these configuration options every
time anew project isbegun. What is desired is a mechanism whereby a group of end-users at a sequencing center
are presented with a system that has been pre-configured by a master user who is expert in the workings of FAKto-
ry. Theend users see arelatively simple system, one that is essentially tailored to the production protocol employed
at their site. The only preferences these users might wish to set themselves are those concerning colors, input file
name conventions, or operating modes for the pipeline.

To achieve this, FAKtory uses the idea a bilevel default scheme. There are about a dozen different configuration
panels in FAKtory, and the settings of each can be saved and loaded from either the user or master level. When a
new project isfirst opened, FAKtory looks to seeif there are any user-level defaults and loads any it finds for usein
the new project. If any configuration options are still unset, FAKtory next looks at the master level for defaults
specifying them and loads them if found. Finally, any remaining, unset configuration options are set to values
hard-coded in the software. The execution of this default chain protocol on new project initiation has the following
desirable properties. If amaster user has established a configuration for his laboratory at the master level, then all
end-users will see this configuration, unless they choose to establish their own defaults which always take pre-
cedence. Thisthey may do in the parts where they desire to exert control by saving defaults at the user level. User
level defaults are specific to each user, so each end-user sees only their customizations. Once a project has been
created, its configuration settings are saved and |oaded with the project thereafter.

2. Project Files: Making FAKtory Support Multiple Users

A project fileis FAKtory’srecord of all work that has been performed on a particular sequencing data set. The
project file contains all the sequencing data that has been entered, all configuration settings, and all assemblies and
other work performed to date. An invocation of FAKtory works on one active project at atime. From alist of pro-
ject files on the FAKtory System panel one may open a project making it the currently active project. All panel
displays come to the screen exactly as they were when the project was last closed. One may close the currently ac-
tive project at any time, either saving all work or discarding all work performed in the session. A new project may
also be started at any time. The initial configuration for such a project is established as described in Section 1.

We designed FAKtory with the ideain mind that more than one user may be involved in determining a particu-
lar target sequence. First, all configuration information is classified as either project-based or user-based according
to whether its setting affects the results obtained, or only the nature of the processing and presentation of data. For
example, the stages in the pipdline, the fieldsin afragment data entry, and the configuration of a prescreening stage
of the pipeline are project-based, whereas the modes in which pipeline stages operate or the colors used by the sys-
tem are user-based. Project-based configuration information is shared by all users working on a project, so if one
user sets an option, all subsequent users see the changed option. On the other hand, a user-based configuration is
specific to each user, i.e., FAKtory remembers each user’s user-based settings separately. Thusif one user changes,
say acolor preference, other users on the same project do not see the change.

One may aso open a FAKtory project in one of two modes: read-only or edit-lock. Only one user can have the
project opened with an edit-lock at any given time. Thisuser isfree to enter, edit, and manipulate the datain the
project. Any user can at any time open a project within read-only mode, but they are restricted to simply examining
the state of the project. This mechanism prevents two users from simultaneously modifying a project at the same
time. Finaly, it isexpected that users will use the file protections of the underlying operating system to insure the
security of aproject file and to restrict sharing to certain groups or individuals.

3. The FAKtory Fragment Database: Types, Vocabularies, and Default Input Values.

FAKtory can be configured to keep awide variety of information about the results of each sequencing reaction,
called here afragment record. The name of each field in afragment record is user-specifiable. Fields may be of
type string, integer, double, time, or waveform. Time datais a date or time in one of several common possible for-
mats. Waveform datais a specia datatype specifically for 4-color sequencing reaction ladders as output by, say an
ABI sequencer. Each field may be marked as being required or optional. Optional fields need not occur in external
input files entered into the FAKtory database. Thefirst field of every fragment record must be of type string, isre-
quired, and is assumed to be the designated label of the fragment. As such, the contents of thisfield are expected to
be unique. In addition to alabel-field, the last field of every FAKtory record must be of type string, is required, and
is assumed to be the DNA sequence for the fragment.



To promote data consistency, one may specify avocabulary for every field. For strings the vocabulary is aregu-
lar expression, and for numbers (i.e. integers or doubles) and timeit isan interval (possibly open-ended) of the
given type. When avocabulary is specified, data entered into that field must match the vocabulary or awarning is
signaled when the record isinput. For example afield Techni ci an might have Joe|Susan|Ar ni e as avocabu-
lary, afield Dat e might have[ * June 1, 97’ ,‘present’] asavocabulary, and the sequence field, say Se-
guence, might have the vocabulary ‘ [ acgt nACGTN] +’ .

For convenience, every field may have a designated default input value. On input, if the given field cannot be
found in the input record, then this default value is assigned to the field. For example, it might be convenient to de-
fault afield for the technician to a particular individual or afield for the machine used to a particular machine. The
value pr esent denotestoday’stime and date if used as the default for afield of typetime. In addition, the sym-
bols# and @generate unique positive integers and identifiers, respectively, when used in the default for the label
field. For example, the default input value f r ag# will give un-labeled input records the labelsf r agl, f r ag2,
frag3, etc.

The fields, types, vocabularies, and default input values for a FAKtory database are easily established in the
Dat abaseCust om zat i on panel. Once data beginsto flow into a particular project, the structure of the data
records can no longer be changed. However, the vocabularies and default input values are not integral to this struc-
ture and can be changed at any timeinthe | nput Pr ef er ences panel, which contains a mirror of the customiza-
tion panel save that the field name and field type are not enabled. The default values are considered user-based
preferences and are thus saved on an individua basis within the project (see Section 2 above). Thus each user may,
for example, conveniently establish their name as the default value for the Techni ci an field and the sequencing
machine at their station as the default value for the Machi ne field. Because user-based preferences are saved on a
user-by-user basis, the default values for each individual will be used when that individual isworking with the pro-
ject.

4. The Fragments Panel: Manipulating and Viewing Fragments

Once fragment records are brought into the system, one may manipulate the resulting database of fragmentsin
FAKtory’'s Fragments panel. Thisisone of FAKtory’sthree primary panels, the other two being the Layout Edit
and Finishing panels. Note that these three panels are generally the only ones seen or used by end-users.

The central portion of the large Fragments panel is a display area containing a vertically scrolled display of all
the fragments in the database. By default thisisjust atabular display of the labels of the fragments in alphabetical
order. Ordinarily thiswould not be terribly useful, although the data set is generally small enough (several hundred
to several thousand records), that scrolling through it looking for a particular fragment is quite viable (and we ob-
serve it being done). But there is much more. One can select any subset of the fields to be displayed. The display
area automatically produces an appropriately tabularized display. If one asks for the sequence field to be displayed,
an additional horizontal scroll bar appears, allowing one to scroll through the entirety of this rather length field.
Thus one can get a snapshot of any cross-section of the data and scroll through it. The Fragments panel further per-
mits one to sort the display on the basis of any field, resolving ties on the basis of a second selectable field, and so
on. Technically speaking, one may lexicographically sort the display on any ordered subset of the fields. Thusif
one wanted to quickly see the records produced by technician Joe during the month of February, one simply asksto
sort first on the Techni ci an field and secondarily on the Dat e field, and asks for the these two fields plus any
othersto be displayed. Simply scrolling through the display one can quickly arrive at the contiguous segment of the
display containing the records of interest. |f one wishesto see anicely organized display of al the information of a
given record, including the pipeline processing information described below, one merely double clicks on an entry
in the display area and awindow containing the information pops to the screen.

While one can quite intuitively navigate the fragment database with just the viewing and sorting capabilities
above, FAKtory further provides an SQL-like query language for selecting subsets of the database whose descrip-
tion is more complex or which need to be selected frequently. The rules for forming queries are as follows:

e A queryisapredicate or any boolean combination of said. The operator symbols used are: | for ‘or’, & for
‘and’, - for ‘minus’, and! for ‘not’.



e A predicate may be a comparison between two operands using the conventional operator symbols=,! =, >, <,
<=, and >=. The meaning of the comparison depends on the types of the operands: alphabetic order is used for
string data, temporal order for time data, and numeric order for number data.

e ThenotationsXi n[ Y, Z], Xi n(Y, Z] , etc., are available as a shorthands for the predicates Y<=X&X<=Z,
Y<X&X<=Z, etc.

e Anoperand may be either field names or constants.

e A numeric operand may also be any arithmetic expression composed from*,/ , +, and - over numeric
operands.

e Thenotation Xi nY where $X$ is an operand of type string and $Y $ is a constant of type string, is a predicate
which returns true only if $X$ isastring matched by $Y $ when it isinterpreted as aregular expression.

e Thehbuilt-infunction| en( X) returns the length of a string operand $X$.

e The built-in function undef ( X) where $X$isafield name, isapredicate which returnstrue only if field $X$is
undefined for the fragment record in question.

e A string operand may also be X[ I, J] where $X$ isastring operand, and $I$ and $J$ are integer operands. The
result is the relevant substring of $X$ where negative indices denote an index from the end of the string (e.g.
‘abcde’ [ 2, - 2] isbcd)

There are afew more additional forms to FAKtory’s query language, these are deferred until the necessary con-
ceptsare introduced. The bullet list should make clear that the language is equivalent in power to the query
language of acommercial relational database. However, it issimply implemented as an interpreted search. The
performance for such is more than adequate as even a bacterial shotgun project involves only tens of thousands of
fragments. The complexity and optimization of systems designed to handle tens of millions of, say airline reserva-
tion records, is not necessary in our context. Moreover, FAKtory's query language offers regular expression match-
ing over string fields and string operators, something not found in conventional RDBMs.

FAKtory keeps track of a subset of the fragments in the database, called the current fragment selection. The
current selection may be modified manually or by queries. All selected fragments are highlighted in the fragment
display window, if visible. The utility of the current fragment selection is that it provides the set of fragment
records to be operated onin avariety of circumstances. For example, which fragments to advance through the pipe-
line, or which fragments to add to an assembly.

There are buttons on the console to clear the current selection, to make it consist of all the fragments in the data-
base, or to invert its contents. Clicking on an unhighlighted fragment record in the display, causesit to be added to
the current selection. Clicking on a highlighted fragment, causes it to be removed. One may also sweep over acol-
lection of fragments with the left or right mouse button depressed to add or remove them in asingle step. In addi-
tion to these manual methods of altering the current selection, one may use FAKtory’s query mechanism to do so.
On can set the current selection to be the result of any query. Thisisdone by pushing the console button labeled
Sel ect Query ..., whereupon adialoginwhich one can formulate a query expression pops to the screen.
Alternately, one can union the results of a query with the current selection, or intersect it, or subtract it, using the ap-
propriately labeled buttons. This permits one to build up the current selection in a number of independent steps.

Often one finds that they have need to perform a particular query repeatedly, or they would like to remember a
particular set of fragments. FAKtory permits users to save the current selection as a named fragment set. |If the
current selection was produced solely using queries then aquery is saved as the functional representation of the set.
Otherwise there were some manual operationsinvolved in arriving at the current selection, and an explicit listis
saved as the representation of the set. To distinguish between these two cases, after a user creates a set with the
name, say Foo, it appearsin the list of user-defined fragment setsas Foo( ) if it was saved as a query (i.e. function-
ally), and as Foo if it was saved explicitly. Once afragment set F has been defined, one may re-select it later by
pushing the appropriate console buttons or by referring to the special predicate % in aquery expression. Theim-
portant thing to note, is that the functional sets re-evaluate their query over the current database to arrive at the set,
giving possibly different result over time, whereas the explicit sets always deliver the same list of fragments that
were explicitly saved. In addition to user-defined sets, FAKtory provides builtin functional queries that select the
fragments currently in a given stage of the pipeline.



5. The FAKtory Pipeline: Processing and Assembling Fragments

FAKtory realizes a general framework for controlling a process pipeline in which fragments pass through a
number of processing stages, each of which augments a fragment’ s record. The pipeline may be customized to con-
tain any number of stages of different types, and each stage may be individually programmed to perform a specific
task, such as vector prescreening, low-quality trimming, common repetitive element detection, etc. Each stage can
operate on fragments in one of three modes depending on the extent to which the user wishes to supervise its opera-
tion. Fragments can be advanced through stages of the pipeline, rolled back to previous stages for reprocessing, and
discarded if found defective. Problemsthat occur during the processing of fragments can be reviewed and remedied
during the operation or can be logged for later inspection. This framework is quite general and independent of
FAKTtory’s specific application domain. It permits usto add additional types of stages within this framework as
might be required by evolving DNA sequencing protocols or customer demand.

One may customize project pipelines to consist of any number of stages where the first stage is always an Input
stage, and the last two stages must be an Overlap followed by an Assembly stage. The intervening stages can be of
type clip, vector, tag, or prescreen and can occur in any number and order. The exact nature of these stages will be
discussed later, but we note for now that the clip, vector, and tag stage types are all actually special instances of the
more general prescreen stage type. Before data enters a project, setting up the pipeline is simply a matter of opening
the Pipeline Customization panel and then adding or deleting cartoon boxes of the types of stages from a picture of
the current pipeline. Each stage in the cartoon of the pipeline must be given a unique stage name. After the stages,
their names, and orders have been settled on, each stage must be individually configured. Once fragments begin to
flow through the pipeline, it is no longer reconfigurable.

During pipeline processing, afragment may arrive at a stage whose operation cannot be applied to the fragment
or whose operation is applicable but the results seem suspect. The former events are termed errors and the later
warnings. Collectively they are called exceptions. As afragment passes through a stage, the status of the operation
on that fragment — OK, War ni ng, or Er r or — isrecorded and attached to the fragment along with any diagnostic
messages in the case of an exception. Fragments tagged with an error in a given stage cannot advance through later
stages in the pipeline, but fragments tagged only with warnings can. At any moment FAKtory knows for each frag-
ment: (1) the most recent stage it has passed through, and (2) the stage status and messages (if any) for every stage
it has passed through. Item (1) can actually be used in a FAKtory query with the built-in function st age() .

Before a set of fragments is ordered to move through some pipeline stages, a user can select, on the Fragments
panel, to monitor the process in one of three modes — Aut o, Super vi sed, or Manual . In Aut o mode, al pro-
cessing takes place without any supervision from the user. Any errors or warnings are noted by placing them on
FAKtory’s global review log. The user is not otherwise informed that any exceptions have occurred. In Super -

vi sed mode, the user is presented with each warning or error situation, and given an opportunity to either trouble
shoot it immediately or defer making a decision until later by noting it asin Aut o mode. Finaly, in Manual

mode, the user inspects the results of every stage on every fragment, being given the opportunity to modify the
resultsif desired. FAKtory pipeline processing proceeds stage-by-stage rather than fragment-by-fragment, so that in
the two interactive modes, the manager can conveniently focus on areview packet of the fragments requiring exami-
nation for a given stage, one stage at atime, in pipeline order. One may also select to process fragmentsin a Cus-

t ommode in which case fragments pass through the stages in the, possibly different, modes specified for each on
the Pipeline Modes Preferences panel.

The flow of fragments through a given pipeline is effected via controls on the Fragments panel. In aforward
flow through the pipeline, called an advance, the fragments involved can either come from FAKtory’ s database or
from external input files, or both, depending on the control settings. If some of the fragments are being input, then
depending on settingsin the Input Preferences panel, either (1) adialog appears in which the user can specify the
filesto beinput, or (2) FAKtory automatically imports all input filesin a current directory (also settable) that have
not yet been imported. If the source of fragments is the FAKtory database then the desired fragments should be the
contents of the current fragment selection. To initiate the advance one simply picks a pipeline stage say $S$in the
Advance menu. The selected fragments do not all have to be in the same initial pipeline stage, each fragment is
advanced from whatever stage it last passed through until it passes through stage $S$. Fragments already in an error
state, or those that become so during processing, do not proceed beyond the offending stage. If a selected fragment
has already been through stage $S$ then the command has no effect upon it. Fragments being imported through
files always pass through the first Input stage whereupon they become part of FAKtory’s database. Fragments may
also be rolled back to previous states or discarded from the database (conceptually aroll back to a stage prior to In-



put). While fine-grained control of the fragment flow is possible with this schema, note that selecting to advance to
the Assembly stage with the source specified (by default) to be all un-imported files, causes al available filesto be
input, processed, and assembled.

Both the review packets generated during interactive mode pipeline advances and the FAKtory review log of
noted events, can be examined in order to oversee operations or make decisions about how to deal with pipeline ex-
ceptions. Both review packets and the global review log are conceptually lists of (fragment,stage) pairs we call
events. Thesereview lists can be processed with the Review Summary panel and Review Events panel. The Review
Summary panel presents areview list as a scrollable list of the events with associated messages if they involve ex-
ceptions, further organized and displayable according to the stage(s) involved. The Review Events panel displays
one event from the review list at any given moment, and permits the user to move forward and backward through
the review list with a set of console buttons on itslower border. Within the Review Events panel is an editing panel
specific to the stage for the event currently under examination. For example, for a clip-stage the editing panel shows
the waveform or sequence of the fragment and the regions clipped by the stage. The user can modify the clip if
desired. Thusthe Review Summary isaway to manipulate the entire review list and the Review Events panel isa
way to walk through areview list, editing the results of a stage on afragment if desired. Note carefully, that the two
panels work in concert: one can switch from one panel to the other and back again during the processing of agiven
review list.

To determine the disposition of the eventsin areview list, the user can mark each event with a status of Not e,
Approve, or Di scar d from either Review panel. When one exits either panel, thus ending areview session, all
noted events are posted to FAKtory'sreview log (if they are not already on it), the fragments of al discarded events
are discarded from FAKtory’ s database, and the fragments of all approved events are given a stage status of OK for
the stage of the approved event and resubmitted to the pipeline.

Finally, in overview the review system functions as follows. During an interactive mode advance, the Review
Events panel is brought up on each review packet asit arises, effectively initiating an interactive review session.
The user reviews the events, possibly editing and then approving some events, marking others as discardable, and
postponing making decisions on yet others by marking them as noted. If need be they can flip to the Review Sum-
mary view of the packet if it helps them visualize their decision process. The review session is completed by exiting
the current Review panel. At that point, the eventsin the review packet are disposed of according to their event
marks and the packet disappears. The other scenario involves a user, at atime of their convenience, deciding to re-
view the events that have been posted to FAKtory'sreview log. Thisisdone by pressing a button on the Fragments
pandl to invoke either of the Review panels on this special review list. The remainder and exit from the review ses-
sion are identical to the interactive case.

6. Input/Output: Making FAKtory Extensible

Another key problem in producing a useful system isthat of making sure it can handle awide range of input and
output data formats, and that it can be linked to other programs. To address this, FAKtory uses the idea of user
specifiable pre- and post-processors.

FAKtory proper is capable only of importing filesin asingle, simple format that is a superset of the FASTA for-
mat. However, one of the configuration options for the Input stage of the pipeline, is the specification of a
command-level program (and optionsif desired) to be used as a preprocessor for all fileimports. Whenever frag-
ments are to be input to FAKtory, it first calls this program (if specified) with each file to be input, and grabs the out-
put of the program as the FAKtory-formated file to input to the system proper. That is, the program is assumed to
be atranslator from the given data format to FAKtory format. Anyone can write such atranslation preprocessor
whenever the need arises. For example, we receive data from different labs to use for testing purposes. It generally
takes us less than an hour to write a program that will trand ate between the supplied format and FAKtory format.
We have also written atranslator, ABI 2fak that takes ABI sequencer files, extracts basic information, the comment
line, and the waveform, and produces a FAKtory input file describing this data. The trandator and its specification
in the Input Preferences panel can be done by a master user. End-users simply ask to import files, oblivious to the
presence of this mechanism.

Exporting information is handled similarly. In an Output Preferences panel, one may specify alist of post-
processing programs, assigning a menu name to each and specifying whether the program isto receive a consensus
seguence or amulti-alignment in FAKtory'sformat. Thelist of menu names becomes the contents of an Output
Menu that occurs on both the Layout Edit and Finishing panels. Selecting one of these names from the menu



causes the corresponding post-processing program to be invoked on the currently selected assembly or contigs. The
post-processing program can be any program capable of reading the FAKtory-formated information passed to it.
Moreover, the program is run in a separate process from FAKtory so that the two can be running simultaneously.
For example, we are currently preparing programs that will submit Blast searches, will log results with Terry
Gaasterland’ s Magpie system, and run Grail on consensus sequences. The Grail postprocessor actually opens up its
own window on the screen and runs concurrently with FAKtory.

In summary, the simple pre- and post-processor scheme we employ allows one to easily extend FAKtory to ac-
cept any input format and to run any post-analysis software concurrently with FAKtory. We will supply an initial
small library of such programs, anticipating that users will contribute additional extension programs over time.

7. Prescreeners: A Unified Framework for Clipping, Screening, and Tagging

The pipeline must always consist of an initial Input stage that imports fragment records from the file system, an
Overlap stage which computes all overlaps between fragment sequences, and afinal Assembly stage that melds the
fragments into a reconstruction of the target. Between the Input and Overlap stages may be any number and combi-
nation of Prescreener stages. In the design of FAKtory, we chose to develop a single, unifying framework in which
one could formulate awide range of criteria and recipes for clipping, screening, and tagging fragment sequences.
This framework involves a set of five types of pattern recognizers and a small expression language for flexibly com-
bining the results of these recognizers.

We start by describing such a general-purpose Prescreener stage whose configuration panel presents the user
with the full power of the framework. A Prescreener stage consists of several prescreeners, each of which can be
programmed to either cut off a5'- or 3'-end of a fragment’s sequence, or to tag substrings of the sequence with a
specifiable color and symbolic name. The interval(s) of afragment’s sequence which will be clipped or tagged by a
presceener are specified by an interval expression which is basically a pattern that matches a set of disjoint sub-
strings, specified as intervals of character positions. We will describe interval expressions and the intervals they
match in a bottom up fashion by starting with the simplest:

e Aninterval expression can be arecognizer. Each recognizer matches either asingle interval or a collection of
digoint intervals of positionsin the fragment sequence to which it isbeing applied. There are five types of
recognizers.

1. Aninterval recognizer isjust afixedinterval [ 1, J] . For example, [ 0, 20] matches the first 20 bases of
asequence, [ - 20, - 0] matches the last 20 bases. One may also specify thisin percentage terms, so
[ 0, 20] Y%matches the first 20% of the bases in a sequence.

2. A regular expression recognizer isaregular expression, an error tolerance, and a designation that one
wants the 3'-most, 5'-most, or all matches to the expression. The recognizer returns an interval or inter-
vals that match the regular expression within the given number of errors. It isuseful for short patterns
such as restriction enzyme cut sites.

3. There are several signal recognizers that match intervals of a sequence based on the measure of the
signal/noise ratio, peak-height/max-height ratio, and peak width in awindow of specifiable length.

4. A frequency recognizer matches intervals in which the frequency of specifiable bases (including N's) is
above or below a given level in awindow of agiven length.

5. An overlap recognizer matches any intervalsthat overlap, within a certain match stringency, areference
sequence from a user-specified library of such sequences. The library typically contains things such as
consensus Alu and Line elements, and vectors such as variants of PUC commonly used in the lab. These
recognizers are useful for tagging repeats and identifying vector sequence that needs to be trimmed.

These base recognizers are configured in a Recognizers sub-panel to each Prescreener panel that is dedicated to
that purpose. Each recognizer is given aname so that it can then be referred to in an interval expression for a
prescreener.

e Any set-theoretic combination, X op Y, where $X$ and $Y $ are interval expressions, matches the appropriate
combinations of the intervals matched by $X$ and $Y$. The operator symbols used are | for union, & for inter-
section, and - for minus. Also! X matches the complement of X' sintervals with respect to the fragment se-
quence.



e Theexpression X+c, where $X$ isan interval expression and $c$ is an integer constant, matches the intervals
matched by $X$ all shifted in the 3' direction by $c$ positions. The expression X- ¢ similarly shifts X'sinter-
vasinthe5’ direction.

e Theexpression[ X, Y] , matches the interval that starts at the 5'-end of 5'-most interval matched by $X$ and
ends at the 3'-end of 3'-most interval matched by $Y$. If $X$ doesn’'t match anything then the expression is
equivaentto[ Y, Y] , if $Y'$ doesn't match anything, to [ X, X] , and if both don’t match anything then the ex-
pression doesn’t match anything. One may also specify open intervals at either end by replacing [ with (, and ]
with) .

e Theexpression X ? Y: Z matches $Y $ if $X$ matches something and $Z$ otherwise. Similarly X ? Y matches
$Y$if $X$ is matches something and doesn’t match anything otherwise, and X : Z matches $Z$ if $X$ doesn’t
match anything and matches $X$ otherwise.

e Theexpression X(Y) matches the everything matched by $X$ when evaluated over the substrings of the
fragment’ s sequence matched by $Y $.

Thissimple interval expression language is sufficient to describe quite complex clipping or tagging criteria. For ex-
ample, if one wanted to clip at the clone insertion restriction site, or after the first 50 bases if such a site cannot be
found because of poor signal quality in the initial part of the read, then one can express this with the interval expres-
son[ O, Site(lntv):Intv] wherel ntv istheinterval recognizer [ 0, 50] , and Si t e isaregular expres-
sion recognizer for the cut site with say 1 mismatch allowed and optioned to return the 5’ -most instance.

In designing the general Prescreener-type stages above, we again came up against the problem of the desire for
generality resulting in a mechanism that required significant skill to utilize. Often, however, the full power and con-
comitant complexity of the full framework is not needed. To alleviate this problem, we set about designing simpler,
specialized interfaces called Clip, Screen, and Tag stages that are sub-classes of prescreeners directly suited to ex-
pressing common clipping, vector screening, and element tagging functions. We give a quick overview of each of
these specia panels:

1. Vector: This panel isrestricted to building a set of clipping prescreeners each of which is a single overlap recog-
nizer. The design and layout of the panel have been tailored for this simple subset of the prescreener capability.

In essence, the user is presented with a panel where they select the reference vector sequences they wish to

screen out.

2. TagPanels: This panel isrestricted to building a set of tagging prescreeners, each of which isasingle regular
expression, frequency, or overlap recognizer that is automatically optioned to report all matches. Like the other
panelsits design and layout are tailored to present a simple interface to this subclass.

3. Clip Panels: This panel isrestricted to building aset of 5’ clipping prescreeners and a set of 3' clipping
prescreeners each of which isasingle interval, regular expression, signal, or frequency recognizer that is au-
tomatically optioned for matching the 3'- or 5’ -most occurrence, respectively. The 5’ clipping prescreener is
guaranteed to clip from the start of the fragment sequence to the 3’ end of its recognizers match (if any). Sym-
metrically, the 3' clipping prescreener clips from the end of the fragment to the 5’ end of its recognizers match
(if any).

We find that in practice these simple sub-classes suffice to express most of the preprocessing needed on fragment

sequences before computing overlaps between them and then assembling them into contigs. Only on occasion isthe

full power of interval expressions required. Asafinal note, every clip, tag, and vector panel can be viewed asa
general prescreener if desired. The prescreeners therein may then be modified using the more powerful console of
the Prescreener panel. One may always flip back to the original subclass, providing the specification has not
changed. This permits usersto learn about the Prescreener by seeing how Clip, Vector, and Tag specifications are
codified as Prescreener specifications.

8. Constraints. Making FAKtory Support Many Sequencing Protocols

One of the unique features of FAKtory isits ability to automatically generate and utilize a collection of con-
straints that model additional information about the particular protocol being employed to sequence atarget DNA
strand. For example, many labs sequence both ends of their clone inserts in which case one knows that the pair of
fragment sequences are on opposite strands and should be within a certain distance from each other in any proposed
assembly. As another example, in transposon-mapped sequencing, the two fragments primed from a given transpo-
son have a4 or 5 base-pair overlap and are on opposite strands (we say they have the opposite orientation). More-



over, fragments from adjacent transposons are expected to overlap and again be in the opposite orientation. The
FAKII assembly kernel [MJAM99], upon which FAKtory isbased, is currently the only software suite to provide a
mechanism for describing protocol-induced constraints on the range of possible solutions, and to employ it, a priori,
in computing its answers. All other systems either ignore such information or ssimply tell the users about violations
of such constraints, a posteriori.

The basis of the constraint framework is that the additional protocol-dependent information can be expressed as
aset of overlap, orientation, and distance constraints between pairs of fragment sequences. While we can’t prove
that every conceivable protocol can be expressed in such aframework, it isthe case that all the protocols commonly
in use today are expressible in this framework. FAKtory has a Constraint panel in which a user can specify and
give a symbolic name to a constraint relationship between a pair of fragments. For example, one might define
Dual _ends to be the constraint that a pair of fragments be (1) in the opposite orientation, and (2) that their 5 ends
be a distance, say 800 to 5000 base pairs, apart. As another example, one might define Nest ed_del et i on to be
the constraint that the 3' end of the first fragment overlap the 5’ end of the second. In general, a constraint may be
any set of overlap, orientation and distance constraints that a user might wish to simultaneously be true about the re-
lationship between two fragment sequences in an assembly. Overlap constraints may be oriented in the sense that
thefirst must be 5’ of the second. Moreover, the type of an overlap relationship can be controlled in a detailed way,
and distance relationships can be with respect to any anchor position relative to the fragments. Users must also as-
sign acolor to every constraint for later display in assemblies.

Now that one can define different types of constraint relationships between fragments, the problem arises asto
how one designates that a particular pair of fragments has such a constraint between them. FAKtory’s solutionis
embodied in the idea of matchers that automatically associate a constraint between two fragments on the basis of
their labels. For example, it is common practice to label sequences obtained from opposing ends of an insert some-
thing like, Anane. f and Anane. r, and if one later produces along read of the . f -end of the insert with special
chemistry or adifferent machine, to label that fragment something like Anane. fi . Asanother example, when do-
ing nested deletion sequencing, one typically labels successive reads as, say Dnane. 100, Dnane. 101,

Dnane. 102, and so on. Clearly, with such labeling schemes in place, one should be able to build a simple pattern
matching mechanism that identifies appropriately labeled pairs of fragments and associates a given constraint rela-
tionship between them.

Such mechanisms can be set up on the Constraint Matchers panel in the following way. One can bind any capi-
tal letter, caled avariable, to aregular expression. One may then specify a binding template that isaregular ex-
pression where some elements may be variables between square brackets, e.g. [ A] . Finaly, one specifies amating
template that is a string some of whose elements may be the special forms[ X] , [ X+i] , or [ X+i! ] . Thevariable
$X$ must have been used in the binding template, $i$is an integer constant, and the later two forms are permissible
only if $X$'sregular expression matches sequences of digits. A matcher consists of atemplate pair and a constraint
relationship defined previously on the Constraint panel.

When it istime to infer which constraints apply to which pairs of fragments (see Section 9), the mechanism
works as follows. The binding template of a matcher is applied to afragment’s label to seeif it matches. If it does,
then the exact substring of the label matched by each variable in the binding template is determined. A mate label is
then generated by replacing every variable reference in the mating template with the corresponding substring from
the binding match. Inthe case of the[ X+i] and [ X+i! ] forms, theinteger $i$ is added to the value of the number
denoted by the substring, and in the later case, leading 0's are preserved. Once the mate label has been determined,
FAKtory searches for afragment whose label coincides and if found, it then designates this fragment and the one
whose label matched the binding template and associates the matcher’ s constraint to them.

For example, suppose Aisboundto[ a- zA- Z] * (matches any sequence of letters) and Nisboundto [ 0- 9] *
(matches any sequence of digits). First, consider the template pair: [ A] . f and [ A] . r. The binding template
matches Anane. f and the corresponding mate label is Aname. r . Next, consider the template pair: [ A] . [ N] and
[ A] . [ N\+1] . The binding template matches Dnane. 100 and the corresponding mate label isDname. 101.
Also, the binding template matches Dnamne. 001 and produces mate Dnane. 2. If one wishesto keep the leading
0’sinthe mate label then one should use[ A] . [ N+1!'] asthe mating template, in which case the mate would be
Dnane. 002.

While FAKtory’s matching mechanism is not a universal panacea for the problem of automatically inferring
constraint relationships, it is powerful enough to capture a wide range of existing data sets, and certainly more than
adequate for future projects where labeling conventions can be chosen to permit its application.



9. The Layout Edit Panel: Manipulating and Viewing Assemblies

FAKtory maintains a master layout cache of possible assemblies which may be viewed and individually mani-
pulated in the Layout Edit panel. Like the Fragments and Finishing panels, thisis one of FAKtory'sthree main
working panels where one actually processes data, as opposed to configuring thingsin order to process data. We
refer to assemblies as layoutsin this panel, as the intent here is to manipulate and study the assemblies at the level of
how the fragments have been arranged, rather than at the level of the individual bases in them which isthe domain
of the Finisher pandl (see Section 10). Each fragment is always represented in this panel asaline or stick whose
proportionate length reflects that of the fragment’ s sequence, and whose position in the stick layout depicting the as-
sembly shows how it interacts with all the other fragments. The focus of this panel isto allow a user to experiment
and interact with the space of all possible assemblies of the data by adding and deleting constraints, manually lock-
ing, splitting, or joining contigs, and adding new fragments to existing assemblies. FAKtory isuniquein its concept
of alowing auser to manipulate and experiment with a number of distinct assembly objects.

One or more assembly objects are added to FAKtory’s layout cache whenever a user advances a set of frag-
ments through the final Assembly stage of the fragment pipeline. The exact processisasfollows. First, any
configured constraint matchers (see Section 8) are applied to the given set of fragments and the specified constraints
attached to specific pairs of fragments. Then the FAKII assembly kernel isinvoked on this set of fragments, pro-
ducing up to $k$-best assemblies where $k$ can be specified in the Assembly Preferences panel that contains a
number of other useful configuration options for controlling the assembly. These assemblies are then added to the
layout cache. Note carefully, that only the subset of fragments advanced through the Assembly stage are passed to
the kernel for assembly, which is not necessarily every fragment in FAKtory's database. Furthermore, every such
advance produces new, distinct assembly objects to be added to FAKtory’s layout cache.

The top portion of the Layout Edit pandl is designed for viewing the set of layouts currently on the layout cache.
It consists of ascrollable display of these assemblies that can present them in a number of visua styles. First, each
assembly can be presented as either a stick layout, a coverage plot, or a3'/5 coverage plot, with or without sum-
mary statistics for each contig. One may zoom in and out on these presentations in either dimension of the graphic
display. One may optionally view the parameters that were used to produce the assembly, the number of contigsin
it, and the number of fragments that did not overlap with any others. Finaly, one may also compare one assembly
to al the othersin the list by clicking on the assembly and then on the Conpar e button. Each contig of the selected
assembly is distinctly colored, and the fragments in every other assembly are colored according to the color they
have in the selected assembly. This simple mechanism allows one to easily see rearrangements in the data between
solutions.

Conceptually layouts consist of an assembly and a set of constraints. As described above, layouts can be gen-
erated and added to the layout list by advancing fragments through the Assembly stage of the pipeline. One may
also delete layouts from the layout cache. A third and powerful option, is where one edits the set of constraints for a
layout and then reassembles it, possibly with some new fragment sequences if desired. Precisely speaking, the
reassembly of alayout consists of taking (1) the fragments in the layout, (2) the current set of constraints for the lay-
out, and (3) possibly some new fragments and concomitant new constraints inferred by matchers, submitting these
to the FAKII assembly kernel, and adding the resulting assembly objects to the layout cache. This reassembly
mechanism can be utilized in a number of ways as illustrated below.

The lower portion of the Layout Edit panel isthe layout editing area. One can select a layout from the master
layout cache in the top portion and load it into the editing area. Thereupon one may split some contigs apart, and
join othersaong ‘‘weak’’ overlaps between their end fragments. Both of these operations are achieved by (anim-
plicit) reassembly. One may also lock sets of fragments together, which adds constraints to the layout so that it is
guaranteed that these fragments will always be in the same relative positions with respect to one ancther if ever
reassembled. One can visualize the constraints that are in force for the layout in the editing area, and can either add
or delete constraints individually for this layout. The resulting layout may then be put back into the layout cache, ei-
ther replacing its former instance or as a new layout object. Often, however, what one will do after locking frag-
ments and editing constraints, is to hit the ReAssemnbl e button to see how the fragments assemble under the
modified constraints. The results appear in the layout cache where they may be discarded or kept according to the
user’s evaluation of the results. Such an explicitly requested reassembly will also involve any fragments in the
current selection of the Fragment panel, permitting one to incorporate new data into the assembly, if desired.

In summary, our ideaisto create a‘‘scratch pad’’ where one can experiment and interact with layoutsin avery
general way. One can remove or add some constraints, and then reassemble to see what they get. If the result looks

-10-



right, the user can keep it, and if not, discard it. We finish with a couple of examples that hopefully convey the flex-
ibility of the assembly/reassembly cycle provided by the Layout Editor. Latein aproject, afew reactions are rese-
guenced or some gaps are filled by PCR. One can lock the entire the current solution and reassemble it with the new
data, in which case the new fragments will be incorporated without disturbing the existing assembly. In the final ex-
ample, one may have several dual-end sequencing constraints that are actually incorrect due to lane tracking prob-
lems. One can resolve the problems they cause by deleting suspect constraints and seeing how the solution changes
without them.

10. The Finishing Panel: Optimizing and Keeping Track of Edits

Once auser has an assembly of the fragments that they are confident is correct, the final step in producing a
finished sequence is to examine the individual bases in the assembly and resolve discrepencies due to errorsin the
seguencing reactions. To do so in FAKtory, one must designate one of the layouts in the master layout cache as be-
ing finishable. Only one layout in the list may be designated finishable at any given time. When open on the screen,
the Finishing panel displays and operates upon the currently finishable assembly in the layout cache. The display
contains a text window on a section of the multi-alignment of a contig of the candidate, a stick layout of the candi-
date with a box around the part currently in the text window, and if available, a scrollable set of waveforms for the
fragmentsin the text window. Thisisvery similar to the Staden Gap4 model, a model that has received high marks,
iswidely accepted, and is very natural.

Apart from this basic similarity, our finisher does differ in the details of its operation. First, the waveform area
isavertically scrollable canvas of all the traces relevant at the currently selected column of the multi-alignment. As
expected, traces are always aligned with the currently selected column. FAKtory usesits own internal compression
method for storing waveforms so that a typical 600 base pair trace requires only 7kb of space. FAKtory has an au-
tomated scanning mechanism that advances a user to the next *‘ problem’” column for editing, where the notion of a
problem column is configurable in the Finisher Preferences panel. Assuch an editing sweep takes place, FAKtory
records the regions of the finishable assembly that have been so scanned. Such intervals are called edited regions
and are retained as an integral part of the finishable solution. A user will never be directed to such sections again by
the automated editing scanner. Edited regions are highlighted on the stick layout of the candidate so a user can get a
quick idea of their progress on the finishing task.

We paid particular attention to developing a protocol for an editing sweep that attempts to minimize the number
of key strokesinvolved. We did so because it is clear that good ergonomics are essential to making this tedious task
move as quickly as possible. Hitting atab advances one to the next problem column flagged by the editing scanner
and places the cursor on the consensus row of the column. Typing aletter with the cursor on the consensus charac-
ter, turns every character in the column into that letter, i.e., the user is asserting that the letter is the correct call for
the column. Hitting a carriage return moves the cursor from the consensus sequence row of the multi-alignment to
the corresponding symbol of the first sequence. Subsequent carriage returns move the cursor to successive se-
guences allowing one to cycle through the sequences, making individual changes by simply typing a symbol. Hit-
ting atab in the middle of such a column tour moves one to the next problematic column. Backspace undoes the
last edit. Shift-tab jumpsto the previous problem. Delete removes the current column, space inserts a column of
dashes, and so on.

When a user has finished an editing session, quitting the Finisher panel saves al edits as part of the assembly.
One can also quit the session and discard all work done if desired. Finally, one can at any time ask FAKtory to
reflect the edits made to each fragment, back to its record in the FAKtory fragment database. Such a request will &f-
fect all future assembly generation steps as the edited sequences will be used. Moreover, these changes need not re-
place the current sequences, but instead may result in a new version of the sequences. FAKtory supports alinear
history of revisions of each fragment’s sequence that may be controlled from the Finishing panel. Revisions may be
removed at will, save for the original sequence which can never be overwritten.

One last and interesting design problem arose because of the fact that a FAKtory project can contain many lay-
outs. One may select an assembly as being finishable, embark on finishing it, and after making significant progress,
discover that thislayout is not correctly assembled. Alternatively, a user may discover they need to reassemble the
layout with some additional data. To handle this, FAKtory allows one to designate another assembly as being
finishable. However, thisis not alight-weight process but involves the transfer of the edits and editing regions
recorded for the current finishable assembly to its successor. Regions where the data is assembled differently or
where new datais present, and their immediate surroundings must be marked as unedited as the user has not exam-
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ined the effect of the reassembly. In other words, FAKtory does everything it can to preserve the prior editing
work, but inevitably some regions will need re-examination. Because the step can result in aloss of work, the user
isadvised to carefully contemplate the consequences of changing which layout is the finishable one.
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