Splicing UNIX into aGenome Mapping LaboratoryLincoln Stein, Andre Marquis, Ert Dredge, Mary Pat Reeve,Mark Daly, Steve Rozen, Nathan GoodmanWhitehead Institute for Biomedical ResearchOne Kendall SquareCambridge, MA 02139AbstractThe Whitehead Institute/MIT Center for GenomeResearch is responsible for a number of large genomemapping efforts, the scale of which create problemsof data and workflow management that dictatereliance on computer support. Two years ago, whenwe started to design the informatics support for thelaboratory, we realized that the fluid and ever-changing nature of the experimental protocolsprecluded any effort to create a single monolithicpiece of software. Instead we designed a system thatrelied on multiple distributed data analysis andprocessing tools knit together by a centralizeddatabase. The obvious choice of operating systemswas UNIX. In order to make this choice palatable tothe laboratory biologists�who rightly consider ittheir job to do experiments rather than to interact withcomputers, and who have come to expect all softwareto be as intuitive and responsive as the AppleMacintoshes on their desks�we designed a systemthat runs automatically and essentially invisibly.Whenever it is necessary for the informatics systemto interact with a member of the laboratory we havecarefully chosen a user interface paradigm that bestbalances the user�s expectations against the system�scapabilities. When possible we have chosen to adaptfamiliar software to our user interface needs ratherthan to write user interfaces from scratch. We�vemanaged to hide the power of UNIX behind theinnocuous personal computer-based front ends ourusers know and love, using techniques that should beapplicable in other environments as well.1. IntroductionThe Whitehead Institute/MIT Center for GenomeResearch (WI/MIT CGR) carries out large-scalegenome mapping projects. A genome map iscomposed of a large number of short DNA sequencescalled �markers� which have been ordered andassigned to unique positions on chromosomes[National Research Council, 1988]. The availabilityof such maps greatly simplifies the task of identifyingand isolating genes relevant to the understanding ofdevelopment and disease. There are two maingenome mapping projects at the WI/MIT CGR: thecreation of a genetic map of the mouse [Dietrich et al.1992], and the creation of a physical map of thehuman [Green and Olson, 1990]. We estimate thatthese projects will require the completion of severalmillion individual experimental steps. This paperdescribes the design of the WI/MIT CGR informaticssystem and the lessons we learned during the process.1.2 Choosing UNIXManaging information flow in laboratory projects ofthis scale presents several challenges. The firstchallenge is managing the laboratory data for eachproject. The second is data analysis. The third ismanaging the dissemination of information bothwithin and outside the laboratory. In addition there isa meta requirement: biomedical research protocolsare a moving target. Laboratory techniques areconstantly improving, and major and minoradjustments of the experimental protocols occur on aregular basis.We chose to base our informatics system onthe UNIX operating system for several reasons. First,a large number of UNIX utilities for analyzingmolecular biology data already exist in the public andcommercial domains. Second, UNIX is an opensystem that is available on many different platformsand is familiar to the academic world. Finally, thetool-based philosophy of UNIX [Kernighan andPlauger, 1978], with its emphasis on inter-processcommunication, lends itself to a modular design. Wefelt that the use of multiple modular data analysis andprocessing tools instead of a single monolithic piece

1. Screen mouse DNA library for clones carrying repeats2. Sequence clones on automated sequencer3. Proofread sequences5. Find the simple sequence repeat 6. Check for duplicates7. Check for highly repetitive sequences8. Check GenBank for similar sequences9. Find PCR primers flanking repeat10. Review analysis and confirm primers11. Order primers and wait for receipt12. Screen panel of inbred strains for polymorphisms13. Determine inheritance pattern on mapping cross14. Error-check inheritance pattern data15. Map marker16. Distribute map

reject: sequence bad

reject: mouse portion of sequence too small

reject: no repeat

reject: duplicate found

reject: repetitive sequence found

reject: no suitable primersperhaps pick different primers

reject: not polymorphic

check errors and revise genotype

4. Strip off non-mouse (viral) portion of sequence

Figure 1: Genetic Mapping Protocolof software would allow us to respond more promptlyto changes in the laboratory protocol.However, the choice of UNIX, rather than a PC-based operating system such as MS-DOS, OS/2 or theMacintosh OS presented user interface problems. Thelaboratory scientists are familiar with personalcomputers, primarily the Apple Macintosh, andexpect software to behave as it would on a desktopsystem. We could not reasonably expect biologists inthe laboratory to master a series of data analysis toolsrunning under an unfamiliar operating system.1.3. The Laboratory ProtocolA flowchart of the mouse genetic mapping protocol isshown in Figure 1. The aim of the protocol is toobtain small random DNA sequences that containsimple sequence repeats, such as (CA)n, flanked onboth sides by nonrepetitive sequences. Thesesequences are useful because they are frequently�polymorphic� between inbred mouse strains. Inother words, the length n of the repeat varies betweentwo or more strains of mice. Like eye or hair color,the length of the repeat is a genetic trait that istransmitted from one mouse to its progeny, and likeother genetic traits, it can be mapped to a particularposition by performing a series of genetic linkageanalysis experiments.The protocol begins by creating a library ofmouse DNA sequences. This is done by cutting upwhole mouse DNA into small pieces and insertingthem into a self-replicating virus. Each viral clone in

MAPBASEData Analysis ClientsExamples:Duplicate CheckerRepetitiveElement FinderGenBankSearcherMAPMAKERUser Interface ClientsExamples:Human Physical Mapping SpreadsheetProgress Report GeneratorMS-Mail Map Query InterfaceMouse Genetic Mapping SpreadsheetPerlTranslatorPerlTranslatorPerlTranslatorPerlTranslator

Figure 2: Informatics system architecture the library contains a different random piece ofmouse DNA. These clones are individually tested tofind those that are likely to contain repeats, and eachlikely candidate is sequenced on an automatedsequencing machine. Next comes a series of sequenceanalysis steps. First, since each clone consists of amixture of viral and mouse DNA, the known viralportion of the sequence must be found andconceptually stripped off. Next, the sequence isscanned to identify the simple sequence repeat, ifany. After this, the sequence is checked for duplicatesequences already present in our database and for thepresence of highly repeated sequences that arepresent multiple times in the genome. If the sequencesurvives these tests, it is next compared to all entriesin the GenBank database of published sequences inorder to determine whether this sequence has everbeen seen before. Finally, we choose a pair of short(about 20 base pair) sequences on either side of thesimple sequence repeat to serve as �primers� for abiochemical technique known as the polymerasechain reaction (PCR). PCR allows us to rapidlydetermine the length of the simple sequence repeatwithout tediously recloning and sequencing it.After having a biotechnology supplycompany synthesize the primer pairs, we characterizethe simple sequence repeat further. Using PCR wedetermine the lengths of the simple sequence repeatin DNA taken from 12 common inbred mouse strains.Those repeats that are not polymorphic, that is, thatdo not vary in size between strains, are discarded.Those that are polymorphic are subjected to geneticmapping experiments that determine the length ofeach of the repeats in the offspring produced bymating two of the inbred strains. Repeats that areclose together on a chromosome will tend to remaintogether when inherited — they will appear to be�linked� — while those that are further apart or ondifferent chromosomes entirely will be inheritedindependently of each other. The genetic mappingdata is now fed into a program which does thenumber crunching necessary to order each of themarkers and determine the distance between them.The genetic mapping protocol is essentiallya data pipeline. At any given time approximately 600sequences are in the midst of processing.Experiments can fail and need to be redone, orsequences can be found to be unsuitable and bedropped from the pipeline at various steps. Whilemanaging the protocol certainly requires ingenuity indata modeling and data processing, we have foundone of the most challenging tasks to be integrating theApple Macintosh-based work habits of the laboratorywith our tool-based philosophy of UNIX.2. Informatics System ArchitectureThe architecture we have chosen is diagrammed inFigure 2. The major features are:- A centralized database running on a UNIXworkstation that stores the experimental results of allsteps in the mapping protocol. Our database is called�MapBase� [Goodman et al. 1993, Goodman 1994]and is an object-oriented database written in C++. Itis a multiconnection client/server database that

supports a simple query and update language and isaccessible over the TCP/IP network. An importantdesign decision was to make MapBase accessibleonly to software tools and to programmers. Our endusers�scientists and laboratory personnel�neverinteract with the database directly.- Data analysis and manipulation clients thatrun automatically on UNIX workstations, often underthe UNIX cron utility. The system is decoupled sothat the database and data analysis clients do not haveto reside on the same computer. Scientists do notneed to take any action to initiate the data processing,but the system keeps them apprised of experimentalprogress by E-mailing status reports.- Whenever human interaction with theinformatics system is necessary, it is done throughfamiliar spreadsheet, E-mail, and word-processingsoftware running on the same personal computer thelaboratory personnel use for other aspects of theirwork, the Apple Macintosh. This off-the-shelfsoftware provides scientists with comfortableinterface paradigms for interacting with theinformatics system. By carefully matching theparadigms to the tasks, we have been able to matchuser expectations with the system�s capabilities.- The MapBase database uses a text-onlyquery and transaction language which was designedto be easily machine-parseable. While many of ourdata manipulation clients interact directly withMapBase, most of them, particularly the adaptedMacintosh programs, communicate via intermediaryperl scripts [Wall and Schwartz, 1991] which handlethe translation between MapBase and the client.2.1 Choice of User Interface Paradigms - LessonsWe Have LearnedOur first pass at creating user interfaces between thelaboratory and the informatics system was disastrous.Adopting the conventional approach, we wrote anumber of specialized applications for the graphicalinput and display of laboratory data. To our chagrin,biologists stubbornly kept their primary data invarious Excel spreadsheets that they had createdthemselves, transferring the data to the informaticssystem in large batches only when absolutelynecessary. They requested that we make ourgraphical data entry forms more spreadsheet-like, andwere unhappy when we were unable to reproduce thefull functionality of Excel. They tired of waiting forour interactive database queries to complete anddeveloped a habit of E-mailing their data requests tothe programmers.Our second attempt to create user interfacestook a different approach. Rather than build userinterfaces from scratch, we took the software and datamanagement techniques the lab members werealready using and modified them to work with theinformatics system. In contrast to the first attempt,these interfaces won immediate acceptance and arestill in use today. What follows are specific examplesof laboratory user interfaces we have created and thegeneral lessons we have drawn from this experience.2.1.1 The best user interface is no interface at allFrom the laboratory�s point of view, computers are attheir best when they work invisibly behind thescenes. When possible we have made our dataprocessing steps invisible and automatic. Forexample, every new DNA sequence that is enteredinto MapBase needs to go through a series ofsoftware checks and characterizations: the sequencehas to be checked against other sequences in thedatabase to catch duplicates. If it passes this test, thesequence is checked against worldwide DNAsequence databases to see if it has already beenmapped. Next the sequence is examined for thepresence of repetitive elements (sub-sequencesknown to be present multiple times in the genome),and so on. Rather than ask a member of thelaboratory or (heaven forbid) a programmer to initiatethese tasks, the informatics system does itautomatically. Every night a cron job queriesMapBase for new DNA sequences, and feeds any thatare found through a series of small programs thatperform each of the characterization steps. Theseprograms are, in fact, implemented as a series offilters connected together through UNIX pipes. Theprogram at the very end of the pipeline gathers up theresults, feeds them back into the database, and E-mails a status report to the scientists in the laboratory.The sequence characterization programs area nice illustration of the UNIX toolkit approach. Theinput for each of the programs is a series ofkeyword/value attributes in the formatKEYWORD=VALUE. Keywords identify thesequence and the information collected on it inprevious steps. Programs in the pipeline extract theattributes in which they are interested, pass throughthe rest, and add any information that they wish tocontribute. For example, the program that determinesthe start and length of the simple sequence repeatlooks for the following attributes in the data streamNAME=MJ100SEQUENCE=GATTGACGAGATCACAGTTTGGCACACACACACACACACCAAGTTGAATTTCCTGG

between the computer and the scientist than is offeredby either behind-the-scenes processing or one waydata transfer. For these situations we make extensiveuse of Microsoft Excel for data entry, viewing andmanipulation. The spreadsheet has become a familiarand intuitive user interface, and is in fact the way thatmost of the scientists in the laboratory areaccustomed to storing and organizing laboratoryresults.We have created a set of external codemodules (�plug-ins�) that give Excel network accessto MapBase and other UNIX tools. With theappropriate macros, these plug-ins allow customspreadsheets to write, retrieve and update MapBaserecords. In this way a scientist can open up aspreadsheet that lists a subset of the sequences andthe experimental results associated with them.Although the data appears to be local to thespreadsheet and can be copied, pasted, summarized,printed and otherwise manipulated in the usualspreadsheet manner, it is actually tied to theunderlying data structures in MapBase. To add or editdata, the scientist makes the appropriate changes inthe spreadsheet and chooses the �Send to database�menu command, which updates MapBase. Ascreenshot of one of our spreadsheets in action isshown in Figure 3 (previous page). This spreadsheetis used to enter the lengths of simple sequence repeatsin various inbred strains.In addition to the advantages of familiarityand ease of use, this approach has allowed us toincorporate data analysis and data integrity checkingtools to the Excel spreadsheets in a simple andextensible manner. The most frequently-used Excelplug-in simply sends the contents of the spreadsheetas tab-delimited text over a TCP/IP socket to awaiting perl script. The perl script figures out what�sto be done with the spreadsheet data, invokes theappropriate data analysis and database tools, adds ormodifies the text and sends it back over the socket tothe Excel plug-in which obligingly pastes it back intothe spreadsheet. Adding new behavior to thespreadsheet is often as simple as updating the perlscript.A good example of this extensibility is ourexperience when we decided to add error checking tothe genetic linkage mapping data spreadsheet. Afrequent source of laboratory error occurs whenlaboratory technicians make typographical errorswhen they type the simple sequence repeat lengthinheritance patterns into the spreadsheet. The error iscaught that night when a full MAPMAKER run isperformed and the repeat is found to be unmappable,but by this time the data has already been entered intoMapBase and the technician has put the experimentalresults away. We wished to catch errors at the pointof data entry, while the experimental results were stillfresh. While it was impractical to invoke a fullMAPMAKER for each new simple sequence repeatentered, it was possible to write a quick and dirtyprogram that roughly maps new repeats and catchesmost errors. By having the perl spreadsheet listenerinvoke this error-checking program, we were able togive technicians rough mapping feedback almostimmediately and to catch the typographical errorsbefore the data was entered into MapBase. Best of all,we did this without writing any new Macintosh code.2.1.4 For database queries, use an E-mail interface.E-mail is a particularly effective paradigm for posingdatabase queries. Complex MapBase queries can take20 to 30 seconds to complete. While this is not aparticularly long wait, it is too long for an interactivesession mediated by a graphical user interface, wherean immediate response is expected. In contrast,scientists are accustomed to using E-mail to queryeach other, and they expect a delay of minutes tohours between sending out a request for informationand receiving a response. Scientists can address adhoc queries to MapBase via familiar E-mail software,Microsoft Mail, using a series of graphical formswe�ve designed. By filling out checkboxes and textfields, users of the system can set the conditions tosatisfy and select the data fields to retrieve. They thensend the form to the database and in less than aminute their query is answered by return mail.Textual data, such as status reports, is returned asword processor documents, while graphicalinformation, such as maps, is returned in the form ofMacintosh picture files. Tabular data, as one wouldexpect, is returned as spreadsheet files. This E-mailsystem is also used for posing queries to MapBaseover the Internet using a set of text-only forms.Figure 4 (next page) shows a portion of one of our E-mail forms. This one is used within the laboratory toobtain information about the progress of the geneticmapping protocol.The E-mail query system is implementedusing familiar UNIX tools. An alias called�genome_database� pipes incoming mail to a perlscript that determines which query form is being usedand where the query is coming from. Using thisinformation, the perl script reformats the query forminto a series of keyword/value pairs. This data is thenpassed to another perl script that queries MapBaseand reformats the results in human-readable form. Insome cases, when the user wishes to receive data as aspreadsheet or a picture file, the result text goesthrough an addition step in which it is piped throughUNIX tools that reformat it as appropriate (these

we�ve been able to modify our system by adding oraltering software modules or changing the order inwhich they execute. We have adopted the sameapproach to the design of our user interfaces. Insteadof building our own interfaces from scratch, we haveadapted existing software with which our users arealready comfortable. The result has been a systemthat has allowed data throughput to grow by a factorof six (from 50 genetically mapped sequences permonth to over 300/month) over a period of a year,and that enjoys a high level of user satisfaction.Our approach is different from those takenby several other genome mapping groups. Oneapproach, exemplified by the ACEDB database of theC. elegans genome is the �laboratory notebook�approach [Sulston et al., 1992], in which the entireuser interface is incorporated into one custom pieceof software. An advantage of this system is that theinterface is carefully crafted to fit the application. Adisadvantage is that it is difficult to adapt theinterface to meet changing laboratory needs. A moretool-oriented approach has been taken by theChromosome 11 project, in which a relationaldatabase is used to integrate and control the activitiesof a number of data analysis and manipulation tools[Clark et al. 1994]. However in this case the decisionwas made to use a Apple Macintosh-based relationalDBMS in order to take advantage of that system�sgraphical user interface, and this design decision hasrestricted the possibilities for automating informationflow since the Macintosh OS does not provide thelevel of inter-process communication offered byUNIX. An approach similar to ours, but for a systemto support a large-scale expressed sequence project,has been described by Kerlavage [Kerlavage et al.1993]. They also build a pipeline of UNIX-based datamanipulation tools drawing on a centralized databaseand interacting with scientists through Macintoshfront ends. The major difference between theirapproach and ours is that their Macintosh interfacesare built on a single environment, Hypercard (AppleComputer), whereas we use different applications topresent differing user interface paradigms.Although our system was designed to meetthe needs of a particular genome laboratory, ourapproach may be applicable in other situations inwhich it is necessary to integrate UNIX and PCenvironments.4. ReferencesClark, SP, Evans GA, and Garner HR (1994).Informatics and Automation Used in PhysicalMapping of the Genome. In �Biocomputing:Informatics and Genome Projects�, Douglas SmithEd., Academic Press, NY, pp. 13-49.Dietrich W, Katz H, Lincoln SE, Shin H-S, FriedmanJ, Dracopoli NC, and Lander ES (1993). A GeneticMap of the Mouse Suitable for Typing IntraspecificCrosses. In �Genetic Maps, Locus Maps of ComplexGenomes, Nonhuman Vertebrates�, Vol 4, Stephen J.O’Brien, ed. Cold Spring Harbor Laboratory Press,Cold Spring Harbor, NY. pp. 110-142.Green ED, Olson MV (1990). Systematic screeningof yeast artificial-chromosome libraries by use of thepolymerase chain reaction. Proc Natl Acad Sci US.87:1213-1217Goodman N, Rozen S, and Stein L (1993).Requirements for a Deductive Query Language in theMapBase Genome-Mapping Database. Workshop onProgramming with Logic Databases, Vancouver, BC,Oct. 30, 1993.Goodman N (1994). An Object Oriented DBMS WarStory: Developing a Genome Mapping Database inC++. In "Modern Database Management: Object-Oriented and Multidatabase Technologies", WonKim, Ed., ACM Press, NY.Lander ES, Green P, Abrahamson J, Barlow A, DalyM., Lincoln S, Newburg L (1987). MAPMAKER: aninteractive computer package for constructingprimary genetic linkage maps of experimental andnatural populations. Genomics 1: 174-181.National Research Council, Committee on Mappingand Sequencing the Human Genome (1988)�Mapping and Sequencing the Human Genome�,National Academy Press, Washington DC.Kerlavage AR, Adams MD, Kelley JC, Dubnick M,Powell J, Shanmugam P, Venter JC, and Fields C(1993). Analysis and Management of Data fromHigh_Throughput Sequence Tag Projects. in�Proceedings of the 26th Annual Hawaii InternationalConference on System Sciences�, Trevor N. Mudge,Veljko Milutinovic and Lawrence Hunter, Eds. IEEEComputer Society Press. pp. 585-594.Kernighan BW, and Plauger PJ (1976) �SoftwareTools�, Addison-Wesley, NY, 1976.Sulston J, Du Z, Thomas K, Wilson R, Hillier L,Staden R, Halloran N, Green P, Thierry-Mieg J, QuiL, Dear S, Coulson A, Craxton M, Durbin R, BerksM, Metzstein M, Hawkins T R, Ainscough R, andWaterston R (1992). The C. elegans genomesequencing project: A beginning. Nature 356:37-41.Wall, L, and Schwartz RL (1991). �Programmingperl�, O�Reilly & Associates, Inc., Sebastopol, CA.

5. BiographiesLincoln Stein is a MD/PhD pathologist andmolecular biologist from Harvard with a persistentinterest in software development includinghypermedia-based medical education software, imageanalysis software, and desktop publishing tools. He isassistant group leader of the MIT Genome Centerinformatics core and takes the credit for much of theuser interface design (or lack thereof) presented inthis paper. Andre Marquis is a software engineerwith a BA in Cognitive Science from the Universityof Rochester and is the implementor of thespreadsheet interface described in this paper. ErtDredge is a software engineer with a BA in Biologyfrom MIT; his contribution includes the automatederror checking tools. Mary Pat Reeve is a softwareengineer with a BA in Biology from MIT, who isresponsible for implementing much of the automatedsequence analysis described in this paper. MarkDaly is a software engineer with a BA in Physicsfrom MIT; his contribution includes the integration ofMAPMAKER with MapBase. Steve Rozen is a PhDin Computer Science from New York Universitywhose background includes the development ofbanking information systems on Wall Street. NathanGoodman is a former professor of Computer Scienceat Harvard and former Chief Computer Scientist ofKendall Square Research Corp. He is the groupleader of the MIT Genome Center informatics coreand is responsible for the design and implementationof MapBase.