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Abstract

Aiming at building 2 human genome encyclopedia, a hu-
man genome mapping database systemn, Lucy, is being
developed. Taking chromosome 21 as the first testbed,
more than forty maps of different kinds have been ex-
tracted from publications, and several public and local
genome databases have been inbegrated into the sys-
tem. To our knowledge, Lucy is one of the first systems
that have ever succeeded in genome database inbegra-
tion. The success owes to the following key design strate-
gies: (1) A sequential logic programming language, Pro-
log, has been nsed so that the database construction and
guery management could rely on the internal database
facility of Prolog. (2) An object-oriented data repre-
sentation has been employed, so that any kind of data
could be manipulated in the same manner. (3) A mini
language, map erpression, has been designed, which en-
ables map representation in a relative-addressing manner
and also linkage of one map to another. These strategies
are applicable for building & genome mapping database
not only on human chromosome 21 but also beyond chro-
mosomes and beyond species,

1 Introduction

1.1 Why Biological Applications?

The fact that only four DNA bases (adenine, thymidine,
guanine, and cytosine — symbelically represented as A,
T, C and G respectively) encode most of the informa-
tion on current life and its history is {ascinating from
the viewpoeint of computer science. More interesting is
that many biological reactions are due to the property
that A and T make a complementary pair as well as G
and C do. (enome analysis is potentially a large applica-
tion area for symbolic computation. As biclogical exper-
imental methodology develops, more gene information is
accumulated and analysed. This holds especially true
for such large scale models as the human genome whose
total genome size reaches a few billion of bases. Since

NIH (Mational Institute of Health) and DOE (U.5. De-
partment of Energy) embarked a joint national rescarch
initiative [30, 31], human genome projects have been ini-
tiated in many other countries and research activities are
being expanded and zceelerated day by day [89, 63, 83].
To proceed efficiently in the ever accelarating climate of
current biological research, strong support and feedback
from computer-aided analysis is mandatory (74, 53, 39].

1.2 What is a Physical Mapping Pro-

cess’

Genome mapping is similar to gecgraphical mapping,
The genome mapping is now akin to the early times of
geography. First of all, it is not known yet exactly how
big the genome is. Conofinents, countries, states, cifies
and streets work as geogruphical markers which give po-
sitional information, eddresses, on the earth. As well,
continental-level landmarks with location-specific infor-
mation such as a single copy DNA sequence (i.e., se
quences that occur only once in the genome) [70] have
been discovered here and there on the genome; frag-
mentary maps arcund these landmarks are being drawn,
come of which are being glued one to another. Pur-
thermore, as there are geographical maps and time-zone
maps, there are different kinds of genome maps, roughly
categorized into two kinds: physical maps giving physical
distances (i.e., the number of bases lying) between the
markers and genetic maps giving recombination frequen-
cies batwesn the markers. This section introduces what
is genome physical mapping. It should help in under-
standing the genomic data which will be involved in the
genome mapping databases desecribed in later sections.
For more details, consult [90].

Chop, Identify and Assemble.  Figure 1 shows
how physical mapping is done. In general, a genome is
too large to be directly sequenced® with the current se-
quencing technelogy. For example, the total size of hu-

IDNA sequencing means experimentally reading a DNA se-
quence congiating of A, T, O, G bages.
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man chromoseme 21, the shortest human chromosome, is
thought to be 50 to 65 Mb (mega bases), while the max-
imum length of DNA read per day is about 500 bases,
including reading error corrections, and the cost of se-
quencing is about cne dollar per base [44, 9] 1f the
chromosome 21 were read in a serial manner, it would
take 250 years. Hence, first of all, the chromosome has
to be excized into pieces [called fragments), which are
small enough for further analysis, such as a 20-30 Kb
ikilo bases) to a 2-3 Mb {step {1)). The excision is done
by a physical method (e.g. by irradiation [27]) or by
a chemicel method (e.g. by digestion with restriction
enzymes'} (step (§)). Then, the DNA fragments are to
be assembled to the original chromosome, For the as-
sembling, there are a variety of methods, depending on
{a) whether or not the DNA fragments may overlap, (b)
how the overlap and adjacency of the DNA fragments
are detected, and {e} whether each step of experiment is
attempled against an individual fragment or to a group
of fragments at a time,

A Conventional Physical Mapping Method.
Fignre 1 shows & conventional mapping methed which
deals with non-overlapping restriction fragments. This
method starts with chemieal digestion using 2 restric-
tion enzyme. The restriction fragmenls are sorted in
size (by the electrophoresis methed (step (4)) and as-
signed to an approximate region through hybridisation®,
Each fragment is hybridized to a variety of cell lines®,
As each cell line covers a different region, the pattern
of hybridization signals against different cell lines deter-
mines which region the target fragment resides (step /2/)).
Next, hybridization is attempted againsi probes within
that region. With a positive hybridization signal on with
a probe, the fragment is determined to lie arouwnd the ad-
dress of the probe {step (5)).

A clone containing a specific restriction site is called a
linking clone. A linking clone is split at the restriction
site and then each half is hybridized to complete digests®.
As the two halves are known to be next to each other,
complete digests fished by the halves of a linking clone
are found to be adjacent. Thus, linking clones introduce

* Restricdion enzymes recognize some specific DNA pattern of
four to & dozen of bases and cut a dooble-siranded DINA at some
specific position in the pattern.

14 double stranded DNA is formed if each strand contains a
complémentary sequence to the other. Hybridization is an attempt
to make a double-stranded DNA or an RNA-DNA hybrid using
this property. By labelling & probe {ie. the counterpart) with an
isotope or & dye, by means of autoradiograph or florescence one
ean detect if the probe has hybridized to the target or not.,

B Cell lines are DNA sepments which are generated by deleting
a pottion of chromosomes or by translocating betwesn different
chromosomes.

 Complete digests are restriction fragments chtained when the
restriction enzymes react to completion, i.e., everyone of the target
sites is eut. In conbrast, partial digests are those which comtain
some fraction of the target sites uncut.

the notion of adjacency that works as a strict constraint
in linear-crdering restriction fragments.

As a resull of hybridization against a oumber of
probes, fragments are eventually given a linear order
(step (6)). The process (3) thru (6) is repeated until
a map with the desired precision is obtainsd.

A MNew Physical Mapping Method. A new
method, called clone contig assembly, is shown in Fig-
ure 2. This method uses clones of overlapping fragments
of almost the same size determined by the cloning vec-
tor. By determining overlapping pairs of clones, walking
is atternpted from one clone to another. The resulting
walking path forms an island of contiguous clones, that
is called a contig. This method has variations depending
on how the overlaps are detected (e.g., whether based
on the restriction digest pattern of each clone or based
on hybridization signals [34]). Furthermore, the over-
lap detection can be attempied against a group of clones
at a time, in common. The feasibility of extracting the
maximum amount of information in every step of bio-
logical experiment and the potential for automation are
akttracting much attention to these contig assembly meth-
ods [29]. In addition, given a set of overlapping clones,
the variation of length and overlaps of clones gives a sta-
tistical limit on the number of independent islands which
can be constructed from the clones [69, 26, 52). It should
be noted that this method can be carried out, vigorously
relying on statistical and computational analysis [14, 37).

In summary, the physical mapping process consists of
the three steps: (1) excising the whele DNA into pieces,
(2) characterizing every piece through hybridization or
digestion, and (3) assembling the pieces. While steps (1)
and (2) are done through biclogical experiments, step
(3) is a probablistic combinatorial problem. In order to
solve this problem, information retrieval from a variety
of genome databases is required together with powerful
computational tools.

1.3 Mapping Data and Mapping

Knowledge

Section 1.2 introduced the physical mapping process
from the viewpoint.of biclogical experiments. The re-
sulting data are published in the form of inventories as
shown in Tables 1 and 2.

Identification and Adjacency. Table 1 gives a re-
lation between hybridization probes and restriction frag-
ments obtained by digesting cell line WAV-17 with re-
striction enzyme Nofl [88]. For instance, row 1 implies
that clone 231C which is a representabive of locus D2153
hybridizes to a 2200Kb complete digest and to two par-
tial digests: a 2200Kb fragment and a 2600Kb fragment.

Section 1.2 introduced linking clones with the notion
of adjacency. HMGI4] and HMGl4s are the two halves
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Table 1: Restriction fragments and hybridization probes

Probe Nofl restriction fragments
locus/gene  clone

1| D21ss 231C 2200,2600
2 | HMG14 HMG14l | 76
3| BMG14 HMG14s | 300,360,560,630
4 G-40-3 300,360,530,1000
5 Di13s 200,2100,2900
6 i3 75,1800
T | *D21S101 JGATE 1800, 21002300, 26800
B | *D21515 pGSER 2000,2400,2700
] LAITH 1300
10 LAIT1s | 750,2100,2350
11 | *D21551 SFR3 TH0,1200,1800,2050,2300
12 | *D21553  512-16PF | 730

13 | *D21538  SFliA 750

of linking clone HMG14. Hence, the T3Kb fragment hy-
bridized to HMG14] must be next to the 300Kb fragment
hybridized to HMG14s. Similasly, for 2 pair of D13s and
D131, the 300KbL fragment and the T5Kb fragment must
be adjacent; for another pair of LA171] and LA171s, the
1800KDb fragment and the BI0KD fragment must be ad-
jacent. The 300Eb fragments in rows 3 to 5 can be in-
terpreted to be identical, assuming that the 360Kb frag-
ment {in rows 3 and 4) be a partial digest containing
the 300Kb and the THKb fragments and also assuming
that the 2100Kb fragment {in rows 4 and 5) be a partial
digest containing the 300Kb and 1800Kb fragments.

Thus, given a relationship of restriction fragments and
hybridization probes, each restriction fragment is iden-
tified using strict constraints such as linking clones and
also using its neighborhood information such as a pattern
of partial digests.

Confirming Information. In Table 1, the T50Kb
fragments in rows 10 to 13 seem to be identical. Also,
the ordering of loci D215101 (row 7) and D21515 (row 8}
is mot evident in this table, nor the ordering among loci
D21851, D215563 and D21539.

Table 2 shows a refationship of multiple kinds of re-
striction fragments (of a different cell line, CHG3) and
hybridization probes [L7] around the same region as Ta-
ble 1. With an assumption that the Netl restriction sites
be rather conserved in different cell lines and eonsidering
of 10-20% errors in size, the T50Kb fragment in Table 1
can’'be interpreted to correspond to the TO0Kb fragment
in rows 4 to 6 in Table 2. The identification of the T50Kb
fragments in Table 1 is confirmed by the same set of
Ml digests (<200Kb, 1250Kb and 1400Kb) and Nrul
digests (600Kb and 2000Kb) found around the TO0KD
fragment in Table 2. As for the ordering of loci D215101
and 121515, the 1600Kb MMl fragment in rows 1 and
2 connects D215101 with D2183 and the 1400Kb Mlul
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Table 2: Multiple digests

Prabe Kestriction fragments
locus/gene  clong Natl Ml Nrul

1 D2153 PPW231 | T00,1800 | 700, 1600 [

2 D21510r  JG3TS 1400 1000, 1600 1400,2000
3 021515 E3 1400 1250,1400 1400,2000
4 D21539 SFL3A LU <200,1250,1400 | &00,2000
5 MxA/B T00 <200,1250,1400( S00,2000
G D21551 SFod T00 <200,700,1400 | 500

fragment in rows 3 to G connects D21515 with D21539.

In general, mapping data contain a non-trivial impre-
cision which clouds their interpretation. Interpretation
for a set of mapping data becomes less ambiguous with
additienal information. Tt is obviously efficacious to ac-
cumulate data until a convincing interpretation is ac-
quired.

1.4 Genome Mapping Databases

Public Databases and Laboratory Notebooks.
The conslantly growing population of genome databases
[80] contains precious few mapping databases even con-
sidering different species, such as mouse [47], Caenorhab-
ditis elegance [32] and FEsehericia coli [6]. As for hu-
man, GDE (Genome Data Base) [40] is the only pub-
lic mapping database. [t contains information about
genes, loci (landmarks), clones, contacts and maps. As
for maps, consensus maps are collected each of which
comtains merely the consensus order of loci, without in-
formation on physical/genetic distance between loci yet
{75).

Laboratory data that are primary or secondary level
of experimental data including image films will someday
be available in so-called foborafory nofebook dotoboses
which are now under development [54, 68, 4, 58]. Espe-
cially for the contig assembly mapping method for which
a computer analysis environment is essential, system de-
velopment efforts are intensive and have been applied for
mapping chromosomes X, 16 and 19 [54, 23, 66].

What sesms to be missing in genome databases is a
continuous link betwesn public databases and labora-
tory notebool databases. There is a strong need to com-
pare laboratory mapping efforts against those reported
in publications and public databases.

Implementations, Interfaces and Integrations,

In terms of implementation strategies, most genome
databases, including the above, have been implemented
using relational database management systems which are
based on a normal form (or flat) relational model [24].
Also these databases provide a query language (usually
SQL) interface for programmers and an interactive win-

dow interface for end users, both of which rather di-
rectly reflect the underlying implementation. Program-
mers and users must be knowledgable about implemen-
tation issues, such as how each relational table is linked
to others.

A high level interface is also required for easily shar-
ing and exchanging data between different databases.
Among leading database integration efforts, Genlnfo
[71, 60] is notable. Three databases: Genbank (DNA se-
quence database), PIR (protein sequence dalabase) and
MEDLINE (medical /biclogical literature database) are
converted into the form of an object-oriented data rep-
resentation language, ASN.17 [72], so that data can be
easily exchanged among the databases. ASN.1 has also
been applied to the construction of a metabolic com-
pound database [49].

In summary, various kinds of information are invelved
in the genome mapping process. The integration of dif-
ferent databases is a key issue in proceeding further bic-
logical research.

1.5 Goal and Strategies

Many queries issued in the physical mapping process are
imprecise, e.g., “Get all information around this locus”,
and “What are the consensus and differences around this
tocus in all collected maps™ To address these queries,
all related information must first be collected from pub-
lications and various databases into a map in which all
available information is woven at every location of hu-
man genome, i.e. a human genome encyclopedia. Then,
using this encyclopedic map, & genomic grammar [81]
will interface to the user.

The construction of 2 human genome database system,
Lucif, has started. Taking chromosome 21 as the first
testbed, more than forty maps of different types have
been cotlected from publications, and several public and
local databases have been integrated into the system.
Currently, the system is ready to answer rather general
queries such as shown above. To our knowledge, this is
the first integrated physical mapping database that has
ever been implemented.

The key design features which have enabled the pro-
totyping of Lucy are:

¢ logic programming,

» object-oriented data representation and query inter-
face,

s map representation language.

The following sections will describe each of these fea-
tures in detail.

T Abstract Syntax Notation 1, TS0 8824.

8The name is derived from the nickname given o the first fossile
of hominid [48]. The motto herein is “For any question on human,
ask Lucy”.




2 Representation of Genome In-
formation

2.1 Exploitation of Logic Program-

ming Featuers

Lucy has been implemented in a sequencial logic pro-
grarming language, Prolog, for its following features:

1. Database Facility and Inference Mechanism:
Its internal database facility and inference mecha-
nism enable validation of biological data and rules
as knowledge immediately when they are expressed
as Prolog predicates (programs). Ewen il they were
expressed as Prolog terms (data) as second order
predicates, the inference mechanism could be im-
plemented rather easily in Prolog.

2, Declarative Expresssion and Set Operations:
Its declarative expression and {built-ie) search util-
ities (e.g., built-in set operations such as setof and
bago?) minimize the amount of programming effort
for knowledge representation and database reteieval,

3. Recursive Queries: Its capability of handling re-
cursive programming and recursive data structures
enables a straightfoward implementation of recus-
sive queries that are hard to be implemented with
norma} form relational databases and conventional
query languages such as SQL [28].

i

. Foreign Language Interface: [f is necessary to
have a foreign language interface (which is provided
in several Prolog implernentations) to other conven-
tional but efficient langnages, such as C and Fortran,
in order to import and develop the computationally
intensive sequence analysis and statistical mapping
tools.

5. Portability: Lucy should be developed as a real
svstem to be used for biological analysis. The sta-
bility and portability of the system are the first pri-
ority. ’

2.2 Object-Oriented Representation
and Interface

The hybridization results shown in Tables 1 and 2 in
Section 1.3 could be represented as Prolog facts of a flat
relational form as follows:

x‘- - -
% tablel(Lesus, Cloms, HRetDdigests).
Ywmm
tablel (FD2IE37, P200,  [2200,2600]).
eablal [ PEMO247, FEMGI41, [TE]).
rablel (PEMDIA?, *EMGi4s, [3040,.380 56062003,

W
¥

table2{locus, Gloza, HezTdigests, Mluldigests, HBruldigests).
‘I:-------- = ———
table2('P2153°, cpPW23L’, [V0O,L800), [700,1800], ([600]13.
rakleZ(/D2151001, 130373,  [1400], [1000,1600) , (1490, 2000]) .
'ERT, [1a00] . [1280,1400) , [1400,3000]) .

table[FE215157,

Then, for every element involved in these tables, such
as loci, clones and enzymes, information ecollected from
publications and public databases was stored similarly in
a flat relational form. Obviously, as the number and vari-
ety of relations increased, it will be accordingly difficult
to program and maintain the database in this format,
and to remember the exact form of each relation.

Another burden handling various different tables be-
comes obvious when encoding mapping rules. For ex-
ample, the following program defines the notion of ad-
jacency introduced with linking clones, namely that two
restrietion fragments are adjacent if one fragment is hy-
bridized to one half linking clone and the other fragment
to the other balf linking clone and if the restriction frag-
ments are both complete digests:

is_adjscent _to(Fragnenth, FragmentB) -
is _bnltf 1imking_clens{HalflizkingClone?, LinkingTlone),
im_Balf_1imking_clene{Halflinkingflenel, LinkingClonal,
sl £T. inkingClenel Y= BalfLinkingClonaf,
im_hybridized_to(Ealflinkingllenal, Fragesnth, Enzyme),
is_hybeidized_te{HalfLinkingCleoned, Frageanth, Encymel,
Fragssnth = Fragmenth,

is_complete digest (Fragmestd),
in_complote_digest (FrageescE) .

Here troublesome is that if hybridization results were
stored in various forms, predicate is_hybridized_to/3
would have to be defined for each kind of digests in each
different table, as follows:

i6_bybeidized_tolProbs, Fragment, "EetI*) :=
tablel(_, Probe, BotIFragmenzal,
monber (Fragment, NetIFraguents}.

is_hybridized_te{Proba, Frageent, 'BotI') i-
tabledl_, Preba, NetlFrageents, .. .},
mopbar (Fragmant , lotl'[-‘ru.plnts}.

is_hybridized_to{Probe, Fragoant, "Mlul') =
tablel(_, Prebs, _, MluIFragments, .J,
nenkar{Feagmont, KlulFragments).

ig_hybridized_to{Probe, Fragaeat, *Hrul') !
+able2l,, Proks, _, _, BrulFragnents) .
mambor{Fragzent , FrulFragnants) .

where member(X, Y) iz a built-in predicate which sue-
ceeds if X is a member of Y.

To relieve these difficulties, an object-oriented data
representation has been adopted in Luey, The hybridiza-
tion relationship between a fragment and probes has
been embedded as an attribute of the fragment.

2.2.1 Principle

First of all, we recognize that any kind of datum is an
object composed of attributes and represented as a Pro-
log fact, object/2, consisting of a funcior, object, and
two arguments, as follows:



312

object(0bjId, Attributes).
where

s ObjId is an object identifier which is unique in the
entire system and is formed of a class and a local
identifier unique within the class;

s Attributes is a set of attributes which constitute
the object. The internal representation of attributes
is encapsulated in the variable, Attributes.

MNext, we construct general interface methods which
allow retrieval of information from an object without
kmowing how that object is internally represented as fol-
lows:

s clags(0bjld, Class) returns the class of the ob-
ject.

e id(0bjId, Localld) returns the local identifier of
the abject.

s attribute(dbjld, Attribute) refurns an at-
tribute composed of an attribute name and an at-
tribute value,

2.2.2 Examples

Starting with a restriction fragment, let us consider sev-
eral objects related with this fragment and see what
kinds of information are associated with them. Note
that, in this paper, the attributes are represented in the
form of a list mevely for ease of explanation; a different
data structure, more efficient in space and access, is used
in the real implementation.

1. Restriction Fragment: This defines the 750Kb
Woil fragment appearing in rows 10 to 13 in Table i,
that has been digested from cell line WAV=17 with re-
striction enzyme Notl. This fragment was hybridized
to four probes: LA171s, SF93, 512-16P and SF134,
This information was obtaipined in an experiment
done by Denan Wang, April 1991, and appears in a
literature, Saite et al (1991).

abiect { PLUCY rfTagment ' { "Denani 01 (VAV-17/HotT/TEOR2?]

[input_daza{1981/4524) ,
digeated_from{ealk Lina(rHEV=17]),
iiﬂ;tﬂ_b;{rlrtﬂ:t:nn..m{‘lﬂl 3,
probesi [hﬂi_limh'ln‘fl’]'..lﬂ'] 8%} eloma{'8FI37),

clomn( 512-16P") clone{*SF132' ]},

sizal *RBY(TRODND ,
soures(Fef{'Dasas Vang (April 189131)),
rafarasces{{ref{'Saito ot al (iD91) 131}

1.

2, Probe:  One of the probes, 5F93, was offerred
by Cox, and registerred in a local clone logbook,
Plasmid Book, with & local name, CLE3048. It has
an Eeolt] site at one end and a Sall site at the other
end and is cloped in a pUC18 vector, and is resistant
to ampieillin.

abjact(FE:clona’ (TEFASY),

[impot_date (198158782 ,
nymbol{ *SFI3+])
infermation_ncurce(db(’FB/vex.88-11-8'1),
if_confivmad{yanl,
lab_number (L8 clone ' (POLE3048 ) ),
withing [locus (/B21361 ) .rt;i“t *21q233]%,
sizel 'K (2,10},
clonm_sites{ [rentriction_sitel 'Ecoll'],

rentriction_pits( '5al1*31),

wactor{vector( 'pUCIBI ],
woctor_siza{ L6 {2.73}),
nztibdoticCampl,
sonrcel 'PB:contact ' {'Gex'}]}

1.

3. Locus/Gene: Clone SF93 is a representative of

locus 021851 whose information is found in public
database GDEB.

object{"G0E: Locua ('BR1EEL7] ,
[inpat_data{1981/7/E),
infermation_ ssurce(db GIE var.1.07)),
acuroes ([ *G03:source ! { *Earentecy ot =l {1987y},
SGDR - meares { Burme ister et al (188039313,
probus{[*00B:probe? { 'SF=B3'2]0,
aysbol{DIUEE1F],
full_namo!{ DL Segment, single copy probes BF-934),
within{ [region(’21422.3°30),
lecus_typal 'DEAYY,
52 _slensdyes),
aand grwant_madas [Jm:urlm..lnd!'{'l"J e
' TGDE rannigneant _madae® (752010,
cartainty(confirmed),
report{included,
ereato date(’lpr 17 1990 1:20:45:0004H),
modify_datel Bov 25 1990 2:01:29:460FK ),
approved_date(’Sep 8 1990 11:06:13;320FN'}]).

. Contact: The person simply referred to as Cox in

the Plasmid Book is David R. Cox whose detailed
information is found also in public database GDB.

ebject{’PRroentact®{*Cox'}, Attributes) :=
sbjoct (oomtact( "David R. Cox'), Atrributes).

sbject(*G0B:contact! { Dawid R. Cox?),
[impur_date(1931/7/6),
isfernation_source(dk( 000 var . 1,070},
HEOE: Adx { PEDN; comtact F(11481) ,
aymbol{'Darid R. Cax'),
contact_sddrasaf [*Oniv. of Californis at San Framcisce!,
*Dapt. of Padimtrice/Paych/Biochen’,
1506 Parzassus bve., Bex 0106°]),
ciry_sddrass{ 5an Francisce'),
state_addresnl H2LYY ,
post codal 941430,
conntry_nase{'TELT) ,
amail _nddrena( 'rjblcanctr.me duke  edn’},
}huag_,p.nhu{‘i-l‘.lw LTE=-4T13),
'FAT_mmmber (1= (4150 4TE-DE4RI)
1.

5. Literature: The mapping effort concerning the

above restriction fragment and clones was presented
in the literature, Saito et al (1981), as follows:

objece{ *LUCY rraference’ { *Saito ot al (19911°),
[input_date (1681 /4/24),
mﬂ.{pnytrj 5
authorel["Akikike Saite?, "Jeas P. Abado',
'Danan Weng?; ‘Mimae Ohkit,
‘Charles R. Cantor?, 'Cazsandsa L. Smitht]),
vitle{ *Construction and Charscterizaties of = Fotl
Linking Library of Husas Chromosoms 21°),
Jonroal( Mensmicn®},
volaza{10) ,
yoar{1831)
1.



Thug, not only biological data but also personal infor-
mation and literature references are all represented in an
ohject-oriented manner.

2.2,3 Restricting Classifications
Many biclogical terms have been introduced so far, such

as chromeoseme, locus, gene, probe, clone and restrie-
tion fragment, but each of them represents just ¢ piece
af DNA. For example, when a restriction fragment is
cloned, it is called a clone. When it is used for hybridiza-
tion and gives information as a landmark, it is called a
probe. The more biological experiments are applied to
an object, the more names and attributes are given to
it. Also a set of constraints over attributes forms a new
category (or class). For example, when a clone is se-
quenced and found to contain some restriction site in it,
it iz called a linking elone; if the restriction site is an
Notl, then it iz called an Nofl linking clone.

objact (1inking clena(Id) , dttribotes) :=
abjoct(clone{Id) , Attritutaea),
fipd _attribmtelittributen, entagorisn{Categoriea)),
in_membur{Linking clens, Categorias).

object (‘Retl linking clema!{1d), dttributes) =
eobjoct(1inkdng (14}, dttributen),
find_attributelistritutes,
linking_sita{resteiction anzyma{ BotI?1)).

As a principle, objects may have no class when they
are created. Classification is made as more attributes
are accumulated and properties are found through later
experiements.

2.2.4 Broading Classifications

The information sources constituting Lucy cover more
than forty maps collected from publications and several
different kinds of public and local biological databases,
as shown in Figure 3.

In general, in integrating databases, mainly two kinds
of strategies are considered: {1) one is to distill the source
databases and unite them into a single database, and (2)
the other is to preserve the original form of the source
database and provide a bridging interface over them,

Similar biological experiments are being done in par-
allel at different places. As a result, similar data are
accumuiated in different databases or even in a single
database independently. Also, each datum stored in a
version of & database might be corrected or changed
through later experiments and reported in a later ver-
sioh of the database. In integrating a genome database,
preserving the redundancy and inconsistency of data is
a substantial efforl.

As a result, the second integration strategy taken in
Lucy keeps track of the redundancy and inconsistency.
The following program provides a bridging interface to
bundle clones which are stored in various scurces. Any
clone can be referred to with a class name, elone, while
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Lucy

{chromasome 21 only}

Figure 3: Information sources on chromosome 21, inte-
grated in Lucy

their original class name is preceeded with the database
name, such as PB:clome. It preserves its origin as an
additional attribute, salf (0bj)
sbject (clone(Id), kitributes) =
=moxbor{Clase, ['ﬁh’ﬂ:pﬂ:ﬂhl". PR:clens!, 'CLE:clonet,
YLi;clene', "LL:cleme?, *YTEiclena?,
'Sakaki eloma?, YLUCY :<lonw®]),
object_id(0b], Clens, 14},
object{lbj, ittribotendd,
ned_sttribote(dttributosd, nalf{0bj), kttributes}.
Y.

In summary, the notion of class introduced in Lucy
is lopse unlike such a stringent notion as “class-as-
template” which is” widely adopted in object-oriented
programming languages [41, 78, 91].

3 Constructing a Global Map
from Fragmentary Maps

In order to understand mapping information in a visual
form, a general graphic interface, GenoGraphics [95, 43],
has been hocked up to the Lucy database system.

As shown in Figure 3, those maps collected in Lucy
have a variety of range and sealing unit. Some maps
cover g-telomeric regions, some do centromeric regions,
and many others do some specific region (or island) such
as locus D21513 that is concerned with the Alzheimer
disease. Also physical maps are measured their coordi-
nates in Kb (kilo base), genetic maps are in ¢M (centi-
Morgans), and cytognetic maps are in ratio (%),

For the moment, even the total genome size of chro-
mosome 21 is not precisely determined. If every object
in maps measured in percentage were specified with an
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absolute coordinate, the coordinate would have to be
modified every time the total genome size is corrected
through later experiments, Similarly, the exact position
of the D21513 locus is not fixed, either. Every time a
move precise position were determined for locus D21513,
the coordinates of all maps around the locus would have
to be changed.

3.1 Map Expression

First of all, objects in each fragmentary map should be
addressed in a local coordinate system within the map,
so that the specification of coordinates of objects does
not need to be modified in the event that their island
floats around. Namely, a relative addressing coordinate
svstemn is vequired. Next, for these fragmentary maps as-
sociated with some landmark, when the landmark moves
around, they should follow without modification in their
coordinate systern.

In Lucy, a map representation language called an map
erpression has been introduced, which allows a map to be
represented in a local coordinate system and in a relative
addressing manner, and to be linked to another with an
anchoring mechanism. The syntax of a map expression
15 defined as follows:

HapExp> ;%= <0bj>

Fimd {MapExps | <MapBExp> t=:t
<MapErp> *:¢! MapExp? | tHapExpr *<:?' <HapExp¥
| *[* <MepExp* , ... , <MapRzp> *]°

I. Relative Addressing: Two noticns are associ-
ated with a map expression: ene iz the current po-
sifion and the other is the current direction.

{a) Linear-Ordering
Expressions & :< Band & <: B mean, in com-
men, that & s left of B; additionaly, the former
means that B is evaluated after 4 is done, while
the latter does that A is evaluated after B is
done.

(o) Changing the Current Evaluation Direc-
tion
Expression := A means to put the left bound of
A at the current position and proceed the eval-
uation rightward, while expressin A =: means
to put the right bound of & at the current po-
sition and proceed the evaluation leftward.

(c) Multi-Pinning
Expression LA, B] <: © means that & is left
of C as well as B is left of C.

tdk

. Anchoring: Objects constituting a map expres-
sion include positions and anchors (positions asso-
ciated with labels). A label is globally accessible
beyond a map expression so that it connects one
map expression with anether.

IHa LA e G ) B C o 50000 L1 010 az E 22 <300 < F =2 gler

[ = B Jt | -m v JE |oam[ ¢ |
& ]
Ii:l ap |y mp
Map P
Lirk
¥
L 1
[ [¥]

Map Q

R AN FALL N K

Figure 41 Map expressions

(a) Memorizing an Anchor
Expression #L :< B means to memorize the
left bound of B under the label L.

(b} Referring to an Anchor
Expression A <: 7L means to refer to an an-
chor labelled with L to take it as the right
bound of 4.

Figure 4 illustrates an example of expressing two frag-
mentary maps, P and §, which are linked up 2t the mid-
dle. Map P starts with the g-telomere which is followed
by fragment F, 2 J00Kb gap, fragment E, fragment D, a
S00KE gap, fragment C and fragment B. At the lefi bound
of fragment B, three other fragmentary maps start: one
map proceeds pinning leftward on fragment I and then
on fragment H, one map goes leftward from fragment A,
and the other map goes rightward from fragment @. The
position of the lefi bound of fragment D is labelled L1
to be an anchor for map 0. Map Q contains two frag-
mentary maps starting with the anchor labelled Li. One
map proceeds pinning with ¥ and then X leftward from
the anchor, and the other does with Z and then W right-
ward from the anchor.

Figures §, 6 and 7 show those maps represented in map
expressions, using GenoGraphics.

Figure 5: this is an Noil restriction map around the q-
telomere region of chromosome 21, some of whose data
have been introduced in Table 1. Nofl fragments and
sites are shown in light green; gray lines denofe hy-
bridization signals between fragments and probes. Thus
an interpretation of biclogical data is visualized to help
understanding and verifying the mapping process.

Figure 6: in [34], regions are defined based on break-
points (bounds) of varions cell lines. The map of regions



Figure 5 Visualizing a restriction map with hybridize-
tion signals

Figure f: Gardiner’s region map generated from a cell
line panel

Figure 7: Three maps around locus D21513

(labelled Garan) is expressed with the breakpoints of the
cell line panel {labelled bkptst) as anchors. For exam-
ple, region AT is formed with the left bound of cell line
1;21 and the left bound of cell line ACEM-2.

Figure T: three restriciion maps, labelled Tch313,
Cox3132 and Rafal, are those around the D21513 locus
whose position iz given in the chromosome 21 physical
anchor map (labelled 2iphy), scaled in percentage.

4 Inquiry to Lucy

This section presents the current status of queries Lucy
can currently handle.

Concering the map visualized in Figure 5, the mapping
effort started with the g-telomere and reached around lo-
cus D2E517T where a 1300KL Nofl fragment was pinned
down. The following queries are issued to relrieve in-
formation related with this region so that the mapping
effort can be advanced toward Lhe centromere.

1. Regarding locus D21317, its regienal information is
retricved.

| 7= get_attritmtes (Lecna(*D2IEIT], [self(5)}, within(Redll),
peing_objecs (Re=F), fail.

Bajmct Id:

={[regicn{21q23.1-422.2)], GDB1lacus (DRI51TD)
Dbjact Id:

-{[ragienillqH . 2-qtard], MEMI0.5:locea{D21E1T)}

Daject Id:

={ [gardizer_sugion(Bl), region(21932.3)], LY Docks(D21E1T))
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The region recorded in GDB is narrower than the
one in HGMI10.5 which is the predecessor of GDB.
Also the D21517 locus is assigned fo region Bl in
Gardiner's map shown in Figure 6.

Then, objects which occur left of D21517 in all maps
on which D21517 occurs are retrieved

| 7= satef(0bi-MID, 35~{ eccurs_onimap{MID), locus(’DI1817°D),
ardnred_objects_op_map{map(MID}, Os),
Laft_tollbj, lecwn('DIL51T7), Osd 3,
aH=),
knymarga{ida, IOMs), !
mambar (DM, K0Es), print_shject (0N}, fail.

Dject Td:
-{clene(plsBe) , [chrl. lennnif9l_ physical sreusd Z1ga2 3])

Dbject Id:
~{gardinor_regicen(B1}, [chrdi_Sardinerissd]d
Object Id:
={locun(I21868), [chrdl_EBurmoisteriSdl _EH, chril Peterdsniddl
Aemale_paeiosis, chr2l Petersenlfll _male_oniosis, cheldl Tanzi
1988 _fesmale, chrdl Tanzilf8® mals, chell_TaazildEB_so¥ svarag
#d, chrii_phyeical_anchoea])
Dbject Id:
={Llocus{D215823, [chril Varreni®id fasale meiosis, chrll Ware
en1988 malo_neiosis])

Beside clone pGSHS and regien Bi, loci D21358 and
21582 are reported.

For the D21558 locus, its regional informalion is re-
trieved

| 7= get_astritutes{lecus{'DILS5R"),
print ebject{Rs-$}, fail.

[#a12(8), withini{B=}]),

Dhject Td:
~{[reglen(2q22.1=q22. 2], G0F:Llocun(I21558})
Object Id:
—[[ragisn(21921)], BONLO.6:locus (BE15600)

Ohject Td:
=([gnrdiner_rogion{f4)], LUCY:locns (B215E8))

Although the answers from GDB and HGM10.5 con-
flict, the locus is assigned Lo region D4 in Gardiner’s
map, which is to the left of region B1.

In order to grasp what more loci reside further left,
all loci not only in region D& but also in every D
region are retrieved.

| 7= setof(R-Td, Re~{ gei_attribute(locus(Id), within{Ral),
mumbor{gardiner_rogion(h), Re),
substring{k, “D") 1,
RIs},
keayoorge{Als, KRIs), 1,
member (BRI, ERIs), print_sbject{ERI}, fail.

mnw —

Objoct Ld:

=(D1, CDa15541)

Dhject Tdz
=(b2, [D21593))

Dhjeet Td:
-(md, [Da1%6d, $am))
Bhjact Td:
-(D4, [D21S64, DRi865]0

5. Finally, detailed information about locus D21558 is
retrived.

= T print'ebpeci{lecus( D21 )L

[T -
1] lacos

Iapon Dare:
FETHTIT

Tawesslgatons
{1] esptnci{P. C. Watkina)

Ojest Td=
Turua D31E28)

Prokai:
3] clone(324-5F)

Helezenéad:
[1] Kstheleen Gardines, Michel Harightrger. Jan Wraus, Umaday
1 Tantrawahi, Julia Ketanbarg, Veeas Bas, Fhysm Reddy, David
Fasterssa, " Analyims of humas chremarome 21: eeerelation «f p
hysical sed eyiogimeils mape; gane and SptS isnd disisibatie
ni®, The EMBO Jausal. @, 3834, 1860

[2] Mickesl @, Potarsez, Svann A. Slsepeobuapt, Jehn G. Lewis

;. Andrew C. Warren, Arsvinds Chakeassarid, Siyliases Anbeosrai
if, "A Genethe Liakags Map of 27 Markers on Bumas Chroessdam 2
1, Dememind, B, AOTALD, 1691

Lol

LY lacun{ Dandse)
Whikin

[1] gardizes repealD4)

|Gon frer.1 2] Appreved dais:
Sep B IBRG 1ST:1 11400 M

|SDB rer.1.8] Asmigurrens mides
[1} samatic cedl hylrida

[SDEwer.1.0] Servainty:

eanfiiimed

DE{wer. Create dide:
I'n .'IlllliI ¥ :.i ::t:'m:nm.ﬁ.h[

[GOE{wer.1.0] Full sams:
DHA Segment, single capy proba plWEZ4L-48

[GDB fwar 1.0] ChBida:
GDBlocas| EH4F)

[SDBuer 1.8] 1 cleasd:
,IJ

[GDE{wer.1.0] Infermatian searce:
A DD B[ wer b.0])

L] 0] 1 + Date:
gty e B

[SDE wer.1.0] Locea kypa:
DHA

[SEEwer.1.0] Modily dase:
Hav 2% 1890 20LATA0PM

[SEE wer.1.0] Molymorphism type:
pelpmorphic

[0 fwer.1.0] Prabas:
[i] IDB:proba{pPWEL5P)

[GEiAwar.1.0] Kegeriz
imaclude

m“%ﬁ:.ﬂ{ﬂsm

[BDB[wer1.0] Seurces
[i] P. C. Wasking, R B Tansd, £. Ray, M. Stowrt, P. Sianisl
mil-. L P l:lncl- "4 geimld chine genatic linkags map of
1 ard sealiastion of the hreast caBar setrogan
n:ldulﬂt{lﬂ!] geme.”, Oyiagened Cell Gesen, 48, T3, 1987

I M. ¥Yar Kewmen, H. muun, r "Wailing, J. 'Glﬂllrh o. r-ll
tefasn, "Raglanul mapping of I
; Cplogeses Cell Genat, ID, 'I'--:I'li 1988

] F. €. Waikine, P. A. Waiking, H. Helfman, P. Stasisdovis

#, "tesllatien of slngle-cepy probes detzciing DNA palysssrghls
b Lrezn & cosmid Bibeary of chromssame 21.7, Cyiogezel el O
ened, 48, TTATH, LRES

[l M, T Van K-n-. F. C. Watkizs, B A Deabin, fr. W, J-lb
Wl

ieqeenes on :h:umplﬂul 71 usng sematic call bybrids ®, " -*-m
1 Hum dened, 34, T6-804, Jus 1948

4] M. Burmsioer, 5 Eim, B Price, T, de Langs, U. Tantrass
i, R, M. Syars, B AL Sox, "A map e the long sim of humasn ¢
bramasome 31 consirocisd by cedistion hybnid mapping ahd puls
ad-fiedd gel electisghiieala”, Qanamlcs, In Fresa, T7, 1080

[G1A[war.1.0] Symbol:
DS

[CDE fwer.1.0] Within:
[4] regiani2iqTe t-g32.2)



[HEMI0.L] & of caplas:
Engle

[HSM10.8] Asslgnment mades:
|3} wmmetic eell hybrids

IMGML0.5] Tategurian:
3] basan

(HEM10.5] Sertaisny:

pracisicaal

[HM10.5] Tnfarmation snurcs:
db[HGMI0.5)

[Hh m.a};:p.n Diste:

1o fa

[HGM10.E] Praben
1] alose( pP WEI4-EF)

[AZi10.5] Relerenees:
2] eed{ Watking o1 &l {EQRE])

13 7. ¢, Weikins, B B, Tsnol, ¥. T. Glbbana, §. ¥, Tricofti,

G Landes, A, Eddy, T, B, Siewe, 1. F. Gueells, "leslviiza o .
i polymorphic DNA segemancs frem humasn chromasems 0.7, Moclsi
c Acide Fles, 13, B378-88, Scp 185

[ M. L. Yam Keaven, P £ Waikine, B, A Drabkin, B. W. Jab
#, 4. F. Qusella, D, Patsaresa, "Raglsaal keeallzutize of DNA
sbqasnees af chrampssme 71 uwiing somathe cefl hyhride™, Am
J Hum Senel, 38, TH-804, Jun 1084

(4] red[Maksl o1 8l [HGMB])

[HOM10.E el
M1 ttncaal (121 254)

[HGMI0E) Wikhim
[2] regionf21gdl)

Information are reported from publications, GDB
and HGM10.5 in that order.

5 Concluding Remarks

Promoted by requirements in various application areas as
well as in biology, steady progress in database technology
has been made in the last few years [82].

Since the normal-form (INF or flat) relational model
{24] was proposed, practice over the years has pointed out
its inefficiency in data access and its verbosity in inguiry
[25, 28]. The source of both problems is the primitive
data structure, the flat relation. In genome databases
implemented upon normal form relational database sys-
tems, these problems are cast in relief, since the volume
and variety of involved data are large and growing. In
fact, the number of tables constituting a genome map-
ping database is apt to be quite large (e.g., 68 tables
in LLNL Genome Database [4] and over 100 tables in
GDB).

The present work could be regarded as one of the first
to have successfully integrated public and local genome
databases. The success greatly reflects the application
of an object-oriented data representation and logic pro-
gramming features, which should be the preliminary
steps toward object-oriented databases [5, 36, 3, 7, 33,
85, 19] and deductive databases respectively. Through
an experience with Lucy, it should be reasonable to con-
clude that these database technologies will contribute to
the development and practice of genome dalabases,

Object-Oriented Database Technology. Since
the notion of object-orientation [41] was invented in the
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field of programming languages, it has been widely dis-
seminated over the past ten years [78, 31]. The heart
of object-orientation, that is encapsulating the internal
details of an object, is important for the implementation
and retrieval of various kinds of data invelved in geneme
databases, Lucy has only adopted an ebject-oriented
data representation. Other ramparts have not been con-
structed yet: neither object-specific methods nor class
inheritance. They will be future work.

Sinee the object-orientation was infroduced to Lucy,
some cases have been found where the framework does
not fit naturally but where a nested (N F?: non-first nor-
mal form} relational model [38, 1, 76] would. Here is an
example. Given a table of linking clones, an entry for
LAIT] has been represented as follows:

| I
name | zegion | WIaT  BasfIT

¥ of scenrrasces | clonsd fragments
Saell | lexge small

LAITL | 21q22.3 | 1 2 a | A
LTS | Fleam ] o 3 2 | 1.
] 1 | t i H | -

Q 2.1
1 0, 98

abjaet Li: clonet{ LA1T14),
[ingut_dete{1981/2/11],
categories{ [linking, clone]),
within([region( '20q22.3°3]),
clening_vector(lambdal ,
Llinking_site{restriction_snzyme{'Notl’}},
dignated freal{gmesic IFiChoman)),
digeated_by([restiction enzynol'EcolBI*X] D,
containa{[timos{rentrict ion, snzyme{ *Mlal’'}, 1),
times (Fantriction_snzyme("BaalII?), 1),
timen (cesteict ion_snzyes{?8ecIT’), 33 17,
parts{[*Lh:eloma® (FLAITIZ), "LArclome{'LALT18"3]D,
refarences{[eaf{"Saito et el (1591)°110
1.

object { PLA: clenet {PLAITIL!D,
{input_dava{1291./3/30],
catogorien{[half_linking clonall,
1iahi:g_lit-&utrj:tim_m]m('lq11'11,
siza (*EL*{3.0))
1.

objeet ('Li:clenat{*Li1TIS),

[input dute{1881/3,30] ,
catogories{[half_linking clomall,
aiza (YEBF(2.13)

11,

Asshown in Table 1, LA1711 and LAL7 15 are Lhose half
linking clones which hybridized to fragments, 1800Kb
and 750Kb, respectively. When these half linking clones
were identified as objects, their sizes, 3.0Kb and 2.1Khb,
were encapsulated in these objects. In contrast, consider
the number of occurrences of restriction sites. If is ques-
tionable that an object should be created for the number
of occurrences, such as once, twice or three times. Be-
ing part of an attribute, contains, the occurrences are
stored as a nested relation of the form, times/2. For the
third and forth columns in the example above, their re-
lational structures are similar, but the meanings of their
data imply different implementations. Further studies
will be necessary to clarify this preblem.
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Deductive Database Technology,  The necessity of
loacing an inference mechanism into a database system
has been claimed in knowledge-intensive applications [16,
36, 63, 54].

Because most biclogical knowledge is symbolic rules on
the four characters of DNA, there is a potential require-
ment for rule processing capability. A couple of genome
database systems ave being developed abreast of Luey,
exploiting logic programming facilities [42, 73, 6, 45]. In
Lucy, the inference capability is being used mainly for
query management. Few pieces of biological rules have
heen implemented.
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