Juurnal of Chromarography. 618 (1993) 223-249
Biomedical Applicationy
Elsevier Stier.ce Publishers B.V., Amsterdam

CHROMBIO, (419

Review

Field alternation gel c¢lectrophoresis — status quo

Kirsty M. Townsend* and Hugh J. 5. Dawkins

Molecular Pathelogy Uinit. Department of Pathology, Queen Eficabedh il Medical Centre, Nedlands 800%, Western A ustralio
{ Austrafia,

(First received Decembier 30th, 1992: revised manuseript received March 3rd, 1993)

ABSTRACT

Singce the description of the eriginal technique of field alternation gel clectrapharesis (FAGE) aboul len years ago there have been
significant developments in the area. Between 1983 and carly 1487 dramalic improverents in (he lechnique and apparatus resulted in a
500- 1o 600-fold increase in the furctional separation capacity of conventional sgarose gel <lectrophaorgsis. Details of the improvements
in technique and cquipment was the subject of an carlicr review [H. J. 5. Dawkins, J. Chromategr.. 492 (1989) 615]. This review
cencentrates on the application of FAGE techinology, The FAGE technique is no longer restricted to simply separating latee TINA
fragments. I'his method is presently being used for electrophoretic karyotyping. long-range genomic mapping, c.oning of large DNA
frugrments inlo new vectors, the study of pathogenic chromosomal alterations and the structural unalysis ol chromosvmes. The
applications of FAGE in molecular biology and genetics is constantly expanding, with the full potential of (his lechuigue still 1o be
realised.
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. INTRODUCTION

The ulrimate test of a technique is acceptance
i the scientific community and breadth ol appli-
cation. With these criteria in mind, two tech-
nigues sland out in recent scientific advancement
for their widespread acceptance and almaost uni-
versal applicability. The first is the large INA
separation technigue of pulsed fleld gradient elec-
troohoresis, now more accurately referred to as
field ulternation gel electrophoresis (FAGE), und
the second, the more recent development of poly-
merase chain reaction (PCR]) technology.

Since the deseription of the orginal FAGE
technique ten vears ago there have been dramatic
developments in the area. Between 1983 and
carlv 1987 attention was focused on the tech-
nique, electrophoresis tanks and electrode arrays
used to separate large DINA molecules. Improve-
ments in the technigques vielded a 5- to 13-fold
increase in the size of molecules that could be
scparated when compared with the arnpinal
FAGT techniques [1] but. more significantly. re-
sulted in a 500- to 600-fold increase in the fune-
tional separation capacity ol conventional aga-
rose gel electrophoresis. Since 1986, unprove-
ments in the equipment and techniques have been
relatively minor, bul the application of the Lech-
nique has been continuously capandiag as have
the fields in which FAGE has found application.
An carlier review of the ficld alternation tech-
nique by Dawkins [2] detailed improvements
made In the technique and apparatus. It is our
intention in this review to concentrate on rhe ap-
plication of FAGE technology. Betore embark-
ing on FAGE applications it would scem anpro-
priate 10 bricfly review the theoretical aspects of
DNA scparation and some of the current theo-
ries on the mechanisms by which FAGL is able to
scparate large DINA fragments and intact chro-
mosomes which can be up to 10 million base
pairs (megabase pairs, Mb) in length.

2, ELECTROPHOQRETIC THEQRY

Cenventional application of electrophoresis
employs a uniform electric field in one direction

generated by a single pair of electrodes. Nucleic
acids, at neutral pH. carry a negative net charge
that is proportional o their length. The charge is
carried by the phosphate groups of the polynu-
cleotide backbone [3]. In an electrie feld, these
macromolecules migrate through the solution at
a rate proportional ta the net charge (an inverse
measure of the size of the molecule). Optimal sep-
aration of such macromaolecules is largely depen-
dent upon the appled field. choice of buifer and
the pore size of the gel matrix. The mobility of
macromolecules during electrophoresis can be
significantly influenced by any alteraticn in these
parameters [4]. High-resolution size fractionation
cun be achieved in a gel because of the sieving
properlics of the gel matnx [3].

Macromolecules can peneirate a gel if their
overall size is equal to or smaller than the average
pore size of the gel mawnx [6]. The radius of the
pores in a tynical 1.0%% agarose gel are estimated
to he about 100 nm [7]. Under the influence of an
electric field, small DINA molecules will move
through the gel in a relatively straight path [5].
Large DNA molecules, on the other hand, must
migrate in a more indirect pattern to find gel
pores large encugh to accomumodate it. When the
radivs of gyration of a lineur double-strandead
[DNA molecule exceeds Lhe gel pore size, the limil
of tesolution 13 reached. The DNA must nugrale
“end-on” through the matrix, instead of being
sieved by the gel, with the remainder of the mole-
cule following in a snake-like Fashion, often re-
ferred to as “reptation™. Thus, the sieving nature
of the pel matrix becomes irrelevant once a mole-
cule is larger than the largest pore present in the
gel. In aparose pels, sieving propertics are lost
when the DINA exceeds abour 30—40 kilobases
(kb) in size, at which point the molecules co-mi-
grate. At this size, gel clectrophoretic maohility is
mdependent of molecular mass and swrongly de-
pends on the strength of the electric lield and the
gel concentration [7]. Conventional agarose gels
are applicable [or DNA molecules in the 0.2 20
kb size range.

The actual mechanism whereby DNA mole-
cules are separated according to their size is not
fully understood, and at best the description



226 K. M. Tovwasead mad B0 % Dawking § 0 Chromaragr 618 1 1993) 223-249

above is oversimplified. In order to clanfy rhe
basis of macromolecule sieving in agarose gels a
number of models have been develaped. The sim-
plistic model of De Gennes describes the mole-
cule moving down a “1ube” among the gel fibres
with the molecale “head™ migrating in the direc-
tion of the clectric ficld [8]. Deutsch and Madden
[9] used a computer simulation of the DNA mi-
gration n an agarose malnx which they con-
structed by observing individual, fuorescently
stained DMNA  molecules ds  they migrated
through the gel. 1n this instance, the molecules
were visualised using a microscope mounted
above 2 miniature electrophoresis system. Recur-
ring cycles of clongation, resolution and relaxa-
tion were ohserved and the conformational
changes recorded. Results showed an woexpected
transition of a normally migrating polvmer chain
belween a coiled conlormation and one i which
the chain was extended in the direction of the
field [8.10].

Schwarlz und Koval [11] used an experimental
modcl 1o describe the migration of [DNA. Their
results were 1n agreement with proposcd DNA
migration suggested by Deutsch and Madden [9].
wha also showed that the mobility of long chains
in hiph electric [ields was independent of chain

length. They concluded that size separation of

molecules was usually restricted within upper
and lower molecular mass ranges resulting from
the limitations of the system in question. Con-
venlional agarose gel electrophoresis is capable
of separating malecules within the 1 40 kb range.
Any DNA molecules longer than 3040 kb can-
nol be resolved using this sysiem, and co-mi-
grates in the gel matrix [12]. Altempls have been
made to separale lurger molecules using lower gel
concentrations (e.g. 0. 1% agarose) [13]. Despite
separations of up to 500 kb, resolution in low-
agarose-cancentration gels is poor, long running
times are required, and there is increased fragility
of the gels or the gels cannot be manipulated at
all.

30 FEELD ALTUYRNATION GEL ELECTROPHORESTS

The technique of FAGE, first described in

1983 by Schwartz et of. [1], allowed the resolution
of DNA molecules up to 2 Mb. The sizc limila-
tions of conventional gpel clectrophoresis were
overcome by forcing DINA molccules o reorien-
tate by periodically changing the direction of the
glectric field. Buch time the field direction was
altered, the DNA [ragmenis were {oreed o re-
orientate along the new field hetore they could
begin mugrating [orwards again, Periodically
controlled clectric field alternation prevented the
DNA [rom establishing reptation, and separated
the molecules on the basis of the sieving capacity
of the gel and the size-related turning time of the
DXNA. Smailer molecules have a capacity Lo turn
and reorientate more quickly than larger mole-
cules, thus having a higher mohility. Size-depen-
dent DINA scparation by field alternation al-
lowed resolution of molecules 100 vimes larger
than with a unidirectienal electric leld. The orgi-
nal apparatus consisted of o complex electrode
arrav in conjunclion with an electricul switching
unit [1.2]. Non-uniform fields in both directions
were [ound to provide the best resolution, but in
order W achieve narrow bands, one homoge-
neous and onc non-homogeneous ficld was used.
The clectrode array ol lhe homogeneous ficld
usually consisted of 16-20 vertical, diode-isolated
platinum electrodes at both the cathode and the
anode, while the non-homogencous ficld ¢onsist-
ed of a series of [6-20 electrodes at the cathode
and a single-wire anode. However, the non-uni-
form nature of the field meant that the speed and
direction of migration was influenced by the posi-
tion at which the IINA was loaded, resulting in a
very skewed migration pattern [1.2]. This makes
comparison of samples and accurate size estima-
fion extremely difficult.

Modifications to the original ficld alternation
eradient unit were made by Carle and Olsen [14].
Thus systlem, termed orthogonal leld alternation
gel electrophoresis (QTFAGH), consisted of two
non-homogencous clectric ficlds generated by a
cemtinuons cathode and a single vertical diode-
isalated annde [2,14]. OFAGFE resulted in the
DNA migration through the gel being in an
“hour-glass” shape. Although maore symmetrical,
the hour-glass pattern still restricted accurate
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fragment size comparisons belween samples to
the small number of central langs on cach gel.

Transverse alternating field electrophoresis
(TAFF), first described by Gardiner et al. [13],
was based on OFAGE but reorientad the gel in
the verrical plane. The vertical gel resulted in all
localions in the gel being symmetrically affected
bv the ficlds from the two pairs of electrodes.
Thus, all lunes experienced identical clectric
Gelds, resulting in uniform, straight-line migra-
tion of the DNA, regardless of position across
the gel. Several electrode configurations were ex-
amined before being optimised at un ungle of
115°. The applicd allernating ficlds induce DNA
molecules to migrate in a “zig-zag® motion
through the thickness of Lhe gel and progressively
downwards [2,16].

The technique of field inversion gel electropho-
resis (FIGE), designed by Carle and Olson [17),
abandoned the orthogonal arrangement of two
electric fields in favour of periodic inversion ol a
single electric ficld through an anple of 180° [2].
This system utilised conventional submarine aga-
rose gel electrophoresis equipment in conjunction
with a switching unit controlling the electric field.
[t essenually enabled large DINA separation to be
undertaken in any laboratory. FIGE uwsed a ho-
mogeneous electric field, with each switch cycle
reversing the polarily of the clectredes, Net Tor-
ward movement was achicved by having a pro-
prammed longer forward pulse than the reverse
pulse, resulting in DNA movement atong straight
tracks. A “ramped” switching routine, i.e. one
with a gradual increase in both forward and re-
verse pulse times. was required to circumvent the
anomalousty low mobility of Targer DNA Irag-
ments and to allow a molecular mass-dependent
separation of the DNA [2,13].

The tanology of DNA is known to infiuence its
migrational rate in agarose, and can be deter-
mined by comparing its FAGE mebility with
those of linear or circular size standards at differ-
cnt pulse tumes [18]. The migration of supercoiled
and relaxed circular INA in agarose gels is con-
siderably slower than that of linear DINA of simi-
lar size |7]. Relaxed circular DNA larger than
about 15 kb will anly migrate in agarose when

pulsed fields are 180° apart, r.e. in the FIGE sys-
temn as the DNA was thought to become impaled
on projections in the agarose matrix, The “shuff-
ling” movement of FIGE by field reversal ap-
pears 0 [ree entrapped cireular molecules thus
cnabling such DNA to migratc through the apa-
rose. Lower voltages or transverse pulsing can
also prevent this migratienal hindrance. FIGE is
the only field alternation sysiem that allows the
resolution of Giardia inrestinafis chromosomes
[19]. Upecroft er /. [19] observed that minor alter-
ations in running conditions resulted in signif-
icant consequences for separation of the chromo-
somes. Tt was thaught that the structure or con-
firmation of the clromosomal DNA [rom vary-
ing species may influence these differences. Sep-
aration ol DNA molecules by FIGE appears to
be Limiled e @ maximum threshold size of 2 Mb
[2,207.

The development of contour-clamped homao-
gencous eleetric field (CHEF) overcame nearly
all the limitations of previons FAGE systems
[21]. The eleciric field is alternately pulsed
through electrode arrays at 120° angle using volt-
ages applied along opposing sides of a hexagonal
array of clectrodes clamped to predetermined
electric patential [22] The hexagonal array and
the clamped [icld resulted in a homogeneous elec-
tric field being applied at all points withun Lhe
contour of the hexagon. It was shown that a com-
binatien of low field strengths. long switching in-
tervals and low agarose gel congentrations could
resolve molecules greater than 3 Mhb in size [23].
Bio-Rad Labs, further modified the CHEF sys-
tem, commercially producing the CHEF-DRII
system that is capable of resolving molecules of
sizes up to 12 Mhb [22].

Excellent resolution can be achieved using the
CHEF-DRII system. After electrophoresis of
Saccharnmyees cerevisice under optimised condi-
tions, 16 bands are visible as compared to 11 13
hands with ather field alternation techniques [22].
The programmitble swilching unit provides pre-
cise control over the electrical field, and allows &
continuously adjustable range of swiltch times
useful for enhancing resolution within a certain
DMA size range. The field switcher also permils
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division of the run into two separale switch times
giving bhetter separation over a wider size range
[2]. Secondary DNA siructures may alzo he iden-
tificd by CHEF, in a similar fashion to that by
FIGE [21]. A square elecirode can be used to gen-
erate a CHEF with differing field strengths in the
two orientations. Such DNA structures will ap-
pear as spots distinel [rom the arc of the lingar
melecules. It 15 tus versaubily that has made the
CHEF technique a major force in large DNA
separation. Further development and modifica-
tion have resulted in the release of the CHEF-
DRI and the CHTT Mapper (Bio-Rad Lahs.,
Richmond, CA. USA). These new-generation
units have the capacity 1o alter the angle of sep-
aration by manipulating the electrode array
clamping. The CHEF Mapper incorporates an
in-built algorithm which autematically ssts the
CHEF paramcters [or oplimal separation ol spe-
cific-sized fragments. The advantages offered by
these new generation syslems have improved Lhe
separation capacity and also improved speed of
scparation. The electrophoresis systems de-
scribed by Anand [13] and Southern er af. |24]
known as the Hula Gel (Hoefter Scientific Instru-
ments, San Trancisco, CA, UISA) and §T/RIL
(Stratagene, La Jolla, CA, USA) and Genelinell
(Beckman Instruments, Fullerton, CA, USA)
vertical gel electraphoresis units all have the ca-
pabilities to alter the vector angle of separation,
but do not have the integrated algorithm for au-
lomatic control of separation conditions. The
functional qualities of all these units and their
prices are comparable.

All the above systems have brought significant
improvements to the large DNA separation tech-
nique, thus broadening the range of applications
in which FAGE is now emploved. The spectrum
of work now possible using FAGE 1s slagyering,
hence a detailed review of cvery application is not
realistically possible, However, o collecting liter-
ature for this review, it was nated thart there have
been several arcas in which the application of
FAGE has been of major importance. FAGE has
revolulionised microbial genetics, with particular
reference to the study of bacterial und parasitic
genomes. 1 has also been of major importance in

studying chromosomal abnormalities or alter-
ations thal correlate with puthogenesis in man.
The following sections discuss the impact field
alternulion electrophoresis has made in molecu-
lar genetics.

4. BACTERIOLOGY
4.1, Gram-positive bacteria

4. 1.1 Enterococcus

Enterococcus is one of the gram-positive hacte-
rial species that has been well documented by
FAGI analysis. Tinterococei are known to have
distinct bicchemical properties and multiple anti-
hintic resistances that distinguish them from oth-
er gram-positive coccl [25]. Traditional metho-
dologies, such as antibiotic resistance patterns,
Biochemical reactions, phage typing, plasmid iso-
lation and serology, have been used to type these
bacteria. Many of these methods, however, are
nol sufliciently sensitive Lo distinguish between
strains. FAGE has recently been used in epidemi-
ological analyses of clinical enterococcal isolates.
Murray er al. [20] digested agarose-embedded
isolates of F. faecafis, which has an approximate
(1 +C content of 40%, with Sma [. They estimat-
ed that the G+ C-rich restriction site of Sma |
should produce approximately 1520 bhands.
Analysis of isolates demonstrated a considerable
degree of polymorphism among enierococcal iso-
lates and thus demonstrated the value of FAGE
for epidemiclogical studies. Mare recently anoth-
cr group [25] used FAGE e compare chromoso-
mal restriction patterns of Sma I-digested E. fae-
eiem, and delermined Lhal this technique 15 sulli-
cienlly discriminatory to be of value in compari-
son of these isoliles. They were able to conlirm
the degree of polymorphism scen by Mureay !
ol [26]. They were also able to show polymor-
phisms among izolates from the same location in
addition 1o those rom distinel geographic sites
[25]. Murray ef al. [27) continued to use FAGT as
an epidemiological tool. and were able to show in
a later study, by detzction of ideatical restriction
palterns, that there had been inter-hospital
spread of a single strain of F. faeealis in six hospi-
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tals in five states of the USA. These reports clear-
ly demonstrate the capability and potential use of
feld alternation electrophoresis, and the advan-
tages of this technique in the field of epidemiol-
ogy and in the study ol virulence characteristics.

4.4.2. Sraphylococcus

Of the number of gram-positive organisms that
have been examined by field alternation electro-
phoresis, the Staphaylococcus species has been
studied in greatest detail. Goering and Duensing
[28] used the FIGE technigue 1o epidemiological-
ly evaluate difficult staphylococcal groups. They
used antihiotic-susceptible §. aurens containing
no detectable plasmids which were unreactive to
bacteriophage typing, and also methicillin-resis-
tanl 5. epidermicis carrying a single 30-kb plas-
mid. FIGE analysis demonstrated restriction
fragment length polymerphism (RFLP) differ-
ences in strains that were indistinguwishable by the
more traditional epidemiological methods such
as antibiograms (anlibiotic suscepltibilities) and
plasmid isolation. Hybridisation with an TRINA
probe confirmed the relationships demonstrated
by FIGE unulysis. Although this was only a pre-
liminary studv evaluating the potential value of
this technique in epidemiclogical analyses of
these organisms, i1t can be clearly scen thatitisa
rapid, reproducible method capable of separating
iscdates that lack phenotypically or biologically
distinguishing characteristics. The S. aureus ge-
nome, in particular methicillin-resistant 8. qureus
{MRSA), has heen examined by field alternation
electrophoresis, as 4 tool for both epidemiolog-
ical analysis and typing among isolates. Methods
such 4s enzyme analysis, protein profiles and
RFLP analysis, in addition to thase described
above for Enterococcus, have heen used 1o lype
MRSA. Wer ¢f al. [29] reported the use of the
CHEF system to type these isolates (Fig. 1), with
results confirming previous designutions. This
study also demonstrated that isolates indistin-
guishable by tradional lyvping syslems could be
differentiated by this technique. Prevost er of.
[30], 1o a study comparing the elfectiveness of ri-
hotyping and large DNA restriction enzyme
analysis for distinguishing MRSA isolates. sug-

229

b i R

Fig. 1. Field alternation gel electrophoresis af methicillin-resis-
tant Staphyiococews aurens (MRSA) Tsolatzs from an outbreak
o[ MRSA in « large leaching hospilal were treated and clectro-
phoresed on a Bio-Rad CIIEF DR IT by the method of Wei er al,
|29} as modified by Uda ard Grubb [191]. In this outbreak there
were Two epidemic types represented by the isolates in tracks 2, 6.
709,12, T3 ard 14, and these in tracks 1, 4, 5, and WL The aother
isolates have varying deprees of relaledness 1o 1he Lwo Lypes and
to cach viber and were not regarded as being epidemic sirains,
{Reproduced from We: ¢/ . [29])

gested thut FAGE {the TAFE system in this case)
provided greater diserimination than ribotyping.
This finding is understandable when related to
the method of detection. Ribotyping involves the
detection of a single chromosomal region (rRMNA
gene copies), whereas [FAQGT analysis is based on
restriction site spread throughout the entire chro-
mosome. FAGE analysis can detect polymor-
phisms due Lo ancestral strain-lo-strain muota-
tional differences or even variation in gene con-
tent. Tn contrast, the ribotyping technique only
detects variation in or around the rRNA genes,
therefore, FAGE analysis has greater oppartuni-
ty of reflecting diflerences in the structural orga-
nisation of the bacterial chromosome.

4.2, Gram-negative bacteri

4.2.1. Excherichia coli

The genome ol Eseherichia cali was ome of the
first bacterial chromosomes to be analysed and
mapped using FAGE. Smith ¢f ¢f. [31] reporied
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the physical mapping ot the F. cofi K12 genome
using the cnzymes Mer ! and SA 1, and size frac-
tionation using the Pulsaphor system, Nor 1
cleavage of the K12 genome resulted in 22 DNA
fragments sized between 20 and 1000 kb. The or-
der of the fragments in the genome was deter-
mined from detailed information on the genetic
map of the F. coli available at the time. The five
fragments unable to be localed and ordered by
this technique were mapped using two olher
methods: the use of linking clones {clones con-
taining uncommon restriction enzyme cleavage
sites) or by the analysis of partuial Nor 1 digestion
ratterns. Linkage clones are useful in the identifi-
cation of DNA frapments from adjacent posi-
tions in the genome. When a clone cantaining a
particular rare site is used to probe a blot of
FAGE-separated DA digested with the same
enzyme, the prohe will hybridise 1o two adjacent
DNA fragments. This technique enables infor-
mation to be gatherad without the need of pre-
existing genelic Information.

Detailed mapping of the £, cofi genome will
permit the identification of any significant rear-
rangements between sirains, [acilitating cpide-
miology studics and strain identification. Arbeit
et al. {32} utilised FAGE, in particular the field
inversion technique, to analyse evolutionary di-
vergence among F. coli strains from related lin-
eages. FAGE is increasingly being used in the
field of molecular epidemiology, particularly in
cases such as MRSA in which traditional epide-
miological methods cannot discriminate between
strains [28]. FAGE analysis is ahle to distinguish
between isolates which are epidemiologically -
dependent but evolutionally related and isolates
which were unable Lo be dillerentiated by pheno-
lypie or genotypie techniques such as serotyping
or RFLP anaiysis [32]. 1t was also demonstrated
that distinet restriclion patlerns could be identi-
tied for both genetically distinct and closcly relal-
cd isclates. This degree of genetic diversity has
only been shown previously by lime-consuming
techniques such as detailad sequencing analysis.

Analysis of virulence patterns and virulence
determinants have also been performed by field
alternation clectropheresis. Ottt ¢f ol [33] de-

scribed the use of FAGE in the study of the viru-
lence pattern of extraintestinal I cofi K1, K3.
and K100 isolates, XYba I-digested DINA was hy-
hridised with probes specific for the genes of vari-
ous adhesins. This analysis revealed highly heter-
ogeneous restriction and hybridisation patterns,
even withun strains of the same serotype. FAGE
analysis was also able to determine the location
of virulenee genes in Lhe genome and genetic rela-
tedness of strains [33). Blum e of. [34], in a simi-
lar study, used OFAGE combined with hybrid-
isation of virulence-associaied gene probes Lo ¢x-
amine the genomie structure and virnlenee pat-
terns of extraintestinal Jo. coli O6 strains. This
report demonstrated that hacmoelysin genes and
P fimbrial determinants were in close linkage in
three isolates. The results of the FAGE analysis
indicated that although these strains are all of the
same serotype, they are very heterogeneous with
regards to virulence and restriction patrerns [34].
The extremely valuable nature of FAGI in the
genelic examination and epidemiological cvalua-
tion of E_ coli, and indeed all pathogenic hacteria,
will ensure its ingreasing role in the study ol viru-
lenee and slraun wdentiication.

4.2.2. Pasreurefla mudtocida

Specific scrotypes of the bacterium Pastenrelia
mmudrocida are responsible for haemorrhagic septi-
caemia (HS), one of the most economically im-
portant livestock diseases of South Eust Asia. HS
is a peracute diseasc of cattle and buffalo, which
1s endemic to most parts of tropical Asia, Alrica
and India [35]. 118 is one of a number of discases
produced by infection with P. multocida, an orga-
nism capable of producing illness in a wide range
of mammalian and avian hosts. Mumerous at-
tempts have been made to correlate specitic £
muliacida serolypes with a specific disease enfirty,
and to classify the various types. Restriction en-
zyme patterns produced by the rare-cutting endo-
nucleases Nor 1 and Sme [ io conjunction with
FAGE. were used to examine 17 isolates ol P.
mulincida (Tigs. 2 and 3) |36]. The isolates ana-
lysed includad isolates from animals with HS, rel-
erence strains and non-HS causing strains. Afler
restriction enzvme digestion, P, muliocida 150-
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Fig. 2 Examples of Nor T-digesicd chromaosomal DNA from
Poviewrelia multocids isolates analysed by FAGE. This atudy in-
cluded isolates 1t were obluined [roim enimals with haemor-
rhagie septicaemia (HS), as well as reference stains and non-HS
isolates coverirg a broad representalion af the P maltocida spe-
cics. The origin of thesc isolates varies greatly with peographic
lacation, including Asia, Africa and North America. Elecuopho-
resis was performed for 24 hat 180V and 14°C, ard scparaied on
a 1% agarose gzl ;n 0.5 X TAL with a 10-130 s switch ume.
{Reprodiced from Tawnsend er af [36])

lates showed relatively complex RFLP palierns
with Sma L. yet a remarkable degree of homoge-
neity among the field isolates rom Asia with
both enzymes. FAGE separation of Sma 1-diges-
ted DNA from three isolates, previously indis-
tinguishable by serotyping and prowin siudies,
clearly demonstrated that these isolales were dis-
tnet. It was sugpested that resiriction patterns
produced alter Neod [ digestion rather than Sma 1
may be more useful as a Lyping syslem as the
patterns are less complex and some serotypes can
be clearly dulerenliated. Although it was found
that neither restriction cnzyme-generated pattern
was indicative of pathogenesis, FAGE analysis
was valuable in distinghuishing haemorrhagic
seplicacmin-causing P. multocide orpanisms [36).

4.2.3. Mycoplasma

The mycoplasma genome has been examined
using FAGE since 1988, Pyle er af. [37] utilised
the FIGL technique in conpunction with restric-
tion endonuclease digestion to estimate the ge-

Fig. 3. FAGL gzl showing Sma [ chromosamal restiction pat-
terns generated by cleavage of DNA from a broad spectrum of
Pasieurella pmdiocidu isolates. This gel was subjected to electro-
pharesis tor 24 b at 180 V and 14°C with pulse times of 533 5 in
a i agarose gel in 0.8 X TAL. (Reproduced from Townsend e/
wl. [36].)

nomic size of a number of mycoplasmas. Restric-
tion enzymes were choscn on the basis of their
frequency of cleavage in the penome. The gener-
ation of one fragment was preferred for ease of
estimalion of genomic size. Pyle i af. [37] used
eight different restriction enzymes to cleave the
mycoplasma genomes: dpa 1, Bam HI, Bgl I, Bss
HI, Kpr 1, Saf. 1, Sma I and Yhe, 1, The cstimaled
sizes obtained bv FAGE {ractionalion varied
among the mycoplasma species, but were found
to be considerably larger than estimates provi-
ously reported by other techniques. The sirzes
ranged from approximately 900 kb to 1330 kb, as
compared with previous estimates of 730 kb,
Chen and Finch [38] reported the use of FAGFE in
analysing the arrangement of rRNA genes in M.
gatlisepricum. Large restriction fragments from
M. gallisepricum were fractionated by the FIGE
systemt. Southern blots of these fragments were
subsequently hybridised with the plasmid pMC3
which conlained the entire 238 and 38 rRNA
genes and most of the 165 rRNA gene. Resulls
from this study indicated that the genomes con-
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Lained three widely scparated tRNA loci. Mul-
tiple hybridisalions with various sub-fragments
of the plasmid pMC3 determined that one locus
conlained genes for all of the three rRNA penes.
another contained 238 and probably 58 rRNA
genes, and the third locus appeared to have only
a 165 tRNA gene. This study demanstrated the
value of field alternaticn electrophoresis in the
examination of rRNA gene orpanisation inn bac-
terial genomes.

In recent years, there bave been a4 number of
studies into the generation of physical and ge-
nomic maps of some M yeoplasma strains [39-41].
Miyuata er al. [40] constructed a physical map ol
the M. capricolum genome using separation of
large DNA restriction fragments by FAGE. The
order of the DNA fragments in the genome was
determined by two-dimensional FIGT of partial
and comnlate single enzyme digests and complete
double enzyme digests, and by Southern hylhrid-
isation analysis. Cleavage sites {or seven restric-
tiom endonucleases were included in the map of
the estimated 1160-kb genome. Ladefoged and
Christiansen [41] constructed a physical and ge-
nctic map of five M. hominis genomes by FAGE.
Linkage order of the fragments was determined
primarily by analysis of double digests, and sce-
ondly by Lhe use of linkage clones. The gene or-
der for these strains was found to be identical to
that of Clostridinm perfringens, an organism
koown to be nhylogenetically related to M. homi-
#iS.

The FAQGT techniques have been used in the
analysis of a broad spectrum of bacteria and in a
wide variety of applications, Space prevents us
talking about all the innovative methods and the
extremely broad spectrum of organisms analysed
by FAGE. Table 1 illustrates a summary of pub-
lications uwsing FAGE analysis in the study of
bacterial genomes. Mot only s FAGE an ex-
tremely useful tool in the ficld of molecular cpide-
miotogy, but il has proved 1o be effective in the
construction of physical and genetic maps of bac-
terial genomes. It has also shown Lo be beneficial
in the identification and differentiation of bacte-
rial species. FAGE despile the work o date still
has enormous, as vet, comparatively untapped
polential in bacteriology.

TABLE 1
LIST OF ORGANISMS ANALYSED BY FAGE

Bacterium Reterance(s) Baclerium Relerencea(s)
Aeaeidis 142 Mycoplasma 3i-41
Borrelia 143 Myxocnecus 162, 163
Campyilobaeier 144147 Nedsseria 164
Caalobacter 148, 149 Psewdomonas  165-168
Clogrridivm 130 Pasteurelia 16%
Ertoracoccus 23 27 Rblzabinm 170
iecharichin 31=-34, 151, 132 Nalmonelia 171, 172
Halphuarierium 133 Khigelia 173
Lepionelle 134, 155 Siephvlocucers 28=31), 174—176
Leplospirg 136, 157 Sireptococewy 177

178, 179
180, 18]

Methanococcus 158
Mcobacternin 1539-161

Sirepiomyces
Yersinia

3. YIROLOGY

FAGE is now being used as a novel technique
for the scparation of large virul genomes [rom
host cell chromosomes. Molecular analysis of
somce viral genomes has been hindered by the cell-
associated in vitro growth characteristics of the
virus |42]. Isolation of DNA from certain classes
of herpes viruses 15 difficult and often produces
very low yields as the virions are cell-associated
and arc not shed to any significant extent [43).
Standard electrophoresis techniques are unahle
Lo separate large viral DNA [rom chromosomal
DNA due to size limitations of the rechmque.
Density gradient separation has also praved to be
difficult, particularly in the case of Marek's dis-
ense virus {MDV), as the guanine and cytosine
content makes the viral DNA density sumlar to
that of chicken DINA, its natural host, Thus. an
allernative procedure needed 10 be developed i
order to abtain purified, intact viral DINAL

Esolation of viral DNA usang FAGE has been
used for Chlorella virus [44], poxvirus [45], Ep-
stein Barr virus (EBV) [46]. cytamegalovirus
{CMYV) [47] and more (requently, MV [42,43].
Chlorella and MDV were isolated using the
CHEF system, whereas CMV was isolated and
analysed with the FIGE apparatus. The presence
of viruses that replicate in tissues or cells but are
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deficient 1n packaging or shedding functions can
also be solawed by FAGE by a virus-specific
band. Viruses that are no longer able to be iselat-
ed as shed virion due to mutation or other causes
can now be cxamined by molecular analysis after
FAGL isolation. Until recently, infectivity of
FAGE-isolated viral DNA had not been demon-
strated in any viral system. However, Wilson and
Coussens [42] have recently describad procedures
for the recavery of purified, infectious viral DINA
from field alternation gels. The transfection effi-
cicncy from clectroporation of cell-free MDYV
DNA, however, was 5 times lower than that ob-
Lained by eleclroporation of total DNA isolated
from MDV-infecled cealls.

FAGE isoladon of Chlorella viruses has en-
abled structural analysis of the viral geoomse Lo
be carried out. Resulis obtained by Rohozinsky
er al. |44] indicale that PBCY-1 {the most studied
Chlorella virus), and presumably other Chlorella
viruses, consists of linear, non-permuted double-
stranded DNA molecules lacking free 5" and ¥
ends. Several observations also indicate that
PBCV-1 DMNA contained covalently closed hair-
pin ends, and was thus similar 1o the pox viruses
in this respect.

Studies by Bostack [45] introduced FAGE. in
particular the FIGFE system, as a routine method
for sizing and mapping large viral genomes of the
pox viruses. Analysis was carried oul on wild-
type strain WR and recombinant 997D vaccinia
virus genomic DNA, with the estimated gsenomic
size of vaccinia virus strain WR being about 190
kb. Bostock [45] showed that, in conjunction
with the ability to probhe Southern blots with ter-
minus-specific sequences, FIGE provides a rapid
methad for directly producing lincar maps of
poxvirus genomss. Episomal I'BV has also heen
separated from host celi DNA using ficld alterna-
tion gel electrophoresis in Burkit’s lymphoma-
derived cell lings [46]. It has been estimated that
approximalely 35 ng of EBV genome can be iso-
lated using this techiique which is sufficient for
molccular analysis,

6. PARASITOLOGY

The technigue of FAGE, although initially ap-
plied to veasi by Schwarle et af. [11, was suocess-
fully used to characterise chromosomal DNA
and DNA rearrangements in parasilic prolozoa.
Molecular karyotyping has been conducted on a
number of protozoa, including Giardia, Leisfuma-
nig, Piasmodiwn, Preumnocystis and [rypaioso-
ma. Table 2 illustrates the vast array of studies on
parasitic genomes using FAGE analysis that
have been published to date. Initial studies have
also been done on Cryptasporidivm using FIGE
separation to examine potential isclate and spe-
cies chromosome size variations [48], This novel
technigque has been successful for species differ-
cntiation of Cryptesporidivm with the detecied
differcnces probably relating to variation in celi
surtace proteins. Previous attempts of karyvotypic
characterizations of many uniccllular orpanisms,
prior to the development of FAGE, were unsuc-
cesslul as such argamsms ( e.g. veasts and proto-
zoa) failed to show condensed metaphase chro-
mosomes during the cell cycle [19]. With the ad-
vent of large-scale DNA analytical techniques, it
is now possible to separate chromosome-sized
DNA molecules.

Upcroft ¢/ «of. [19] analysed chromosomal
DNA [rom stocks of Giardia duodenalis by
FIGE. These 1solates are morphologically mdis-
tinguishable and have a broad host range, At-
templs have been made to characterise these
stocks on the basis of host species and geograph-
ical origin, however, techniques such as tibotyp-
ing [4Y] and isoenzyme studies {50] have proved

TABLE 2
LIST OF PROTOZOA AMNALYSED BY FAGE

Parasite Reterencu(s)
(riardia 19, 51, 52, 182, 143
Leiskmanta 5357, 1R4~1K7
FPlasmodivm 58 68 71, 188
Ineumocystis ]

Trvpanason

TI-T5, RS, 190
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complex and lailed to definitively classity these
iselates. Chromosomal patterns obscryved aller
FIGE analysis of (ferdia isolates showed an ap-
parcnl geographical disuribution. with North
American stocks being of one karyotype and iso-
lates from Auslralia are of 4 second. (renetic
variation between Giardie isolates was scen to be
much less than thar reported in different isolates
and species ol Plasmaodic, Trypanosoma and
Leishmania [51]. Results of moelecular karyotyp-
ing of Giardia using the QFAGE system [52] ap-
pear to be consistent with those obtained by Up-
croft er af. [51} Adum er @l [52] described the
separation of {ive major chromosomes and sever-
ul minor chromosomes ranging in size from | to 4
Mb. Southern hybridisation of field alternation
gels with total chromosomal DNA, m addition to
chromosome-specific probes, indicate cross-hy-
hridisation between minor and major bands. This
may suggest that the ounor and major bands rep-
regent homologous chromosomes of different siz-
es. The relevance of this to viralence and the life
cycle of the organisim 1s yet to be determined.
Extensive studies have heen done using FAQGT
to karyotvpe the Leishmania specics. This tech-
nigue not only allows clussification ol rhe species,
but also presents an opportunity to characterise
the genomic orpanisation of Leishmania [33].
Molecular karyolyping by FAGE {uulising both
OFAGE and CHEYF systems) shows that Leish-
martia isolates have karyotypes distinet from
chromosomal DNA profiles of other complex
protozoan parasites. After analysis by FAGE,
meolecular karvotvpes of various Leicirmania spe-
cies were shown to be quite diverse with respeet
to chromosome size and number [34]. Present
stueies indicate a minimum of 26 distinet chro-
mosomes, a result cansistent with the diploid na-
ture of the promastigotes [53). It has also been
shown that FAGE karvotypes of Lefshmania iso-
Intes from different species or subspecics indicate
low-leve]l homology herween their chromaosomes.
Diversity was also seen in the chromosomal pat-
terns of stocks of different aetiological agents.
Following genomic DNA separation by FAGL,
analysis of gene locations and chromosomal rear-
rangemenlts can be done. Gene locahsation stud-
ies suggest rhat similar genctic informalion is

contained on chromosomes of a similar size
among 1solates, and may represent homologous
chromosomes [33],

Spectlic gene prebes have been used to anatyse
the degree of polymorphism wirh regard to chro-
mosomal gene location. Studies of genomic orga-
nisation of housckeeping gencs, such as x- and
fi-tubudin, thymidylate synthetase-dihydrofolate
reductase (TS-DHFR) and heat shock proteins,
have indicated that these genes are not clustered
but found on af least seven hands in L. major [54].
A number of studies have examined the genomic
arrangement of the tubulin penes of Leishmania.
Consistent observalions reporl thal the z- and
f-tubulin genes were found in unlinked tandem
repeat clusters in L. enricrtsi and 1. mgfor with a
S-tubulin cluster characterised in L. tropica In
two chromosomal locations [53]). This novel ar-
rangenmient 1s in conlrast o Irypanvsema bruces
tubulin genes in which the genes cxist a5 a tandem
array of alternating - and f-tubulin gene pairs.
[t hay also been reported that f-tubulin genes are
dispersed among several chromosomal loci in
T eishmania species [33]. This {inding could sug-
gest that these extra isopenes may encode func-
tonally different tubulin proteins.

Two genes showing homolopy to eukaryotic
70-kID heat shock proteins have been isolated and
characterised in Leiskmariia [56]. Sudden tempor-
alure increases induce heat shock protein expres-
sion which is belicved Lo be essential in precursor
protein protection and protein complex disaggre-
gation. FAGE was used in these studies Lo aid m
mapping the chromosomal location of each
hsp70 gene. These genes. although reluted by se-
quence homology o the tandemly repeated
hsp70) gencs of trypanosomatids, arc found dis-
persed on dilferent chromosomes within the
Leisfunania genome,

FAGE has ualso been uselul to examine the
structure and function of umplificd DNA in lab-
oratory stocks ol Leisimuania tarenicloe [57].
FAGE was used to determine whether the ampli-
fied region of DNA was contiguolus sequences in
the genome or whether il was exira-chromosomal
circular DINA . Properties characleristic of super-
coiled circular DMNA were present after electro-
phaeresis in the cell lines exhibiting amplification.
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The introduction of y-irradiation produced a
spectrum ol sltructural lesions into the DNA,
which provided information as to the natwere of
the DMNA topology. Irradiated lincar molecules
vielded a helerogencous array ol ragments of
varying lengths in contrast to uradialion of circu-
lur molecules which preduced discrete lingar mol-
ecules whose length equalled Lhat of the ornginal
circular molecule. Therefore, the structural na-
tere of the DNA can be determined using this
technique combined with FAGE. This study pro-
vided a simple model For the analysis of gene am-
plification in tumours and mammalian cell lines.

Extensive studies have heen done on the Plas-
modium species with respect to karvotype, chro-
mosomal abnormalitics and drug resistance. Cy-
togenetics of this parasite. as with many other
protozoa, has not been successful due to the n-
ability of the chromasomes to condense during,
meiosis. FAGE was useful in providing a tech-
nigue for the genstic analysis of these organisins.
FAGE separation of P. fulciparwm DNA indicat-
ed that homologous chromosomes o indepen-
denl isolates exhibit size polymorphisms [583-60)]
(Fig. 4). It has been argued thal this chromoso-
mal variation occurred during both meiosis and
milosis as the polymorphism was consistent in
both fresh clinical samples and cultured isolates.
Corcoran er ai. [58] suggested that the size poly-
morphism between homelogous chromosomes
was due Lo deletion/duplication of chromosomal
sequences. Additional studies by this group
showed a degree of polymorphism in subtciomer-
ic regions regularly associated with fragments
bearing rep20 repeats (01]. rep20is a P. falcipa
rupr-specific repetitive TN A element reportad to
reside exclusively within the subtelomeric region
on all falciparium chromosomes. Corcorun ef of,
i61] proposcd that the chromosome size poly-
morphism was a result of recombination within
the rep20 repeats leading 1o deletions of rep20
incliding the end of the chiromosome. Larger de-
letions may remove telomere-proximal genes as
well. Genetic linkage maps of £. falciparim chro-
mosomes have been produced by probing South-
¢rn blots of FAGE gels with specific chromauso-
mal probes. A number of cloned anligens. en-
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separation of the smaller Plasmodiune faleiporunt chromozsomes
(lanes 2, 3,405 G and 7y demansiratiag chromosomal restrange-
ments ir. these organisms, Lanes T and 8 contain e resolved
chromosemes ol Sacchaeomives cerevisine. Sepuwation condi-
lions were %o agarose, 120V with & 1505 pulse wun2 overa 22 b
period at 12°C, (Reproduced from Kemp or af. [59).)

zymes and other Plusmodiign genes have been
mapped to particular chromosomal locations
[62]. Many antigenic genes have been localised
near the ends of the chromosomes, and it is pos-
tulated thal this allows lor the observed antigenie
diversity through [requent recombination of
rep20 sequences [61,62]. Ucletions of the subtelo-
1nerie regions of these chromosomes, as described
carlier, result in the loss of several of these anti-
genic genes.

[hcse P. Jadeiparun antigens inchude the knob-
assaciated histidine-rich protein (KAHRP) and
the ring-infected erythrocyte surface antigen pene
of the P fuleiparwn isolate FCR-3 [64]. KAHRP
15 required for kuob formation which mediates
the binding of the infevted erythroeyte 1o capil-
lary endothelial cell surfaces [63]. Studies by
Biggs et al. [64] located the cytoadherence gene
(KAHRTI) to one end of chromosome 2 as the
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chromosome 2 delction was the only correlate to
the knobless phenotype [64]. These results sup-
port earlier findings by Pologe and Ravetch
[63,65]. Biggs et al. [64] used two-dimensicnal-
FAGE to detect the subtelomeric deletions, The
chromosomes were separated in the [irst dimen-
sion, with the sizes of the telomeric fragments be-
ing determined 1n the second.

OQther studies of P. fulciparum using FAGE in-
clude those which are mainly intercsted in the re-
lationship between the TS-DITFR gene and re-
sistance to pyrimethamine [66-68]. Most of these
reporls indicate that a genetic alteration of this
gene, heing cither a single amino acid change or a
point mutation, confers resistance to pyrimetha-
mine in falciparum malaria. All studies have used
FAGE to determine the chromosomal locution
of the TS-DHTR gene, unambiguously located
to chromaosome 4.

Molecular karyolyping has been carricd out on
the opportunistic AIDS pathogen, Prewmocystis
carinii (69]. Results of these studies, using
OFAGL and CHEF, indicate sixteen or twenty
chromosome bands respectively. The total size of
the P. carinii genome has been ostimated at B-16
Mb. Fishman et af. | 70] demonstrated that P. ca-
rinfi contained fourtcen chromosomes, ranging in
size from 295 to 710 kb with chromosomal varia-
tion between isolates. The TAFE system was
used to separate the chromoesomes, and the filter
replicate was hybridised with a P. corinil DHFR
prohe [71]. DHFR inhibitors have been the most
thoroughly characterised of the anti-P-carini
agents. These techmgues were used (o extend
studies of the basic biology of this orgarism and
1o [ucilitale the development of new anti-P. cari-
afl agents. Edman ef al. [71] were able Lo isolale
FP. cavinii DHEFR cDNA sequences, and clearly
demonstrated thal there 1s no genetic inkage be-
tween DHFR and T8 unlike £. faleiparum in
which DHFR 15 found ay a bifunctional cnzyme
with TS [66],

Studics of rypanosomes using FAGE have
been carried out since 1984, shortly after the in-
troduction of the lechmgue, Antigenic variaion
in Trypanosoma bruced chromosomes have been
demonstrated, and FAGE techmygues have been

used to resolve irypanosome DNA into four frac-
tens [72]: {1) a number of mini-chromosomes es-
timated o runge i size from 30 to 130 kb; (2)
ubout six discrete chromosomes ol 200-700 kh:
(3) several chromosomes of 2 Mb or mare; (4)
large DNA fraction remaining close to the gel
slot.

Hybridisation of field alternation gel blots with
variant surface glycoprotein (VSG, antigenic de-
terminants} probes demonstrate that the ¥V5G
genes arc widely spread throughout the T. druces
genome. Van der Ploeg e «f. [72] also showed
that the nini-chromosomes hybridise strongly
with the VSG probe and postulated that their
main [unction was to provide a large pool of tclo-
meric V3G genes. Mujiwa ef af. | 73] demonstrat-
ed the presence of two different VSG genes on
muni-chromosomes of Trypanosoma | Nannonio-
nas ) congolense with activation of these genes by
duplicalive and non-duplicarive activarion. Ber-
nards ¢t af. [74] used FAQGL te characterise the
duplicative activation of the VS8G 1.3 gene in T.
hrucel. Johnson and Borst [75] mapped the VSG
genes of T brucei on chromosomes separated by
FAGEL in addition to analysing the mechanism of
activation. It was shown that duplicatively acti-
vated genes are invariably translocated to the
same chromosomal band. During non-duplica-
tive activation, the chromosomal location of the
VSG gene is constant in ils active and inactive
state. This research group further identified the
second largest chromosome band as being prefer-
eatiallv used for VSG gene expression duning
chronic infections. Van der Ploeg ef 4! [76] dem-
onstrated that the large chromosome class (> 1
Mb) contains a number of housckeeping pencs
and scveral VSO genes. whereas VSO genes are
the only structural senes coded for on the inter-
mediate (200-1000 kb) and mini-chromosomes
(30-200 kb,

It 15 quite clear that the advent of FAGE has
had a dramatic impact on the genetic analysis of
protzoa, Prior o the itrodueton of FAGE, ge-
netic studies were impeded by the complexity of
the protozoan e ¢yele and (he inability to carry
out chromosome condensation during meiosis.
FAGE has allowed separation of chromosome-
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sized moleeules up Lo at least 10 Mb in length. It
has also proven wsclul for chromoesomal studies
such as moleccular karyotyping, construction of
linkage and restriction maps enabling chromose-
mal localisation of genes,

7. GENETIC ANALYSIS BY FAGE
7.0 Mammalian genctics

FAGE has become an important techmique in
unravelling the structure and function of the ma-
jor histocompatihility complex (MTIC), the mul-
tigene [amily essential in antigen presentation
and cell cooperation during the immune re-
sponse. Genelicists are now able 1o dircctly deter-
mine genomic structure and gene linkage within
large contiguous regions [77]. Dunham er of. [78].
using FAGE and Southern blothing, established a
map of approximately 4 Mb of DNA encompass-
ing the human MHC (HLA. human leukoeyle
antigen). This study was able to orient the com-
plement and the steroid 21-hydroxyvlase gene loci
relative to the class 1 and class 11 repions, and
also determine that the distance hetween the C2
gene and the ITLA-8 {a class I gene) locus is ap-
proximately 650 kb. Dunham e of [78] demon-
strated that, while the organisation of the human
MHC is very similar to that of the mouse, the
estimated size of the T4 regions was twice that
of the mouse. It is thought that establishment of
a physical linkage map of the H7.A will aid in a
further understanding of HLA disease associ-
ations,

A more spealic analysis of the human MHC
was cartied out by analvsis of multiple HTF
(Hpa 1l tiny fragment) island-associated genes in
the class 11 region [79). 10 15 known that these
CpG-rich sequences {HTF islands) usually occur
fQanking housckeeping genes and some lissue-
specific genes [84]. It was thercfore hypothesiscd
that the location of such regions would lead to
the discovery of novel class TIT locl. Tdentification
ol new genes wilthin the HLA is of major impor-
tance as this knowledge mayv aid in a better un-
derstanding o genomic evolution and autoim-
mune and non-immune diseasc pathogenesis [81].

Genomic Southern blot analysis of digesied
DNA fractionated by crossed lield gel clectro-
phoresis [24] allowed determination of the meth-
ylation status of the DNA restriction sites. Flev-
en potential HTF islands were found by Sargent
et ul, [79]in the region between the TAF-aand C2
genes, and two were mapped belween the Facior
Band C44 genes, Sargent ef ef. [79] were able to
identify transcripts (between 0.6 and ¢ kb) corre-
sponding to the products of twelve novel single
copy penes, These potential new genes are of un-
known function, although il has been suggested
that they may be imporiant in 1.4 association
with the development of autoimmune disease. A
further search for novel MHC-associated penes
in humans was undertaken by Janatipour et al.
[81]. This research group was able to identify five
new genes that mapped centromeric of the ¢lass
II loci. The discovery of these genes required the
use ol mouse genes as hybridisation probes,
which are known to be expressed in specific tis-
sues. Expression and function of these novel hu-
man homelogues have yel 1o be determined.
FAGE has also been useful in evaluating dif-
ferences in gene copy number [82] in the assess-
ment of different ancestral haplotypes. The an-
cestral haplotypes examined were conserved
MHC haplotypes that appear identical between
unrelated subjects. The gene copy mumber of cer-
tain ancestral haplotypes have already been es-
tablished at the ¢4 and CYP2] loci [83]. In the
study by Zhang ez o/ [82]. gene copy number at
other loci were determined by densitometric com-
parison of different ancestral haplotypes after
DNA separation by FAGE. Resuls showed that
there was al keast 2-feld dilferences belween an-
cestral haplotypes with respect to tumour necro-
sis factor (TNF} This difference may affect the
degree of I'NF production. Analysis of HLA-
DRB showed that gene copy number was a func-
tion of the partcular anccstral haplotvpe and ser-
ologically, specificity of certain ancestral haplo-
types has been correlated with the number ol
DREB genes present. Therefore, immunological
reactions involving the DRB proteins may be
influenced by the gene copy number as well as the
protein sequence. Conclusions made by Zhang ¢f
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af, [82] were that differences in ancestral haplo-
type gene copy number may influence autoim-
mune discase susceptibility.

Using the technique of FAGE, many genes of
the class 11, class Tand central MHC regions have
been mapped. Miiller er of. [84] generated long-
cange restriction maps of the murine MEC com-
plex (H-2) surrounding the thice gene clusters lo-
cated in the K. 7, .S and D regions. As a result, this
group were able Lo orient the complement genc
cluster, mapping it o 170 kb distal to the £ region
genc cluster and at least 350 kb from the I3 region
cluster. These findings suggested that lhere may,
in faet, be more penes located within this region
of the MHC than have yer been cloned. FAGE
analvsis of the BALB/c mousc H-2 has also led to
a minimum size estimate of 2.3 Mb far this re-
gion. Lafuse ez ¢f. [R3] estublished a large-scale
genomic restriction map of the 8/ region of the
muring H-2 complex using FAGT, confirming
previous results [84]. This study also reported
that the BAT gene, recently mapped to the hu-
man HLA complex belween €2 and HLA-B.
demonstrated a siinilar order and position in the
mousc. Woolt ez af. [86] utilised the novel two-
dimensional gel clecirophorests lechmque to de-
termine the orpanisation of the murine T-cell re-
cepror y locus. Large testriction Dagomwents were
{ractionated by FIGE in the first dimension, fol-
lowed by a second restriction enzyme digeslion
and conventional agarose gel cleetrophoresis.
FIGE permitted the deternunaftion of the maxi-
mum distance between the genes in & multigene
family aller size estimation of the hybridising
fragments. Electrophoresis in the second dimen-
sion allowed mapping of different cross-hybrid-
ising gones to the large [ragments. This report
indicated that the predominant rearrangements
in the orgatisation of the murine T-cell recepror 3
chain involve gene segments sepataled by no
more Lhan 60-70 kb, It was also seen that the y
chain differs from the & und ff chains in that the V
gene segmenils are interspersed between several C
genes. The murine 3 gene lamily, however, an-
pearcd Lo exhibit a very different gene organisa-
tion compared to that of the human loci.

Vardimon «f af. [37] developed a physical map

of the rat MHC complex and the MHC-linked
zrowth and reproduction complex (gre) with the
use of FAGE. Alterations in this gre region cor-
relate with susceptibility 1o chemical carcinopens
and defects in growth and reproduction. This re-
port demonstrated that the MHC-gre region con-
tained five fragments of DNA of approximately
3-3.2 MU and indicated that the rat MHC 15 clos-
er in size to the human ALA than the murine
H 2. Analysis of gre” and gre”™ strains has dem-
onstrated that a deletion of 3—4 kb in gre ™ strains
and a loss of genes normally present in Lhis region
may cause Lhe phenolypic defeels observed i
these strains [88]. A susceptibility to cancer in
gre” strams suggested Lhat this deleled region
may contain tumour suppresser genes [89,90].

Studies huve also been aimed af analysing the
organisation of the ceniral MHC (class | and
class IT) of the geat [77]. The interest in the ca-
prine MITC stemmed from the recent obscrva-
tion that susceptibility to a lenfivirus-induced po-
Iyarthritis {caprine arthritis that resembles hu-
man rhewmatoid arthritis in many aspects) segre-
sites wilth serologically defined MHC class T an-
tigens. RFLP analysis coupled with FAGE
allowed determination of polymorphism and
linkage of central MHC genes to class I and class
11 genes. This study by Cameron er @l [77] dem-
onstraded that the class 1 and class 11 genes were
highly polymorphic, with €4 and C2 genes exhib-
iting moderite levels of pelymorphisin as well.
TAF-a. however, appeared relatively conserved
with respect to the sequence data of mouse, rab-
hit, pig and man. FAGLE analysis cstablished
linkage of 4, C¥PZP and (7 genes on a single
cluster of less than 200 kb in length. ASP70 (a1
heat shock protein of 70 kD) was found to be
within 380 kb of the 4 genes, and linkage was
shown of H&P70 to I'NFand class 1 genes. These
findings suggest a total distance of less than 800
kb [rom C4 to class I,

To determine whether trans-specics ¢volulion
ol Mhic-DRE haplotype polymorphism in pri-
mates has oceurred, FAGE., in combination with
chromoseme walking and sequencing, allowed
organisation of the PRE gencs in the chimpanzee
[41]. In man, this regicn of the MHC displays
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considerable polymorphism, as five major haplo-
tvpes have been identified, each differing in the
number and type of genes present. 11 has been
found that the DRE region in the chimpanzee
also contains length polymorphism, with some
haplotypes bang longer than the longest known
human NREA haplotypes. This report also demon-
strated Lhat at least a portion ol the haplotype
polymorphism in the human population is con-
served 1n the chimpanzee.

7.2, Plant genetics

A novel approach 1o isolating and analysing
plant genomes came to fruition following the de-
velopment of FAGE techniques. FAGE has en-
abled genetic analysis of plants and provides the
capability of generating physical maps of large
plant genomes, for example cersals and toma-
toes. It has been shown that intact DNA mole-
cules from protoplasts of wheat, barley and rye
were 6 Mb or more in length [92]. High-molec-
ular-mass DINA [rom womalo leal” protoplasts
have also been examined using FAGE (93], Lo-
mato DNA was shown to be at least 2 Mb in size,
which was then subjected to restriction enzyme
digestion and fractionation hy FIGE [93]. 1t was
also reported that intact chloroplast DINA, after
release from the agarose-emhedded protoplasts,
was not mobile under these electrophoretic con-
ditions. It 18 known that large cireular molecules,
either supercoiled or relaxed. ure able to migrats
through the gel matrix when subjected 10 FIGE.
Therefore, tomato chloroplust DINA was expect-
cd to be mobile during FIGE. This, however, wus
not the outcome and raises the question as to the
unique packaging and Lertiary structure of chlo-
roplast DNA.

Examinulion of the nuclear genes coding for
5S ribosomal RNA (35 DNA) in wheat by
FAGE has shown a high degres of polymor-
phism [94]. This study provided an insight into
how polymorphisms such as this can be used to
identifiy genotypes that were previously dificult
to characterise. This technique has proved ox-
tremely useful in fingerprinting baclerial and par-
asitic species in purticular, The 55 DMNA patterns

obtained by Roder er al. [94] were reproducible
and found 1o be inherited through generations,
thercfore could be used as single locus markers
for genelic and breeding siudics. Broun et af [95]
reported the use of FAGE to examine the long-
range structure of tomato telomeres 1 closely re-
lated plant varictics. Genetic analysis of these te-
lomeric arrays indicates high levels of heritable
polymerphism. Lherefore, these can be similarly
used to the 35 patterns obtained by Roder ef al.
[%4] 1o identily unique DNA lingerprints {or sell-
pallinated crops such as soybean, wheat and to-
mato.

Genetic mappiog of plant chromosomes using
FAGE has generated information on the chro-
mosomal location of many diseusc-resistant loc
and some plant proteins [932,96]. In addidon,
knowledge of linkage of these loci 1o molecular
markers has also been obtained in some cases.
Siedler and Graner 196] used CHEF to fraction-
ale hugh-molecular-mass DNA tragments from
two barley cultivars in order to construct phyvs-
ical maps of the fior 1 locus. Tlordeins are barley
storage proteins that are deposited in the endo-
sperm. Five different loci on chromosome 1H
code for different hordein families [97], Little was
known of the chromosomal organisation of the
Hor 1 locus prior to this study. Siedler and Gran-
er [96] reporled an estimated size of 135 kb for
the Hor { locus in both cultivars and the presence
ol a CpG island at the left end of the locus, simi-
lar to those found in mummalian genomes. It is
generally thought that these CpG-nich repions
are found (anking transcribed genes in mamma-
lian systems [98]. Therefore, it may be reasonable
1o suggest that this may also he the case in plant
genomes, that CpG islands flank genes such as
diszase resistance genes. FAGE 1s alrcady used
extensively in detection of HTF islands and
hence may permit the identification of resistance
loci.

£ CIINICAT. APPLICATIONS OF FAGF
&1, Oncology

The genetic instability typical of cancer cells is
frequently manifested by gene amplification, f¢.
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the acqunisition of extra copies of a specific gene
[99]. Amplification is frequently associated with
gene averexpression [100] and is thought to pro-
vide a selective growth advantage, hence the ahil-
ity to survive in suboptimal growth conditions.
This increase in gene copy number is generally
thought to be initiated by the production of acen-
tric. circwdar, extrachromosomal DNA molecules
which replicate autonomously [101]. The Torma-
tion of these abnormal chromoesmal structures
appear to be linked with chromosomal deletions.
It has been established that most types of human
neoplasia arc associated with particular chromo-
somal defects [102]. Tt is also known that some
genomic alterations induce the activation of an
oncogene, a recurring chraomasomal translaca-
tion, for exampie in lenkaemias and lymphomis.
Increased transcription of an oncogene as a result
of integration of a viral promaoter in the viciniry
of the oncogene can also contribute to the pro-
arassion of malignancy. Oncogenic amplification
has been well documented, vsually with single
celtubar oncogenes amplilicd 1 any individual tu-
mour [103]. Scveral tvpes of neoplasms are con-
sistently associated with oncogenic amplitication,
for example N-mype amplification in human neu-
roblastomas, £RBB2 amplification of human
mammary canccers and amplification of ABL in
chronic myelogenous leukaemia.

Anaother aspect of TAGE application in oncol-
agy is in the detection of “cpisomes” in human
furmours. Episomes are a class of DNA amplifica-
tion siructures that have recentlv been described
in several mammalian tumour cell line cullures.
These structures are autonomously replicaling
circular DNA clements, that appear to share
many characteristics of double-minute chromo-
somes, However, these DNA clements cannot be
visualised by light microscopy ul metaphuse, as
they consist ol [ewer than one million base pairs
of DMNA. The limitations of cylogenstic anaiysis
prevent questions with clinical relevance from be-
ing answered. Primarily, what is Lhe frequency of
such chromosomal amplification structures in
human tumour cells? FAGL analysis 13 now ca-
pable of providing some insight into this ques-
tiom, as episomes and other circular extra-chire-

moscimal structures can be detected by this tech-
nique. Circular extra-chromosomal DNA strue-
tures that contained amplified N-ayye oncogeoes
in three primary neurohlastomas and three meta-
static lestons have been recently reported [104].
One tumaur was shown to contain amplificd N-
mpe genes or both double-minule chromosomes
and an episome. Different amplilication siruc-
Lures werce identified by 1 irradiation followed by
clectrophoresis using the CHEF apparalus. This
method is dependent on the differential cleetro-
phoretic behaviour of chromosomal and extra-
chromosomal DNA sequences following irradia-
tion.

Results from this study by Van Devanler o al.
[104] indicared thar extra-chromosomal amphf-
cation of N-wrpc was present in Lhe majority of
neurablastomas examined. It was suggested that
this technique combining TYNA irradiation and
FAGE can complement traditional cylogenetic
approaches in the study of DNA amnplification in
human neoplasia. The presence of an episoms
and 4 deuble-minule chromosome m one lumaour
sample supports the hvpothesis that episomcs are
precurser  amplification structures of double-
minute chromosomes [[01]. Although this study
wis unable to provide any information as to the
mechanism by which extra-chromosomal ¢ireular
structures arise in these neuroblastomas, it was
shown that extra-chromosomal amplification
structures predominate i vfvn. Amler and
Schwab |105] reported that human neuroblasto-
ma cclls exhibit a regular pattern of arrangement
of amplified DPINA, and that the cading region ol
N-mmye was not affected by recombination despite
numerous rearrangements of the amplified DNA.
These indings suggest that N-mve itselfl provides
the selective advantage for the retention of the
amnplified DNA. Detection of DNA amplification
siructures would play an essential role in the in-
vestigation of gene amplification within tumour
cells, which has great prognosric value.

There has been a great deal of interest in the
13 region of the human chromosome 11 in re-
cant years. Reports indicate thar genes and DNA
markers mapping to this band are involved in the
pathopenesis of 2 number of distinct malignan-
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cies [106]. A reciprocal chromosomal translova-
tiom between a focus on 11913 termed BCL-1 and
the immunoglobulin heavy chain locus on 1432
has been documented in some B-cell malignan-
cies. It has also been reported that the 11g13 re-
gion 1y amplified in major epithelial neoplasms
includicg breast and oesophageal carcinomas,
and squamous cell carcinomas of the head and
neck. FAGE studies by Lammie ¢f of. [106] dem-
onstrated that D11S287, an encogene implicated
in the puthogenesis of parathyroid udenomas, is
lovated wilthin 250 kb ol the BUL-J locus on
I lq13. Physical linkage was also established be-
tween BCL-! und D118S287. 1t was shown that
DI115287 is co-amplified with INT-2 (a known
oncogene at least 1000 kb distant Lo BCL-7)1n 36
primary breast tumours and was also overex-
pressed in tumours and cell lines coniaining
11q13 amplification. It was suggested by Lamoue
er af. [106] that the 115287 gene may be activat-
ed by both translocation and amplilication, and
n a variety of distingt neoplasms. Rosenberg er
al. [107] reported that rearrangement of the
BCL-! locus mav induce dercgulation of the
118287 gene (now designated as PRAD-I, for
parathyroid adenomatosis). This study examined
the 1113 region using FAGE. Results obtained
[rom this analysis demonstrated physical linkage
between FPRAD-I and BCL-! with a distance of
no more than 130 kb between the two breakpaint
loci. PRAD-! amplification was also shown in all
centrocylic lymphemas examined and in two un-
usual chrome byinphocytic leukaemias with 4
t{11;14) translocation and BCL-{ rearrangement.
Suggestions huve been made implicating ampliti-
cation of PRAD-T in centrocytic lymphoma and
also as a major consequence of BCT.-1 rearrange-
ments in B-cgll neoplasims.

Field alternation analysis has proved signifi-
cantly uscful in detection and localisation of
chromosomal translocations implicated in partic-
ular ncoplasms. This technique has been shown
to readily detect t(14;18) translocations in malig-
nant lymphoma [108], with an enhanced detec-
(ion rale when compared to Southern blotting,
PCR and cytogenctie analvsis. OF the 29 cases
examined in this study, FAGE successfully de-

lected translocation in 25 cases, conventional
clectrophoresis and cyvtogenetic analysis each de-
tected 21 translocations, and PCR delected 19. 1t
is interesting 1o nole that in one case, FAGE was
the only technique able 1o detecr the chromoso-
mal rearrangement. Detection of the t(14:;18)
translocation hy conventional electrophoresis
follewed by Southern blotting requires hybrid-
isation of two molecular probes prepared for the
major breakpoint region and the minor cluster
region. The advanwge of using FAGE as op-
posed 1o conventional electirephoresis and sub-
sequent hyvbridisation is that by generalion of
large DNA [ragments there s less likelihood of a
restriction enzyme site occurring between the
probes cither side of the breakpoint. Theretore,
the results presented by Zelenectz ef «f, [108] con-
clusively demonstrate that FAGI 15 the most ef-
fective and comprehensive technigue available
for derection of the 1(14:18) translocation in ma-
lignant lymphoma.

Specific  chromosomal  translocations  are
known to be implicated in the pathopenesis of
several types of leukaemia. The most predomin-
ant alteration results in the formation of the Phi-
ludelphia chromosome (Ph'). which is reported
to be present in over 20% of paticnts with chron-
ic myelogenous lenkacmia (CML) [109]. The
translocation resulling in the Ph' has been char-
acterised cytogenetically as being between chro-
mosomes § and 22, K9:22)(g34,911) [1104 1L was
later discovered that this translocation involves
sequences of the 4 BL protooncogene and the
breakpoint cluster region (ber) gene on chromao-
somes 9 and 22, respectively, combining to pro-
duce a her-ARBL fusion gene on the Ph! [111].
Although the presence of the Ph' is known to be
highly specific to CMTI ., it has also heen obsarved
in a minority of acute lymphoblastic leukaerma
{ALL) patients [112]. FAGE analysis, as previ-
ously stated, has been successfully applied 1o the
detection of translocution breakpoints in a num-
ber of ncoplasms. Detection of the Ph! has been
well documented in CML, and more recently in
ALL [113 113], with Ph' identification in ALL
patients being a strong negative prognostic fac-
tar. Interestingly, molecular analysis of the Ph'
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in ALL indicated that only hall’ of ALL patients
kad alterations within the for similar to CML.
The remaimng ALL patients were lound (o have
a translocation breakpoint upstream of the ber. Tt
is in detection ol these Ph! (+) ALL patients
wilh an unrearranged for that FAGE has proved
most uscful. Analysis of the translocation break-
points in this group has shown that the rear-
rangements are scattered on both chromaosomes 9
and 22 over large regions of up to 200 kb. These
regions are too larpe to be resolved using conven-
tianal electraphoresis in conjunction with Sonth-
ern blotting. However, TAGT! is capable of de-
tecting rearrangements over a large gepomic dis-
tance in clinical samples. and s therefore current-
ly being evaluated as a diagnostic test in detecting
the her-unrearrangad subtype of ALL patients,
FAGIL has also been used to Taciiitate large-
scale physical mapping of chromosome 22, which
until recently has been limited by the availability
of useiul polymorphic probes. Oue of the advan-
tapes of FAGHE is that significantly lewer probes
would be required te map the entre chromosome
in comparison to genctic mapping by RFLPs.
Using the CHEF svstem. Tlerzog et af. |116] were
able to establish a physical map for the regions
surroumding the platelet derived growth faclor
(PNGFR) gene and the D225!6 marker i the
meningioma chramasomal region. PGS an
oncogene known to be the most proximal marker
to be lost in meningioma with a (46,22g-) karyo-
type FIT17. Results indicated that both loci are
localised to Lthe same band region 22¢12.3-131,
Linkage analysis by FAGE demonstrated the
122515 is situated within 900 kb of the PDOFE
gene. However, probes directed against these two
Inci were unable to detect any structural rear-
rangemenls of ihese sequences in meningioma,
This study by Herzog e «f. [116] should contrib-
ute to the construction of & complete physical
map of chromosome 22 and may aid in localising
the putative suppressor gene for meningioma.

&.2. Duchemne musculor dysivophy

The discase locus [or Duchenne muscular dvs-
trophy (DMD) has been mapped within the

Xp2l bund ol the human X-chromoesome. with
the DM gene sized at 2.3 Mb [T18]. A number
ol other X-chiromosome diseases have been local-
ised Lo the same region of rhe genome, including
the disease loci {ur adrenal hypoplasia (AHC)
and glycerol kinase {GK) deficiency. Most of
these X-chromesome deletions aure cvlogencticul-
v detectable i cxiended chromosome spreads
indicating that these defeltions ure large {2 3
Mb) and in some cases non-overlapping, Analy-
sis of deletions in patients suffcring from various
combtnations ol the three syndromes has estab-
lished the order of the disease loci, Xpter—AHC-
GK DMD Xcen [119]. Larly mapping studics
using the eriginal FAGE technique described by
Schwartz and Cantor [120] analysed the positions
of several cloned probes closely linked 10 and
flanking the DMD gene [127]. Love et ol [119]
reported 4 region of at least 4 Mb separating the
3" end of the dystrophin pene and the closest dis-
tal marker 1o AHC, DXS28 A new locus, desig-
naled JC-1, was also described which maps be-
tween GK and AHC in Xp21.2 21.3. This locus.
after physical mapping, failed to be linked with
cither the 3 end of the dvstrophin gene or with
DXS2& (distal to AHC). Results from FAGE
analysis also show a lack of HTF islands, indicat-
ing the presence of Tew genes in the Xp2! reglon.
‘This study should assist in further genetic and
physical analysis of the GK AHC region in pa-
tients with clinical phenotyvpes relevant to the
Xp2l repon.

Den Dunnen et «f. |122] used FLGE to analyse
mutations in the DM lacus, a common causce off
DMD. The derection of such deletions s of elin-
ical importance, resulting in reliable prenatal di-
apnosis and carrier status. Previous detection of
structural rearrangemcents was through the use of
linked RIFILP markers. FIGE analysis of DMD
mutations has a significantly higher detection
rate than conventional methods. This linding Is
particularly apparent in cases where DMD dele-
tions nccur at large distances [rom a given prabe.
Using conventional Southern blotting  lech
migues. such deletions would not be detected as
the distange between the deletion and probe 1s
too great. Den Dunnen er wl. [118] recently re-
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ported 61 % detection of TXMT) deletions without
linkage analysis, illustrating the diagnostic po-
tential of FAGE. The FIGE tcchnique has also
shown great importance in the analysis of carrier
females. In comparison to the FIGE technique,
cDNA analysis of carrier detection relies on den-
sitometric analysis of the hybridising fragments.
Resulls abtained in this study clearly show two
casily distinguishable sets of hybridising FIGE
frapments, the normal and mutated chromo-
some. Southern analysis ol carrier DNA, how-
aver, shows sumilar patterns (o the control with
differing hybridising intensitics.

.3 Cystic fibrosis

FAGE has been applicd to many aspects in the
search for knowledge regarding the cystic fibrosis
(CF) pene. CF is a lethal autosomal recessive dis-
arder in the Caucasian population, with a discase
frequency of about 1:2000 and a 5% carricr rale
[125} Linkage analysis and high-resolulion cyto-
genetics has allowed the CF locus to be mapped
to the long arm of chromosome 7, band 31, with
a number of flunking markers, including the et
oncogeny, cxhibiting linkage to the CF locus
[124]. Estivill er al. [125] identificd a genomic se-
quencee with the characteristics ot an HTF island.,
in high linkage disequilibrium with CF, using a
“rare-cutter cosmid library™. The location of this
putative HTF island, particularly in relation 1o
the mer locus, was determined using FAGE anal-
ysis of Nor l-digested human DNA and subse-
quent hybridisation. Results demonstrated that
the putative TITF island is 650-750 kb from the
mef locus. Tulier and White [126] described a Nar
I polymarphism detectad hy a cloned fragment ol
the et protooncogene, designated pmerH. This
polymorphism was detected in beth normal and
CF-affected individuals. and was shown by
FAGT analysis to be 200370 kb distant from the
met locus, thus defining a new polymorphic locus
in the CF region.

Romumens ¢/ of. [127] constructed a long-range
physicai map of the CF region by FAGE and
determined the location of two DNA markers
that are closely linked to the CF locus. These
markers, D75122 and D7534Q, have been shown

to be localed belween mer and D788 (two mark-
crs thought to flank the CF locus). The combina-
tion of FAGE and cloning studies has permirted
an accurate estimation of the size of the CF re-
gion and the distances separating linked DINA
markers. Fulton et of. [128] have mapped a re-
gion of DNA spanning 12 Mb that contains the
CF locus. This field altermation restriction map
includes recognition sites for eight infrequent-
cutting restriction enzymes and the location of
seven DNA markers within the CT region. This is
quite possibly the largest region of humoan ge-
nomic DMNA that has been restricuon-mapned by
FAGE. Others include the DM D locus (34 Mhb)
[121,129] and the HLA complex (3 Mb) [13D}.
Thirteen putative HTT islands were also identi-
fied within thiy restriction map, spaced at inter-
vals of (.3-3.2 Mb. These CpG-rich sequences
were determined by the presence of highly clus-
tered restriction sites for several enzyimes with a
high C + G content in their recognition sequenc-
es. The CF locus was genetically mapped be-
tween the mer and DTSE locus, with a minimum
distance belween these markers of approximately
1.4 Mb,

Chromosome jumping librarics were con-
structed using FAGE by Collins er a/. [131] and
Rommens ef af. [132], and apphed to cystic fibro-
sis. Collins ef al. [131] used this technique to de-
rive cloned DNA sequences located approxi-
mately 1) kb downstream from the mer onco-
gene. Chromosome jumping involves circularisa-
tion of sizc-selected DNA (fractionated by
FAGI), bringing genomic fragments together
that were originally 100 kb apart. The position of
joining between the two [ragments 1s marked by a
suppressor transfer RINA or supl gene allowing
fragment sclection alter the circles are £eo Rl-
digested and ligated into a phage veetor. One
fragment generated by (his technique by Collins
e? al. [131], denoted CF63, was a 0).7-kb singic-
copy sequenee localed downstream to the 3 end
of the met wanscription unit. 'Lhis sequence was
conseyguenily mapped to chromosome 7. and
then used as a probe 1o ¢examine OFAGE-(rac-
tionated Aer 1-digesied human DNA. Localisa-
tion of the cloned regions generated by Rom-
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mens of al. [132] allowed a more detailed ficld
alternation restriction map than the one previ-
ously puhlished [133], indicating that the CF lo-
cus is approsimately 250 kb in size. Chromosome
jumping and walking has had a significant impact
on genetics of discases in which Lhere is no prior
knowledge of the basic delect [132] It hus al-
lowed cloning of the locus responsible For cystic
(ibrusis, a gene that is several hundreds of kile-
bases away from the closest linked DNA mark-
ers. Cloning of a large, contigtous DNA scp-
ment, such as the CF region, has permitted a
maore thorough analvsis of the region for candi-
date gene sequences.

2. OTHER APPLICATIONS OF FAGE

Intact chromosomes can be resolved with
FAGE thus enabling full chromosomal analysis
to be carricd out. Caadida afbicons was one of the
first eukaryotic genomes to be analysed by
FAGE [134]. 1L has been demonsiraled, by analy-
sis of the genetics and molgeular biclogy of C.
athicans, that the organism is diploid and nat-
urally heterozvgous. The diploid nature of the or-
ganism complicates genetic analysis, as homozy-
gous chromosomes may migrate separalely or to-
gether as a single hand, depending on the pres-
ence or absence of deletions, translocations or
breakages in the DNA [135]. FAGE has been
shown to be maore sensitive in tyming C. alkicans
isolutes than conventional restriction endonu-
clease analysis, and in addition, more uscful in
the strain differentiation of C. albicans. FAGE
has also been suceessiul in karyolyping other
yeasts including 8. cerevisiae and §. pombe (Fig.
5), as well as 4 number of unicellulur organisms
such as Plasmodia, Trypannsoma and Leishma-
miq. Genetic maps have been shown 1o be ex-
tremely uselul in locating particular genes on the
chromosomes. As a result, it is now possible Lo
work on specific chromosomes, large intact genes
ot gene clusters in a region of interest. by loculing
the gene in specific restrictien fragments.

TTAGT has initiated further interest in DNA
cloning, with the development of novel cloning
techniques enabling the cloning ol large DNA

CD DZC

Fig. 5. Retating gol electrephoretic (Wallzer) separation in the
first gel of (A) the three chromosomes of Schizosaceriromyces
ponibe of 3, 6 and 8 Mb and (B) Saccharonivees cereyisine exhib-
iting compression of the larger chromosomes. Separannn condi-
lions were 3 6-min switch lime over seven days, 1.2 Vem ™! and
(L7 %% agarose at 3°C. The second gel demonstrales separation of
(Y lambda concatemers and (1) the chromosomes of Sucrharo-
mvces cerevisire. The separation conditions for tlis gel were
| %% agarose, & ¥V cm ! with a 60-s swirch:ng time overa 33-%
periodd a7 20°C. (Reprodneed from Anand [13).)

frapments into new vectars such as the phage P
system and weast artificial chromosomes (YAC)
[12,13]. The size capacity of cloning has increased
at least 10-lold with the use of FAGE [12]. As a
result, long-rangs physical mapping of genomes
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is now possible. Previously, physical mapping
had been limited by DNA fragments size thresh-
old, usually DNA fragments smaller than 200 kb,
after which progress was blocked by uncloned
seements of DNA {136]. In the YAC syslem,
cleavage of genomic DNA results in large DNA
fragments that are ligated Lo veclor sequences,
euch of which ends in a telomere and other indis-
pensable chromosomal elements, as well as mark-
ers selectable i the yeasl host, cnabling Lheir
propagation as linear artificial chromosomes
[136,137]. Individual YACs have heen shown to
be capable of containing inscris of up to 1 Mb or
more [136]). YACs have already been made for
plant and bacterial species, and libraries have
heen organised for Drosophile and huoman DINA
YAC libraries are constructed by preparing and
fractionating large DNA fragments in agarose by
FAGE, with the advantage of requiring fewer
clones for physical mapping with £. codi vectors
[138]. Thus, YACs may permit the use of intact
genes for further medicul and scientific studies,
and also generate comprehensive libraries of the
genomes ol higher eukaryotes. The YAC eloning
system may also provide 4 bridge between the
dula obtained from the two different maps of
comples genomes; linkage data from genetic
maps and data from phvstcal or cytogenstic maps
[136.137], none of which would have heen pos-
sible without the development of FAGE systems.
A model genome mapping is that of Drosophilu
melanogaster, in which Y ACs have been used to
organise contiguous clones (contigs), which are
in turn used to bridge to the physical and genetic
maps of the organism [136].

Chromosomal structure is being analysed by
using FAGE to examine varialions in methyla-
tion parrerns along a chromosorme [139), Varia-
tions that occur during development and differ-
entiation in specific regions can also be deler-
mined utilising the methylation sensitivity of the
restriction enzymes used in the FAGE digestion.
Long-range FAGE mupping has been able to
identify large clusters of under-methylated CpG
dinucleotides associated with the 5 end of some
genes [80,139.140]. These clusters are known as
HTT islands. The von-methylated clusters of

CpG are rich in cleavable sites for mCpG-sensi-
tive restriction enzymes, Inter-island restriction
sites are lughly methylated, thus resistant to
cleavage. Therefore, any site thal is cleaved by a
rare-culling cnzyme identifies a methylation-free
region in the genome. HIF islunds have now
been associated with many genes at the origin of
their trunseriplion. This association in conjunc-
tion with the technique of FAGE will permit the
construction of long-range maps which may lead
dircetly to new genes from the identification of
possible HTT -islands.

FAGE has also heen described as one of Lhe
newest strand-breakape assays ol radiation- -
duced DNA damage [141]. Damage to the DNA
following ionising radiation can be of many
types. Such damage requires measurcment in or-
der to understand the molecular processes in-
volved in the cellular responsc lo radiation.
Amongst the different tvpes of DNA damage,
DNA double-sirand breaks (dsh) has been shown
to be the most significant lesion induced by lonis-
ing radiation. Quantification of dsh induction is
by the fraction and distribution of DNA migrat-
ing into the gel. This use of FAGE is sensitive {0
doses as low as 1 G, with in witre studies by Ahn
er al. [192] measuring dsb rejeining in mamma-
lian cells irradiated with doses as low as 5 Gy, It is
impeortant ta note that other strund-breakage as-
says require supra-lethal doses of X-irradiation
to follow dsb rejoining. At lower doses, measur-
able by FAGE, there is s higher probability of
cell survival and thus is more likely to reflect sig-
nificant lesions for cell killing or tumourigenesis.
There is potential using this technigque lor more
detailed studies of the nature and distribution of
radiation-induced damage.

10, CONCLUSLION

So, what can be said in conclusion? T.ess than
len years after the development of Schwartz and
Cantor’s FAGE technique, a highly theoretical
approach to DMNA separation, a technique hus
emerged which has permeated every aspect of bi-
ological science. This technique. In the guise of
two or three main electrophoretic configurations,
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has made a major impact on our understanding
of DNA structure, size, mapping, genotyping
and a host of other applications. Tt would appear
Lthat the imits of the application of this technigue
arc the investigators imagination.

Tn collecting the literature for this review, one
cannot help but be overawed by the spectrum
and volume of the work Lthat has been made pos-
sihle with FAGE. It can be scen that FAGE is no
longer resiricted Lo simply separating large DNA
fragments. This technigue 1s presently heing used
lor clectrophoretic karyotyping, long-range ge-
netnic mapping, cloning of large DN A fragments
into new vectors, the study of pathogenic chra-
mmosomal alterations and the structural analvsis
of chromosomes. The applications of TAGE in
molecular hiology and genctics is constantly ca-
panding. with the full notential of this technique
still to be realised. Ay to ils status quo its de-
velopment and innovartive modification oceurred
at an alarming rate. Omne doubts whether
Schwartz and Cantor could have suspected the
tmpact of their technique on biological science.
Tie developments which occurred in three years
were mind-numbing. But the application to
which thus lechnigue has been emploved is the
greatest testament to the sheer force of this now
simple and universally accepted technique.
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