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ABSTRACT
Modirications have been made to stndard pulse rield gel eletbphreis ( PFGE ) systems to enable

very large DNA molecules to be resolved. he single most imprtntmodification was to elevate the
temperature of ele is to 351C. This enabled the largest Sacchromyces cerevisiae chromosome to
be reproducibly resolved. More impressively, it enabled the DNA of Candida albicas to be clearly
resolved into six b_xs, a featwhich was very difficult at lower temperaes. Even so, optimal resolution
could only be obtained by arefully adjsting rield voltages and switching times. he DNA from the two
largest C. albicusn chromosomes, which was estimated to be at least 5-10Mbp in size, ran somewhat
anomalosly, giving fumy bonds which did not migrate in the direction of the average electric field. That
the highestmokecularweight band was a distinct chromosome was demonstrated by speciric hybridisation to
the C. albicws ADE2 gene probe. With further rme tuming, the PFGE system described here should be
capable of resolving DNA from the smallest human chromosomes.

INTRODUCIION
Geneticmethods offermuch promise as a tool for c rising the different strains of Candida albicans

which infect _mms (1). However, the genetics of C. albicais is in its infancy d it Is not even certain

how many chomosome this yeast cmtahu (2). Indeed itwas establidsed only retly that C. alblcaus is

normally diploid (3,4). In contrast,much more is lmown about the yest Sc vces cerevisiae with

genetic analysis indicag that the genome consists of 17 linkage groups That 16 of these groups actually

represent distinct chromosomes spectmlarly confirmed by pulse field gel ekectrporesis (PFGE)

which separated S. cerevisiae DNA into 12 distinct bonds (the identirfcation of chromosome 17 has yet to

be made by this technique) (5). We felt that extension of the technique to C. albigcwould be of great

value in detrminin the total nlmber of chromosomes and, in acktion, permiffing the cloning of

chromosome speciric prbes for use in genetic analyses.

The present paper describes the approach ued to separate C. albicans DNA into chromosome size

molecules. Unlike S. cerevisine DNA which is very amenable to PFGE analysis, several problems were

encountered with C. alb the chief of which was the very much larger size of some of the

chromosomes. This necessitated the modiricaton of the original IFGE system described by Cantor etal

(6,7) and, later,Carle ad Olso (8).
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MATERIALS & MEMHODS

C. albicans diploid strain ATCC 10261 and the S. cerevisiae strin 2180 was used in oy investigations.

Cellswere grown to stationary pae by incubating fr3 days at 30'C inYPD media (1 gm yeast exct42
gms bacto peptoe, 2 gms dextrse in 100mls). Cells were then wahed twice in 0.05M EDTA ph7.5,

resuepended at Lx101 /ml in 0.05M EDTA, equilibated to 42'C,mixed with 2.5% low gel agarose (Sea

Plaque FMC) (0.125M EDTA ph7.5) containing Zymolyase 5000 (Seikagaku Kogyo Co.) at a 0.75mg/ml

final concentration and themixture then set in amould giving a rinal dilution of approximately 2xlO'cells

per ml. Agarose was then cut to the required size, soaked for 12 hours in 0.45M EDTA, 7.5%

B-mercaptoethadol, 0.01M Tis-HCI ph7.5 at 37'C. Agarose inserts were then plced in 0.45M EDTA

0.01M Tris-HCI (ph 9.5) 1% lithium dodecyl sulphate& 1mg/ml protinaseK (Boebringer)@ 50'C for 12

hour They were stored in this solution at room tempeature for up to 8 days.
The pulse rield gel electrphoresi apparatus was similar to that of Schwartz and Cantor(6,7). A

schematic diagram of our electrode lyout is shown

in Figure 1. A 1.5% agarose slab gel (Biorad Ultra pureDNA grade) with dimensions of 9cm x 9cm
was castwith 13mm long and 2mm wide wells. Inserts containing DNA were placed against the front face

of the well and sealed inwith agarose. Ruming buffer used wasTBE/2 (LxTBE is 90mM Tris base, 90mM
Boric acid 2.5mM EDTA ph8.2), maintained at a constant temperre by pumping it thronug a heat

exchanger, either heating or cooling depending on the required conditions In all experiments the voltages
were maintained at 8.2 V/cm in the forw and 3.1 V/cm in the cros direction, with pulse time and

temperature varied as detailed in the figre legends. After nrming for 18-22 rs, gelswere removed and

stained in 2pgm/ml ethidium bromide for 12 hours then photographed with Polaroid type 665 rilm using
an ultraviolet trasilluminator (Ultraviolet PNodccts Inc. TM36).
DNA transfer hvbridisation& autradioerahy

The gel was treated with 0.25M HCI for 20 minutes at room temperatre then soaked in 0.5M NaOH,
0.15M NaCI neutralised and t eed to Hybod-N filters (Amerham ) by stEard methods (9).

Pobes were pred from both totl C. albicans DNA and the plasmid containing the C. albicans
ADE2 gene. The ADE2 C. albick probe was obtained trough Kartz et al (10). This probe coains both
the 2 micron DNA ori and the LEU2 gene from S. cerevisise plus pBR322 seqences and the ADE2 gene
from C. aibicans . Tota C. albknsDNA was prepared using spheroplast and lysis solutions under the

same conditios as for the inert preparation, but the cellswere not set in agase. The DNA wa puified
from the lysates by phenol extrcton ad ethanol precipitation. 3P-labelled probeswere prepared by nick

transltion (9) of approximately 250 ngms of DNA in eaoh case. Autoradiogaphy was awried out using
Kodak XAR-5 X-ry rfm with no intensifying screen for -4 hour at room temp e.

RESULTS & DISCUSSION
Fr the gel sown in Figure 2 it is dear thatC. albicmDNA e phoreses a at laBt six distinct

bunds. The leading two of these buis have flu n levels compatible with that expected in doublets
(lbat is, about twice the fluorescenc of bauds 3 md 4). his, however, could be a artifact as DNA

content ha been reported (8) to decrese in the bands of the lager chromosomes. We therefore take our
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Figure 1 . A schematic illustration of the pulsed rield gel ekctrphoresis electrode anmy and gel
position.
Figure 2. Separaion of yeatDNA on aPFGE gel. Lanesmmied b,d & e ctalain DNA from C.
albicms strain 10261, lames a& cDNA from S. cerevisihe strain 2180. Sampleswere eketrphoresed for
21 las and then stained with ethidium bromide. The switching timewas 125 sec. with a nning
temperature of 35'C. The six C. albicas bas are nmberedo the right.

result to represent at least six ciromosomes. The four fastestmoving bands are reatively shaup while the

two slowest hands are le distinct. These lat two bands are of very high molecularweightDNA, somewhat

larger than the largest S. cerevisiae band. Moreover, unkls condition were carefully optimised, these

bandswere not resolved at all, nor for thatmatterwas the argest band in S. cerevisiae. Initially it was felt

that the two high molecular weight baxds, 5 and 6, could be an artifact, possibly consisting of an aggregate
ofDNA from the 4 lowermoecularweight bands. In the absence of a battery of C. albicans single gene

probes it was difficult to disprove this possibility. When the gel was blotted and then probed with NP

labelled total C. albicks DNA, all six bands had some level of hybridisation, presumably due to highly

repetitive DNA sequences (Fig3). Apart from some variation in hybridisation from -bawi to band,with

band 3 being especially weak this autoradiograph essentially conrms the ethidium bromide staining
patter We did, however, fi some cros hybridisation to S. cerevisiae bmad 12 DNA which is reported to

represent clromosome 4 (5). This crom hybridisation could be to the ribosomal sequences reported to be

on this S. cerevisiae clromosome (5).
Fortuately, the one available C. albicans single-copy probe, ADE2, did give a defintive result,

specificlly hybridising to bad 6 (Flg.4). We therefore coclude that that bad 6 is not a artifact and

represents a C. albicas ciromosome of high molecular weight. Furthemnre, as the other bads contain

lowermokllarweight DNA it is unlkely that these represent artifatual aggregation of DNA. Ths we

conclude there are at east 6 ad posibly 8 distinct chromosomes in Candida albican.
We are wcrtain of just how large the DNA in these bands is becae of the bck of suitablemolecular
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FIgure 3. Hybridisation of totalC. albicam DNA to the Southern blot of the gel in figure 2.
Figure 4. Hyiridisation of theCAbicosADE2 gene probe, (also contaning S. cerevisiae 2 micron
and LEU2 geneDNA) to the Southern blot of the gel in figure 2.

weight nmadera However an approximate estimate can be made from the data of Riggsby et al (4) who

mesured the DNA content for a diploid strai of C. albicam as 37fg/cell. Assuming no DNA content

difference between straiw and an average molecular weight per base pair of 670 daltoms gives a total of

'-33xl10I bp. The average molecuar size for 6 and 8 chromosomes, respectively, is .-2.8x10'Ibp and '-2.1x10'I

bp. Not withstancin the inaccuracies of this calculation the larest chromosome probably approaches 10

Mbp in size.

As has already been mentioned PFGE conditions have to be critically adjusted to get the results showvn

in Fig 2. Alteration of the reblatve voltage conditions by 10%, the pulse time by 20%, or the temperature
by 10% destroy the,eIectophretic pattern This exquisite sensitivity of the system is also reflected in the

elecdrophoresis pattern in Figure 2where DNA bands of different sizes electrophorese at very different rates

as one moves across the gel. Thu on the left hand side the relatve rates ofmigration for the smallest and

larest bandis are 1.1:1 increasing to about 2:1 in the centre and about 6:1 on the right. Another

peculiarity of the system is that the bunds do not allmigrate along the lines of average electric force. Thbis

last effect is not so obviouswhen the gel orientation ofCarle and Olso (8) i s ed with the average electric

field parallel to the length of the gel as in conventional eletopoeis. Nevertheless we felt our field
orientation ( Mg.1 ) had adatgsin the present application because it maximised the probability of

achieving optimal eletohrsscondcitions at some paint acros the gel.
The ADE2 probe alan contaiu the LEU2 gene from choooe3 of S. Cerevisinewhich is evident in

lane c of Fig.4 as a parilWy obscured basa at the bottom of the pattern; the smear from this bail back to

the well is probably 2 micron DNA (5). The 2 micron DNA does not significanty stain with ethidium

bromide and hence is not visible on FIg.. Ineetnly this DNA does not travel in the -am direction as

the crmsmsbat in the directon of the net fiekld This Implies that either the 2Zmicron DNA is slowly
being released from the wells or that it has an uzusual cofr atin As the choooebandk are not

smeared it is probably the latter.

By numing gels at 3SC it was also possible to resolve S. cerevisise DNA detail in the very high
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FIgure S. Resolution of the largest S. cerevisiae ciromosome on a IPFGE gel. Lane d shows the 3
lagest S. cerevisise chromosome ban& (nos. 10-12) resolved by Carle& Ols (5) plus another large band
of highM.W. (labeled 13). Ines (a-c) are C. albican DNA. The gelwas nm for 21 bas at 35'C with a
switching time of 115 sec.

molecular weight region that proved a problem in Carle and Olsen's (5,8) w . The highest molecular

weight band in their wo& was designated no.12 and itwas not always clearly resolved, often remaining in

the region of the well. Under our PGFE conditios the DNA band no.12 is clearly resolved and another,

slower moving band which we designate no.13, is also visible (Figure 5). We did not have the neesay

probes to testwhether or not this band corresponded to chromsome 17 but nevertheless, the present results

clearly sbow that modifying the PFGE method does permit larger DNA molecules to be analysed. The

theoretical basis of these improvements is not clear.

A crucial aspect of the experiments described here is the temperature of the gel, so it is worthwhile

discussing this parameter in some detail. If one accepts the theory of PFGE put forward by Schwartz etal

(6), the fact that the viscoelastic relaxation time of DNA decreases with temperature (11) is just as

I
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Figure 6 . Effect of temperaure on PFGE of S. cerevisiaeDNA GelA was nm at40IC,B at30'C
and C at 11"C. Allwere nm for 21 hrn at a switching time of 80 sec.
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imporat as the fact that electrphoreticmobility ofDNA increaseswith temperature (12). lhs one would

expect that increasing the temperature of PFGE would increase both themobility of the DNA and the size

of the DNA molecules which would enter the gel. These expectations were bore out in our preliminary

experiments in which the largest chromosomes of C. albicaa and S. cerevisiae only entered the gel and

were clearly resolved at temperatires above 25"C. Although the mobility of these larger chromosomes

increased even fwther at higher temperatures, that of the smaller comsomes did not, so that the overall

resolution began to fall away above 351C (Figure 6).

Close examination of Figure 6 also shows that the high molecular weight bands, which at low

temperature migrate in an anomalous orientation with repect to the net ekectric rield, rotate into an

orientation similar to that of the lower molecular weight bands at high temperatures. Nevertheless, these

highmolecularweight bands do have some odd properties,namely they aremuch fuzzier thn low molecular

weight bands and under some conditions (Figure 2) they actually travel in an orientation so different from

the lowermolecularweight bands that they partially overlap with them so that, for example, in Figure 2

Ime d there is an overlap between bands 4 & 5 . Whether these phenomena refict a differentDNA

conformation or simply the anomalonus electrophoresis of very high molecular weight DNA under

sub-optimal PFGE is not clear.

In smmary, the data presented here show that it is possible to resolve Calbicans DNA into at least six

chromosomal bands. This result has two immediate applications. First, by isolating DNA from the

individua C. albicans DNA bands itwill be possible to prepare chromosome speciric DNA probes. Second,

different strains of C. albicas can be analysed by PFGE using these probes to determine traslocation,

aneuploidy etc in much the same way as been doe for S. cerevisiae (8). Finally, the modiried PFGE

technique described here suggests that by caefully controlling the elephoresis parmeters it may be

possible to seprate DNA molecules of sevenl tens of megabases such as in the smallest human

chromosomes.
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