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Assessment of
Colinearity
between Large
Cloned DNA
Fragments and
Genomic DNA

Peter Verhasselt and
Guido Volckaert

Laboratory of Gene Technology,
Catholic University Leuven, B-3001
Leuven, Belgium

Current strategies in genome sequencing
projects ordinarily involve cloning of
subgenomic DNA fragments into cosmid
or phage \ vectors, arranging clones into
a set of overlapping fragments, and the
subsequent sequencing of overlapping
clones individually. Any rearrangement
occurring during cloning, amplification,
or storage can lead to error-prone deduc-
tions and discredit the sequencing re-
sult. We propose a colinearity test based
on comparative DNA amplifications by
PCR with nested sets of primers on
cloned versus genomic DNA, and span-
ning the entire sequenced region. This
colinearity test is exemplified by analysis
of a 32.5-kb region of Saccharomyces cer-
evisiae chromosome XIV.

Recent developments in DNA se-
quencing techniques have led to specific
genome sequencing projects, often as an
international endeavor (e.g., Yeast Ge-
nome Sequencing Programme of the Eu-
ropean Community, Human Genome
Organization). The genetic blueprint of
Escherichia coli, Bacillus subtilis, Saccharo-
myces cerevisiae, and Caenorhabditis ele-
gans are under analysis, and projects to
tackle even larger genomes, such as
those of Arabidopsis thaliana or humans,
have been set up or are under consider-
ation."—®

The Yeast Genome Sequencing Pro-
gramme of the European Community
follows a chromosome-by-chromosome
approach and covers all or part of 9 of
the 16 chromosomes of the budding
yeast S. cerevisiae. The remainder of the
genome is being sequenced by research
teams in the United States, Canada, and
Japan and at the Medical Research Coun-
cil and Sanger Centre in Cambridge/
Hinxten (UK). The usual strategy is to
carve up individual chromosomes or the
entire genome into cosmid or bacte-
riophage \ clones (recent additions are
the use of bacteriophage P1® or YAC).””
Chromosome-specific clones constitut-
ing a contiguous set of overlapping frag-
ments are selected. The selected clones
are sequenced individually and eventu-
ally the DNA sequence of the chromo-
some is reassembled from the sequences
of those clones. This approach requires
that the cosmid or phage clone se-
quences are exact copies of the chromo-
somal regions that they were derived
from, a condition that apparently is not
always met. Rearrangements usually are
detected by restriction mapping and/or
hybridization, after propagation of the
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clones. The resolution of these tech-
niques is limited and highly dependent
on the size of the restriction fragments.
In this study we describe a method for
the assessment of colinearity with a con-
stant and high resolution. It is illustrated
by the analysis of a 32.5-kb fragment
from yeast chromosome XIV. Both the
cosmid DNA and genomic DNA are
scanned in parallel by PCR with nested
sets of primers.

MATERIALS AND METHODS
Preparation of Genomic DNA

S. cerevisige strain FY1679 was grown for
2 days at 28°C in 100 ml of YPD [1% (wt/
vol) yeast extract, 2% (wt/vol) glucose,
and 2% (wt/vol) peptone]. Cells were col-
lected by centrifugation at 1000g for 10
min at 4°C, washed with 8 ml of water,
and incubated for at least 1 hr at 30°C in
8 ml of lyticase solution [1 M sorbitol, 0.1
M K,PO, (pH 7.5), 10 mm EDTA, 4 mg of
lyticase (Sigma Chemical Co., St. Louis,
MO), 0.1% (vol/vol) 2-mercaptoethanol].
Then, 8 ml of lysis buffer [2% (wt/vol)
SDS; 50 mwm Tris-HCI (pH 8.0); 10 mm
EDTA] was added. After 10 min of mod-
erate shaking at room temperature, 4 ml
of 5 M NaCl was added. DNA was precip-
itated by incubation at 4°C for at least 2
hr, followed by centrifugation at 2000g
for 30 min. The pellet was resuspended
in 8 ml of TE buffer [10 mwm Tris-HCl (pH
7.5), 1 mMm EDTA], extracted with phenol/
chloroform/isoamylalcohol — (25:24:1),
and precipitated with ethanol. The DNA
pellet was redissolved in water to the de-
sired concentration.

Preparation of Cosmid DNA

Cosmid 14-20 was obtained from P. Phil-
ippsen (Basel, Switzerland) and was iso-
lated from a cosmid library (constructed
by B. Dujon, Paris, France) of total DNA
from yeast strain FY1679. This library
consists of size-fractionated partial
Sau3Al fragments cloned in the unique
BamHIl site of the cosmid vector
pWE15.®® The E. coli clone containing
cosmid 14-20 was grown overnight at
37°C with vigorous shaking in 200 ml of
TB (17 mm KH,PO,, 72 mm K,HPO,,
1.2% (wt/vol) Bacto-tryptone, 2.4% (wt/
vol) Bacto-yeast extract, 0.4% (vol/vol)
glycerol]. Ampicillin was added to a final
concentration of 25 ng/ml. Cosmid DNA
was purified on a Qiagen-tip-500 ion ex-
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change column (Diagen GmbH, Diissel-
dorf, Germany).

Amplification

PCR amplification® was performed by
mixing 50 ng of cosmid DNA or 200 ng
of total yeast DNA with 10 pl of buffer
[100 mum Tris-HCI (pH 9.0), 500 mM KC],
15 mm MgCl,, 1% (vol/vol) Triton X-100,
0.1% (wt/vol) gelatine], 2 pl of each
dNTP (10 mm), S pl of each primer (20
M), and 0.2 units of SuperTaq (HT Bio-
technology LTD, Cambridge, UK). This
mixture was adjusted to 100 pl with ster-
ile water and overlaid with 3 drops of
mineral oil. DNA was amplified on a
GeneAmp PCR System 9600 (Perkin-
Elmer Cetus, Norwalk, CT) using 25 cy-
cles of denaturation (30 sec at 95°C),
primer annealing (30 sec at 45 °C), and
DNA polymerization (§ min at 72°C). A
10-ul sample from each reaction was
loaded onto a 0.8% agarose gel and elec-
trophoresed at 80 V in Tris-acetate buffer
for 2 hr. The gel was stained with ethid-
ium bromide, and DNA bands were visu-
alized under UV light and photo-
graphed.

Oligonucleotides

Oligonucleotides (15- and 16-mers) were
synthesized by the B-cyanoethylphos-
phoramidite chemical method on an Ap-
plied Biosystems (Foster City, CA) model
381A DNA synthesizer or were purchased
from Eurogentech (Seraing, Belgium).

RESULTS
Determination of the Length of

Amplifiable Fragments on Cosmid
and Genomic DNA

In the framework of the Yeast Genome
Sequencing Programme of the European
Community, our laboratory was pro-
vided with cosmid 14-20. This cosmid
has been completely sequenced.%!V
Because ~40% of the sequence was de-

termined by primer walking, specific
primers were available with primer an-
nealing sites scattered over the entire in-
sert. In separate reactions, amplifications
were performed both on cosmid DNA
and genomic DNA using a common for-
ward primer (646) and a series of ever
more distantly located backward primers
(584, 574, 561, EG04, EGOS5, EGOS8, 583,
578, 566, 680, EG09, 682, 647, 681, EG11,
and EG12; see also Fig. 1). On cosmid
DNA fragments of the expected sizes
(297, 648, 1330, 1578, 2492, 3581, 3775,
4072, 4710, 4851, 5192, 5732, 6432,
7393, 8019, and 8396 bp, respectively)
were obtained for all amplification reac-
tions (Fig. 2). With genomic DNA, frag-
ments up to 5.2 kb were obtained. The
yield of PCR products, however, was less
than with cosmid DNA, especially for
larger PCR products (>4 kb). Both the
smaller size of amplifiable products and
the lower yield on genomic DNA are
caused by the higher complexity of ge-
nomic DNA versus isolated cosmid DNA.
Upon amplification of large fragments
(>S5 kb), some amplification reactions
yielded extra (a-specific) products. A-spe-
cific products were probably caused by
the presence of a secondary primer an-
nealing site for the backward primer be-
cause a secondary annealing site for the
forward primer should result in a com-
mon a-specific product for all amplifica-
tion reactions with a backward primer
annealing site beyond that secondary
annealing site. The latter event was
never observed.

Colinearity

Yeast genomic PCR fragments up to S kb
align well with their corresponding
cosmid PCR counterparts (Fig. 2). This
result indicates colinearity of the cosmid
sequence with the genomic DNA se-
quence between the annealing positions
of primer 646 (at position 610 in the
cosmid) and primer EG09 (at position
5802). Twelve primer annealing sites
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FIGURE 2 PCR products obtained by amplifi-
cation of both cosmid (C) and yeast genomic
(Y) DNA with a common forward primer (646)
and ever more distant backward primers. The
number of the backward primer is indicated
at the fop (upper panel) or at the bottom (lower
panel). The expected sizes of the PCR prod-
ucts are indicated in the text. The sizes of
some bands of the molecular weight marker
(M) are indicated at left.

were used to cover this distance (5192
bp), resulting in an average resolution of
433 bp. For the assessment of colinearity
between yeast genomic DNA and the en-
tire cosmid, 18 forward primers were se-
lected separated by ~1800 bp each. Each
forward primer was used both on ge-
nomic and cosmid DNA in separate am-
plification reactions with three back-
ward primers, the proximal one being
the most distant backward primer of the
upstream forward primer (Fig. 3). The re-
sult is shown in Figure 4. On both DNA
templates, PCR products of the expected
sizes were obtained for all amplifications
(Table 1). With some amplification reac-
tions small amounts of secondary PCR
products were observed. The specific
PCR product, however, always produced
the major band. Apart from the se-
quences at the boundaries of the frag-
ments, the entire cosmid DNA (from po-
sition 483 to 32,266) has been analyzed
and displays colinearity with the yeast

0
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FIGURE 1 Localization and orientation of the primers used for determination of the length of amplifiable products on cosmid and genomic DNA.
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FIGURE 3 Localization and orientation of the primers used for the assessment of colinearity between cosmid and genomic DNA sequences. Forward
primers, from left to right; backward primers, from right to left.

genomic DNA with an overall resolution
of 578 bp (55 primer annealing sites
tested over 31,783 bp).

DISCUSSION

Because genome sequencing strategies
are usually based on collating sequences
from a collection of cloned cosmid or
phage DNAs, the integrity of the inter-
mediate large fragments in those vectors
must be verified. So far, this is usually
done by physical mapping. Comigration
on agarose gel electrophoresis of restric-
tion fragments from template and sub-
cloned DNA is analyzed. The resolution
of this approach is variable and limited
to the distribution of restriction sites and
size of the restriction fragments ob-
tained (usually between 1 and 10 kb). Re-
arrangements within restriction frag-
ments are not detected easily.

In this study we designed a colinear-
ity test based on multiple PCR reactions.
We demonstrated colinearity of the
cosmid 14-20 DNA sequence with the
corresponding sequence on S. cerevisiae
chromosome XIV by PCR. Both genomic
and cosmid DNAs were amplified in 108
separate reactions as outlined above and
in Figure 3. All primers were available
because the cosmid was sequenced, in
part, with walking primers. All PCR prod-

ucts from cosmid DNA comigrated with
corresponding PCR products from ge-
nomic DNA on agarose gel electrophore-
sis, indicating colinearity of the se-
quences from both templates. PCR
products ranged in size from 123 to 3146
bp. In this particular experiment, 35
primer annealing sites were tested over a
total length of 31,783 bp, resulting in an
average resolution of 578 bp. It is very
unlikely that rearrangements between
primer annealing sites would pass unde-
tected, as the distance between primer
annealing sites is small, and only rear-
rangements that would not change the
size of the fragments would remain un-
noticed. Resolution is limited by the
availability of primers only, so that an
even larger set of primers can be de-
signed. Therefore, this approach is an ef-
ficient, rapid, and cost-effective tool for
verifying colinearity at a desired level of
high resolution between a sequenced
DNA fragment and the genomic DNA, es-
pecially when a substantial part of the
sequencing was performed with walking
primers.

On the basis of the experimental ob-
servation that fragments >5 kb can be
amplified on yeast genomic DNA as well
as on cosmid DNA, a further reduction in
the number of amplification reactions
can be conceived. Forward primers could
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FIGURE 4 PCR products obtained by amplifi-
cation of both cosmid (C) and yeast genomic
(Y) DNA with 18 forward primers, each with
three backward primers in separate reactions.
Forward primers and backward primers used
are indicated at the top of each panel. In the
reaction with primers EG16 and 666 on
cosmid DNA, an a-specific product might
have been caused by overflow contamination
from the neighboring reaction sample in the
gel.
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TABLE 1

Expected Sizes of PCR Products Using the Indicated Forward and

Backward Primers for the Assessment of Colinearity of Cosmid DNA Sequence with

Genomic DNA Sequence

Forward Backward Size (bp) Forward Backward Size (bp)
673 574 775 565 EG09 218
EG04 1705 682 758
EGOS5 2619 681 2419
562 EGOS5 346 EG10 681 283
EGO8 1438 EG11 909
583 1629 EG13 1649
EGO7 583 241 636 EG13 236
578 538 637 750
EG09 1658 618 2407
622 618 655 612 606 553
613 978 676 1174
592 1500 EG15 2887
649 592 365 638 EG15 321
527 847 623 765
EG14 1481 615 1147
556 EG14 123 EG16 615 460
677 1485 609 1275
606 2814 666 3146
568 666 401 664 614 314
569 996 588 1220
650 2375 587 2653
563 650 160 571 587 209
668 824 570 1179
611 1101 551 1490
657 611 178 663 551 439
595 484 656 541
614 2229 604 2099

be selected at 2.5 kb from each other.
Omitting the internal backward primers
(this also reduces the resolution), colin-
earity analysis of cosmid 14-20 with
yeast chromosome XIV would require
only twice 26x2 PCR reactions (i.e., 13
forward primers and 14 backward prim-
ers). On the same basis, analysis of the
entire chromosome XIV (820 kb) is fea-
sible with 656 X2 amplification reactions
(these can be done in 14 microtiter
plates) using 328 forward primers and
329 backward primers. Current develop-
ments in long-distance PCR? will un-
doubtedly enable a further reduction in
the number of amplification reactions
and therefore increase coverage of larger
contiguous sequences. Thus, application
of this approach to more complex ge-
nomes such as the human genome could
become feasible.

A useful extension of this method is
the rapid and simultaneous analysis of
different yeast strains to test diversity
among strains in a selected part of the
genome. In addition, conservation of
functionally interesting sequences among
related organisms is readily performed.
Sequence diversity would be scored by
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the absence of PCR product (no primer
annealing site) or by the presence of PCR
products of different sizes (secondary
primer binding site or altered genome
structure). Furthermore, both different
and identical PCR products from the
tested organisms can be sequenced di-
rectly."*% Sequencing of PCR products
with identical sizes allows for the deter-
mination of minor sequence differences,
for example, base substitutions.
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