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Ligation overcomes terminal
underrepresentation in multiple displacement
amplification of linear DNA
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The amount of DNA available for
informative genomic studies is often
limiting. Thus, several methods have
been developed to achieve a whole
genome amplification (WGA). Particu-
larly promising is a variant, called
multiple displacement amplification
(MDA) (1,2), which exploits the
high processivity of ®29 phage DNA
polymerase and suffers an amplifi-
cation bias significantly lower than
previous, PCR-based WGA (3).

Even though MDA-DNA has been
successfully used for many applica-
tions (1,4-7), some problems have
been reported. For example, sequences
near the ends of linear chromosomes
appear underrepresented after MDA
(6,8,9). Both defective priming events
and abortive chain terminations could
contribute to this problem, which
limits the applications of MDA and
jeopardizes its use on short linear DNA
(e.g., cDNA and degraded genomes
from forensic, archeological, and fetal
origin) (10). In these cases, the terminal
underrepresentation would cause the
loss of substantial information.

We studied this problem using
A phage DNA (48.5 kb; Promega
Biosciences, San Luis Obispo, CA,
USA). MDA was performed using the
Genomiphi® kit (Amersham Biosci-
ences, Little Chalfont, England,
UK) first on the uncut A DNA (1 ng)
and then on the mixture of its seven
HindIIl fragments (1 ng). Reactions
were incubated overnight at 30°C
using the conditions suggested by the
manufacturer. We then compared the
same amount of amplified samples and
unamplified native DNA to assess the
representation of the various restriction
fragments after MDA. To achieve this
aim, we used frequent cutters (Rsal:
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113 sites on A; Pst: 28 sites) in combi-
nation with HindIll (Promega Biosci-
ences). Restriction digests with HindIII
alone were also performed. Digestions
were visualized on either agarose
(Eppendorf, Hamburg, Germany) or
polyacrylamide gels (Sigma, St. Louis,
MO, USA) for discriminating both
high and low molecular weight bands,
respectively. HindIIl and HindIII+Pst]
digestions were visualized on 1%
agarose gels, and HindIII+Rsal diges-
tions were visualized on 1.4% gels. The
electrophoresis was run at 80 V for 2 h
in 1x TAE buffer (40 mM Tris-base, 20
mM acetic acid, | mM EDTA, pH 8.0)
and visualized using ethidium bromide
(Sigma). Four-percent polyacrylamide
gels (acrylamide:bisacrylamide 37.5:1)
were run in 0.5x TBE buffer (45 mM
Tris-base, 45 mM boric acid, 1 mM
EDTA, pH 8.0; Sigma) at 120 V for
30 min and 200 V for 3 h. Patterns
were visualized using VistraGreen™
(Amersham Biosciences).

The restriction patterns are shown
in Figure 1. Dean et al. (1) observed
that, in Southern blot experiments,
DNA fragments longer than 5 kb
appear substantially underrepresented
after MDA and their electrophoretic
resolution was impaired. The same
problem emerges from our electro-
phoretic patterns, especially with high
molecular weight fragments (Figure
1). Dean et al. (1) ascribed this to
DNA degradation due to the initial
denaturation step required for MDA,
the effects of which are supposedly
stronger on longer fragments. However,
the structure proposed for MDA
products could suggest another expla-
nation. It was hypothesized (8) that
they are characterized by networks of
hyperbranched DNA. These structures

might compound the electrophoretic
problems. In particular, since hyper-
branched DNA products are expected
to be more frequent in longer amplified
fragments, their mobility would
be reduced proportionally to their
molecular weight. Thus, the quality
difference of gels in Figure 1A (high
molecular weight bands) and Figure 1B
(low molecular weight bands) could be
due not only to the different type of gel
(agarose versus polyacrylamide) but
also to the hyperbranched structure of
the products.

Figure 1 shows the restriction
patterns of the unamplified native
A DNA (lanes 1) and of the MDA
products generated from the intact A
genome (lanes 2). Patterns are easily
recognizable in amplified samples,
suggesting that MDA produces double-
stranded DNA that represents nearly the
whole A genome. The disappearance of
a terminal band (the 3’ 4.4-kb band in
the HindIII digest) may be observed
in the MDA sample (Figure 1A, lane
2, signaled with an asterisk to the right
of the gel). Other bands present dimin-
ished intensity. This is more easily
visible in the PstI+HindIIl pattern
(Figure 1B, bands marked with circles).
In accordance with the terminal under-
representation phenomenon, all of these
fragments map in the first 5 kb at the 5
end of the genome (Figure 2A).

We then subjected the A/HindIII
fragments to MDA. Their subsequent
HindIIl digestion did not produce
recognizable patterns (Figure 1, lanes
3 of the HindIll panels) as neither
intact HindIIl fragments nor reconsti-
tuted sites are present in this sample.
Concerning the other restriction
digests, recognizable patterns are still
present, but some fragments are no
longer detectable (Figure 1B, indicated
by arrowheads). These are Rsal or
Pstl fragments containing, or close
to, HindIlI sites (Figure 2), again in
concordance with terminal underrepre-
sentation.

Thus, our analysis shows that after
MDA, the sequences in proximity of
the template termini are lost or under-
represented. We have defined that in
the A genome this phenomenon affects
regions within about 5 kb of the ends.
The behavior of the HindIII+PstI
5’ terminal fragments (Figures 1B
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and 2A, circles) makes it likely that
premature detachment of the growing
chain contributes to the terminal under-
representation. The relevant bands are

much less intense when amplifying the
entire A genome, while their intensities
become comparable to those of the
unamplified native A after MDA of the
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Figure 1. Restriction patterns resolved on (A) agarose and (B) polyacrylamide gels. In all
cases, lanes are the following: 1, native A DNA; 2, uncut A DNA+MDA; 3, A/HindIII+MDA; 4,
MHindIlI+ligase+MDA. (A) Digested unamplified DNA (2 pg) and the same amounts of digested MDA
samples were loaded. A band not detectable in the HindIII digestion (lane 2) is signaled with an aster-
isk to the right of the gel. Lane m, GeneRuler™ 100-bp DNA Ladder Plus (Fermentas Life Sciences,
Hanover, MD, USA) (B) Digested unamplified DNA (500 ng) and the same amounts of digested MDA
samples were loaded. Bands not detectable in lanes 2 and 3 are signaled with circles and arrowheads,
respectively. Lane m, 1-kb Plus DNA Ladder (Invitrogen). MDA, multiple displacement amplification.
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HindIII fragments.

In order to overcome the termini
problem, we developed a simple
protocol based on ligation of linear
templates before MDA to obtain a
random permutation of the original
fragments and possibly the circular-
ization of the resulting products. T4
DNA ligase (3 Weiss units; Invitrogen,
Carlsbad, CA, USA) was used to
ligate the cohesive ends of A/HindIII
fragments (7.5 ng/uL). Other restriction
enzymes have been tried with compa-
rable results (PstI and Bgl/II, not shown).
Reactions were incubated overnight at
30°C and were analyzed on 1% agarose
gels (11). The ligated sample (750 pg)
was subjected to amplification. For all
MDA reactions, we obtained 10-20 pg
product.

The product was then compared
with the unamplified native DNA
as described above. Lanes 4 (Figure
1) show the ligated samples. Each
digestion was repeated at least three
times using different A/HindIII+ligase
and MDA preparations. We always
observed the same patterns, and the
resultant bands were reproducible.
The patterns shown were obtained
from representative experiments. The
restriction patterns were the most
similar to those of the unamplified
DNA. Nearly all the bands not
detectable in Figure 1, lanes 2-3, were
recovered, even if their intensities
did not always perfectly match those
of the unamplified DNA, indicating
slight differences in the ligation and/or
amplification efficiency of different
fragments.

Special consideration was given
to the terminal sequences of A DNA,
cosL and cosR, which after HindIII
digestion are borne respectively by the
23- and 4.4-kb fragments. Once ligated,
they are resolvable only by specialized
enzymes. The A/HindIIl 3’ band
(4.4 kb) is not rescued after ligation
(Figure 1A). In this sample, the 4.4-kb
fragment, after cosL/R joining, forms
a 27.4-kb band, indistinguishable from
the 23-kb band, as they both lie in the
nonresolving region of the gel.

In both gels of Figure 1, A and B,
there are some faint bands that do not
correspond to the expected restriction
patterns. The clearest example is a band
of about 4.0 kb, in lanes 2 and 4 of the
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Figure 2. Map positions of fragments underrepresented after standard multiple displacement amplification (MDA) as determined through (A)
Pst1+HindIII or (B) Rsal+HindIII digestion. Numbers in bold above the maps refer to the molecular weight of the lost or underrepresented fragments. Bands
not detectable when subjecting the uncut A DNA to MDA are indicated with circles. Bands lost when amplifying A/HindIII fragments are signaled with ar-
rowheads. In the first case (circles), Pstl fragments confined within 5 kb from the 5" end present a very diminished intensity after MDA (A). In the second case
(arrowheads), the A/HindIII+MDA sample subjected to PstI+HindIII digestion loses the 704- and 547-bp fragments (A). Both derive from PstI fragments con-
taining internal HindlIII sites. The same sample, after Rsal+HindlII digestion, loses several fragments (B), all close to HindIII sites. Other fragments, including
those at the termini, could not be unambiguously identified because of co-migration and gel resolution problems. They were thus excluded from our analysis.

HindIlIl digestion (Figure 1A). The
unexpected bands are not produced
by the ligase treatment, since they are
also present in lane 2. Moreover, they
generally disappear in lane 3 (i.e.,
when digesting the unligated A/HindIII
fragments). In the light of data on
the enzymatic properties of the ©29
DNA polymerase (12), a reasonable
hypothesis is that the unexpected bands
are due to the presence of hairpins in
the DNA template. These structures are
known to cause polymerase detachment
from the template, template switching,
or specific endonucleolytic activity
(13,14). The result is the accumulation
of discrete small DNA molecules.
We found a palindromic sequence,
GGTTGATATCAACC, starting at
nucleotide 41269 (GenBank® accession
no. NC_001416) and located 3810 bp
downstream of the 37459 A/HindIII
site. It is related to the sequence
TGTTTCACGTGGAACA, which
Murthy et al. (12) call a dyad symmetry
element (DSE) and show to be specifi-
cally responsible for the replication
block of the ®29 DNA polymerase.
This hairpin may thus be responsible
for the production of the cited band in
lanes 2 and 4 of the HindIII digestion
(Figure 1A). This hypothesis also
explains why this band disappears in
lane 3. In fact, when subjecting the
unligated A/HindIllI fragments to MDA,
the relevant region is underrepresented
in the MDA product since it is located
near a terminus.

In conclusion, the Iligation of
templates helps to overcome under-
representation of the termini and
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expands the potential for the appli-
cation of MDA. It is useful to obtain
faithful amplifications of small, linear
templates that otherwise could not be
successfully amplified. Both cohesive
and blunt ends can be satisfactorily
ligated before MDA. For a wider range
of applications, and especially for the
study of degraded genomic DNA, one
could consider blunt-ending (mediated,
for example, by T4 DNA polymerase)
and ligation, mediated by adaptors
containing restriction recognition
sequences. Our protocol provides a
simpler alternative to the OmniPlex®
technology (Rubicon Genomics, Ann
Arbor, MI, USA) (15) for performing
WGA on such samples.

Recently, a method has been
described for isothermal in vitro
amplification of specific regions
(16). It exploits DNA helicase to
generate a single-stranded template for
primer hybridization and subsequent
extension. However, its application
could be problematic if the template
is limited or degraded. Our procedure,
through the fill-in and blunt-end
ligation of linear DNA before MDA,
could substitute DNA extraction as the
first step of a totally isothermal process
for amplifying specific DNA sequences
regardless of the template quantity and
quality.

ACKNOWLEDGMENTS
We thank Claudio Bandi for hospi-

tality and the Cariplo Foundation for a
grant to V.S.

COMPETING INTERESTS
STATEMENT

The authors declare no competing
interests.

REFERENCES

1.Dean, F.B., S. Hosono, L. Fang, X. Wu, F.
Farugqi, P. Bray-Ward, Z. Sun, Q. Zong, et
al. 2002. Comprehensive human genome am-
plification using multiple displacement ampli-
fication. Proc. Natl. Acad. Sci. USA 99:5261-
5266.

2.Dean, E.B., J.R. Nelson, T.L. Giesler, and
R.S. Lasken. 2001. Rapid amplification of
plasmid and phage DNA using phi 29 DNA
polymerase and multiply-primed rolling-circle
amplification. Genome Res. 77:1095-1099.

3.Cheung, V.G. and S.F. Nelson. 1996. Whole
genome amplification using a degenerate oli-
gonucleotide primer allows hundreds of geno-
types to be performed on less than one nano-
gram of genomic DNA. Proc. Natl. Acad. Sci.
USA 93:14676-14679.

4.Detter, J.C., J.M. Jett, S.M. Lucas, E. Da-
lin, A.R. Arellano, M. Wang, J.R. Nelson, J.
Chapman, et al. 2002. Isothermal strand-dis-
placement amplification applications for high-
throughput genomics. Genomics 80:691-698.

5.Hellani, A., S. Coskun, M. Benkhalifa, A.
Tbakhi, N. Sakati, A. Al-Odaib, and P.
Ozand. 2004. Multiple displacement ampli-
fication on single cell and possible PGD ap-
plications. Mol. Hum. Reprod. 10:847-852.

6. Hosono, S., A.F. Faruqi, F.B. Dean, D. Yue-
fen, Z. Sun, X. Wu, J. Du, S.F. Kingsmore,
et al. 2003. Unbiased whole-genome amplifi-
cation directly from clinical samples. Genome
Res. 13:954-964.

7.Wong, K.K., Y. T.M. Tsang, J. Shen, R.S.
Cheng, Y.M. Chang, T.K. Man, and C.C.
Lau. 2004. Allelic imbalance analysis by
high-density single nucleotide polymorphic
allele (SNP) array with whole genome ampli-
fied DNA. Nucleic Acids Res. 32:69.

8.Lage, J.M., J.H. Leamon, T. Pejovic, S.

Vol. 39, No. 2 (2005)



BENCHMARKS

Hamann, M. Lacey, D. Dillon, R. Segraves,
B. Vossbrinck, et al. 2003. Whole genome
analysis of genetic alterations in small DNA
samples using hyperbranched strand displace-
ment amplification and array-CGH. Genome
Res. 13:294-307.

9.Tzvetkov, M.V., C. Becker, B. Kulle, P.
Nurnberg, J. Brockmoller, and L. Wo-
jonowski. 2005. Genome-wide single-nu-
cleotide polymorphism arrays demonstrate
high fidelity of multiple displacement-based
whole-genome amplification. Electrophoresis
26:710-715.

10.Li, Y., E. Di Naro, A. Vitucci, B. Zimmer-
mann, W. Holzgreve, and S. Hahn. 2005.
Detection of paternally inherited fetal point
mutations for beta-thalassemia using size-
fractionated cell-free DNA in maternal plas-
ma. JAMA 293:843-849.

11.Sambrook, J. and D.W. Russell. 1996. Mo-
lecular Cloning: A Laboratory Manual, 3rd
ed. CSH Laboratory Press, Cold Spring Har-
bor, NY.

12.Murthy, V., W.J.J. Meijer, L. Blanco, and
M. Salas. 1998. DNA polymerase template
switching at specific sites on the @29 genome
causes the in vivo accumulation of subge-
nomic ®29 DNA molecules. Mol. Microbiol.
29:787-798.

13.Hacker, K.J. and B.M. Alberts. 1994. The
rapid dissociation of the T4 DNA polymerase
holoenzyme when stopped by a DNA hairpin
helix. A model for the polymerase release fol-
lowing the termination of each Okazaki frag-
ment. J. Biol. Chem. 269:24221-24228.

14. Tombline, G., D. Bellizzi, and V. Sgara-
mella. 1996. Heterogeneity of primer exten-
sion products in asymmetric PCR is due both
to cleavage by a structure-specific exo/endo-
nuclease activity of DNA polymerase and to
premature stops. Proc. Natl. Acad. Sci. USA
93:2724-2728.

15.Barker, D.L., M.S.T. Hansen, A.F. Faruqi,
D. Giannola, O.R. Irsula, R.S. Lasken, M.
Latterich, V. Makarov, et al. 2004. Two
methods of whole-genome amplification en-
able accurate genotyping across a 2320-SNP
linkage panel. Genome Res. /4:901-907.

16.Vincent, M., Y. Xu, and H. Kong. 2004. He-
licase-dependent isothermal DNA amplifica-
tion. EMBO Rep. 5:1-6.

Received 12 January 2005; accepted
27 May 2005.

Addpress correspondence to Simona
Panelli, CERSA/Fondazione Parco
Tecnologico Padano, Lodi, Italy. e-mail:
simona.panelli @unimi.it

To purchase reprints
of this article, contact
apfeffer@BioTechniques.com

180 BioTechniques

Vol. 39, No. 2 (2005)



