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Abstract

The analysis of ancient or processed DNA samples is often a great challenge,

because traditional Polymerase Chain Reaction – based amplification is impeded

by DNA damage. Blocking lesions such as abasic sites are known to block the

bypass of DNA polymerases, thus stopping primer elongation. In the present work,

we applied the SERRS-hybridization assay, a fully non-enzymatic method, to the

detection of DNA refractory to PCR amplification. This method combines specific

hybridization with detection by Surface Enhanced Resonant Raman Scattering

(SERRS). It allows the detection of a series of double-stranded DNA molecules

containing a varying number of abasic sites on both strands, when PCR failed to

detect the most degraded sequences. Our SERRS approach can quickly detect

DNA molecules without any need for DNA repair. This assay could be applied as a

pre-requisite analysis prior to enzymatic reparation or amplification. A whole new

set of samples, both forensic and archaeological, could then deliver information that

was not yet available due to a high degree of DNA damage.
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Introduction

Polymerase Chain Reaction (PCR) based methods allow a rapid detection and

identification of DNA sequences by amplifying minute amounts of DNA. By

targeting highly specific regions of mitochondrial DNA for instance, it is possible

to identify to the species-level meat [1, 2], highly processed samples [3], forensic

[4] or archaeological remains [5]. This way, bones may be identified despite a lack

of morphological criteria [5, 6]. Nevertheless, when working with archaeological

or forensic samples, PCR amplification often fails. For instance, Höss et al. [7]

studied 35 samples of Late Pleistocene sloths, among which only 2 lead to

successful PCR amplification. Environmental conditions are key parameters for

the preservation of amplifiable DNA; over 62% of permafrost samples lead to

successful enzymatic amplification, whereas samples from hot and arid climates

merely give a 2 to 4% success rate [8]. PCR failure is directly linked to the

degradation content of the DNA template [9]. DNA undergoes severe

modification after death [10], first from endonucleases and microorganisms, then

by hydrolysis and oxidation reactions [11, 12]. Several types of DNA damage

called blocking lesions stop the bypass of polymerases, preventing primer

elongation: oxidized pyrimidines, also referred to as hydantoins, cross-links and

abasic sites [9, 13–17]. In abasic sites, neither a purine nor a pyrimidine base is

present. Höss et al. [13] have shown that hydantoins were present in substantially

higher amount in samples that inhibited PCR amplification. Sikorsky et al.

[15, 16] report a decrease of the mean PCR efficiency of up to 98.2% when one

abasic site is present in the DNA template. It is therefore possible to obtain a false-

negative PCR amplification if the DNA template includes blocking lesions.

Enzymatic amplification can also lead to false-positive results by producing non-

authentic sequences. First, chimeric sequences may be obtained by jumping PCR

[18], where partially elongated primers jump from one degraded DNA template to

another, leading to recombinant sequences. Second, some DNA damage called

miscoding lesions do not stop the elongation but lead to errors in the final copied

sequence. For instance, the loss of an amine group on the cytosine, leading to

uracil residue, would be the main cause of miscoding errors [19]. The presence of

abasic sites in DNA also reduces the fidelity of Taq polymerase, leading to

deletions and miscoding [15, 16, 20]. Brotherton et al. [21] proposed a method

called SPEX (single primer extension) that successfully produces accurate DNA

sequences from damaged DNA templates. However, despite its huge potential

SPEX hasn’t been widely applied because of its tedious protocol [22]. Reparative

enzymatic techniques have also been proposed; for instance, Briggs et al. [23]

combine two enzymes, the uracil-N-glycosylase and the endonuclease VIII, to

both remove the uracil residues and eliminate the resulting abasic sites.

Nevertheless, there is no direct way to check for the presence of target DNA prior

to the repair procedures that are time-consuming and expensive. Another advance

involved the development of new polymerases that can bypass lesions such as the

abasic sites and the hydantoins [24–26, 9]. However, these damage-tolerant

enzymes could not guarantee a significantly higher amplification [24, 25, 9], and
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sometimes showed a lower fidelity in the case of ancient DNA analysis [9, 24]. A

truly non-enzymatic DNA detection method would be very useful to quickly and

specifically detect DNA sequences that might be refractory to enzymatic

amplification, especially in degraded and processed samples.

Non-enzymatic methods of detection have been developed for single-stranded

DNA, using for instance fluorescence [27, 28], scanometric detection combined to

silver enhancement [29, 30] or Surface Enhanced Resonance Raman Scattering

(SERRS) [31–34]. However the non-enzymatic detection of double-stranded DNA

is a greater challenge because of the extreme affinity of the target strand for its

complementary strand. Hill et al. [35] detected double-stranded DNA down to a

detection limit of 2.5 fmol/L with a non-enzymatic assay based on hybridization

with functionalized nanoparticles, silver enhancement, and scanometric detection.

Despite its high efficiency, this assay requires long multiple steps. To circumvent

this, we have recently developed a SERRS-hybridization assay, complementary to

Hill’s method, that allows for the quick and specific detection of double-stranded

DNA sequences in ca. 2 hours only [36]. This fully non-enzymatic SERRS-

hybridization assay enables quantification of multiple double-stranded DNA

sequences from closely related species in a single measurement with only 15%

uncertainty even for target’s length below 100 bp. Being non-enzymatic, this assay

should not be impeded by the presence of blocking lesions or PCR inhibitors and

therefore has the potential to detect degraded double-stranded DNA that might be

reluctant to enzymatic amplification.

In the present study we evaluated the potential of this newly developed SERRS-

hybridization assay to detect degraded double-stranded DNA refractory to

enzymatic amplification by PCR. We studied a series of synthetic double-stranded

DNA molecules that contain analogs of abasic sites, as an example of blocking

lesion. These molecules were analyzed both by a classical PCR reaction and by the

new SERRS-hybridization assay. The latter biophysical assay allowed us to detect

all molecules, whereas PCR failed to detect the most degraded ones. This leads us

to propose that this assay could be applied as a rapid and convenient pre-requisite

analysis prior to enzymatic reparation or amplification. A whole new set of

samples, both forensic and archaeological, could then deliver information that was

unavailable until now due to a high degree of DNA damage.

Material and Methods

Reagents

All reagents were analytical grade. Tetrahydrochloride spermine (Fluka, #85610),

Polyoxyethylenesorbitan monolaurate (Tween20, #P1379) and silver nitrate

99.999% (#S8157) were purchased from Sigma-Aldrich. 1% trisodium citrate

(#S1804) was from Fisher. Ultra pure 20xSSC Buffer (Gibco, #15557-044),

Streptavidin-coated magnetic microbeads (Dynal, Dynabeads MyOne

Streptavidin C1, #650-02, 10 mg.ml21, 2 ml, 7–126109 beads) and the matching
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DynaMag-2 magnetic separator (Dynal, #123-21D) were purchased from Life

Technologies.

Target DNA sequences

All sequences were purchased from Eurogentec and are listed in Table 1. We

studied 11 double-stranded DNA molecules containing a varying number of

abasic sites between none and nine, distributed on both strands. The original non-

degraded molecule is a 139 bp sequence of mitochondrial DNA (12S rRNA gene)

of Rupicapra rupicapra (Chamois). The analog of abasic sites used in the present

study is tetrahydrofuran (THF), inserted by the manufacturer on both strands

during their synthesis. The 39-59 and 59-39 strands contained 0 to 5 and 0 to 4

analogs of abasic sites, respectively. All double-stranded molecules were obtained

from the specific hybridization of their complementary strands before the

experiment. Solutions of each complementary strand at a concentration of

261027 mol.l21 were mixed and left at room temperature for at least 60 hours,

leading to a solution of double-stranded DNA at a concentration of 1027 mol.l21.

Target DNA nomenclature

The composition of the synthetic DNA molecules used in this study including the

location of abasic sites is presented in Table 1. Four strands oriented 5’ to 39 have

been considered and contain 0, 1, 2 or 5 abasic sites, respectively. Complementary

3’ to 5’ strands carry 0, 1 or 4 abasic sites, respectively. Hereafter, the molecules

analyzed in this study are labeled according to their content in abasic sites written

as a roman numeral (R) from I to V. All molecules are therefore named in the

form R59/R39, where R59 and R39 represent the 59-39 and the 39-59 strand,

respectively. N stands for no abasic sites and indicates that the strand is non-

degraded. For instance, II59/N39 corresponds to a 59-39 strand containing 2 abasic

sites hybridized to a 39-59 strand free of abasic sites. Eleven combinations of

double-stranded DNA R59/R39 were analyzed in this study both by PCR and by the

SERRS-hybridization assay and are listed in Table 2.

SERRS hybridization assay

The principle of the SERRS hybridization assay is summarized in Figure 1. It takes

advantage of the great versatility of the SERRS-hybridization assay recently

developed for the specific detection of double-stranded DNA [36], and optimized

for the detection of the non-degraded target sequence considered in this study, i.e.

a 139 bp DNA sequence of mitochondrial DNA (12S rRNA) of Rupicapra

rupicapra (Chamois). After denaturation of double-stranded DNA target, one

strand hybridizes specifically to both a capture probe and a detection probe. The

capture probe is a biotinylated oligonucleotide that hybridizes to the strand at its

59 end and allows the immobilization of the complex on streptavidin-coated

magnetic microbeads. The detection probe is a Rhodamine 6G (R6G) labeled

oligonucleotide, which hybridizes at the 39 end of the strand and will subsequently

Degraded DNA Detection by the SERRS

PLOS ONE | DOI:10.1371/journal.pone.0114148 December 12, 2014 4 / 18



Ta
b
le

1
.
N
u
cl
e
ic

se
q
u
e
n
ce

s
u
se

d
in

th
is

st
u
d
y.

N
a
m
e

S
e
q
u
e
n
c
e

A
S

N
5

9
G
C
C
A
T
G
A
A
G
C
A
C
G
C
A
C
A
C
A
C
C
G
C
C
C
G
T
C
A
C
C
C
T
C
C
T
C
A
A
G
T
G
A
A
T
A
C
A
G
G
A
C
A
C
T
C
A
A
A
A
C
C
TA

T
T
TA

A
A
C
A
C
A
C
C
A
A
T
C
A
C
A
C
A
A
G
A
G
G
-

A
G
A
C
A
A
G
T
C
G
TA

A
C
A
A
G
G
TA

A
G
C
A
TA

C
T
G
G
A
A
A
G
T
G
T
G
C
T
T
G
G
A
C
A
A
A
C

0

B
a
se

s
ra
n
g
in
g
fr
o
m

1
to

1
3
9

I 5
9

..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..*
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
.

1

7
4

II
5

9
..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
*.
..
..
..
..
*.
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..

2

6
4

7
4

V
5
’

..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
.*
...
..
..
.*
..
..
..
..
*.
..
..
..
.*
..
..
..
..*
...
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..

5

4
5

5
4

6
3

7
2

8
1

C
a
p
3

9
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-G

G
A
G
T
T
C
A
C
T
TA

T
G
T
C
C
T
G
T
G
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-

-

D
e
t 3

9
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-G

T
T
C
T
C
C
T
C
T
G
T
T
C
A
G
C
A
T
T
G
T
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

-

R
u
p
_
R
e
v
3

9
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
C
C
T
T
T
C
A
C
A
C
G
A
A
C
C
T
G
T
--
-

-

N
3
’

C
G
G
TA

C
T
T
C
G
T
G
C
G
T
G
T
G
T
G
G
C
G
G
G
C
A
G
T
G
G
G
A
G
G
A
G
T
T
C
A
C
T
TA

T
G
T
C
C
T
G
T
G
A
G
T
T
T
T
G
G
A
TA

A
A
T
T
T
G
T
G
T
G
G
T
TA

G
T
G
T
G
T
T
C
T
C
C
T
-

C
T
G
T
T
C
A
G
C
A
T
T
G
T
T
C
C
A
T
T
C
G
TA

T
G
A
C
C
T
T
T
C
A
C
A
C
G
A
A
C
C
T
G
T
T
T
G

0

I 3
’

..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
*.
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
.

1

4
8

IV
3
’

..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
.*
..
..
..
..
*.
..
..
..
.*
..
..
..
..
*.
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..

4

4
9

5
8

6
7

7
6

B
lo
c
k
1
5

9
—
C
A
T
G
A
A
G
C
A
C
G
C
A
C
A
C
A
C
C
G
C
C
C
G
T
C
A
C
C
C
T
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

-

B
lo
c
k
2
5

9
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
T
C
A
A
A
A
C
C
TA

T
T
TA

A
A
C
A
C
A
C
C
A
A
T
C
A
C
A
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

-

B
lo
c
k
3
5

9
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
-A
G
G
TA

A
G
C
A
TA

C
T
G
G
A
A
A
G
T
G
T
G
C
T
T
G
G
A
C
A
--
-

-

R
u
p
_
F
o
r 5

9
—
C
A
T
G
A
A
G
C
A
C
G
C
A
C
A
C
A
C
C
G
C
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--
--

-

5
9
a
n
d
3

9
su

b
sc

rip
ts

in
d
ic
a
te

se
q
u
e
n
ce

s
in

th
e
5

9-
3

9
a
n
d
3

9-
5

9
o
rie

n
ta
tio

n
s,

re
sp

e
ct
iv
e
ly
.
S
e
q
u
e
n
ce

s
a
re

a
lig
n
e
d
,
a
n
d
a
b
a
si
c
si
te
s
(A
S
)
a
re

la
b
e
le
d
in

re
d
w
ith

th
e
ir
p
o
si
tio

n
s.

P
C
R

p
rim

e
rs

R
u
p
_
F
o
r 5

9
a
n
d
R
u
p
_
R
e
v 3

9
a
n
d
th
e
ir
a
lig
n
m
e
n
t
to

ta
rg
e
t
se

q
u
e
n
ce

s
a
re

a
ls
o
re
p
re
se

n
te
d
.
S
E
R
R
S
ca

p
tu
re

p
ro
b
e
,
d
e
te
ct
io
n
p
ro
b
e
a
n
d
3
b
lo
ck
e
rs

a
re

la
b
e
le
d
C
a
p
3

9,
D
e
t 3

9,
B
lo
ck

1
5

9,
B
lo
ck

2
5

9
a
n
d
B
lo
ck

3
5

9,
re
sp

e
ct
iv
e
ly
.

do
i:1
0.
13
71
/jo
ur
na
l.p
on
e.
01
14
14
8.
t0
01

Degraded DNA Detection by the SERRS

PLOS ONE | DOI:10.1371/journal.pone.0114148 December 12, 2014 5 / 18



be detected by SERRS. The rapid rehybridization of the target DNA to its

complementary strand is prevented by using small oligonucleotides of 30, 29 and

31 bases hereafter called blockers, which hybridize specifically to the comple-

mentary strand (Figure 1). The three blockers are added 103 times in excess

compared to target DNA concentration and fully prevent rehybridization, thus

leaving the target strand available for hybridization with both probes [36]. After

this first step, all unbound compounds are washed off and the detection probes

are recovered after a thermal dissociation step. They are subsequently detected by

Table 2. Combination of double-stranded R59/R39 molecules investigated in this study.

Name Abasic sites on R59 Abasic sites on R39

N59/N39 0 0

N59/I39 0 1

II59/N39 2 0

N59/IV39 0 4

V59/N39 5 0

I59/I39 1 1

II59/I39 2 1

I59/IV39 1 4

V59/I39 5 1

II59/IV39 2 4

V59/IV39 5 4

N59/N39 is the original non-degraded molecule.

doi:10.1371/journal.pone.0114148.t002

Figure 1. SERRS-hybridization assay principle of double-stranded DNA detection. One strand is
specifically hybridized to 2 probes, a biotin-labeled capture probe and a R6G-labeled detection probe. The
second strand is specifically hybridized to three oligonucleotides which block the rehybridization to its
complementary strand.

doi:10.1371/journal.pone.0114148.g001

Degraded DNA Detection by the SERRS

PLOS ONE | DOI:10.1371/journal.pone.0114148 December 12, 2014 6 / 18



SERRS. The whole analysis is completed in 2 hours. Experimental details are

provided in the following sections.

Hybridization of target DNA with blocking oligonucleotides, capture and

detection probes

Hybridization was performed in a single step in a 4xSSC, Tween 20 (0.5%) buffer. A

SERRS 22-mer oligonucleotide labeled with one molecule of Rhodamine 6G – R6G

(detection probe), and a biotin labeled 21-mer oligonucleotide (capture probe) are

hybridized to one strand of the target molecule. Three blocker oligonucleotides (29

to 31 bases) hybridize to the complementary strand (see Suppl. Info. for details). All

DNA sequences used in this study are listed in Table 1. After 2 min at 95 C̊ to

ensure the denaturation of the double-stranded DNA target and to prevent

potential hairpins or autohybridized DNA, the hybridization to capture and

detection probes and to blockers was achieved in a thermocycler by lowering the

temperature from 55 C̊ to 25 C̊ at a rate of 1 C̊ per min.

Immobilization

10 ml of activated streptavidin coated magnetic micro-beads were added to the

hybridization solution for immobilization under gentle continuous stirring for

30 min at room temperature (see Suppl. Info. for details). The beads were washed

twice in 150 ml of a 0.1xSSC, Tween 20 (0.5%) buffer using a magnet to remove

the unbound material. After resuspension in 60 ml of the same buffer, microbeads

were finally heated at 95 C̊ for 20 min for denaturation of both the DNA

hybridized triplex and the biotin-streptavidin bound [37]. The microbeads were

then immobilized on the magnet and the supernatant containing the SERRS probe

was collected for SERRS measurements.

SERRS measurements

Surface-Enhanced Resonant Raman Spectroscopy relies on the amplification of

the Raman signal of a compound of interest up to a factor of 1014 [38, 39].

SERRS-active compounds adsorb onto a rough metallic substrate, which quenches

the molecule’s fluorescence, and amplifies its Raman signal. Further amplification

is obtained with an excitation wavelength close to the maximum absorption

frequency of the molecule due to a resonance effect [31]. Here, the labeled

detection probe adsorbs onto the nanoparticles of a silver colloid, synthesized

following the Lee and Meisel protocol [40] (see Suppl. Info. for details). The silver

colloid has been stored in the dark at room temperature. All silver colloid aliquots

used in this study are from the same batch. The eluted R6G SERRS probes

contained in the supernatant after the assay were analyzed following Feuillie et al.

[34]. 20 ml of the supernatant was mixed with 20 ml of spermine (1022 mol.l21) in

a single-use PMMA spectroscopy cuvette. Spermine acts as an aggregating agent

for the silver nanoparticles, thus creating hot spots of amplification, and also

neutralizes the negative charges of the DNA backbone for a better adsorption onto

the silver nanoparticles [31]. 500 ml of silver colloid and 500 ml of distilled water

were added and the solution was then homogenized prior to SERRS measurement.

Degraded DNA Detection by the SERRS
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Samples were analyzed with a Horiba Jobin Yvon LabRam HR 800 Raman

spectrometer, coupled to a Spectra Physics 2018 Ar+/Kr+ 24 laser tuned at

514.5 nm (LGL, ENS de Lyon). The excitation wavelength is therefore close to the

maximum absorption wavelength of R6G, 524 nm [41]. The laser power on the

sample was adjusted between 1.5 and 2 mW. Spectra were acquired in 30 s with a

spectrometer grating of 600 gr.mm21 centered at 1600 cm21.

Quantification of the amount of DNA target

SERRS spectra are processed with the Peakfit software. R6G is easily identified thanks

to a series of intense Raman peaks [34, 42, 43]. The parameter chosen for

quantification is the area of the most intense peak centered at 1650 cm21, noted

A1650. The SERRS-hybridization assay allows quantifying the amount of probe in the

elution solution, as previously showed [36]. With a non-degraded target DNA, this

parameter has a positive correlation with the amount of target in the initial solution.

PCR assay

A standard PCR amplification was performed using the hot-start AmpliTaq Gold

polymerase (Lifetechnologies, # N8080245) often used in ancient DNA studies.

This enzyme leads to higher amplification yields than standard Taq Polymerase

[44]. PCR primers of 21 and 18 bases, Rup_For59 and Rup_Rev39 respectively,

were designed to amplify specifically a region of 134 bp of our target DNA,

(mitochondrial 12S rRNA gene of Rupicapra rupicapra (Chamois)). Primers are

listed in Table 1. PCR mixes were prepared in a clean room dedicated to ancient

DNA studies (Palgene platform, Lyon) to avoid external contaminations. For each

double-stranded DNA molecule studied, each representing a different level of

DNA degradation, four independent PCR reactions were carried out. Each PCR

reaction consists of a 10 min activation step at 94 C̊ followed by 45 cycles of

denaturation at 95 C̊ for 30 s, annealing at 58 C̊ for 30 s, and extension at 72 C̊

for 30 s, and a final extension step at 72 C̊ for 7 min. PCR were also conducted

without DNA template as a control to monitor DNA contaminations and/or

primer dimers formation. PCR products were first separated on 2% high-

resolution agarose gel electrophoresis stained with ethidium bromide and then

visualised under UV illumination. Positive PCR products were subsequently

cloned using the Topo TA cloning kit (Invitrogen) following the manufacturer

instructions and sequenced by Beckman Genomics (see Suppl. Info. for details).

Sequences were aligned manually using the Seaview software [45].

Results and Discussion

PCR amplification of altered DNA

Characteristics of the PCR products

The eleven double-stranded molecules (Table 2) were used as templates for PCR

amplification. Primers were designed to amplify a fragment of 134 bp of
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mitochondrial DNA of Rupicapra rupicapra (12S rRNA gene) corresponding to

the target DNA molecule of our study. PCR products were characterized both by

high-resolution gel electrophoresis, presented in Figure 2, and by sequencing.

Alignments of the sequences obtained for the eleven double-stranded molecules

are available in the Supplementary Information (Tables S1–S11, in File S1), and

have allowed us to detect errors and deletions in the PCR products. These results

are presented in Figure 3. Since primers have been introduced in the system, their

sequence was removed from analysis. The expected length considered here is

therefore 95, i.e. the target length 134 bp, minus both primers of 21 and 18 bases,

respectively. The miscoding error percentage is the ratio of misincorporated

nucleotides in the final PCR products over the theoretical total number of bases in

case of perfect amplification.

Contamination and formation of primer dimers were ruled out by PCR

controls (Figure 2). Electrophoresis gels reveal a single specific and intense band

of the expected size 134 bp for PCR results of molecules with at least one native

non-degraded N59 or N39 strand (Figure 2). Indeed, sequencing results show that

perfect copies of the original molecules are found in majority in the case of the

amplification of the non-degraded N59/N39 molecule, as well as for the

amplification of molecules with one non-degraded strand (i.e. N59/I39, II59/N39,

N59/IV39 and V59/N39, see Tables S2, S3, S4 and S5 respectively, in File S1). When

one strand is degraded, the miscoding error percentage is however in average 2.3

Figure 2. High-resolution agarose gel electrophoresis of PCR products obtained from amplification of eleven double-stranded DNA molecules
containing abasic sites. PCR conditions are given in the ‘‘Material and Methods: PCR conditions’’ part. Four independent PCR reactions were carried out
for each degraded DNA template using Rup_For59 and Rup_Rev39 primers (expected fragment size 5 134 bp). The size of some DNA markers in bp is
indicated. All gels were revealed using the same transilluminator settings.

doi:10.1371/journal.pone.0114148.g002
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times higher than for the original N59/N39 molecule, and short scale deletions (1 to

17 bases) are more frequent (Figure 3).

PCR products of molecules with 2 degraded strands are characterized by a

further increase of miscoding errors, combined with a decrease of the average

length of the sequences (Figure 3). The sequencing results reveal that the original

molecule is no longer present in the amplicons (Tables S6–S11, in File S1). The

miscoding error percentage reaches an average of 0.36%, which is more than twice

higher than for molecules with one native N strand (Figure 3). These miscoding

errors cannot be ascribed to the intrinsic error rate of 2.661025 of the AmpliTaq

Gold DNA polymerase only [46] and therefore originate from the altered parts of

the DNA template. The analysis of the deletion content of all molecules with two

degraded strands allows distinguishing between two groups of molecules. First,

Figure 3. Errors of amplification observed in the PCR products. Two types of errors were found: deletions and miscoding errors. The weigthed average
length of the PCR products is represented in red diamonds. The dotted bar represent the dispersion of obtained length. Primer sequences have been
deleted from the analysis. Therefore, the full length expected sequence, figured by a red dashed line, is here 95 bp instead of 134 bp. The blue histogram
represents the percentage of miscoding errors retrieved in PCR products.

doi:10.1371/journal.pone.0114148.g003
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the molecules I59/I39, II59/I39, I59/IV39 and V59/I39 lead to PCR products of a mean

size close to the expected one and display a slight smear (diffuse electrophoresis

band, due to the presence of DNA molecules of diverse low sizes) (Figure 2). The

sequences obtained are on average 10 bases shorter than the expected sequence

(Figure 3). Second, the most degraded molecules II59/IV39 and V59/IV39 reveal no

specific PCR amplification at or close to the expected size. They exhibit only a

broad smear (Figure 2) and the corresponding sequences display large-scale

deletions (Tables S10 and S11, in File S1). The lengths of the sequences are in

average 45 and 59 bases shorter than expected for the II59/IV39 and V59/IV39

molecules, respectively (Figure 3). Practically, these two most degraded molecules

cannot be specifically detected by PCR amplification and the specific targeted

sequence cannot be deduced from overlapping PCR products, as they’ve

undergone too many and too large deletions (Tables S10 and S11, in File S1).

PCR biases

The deleted areas in the PCR products are clearly located at or nearby the original

abasic sites locations (e.g. Tables S6 and S11, in File S1). Sequencing results allow

us to highlight two major PCR biases. First, the PCR primer Rup_For59 is

obviously favored, most probably during PCR annealing. It results in a better

amplification of the R39 strand compared to the R59 strand, as shown by the PCR

and sequencing results of the I59/I39 molecule (Table S6, in File S1). The original

I59/I39 molecule displays one abasic site at position 74 on the I59 strand, and one

abasic site at position 48 on the I39 strand (Table 1). A large majority of PCR

products of this template exhibit deletions or miscoding errors around the 48th

position (19/25), whereas only 4/25 sequences bear modifications around the 74th

position (Table S6 in File S1). This clearly shows that the amplification of the 39-

59 strand I39 is favored. More generally, the amplification of the R39 strand is

systematically preferred in the molecules carrying both degraded strands (Tables

S2–S11 in File S1). Second, we also found evidence of jumping PCR, illustrated by

PCR event n 9̊ of the I59/I39 template, where the sequences exhibit deletions

around both the 48th and 74th positions (Table S6 in File S1). A chimeric molecule

has been created using more than one template. Here, both strands of the initial

DNA molecule were used and the amplification product therefore bears both

modifications.

To summarize, theses results show that even a sample rich in DNA may not

lead to a successful PCR amplification due to the alteration of the DNA template.

The failure of PCR on such a simple synthetic model substrate emphasizes the

need for an alternate non-enzymatic DNA detection method, such as the SERRS-

hybridization assay proposed in this study.

Detection of altered DNA by the SERRS-hybridization assay

The same eleven molecules with an alteration degree ranging from no abasic sites

in the original sequence to 9 abasic sites distributed on both strands in the most

degraded molecule were investigated by the SERRS-hybridization assay. The
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specificity of the detection/capture system has been previously tested [34] and

allows the specific detection of the target DNA sequence of Rupicapra rupicapra,

even in a mixture with an analog sequence of mitochondrial DNA (12S RNA

gene) of a closely related species, the common goat (Capra hircus). The signal of

the detection probe, labeled with R6G, is observed only when target DNA is

present in the analyzed sample (Figure 4a). The amount of target DNA detected is

quantified by the area of the most intense Raman band of Rhodamine 6G,

centered at 1650 cm21 and hereafter noted A1650 (Figure 4a).

Figure 4b presents the detection levels achieved for the same concentration of

degraded templates previously characterized by PCR. The SERRS spectra obtained

for negative controls void of DNA do not display any signal characteristic of R6G,

thus ruling out adsorption or non-specific hybridization. We also verified that the

system of three blockers was completely hindering the rehybridization between

complementary strands by comparing the SERRS results obtained for double-

stranded and for the single-stranded original sequence. The SERRS signals

obtained at the same concentration have similar intensities (Figure 4b), which

indicates that the blocking architecture is highly efficient.

The analyses of the degraded molecules by the SERRS-hybridization assay all

lead to a strong SERRS signal from the R6G probe, with amplitudes comparable to

the signal obtained for the original non-degraded N59/N39 molecule (Figure 4b).

Regardless of their respective degradations, all ten degraded molecules are

detected by the SERRS-hybridization assay without any doubt, even the most

degraded ones II59/IV39 and V59/IV39 that PCR failed to amplify (Figure 2,

Figure 3). The present SERRS measurements therefore show that the SERRS-

hybridization assay detects the presence of a specific target DNA sequence, even

when degraded and refractory to PCR.

Two aspects of the robustness of the SERRS-hybridization assay for the

detection of degraded DNA were tested. First, the blocking system was challenged

by locating abasic sites in the hybridization region of one of the blockers, Block2.

Indeed, the IV39 strand presents three abasic sites towards the middle blocker

Block2 (Table 1). The hybridization of this blocker to the target DNA is therefore

compromised. When analyzed by the SERRS-hybridization assay, the three DNA

molecules N59/IV39, I59/IV39, II59/IV39 are nevertheless detected without any

alteration of the SERRS signal compared to the N59/N39 molecule, despite the

abasic sites located in the hybridization area of the blocker Block2 (Figure 4b).

The system of three blockers allows a full access to the target strand, even when

the hybridization of one of them may not be guaranteed. Second, we challenged

the capture system by placing abasic sites in the capture probe hybridization zone.

Although the most degraded target strand V59 has two abasic sites in the capture

probe hybridization area (Table 1), we still observe an intense SERRS signal for

the templates containing this strand, i. e. V59/N39, V59/I39 and V59/IV39. However,

these 3 molecules systematically present a 23 to 34% weaker SERRS signal than the

original molecule. When abasic sites are located in the capture zone, the

immobilization of target molecules thus appears less efficient. Some target DNA

might be left ‘‘uncaught’’ in the sample, or lost during the washing step, as the
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Figure 4. SERRS-hybridization detection results. a) SERRS spectra obtained for the analysis of the non-degraded double stranded molecule N59/N39 (in
red), and a control solution void of target DNA (in black). The parameter used for quantification is the area of the most intense Raman band of Rhodamine
6G at 1650 cm21, and is noted A1650. Target: 561028M; - Blockers: 561025M; - Capture and detection probe: 10 mM. The peaks visible on the control
spectrum come from the PMMA cuvettes used for the measurements. b) SERRS-hybridization assay detection results. In grey is the SERRS signal obtained
for the single-stranded non-degraded DNA sequence N59. In red is the SERRS signal obtained for the detection of the non-degraded double-stranded N/N
molecule. Degraded molecules appear in orange, except for molecules containing the V59 strand with 5 abasic sites, that appear in blue. All degraded
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specificity of the capture probe hybridization could be slightly decreased.

Nevertheless the obtained SERRS signal clearly indicates the presence of the

targeted molecules in the sample despite their high level of degradation and the

decreased efficiency of the capture process. The SERRS-hybridization assay is

therefore a powerful non-enzymatic tool that could be applied as a first test prior

to any enzymatic amplification or reparation procedure to assess the presence of

target DNA in a degraded/ancient or processed sample. To the best of our

knowledge, this is the first time that degraded DNA that was not suitable for

routine analysis by PCR was directly detected without DNA repair. This

biophysical approach therefore provides an alternative to enzyme-based DNA

detection tools such as PCR. DNA extracts from a potentially degraded sample

could be tested without further treatment (purification, amplification, repara-

tion…) by the SERRS-hybridization assay. Moreover, thanks to its multiplexing

possibilities [36], several target DNA could be tested at the same time, in the case

of unidentified bone fragments for instance, thus saving time and money.

Conclusion

In the present study, we have succeeded in detecting altered DNA molecules that

PCR failed to detect. This is the first time that DNA refractory to PCR can be

detected prior to any repair process. Through a fully non-enzymatic method,

based on molecular hybridization and SERRS detection, we achieved the detection

of a range of double-stranded DNA molecules containing between 0 and 9 abasic

sites distributed on both strands. Although the target DNA concentration was

high, the AmpliTaq Gold polymerase could not correctly bypass the lesions,

leading either to small-scale deletions and miscoding incorporations, or to a

complete failure of amplification for the most degraded molecules. The analysis of

the same molecules by the SERRS-hybridization assay lead to the detection of the

whole range of degraded molecules with SERRS signal intensities comparable to

those observed for the authentic non-degraded molecules. We have therefore

proven that this SERRS-hybridization assay has the potential to analyze degraded

samples and therefore to enlarge the number and variety of extracts suitable for

further DNA analyses

In the future, samples could be quickly tested for the presence of a specific

double-stranded target DNA by the SERRS-hybridization assay before getting

involved in long and expensive trials of DNA purification and repair. This could

be particularly useful in the case of ancient DNA, where DNA is often degraded

and co-extracted with polymerase inhibitors, and where there is no way to assess

the amount of DNA present in a sample prior to enzymatic procedures.

Moreover, given the multiplexing capacity of the SERRS-hybridization assay,

molecules are detected with signals comparable to those of non-degraded molecules. Concentrations used in this study: - Target: 561028M; - Blockers:
561025M; - Capture and detection probe: 10 mM. Error bars are 2 standard deviation.

doi:10.1371/journal.pone.0114148.g004
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multiple DNA targets could be screened in one trial [36] even when highly

degraded. The biophysical approach used in the SERRS-hybridization assay

enables access to a new range of samples that were not suitable for PCR analysis

because of high degradation. Furthermore, though degradation content is not

directly correlated to the age of a DNA sample, the SERRS-hybridization assay

could help in the search for older DNA biosignatures. Finally, this assay could also

have many applications in research areas such as medical diagnosis. Specific

mRNA relative to cancers could be targeted and detected by the SERRS-

hybridization assay in blood samples without purification, despite a high amount

of PCR inhibitors [47].

Supporting Information

File S1. Tables S1–S11. Table S1. Alignment of the sequences obtained from

cloning-sequencing for the PCR amplification of the N59/N39 molecule. The N

molecule is taken as a reference. PCR amplification primers are removed from the

analysis and appear only on the template molecule in red. Differences from the

initial molecule are represented in red. For each haplotype sequence, the observed

frequency and percentage are given. Table S2. Alignment of the sequences

obtained from cloning-sequencing for the PCR amplification of the N59/I39

molecule. The N59 and C_I39 molecules are taken as a reference. The C_I39

corresponds to I39 strand in the reverse complementary orientation. Table S3.

Alignment of the sequences obtained from cloning-sequencing for the PCR

amplification of the II59/N39 molecule. The II59 and C_N39 molecules are taken as

a reference. The C_N39 corresponds to N39 strand in the reverse complementary

orientation. Table S4. Alignment of the sequences obtained from cloning-

sequencing for the PCR amplification of the N59/IV39 molecule. The N59 and

C_IV39 molecules are taken as a reference. The C_IV39 corresponds to IV39 strand

in the reverse complementary orientation. Table S5. Alignment of the sequences

obtained from cloning-sequencing for the PCR amplification of the V59/N39

molecule. The V59 and C_N39 molecules are taken as a reference. The C_N39

corresponds to N39 strand in the reverse complementary orientation. Table S6.

Alignment of the sequences obtained from cloning-sequencing for the PCR

amplification of the I59/I39 molecule. The I59 and C_I39 molecules are taken as a

reference. The C_I39 corresponds to I39 strand in the reverse complementary

orientation. Table S7. Alignment of the sequences obtained from cloning-

sequencing for the PCR amplification of the II59/I39 molecule. The II59 and C_I39

molecules are taken as a reference. The C_I39 corresponds to I39 strand in the

reverse complementary orientation. Table S8. Alignment of the sequences

obtained from cloning-sequencing for the PCR amplification of the I59/IV39

molecule. The I59 and C_IV39 molecules are taken as a reference. The C_IV39

corresponds to IV39 strand in the reverse complementary orientation. Table S9.

Alignment of the sequences obtained from cloning-sequencing for the PCR

amplification of the V59/I39 molecule. The V59 and C_I39 molecules are taken as a
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reference. The C_I39 corresponds to I39 strand in the reverse complementary

orientation. Table S10. Alignment of the sequences obtained from cloning-

sequencing for the PCR amplification of the II59/IV39 molecule. The II59 and

C_IV39 molecules are taken as a reference. The C_IV39 corresponds to IV39

strand in the reverse complementary orientation. Table S11. Alignment of the

sequences obtained from cloning-sequencing for the PCR amplification of the

V59/IV39 molecule. The V59 and C_IV39 molecules are taken as a reference. The

C_IV39 corresponds to IV39 strand in the reverse complementary orientation.

doi:10.1371/journal.pone.0114148.s001 (DOCX)
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