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In this study, we report on a novel approach for the label-free and species-specific detection of the plant

pathogen Phytophthora ramorum from real samples using surface enhanced Raman scattering (SERS). In

this context, we consider the entire analysis chain including sample preparation, DNA isolation, amplifica-

tion and hybridization on SERS substrate-immobilized adenine-free capture probes. Thus, the SERS-

based detection of target DNA is verified by the strong spectral feature of adenine which indicates the

presence of hybridized target DNA. This property was realized by replacing adenine moieties in the

species-specific capture probes with 2-aminopurine. In the case of the matching capture and target
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Introduction

In recent decades a vast number of invasive plant pathogens
have spread across European and North American countries.
Members of the genus Phytophthora are among these.
They belong to the most important and aggressive plant patho-
gens worldwide and pose serious threats to plants in natural
and landscaped environments as well as in plant cultivation.
One prominent species is Phytophthora ramorum® which
is responsible for the dramatic die back of oaks in North
America (sudden oak death) and the Larix decline in the
United Kingdom.® In order to prevent the spread of this patho-
gen across borders, its reliable and specific detection is man-
datory. To date Phytophthora diagnosis has been mainly
realized by microbiological or PCR-based techniques.*®
However, its specific and reliable detection directly in the
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sequence, the characteristic adenine peak serves as an indicator for specific DNA hybridization.
Altogether, this is the first assay demonstrating the detection of a plant pathogen from an infected plant
material by label-free SERS employing DNA hybridization on planar SERS substrates consisting of silver

field from real samples and without much effort remains
an on-going challenge. In this context, DNA hybridization
assays have been developed which are based on the immo-
bilization of specific capture probes and their interaction
with complementary target sequences.”'® DNA hybridization
can be detected by fluorescent dyes, radioactivity or
enzyme induced color changes.""™® Recently, surface
enhanced Raman spectroscopy (SERS) was highlighted as
an attractive analytical tool for the identification of
molecular interactions. In terms of high sensitivity and
cost effectiveness, it represents an emerging and promising
field in bioanalytical research.'*™"” While applying SERS,
it is important to consider the interaction between light
and molecules as well as metallic nanostructures. The latter
are eminent for the amplification of the Raman signal,'®"’
which is increased by several orders of magnitude.”®*" Thus,
SERS combines high molecular specificity, attributed to the
Raman effect, with a high sensitivity.”>>* Therefore it is an
excellent tool for both quantitative and qualitative analysis,
offering almost unlimited possibilities for multiplexing.>*™>”
Moreover, SERS-based DNA detection provides several advan-
tages compared to classical fluorescence techniques. Fluo-
rescence detection requires expensive dyes and complex
conjugation chemistry, resulting in a limited number of
specific labels. The SERS approach enables the selection of
various Raman labels, without bleaching or quenching pro-
blems.?® Furthermore, short data processing times point to
the direction of implementing SERS in the development of

This journal is © The Royal Society of Chemistry 2015
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rapid and low-cost for
diagnosis.™

In the last few decades a wide range of SERS-based DNA
hybridization assays have been explored. Commonly, the
hybridization between specific capture probes and the corres-
ponding target molecules is indicated by a change in the
signal of the dye label.””*°*° More recently, an elegant label-
free detection scheme for specific DNA hybridization was
introduced by Halas and co-workers.*® Usually the DNA spec-
trum is represented by the four nucleobases: adenine (A),
guanine (G), cytosine (C) and thymine (T). Adenine exhibits a
more prominent Raman profile than the other nucleobases
and strongly dominates the SERS spectra of DNA.***"*> Thus,
the adenine signal can serve as an endogenous marker for
SERS-based DNA detection. However, in general both capture
probes and target sequences consist of multiple adenine moie-
ties, which hamper the SERS-based detection of DNA hybrid-
ization. This drawback was circumvented by the substitution
of adenine by 2-aminopurine (2-AP) in order to generate
adenine-free capture probes.’® 2-AP serves as an adenine
analogue or isomer, exhibiting identical hybridization
characteristics.*>*> It forms a canonical Watson-Crick base
pair with thymine and enables the study of nucleic acid struc-
tures and their dynamics. Thus, only the SERS spectra of the
hybridized target DNA, containing adenine in the sequence,
provide the related adenine characteristics. Inspired by this
unique feature, we expanded the principle of label-free SERS-
based detection to Phytophthora ramorum plant pathogens in
infected Rhododendron leaves. This illustrates, to the best of
our knowledge for the first time, the application of label-free
SERS towards PCR products from real samples. To this end, we
considered a combination of plant sampling, DNA isolation,
amplification, hybridization and SERS-based DNA detection to
reflect the complete analysis chain.

detection platforms pathogen

Experimental section

Plant infection and DNA extraction of Phytophthora ramorum

The genomic DNA (gDNA) of P. ramorum BBA9/95 was
extracted from artificially infected Rhododendron leaves (see
detached leaf assay, described in detail elsewhere*®) by homo-

Table 1 Primers, capture probes, and single-stranded DNA (ssDNA)
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genizing the samples with a mortar and pestle.” The lysate
was placed into a micro reaction tube and DNA extraction was
performed using the magnetic bead based innuPREP MP Basic
Kit according to the recommendations of the manufacturer
(Analytik Jena AG, Jena, Germany).

Amplification of target DNA by PCR

Linear-after-the-exponential ~ polymerase chain reaction
(LATE-PCR) was carried out to amplify a fragment within the
yeast GTP-binding protein (Ypt1) target gene region. The con-
ditions for LATE-PCR are described elsewhere'® (Table 1). DNA
of inoculated Rhododendron leaves was used in a concentration
of 50 ng per reaction. The amplified Yptl-fragments had a

length of approximately 450 bp.

SERS substrate preparation

As the SERS substrate, we applied enzymatically generated
silver nanoparticles (EGNPs). In extensive studies they were
proven as low-cost, highly reproducible and stable bottom-up
SERS active substrates.*’*®

These nanoparticles were generated by an enzyme-induced
growth process on glass substrates, described in detail else-
where.”” Briefly, a biotin-labeled single-stranded DNA was
immobilized onto planar substrates. A streptavidin horse-
radish peroxidase (HRP) conjugate bound to the biotin and
catalyzed the enzymatic generation of nanoparticles from a
silver solution. For this purpose the EnzMet™ kit from Nano-
probes Inc., (Yaphank, NY, USA) was used.

Finally, an array of individual EGNP deposits was produced,
where closely packed ‘desert-rose-like’ silver nanostructures
with a particle size of approximately 400 nm could be observed
(Fig. 1). The strongest electromagnetic field enhancement was
located at the sharp and spiky features of the silver intertwined
plates.

Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) images were recorded
with a high resolution field emission scanning electron micro-
scope JEOL JSM-6300F (Tokyo, Japan), applying 5 keV accele-
rating voltage with an accumulation time of 300 s.

Sequence 5'-3'

Modification

CGG GA*G A*TT TTT TCC CGC TTT CCT TGG GGT A*A*G

5'-SH internal 2-AP
5'-SH internal 2-AP
w/o

Capture probes P. ramorum CCC CCC A*CT TTC CGT GGG TGA* GTT TCC TTT
P. lateralis

Primers YPh1F_LATE CAT CTC GAC CAT KGG TGT GGACTIT T
YPh2R ACG TTC TCM CAG GCG TAT CT

ssDNA complementary P. ramorum AAA GGA AAC TCA CCC ACG GAA AGT GGG GGG

to P. ramorum

A* indicates the substitution of adenine by 2-aminopurine.

This journal is © The Royal Society of Chemistry 2015

w/o (SERS) 5-FITC (fluorescence)
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Fig.1 SEM

image of EGNPs.
microscopy (SEM) image of closely packed EGNPs, having a particle size
around 400 nm with sharp and spiky features of the EGNPs (cf. zoomed
image).

High-resolution scanning electron

Immobilization of adenine-free capture probes and DNA
hybridization on EGNP array

The capture probes, primers and complementary ssSDNA were
purchased from Eurofins MWG Operon (Ebersberg, Germany;
Table 1).

(A)

i S S

EGNP production
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For either fluorescence or SERS-based detection, the
capture probes were immobilized in triplicate directly on top
of the EGNP array via their thiol groups (Fig. 2). Thereto they
were dissolved in 5x PBS buffer to a final concentration of
20 pM and spotted on the EGNPs with a Nanoplotter 2.1
(GeSim, Germany). After UV-linking at 254 nm for 5 min the
substrates were washed with 1x PBS for 2 min. A 0.5% (w/v)
solution of bovine serum albumin (BSA) (Carl Roth, Karls-
ruhe, Germany) in 1x PBST was used to block unspecific
binding sites. For the DNA hybridization either 20 pl of the
LATE-PCR product or 1 pM of complementary ssDNA
(Table 1) were dissolved in 3 x SSC/0.5% SDS and incubated
on the substrates for two hours at 58 °C in a humidity
chamber. The subsequent washing steps were performed at
room temperature (2 x SSC/0.1% SDS, 0.2 x SSC and finally
with 0.1 x SSC, 5 min each). Afterwards, fluorescence or SERS
detection was performed.

Fluorescence microscopy

Fluorescence images were recorded with the light microscope
Axio Imager Z1 (Carl Zeiss Jena GmbH, Jena, Germany). The
samples were measured using a 20x objective with an exposure
time of 435 ms.

(B) =

capture probe ——»

4 4

capture probe immobilization on EGNPs

(D)

g = @8 -

target DNA —»

-

-

(€)

3

Va

hybridization with complementary target DNA

W -

surface blocking with BSA

Fig. 2 Schematic illustration of specific DNA hybridization on EGNP immobilized adenine-free capture probes. (A) EGNPs were produced on planar
glass substrates. (B) Species-specific capture probes containing 2-aminopurine instead of adenine were immobilized on the EGNP array. (C) DNA-
free positions were blocked with BSA. (D) Hybridization of the complementary target DNA (adenine within sequence) was performed.
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SERS

SERS spectra were recorded using a confocal Raman micro-
scope (WITec GmbH, Ulm, Germany) equipped with a 488 nm
excitation laser line. For the irradiation of the samples a 100x
Olympus objective (NA 0.9) with a laser power of 35 pW was
employed. The same objective was applied for recording the
backscattered light with a spectrometer, equipped with 600
lines per mm grating and a 1024 x 127 pixel CCD camera
cooled to 208 K. Average SERS spectra were calculated from ten
different measurement points with an integration time of 10 s.

Results and discussion

The study focused on the reliable and label-free detection of
P. ramorum plant pathogen from infected Rhododendron leaves.
We applied a label-free SERS-based detection approach to
record the specific DNA interaction on a planar SERS substrate
(Fig. 3). The assay started with the sampling of the infected
plant material and the isolation of pathogenic gDNA, which
was used as a template for the amplification of the Ypt1 target
region by LATE-PCR. This target DNA was then used for hybridi-
zation with immobilized capture probes that possessed 2-AP
instead of adenine on the EGNP array. Thus, we took advan-
tage of the strong spectral feature of adenine in the SERS spec-
trum of the target DNA. The presence of adenine exclusively in
the target DNA sequence served as an endogenous marker for

Sample
Preparation

€@

DNA
Amplification

Fig. 3 Label-free SERS-based detection of P. ramorum. DNA-based
detection of Phytophthora ramorum by SERS covering the whole analy-
sis chain. Sample preparation was realized using a mortar and pestle fol-
lowed by magnetic bead based gDNA isolation, DNA amplification by
LATE-PCR and the subsequent hybridization was followed by label-free
SERS detection of the molecular DNA-DNA interaction.

This journal is © The Royal Society of Chemistry 2015
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the label-free SERS-based detection of the hybridization event.
Furthermore, the entire analysis chain was considered in order
to prove the near-future application of SERS for implemen-
tation in an on-site detection system.

DNA isolation and amplification

The preparation of the samples is the first critical step in the
successful detection of pathogens. As an example for a proof-
of-concept analysis we chose Rhododendron leaves of
P. ramorum-infected plants. The DNA extraction was performed
by combining a mortar and pestle for effective cell disruption
in conjunction with nucleic acid release.”*® This manually
operated homogenization is applicable for softer tissues such
as Rhododendron leaves and provided an incredibly facile way
to release gDNA from the plant material. Subsequently, mag-
netic particle-based DNA isolation enabled easy handling as
well as short processing times. Thus, the first step of DNA
extraction and purification was realized in a straightforward
manner for a potential field application.

LATE-PCR allowed the amplification of the yeast GTP-
binding protein (Ypt1) target gene of P. ramorum. This particu-
lar region is located within a single-copy gene, which implies
the presence of only one copy per genome. Therefore, a prior
DNA amplification was mandatory for proper detection.
Accordingly, LATE-PCR was carried out to generate sufficient
amounts of single-stranded target DNA.'® The successful gene-
ration of ssDNA was indicated by the appearance of two bands
in the analytical gel. The faster migrating DNA represented
single-stranded DNA (450 nt) and the higher molecular weight
band of 450 bp was double-stranded (see ESI Fig. S1f). By
applying asymmetric PCR post-amplification treatment could
be omitted.

Fluorescence microscopic detection of target DNA
hybridization

In order to verify the functionality of the hybridization assay
on the SERS substrate, fluorescence microscopy was performed
as a reference method. For this purpose two different capture
probes, one for the target species P. ramorum (Fig. 4A) and one
for the closely related species P. lateralis (Fig. 4B), were
immobilized on the corresponding EGNP spots. Moreover,
EGNPs without any capture probes were analyzed after identi-
cal processing steps for blocking, hybridization and washing
(Fig. 4C).

Subsequently, hybridization was accomplished using FITC-
labeled single-stranded target DNA of P. ramorum with a
length of 30 nucleotides (Table 1). The selection of this par-
ticular Phytophthora species relied upon previous studies
which focused on the specificity and sensitivity of the Ypt1
target gene region.’® The highest signals were recorded for
P. ramorum-specific capture probes that entirely matched the
target DNA sequence (Fig. 4A). In contrast, only weak signals
were detected for the P. lateralis capture probes (Fig. 4B). In
comparison with the background fluorescence (Fig. 4C) those
signals were negligible. Consequently, the functionality of the
hybridization assay for the specific detection of P. ramorum is

Analyst, 2015, 140, 7254-7262 | 7257
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hybridization with P. ramorum target DNA

no hybridization with P. ramorum target DNA

Fig. 4 Fluorescence microscopy to verify the functionality of the hybridization assay on the SERS substrate. (A) Specific hybridization signals (FITC
fluorescence) for P. ramorum target DNA with matching P. ramorum capture probes. (B) Absence of hybridization signals for P. ramorum target DNA
with non-matching P. lateralis capture probes. (C) Background signals of EGNPs. The respective fluorescence signals were depicted as triplicates.

proven. The adenine isomer, 2-AP, in the capture probes
exhibited the same hybridization characteristics.

SERS detection of target DNA hybridization

In the next step, the label-free SERS detection of P. ramorum
DNA was investigated. First, DNA hybridization was accom-
plished using a short single-stranded target DNA of
P. ramorum with a length of 30 nucleotides. After that we
applied the PCR product isolated from real plant samples and
recorded the corresponding SERS spectra.

Hybridization experiments were performed with the 30
nucleotide single-stranded target DNA of P. ramorum. Two
different adenine-free capture probes, one for the target
species P. ramorum and one for the non-target species P. latera-
lis were immobilized on the SERS substrate and hybridization

7258 | Analyst, 2015, 140, 7254-7262

was conducted. In Fig. 5, the respective SERS spectra of the
hybridized P. ramorum capture probes (indicated by a red line),
the P. lateralis capture probes (indicated by a black line) and
the background of the SERS substrate (indicated by a grey line)
are displayed as mean values. In the recorded spectra for
P. ramorum and P. lateralis capture probes, the broad carbon
spectra are visible between 1200 and 1600 cm™". This burning
effect of the surface is caused by an enhanced electromagnetic
field due to applying a relatively long exposure time. Owing to
the high carbon background, the Raman vibrational modes of
cytosine and adenine were barely detectable between 1200 and
1600 cm™. In the SERS spectra of P. ramorum, where hybridi-
zation with the target DNA occurred (see Fig. 5A, red line), one
characteristic band of 1(C-C) for cytosine at 1420 cm™" could
be observed.*'>° Moreover, the vibrational modes of guanine

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 SERS-based label-free detection of P. ramorum target DNA (30 nucleotides) based on adenine-free capture probes. (A) P. ramorum capture
probes hybridized with complementary target DNA of 30 nucleotides (red line), P. lateralis capture probes with no hybridization (black line) and

background of the SERS substrate blocked with BSA (grey line). (B) Zoomed view of the spectral range between 500-800 cm

at 1179 em™" and 667 cm™" were assigned to the y(C-C) and
ring breathing vibrations. The typical Raman bands of adenine
were marked with yellow colored frames. The two Raman
modes of adenine at 1474 cm™" and 1388 cm ™" are referred to
as 1(C-N) and y(C=N) stretching modes respectively. Addition-
ally, the most prominent peak of adenine at 732 cm™" is
related to the aromatic ring breathing. Fig. 5B shows the spec-
tral zoom of the region of interest between 500 and 800 cm™".
Accordingly, P. ramorum (Fig. 5B, red line) was identified by
the dominant peak of adenine at 732 cm™". In contrast, the
SERS spectra of the non-target species P. lateralis do not show
any characteristic adenine-related modes, indicating that no
hybridization occurred (Fig. 5B, black line). Thus, the specific
binding of the P. ramorum target DNA to the matching capture
probe was monitored by the presence of adenine.

In order to demonstrate the applicability of the label-free
technique for bioanalytical purposes in terms of pathogen
detection, we adapted the SERS approach for DNA isolated
from real plant samples, infected with the pathogen
P. ramorum. The implementation of SERS as a novel tool for
pathogen detection resulted in a plethora of publications in
the last few years. However, the main challenge of this promis-
ing technique is the confirmation of its applicability for on-
site use with real samples, e.g. from infected plant tissue.
Therefore, the main objective of the present study was to
demonstrate the application of label-free SERS detection for
the plant pathogen DNA, extracted from Phytophthora infected
Rhododendron leaves. Fig. 6 displays the mean SERS spectra of
the DNA-hybrid between P. ramorum-specific capture probes
and P. ramorum target DNA, which was amplified by PCR as
450 nucleotide fragments (indicated by a red line), the non-
target P. lateralis (black line) and the background of the SERS
substrate (grey line). In accordance with the findings for the

This journal is © The Royal Society of Chemistry 2015
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short target DNA fragment, typical vibrational bands at
1081 cm™" and 668 cm™" were observed for guanine in the
SERS spectra of P. ramorum (see Fig. 6A, red line). Also the less
strong Raman bands of thymine at 1234 cm™" and cytosine at
1292 cm™' were depicted in the SERS spectra of the target
DNA. However, focusing on adenine as the endogenous
marker, very dominant Raman modes at 1384 cm™' and
732 em™ " were monitored for the DNA extracted and amplified
from the infected Rhododendron. Moreover, the characteristic
Raman mode of adenine at 1336 cm™ " could be detected due
to the presence of a higher amount of the respective nucleo-
base in the target DNA strand. Similar to previous results the
dominant peak at 732 cm™" indicating the presence of adenine
served as a significant marker band in comparison with the
non-target P. lateralis (see Fig. 6B). Altogether, by substituting
adenine with 2-AP in the capture probes, the specific hybridi-
zation of the P. ramorum target DNA could be successfully
monitored even while applying this very long PCR product. A
proper discrimination between P. ramorum (target) and P. later-
alis (non-target) is possible. Thus, the label-free SERS detec-
tion of DNA was exemplarily demonstrated for the important
plant pathogen P. ramorum.

Reproducibility of the SERS spectra

Despite the fact that SERS-based DNA detection offers great
potential regarding a higher sensitivity and specificity, it is
still in competition with more common techniques such as
fluorescence spectroscopy. One drawback for SERS measure-
ments is the lack of good spectral reproducibility as well as
precise batch-to-batch and day-to-day recordings. For this
reason the current study also addressed the batch-to-batch
reproducibility of the SERS signals occurring in the case of
DNA hybridization. Independent experiments were performed

Analyst, 2015, 140, 7254-7262 | 7259
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Fig. 6 SERS-based label-free detection of P. ramorum target DNA (450 nucleotide PCR product) based on adenine-free capture probes.
(A) P. ramorum capture probes hybridized with the complementary target DNA of 450 nucleotide PCR product (red line), P. lateralis capture probes
with no hybridization (black line) and background of the SERS substrate blocked with BSA (grey line). (B) Zoomed view of the spectral range between

500-800 cm™.

using various DNA extracts, conducting individual PCR runs
and hybridization assays. Fig. 7 depicts the normalized inte-
grated SERS intensity for various batches. The adenine peak at
732 cm™" was integrated for the SERS spectra of the matching
target (P. ramorum), the non-matching control (P. lateralis) and
the background of the SERS substrate and then normalized to
the peak of the highest intensity. In comparison with the
capture probes and the background, the integrated SERS inten-

=
o

o
)
|

Normalised SERS Intensity
at732 cm?
o o
'S )]
| |

Num®®

Fig. 7 Spectral reproducibility considering independent experiments.
Discrimination between positive (red columns — P. ramorum) and nega-
tive hybridization signals (black columns — P. lateralis, grey columns —
EGNP background) generated for AP-2 capture probes. The standard
deviation is illustrated by the percentage values.

7260 | Analyst, 2015, 140, 7254-7262

sity at 732 cm™" showed the highest values, having a relative

standard deviation (RSD) around 40% (see Fig. 7). The high
relative standard deviation can be explained by the different
orientations of the DNA on the metallic surface and by an
inhomogeneous coverage of BSA on silver nanoparticles. Due
to the surface blocking, the SERS intensity can vary during
point-to-point measurements. Hence, the results are not
sufficient for quantitative detection. However, monitoring the
DNA hybridization event without employing labels in SERS
based detection is demonstrated. It is clearly visible that the
presence of adenine in the SERS spectra of the target DNA
served as an indicator for the DNA hybridization.

Conclusions and outlook

In recent years, SERS has been applied for a variety of analyses
in the life science sector. Due to its high sensitivity and speci-
ficity, it offers great potential for the development of novel bio-
sensors. In this study we expanded its application for the
label-free detection of important plant pathogens using the
example of Phytophthora ramorum. To the best of our knowl-
edge, this is the first report on the label-free detection of the
PCR product, isolated from infected plant tissue. Here, DNA-
based detection of P. ramorum was achieved by covering the
whole analytical chain. The sample preparation was realized
by an easy tissue disruption procedure combined with mag-
netic bead-based nucleic acid isolation. The subsequent DNA
amplification was performed by LATE-PCR, which enabled the
generation of single-stranded target DNA. Thus, a post-PCR
processing step for the generation of ssSDNA could be omitted.
In order to improve the detection and achieve a putative in-

This journal is © The Royal Society of Chemistry 2015
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field application, novel isothermal amplification techniques
could be implemented.’"*> Moreover, the SERS-based DNA
detection, relying on DNA-DNA-hybrid formation, could be
performed in a handheld Raman device, that allows the appli-
cability at the point-of-need due to its portability.

In summary, a reliable, reproducible and thermally stable
SERS assay has been developed for the detection of specific
DNA hybridization between immobilized capture probes and
the sequence-matching target DNA. We have highlighted the
application of SERS to identify the adenine-containing target
DNA isolated and amplified from infected Rhododendron
leaves, in conjunction with adenine-free capture probes.
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