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Non-instrumented DNA isolation, amplification
and microarray-based hybridization for a

rapid on-site detection of devastating
Phytophthora kernoviaet

Lydia Schwenkbier,®°< Sibyll Pollok,>“ Anne Rudloff,*< Sebastian Sailer,?
Dana Cialla-May,®€ Karina Weber**®< and Jurgen Popp®°©

A rapid and simple instrument-free detection system was developed for the identification of the plant
pathogen Phytophthora kernoviae (P. kernoviae). The on-site operable analysis steps include magnetic
particle based DNA isolation, helicase-dependent amplification (HDA) and chip-based DNA hybridization.
The isothermal approach enabled the convenient amplification of the yeast GTP-binding protein (Yptl)
target gene in a miniaturized HDA-zeolite-heater (HZH) by an exothermic reaction. The amplicon detec-
tion on the chip was performed under room temperature conditions — either by successive hybridization
and enzyme binding or by a combined step. A positive signal is displayed by enzymatically generated silver
nanoparticle deposits, which serve as robust endpoint signals allowing an immediate visual readout. The
hybridization assay enabled the reliable detection of 10 pg pL™" target DNA. This is the first report of an
entirely electricity-free, field applicable detection approach for devastating Phytophthora species, exem-

www.rsc.org/analyst plarily shown for P. kernoviae.

Introduction

For more than a decade, invasive plant pathogens have been
spreading across European and North American countries."?
This phenomenon was intensified by the increased globaliza-
tion of the trade in plants. The most aggressive and important
plant pathogens belong to the genus Phytophthora. They pose
a serious threat to agriculture and food production worldwide,
causing devastating diseases in hundreds of trees, shrubs and
plants in natural and landscaped environments as well as in
the nursery industry.>® The remarkably broad host range of
these oomycetes plus their further geographical spread are
major reasons for concern. Phytophthora kernoviae (P. kerno-
viae) is one of the emerging plant pathogens today. It was dis-
covered in late autumn of 2003 as a phytopathogen of
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Rhododendron and beech trees in historic woodland gardens in
Cornwall, Great Britain.*® The European and Mediterranean
Plant Protection Organization (EPPO) recommended five Phy-
tophthora species, including P. kernoviae, to be regulated as
quarantine pests (http:/www.eppo.int/QUARANTINE/listA2.
htm). Common routine diagnoses of plant pathogens involve
molecular biological, microbiological or immunological
approaches."®’” Most assays require expensive equipment,
trained personnel and long sample-to-answer times. Thus, a
rapid and reliable detection of Phytophthora kernoviae directly
in the field is highly desirable in order to reduce the time
delay between sampling and identification. Differentiation
between the individual species is realizable mainly by nucleic
acid based techniques."® Polymerase chain reaction (PCR) is
amongst the sensitive methods presently available for the
detection of plant pathogens.”® Despite several efforts to
adapt PCR approaches to energy-limited settings, a thermo-
cycler for precise temperature control and a skilled operator for
setting up the reaction are still required. Moreover, the on-site
practicability is hampered due to power requirements of the
instrumentation. To overcome these restrictions, a plethora of
isothermal amplification techniques was developed as an
attractive alternative for target gene amplification, omitting
the use of such PCR thermocyclers."®"® The corresponding
reactions can be performed easily in a water bath or a conven-
tional heating block. The potential for simplified instru-
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mentation even promoted the implementation of isothermal
amplification methods for in-field or point-of-care testing
(POCT), enabling nucleic acid diagnostics without expensive
equipment or even electricity.'*>' LaBarre and co-workers
introduced a non-instrumented nucleic acid amplification
(NINA) heater based on the exothermic reaction of calcium
oxide with water for loop-mediated isothermal amplification
(LAMP) of Plasmodium falciparum.’” Other isothermal amplifi-
cation methods have been explored using this NINA heater, for
example, the exponential amplification reaction (EXPAR),"
reverse transcription (RT)-LAMP,"* nicking enzyme amplifica-
tion reaction (NEAR),"” or recombinase polymerase amplifica-
tion (RPA).>° Recently, an improved NINA design incorporating
magnesium iron alloy for heat production was reported for the
amplification of viral nucleic acids.*"** Additionally, a simpli-
fied DNA amplification platform based on helicase-dependent
amplification (HDA) was presented for the specific detection
of Clostridium difficile.”® In this case, the isothermal amplifica-
tion was performed in a device consisting of a microfluidic
chip and a toe warmer in a styrofoam cup. The respective exother-
mic reaction was initiated using sodium acetate as a latent heat
storage system. Isothermal amplification techniques such as
LAMP and HDA were also suitable for agriculture diagnostics."**?
Though Phytophthora plant pathogens were reliably detected,
power supply was needed for the experimental procedures.
Nevertheless, an optimal assay would comprise an entirely non-
laborious, instrument-free analysis of the plant sample.

Due to the growing interest in electricity-free, user-friendly
and robust agriculture diagnostic tools for pathogen identifi-
cation, we established an in-field applicable approach for
Phytophthora kernoviae as an example organism. By taking
advantage of a naturally occurring exothermic reaction, we
were able to perform isothermal amplification in a simple
device, which is operating with the same accuracy as a thermo-
cycler, but predestined for on-site handling. Furthermore, the
presented assay combines electricity-free extraction and ampli-
fication of pathogenic DNA as well as chip-based detection.
Thus, instructed personnel could easily perform the assay and
interpret the robust endpoint signals, respectively.

Table 1 Primers and capture probes
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Experimental
Detached leaf assay and DNA extraction

The isolate of P. kernoviae (JKI-080-09-00-00-00-03) was grown
as Petri dish culture on carrot piece agar.** Leaves of Rhodo-
dendron ponticum were inoculated with this oomycete. For this
purpose the tissue was surface wounded in the middle of the
lamina on the abaxial side, then inoculated with a plug of agar
from active colonies and overlaid with 100 pl tap water. For 14
days it was maintained in a moist chamber at 20 °C and an
8 h day length. Agar debris around the infection site was
removed.”® The genomic DNA (gDNA) of the species was
extracted by homogenizing the leaf tissue with a mortar and
pestle.”® The lysate was placed in a micro reaction tube and
magnetic bead based DNA isolation was conducted using the
innuPREP MP Basic kit (Analytik Jena AG, Germany). The
extracted gDNA was adjusted to a concentration of 20 ng pL ™.
The DNA concentration was determined by measuring
OD,0 with an Eppendorf Biophotometer plus (Eppendorf AG,
Hamburg, Germany).

Asymmetric helicase-dependent amplification

In the present study an asymmetric, thermophilic HDA (tHDA)
approach was applied. The IsoAmp® II Universal tHDA kit
(BioHelix Corporation, Beverly, MA, USA) was utilized accord-
ing to the manufacturer’s recommendations to amplify a frag-
ment within the yeast GTP-binding protein (Ypt1) target gene
region.”?” The primers for amplification were designed using
the program Sequencher 5.1 and fulfil the following criteria:
(i) a length of 29-34 bp and (ii) an optimized melting tempera-
ture of 64 °C (+2 °C) and a G/C base content between 45 and
55%." The reaction mixture contained 1x annealing buffer II,
4 mM MgSO,, 40 mM NaCl, 1 pM bovine serum albumin,
3.5 pl dNTPs, 75 nM biotinylated reverse and 25 nM forward
primers (Table 1), 3.5 pl of IsoAmp enzyme mixture and 2.5 pl
¢DNA in a final volume of 50 pl.

The tHDA reaction was conducted asymmetrically whereas
the ratio between forward and reverse primers was set at 1:4.
The reaction mixture was filled into 0.2 ml micro reaction

DNA Sequence 5'-3’ Modification
HDA_ker.F GGC TGC ACG AGA TCG ATA GGT GAG TTC TAC

HDA_ker.R TCT CM*C AGG CGT ATC TGA TTT AAC ACG TGT TCC 5'-Biotin
Process control AGA ATC AAG GAG CAG ATG CTG AAA AAA 5'-NH,, 3'-biotin
1 Negative control I TTA GAC CTT TTT GAA GAA GGT TCT GTT ACT AAC ATG 5'-NH,-C6

2 Negative control II ATC GAG CTG GAC GGC AAG ACC ATC AAG CT 5'-NH,-C6

3 P. lateralis CGG GAG ATT TTT TCC CGC TTT CCT TGG GGT AAG 5'-NH,-C6

4 P. ramorum CCC CCC ACT TTC CGT GGG TGA GTT TCC TTT 5'-NH,-C6

5 P. pinifolia CCG CGG ACG AAA ACT AAC TCT CTT GTG TAG TG 5'-NH,-C6

6 P. fragariae CTA GCC TTG CCA TTT CTA GGT CCA AAA AGG C 5'-NH,-C6

7 P. kernoviae CAC CAC ATG AAT ACC TGC CAG GCG AGA TGC 5'-NH,-C6

8 P. austrocedrae CCT CCG TGG TTC ATG TAC AAA ACG TGC AGC 5'-NH,-C6

9 P. cinnamomi CTG TCT GCC CCATTC AAC AGA CGC TAACGT C 5'-NH,-C6

*M = adenine (A)/cytosine (C).

This journal is © The Royal Society of Chemistry 2015
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tubes and incubated for up to 90 min at 60-70 °C in a conven-
tional heating block (Analytik Jena AG, Germany) or an in-
house constructed miniaturized HDA-zeolite-heater.

HDA-zeolite-heater

The in-house constructed HDA-zeolite-heater (HZH) consists
of an aluminum device filled with paraffin wax as a phase
change material (PCM) (Sigma-Aldrich Chemie GmbH, Tauf-
kirchen, Germany) and a polyoxymethylene (POM) cap. This
device is placed within zeolite beads 13x (aluminosilicate, Zeo-
Tech GmbH, Unterschleissheim, Germany) in a stainless steel
container (Henkelmann-Lunchtime, Baesweiler, Germany).
The POM cap was chosen for its resistance to hot wax and its
good processability. Moreover, the low thermal conductivity of
the POM material isolates the implemented aluminum cavities
from excessive heat transfer from the container wall. The PCM
used had a melting point of around 65 °C. In the above-men-
tioned cavities, six micro reaction tubes (0.2 ml) can be placed.

For the approach, 120 g zeolites were filled in the container
and the aluminum device was placed in the middle of the
material. The exothermal reaction was started by pouring
30 ml of water onto the zeolite beads. Afterwards the container
was sealed with the lid.

Analytical agarose gel electrophoresis

Successful DNA amplification was verified on a 2% (w/v)
agarose gel (Carl Roth, Karlsruhe, Germany) stained with
GelRed (VWR International GmbH, Darmstadt, Germany). The
molecular weight marker used was GeneRuler 100 bp DNA
Ladder (Fisher Scientific, Germany).

Chip-based DNA hybridization and signal detection

White planar polypropylene (PP) sheets (Modulor GmbH,
Berlin, Germany) were cut into chip size (17 x 17 mm), and
successively cleaned in an ultrasonic bath with acetone,
ethanol and water for 10 min each.

The Yptl region was chosen to design species-specific
capture probes to achieve (i) the highest discrimination of
target sequences in relation to non-corresponding sequences,
(ii) a length of 30-35 bp and (iii) a melting temperature
between 62 and 65 °C. The low tendency for sequence second-
ary structure formation is expressed in delta G values between
-1 and 1.5."® The probes (Eurofins MWG Operon, Ebersberg,
Germany) were dissolved in 1x Micro Spotting Solution (ArrayIt
Corporation, Sunnyvale, USA) to a final concentration of 20 pM
and spotted (Nanoplotter 2.1, GeSim, Grosserkmannsdorf,
Germany) in an array format on the PP chips. A biotin-labeled
non-complementary probe was immobilized as a process
control to verify the binding of streptavidin-enzyme and the
subsequent silver deposition.

The specific biomolecule interaction on the chip was rea-
lized using either a long or a combined mode. The long proto-
col encompassed the incubation of an 80 ul hybridization
mixture (30 pl HDA product in 3 x SSC/0.5% SDS) for one hour
at room temperature, followed by 30 minutes of incubation
of the streptavidin-horseradish peroxidase (Sigma Aldrich
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Chemie GmbH, Taufkirchen, Germany; 1:1000 diluted in 1x
phosphate buffered saline with Tween® 20, PBST). For the
short approach, DNA hybridization and enzyme binding were
done by incubating an 80 pl reaction mixture (30 pul HDA
product, 0.5 pl enzyme in 5 x SSC/0.1% SDS) for one hour at
room temperature. Afterwards the chips were washed five
times with solution 1 (2 x SSC/0.1% SDS) and solution 2
(water). Finally, the enzymatic silver deposition was performed
by applying the EnzMet™ HRP detection kit (Nanoprobes Inc.,
Yaphank, USA; components A-C). The generated silver nano-
particles in the case of a positive reaction served as robust end-
point signals allowing an immediate visual readout by the
naked eye. In addition, the amount of silver deposits was
quantified by the grey values. The respective spots were
scanned (ProScan 7200, reflecta GmbH, Rottenburg, Germany)
and analyzed using the software Image] (National Institutes of
Health, USA). The grey value was calculated by mean grey value
calculation, subtracting the measured background values from
the sample values. The mean grey values of the negative con-
trols of all experiments were used to set the threshold, which
equals three times the standard deviation.

Results

Our work has focused on the development of an entirely elec-
tricity-free analysis system usable for the on-site detection of
Phytophthora kernoviae as an example organism (Fig. 1). Thus,
we not only performed the isothermal DNA amplification
without any energy-dependent device, but also conducted the
obligatory pre- and post-amplification steps electricity-free.

|
Hybridization
Assay

DNA
Extraction

v

DNA
Amplification

Signal
Detection

Fig. 1 Electricity-free DNA-based detection scheme for Phytophthora
kernoviae. The convenient DNA-based detection of Phytophthora ker-
noviae is realized by electricity- and instrument-free process steps. DNA
extraction from infected plant leaves was realized by manual homo-
genizing and magnetic particle based nucleic acid extraction. DNA amplifi-
cation was done isothermally and the detection was performed by
hybridization and signal detection on white polymer chips.

This journal is © The Royal Society of Chemistry 2015
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Using recyclable zeolites and disposable materials, the system
offers great potential for direct application in the field.

Instrument-free DNA extraction

The isolation of P. kernoviae gDNA from infected Rhododendron
leaves was performed according to Julich et al.>® by combining
a handy homogenizer and extraction bags for an 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 incred-
ibly facile way to release DNA from plant material. A sub-
sequent magnetic particle based DNA extraction enabled easy
handling as well as short processing times.

Instrument-free isothermal DNA amplification in a
miniaturized HDA-zeolite-heater

The helicase-dependent amplification allowed the amplifica-
tion of the target Ypt¢1 region of P. kernoviae. Only recently, a
novel DNA-chip hybridization assay, which focused on the
Ras-related GTP-binding protein 1 (Yp¢1) gene, was examined
for the identification of several devastating Phytophthora
species.”*® In a further study this region was explored to
establish the helicase-dependent amplification for P. ramorum,
P. fragariae and P. kernoviae.™

The optimal temperature range for the thermophilic HDA
process is considered to be set between 60-65 °C.> In order to
examine the capability of the isothermal amplification variant
for higher temperature tolerance, various temperature incre-
ments (60, 62.5, 65, 67.5, and 70 °C) were tested. The respect-
ive tHDA reactions were conducted in a conventional heating
block. As shown in Fig. 2, amplification was also successfully
realizable at 67.5 °C and 70 °C and only slight differences in
the signal intensities of the bands were observed. Thus, the
tHDA process is adaptable to higher temperatures, which can
emerge by using exothermic reactions for tempering.**7!

In order to test the usability of such an alternative heating
source, an in-house constructed HZH (Fig. 3) was used for the
HDA reaction. This HZH, which does not require an energy
supply for heat production, consists of a stainless steel con-
tainer filled with zeolite beads. An aluminum device, allowing
for the insertion of six micro reaction tubes, is placed in the
zeolite granulate by adjusting its edge in line with the beads.
As soon as water is added to the zeolites, the heat generation

heating block

& e o
& o < N “ o

L e & & o
— -
| — :

 c— :

100 by ; ?

= - ———

Fig. 2 Comparison of amplification temperatures and product yield for
P. kernoviae; HDA conducted in a heating block.
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Fig. 3 HZH for thermophilic helicase-dependent DNA amplification. (A)
Stainless steel container, (B) weighted zeolite beads and pouring flask
with water, (C) zeolite beads filled into the container, (D) aluminum
device with PCM and cavities for six micro reaction tubes, (E) device
with micro reaction tubes placed within the zeolites, (F) starting of
exothermal reaction by pouring water on the zeolite beads.

starts. Thermal energy is simply produced by zeolite hydration,
resulting in an exothermal reaction.

The pouring of water onto the zeolite granulate has to be
uniform, so a small spray bottle was used to guarantee easy
handling. The optimal amount of zeolites and water was
empirically elucidated (data not shown).

For the characterization of the thermal profile (Fig. 4)
within different HZH compartments, four individual thermal
sensors were inserted. One sensor was placed in the PCM, one
inside the zeolite beads and two sensors were placed into
micro reaction tubes. Once the reaction started, the tempera-
ture was measured every 2 seconds. By varying the amounts of
zeolites and water the best choice to provide good long-lasting
temperature stability was by combining 120 g zeolites and
30 ml water. Thus, an optimal reaction temperature range
between 60-70 °C for tHDA inside the sample tubes could be
maintained for up to 90 min (Fig. 4B). After a short adjustment
phase of approximately 15 min, the desired temperatures were
reached. Note that the initial high temperature of the zeolite
beads (Fig. 4A), which can peak over 100 °C, declined within a
few minutes. Additionally we want to emphasize that the temp-
erature in the sample tubes did not overshoot the desired
optimal tHDA range. The paraffin wax temperature (Fig. 4A)
ensured the optimal reaction conditions for isothermal DNA
amplification. Furthermore, sample-to-sample variations of
the reaction temperature were in the expected span.

In order to demonstrate the comparability of the HZH
performance regarding tHDA-dependent duplication of the
Ypt1 fragment with a common heating block, different

Analyst, 2015, 140, 6610-6618 | 6613
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Fig. 4 Temperature profiles of the HDA-zeolite-heater. (A) Temperature profiles of the zeolites (black lines) and PCM (grey lines), (B) temperature
profiles measured in the samples, n = 10 independent measurements, the tHDA reaction temperature range is set as 60-70 °C, SD = standard

deviation.

amplification times were tested. According to the manufac-
turer’'s recommendations, ideal conditions for the tHDA
approach are accomplished by incubating for 90 min at 65 °C.
Thus, the temperature of the heating block was kept constant
at 65 °C. For the HZH we assumed the recorded temperature
profiles (Fig. 4). The amplification products were analyzed on
an agarose gel as a reference method (Fig. 5). An incubation

heating block HZH
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Fig. 5 Side-by-side comparison of HDA amplification times and
product yield for P. kernoviae Yptl fragment, conducted either in a
heating block or the HZH. The amplification temperature of the heating
block was kept constant at 65 °C. The amplification times for the HZH
were displayed as times the desired temperature range between
60-70 °C, which was reached 15 min after the induction of the exo-
thermal reaction (15 min warm-up time).

heating block

time of 60 min led to the appearance of distinctive bands of
the precise length for both the conventional heating block and
the HZH, indicating an appropriate reproducibility. The
product yield did not increase after a reaction time of 90 min.
Thus, for all further investigations we kept the amplification
time constant at 60 min, which favors a reliable DNA
amplification.

As the prototype HZH provides cavities for six micro reac-
tion tubes, the homogeneous heat distribution in combination
with amplification yield had to be examined for parallel place-
ment of six samples. Therefore, the amplification products of
six parallel and at once independent reactions in both devices
were analyzed on an agarose gel (Fig. 6). Prominent bands
with almost the same intensity verify a suitable reproducibility
due to a homogeneous heat distribution in the HZH. Thus
with one single HZH run different samples could be placed
and successfully amplified.

Instrument-free microarray-based DNA detection

Recently a novel DNA chip hybridization assay based on the
Ypt1 region was examined.>” It allows for parallel and specific
detection of nine Phytophthora species due to immobilized
capture probes in an array format. Based on these capture

HZH

2
gL

Fig. 6 Homogeneous heat distribution leads to successful amplification of the P. kernoviae Yptl fragment in the six cavities of the HZH. The amplifi-
cation temperature of the heating block was kept constant at 65 °C. Six parallel amplifications in the heating block or the HZH were conducted for
60 min to verify the homogeneous heat distribution and thus amplification consistency when all the six available cavities of the HZH were used.
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probes, on-chip hybridization experiments were performed to
prove the functionality of the amplified products. We chose
the asymmetric tHDA approach to generate single-stranded
target DNA within the amplification reaction for a subsequent
hybridization. Thus, the identification of P. kernoviae is rea-
lized by analyzing the appearance of black spots at the respect-
ive chip positions, where nine various capture probes were
immobilized in a defined pattern. Each specific probe was
spotted with at least eight replicates in a column (Fig. 7). The
usage of white PP material as a chip substrate allowed an
appropriate capture probe spotting without the need for prior
chemical surface modification. Furthermore, we applied a suit-
able and rapid washing mode by only pouring the respective
solutions onto the chip several times. The enzymatically gener-
ated silver nanoparticle deposits served as robust endpoint
signals allowing for signal readout by the naked eye.

In first experiments, the protocol for DNA hybridization,
subsequent enzyme binding and visual detection was opti-

70 [ ] heating block

_ - HZH

grey value
w
o
1
—

60 min 90 min 60 min 90 min

amplification time

Fig. 7 Chip-based detection of HDA-amplified P. kernoviae target DNA.
The chip-based detection was realized by a short combined protocol at
room temperature. HDA products were generated either by amplifica-
tion in a heating block or the HZH. The indicated times represent the
particular amplification times. Grey values were depicted as endpoint
signals for successful on-chip hybridization. The dashed line indicates
the calculated threshold (three times the standard deviation of negative
controls). Black silver spot signals appear for P. kernoviae-specific
capture probes (chip image, column 7, 10 replicates per column) when
incubated with HDA products of P. kernoviae target DNA. Chip legend:
black dot line on the left and upper side = process control, 1st column =
negative control I, 2nd column = negative control I, 3rd column =
P. lateralis, 4th column = P. ramorum, 5th column = P. pinifolia,
6th column = P. fragariae, 7th column = P. kernoviae, 8th column =
P. austrocedrae, 9th column = P. cinnamomi, and 10th column =
spotting buffer.
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mized. Since thermophilic HDA is essential to amplify short
DNA fragments, we were able to perform the following hybrid-
ization step at room temperature. Applying a successive proto-
col, specific positive signals on the P. kernoviae capture probe
positions (Fig. S1,T column 7) were detectable when using the
60 min or 90 min tHDA amplification products. These obser-
vations are in accordance with the appearance of the HDA pro-
ducts after 60 or 90 min amplification time (Fig. 5). Moreover,
by conducting the tHDA reaction asymmetrically, sufficient
amounts of single-stranded target DNA were generated to
hybridize with the corresponding capture probes, even under
room temperature conditions. We wish to point out that signal
intensities on the chip using the 60 min HDA amplification
products are sufficient and valid for a specific detection of P.
kernoviae. Lastly, no false-positive signals were detectable on
the chip (Fig. 7 and S17).

In order to significantly shorten the processing time, a com-
bined protocol that encompasses DNA hybridization and
enzyme binding within one step was examined. The results of
the on-chip hybridization experiments are presented in Fig. 7.
Specific signals for P. kernoviae occur on the white PP chips
when incubating with target DNA that was amplified in the
heating block or HZH for 60 or 90 min. For the heating block
the grey values for P. kernoviae increased by one third when
applying the 90 min amplification product. In the case of the
HZH the grey values doubled for 90 min amplification time.
Nevertheless, also the 60 min HDA product led to distinct
hybridization signals. The obtained results implicate that the
reduction of the hybridization assay time to 60 min (short pro-
tocol) is sufficient for a positive signal outcome. Thus, the
HZH provides solid evidence to be comparable to electricity-
driven lab equipment.

A further attempt was made to elucidate the sensitivity of
the on-chip hybridization. For this purpose isolated gDNA was
serially diluted to final DNA concentrations of 1 ng pl™" to
1 pg pL ™', amplified by tHDA in the HZH and these amplifica-
tion products were used for hybridization experiments. As
illustrated in Fig. 8 dark spots of the generated silver nano-
particles could be observed for up to 10 pg pL~'. The highest
grey values were detected for 1 ng pl~" and they decreased
gradually with falling gDNA amounts.

Discussion

Within this study we highlight an entirely electricity-free
solution for the DNA-based identification of plant pathogens
exemplarily for P. kernoviae. Thus, three miniaturized real
instrument-free tools for DNA isolation, DNA amplification as
well as DNA detection are combined to guarantee easy hand-
ling and device portability. In the case of a suspected plant
infection, the clarifying assay could be performed on-site
without the transportation of expensive, heavy equipment or
the necessity for an electricity infrastructure. Rhododendron
leaves of P. kernoviae infected plants were chosen to demon-
strate the functionality of the novel established assay.
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Fig. 8 Sensitivity of the on-chip hybridization assay. Varying amounts
of gDNA were used for tHDA amplification in the HZH. The generated
amplification products were applied for on-chip hybridizations. The
respective values were shown as the mean and standard deviation of
eight spot replicates per species-specific P. kernoviae capture probe.
The dashed line indicates the calculated threshold (three times the stan-
dard deviation of negative controls). Black silver spot signals only appear
for P. kernoviae-specific capture probes (chip image, column 7, 8 repli-
cates per column) when incubated with HDA products of P. kernoviae
target DNA. Chip legend: black dot line on the left and upper side =
process control, 1st column = negative control |, 2nd column = negative
control Il, 3rd column = P. lateralis, 4th column = P. ramorum, 5th
column = P. pinifolia, 6th column = P. fragariae, 7th column = P. kerno-
viae, 8th column = P. austrocedrae, 9th column = P. cinnamomi, and
10th column = spotting buffer.

The collection and preparation of the samples is the first
critical step in the detection of plant pathogenic oomycetes.
Simply by homogenizing the leaves with a mortar and pestle
symptomatic plant tissue disruption could be performed
without the use of mills or centrifuges that require power
supply. Afterwards, genomic DNA was easily extracted by a
magnetic particle approach. Magnetic particles offer several
benefits, e.g. convenient handling, short processing times and
the absence of energy requirements.**

In order to prove a prospective field application, the iso-
thermal amplification variant HDA was optimized to substitute
PCR approaches, which commonly require cost-intensive and
power-dependent thermocyclers. Amplification of P. kernoviae
DNA was carried out in a miniaturized HDA-zeolite-heater. A
fragment within the Ypt1 gene was chosen for amplification
due to its high genetic variability that allows a clear discrimi-
nation between several Phytophthora species.>

In particular, tHDA enables true isothermal amplification
without the need of prior heat denaturation or elaborate
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primer design, which is for instance mandatory for LAMP.**"*
We demonstrated that the minimal duration of HDA reactions
is reduced to 60 min (plus 15 min warm-up time in the case of
HZH), which resulted in a product yield that was comparable
to the generally recommended 90 min reaction. The sample’s
presence in the device during the warm-up period had no
influence on the amplification reaction. In contrast, a waiting
time of more than 10 minutes before sample placement associ-
ated with device opening/closing steps is indispensable to
ensure optimal LAMP assay sensitivity.”’ Furthermore, the
tHDA was carried out in an asymmetric manner to ensure the
presence of single-stranded target DNA. Thus, a post-amplifi-
cation treatment to generate single-stranded target DNA could
be omitted, which favored its on-site operation purpose and
additionally reduced the contamination risk.>**® For appli-
cation directly in the field, ice-packs are utilizable to cool the
HDA components. Nevertheless, improvements regarding
room temperature storable enzymes or even dry reagents, like
that reported for LAMP,*® could eliminate the need for cold
chain storage of kit components.

The major aim of this study was the realization of an electri-
city-free amplification protocol taking advantage of exothermal
energy supply by zeolites*®*" and thermal coupling with PCM.
Recent reports addressing the use of exothermic reactions for
isothermal DNA amplification recommend calcium oxide
powder, sodium acetate or magnesium iron alloy. However,
there are several benefits of applying zeolites for exothermal
reaction conditions. Firstly, the zeolite beads allow easy hand-
ling in terms of weighing, filling and emptying the HZH device
without dust formation while filling or incrustation after the
reaction, as is the case for calcium oxide powder.'®'®'719 A
heater cleaning as well as the final rinsing of the steel con-
tainer to remove salt remnants® after amplification is not
necessary. Thus, the handling is incredibly user-friendly. Sec-
ondly, the ‘activated zeolite beads’ (dehydrated form) are stor-
able and transportable in locked flasks and are immediately
ready-to-use. A liquefaction by heating is not essential as is
required for sodium acetate.?® Thirdly, they are cost-efficient
and available in abundance, which is a major requirement
when considering the design of a new bioanalytical device.
One more important feature is their ability for reversible
adsorption of water.’® The zeolites can be regenerated by an
appropriate thermal treatment (200-300 °C) while maintaining
their structural stability.*> This and the fact that zeolites are
non-toxic mark them as environmentally-friendly. Moreover,
the aluminum device is immediately usable after a cool down
period without any further wax-refilling step. The thermal
profile of a cheap paraffin wax as PCM meets the requirements
for tHDA properly. The desired temperatures in the sample
tubes, generated by the combined application of zeolites and
PCM, persisted for a sufficient period of time. A batch-to-batch
variation, as is reported for calcium oxide,*' was not observed
for the zeolite beads when performing tHDA reactions. Fur-
thermore, the system offers a small size that ensures its port-
ability. One major advantage is the very precise heating profile,
which implies the adaption of this heating method to other
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isothermal amplification variants like LAMP or thermophilic
strand displacement amplification (SDA), which also demand
a temperature range between 62-65 °C.>***** The application
of a NINA heater for isothermal amplification modes such as
LAMP, EXPAR, NEAR and RPA was reported for the detection
of Plasmodium falciparum,'®"” Salmonella enterica,"® Bacillus
anthracis'® and human immunodeficiency virus."**' Addition-
ally, Huang and colleagues introduced the use of HDA and a
toe warmer material filled styrofoam insulator for the identifi-
cation of Clostridium difficile.'> However, currently no report
claims the performance of HDA in an electricity-free device for
phytopathogen identification in the field. It can be stated that
the developed HDA-zeolite-heater enabled a convenient iso-
thermal amplification requiring only minimal equipment and
its successful inclusion in an entire instrument-free analysis
chain.

Subsequent on-chip hybridization experiments were con-
ducted to prove the specificity and sensitivity of the assay and
to exclude non-specific signals of the generated Yptl-ampli-
cons. Rating of the obtained endpoint signals was possible by
the naked eye due to dark silver deposits on white polypropyl-
ene chips. The planar and inert chip material is characterised
by its low price and its availability in large quantities. Further-
more, it is not necessary to chemically modify the surface
prior to capture probe immobilization. In order to reduce the
detection time ruled by labor-intensive multiple washing pro-
cedures, a combined protocol including both hybridization
and enzyme immobilization was examined. Considering easy
handling, the hybridization buffer was prestored in a vial, so
the operator only had to supplement the amplified DNA and
apply the solution to the respective chip. After 1 h of incu-
bation with either the 60 min or 90 min HDA product, distinct
silver spots could be observed for the capture probe of P. kerno-
viae. Due to the necessity of short fragments for the tHDA,
hybridization could be performed at room temperature
showing great efficiency and specificity. The target DNA bound
selectively to the corresponding capture probe without
showing any false-positive signals. The obtained results point
out that 60 min asymmetric isothermal amplification and a
subsequent 60 min chip-based detection are sufficient for a
reliable and specific identification of the plant pathogen Phyto-
phthora kernoviae. Considering the gDNA isolation procedure
and various pipetting steps the whole analysis takes around
3 hours. Compared to the commonly applied microbiological
identification, which needs several days the presented assay
significantly minimized the sample-to-answer time. Further-
more, the described assay allowed the detection of 10 pg pL™"
target DNA isolated from infected plant tissue.

This is the first report on an entire non-instrumented detec-
tion scheme for a selected plant pathogen towards on-site
operation. We highlight an electricity-free HDA-zeolite-heater
based on an exothermic reaction of inexpensive starting
material. The usage of this miniaturized, portable device gen-
erates results regarding amplicon yield that are comparable to
thermal instruments. The functionality of this novel assay was
exemplarily demonstrated for P. kernoviae, but could be easily
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adapted to other plant pathogens. The near-future implemen-
tation of the HDA-zeolite-heater for agriculture diagnostics
directly in the field is highly desirable in order to prevent the
further spreading of devastating plant pathogens. Besides, the
simplicity of the assay steps indicates the realization of the full
procedure by instructed personnel. This can significantly
reduce the sample-to-answer times and enable a faster inter-
vention in the case of an in-field detected plant pathogen or
also a human pathogen in POCT applications.
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