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Summary. Accurate diagnostics of plant pathogens is very important to prevent the spread of infection
and significant yield losses. This paper presents an easy, rapid and inexpensive system for the complex
real-time multiplex PCR diagnostics of two potato cyst nematode species, Globodera rostochiensis and
G. pallida, using disposable long-stored stationary PCR microarrays. Laboratory trials have demonstrated
an excellent diagnostic efficiency and sensitivity of the developed test systems with the DNA detection
limit equal to 1 and 10 pg for G. rostochiensis and G. pallida, respectively. The specificity of the
developed primers was successfully confirmed using DNA samples of related nematode species and host
plant. A small reaction volume (1.2 pl) and a special technology of lyophilisation and stabilisation of
PCR reagents within microreactors significantly reduce the total time of amplification (~30 min) and the
number of required manipulations. Ready-to-use microarrays with flexible architecture can be stored up
to 6 months at room temperature without any loss of their detection efficiency. The developed test system
has a good potential as a rapid field diagnostic method, especially in the case of a low pathogen
concentration in plant tissues or soil.

Key words: Globodera rostochiensis, Globodera pallida, qPCR microarrays, plant disease diagnostics.

Potato is one of the most economically important
crops in the Russian Federation. According to the
FAOSTAT data, Russia took second place in the
world potato production after China up to 2008,
when it was overtaken by India (FAOSTAT, 2017).
In recent years, the annual potato production in
Russia is about 31-33.5 million tons; however, the
average crop harvest is only 14.5-15 t ha™' (Surinov
et al., 2015). This is significantly lower than in
Europe and North America, where the average
potato harvest exceeds 40 t ha' (FAOSTAT, 2017).
Such a major gap is caused by difference in the
applied potato growing technologies (including
potato varieties used, frequency of application of
fertilisers and pesticides, etc.) and also in poor seed
quality resulting from the infection with various
pathogens, including plant-parasitic nematodes.

Potato cyst nematodes (PCN), such as Globodera
rostochiensis (Wollenweber, 1923) Skarbilovich,
1959 and G. pallida Stone, 1973, are serious pests
of potatoes, especially in the temperate zone,
causing losses of about 9% of total potato
production worldwide (Turner & Subbotin, 2013).

Besides yield losses, infection with such pathogens
is connected with a long-term survival of their cysts
in the soil that results in the exclusion of the
infected field from the potato production cycle for
several years (Youssef, 2013). In Russia, PCN (G.
rostochiensis) was first found in 1948 in the
Kaliningrad region (infected area 491 ha); in 1982,
this pest was observed already in 29 regions with
the infected area equal to 11639 ha (Vasyutin &
Tryakhov, 1999). To date, G. rostochiensis has
become common in the European part of Russia,
Southern Siberia and Far East, infecting almost 1.8
million ha in 61 regions of Russia (Isacv, 2014),
while the estimated corresponding yield losses in
Russia exceed one billion rubles or US$17.5 million
(Simakov et al., 2006). Globodera pallida, like
some other plant pathogenic nematodes, is a
quarantine organism, which is common in Europe
but still has not been found in Russia (Limantseva et
al., 2014). Due to a high volume of seed potato
imported mainly from The Netherlands, where this
pathogen is regularly detected, a strict and constant
quarantine control of seed material is required to
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prevent the appearance of G. pallida in the territory
of Russia.

Due to their damaging potential, PCN are
subjected to quarantine regulations in many
countries. Obviously, an accurate detection,
identification and quantification of these species are
necessary for their control in seed material and soil
samples. Diagnostic methods based on morphology
and morphometric characteristics of cysts are
laborious and time-consuming, and include a
comparison of samples with typical specimens
stored in maintained collections, i.e., requiring
highly-qualified staff (Subbotin et al., 2010). DNA-
based methods represent more efficient tools for
rapid, sensitive and reliable nematode identification,
so the development of new efficient approaches for
the molecular diagnostics of PCN represents a
relevant task.

In recent years, a promising technology based on
the use of disposable qPCR microarrays,
characterised by a long-term ambient storage and
flexible  architecture, was developed and
successfully tested for the express diagnostics of a
range of urogenital infections of humans (Suvorova
et al., 2012) and potato viruses (Govorov et al.,

2015). The purpose of this study was the
development of a similar diagnostic system
providing a rapid and simple simultaneous

identification of two potato cyst nematodes, G.
rostochiensis and G. pallida.

MATERIALS AND METHODS

Biological materials. Cysts of the golden potato
nematode, Globodera rostochiensis (strains nos
M100206-M100207), were obtained from the State
Collection of Phytopathogenic Microorganisms of
the All-Russian Research Institute of
Phytopathology (ARRIP). Cysts of the pale potato
cyst nematode, Globodera pallida (strain no.
M100113), were obtained from the Bari Unit of the
Institute for Sustainable Plant Protection (Italy). The
cysts of several PCN species of different
geographical origin (Heterodera avenae, H. filipjevi,

H. latipons (all from Turkey), H. medicaginis
(Saratov Region, Russia), H. schachtii (Kiev
Region, Ukraine), H. cruciferae (Moscow Region)
and H. glycines (Far East, Russia)), used for the
specificity assessment of test systems, were
provided by the ARRIP Laboratory of Diagnostics
of Phytopathogenic Microorganisms. In addition,
cysts of two G. rostochiensis pathotypes (RO1 and
RO2) obtained from Italy and two G. rostochiensis
field samples of the RO1 pathotype collected from
the infested fields of the Moscow and Lipetsk
regions of Russia were used to validate the
specificity and robustness of the developed assay.
Potato tubers (‘Red Scarlett’) were obtained from
the ARRIP Department of Potato and Vegetable
Diseases.

Cyst collection and isolation. Cysts from soil
samples were collected using a paper filter method.
Aliquots of slightly dried infested soil (100-150 g)
were placed in 1.5 1 plastic glasses, with distilled
water added to form a suspension, and mixed for 1
min using a glass rod. The suspension was then left
for 10-15 s to provide the precipitation of heavy
sand and soil particles. Water with suspended
particles and cysts was poured through a 0.16-mm
sieve, and fine particles were removed from the
sieve by the washing with a water jet. The remained
retentate was poured into funnels with filter paper
(FT55-348, FILTRAK). After the completion of the
filtering process, paper filters were placed under a
binocular microscope (Carl Zeiss Stemi2000C) for a
hand cyst collection (Pridannikov et al., 2007).
Collected cysts were stored at 4°C until use.

DNA extraction. DNA extraction from G.
rostochiensis and G. pallida cysts was carried out
using an AmpliSens® DNA-sorb B DNA extraction
kit (Russian Central Institute of Epidemiology,
Russia). One cyst of each nematode species was
placed into a 1.5 ml Eppendorf tube containing a
small amount of DNA extraction buffer and ground
with a sterile pestle. The next steps of the DNA
extraction were carried out according to the
manufacturer’s recommendations. DNA extraction
from potato tubers was carried out using a DNeasy

Table 1. Primers designed for the qPCR-based diagnostics of Globodera rostochiensis and G. pallida.

Nematode . y Annealing Amplicon size,

species Primers and probe sequences (5°-3’) temp., °C bp
Globodera Forward: CGATGGTTGAACTGAACA 56

rostochiensis Reverse: GCTAGCTGTACTCGGCCA 56 88
FAM probe: [FAM]CGGGGCGTGTGAAGAGGC[BHQ1] 71
Forward: CGCGGATATGCTGACAT 59

Globodera pallida Reverse: GCTAGCTGTACTCGGCCA 56 124
FAM probe: [FAM]AGACATGCCGCTGGGTACG[BHQ1] 67
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Plant Mini Kit (Qiagen, USA) according to the
manufacturer’s recommendations. Final DNA
concentration was determined at 260 nm using a
SmartSpec Plus spectrophotometer (BioRad, USA).
The obtained DNA samples were stored at —20°C
until use.

Fig. 1. AriaDNA® real-time microarray amplifier with
two qPCR microarrays and a holder (top) and a standard
30-well microarray in a holder (bottom).

Primer design. For each PCN species, three
primer pairs and fluorescent probes were designed
on the basis of all available ITS1 region sequences
of these species from GenBank
(https://www.ncbi.nlm. nihgov/genbank) using an
Oligo Primer Analysis software v. 6.0 (Molecular
Biology Insights, Inc., USA). Since the
amplification of both test systems should occur
simultaneously on the same microarray, one of the
key factors was the possibility to apply similar
amplification parameters to provide efficient use of
both primer pairs. The specificity of the developed

primers was tested using the BLAST option in the
NCBI database. The developed primer pairs and
probes were tested in a tube format using a DTlite
real-time amplifier (DNA Technology LLC, Russia)
with amplification conditions described below. The
best set for each nematode species was selected
(Table 1).

Microarray  preparation and  sample
application. The empty 30-cell Si/Al microarrays
(Fig. 1) were prepared according to the previously
described technology (Navolotskii et al., 2011). The
preparation of preserved microarrays  with
lyophilised PCR mix was performed by GenBit
LLC using a technology developed independently of
this study. After the microarray installation into a
holder cartridge, the reaction zone was accurately
covered with a sealing layer of mineral oil (620 pl)
avoiding formation of bubbles. One microliter of a
sample DNA or deionized water (as a negative
control) was added into a microreactor under the
mineral oil layer. The negative control was included
in each experiment.

DNA amplification and data analysis. The
real-time qPCR assays were performed using an
AriaDNA®  microarray  amplifier  (Lumex
Marketing LLC, Russia). Thermal cycling
conditions for DNA amplification were standard
for this amplifier and included an initial
denaturation step at 94°C for 120 s followed by 45
cycles at 94°C for 5 s and 60°C for 25 s. The total
amplification time was 30 min. Data acquisition
was on the FAM (G. rostochiensis or G. pallida
DNA) and ROX (internal control) channels at the
end of each 60°C step. The AriaDNA® software
(Lumex-Marketing LLC, Russia) was used to
generate amplification curves for each reaction and
to calculate the threshold cycle number (Ct); the
baseline was set in an automatic mode.

Primer and probe specificity assessment. The
specificity of the assays developed for G.
rostochiensis and G. pallida was evaluated using
cysts of several PCN species (G. rostochiensis, H.
avenae, H. filipjevi, H. latipons, H. medicaginis, H.
schachtii, H. cruciferae and H. glycines), and DNA
of G. pallida and the host plant (Solanum
tuberosum L., ‘Red Scarlett’). Two different types
of preserved 30-cell microarrays with applied
Master mix for either G. rostochiensis or G.
pallida diagnostics were prepared. For each
microarray, sample DNA of each species (1 pug ml™
") was added to a separate microreactor, and the
signal intensity from each microreactor was
registered during the amplification. For each test
system, the experiment was arranged in three
repetitions.
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RESULTS

Detection range determination and regression
curves. To determine the detection range of the
system, seven serial dilutions of DNA extracted
from G. rostochiensis cysts (120, 10, 1, 0.1, 0.01,
0.001 and 0.0001 ng pl™) and six serial dilutions of
DNA extracted from G. pallida cysts (150, 10, 1,
0.1, 0.01, and 0.001 ng pl™") were tested. DNA of
each species was tested in two repetitions for all
dilutions; all dilutions were arranged in the same
microarray.

Signal intensity curves for both PCN species are
shown in Fig. 2. In the case of G. rostochiensis, only
the lowest DNA content (0.0001 ng) provided a
signal intensity that did not exceed the threshold
level; all other dilutions were reliably detected. The
threshold cycle (Ct) values for the six DNA
dilutions varied from 19.25+0.27 (120 ng) to

G. rostochiensis
120 ng/pl

10 ng/pl

1 ng/ul

0,01 ng/ul

0,1 pg/ul

FLUORESCENCE INTENSITY
"8588F3z2§E8:88¢88

35.03+0.27 (0.001 ng). In the case of G. pallida, no
distinguishable signal intensity was observed for the
DNA content of 0.001 ng, while other dilutions
provided signal intensity exceeding the threshold
level. The Ct values varied from 23.31+£0.19 (150
ng) to 32.36+1.70 (0.01 ng). Therefore, the
detection limit of the developed diagnostic systems
was determined to be 0.001 ng (1 pg) for G.
rostochiensis and 0.01 ng (10 pg) for G. pallida that
corresponds to ~10 or ~100 DNA copies,
respectively.

Standard regression lines were generated using
the range of DNA concentrations from 120 to 0.001
ng pl™' for G. rostochiensis and from 150 to 0.01 ng
ul™" for G. pallida (Fig. 3A & B). A linear dynamic
range of amplification was exhibited for the
concentration ranges used. The calculated regression
equations were the following: y = —3.150x+29.125
(G. rostochiensis) and y =—2.457x+28.237 (G. pallida).
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Fig. 2. Performance of the developed diagnostic systems for the serial dilution of DNA of Globodera rostochiensis
(top) and G. pallida (bottom). The threshold level of detection (Chl) is indicated by a grey line. Each concentration

excepting the minimal ones is represented by two samples.
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Fig. 3. Standard regression lines of a serial dilution of
DNA from Globodera rostochiensis (A) and G. pallida
(B). Threshold cycles (Ct) were plotted against the log of
genomic DNA concentration. Regression equations and
associated statistics are shown in the text.

The results of runs of the two serial dilutions of
DNA of G. rostochiensis and G. pallida showed a
high and moderately high efficiency (E = 96.3 and
78.4%, respectively) and a highly significant (R* =
0.991 and 0.982, respectively) negative correlation
between the Ct value and the amount of nematode
DNA over the range studied, with little variation
between the replicated runs. These results
demonstrate that amplifications were reproducible.

Primer and probe specificity assessment. The
results of the specificity assessment of the
developed test systems for two PCN species are
shown in Fig. 4. In the case of G. rostochiensis, the
corresponding test system successfully detected
both RO1 and RO2 pathotypes. In both test systems,
only DNA sample of a target pathogen provided
sufficient signal intensity; signals from other species
did not exceed the threshold level. The diagnostic
specificity of the developed qPCR assays reached
100%, since there were no false positive results for
DNA of other closely related pathogens and host
plant.

Validation using field samples. Since G. pallida
is a quarantine object and has not been found in
Russia, there was no possibility to obtain any field
samples of this pathogen. Therefore, only the assay
for G. rostochiensis was tested using freshly
collected samples from infested fields of the
Moscow and Lipetsk regions. The results of the
performed experiment are shown in Fig. 5. Both
samples were successfully detected, confirming that
the test system works satisfactorily with field
samples.

Combination of the developed test systems on
the same microarray. To evaluate the possibility of
a simultaneous differential diagnostics of G.
rostochiensis and G. pallida, both developed test
systems were applied on the same qPCR microarray
into different microreactors, and tested under
standard amplification conditions of the AriaDNA"
amplifier using DNA samples of both nematode
species. The obtained results demonstrated an
efficient diagnostics of both pathogens (Fig. 6).

DISCUSSION

An efficient molecular diagnostic systems
intended for the detection of pathogenic
microorganisms and suitable for the use in both field
and stationary laboratories, should meet the following
requirements. First, the cost of analysis should not be
too high. Second, the applied approach should
provide a rapid, sensitive and specific identification
that is especially important for early diagnostics.
Third, the procedure of analysis should be simple,
i.e., it should not require special premises and
conditions and a highly-qualified personnel; ideally,
the equipment should be mobile, and diagnostic kits
should not require special storage and transportation
conditions. Finally, the possibility of simultaneous
detection of different pathogens saves time and
money for the user.

In recent years a number of species-specific PCR
primers based mainly on the polymorphisms in the
internal transcribed spacer (ITS) and 18S regions of
ribosomal DNA were successfully developed for the
detection of G. pallida, G. rostochiensis and some other
nematode species (Mulholland et al., 1996; Bulman &
Marshall, 1997; Fullaondo et al., 1999; Zouhar et al.,
2000; Skantar et al., 2007; Nega, 2014). Although being
more advanced than the morphological diagnostics and
providing high sensitivity and specificity, these methods
still have some disadvantages, such as the risk of
contamination of reaction mixture resulting in false
positive or negative results, long duration of the
analysis, and a complex process of the analysis and data
interpretation.
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Fig. 4. (Top) Specificity assessment of the test system developed for the diagnostics of Globodera rostochiensis. 1 —
G. rostochiensis RO1 (Ct = 20.37+0.37), 2 — G. rostochiensis RO2 (Ct = 26.34+0.23), 3 — DNA of host plant (Solanum
tuberosum) and related PCN species G. pallida, Heterodera avenae, H. filipjevi, H. latipons, H. medicaginis, H.
schachtii, H. cruciferae and H. glycines (all Ct values are below the threshold). (Bottom) Specificity assessment of the
test system developed for the diagnostics of G. pallida. 1 — G. pallida (Ct = 15.25+2.32), 2 — DNA of host plant (S.
tuberosum) and related PCN species G. rostochiensis (ROl and RO2), H. avenae, H. filipjevi, H. latipons, H.
medicaginis, H. schachtii, H. cruciferae and H. glycines (all Ct values are below the threshold). Chl indicates

automatically calculated threshold level of detection.

The further development of PCR-based methods
resulted in the appearance of a range of new
approaches based on real-time PCR, FLASH
(fluorescent amplification-based specific
hybridisation) PCR, and multiplex PCR. These
methods were also applied to PCN diagnostics
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(Madani et al., 2005; Baci¢ et al., 2008; Nowaczyk
et al., 2008; Ryazantsev et al., 2009; Nakhla et al.,
2010). However, from the point of view of a final
user, none of these methods is ideal. Real-time PCR
provides the possibility to quantify the pathogen
presence in a sample and does not require the stage
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Fig. 5. Validation of the test system developed for the diagnostics of Globodera rostochiensis using fresh field
samples collected in two regions of Russia. The final DNA concentration was ~1 pg ml™.
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Fig. 6. Simultaneous diagnostics of Globodera rostochiensis (green lines) and G. pallida (blue lines) using a
preserved qPCR microarray containing two different test systems. For each pathogen, three DNA samples (1 pg ml™)
were added to individual microreactors containing the corresponding test system. The threshold level of detection (Chl)

is indicated by a grey line.

of detection of PCR products, thus reducing the total
time of analysis to 2-3 h. Nevertheless, at the same
time, this method requires expensive equipment, is
based usually on the ‘one test — one pathogen’
principle, and is very sensitive to working
conditions. FLASH PCR makes it possible to

register the results of amplification without opening
the test tubes. This reduces the risk of sample
contamination, but it also requires specific
equipment. Commercial kits for this diagnostic
format are also based on the ‘one test — one
pathogen’ principle. Multiplex PCR provides a

57



M. M. Nikitin et al.

possibility of a simultaneous analysis of several
pathogens in the same reaction mix that saves both
time and costs. However, there is a high risk of
nonspecific reactions in a complex PCR mix and
there are some limitations on the number of primers
used. Due to this fact, the number of pathogens that
can be detected simultaneously is limited.

Thus, the existing methods of PCN diagnostics
do not completely meet the above-mentioned
requirements for ideal test systems. From this point
of view, the proposed diagnostic system based on
preserved qPCR stationary microarrays offers a
number of advantages compared to the above-
mentioned PCR-based methods. Use of microarrays
provides a possibility of up to 30 or even more
(depending on the microarray architecture)
simultaneous independent PCR reactions. Small
volume of microreactors and high heat conductivity
of Si/Al microarrays reduces the total time of
amplification to 20-30 min and the volume of
required reagents that, in turn, reduces user’s costs.
Last but not least, a unique technology of
immobilization of lyophilised components of PCR
Master mix using special stabilising components
provides an extremely long (up to 6 months)
lifetime of preserved microarrays at a room
temperature and significantly simplifies the
procedure of analysis: a user should just prepare
DNA samples and apply them into microreactors.

The performed study confirmed the possibility to
use the proposed technology for the development of
a diagnostic system for detection of two PCN
species. The DNA detection limit for the developed
assays was | pg for G. rostochiensis and 10 pg for
G. pallida, which is comparable or even better than
the sensitivity of other PCR-based methods for PCN
detection (see, for example, Skantar et al., 2007,
Nowaczyk et al., 2008; Nakla et al., 2010;
Christoforou et al., 2014).

The necessity to develop original primers instead
of using already validated assays, and the observed
difference in the sensitivity and efficiency of two
developed systems are explained by the fact that the
microarray technology obviously requires the same
amplification conditions for all wells. Therefore, the
crucial condition for the development of primers
and probes for different pathogens, which are
planned to be combined on the same microarray, is
that they should work under the same PCR
conditions. This study represents a part of a large
project intended to develop qPCR microarrays for
the detection of a wide range of potato pathogens
including  bacteria, fungi, viruses, viroids,
phytoplasmas and various nematodes. The final
composition of such microarrays (excluding RNA-
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based pathogens, which require RT-PCR reaction
and, therefore, different PCR conditions), may vary
depending on the customer’s demand or region of
sales. Taking into account this fact, a decision has
been made to use the same PCR conditions for all
developed test systems, which would provide a
possibility to produce diagnostic microarray systems
with any combination of DNA-based potato
pathogens. In this case, all developed primers
should be suitable for the chosen ‘standard’ PCR
conditions. This necessitates the development of
novel compatible primers, whose sensitivity and
efficiency may differ under these ‘standard’ PCR
conditions. In the case of G. pallida, the developed
test system provided the best possible sensitivity for
the standard PCR conditions; although lower than
that for G. rostochiensis, its sensitivity and
efficiency still remained comparable with other
existing assays (see above).

The specificity of the developed primers was
successfully confirmed by the test with DNA and
live material of related PCN species and the host
plant. The test system for G. rostochiensis was also
verified for both RO1 and RO2 pathotypes and for
samples collected from two infected fields of
different geographical locations. The possibility of a
simultaneous detection of both pathogens using one
microarray with a flexible architecture makes it
possible to design preserved microarrays in
accordance with the user’s needs and may be useful
in the case of soil infection with both pathogens, as
was reported recently for Slovakia (Douda et al.,
2014). Therefore, taking into account the above-
mentioned advantages of the qPCR microarray
technology, the new test system for the diagnostics
of two PCN species can be recommended for use by
nematologists and plant pathologists. The further
development of similar system for other plant-
parasitic nematodes is planned.
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M.M. Huxutun, H.B. Ctamiok, I1.A. ®panny3os, M.B. [Ipunannukos u A.I'. T'oaukoB. beictpas u
3¢ (exTuBHAs OWArHOCTHKA ABYX BHIOB IIMCTOOOPA3yIOUINX HEMAaTOZ KapTOQels C WCIOIh30BaHUEM
TecT-cucteM Ha ocHOBe qPCR-MaTpuIl IUIUTENHHOTO XpaHEHUS.

Pesrome. OgHMM ©3 BaXHBIX CpPEACTB AN NPENOTBPAIICHHS PAcIpOCTPAHEHUS WH(YEKIUH WU
CYIIECTBEHHBIX IIOTEPh YypOXas SBISETCS CBOEBPEMEHHAas W TOYHAs AMArHOCTHKAa BO30yIuTelNei
Ooste3Hell pacteHuil. B cTarbe mpencraBiieHbl pe3ysbTaThl pa3paboTKU TECT-CUCTEM Ul KOMIUIEKCHOH,
ObicTpoii W 3¢ ¢dexkTUBHONW AMATHOCTHKM JABYX BHJIOB KapTO(ENbHBIX HHCTOOOPa3ymONIMX HEMaro[,
Globodera rostochiensis u G. pallida, metogom mysnptumiekcaoro I[P B peasbHOM BpemeHH ¢
UCTONB30BaHUEM OJHOPA30BbIX cranuoHapHblx PCR Matpun piuTensHOro XpaHeHus. PesynbTatel
7a00PaTOPHBIX MCIBITAHUH ITOKa3aJli BBICOKYIO TMarHOCTUYECKYIO 3((EKTUBHOCTD U YyBCTBUTEIHHOCTh
pa3pabOTaHHBIX TECT-CUCTEM C TpezenioM obHapyxkeHus Ha ypoBHe 1 u 10 nr JHK mns G. rostochiensis
u G. pallida, coorBercTBenHo. CrieliM(pUIHOCTh UCIONB30BaHHBIX B TECT-CHCTEMaX MpaidMepoB ObLia
MOATBEPXk/IEHa C Ucroib3oBaHueM oOpasnoB JIHK poncTBeHHBIX BHIOB HEMATOl, a TaKKe pacTeHUS-
xo3smHa. HeOonpmioit peakunoHHBI 00beM (1.2 MKJI) M NpUMEHEHHE CHENHAIBHONH TEXHOJIOTHU
MMMOOMIIM3allMM KOMIIOHEHTOB PEaKIMOHHOH CMECH B MHKPOPEaKTOpax OOECIeYHBAIOT CHIKCHHUE
pacxoia peareHTOB, CYIIECTBEHHOE yMEHbBIIEHHE OOIEro BPEMEHH aHaiu3a (B TOM YHCIE BPEMEHH
ammndukanuy 10 30 MMH) M YIPOILIEHHE IpOLecca JUArHOCTHKH 33 CYET COKpAILCHMS KOJIMYECTBa
HeoOXoanMbIX MaHuysiui. [1pon3BoaumMele B Buze npecepBoB PCR-MaTpHUIbl MOTYT XpaHHUTBCS 110 6
MecslleB NP KOMHATHOW TemIiieparype Oe3 morepb KadectBa M 3(P(QEKTHBHOCTH AWArHOCTHKH.
PazpaboTaHHBIE TECT-CHCTEMBI IIEPCIEKTHBHBI Ul NPUMEHEHHS B IIOJIEBOM SKCIpecc-IUarHOCTHKE
(uTOmaTOreHOB, OCOOEHHO B ClTyyae MX HU3KOHW KOHIICHTPAIMU B ITOYBE WJIM PACTHTENIBHBIX TKAHX.

60





