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Abstract
High-energy electron beam and X-ray processing of foods can be used for the sterilization purposes, and
the treatment of seed potatoes can reduce its �eld damage by pests and diseases. Chromatography–
mass-spectrometry methods demonstrated notable changes in the chemical composition of treated
foods, but it is not an affordable technique. This paper is aimed at developing more simple methods for
revealing the fact of radiation treatment of potato tubers and approximate dose detection. We used a
“�ngerprinting” strategy that does not involve the determination of the amount of any particular chemical
compound; instead, the effect of the potato extracts on the rate of indicator reactions with the
participation of carbocyanine dyes is measured: one type of reaction is catalytic oxidation of the dye and
the other involves an aggregational process. The dye content was followed by its near-IR �uorescence
intensity and visible light absorption. The potatoes not subjected to treatment or irradiated with different
doses (10, 100, 1,000 and 10,000 Gray) yielded different signals and eventually different patterns in the
score plots of principal component and discriminant analysis. Non-irradiated tubers can be con�dently
distinguished from those irradiated with a high dose, and the order of the dose received can be estimated
with 89–100% accuracy.

Introduction
Radiation treatment in food industry has been studied for several decades. Irradiation not only extends
the shelf life of foods, keeping bacteria to a minimum, but it can also ensure proper phytosanitary
conditions of seedstock. Gamma irradiation generated by 60Co and 137Cs isotopes, electron beams with
the energy up to 10 MeV and bremsstrahlung radiation with the energy up to 5 MeV generated by electron
accelerators are allowed as sources for food irradiation1. Researchers suggest using X-ray irradiation with
the energy up to 200 keV generated by X-ray tube for surface treatment of fruit and vegetable which
allows surface layers of a product to absorb a higher dose than the inside layers2.

Despite the bene�ts of food radiation treatment, such as high e�ciency and low cost, the absence of
chemical traces and post thermal effects, irradiation may compromise the taste, color, and smell of
treated foods. All these negative effects result from the formation of free radicals during irradiation,
which are highly reactive and eventually form lipid hydroperoxides. These reactive substances invoke a
number of chemical reactions entailing metabolic disorder, as well as destruction of enzymes,
intracellular structures, and DNA, which leads to substantial changes in chemical composition of
foods3,4. The regulations concerning food irradiation vary from country to country5.

The dose absorbed by the foods is usually measured by chemical dosimerty, a group of well-developed
techniques that employs UV-visible and �uorescence methods for the determination of doses6,7. However,
a dosimeter must be irradiated along with the food sample to determine the dose.

Post-irradiation dose determination methods were developed by using electron spin resonance
spectrometry (ESR). This technique is developed for foods containing bones8, shells9 or seeds10 and
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requires the use of ESR instruments.

The chemical changes in the samples invoked by irradiation can be detected by using purely chemical
methods. Lipid peroxides, a product of radiation treatment, can be determined by Kreis test that is based
on the reaction of peroxides with phloroglucinol and colorimetric detection of the reaction product11.
Spectrophotometric method, applied to determine malondialdehyde and the products of peroxides
decomposition in foods, is based on the reaction with 2thiobarbituric acid12. These methods cannot
determine the doses used in food treatment due to their limited sensitivity.

Сhanges in the concentrations of many volatile compounds in irradiated food samples containing fats
can be determined using gas chromatography – mass-spectrometry technique (GC-MS). Decomposition
of fatty acids decreases the concentration of alcohols, aldehydes, ketones and other organic compounds,
which can be markers for chemical changes leading to taste, color, and smell deterioration13,14. GC–MS
is a sophisticated technique that requires expensive instrumentation and skilled personnel.

In this paper we consider �ngerprinting techniques: a group of methods for distinguishing samples of
similar composition, relying on obtaining spectral or other information from the sample with its
subsequent analysis by pattern recognition (chemometrics) techniques, without identi�cation of
individual components. Fingerprinting techniques can establish the difference between samples, but not
their chemical composition. These features make �ngerprinting techniques rapid, inexpensive and
versatile.

Fingerprinting techniques have been used in solving various practical tasks: revealing the adulterations of
foods15 and dietary supplements16, determining the manufacturer17,18, discriminating the sorts of oils19,
alcoholic beverages20 and soils21, determining gender by a dactylogram22 and identifying patients with
malignancies23. Many �ngerprinting methods rely on �uorescence spectral data. In most cases, intrinsic
�uorescence of the samples is employed24,25.

A less popular but more e�cient �ngerprinting technique involves the addition of �uorophores to
samples. In this strategy, not only �uorescent compounds contribute to the signal but also the
compounds which can interact with the added �uorophore and thus affect its quantum yield26–32. This
approach allows for identi�cation of counterfeit drugs26, discrimination of phosphates27 and various
mixtures of drugs28,29.

The purpose of this research was to develop a chemical �ngerprinting method for distinguishing
irradiated potato tubers treated by accelerated electrons and X-rays from non-irradiated ones, and if
possible, classify the tubers irradiated with different doses.

Materials And Methods
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Materials. Potatoes of two different varieties were purchased locally. Chemical reagents used in the
research were obtained from Sigma–Aldrich. The carbocyanine dyes (Fig. 1) were synthesized by the
authors following the published protocols: dye 133, dye 234, dye 335, dye 436.

Experimental techniques
Electron beam treatment. Potato tubers were subjected to radiation treatment as single pieces. The
irradiation was carried out at Skobeltsyn Institute of Nuclear Physics (Moscow, Russia) using continuous
wave linear electron accelerator UELR-1-25-T-001 with an energy of 1 MeV and a maximum average beam
power of 25 kW. The beam current varied from 50 to 500 nA and the ambient temperature was about
20°C. The tubers were placed on a 35 mm × 182 mm duralumin plate which was located 12.5 cm from
beam input and irradiated with 10 Gy, 100 Gy, 1 kGy and 10 kGy from two sides. In one experiment each
dose was applied to 6 tubers, and 6 tubers were left as controls. The absorbed dose was estimated taking
into account the charge absorbed by duralumin plate. The algorithm for dose estimation is described in
paper 37.

X-ray irradiation treatment. Two-side X-ray irradiation of potatoes was performed at the Physics
Department of Moscow State University using DRON UM-2 unit with power supply PUR5/50 and X-ray
tube BSV-23 with a copper anode. Prior to irradiation the tubers were cut into 6 mm thick, 6 mm long and
15 mm high parallelepipeds which were then placed in 2-mL polypropylene tubes with the diameter of 9
mm. The sample was placed directly in front of the beryllium window of the X-ray tube. The tube current
was 26 mA and the voltage was 30 kV. The irradiation was carried out in the room with the ambient
temperature of 20 ºС. The samples were irradiated with 100 Gy, 1 kGy and 5 kGy doses. Each dose was
applied to two identical samples; two non-irradiated samples were left as controls. The doses absorbed
by the samples were estimated as described37.

Dose distribution in potato samples. For the sphere, computer simulation based on Monte-Carlo method,
with the toolkit GEANT4, was performed for bilateral irradiation of spherical water phantom with the
diameter of 4 cm and the density of 1 g/cm3 which imitated a potato tuber. The phantom was irradiated
with 106 electrons having the energy of 1 MeV. The electron source was a 5 cm square located 2.5 cm
away from the phantom.

A cube with the edge of 4 cm, split into 20 × 20 × 20 cube cells having the edge of 2 mm, with the same
center as the spherical water phantom was irradiated to estimate the dose distribution throughout the
entire volume of the phantom (Fig. 2,a). For the sphere the simulation only took into account the cells
which were fully �lled with water.

In the simulation a 6 mm thick, 6 mm long and 15 mm high water parallelepiped was irradiated with 108

photons as shown in Fig. 2,b. The photon spectrum peaked at 9 keV which corresponds to characteristic
radiation of copper, while the bremsstrahlung spectrum reached 26 keV13.
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The water parallelepiped was divided into 60 × 60 × 150 cube cells having the edge of 0.1 mm.

Sample preprocessing. After irradiation with electrons, the potato tubers were skinned using a vegetable
peeler. A 1 mm thick layer from the parts of the samples which had the maximum exposure to electrons
and X-rays were then peeled off; the 4 g portions of the shreds were placed in 20-mL polypropylene vials,
and 10 mL of water puri�ed using a Millipore water puri�cation unit were added to the mixture. To avoid
oxidation of the extracts with atmospheric oxygen, which leads to their coloration, 100 µL of 0.1 mol/L
solutions of ascorbic acid or sodium sul�te were added as antioxidants.

After irradiation with X-rays, 1 mL of deionized water and 15 µL of 0.1 mol/L ascorbic acid solution were
added to each sample in the plastic test-tube.

The samples were then placed on an orbital shaker for 9 h followed by the subsequent storage during
10–12 h before analysis.

Indicator reactions using carbocyanine dyes. The aqueous extracts of potatoes were introduced into
oxidation-reduction (redox) and aggregation-type indicator reactions. For the redox reactions, the
following solutions were pipetted to the 96-well polystyrene plates (Thermo Scienti�c Nunc F96
MicroWell, white, cat. No 136101) in the indicated order: 1) phosphate buffer (pH 7.4, 0.067 mol/L), 30 µL;
2) water (up to a total volume of 300 µL); 3) 1 mmol/L cetyltrimethylammonium bromide (CTAB), 30 µL;
4) potato aqueous extract, 25 µL; 5) 1 mol/L H2O2, 30 µL, 6) 1 mmol/L CuSO4, 30 µL; 7) 0.1 g/L dye in
water, 30 µL. Multichannel pipettes were used to �ll a large number of wells. The moment of dye addition
was taken as the start of the reaction.

For the aggregation-type reaction, the following solutions were mixed in the plate: 1) buffer (pH 7.4) or
HCl solution (0.1 mol/L, for dye 1), 30 µL; 2) water (up to a volume of 300 µl); 3) CTAB 1 mmol/L, 70 µL
(for dye 1) or sodium n-dodecyl sulfate (SDS), 8 mmol/L (dye 4), 30 µL; 4) potato extract, 25 µL; 5) dye,
0.1 g/L (dye 4) or 0.04 g/L (dye 1) in water, 30 µL.

In one set of experiments, the potato extract was introduced in one aggregation-type indicator reaction
(with dye 1 or 4) and two redox-type reactions (with dyes 1, 2 or 3). The reactions of the potato extracts
with added ascorbic acid and sul�te as antioxidants were conducted separately. The visible and NIR
�uorescence images of the 96-well plates with the reaction system were taken every few minutes for the
redox reactions (during 15–30 min) and once for the aggregation-type reaction. The photographs in
visible light were taken by a smartphone camera; near-IR �uorescence was monitored using a home-made
NIR visualizer including red LEDs (660 nm) as light source and a Nikon D80 photo camera with a light
�lter cutting off the visible light up to 700 nm33. For each radiation dose and control (non-irradiated
samples), 1–3 potato tubers were studied, and 5 parallel runs were performed for each tuber (5 wells of
the plate were �lled).

Data treatment. The images were digitized using ImageJ software (Fiji) to obtain the mean intensities
corresponding to separate wells. No RGB splitting was performed, as no wavelength maxima differed
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between samples. The results of digitization of the photographic images were presented as data tables
with columns corresponding to different indicator reactions and various reaction times; the maximum
number of columns was 22. The rows of the data table corresponded to different runs (5 parallel runs for
each tuber, 2 or 3 tubers for each dose, 4–5 doses including the zero dose), so that the maximum number
of rows was 75. An example of data table is shown as Supplementary Table S1.

The data were subjected to principal component analysis (PCA) using the Unscrambler X (Camo
Software, Norway) or linear discriminant analysis (LDA) using the XLSTAT Excel (Addinsoft, USA) add-on.
The results were visualized in the form of scores plots in the coordinates of principal components PC1–
PC2 and PC1–PC3 or LDA factors F1–F2 and F1–F3. Mahalanobis distances (MD)38 between the
validation points and groups of points corresponding to certain doses were used in estimating the
accuracy of discrimination. Ellipses in the plots were constructed arbitrarily, as a guide to the eye.

Results And Discussion
Dose distribution over the sample. The simulation estimated the dose absorbed by each cell and
standard deviation to assess absorbed dose error:

1

where  is the sum of energies lost in i cell,  is the number of events in i cell, and m_i is the

mass of i cell.

2

where  is the sum of  values in i cell. The dose in each cell was divided by the maximum
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color-coded to show the dose distribution in the phantoms (Fig. 3a, b).
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In water parallelepiped, the layers located close to beryllium window of the X-ray tube received the
maximum dose (Fig. 3b). Further, the dose plummeted as photons were penetrating deeper than 1 mm
into the phantom.

Development of a chemical test. The task was to differentiate between potato tubers irradiated with
different doses and the non-irradiated samples. Our attempt to use the classical �ngerprinting approach
for this purpose was not successful: the samples did exhibit intrinsic �uorescence, but its intensity did
not change as a result of irradiation. The technique of adding �uorophores to potato samples was not
successful either: the signal of the added dye did not change with the dose.

We had to turn to a more sophisticated �uorescent �ngerprinting technique which we suggested recently.
This strategy relies on the effect of analytes on two types of indicator reactions: (1) catalytic oxidation of
a dye with H2O2

39 and (2) the formation of �uorescent aggregates of the dye with the analyte and a

surfactant33,40. By the analytes we imply reactive chemical components of the sample whose
concentration could have changed as a result of radiation treatment. In system (1), the analytes are
supposed to bind with the transition metal ion (Cu2+ or Pd2+) that catalyzes the oxidation of a
carbocyanine dye with hydrogen peroxide. As a consequence, the oxidation reaction rate changes, which
is tracked by the visible light absorption and by the �uorescence intensity change of the carbocyanine
dye in solution39.

In system (2), the reactive analytes form a “hydrophobic ion pair”40 with an oppositely charged
surfactant. For the biological species supposedly containing in the sample, which are for the most part
anionic, a cationic surfactant cetyltrimethylammonium bromide (CTAB) was used. The hydrophobic ion
pairs were found33 to incorporate hydrophobic dyes, which is accompanied by �uorescence
enhancement. The types (1) and (2) indicator reactions were studied by us earlier, and the concentration
conditions for the present research were selected based on the previous studies35,39. In reactions of type
(2) we employed hydrophobic dyes prone to forming �uorescent aggregates with a surfactant and an
oppositely charged analyte (dyes 1 and 4)33,35,39. In type (1) reactions we used less hydrophobic and
more water-soluble carbocyanines that could be easily oxidized by H2O2 (dyes 2–4)35,39. The
concentrations of the oxidant and metal ion-catalyst were chosen to provide a reaction rate convenient
for observation (1 M hydrogen peroxide, 1 mM Cu2+). The general strategy is schemed in Fig. 4.

The development of signal over time was recorded photographically in the visible and near-IR region (Fig.
5, each three adjacent columns represent a sample). It can be seen that the differences between samples
are not very pronounced. There was a question, whether these differences were su�cient to distinguish
between the absorbed doses. To solve this problem, the images were digitized and subjected to
chemometric treatment. The indicator reactions and concrete images used in chemometric treatment are
listed in Supplementary Table S2. The results were presented as scores plots allowing to more explicitly
visualize of the differences between the samples.
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Discrimination of tubers irradiated by an electron beam. For the set of experiments No 1, the different
doses were not discriminated by using principal component analysis (PCA). We turned to discriminant
analysis (LDA), which is a supervised technique, i.e. the software is informed about which signals belong
to which class (irradiation dose). Before performing the LDA procedure, all data were divided into training
set and validation set. The training set is used by the LDA software to establish the relationship between
the sample and its dose (create the model), and the validation set is used to verify the quality of this
model. As a compromise, we chose a validation set size as 28–30% of all data (14–15 samples out of
the total amount of 50). A larger number of validation samples would shorten the training set and impede
the discrimination quality.

LDA yields a 4-dimensional score plot in the coordinates of factors F1–F4. The potato samples irradiated
with different doses are represented as groups of points in this plot. The accuracy of discrimination by
LDA technique is estimated as the percentage of correctly assigned validation samples. For example, the
points in Fig. 6 correspond to 36 training and 14 validation samples. Since the discrimination is not
perfect, it is di�cult to assign some of the validation points to speci�c groups of training samples. The
software considered such assignment as correct if the Mahalanobis distance between the validation
point and the training sample group of the correct dose was minimal among the distances to the other
groups. In other words, the correctly assigned validation point should be located closer to the group of
points of the dose it originated from. The distances for such disputed points are illustrated in Fig. 6.
Accuracy was calculated as the ratio of the number of correctly assigned validation points to the total
number of validation points; the software presented this result as confusion tables (Table 1).

Overall, for the data demonstrated in Fig. 6, the tubers irradiated with an unknown dose can be assigned
to one of the doses (10; 100; 1,000 and 10,000 Gy) with 100% accuracy using the basic data set.  

Table 1
An example of confusion matrix for the validation points obtained by the XLSTAT

software. Incorrectly predicted doses are shown in bold font
True

dose, Gy

Predicted dose, Gy Total No

of points

Accuracy*

0 10 100 1,000 10,000

0 1 0 1 0 0 2 50,0%

10 0 3 0 0 0 3 100,0%

100 0 0 3 0 0 3 100,0%

1,000 0 0 0 2 1 3 66,7%

10,000 0 0 0 0 3 3 100,0%

Total No of points 1 3 4 2 4 14 85,7%

* Number of accurately predicted values / total number of validation points.
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The red arcs in graph (a) connect the validation points and the barycentres of the nearby groups
corresponding to certain absorbed doses shown as black squares; the Mahalanobis distances in the
space of factors F1–F4 are shown in red numbers beside the arcs. Validation procedure can be
considered, for example, for a validation point located between the doses of 10 kGy and 100 Gy; this
point is seemingly closer to the 10 kGy group; however, in the other dimension (F1–F3) that point is at a
greater distance from the 10 kGy group. Quantitatively, the 4D distances from this point to 10 kGy and
100 Gy groups are 8.9 and 6.1 units, respectively (shown by the red arcs), which implies that the point
belongs to the 100 Gy group. Similar situations can be viewed for the other validation points.  

Table 2
Accuracy of discrimination of potato tubers irradiated with electron beam for various data sets of

experiment No 1
Data set used for treatment Number of data

columns*
Accuracy,
%**

Basic data set 22 100

Aggregation reaction of dye 1 removed 20 78

Oxidation reaction of dye 3 removed 16 78

Oxidation reaction of dye 2 removed (samples with sul�te) 16 86

Oxidation reaction of dye 2 removed (samples with
ascorbate)

14 86

Only dye 2 reactions are used 12 86

Only NIR images are used 12 80

Columns with the highest standard deviations are used*** 7 64

Data are selected by the largest visual difference between
photographs

5 57

* Each column contains data for one indicator reaction at a certain reaction time (concrete
characteristics of the data cloumns are given in Supplementary Table S2).

** Percentage of validation points correctly assigned to their groups (automatically calculated based
on the comparison of Mahalanobis distances to the groups. The results were presented as tables
similar to Table 1).

*** Standard deviations were calculated for the columns as measures of data diversity between
samples.

Reduction of data. Discrimination of potatoes irradiated with different doses was based on 3–4 indicator
reactions. In order to reduce the number of experiments, an attempt was made to �nd out whether it was
possible to reduce the amount of data. If an indicator reaction (based on dyes 1, 2 or 3) was excluded
from the basic data set of 22 columns to give a reduced set of 14–20 columns, the discrimination
accuracy dropped to 78–85% (Table 2). The same accuracy was observed if only dye 2 reaction was
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used or only near IR images were treated (12 columns). Further reduction of data resulted in substantial
deterioration of accuracy. The corresponding score plots are given in Supplementary Fig. S1, a–f.

Effect of potato variety. Experiment No 1 was conducted with the potatoes of one variety. However, a
situation may arise where the tubers irradiated with known doses belong to one variety, while the tubers
irradiated with an unknown dose are of a different variety. For this reason, in experiment No 2 we studied
two different potato varieties (X and Y), three tubers of each. The indicator reactions used in experiment
No 2 were the same as those in experiment No 1. The dose of 10 Gy was not used in experiment No 2 in
order to reduce the number of rows in the data table.

When only the samples of variety X were considered, 100% accurate discrimination of the samples
according to the doses was achieved (Fig. 7,a). For variety Y, the 100 Gy and 1,000 Gy samples were
poorly separated (Fig. 7,b). Due to that, all doses were correctly assigned only in 93% cases (the average
of 5 validation runs, each run was performed with 48 training and 12 random validation samples). For
both varieties it was possible to con�dently distinguish between the irradiated and non-irradiated
samples.

When all data were treated without the distinction of X and Y varieties, the groups of points were also
partly overlapping (Fig. 7,с). The accuracy of determination of the dose for the combined varieties was
89% (the result of validation procedure repeated 5 times with 25 validation and 95 training samples).
Consequently, the discrimination of doses can be achieved even for the tubers of different varieties,
though it can be less e�cient that within one variety.

Discrimination of tubers irradiated by X-rays. The same dose of electron beam radiation can be more
e�cient than X-rays since it can destroy microorganisms more e�ciently, as it was found in the study of
irradiation of turkey meat13. Nevertheless, we explored the feasibility of discriminating between the X-ray
doses absorbed by the potato samples. Two tubers of one variety were studied. Technically, the whole
tubers could not be treated, for which reason the potato pieces sized 6 mm × 6 mm × 15 mm were placed
in the Eppendorf tubes and irradiated during 50 s to 21 min, which corresponded to doses of 0, 100, 1000,
and 5000 Gy. After irradiation, the samples were extracted with water similarly to the samples irradiated
with an electron beam, and after 24 h of extraction, the same indicator reactions were carried out in the
96-well plate. Each sample was measured in 5 parallels, which gave totally 40 samples (2 tubers × 4
doses × 5 parallels). The data were collected 3 times during 20 min for the redox reaction, which totally
yielded 24 data columns. The whole data set was used for the discriminant analysis treatment.

The results shown in Fig. 7,d demonstrate that the X-ray doses can be completely discriminated.
Validation was performed 5 times with a random validation set (each time with 32 training and 8
validation samples). Out of the total number of 40 validation samples, 38 were assigned correctly, which
corresponds to the discrimination accuracy of 95%.

Advantages, limitations and prospects. A limitation of the suggested chemical �ngerprinting method is
the necessity to analyze the reference samples of known composition along with the unknown ones. In
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other words, the samples irradiated with known doses and control samples should be treated
simultaneously with the unknowns. Theoretically, the measurements of known samples could be
performed in advance, but the real day-to-day reproducibility of the optical signal in the indicator
reactions is not perfect, and the results obtained on one day cannot be reliably used on another day. This
is a consequence of the nature of the reactions used in this method and a price to pay for their sensitivity.

In this study, we extracted the samples on the day of irradiation. Some additional research effort is
needed to �nd out how long after exposure it is still possible to determine the dose (for example, if the
sample was irradiated a week or two ago).

It is clear that the properties of potato samples may strongly depend on the variety, conditions of growth
and other factors, which can eventually alter the discrimination e�ciency. This work only shows the
fundamental possibility of determining the order of the absorbed dose. Other foods should be also
studied in this regard.

The �ngerprinting technique does not allow us to reveal the nature of compounds formed in the irradiated
samples that in�uence the indicator reaction rate and allow for the discrimination of samples. However,
this knowledge is unnecessary for solving practical tasks.

The advantage of this method over chromatography techniques is its relative simplicity with no spectral
or other sophisticated instrumentation involved except for the photo cameras and red light LED source. In
this study we used synthesized carbocyanines but the protocol can be later adapted to commercially
available dyes. The accuracy of discrimination can be further improved by implementing new indicator
reactions that would be more sensitive to the composition of irradiated samples.

Conclusion
The suggested chemical test is capable of discriminating the doses absorbed by potato samples
irradiated with X-rays or an electron beam. Differently irradiated samples demonstrate different indicator
reaction rates due to the formation of reactive chemical compounds as a result of treatment. The non-
irradiated tubers can be distinguished from the tubers irradiated with low doses (100 Gy and, in some
experiments, 10 Gy) by using discriminant analysis technique. Estimation of the absorbed doses differing
by an order of magnitude is also possible: the accuracy of discrimination between such doses is 89% (for
a mixture of two different potato varieties). The suggested strategy can be potentially applied to other
types of foods.
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Figure 1

Structures of the dyes used in optical “�ngerprinting” of potatoes.

Figure 2

Modelling the two-side irradiation of a potato tuber: a – with 1 MeV electrons, b – with X-rays.
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Figure 3

Relative dose distribution in the Φ 4 cm water sphere (a) and 6 mm thick, 6 mm long and 15 mm high
water parallelepiped (b).
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Figure 4

Principles underlying indicator reactions used in sensing. Analyte is an unknown compound formed as a
result of radiation interaction with the sample. 
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Figure 5

Examples of photographs of the plates for the redox indicator reaction (oxidation of dye 2 with hydrogen
peroxide: a and b) and the aggregation-type indicator reaction (with dye 1: c and d) in the NIR region (a, c)
and visible light (b, d). Three different tubers were studied for each radiation dose; an aqueous extract of
a sample of one tuber (extracted with the addition of ascorbic acid) was placed into each of the �ve wells
arranged in vertical rows. Sample order, left to right: columns 1–3: 0 Gy (non-irradiated); 4–6: 100 Gy; 7–
9: 1 kGy; columns 10–12: 10 kGy. The time from the start of the redox reaction (a, b) was 11 min, the
photographs for the aggregation-type reaction (b, c) were taken immediately after mixing the solutions.
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Figure 6

Discriminant analysis score plots for experiment No 1 performed with potatoes of the same variety
irradiated with electron beam (doses from 10 Gy to 10 kGy) and a control (0 Gy), two tubers for each
dose. Coordinates: a – F1–F2, b – F1–F3; 20 columns of data, based on three indicator reactions, were
used for constructing the graphs (see Supplementary Table S2). Filled signs are training points, and
empty signs are validation points. 
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Figure 7

Discriminant analysis score plots for experiment No 2 (electron beam irradiation, a–c) and X-ray
irradiation (d). Irradiation with electron beam was performed for potatoes of variety X (a), variety Y (b),
and two mixed varieties (X and Y) (c) with doses 0 (control), 100 Gy, 1 and 10 kGy, 3 tubers with each
dose. Irradiation with X-rays was performed with doses 0, 100 Gy, 1 and 5 kGy, 2 tubers for each dose.
Validation points (total amount of 12 for a and b, 25 for c, 8 for d) are shown as empty signs, and training
points as full signs. Only one validation run is exempli�ed in each graph.
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