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Using Fluorescence Spectrometer Lumina, fluorescence spectra of surface slices of apples and potatoes were measured. Some of the samples were healthy, some were infected: apples had scabs, potatoes had rot and mechanical damage. For apples, two zones were found where the emission spectra of healthy and scab-affected samples differed significantly from each other. This is the region of 400–450 nm with excitation of 300–350 nm, as well as the region of 680–750 nm with excitation of 400–450 nm. For potatoes, the differences between a healthy and rot-affected sample were found only in the region of 400–450 nm with excitation at 300–350 nm. The found differences are clearly manifested in the correlation coefficients between the spectra - the minimum correlation coefficient for healthy apples and scab at 450 nm excitation r = 0.51. Also, healthy and diseased samples are well separated using principal component analysis (PCA). The revealed differences in the fluorescence spectra can be used for the detection and separation of diseased and healthy fruits and vegetables.
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INTRODUCTION
The growth of the planet's population leads to a quantitative and qualitative increase in technologies used in agriculture. Fluorescence spectroscopy is one of the high-tech solutions in this field. Fluorescence is used to analyze the quality of fruits [1], diagnose plant diseases [2, 3], obtain information about the influence of environmental stress factors [3–7], about the concentration of chlorophyll in the leaves of crops [8]. Usually, the analysis uses the ratios of the intensities of the fluorescence peaks in the blue 440 nm, green 520 nm, red 680 nm, and far red 740 nm regions [9]. Many vegetative indices have been invented, using mainly these peaks, to detect diseases in spectroscopic studies [10]. Blue-green fluorescence is associated mainly with phenolic compounds [11]. The latter are usually localized in the cell wall [12, 13] and perform mainly antioxidant functions and functions of protectors of fungal and viral diseases [14]. The red and far red fluorescence region is associated with chlorophyll, which is contained in chloroplasts - compartments of eukaryotic cells responsible for photosynthesis [11].
Today, the advent of cheap and sensitive detectors has led to the appearance of portable devices that can diagnose the content of anthocyanins, flavonols and chlolrophyll in fruits and leaves with an accuracy comparable to laboratory studies [15]. With the development of video technologies, methods appear that use not only the spectrally obtained ratios of the above peaks. Recently, the methods of multispectral or hyperspectral imaging have been actively developed [10, 16, 17]. These methods are based on the detection of spectral information not only in the visible, but also in the UV and IR ranges, while the information is usually taken from a sufficiently large area of the object under study. The resulting large amount of spectral information needs to be processed. The most commonly used data reduction methods are principal component analysis (PCA), various discriminant analysis (DA) methods, and artificial neural networks (ANN). The methods used for processing spectral information are often used to separate plants and their fruits by quality and for early diagnosis of diseases.
One of these diseases - apple scab, caused by the fungus Venturia inaequalis, is considered the most serious disease of the apple tree [18]. Although fluorescence as a method is widely used in agriculture, there is no work devoted to the use of fluorescence for the diagnosis of this disease. There are about a dozen matches in the WoS database using “apple scab”/”venturia inaequalis” and “fluorescence”. Basically, fluorescence imaging was used in conjunction with other methods (reflection, thermography in IR), and the work was carried out on apple leaves [19, 20]. The situation is similar for potato root or other potato diseases. However, in recent years, studies have begun to appear that use fluorescence to diagnose fungal diseases or substances harmful to humans in potato tubers [21, 22].
In our opinion, the fluorescence spectra of the main diseases of fruit crops are certainly of interest not only from a scientific point of view, but also for solving many applied problems in the agricultural industry. The main goal of the work is to determine the optimal zones of excitation and emission in the UV and light range using a precision laboratory fluorimeter for diagnostics in order to separate/quantify diseases (scab and rot) and damage to the surface tissues of fruit and vegetable crops (apples, potatoes).
METHODS
Studying the fluorescence of apples and potatoes using the Fluorescence Spectrometer Lumina. Precision fluorescence measurements of apples and potatoes were performed using a Fluorescence Spectrometer Lumina (Thermo Scientific, Waltham, Massachusetts, United States). The radiation source of the fluorimeter is a 150 W xenon lamp. The spectral width of the slit of the excitation and registration monochromators during the measurement of the spectra was 5 nm. Voltage across PMT (Photomultiplier tube) 800 V, integration time 20 ms, scan time 1,200 nm/min. Cuts from the surface (peel) of apples (Figures 1A,B) and potatoes (Figures 2A–C) were used as samples. In the device, the excitation inlet and emission outlet are at an angle of 90°; therefore, a standard quartz cuvette (10 × 10 × 45 mm) transparent on all sides was used as a sample holder. Sections of superficial tissues (skin with epidermis trapping) ∼0.5 mm thick using quartz plates ∼12 mm wide were fixed along the diagonal of a quartz cuvette at the beam height and placed in the sample holder of the device.
[image: Figure 1]FIGURE 1 | (A) Senator apple with scab infestation. The surface layer was examined and cut off, the cut contour is indicated in the photograph by a solid line. (B) Apple after sampling. (C) Fluorescence spectra of uninfected (blue) and scab-infected (red) surfaces of Senator apples. (D) Normalized peak height at 400 nm (excitation 250 nm) fluorescence spectra of Senator apples.
[image: Figure 2]FIGURE 2 | (A) Sampling areas for healthy potatoes (blue), (B) when rotting (red), (C) a place of mechanical damage, a new skin has grown in place of the damaged one (green). (D) Fluorescence spectra of the surface of the potato variety Kumach (blue), with rotting (red), a place of mechanical damage with a new skin (green). (E) Normalized by the height of the peak at a wavelength of 400 nm (excitation 250 nm) fluorescence spectra of the surface of the potato variety Kumach.
Samples of horticultural crops. We used apples of the Senator variety with scab, potatoes of the Kumach variety, some of the potatoes had mechanical damage and new skin in their place, some of the potato tubers (“potato tuber”) were subject to rotting caused by fungi (fusarium wilt). Before use, the apple samples were kept in the refrigerator for a long time (∼1–2 months). Potatoes were kept in the dark (∼1–2 months) at room temperature. Before measurements, the samples were exposed to light at room temperature for 2–3 h. Slices of apple and potatoes were made immediately before measurements. Measurement time for one sample ∼20 min. During this time, the fluorescence spectra of the samples did not change significantly.
Processing and analysis of the main components of fluorescence spectra. Usually, to compare the spectra of different samples, they are normalized. Due to small changes in the spatial arrangement of the samples, their fluorescence spectra can differ significantly. Normalization can be done in several ways. One of them is the spectrum area normalization. In this case, the area under any spectrum is equal to one. This normalization works well when the fluorescence spectra (peaks at certain frequencies) are similar for the samples, and the difference in peak amplitude arises from differences in spatial arrangement.
In our case, the fluorescence spectra differ not only in amplitude, but also in the presence of peaks. For example, for an apple sample infected with scab, there is no peak at 680 nm, which is in the control sample in the spectrum with excitation at 400–450 nm (Figure 1C). In such cases, normalization is usually performed by the peak, that is, the intensity of the most pronounced peak is taken as a unit. In our case, the peak for all apple and potato samples is observed at 400 nm with excitation at 250 nm. The fluorescence can depend on both the geometry of the object and the number of fluorescent molecules. By normalizing to the 400 nm peak at 250 nm excitation, we compare different samples in geometry and in the number of fluorescent molecules, which makes it possible to compare spectra at other excitation lengths of 300–500 nm.
To compare a set of spectra and their classification, spectral analysis usually uses methods that reduce data and select the most significant ones. The most popular of these is Principal Component Analysis (PCA). The method replaces similar correlated spectral variables with fewer uncorrelated linear combinations covering most of the data variation. Principal component analysis was performed using Statistica (Stat Soft) software.
RESULTS AND DISCUSSION
Figures 1C and 2D show the fluorescence spectra of apple and potato surfaces. In order to be able to compare the spectra at different wavelengths, the measurements were performed without using filters. Because of this, it was necessary to shift the beginning of emission spectra measurements by 30 nm from the exciting radiation and make a gap in the spectrum at the place of the second order of excitation. Discontinuities in the graphs (Figures 1, 2) at wavelengths of 500 ± 30, 600 ± 30,700 ± 30, 800 ± 30 nm are due to the presence of a high-intensity second-order excitation from radiation in the wavelength range of 250–400 nm. One of the simplest methods for comparing multiple spectra is to find and analyze their correlations. Table 1 shows the correlation coefficients for the spectra excited at different wavelengths for apple (top) and potato (bottom). The smallest correlation, and, consequently, the largest differences, were found for an apple for excitation wavelengths of 300–350 nm, and for potatoes for 300 nm. Figures 1D and 2E show the normalized spectra for apple and potato samples. In addition to direct normalization, the spectral regions associated with the first, second (for 250–400 nm excitation) and third (for 250 nm excitation) orders of the incident radiation were expanded (up to 50 nm) and zeroed. The normalization procedure brightened the differences between the apple samples (Figure 1D). This is especially noticeable upon excitation at 450 nm, where the correlation coefficient decreased from 0.98 to 0.51 (Table 1).
TABLE 1 | Correlation coefficients of the spectra of a healthy apple surface and an infected scab for excitations with different wavelengths (highlighted in gray). Below are the correlation coefficients of the spectra of the healthy surface of potatoes, potatoes prone to rot and the place of new skin after mechanical damage. Correlation coefficient values <0.9 are marked in bold.
[image: Table 1]Figure 3 shows the results of principal component analysis for apple (Figure 3A) and potato (Figure 3B) for the original and normalized data. Here the 530-dimensional space (emission wavelength from 270 to 800 nm) is reduced to a two-dimensional representation covering more than 50% of the original dispersion. To avoid a discontinuity in the data in the PCA analysis (the beginning of the emission spectra and the second-order excitation zone in Figures 1, 2), the intensity values in these zones were taken to be zero, as in Figures 1D and 2E. Figure 3 shows the data normalization improves data separation using the PCA method. The main contribution to the separation of the healthy apple and apple surfaces with scab is made by measurements at excitation of 300 nm and, to a lesser extent, at 350 and 450 nm. In addition, data normalization increased the variance described by the first two components PC1 and PC2, from 50.8 to 62.2%. The main differences in the emission spectra of a healthy and scab-infected apple lie in the range of 400–450 nm with excitation of 300–400 nm, as well as in the wavelength range of 680–750 nm with excitation of 400–500 nm. In general, the use of the PCA method (Figure 3) gives a similar picture with the earlier analysis of correlations (Table 1).
[image: Figure 3]FIGURE 3 | (A) Results of principal component analysis of primary data and after normalization for uninfected (blue) and infected scab (red) Senator apple samples. (B) Results of the analysis of the main components of the primary data and after normalization for potato samples of the Kumach variety (blue), with rotting (red), the place of mechanical damage with a new skin (green).
In contrast to apple, the application of PCA to potato tubers leads to visible differences only at excitation of 300 nm (Figure 3 on the right). In this case, the normalization procedure increases the variance described by the first two components PC1 and PC2 from 51.4 to 63.0%. Interestingly, this result is not consistent with the correlation analysis where normalizing the data increased the correlation coefficients between control/broken and rotting potatoes (Table 1).
The emission spectra of apple peels excited in the UV and blue-green regions are generally similar to the emission spectra of green leaves [4, 7]. Upon excitation at 350 nm, the emission spectra of apple peel (Figures 1, 3) and leaves have a maximum in the region of 440 nm. However, there are also differences. Excitation of the apple in near UV does not expose the peaks associated with chlorophyll (680–740 nm). Earlier, it was shown for leaves that the ratio of the intensities of the peaks 740/680 depends on the chlorophyll concentration [8]. The presence of a peak at 680 and no peak at 740 nm with excitation of 400–450 nm confirms the presence of a small amount of chlorophyll in a healthy apple sample. The absence of a chlorophyll peak in a sample infected with scab (Figure 3, excitation at 450 nm, emission at 680 nm) indicates three possible variants: chlorophyll is destroyed in the area affected by the scab, the scab screens the excitation, or the emission is “quenched” by the scab. In any case, the observed differences in the emission spectra in the 680 nm region at an exposure of 400–450 nm are convenient and can be used for the problems of diagnostics and separation of healthy and diseased fetuses.
For potatoes, in the region of chlorophyll fluorescence (680–740 nm), no peaks were found in any of the samples (Figure 2). The absence of chlorophyll in the presented potato samples can be a good starting point for spectral detection of solanine, a poisonous glycoside, which is actively synthesized in potatoes together with chlorophyll under the influence of solar set [23]. It is noteworthy, but there are already works that use hyperspectral fluorescence methods to predict the solanine content in potato tubers [21]. For another spectral range in the blue-green spectrum (400–520 nm), there are many fluorophores that can induce fluorescence in plants [11]. Apple and potato fluorescence (Figures 1, 2) fluorescence in the green region of ∼520 nm is much lower than the fluorescence peak in the 400–440 region with excitation at 300–350 nm. The peaks in this range may be due to the fluorescence of cinnamic acids (ferulic, sinapic and caffeic acid), chlorogenic acid, coumarin acids (esculetin and scopoletin) (coumarins aesculetin) and scopoletin, stilbenes [11, 13, 24] And if the maximum of the fluorescence peak for the presented acids lies in the range of 440–450 nm, for stilbenes the maximum lies in the region of 400 nm [11].
As already noted, all of the above substances are used by plants for antioxidant protection, as well as for protection against viruses and fungi [14]. From the point of view of identifying causal relationships, it is interesting to trace the development of diseases in the early stages and find out whether the occurrence of scab and rot on fruits is associated with initially lower levels of flavonoid concentration or the development of the disease led to a significant decrease in fluorescence peaks in the blue-green area (Figures 1D, 2E).
The data obtained already now make it possible to single out the range of excitation and emission necessary for the problems of detecting “bad” fetuses. In further studies with multiple samples, it is planned to additionally confirm the validity of the data obtained. Already at this stage of research, it is possible to draw several conclusions on the mathematical methods of data processing and separation. In the case of pronounced peaks in one sample and their absence in the other (peak at 680 nm in Figure 1D), the spectra are well separated and codified using the usual correlation coefficient (Table 1 data for an apple at 450 nm). However, when there are no pronounced peaks (Figure 2E), the correlation coefficients (Table 1 data for potatoes 300 nm), although different, do not provide reliable grounds for separating the data. In this case, the use of PCA is a necessary procedure and the results for potatoes confirm this (Figure 3, normalized). A small variance ∼60% of the first two components PC1 and PC2 for both apple and potatoes is certainly not a very good indicator. For comparison, in ref. 2, the variance of only the first component of PC1 was 89%. The low dispersion of the main components in our work is a consequence of the presence of many zero points in the spectra (Figures 1D, 2E), which arose due to the need to work without a filter to compare spectral data in a wide range of excitation and emission.
CONCLUSION
The spectra obtained on the healthy surface of the apple and from the area affected by scab differ significantly from each other. Especially in the blue–green region (400–450 nm) at 300–350 nm excitation, as well as in the red–far red region (680–740 nm) at 400–450 nm excitation. With scab disease in the blue-green area, there is a decrease in the concentration of phenolic compounds, which usually play a key role in antiviral and antifungal protection. It should be noted that the chlorophyll peak (680 nm, at 450 nm excitation) is almost completely absent on the scab-affected area of the apple in the red region. This is probably the best marker for scab detection. For potatoes, a significant difference in the spectra of the samples was revealed only for the blue-green region (400–450 nm, at 350 nm excitation). Under these conditions, the spectrum of a sample of a potato tuber affected by rot differs most significantly from the spectrum of a healthy potato tuber.
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