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Abstract: Recently, studies on climate change have highlighted the central role of photosynthetic
mechanisms in the defense response of plants to abiotic and biotic stresses. Photo-sensing and photo-
activation are innovative technologies applied for the early detection of plant pathogens in order
to prevent the dramatic impact they may have on plants. Chlorophyll Fluorescence Imaging (CFI)
and Laser-Induced Breakdown Spectroscopy (LIBS) analytical techniques can be used to evaluate the
amount of chlorophyll in plants, which can be altered in the case of biotic and abiotic stresses. In this
work, both techniques were applied to two pathogenic model systems, i.e., roots of susceptible tomato
plants infected by Meloidogyne incognita and Nicotiana benthamiana plants infected by cymbidium
ringspot virus. Experimental evidence is provided and discussed showing that specific application
protocols of both methods can be used successfully for the early detection of symptoms of the
pathogen attacks of Meloidogyne incognita on tomato roots and of cymbidium ringspot virus infected
plants. In particular, a decrease in chlorophyll content was measured by fluorescence imaging, and
an increase in Mg++ content was determined by LIBS in both the leaves and stems of infected tomato
plants and the leaves of infected plants, with respect to control (non-infected) plants. Thus, the
two techniques used have been shown to be able to discriminate satisfactorily between control and
infected plants and to provide some insight on the underlying mechanisms of plant defenses again
nematodes and viruses.

Keywords: tomato; Meloidogyne incognita root knot nematode; tobacco; cymbidium ringspot virus;
chlorophyll fluorescence imaging; laser-induced breakdown spectroscopy

1. Introduction

The interactions between host plants and viruses or phytoparasitic nematodes affect
plant productivity and tolerance to biotic and abiotic stresses.

Nowadays, a matter of general concern is how invasive the impact of climate change
is on biodiversity and complex systems [1]. In particular, efforts are being made to ad-
dress challenges arising from abiotic (drought, salt and heat) and biotic (diseases) stress
conditions related to food chain production and affecting agriculture and plant health.
Plants under biotic stress, including those induced by fungi, phytoparasitic nematodes and
viruses, produce molecules, substances and signals as defense responses. A wide range
of literature of considerable scientific impact has shown that localized attacks by either
root pathogens or local mechanical wounds induce a systemic production of molecules
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acting as hormones, e.g., salycilic acid (SA) and jasmonic acid (JA), and signal molecules of
various origins.

With the emergence of precision agriculture, the development and implementation
of fast and reproducible methods to detect the pathogen attack as early as possible have
become increasingly important to prevent the loss of production. Both hormone and signal
molecules would be relevant means of the plant defense mechanisms acting to limit the
availability of nutrients to pathogens and their capacity of harnessing the plant metabolism
to their advantage. The complexity of these interactions must be considered duly in studies
of host plant resistance to pathogen attacks. Root knot nematodes (RKN) are soil-borne
root pathogens that can attack many crops of high economic interest, thereby having a
devastating impact on agriculture worldwide. Currently, the root apparatus of tomato
(Solanum lycopersicum L.) infected by the Meloidogyne incognita spp. is one of the best
systems to study plant–parasitic nematode interactions. This phytoparasitic nematode is
particularly interesting as its complete genome has been released for public research, which
has thus opened the possibility to extend the basic studies to infer new biotechnologies for
its control and possible extension to other plants of agricultural interest [2,3]. Pioneering
studies [4,5] have shown that the respiration and intermediary metabolism in roots of the
model plant A. thaliana inoculated with RKN alter the chlorophyll content in the aerial
parts of the plant, so that the rate of photosynthesis can be easily detected by innovative
technologies.

Plant viruses are also widespread pathogens that have a major impact on agro-
ecosystems and the agro-food industry. The tomato mosaic virus (ToMV) belonging to
the Tobamovirus genus was used in the CRISPR/Cas12a-based, sequence-specific detec-
tion of quarantine plant viruses, as it features a high destructive potential and capacity
for transmission by mechanical contact involving hands, tools, soil and parts of infected
plants, and whose detection and control is a major issue for seed companies due to the
characteristic transmissibility from seeds [6]. For all these reasons, efforts have been spent
to detect the viral pathogen and disease by imaging techniques [7,8] and optical methods,
including fluorescence, multispectral and hyperspectral imaging, and thermography [9].
The main advantage of optical methods is that they can detect changes occurring in the
plant during the pathogen–host interaction. Other advantages of these techniques are the
non-invasiveness, high sensitivity and high analytical speed. Specifically for plants, green
leaves can be used to investigate the physiological status of plants by monitoring their
chlorophyll fluorescence or blue-green fluorescence, contributing, for instance, to the early
identification of any type of impairment resulting from major nutrient deficiencies [10].

In particular, Tauseef et al. [11] evaluated the role of different concentrations (0, 25,
50 or 100 ppm) of Mg and the modes of application (root dip, soil drench, foliar spray)
of MgO nanoparticles on cowpea infected with M. incognita. A 100 ppm dose of MgO
nanoparticles applied as root dip resulted in reduced nematode fecundity, a decreased
number and smaller size of galls, enhanced plant growth, and increased chlorophyll,
carotenoid, seed protein and root and shoot N contents. Thus, MgO nanoparticles played a
twin role, both as a nematicidal agent and as a growth promotion inducer. In the same year,
Brouwer et al. [12] found distinctly different distribution patterns of accumulation at the
site of inoculation in the resistant lines for Ca, Mg, Mn and Si compared to the susceptible
cultivar. The results revealed different ionomes in diseased plants compared to resistant
plants. However, our studies will be continued, possibly extending the use of our methods
to other not only susceptible but also resistant plants, and to other models of interaction
such as cyst nematodes–host plants and nematodes–plant fungi [13].

Laser-Induced Breakdown Spectroscopy (LIBS) is a type of atomic emission spec-
trometry based on plasma generation by high power pulses which, in recent decades, has
become a popular analytical technique in several fields of research. This is thanks to its
unique features such as a wide applicability, no or minimal sample preparation, capability
of multi-elemental analysis, no waste production, rapidity, affordable costs and remote
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sensing capability. Further, LIBS is particularly attractive because of the availability of
portable equipment, enabling in situ and on-line measurements [14].

In the last decade, LIBS has been applied widely in the food sector (fruits and grains)
and for the detection of plant diseases [15–19]. LIBS has contributed successfully to
achieving the early diagnosis of citrus, soybean and tobacco diseases. In an early study,
Pereira et al. [20] applied LIBS associated with SIMCA to direct measurement without
any pretreatment of the organic and inorganic signal profiles of citrus plant leaves, either
healthy or inoculated with the bacterium Candidatus Liberibacter asiaticus (CLas). As a result,
citrus samples in the first month of inoculation could be discriminated amongst, with 97%
correct predictions. Some years later, Sankaran et al. [21] applied LIBS to citrus leaves
for the rapid and real-time detection of various anomalies, including the Huanglongbing
(HLB) bacterial destructive disease, citrus cancer and nutrient deficiencies from Fe, Mn,
Mg and Zn. Peng et al. [22] proposed a novel approach based on LIBS to discriminate
between tobacco leaves infected by the tobacco mosaic virus (TMV, a relative of ToMV)
and healthy leaves. The application of the PLS-DA model to LIBS spectral data acquired
on both fresh and dried pelletized leaves provided good discrimination only in the case
of dried leaves. Recently, Ranulfi et al. [23] attempted to evaluate LIBS by the elemental
compositional factors related to the syndrome denoted as “green stem and foliar retention”,
commonly known as “soya louca II” (mad soy II), caused by the nematode Aphelenchoides
besseyi in soybean plants, whose symptoms are possibly ascribed to the unbalance of the
macronutrients Ca, K and Mg. The content of these elements was measured by LIBS and
atomic absorption spectrometry (AAS) as the reference technique, in leaves collected from
healthy and disease-affected soybean plants of two varieties. Higher Ca and Mg contents
were measured in the leaves of healthy plants, whereas a higher K content could be as-
cribed to the development of the disease. Furthermore, LIBS data analysis by classification
via regression (CVR) and partial least square regression (PLSR) cross validation methods
yielded success rates higher than 80% in class differentiation.

The aim of this work was to test the performance of two distinct techniques, i.e., chloro-
phyll fluorescence imaging (CFI) and LIBS, in the study of two systems, such as tomato-
RKN nematode and Nicotiana benthamiana (hereafter “tobacco”)-cymbidium ringspot virus
(CymRSV, member of the genus Tombusvirus, Family Tombusviridae), a plant virus model
available in our lab, in order to provide a quick answer on the progress of the pathogen’s
attack on the host plant. The first system refers to an attack of a pathogenic type, i.e., while
infecting the root system, the infection weakens the plant so much as to affect its fitness,
the appearance of leaves, and the possibility of producing fruit. The second system refers
to an attack that produces symptoms directly on the foliar apparatus. The combined use
of the two techniques is based on the complementarity of information provided. LIBS is
a technique that detects atomic transitions, thus providing data on the elemental compo-
sition of the plant, whereas fluorescence detects molecular transitions, i.e., the molecular
composition. In particular, CFI provides information on the chlorophyll content, which
is closely related with the photosynthetic performance of the plant. Therefore, LIBS and
CFI yield complementary information, i.e., LIBS can inform on the changes of plants’
elemental composition caused by the plant virus, and CFI reveals how the plant virus
impacts the physiological status of the plants, and in particular, its photosynthetic capacity
when infected.

2. Materials and Methods
2.1. Tomato Plant and Phytoparasitic Nematode

Seeds of the tomato (Solanum lycopersicon L.) cultivar Roma VF, a variety fully suscep-
tible to RKNs, were used in the experiments [24,25]. The seeds were surface sterilized and
sown in a sterilized mixture of peat and soil at 23–25 ◦C in a glasshouse. Single tomato
seedlings were then transplanted into 100 cm3 clay pots filled with steam-sterilized river
sand and allowed to grow to the fifth–sixth leaf stage. Pots were randomly placed on
temperature-controlled (23–25 ◦C) benches located in a glasshouse (Figure 1).
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A freshly infective juvenile larvae (J2s) of M. incognita collected from egg masses
of infested tomato roots, and held to hatch in a growth chamber al 25 ◦C, were used
to inoculate tomato plants. Susceptible plants were inoculated with 300 J2s per plant,
which penetrated and established into the roots, as checked with a stereoscope, 21 days
after inoculation [26]. The presence of the symptoms of the attack (galls) was verified
by observation with a Leica M125 stereomicroscope. At this time, the leaves, stems and
roots were collected and analyzed by CFI, LIBS and a biochemical assay for chlorophyll
content measurement.
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Figure 1. Inoculum of J2 (a) and CymRSV virus (b), a tomato plant (c), a tobacco plant (d), and
healthy and infected plants in the growth chamber (e).

2.2. Tobacco Plant and Cymbidium Ringspot Virus

The infection level was tested using three replicates for each experiment and three
leaves were collected from each plant replicate (number of samples, n = 9). Three sub-
sequent experiments were carried out with three replications each. The leaves collected
from six-leave-old seedlings of Nicotiana benthamiana were mechanically inoculated by
the CymRSV. A total of 15 days after inoculation, the water extracts of some leaves were
analyzed by transmission electron microscopy (TEM) with a Morgagni 282D (Philips, Ams-
terdam, The Netherlands) for morphological virus characterization, and the other leaves
were analyzed by CIF and LIBS. The values are expressed as means n ± standard deviation
for virus-infected tobacco leaves and control plants.

2.3. Chlorophyll Fluorescence Imaging (CFI)

The CFI experiments were performed using a Fluorescence Imaging System (Fluo-
rCam FC 800-O/1010-GFP, Photon Systems Instruments, Drásov, Czech Republic) con-
sisting of two panels with blue LEDs (470 nm), for providing a saturating pulse of up to
6000 µmol/m2 s1, and two panels of red LEDs (618 nm) with an intensity of 200 µmol/m2 s1,
to be used as measuring light. A progressive scanning couple charge device (CCD) cam-
era was used to collect the fluorescence images with a resolution of 1024 × 768 pixels.
Before imaging collection, the plants were adapted to the dark for 20 min to ensure that
all chlorophyll molecules were in the ground state, and consequently, that no photosyn-
thesis occurred prior to the measurement. Then, the maximum fluorescence (Fm) images
of the plants, in a dark-adapted state, were obtained by applying a saturating pulse of
4000 µmol/m2 s1. An optical filter selected only the chlorophyll emission in the region
around 695 nm. The fluorescence image measurements were performed on plants previ-
ously removed from the vessels.
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2.4. Laser-Induced Breakdown Spectroscopy (LIBS)

The LIBS apparatus used in this experiment was a self-assembled system composed of
a Nd:Yag Q-switched laser operating at a 1064 nm wavelength with a 6 ns pulse duration
and maximum energy of 200 mJ per pulse. The beam was focused onto a 50 µm spot diam-
eter of the sample, which resulted in a power density of approximately 2 × 1012 W/cm2.
The plasma light was captured by a Stellarnet spectrometer operating in the spectral range
190–300 nm with a 0.2 nm optical resolution. The delay time between the laser shot and
spectrum acquisition was 500 ns, and the spectrometer integration time was 1 µs. The
measurements were performed on fresh leaf, root and stem samples with no preparation.
The spectra were recorded by averaging two consecutive shots. For each sample, 20 spectra
were acquired and averaged.

To eliminate non-standard outliers, the experimental spectra were subjected to an
outlier exclusion process using the spectral angle mapper (SAM) routine [27,28]. This
method treats each spectrum as one vector, calculating the scalar product between two
spectra. The normalized result returns the cosine value between the vectors, which is a
value between −1 and 1, indicating similarity the closer the value is to 1. Then, an algorithm
automatically eliminates spectra that are very different from the others, i.e., with average
similarity values lower than 0.9 in our case. The rate of excluded spectra was less than 5%.

2.5. Multivariate Analysis

The LIBS spectra were subjected to a dimensionality reduction process by principal
component analysis (PCA). PCA is an unsupervised linear and orthogonal transformation
process that reduces the initial number of variables into a set of uncorrelated variables. This
new set of data, called principal components (PC), maintains most of the original variation
of the system, allowing for the visualization of clusterization in a simple graphical plot [29]
and increasing the efficiency of the further application of supervised machine learning
algorithms [30].

Then, supervised machine learning routines were applied to train the dataset and
develop a model. The algorithms were based on discriminant analysis (DA), support vector
machine (SVM) and K-nearest neighbor (KNN). The number of PCs used in each training
test guaranteed a minimum of 95% of the total variance of the original system.

The DA algorithm uses the training data to define a more adequate contour that
separates the established classes, classifying an unknown sample according to the training
criterion. The SVM organizes the data into a spatial distribution by dividing the classes
by hyperplanes, which can be linear or non-linear and are adjusted to the training data to
achieve the best performance. The KNN is based on the spatial distribution of data, and
classifies the sample based on the nearest neighbors. The algorithm can be optimized by
the number and distance (euclidean or weighted) of the nearest neighbors.

In the last step a validation process was performed. As the number of samples in
our set is small, it was applied the leave one out cross validation (LOOCV) method, i.e., a
sample taken from the training set and used later to test the model. The predicted class
is then compared to its true class. The result is then recorded in a confusion matrix. The
process is repeated so as to validate all samples in the set. At the end, we obtain the model
accuracy, i.e., the correct predictions in relation to the total of samples.

2.6. Chlorophyll Measurement

Tomato leaf samples were harvested from control and infected plants and stored in
liquid nitrogen in the dark at 80 ◦C. Subsequently, chlorophyll a (Chl a) and b (Chl b) were
extracted using an 80% acetone solution. The absorbance at the wavelengths of 663 nm
and 648 nm was measured with a Beckman Coulter DU® 800 Spectrophotometer. The
concentrations of chlorophylls were calculated according to Porra et al. [31]. Nine different
sections from different leaves were randomly measured, and the mean value (±SE) of three
biological replicates was considered.
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3. Results and discussion
3.1. Tomato Leaves, Stems and Roots

The comparison of chlorophyll a and chlorophyll b contents in the leaves from the
control and infected tomato plants clearly shows that the attack of the J2 of M. incognita
induces a decrease in the content of both chlorophylls (Figure 2).

Photonics 2022, 9, x FOR PEER REVIEW 6 of 15 
 

 

2.6. Chlorophyll Measurement 

Tomato leaf samples were harvested from control and infected plants and stored in 

liquid nitrogen in the dark at 80 °C. Subsequently, chlorophyll a (Chl a) and b (Chl b) were 

extracted using an 80% acetone solution. The absorbance at the wavelengths of 663 nm 

and 648 nm was measured with a Beckman Coulter DU® 800 Spectrophotometer. The con-

centrations of chlorophylls were calculated according to Porra et al. [31]. Nine different 

sections from different leaves were randomly measured, and the mean value (±SE) of three 

biological replicates was considered. 

3. Results and discussion 

3.1. Tomato Leaves, Stems and Roots 

The comparison of chlorophyll a and chlorophyll b contents in the leaves from the 

control and infected tomato plants clearly shows that the attack of the J2 of M. incognita 

induces a decrease in the content of both chlorophylls (Figure 2). 

 

Figure 2. Contents of chlorophyll a (Chl a) and chlorophyll b (Chl b) in the control (Ctrl) and infected 

(Inf) tomato leaves. The asterisks on the column indicate a highly significant difference between the 

two treatments (Ctrl and Inf) at the nematode infestation time (t-test; * p < 0.05). 

Only tomato leaves and stems were analyzed by CFI, whereas the roots were not, as 

they do not present a significant amount of chlorophyll. The fluorescence images of to-

mato leaves clearly show a chlorophyll content decrease in the infected sample with re-

spect to the control one (Figure 3). 

 

Figure 3. Fluorescence images (Fm measurements) of control (left) and M. incognita-infected (right) 

tomato leaves. 

Figure 2. Contents of chlorophyll a (Chl a) and chlorophyll b (Chl b) in the control (Ctrl) and infected
(Inf) tomato leaves. The asterisks on the column indicate a highly significant difference between the
two treatments (Ctrl and Inf) at the nematode infestation time (t-test; * p < 0.05).

Only tomato leaves and stems were analyzed by CFI, whereas the roots were not, as
they do not present a significant amount of chlorophyll. The fluorescence images of tomato
leaves clearly show a chlorophyll content decrease in the infected sample with respect to
the control one (Figure 3).
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Figure 3. Fluorescence images (Fm measurements) of control (left) and M. incognita-infected (right)
tomato leaves.

A similar behavior was previously detected in the leaves of Vitis vinifera infected
by the same nematode, which also showed a significant decrease in total respiration,
photosynthesis, energy assimilated into plant tissues, respiration and gross production
efficiency [32]. In greenhouse tests, Lu et al. [33] evaluated the extent to which moderate or
high levels of resistance to M. incognita infection influenced the growth and physiology of
cotton plants by measuring the height-to-node ratio, chlorophyll content, dark-adapted
quantum yield of photosystem II and leaf area. Achieved results confirmed the previous
ones, i.e., that the infection by M. incognita was associated with a reduced chlorophyll
content and a reduction in resistant genotypes similar to that of susceptible genotypes.
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Recently, Udalova et al. [34] have shown that the production of hormones such as
salicylic acid and reactive oxygen species (ROS) by the host plant in response to the
attack of the RKN M. incognita on the roots is connected with the level of photosynthetic
processes that occur in the leaves. Successively, Udalova et al. [35] provided stronger
evidence of the correlation between ROS and photorespiration and photosynthesis.
Furthermore, biochemical approaches demonstrated that the increase in ROS in tomato
roots infected by M. incognita is activated as a consequence of the defense responses
of the host plant [25,36,37]. These results validate the well-known mechanisms of plant–
nematode interaction and confirm the efficiency of the fast and repeatable CFI method for
its use, for example, in precision agriculture, being able to indicate at an early stage the
possibility of damage to the newly formed root system.

Figure 4 shows a typical LIBS spectrum of uninfected tomato fresh leaf (control)
compared with that of a tomato fresh leaf whose roots were infected by M. incognita. Four
atomic and ionic emission lines were detected in the spectral range from 190 to 300 nm,
which were assigned, based on the NIST database [38], to C I at 193.03 and 247.86 nm, Mg
II at 280.34 nm and Mg I at 285.31 nm. The comparison of LIBS emission line intensities
showed a higher intensity for the Mg++ lines in the infected plant with respect to the control
ones, while the intensities for C lines remained the same in both samples (Figure 4).
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Figure 4. LIBS spectra of tomato leaves of uninfected plants and plants with roots infected by
M. incognita.

The role of elements such as C and Mg++ in plants is too complex to allow for a simple
interpretation, as this ranges from central roles to fundamental but hidden roles as simple
co-factors in metabolic mechanisms [39]. However, the decrease in chlorophyll content and
the increase in Mg++ observed in the leaves of the infected plant would suggest that the
infection would cause the degradation of “chlorophyll a” by forcing the plant to absorb
more Mg++ in an attempt to recover/produce the base amount of chlorophyll.

The chlorophyll content also decreased in tomato stems of the infected samples
(Figure 5), whereas the emission patterns of both Mg++ and C increased slightly for the
infected sample with respect to the control (Figure 6). The yellowing of leaves is a non-
specific symptom of disease caused by limitations on the availability of micro and macro
nutrients, possibly due to attacks by phytophages, pathogenic fungi and viruses. In the case
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of viral infections, this symptom is often associated with a reprogramming of the expression
of key players in chlorophyll biosynthesis. It is now well established that viral infection
induces the widespread down regulation of genes involved in chlorophyll biosynthesis.
Among these, the expression of Mg-chelatase genes has been shown to be reduced in several
combinations of plant viruses, such as cucumber mosaic virus in co-infection with CMV
satellite Y in several plant species [40], and stripe virus in rice [41]. Our preliminary result
of a reduced level of Mg++ ions in infected tissues is thus expected, as the incorporation
of Mg++ ions into protein complexes is limited. Furthermore, Pool et al. [42] found that
infection with M. incognita increased the C concentration in cowpea shoots and enhanced
root biomass slightly. The presence of nematodes did not affect microbial biomass, but
significantly changed the allocation of the photosynthate. Recent studies carried out on
transgenic tobacco plants have shown a lower leaf starch and accumulation of soluble
sugars as a result of an altered metabolism of C (lower leaf starch and accumulation of
soluble sugars) and N (higher amounts of amino acids and soluble proteins). These results
are in agreement with the thioredoxin (Trx)-mediated activation of the N metabolism at the
expense of carbohydrates, as this is related to photosynthesis processes [43]. In conclusion,
the decrease in chlorophyll content and the increase in Mg++ measured in the stems of
infected plants is similar to those observed for the leaves.
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Figure 5. Fluorescence images (Fm measurements) of tomato stems of control plants (left) and plants
with the root apparatus infected by M. incognita root (right).

As roots do not show chlorophyll emissions, only LIBS spectra were acquired on
uninfected and M. incognita-infected root samples. The C emission line is very weak, and
two Si I lines appear in the control sample, whereas the intensity of Mg++ lines was similar
for both the control and infected roots (Figure 7). In this study, we used fresh leaves and
roots, although the moisture content can greatly affect spectral features. In particular, as
moisture content increases, many emission lines decrease markedly or even disappear.
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3.2. Tobacco Leaves

Although in the case of tobacco plants infected by viruses, the reduction in chlorophyll
is quite well supported by the literature, we applied CFI to tobacco leaves infected with
CymRSV in order to confirm by this technique the symptoms clearly visible to the naked eye.
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Some regions of the leaf showed clear deficiencies due to the deterioration of chlorophyll
(Figure 8). In particular, the blue parts in the image confirmed the presence of chlorotic
areas, which indicated that the disease had generated a condition in which the leaves, or
part of them, have an altered content of chlorophyll.
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Figure 8. Fluorescence image of an infected tobacco leaf. False-blue color spots indicate where a
chlorophyll deficiency is present.

The LIBS spectra of tobacco leaves (Figure 9) showed that, with respect to the control,
the emission line intensities of C increased and those of Mg++ decreased in the infected
sample. In this regard, it was shown that a specific mechanism of defense to diseases
enhanced by Mg++ included the increased resistance of tissues to degradation by pectolytic
enzymes of bacterial soft rotting pathogens [44].

A novel approach based on LIBS analysis was proposed by Peng et al. [22] to dis-
criminate between tobacco leaves infected by the mosaic virus (TMV) and healthy leaves.
The application of the partial least square discriminant analysis (PLS-DA) model to LIBS
spectral data acquired on both fresh and dried pelletized leaves only provided good classifi-
cation in the case of dried leaves. Apparently, the moisture content in fresh leaves worsened
the stability of analysis, resulting in a detrimental effect on classification. However, when
the SVM approach was used, the negative effect of moisture was eliminated, and the
classification results were improved.
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3.3. Multivariate Analysis

The number of PCs used in the training was representative of 95% of the total variance
of the system. The tests conducted on the dataset showed that the best performance was
achieved using the KNN (euclidean with k = 1) and SVM (linear) classifiers. The results of
the LOOCV were:

Tomato stems—KNN with 3PCs: 100% accuracy, 100% precision and 100% sensitivity;
Tomato roots—SVM with 2PCs: 52.4% accuracy, 50% precision and 50% sensitivity;
Tomato leaves—SVM with 4PCS: 84.2% accuracy, 88.9% precision and 80% sensitivity;
Tobacco leaves—SVM with 3PCs: 94.4% accuracy, 91.7% precision and 100% sensitivity.

These results indicate that the analysis of tomato stems shows the greatest potential
for setting up a protocol to differentiate between healthy and infected samples by in vivo,
direct, and no sample pre-treatment measurements. The classification based on the use of
tomato roots was very close to 50%, which indicates a complete randomness of related data,
whereas a better accuracy, i.e., 84.2%, was achieved based on tomato leaves data. These
results may have been influenced by several factors, such as homogeneity, stress, humidity,
hardness, etc., which would result in them being more relevant for roots. In this case, it
would be necessary to carry out some pre-treatment of the samples in order to reduce
the variance attributed to factors not related to the disease’s condition. Furthermore, the
machine learning tests confirm that only the stem data from direct measurements have the
potential to be separated without the use of averages. For tobacco leaves, the accuracy was
94.4%, which also suggests a good potential for the development of a differentiation model.

4. Conclusions

In the current situation of climate change, in which abiotic and biotic stresses generate
enormous problems for crop plants, growth and production, techniques and methods
that can provide accurate and repeatable results on the state of host plants attacked by
pathogens are highly expected to offer new possibilities for use, especially in precision agri-
culture. In particular, chemical analytical data acquired by portable equipment, combined
with biochemical methods, would allow for real-time evaluations and fast and concrete
interventions regarding plant diseases. Currently, most of the screening on the possible
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reactions of different genotypes of tomato to different species and pathotypes of RKNs
is based on molecular biology and the use of biochemical and epigenetic procedures that
cannot be replicated for large numbers of samples and require a long time.

In this work, we have shown that the combined use of advanced biochemical (CFI) and
spectroscopic (LIBS) techniques was very promising in the evaluation of two relevant plant
diseases, i.e., a nematode infection of tomato and a virus infection of tobacco. In particular,
the levels of chlorophyll in the leaves and stems of tomato plants and the leaves of tobacco
plants measured by fluorescence imaging, and the levels of C and Mg++ in various tomato
organs and tobacco leaves measured by LIBS, have been shown to be able to discriminate
satisfactorily between control (non-infected) and infected plants, and provide some insight
on the underlying mechanisms of plant defense against nematodes and viruses. Thus,
significant attention should be given to the underutilized management of Mg++ nutrition,
with respect to other cations, as a promising tool for plant disease control.

In conclusion, the adoption of LIBS with a timely reading of spectra in early diagnosis
protocols can help prevent destructive viral infection outbreaks, especially with the aid of
image processing by artificial intelligence and also in the case of identifying the pathogen by
sequence-specific and metagenomic techniques. Furthermore, the LIBS technique has the
advantage of being fast, and the availability of portable devices allows for its use directly
in the field, thereby replacing long and complex laboratory analyses.
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