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Abstract: The autonecrotic tomato line V20368 (working code IGSV) spontaneously develops necrotic
lesions with acropetal progression in response to an increase in temperature and light irradiation.
The process is associated with the interaction between tomato and Cladosporium fulvum, the fungal
agent of leaf mold. The contemporary presence of an in-house allele encoding the Rcr3lyc protein
and the resistance gene Cf-2pim (from Solanum pimpinellifolium) causes auto-necrosis on the leaves
even in the absence of the pathogen (hybrid necrosis). The aim of the work was (i) to examine the
potential value of the necrotic genotype as a model system for setting up theoretical guidance for
monitoring the phytosanitary status of tomato plants and (ii) to develop a predictive model for the
early detection of pathogens (or other stresses) in the tomato or other species. Eighteen IGSV tomato
individuals at the 4–5th true-leaf stage were grown in three rows (six plants per row) considered
to be replicates. The healthy control was the F1 hybrid Elisir (Olter). A second mutant line (SA410)
deriving from a cross between the necrotic mutant and a mutant line of the lutescent (l) gene was
used during foliar analysis via microspectrometry. The leaves of the mutants and normal plants
were monitored through a portable VIS/NIR spectrometer SCIOTM (Consumer Physics, Tel Aviv,
Israel) covering a spectral range between 740 and 1070 nm. Two months after the transplant, the
acropetal progression of the autonecrosis showed three symptomatic areas (basal, median, apical) on
each IGSV plant: necrotic, partially damaged, and green, respectively. Significantly lower chlorophyll
content was found in the basal and median areas of IGSV compared with the control (Elisir). A
supervised classification/modelling method (SIMCA) was used. Applying the SIMCA model to the
dataset of 162 tomato samples led to the identification of the boundary between the healthy and
damaged samples (translational critical distance). Two 10 nm wavelength ranges centred at 865 nm
and 1055 nm exhibited a stronger link between symptomatology and spectral reflectance. Studies
on specific highly informative mutants of the type described may allow for the development of
predictive models for the early detection of pathogens (or other stresses) via proximal sensing.

Keywords: hybrid necrosis; hyperspectral imaging; precision farming; phenotyping

1. Introduction

Plant-pathogen interaction is a complex phenomenon that involves several biochemi-
cal gene-driven signalling events [1–3]. In the last few decades, the picture has gradually
become clearer thanks to the availability of high-throughput technologies allowing for
large amounts of information to be gained [4,5]. One of the main outcomes concerned the
plant’s ability to recognise extracellular and intracellular pathogens within a general plant
immune system [6,7].
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In the tomato/Cladosporium fulvum (the fungal agent of leaf mold) system, the presence
of the resistance gene Cf-2 confers on the cell the capacity to recognise the avirulence
protein delivered by the pathogen, leading to the triggering of a defense cascade [8]. This
recognition is made possible by the interaction among three players: the specific protein
of the Cf-2 resistance gene, the proteic ligand of the pathogen (Avr2), and a third cysteine
protease coded by the Rcr3 tomato gene [8,9]. The interaction between Avr2 and Rcr3 is
recognised by Cf-2 protein as the signal to turn on the hypersensitive response (HR) and
immunity to C. fulvum [10].

The resistance gene Cf-2 and the companion Rcr3 gene were introduced from the wild
species Solanum pimpinellifolium [11]. In the cultivated tomato (Solanum lycopersicum L.),
the contemporary presence of the in-house allele encoding the Rcr3lyc protein and the
resistance gene Cf-2pim causes auto-necrosis (that is, cell death spots) on the leaves even in
the absence of the pathogen [9–12]. This uncontrolled cell death is triggered by a form of
genetic incompatibility called “hybrid necrosis” leading to phenotypic injuries caused by
biotic or abiotic stress even if the stress is absent [12,13]. Another type of “variant” shows
an unregulated cell death formation on the leaves resembling a pathogen attack. These
lesion-mimic mutants (LMM) present a mutation of specific in-house genes, and in the last
30 years, many mutants have been identified, described, and had their putative underlying
mechanisms characterised [14,15]. All these variants and mutants have proven to be useful
tools for dissecting the molecular, biochemical, and genetic pathways underlying mainly
programmed cell death (PCD) and pathogen resistance pathways in plants [14]. However,
hybrid necrosis and LMMs may reveal an instrumental tool for improving the knowledge
of plant behaviour in proximal sensing. Early detection is one of the key factors in the
successful implementation of optical imaging [16] and the availability of a well-defined
plant disease-like system can be used as a model for studying the early diagnosis of diseases
from the perspective of its application to precision farming or phenotyping.

In precision agriculture, imaging technologies have been gradually extended from
fertilization to the analysis of the sources of intra-field variation, including plant dis-
eases [17–20]. A key turning point in disease sensing concerns the accurate estimation of
both the occurrence and severity, coupled with the monitoring of their spreading [21].

Among the available methodologies, those involving hyperspectral imaging in wave-
lengths of the visible (VIS) range of the spectrum (400–700 nm), near-infrared (NIR) range
(700–100 nm), and shortwave infrared (SWIR) range (1000–2500 nm) are the most used for
monitoring plant diseases [21,22].

Changes in the plant reflectance pattern caused by pathogenesis may be revealed
by studying the variation of hyperspectral data and can allow for the timely detection
of disease outbreaks and dynamics [17,23]. Zhang et al. [24] analysed the capacity of
hyperspectral remote sensing for detecting late blight in tomatoes, observing the intervals
of 750–930 nm and 950–1030 nm to be the best wavelengths for the remote sensing of the
disease. Studying the reaction of grapevine genotypes to Plasmopara viticola, [25] reveals that
the differences in NIR were related to the diversity of the leaf anatomy but also that spectral
signatures allowed for differentiation between different symptomatologies of the disease.
The same observation about the utility of the spectral signature in differentiating the effect
of a foliar pathogen was reported by [26] for the wheat stripe rust, caused by Puccinia
striiformis f. sp. tritici: the reflectance of the infected leaves was higher compared with
the corresponding healthy ones, and the difference increased in the days post-inoculation.
Some references to the use of hyperspectral imaging in plant/pathogen interactions are
reported in Table 1. Data on the potentialities of the VIS/NIR approach in monitoring plant
disease are increasing and the reader can find elsewhere a scholarly update [21,23].
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Table 1. Review of works involving the use of VIS-NIR and NIR.

#. Plant Disease Technique References

1

Biocontrol of Trichoderma spp. by estimating
disease severity in young small leafy vegetable
plants during specific
plant-pathogen-antagonist interactions

VIS-NIR spectroscopy and machine learning [18]

2 Late blight caused by Phytophthora infestans in
potato production

Visible/near-infrared (VIS/NIR) spectroscopy
with machine learning (ML) and chemometric
methods

[27]

3 Early disease in blueberries Hyperspectral imaging between the spectral
range of 400–1000 nm [28]

4 Anthracnose and gray in the strawberries Hyperspectral imaging between the spectral
range of 400–1000 nm [29]

5 Fungal infection in citrus fruit VIS-NIR spectroscopy with range between
325–1100 nm [30]

6 Anthracnose of banana caused by
Colletotrichum species VIS-NIR spectroscopy [31]

7 Fire blight (FB) of pear trees Visible-NIR spectrometry method [32]

8 Gray mold disease caused by Botrytis cinerea
in tomato

VIS-NIR spectroscopy with range between
550–1100 nm [33]

9
Micotoxigenic fungi and their toxic metabolites
produced in naturally and artificially
contaminated products in maize

NIR spectroscopy [34]

10 Tomato chlorosis virus (ToCV) VIS-NIR in healthy and diseased leaves at a
pre-symptomatic stage [35]

11 Abiotic and biotic stresses in wild rocket
(Diplotaxis tenuifolia) ANN coupled with VIS-NIR and NIR [19]

The tomato autonecrotic mutant line V20368 (working code IGSV) spontaneously
develops necrotic lesions in the acropetal sense at the 5–6th true leaf stage in response
to the natural increase in air temperature and light irradiation that occurs during plant
growth [36]. The molecular basis involves the interaction between the protein product of
the resistance gene Cf-2pim and the protease inhibitor encoded by Rcr3lyc (hybrid necrosis).

The present work is the first step in describing the leaf phenotype of IGSV. The mor-
phological description of this mutant is deemed to achieve the second objective of outlining
its potential in hyperspectral proximal sensing in crop disease detection before and during
the appearance of visible symptoms. To this aim, the leaves of necrotic and normal plants
have been subjected to a first assessment through a portable VIS/NIR microspectrometer.

To distinguish diseased plants from healthy ones, spectral data were used to approach
a statistical method of the supervised classification of data, namely soft independent
modelling by class analogy (SIMCA) analysis. SIMCA is a classification and class-modelling
method that is based on calculating a PCA model for each class known a priori and
choosing an appropriate number of principal components to be used in prediction and
quality assessment. This classification method, in contrast with other approaches such as
machine learning, allows for classification even on a single class and eliminates the case
where an unknown object does not belong to any of the classes considered. In fact, with a
discriminant-type approach, it would be incorrectly assigned to one of the classes. SIMCA
is used to eliminate this type of error. Thus, a law is considered that does not discriminate
between a number of classes, but between membership and non-membership; this is made
possible by building a model for each class and using it to determine whether an unknown
object belongs to the various classes [37–39]. Finally, the work briefly discusses the possible
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value of the necrotic genotype as a model system for setting up theoretical guidance for
monitoring the phytosanitary status of the plant.

2. Materials and Methods
2.1. Tomato Material

IGSV line (breeding code V20368) produces tomato plants with necrotic leaf spots
mimicking disease lesions [36]. Plants have indeterminate growth and produce slightly flat-
tened globular fruits. To have a healthy reference for the characterization of leaf symptoms,
the F1 hybrid Elisir (Olter) has been identified as a comparison genotype.

A second mutant line was used during foliar analysis via microspectrometry (see
below). This line (SA410) was an F3 progeny deriving from a cross between the necrotic
mutant and a mutant line of the lutescent (l) gene. This gene causes early and gradual degra-
dation of chlorophyll in all parts of the plant, conferring a pale green-yellow colouration to
the leaves and a light red colour to the fruit at ripening [40]. The line SA410 was monitored
during the first phases of VIS/NIR analysis (see below).

2.2. Growth Conditions

For each line, eighteen plants at the 4–5th true leaf stage were transplanted in three
rows (six plants per row) considered to be replicates in open field. To favour the visual
inspection of the plants, we left 150 cm between rows and 50 cm between plants along
the row. The indeterminate growth of the plants required the use of tutors. To promote
the vigour of the fruiting branches and limit their vegetative growth, lateral shoots were
removed at weekly intervals during plant growth (Figure 1).

Figure 1. Plants of F1 Elisir (A) and IGSV (B) during growth and a particular of the Elisir (C) and
IGSV (D) leaves.

The transplant occurred during the second decade of May 2021 at the experimental
field of the CREA Research Centre for Engineering and Agro-Food Processing, Montero-
tondo, Italy (42◦05′56.86′′ N, 12◦37′26.23′′ E). For at least three years, the soil was fertilised
with cow manure and no chemicals were used for the control of any pathogen or pest.

Plants were drip irrigated with lines placed near the plants. Water supply was sched-
uled according to the Integrated Production Regulations for processing tomato [41].

2.3. Morphological Characterization of the Autonecrotic Mutant

Before starting the measurements, three representative plants were tagged within each
row of the tomato lines, and they were used as samples for the characterization. From
45 days after transplant (DAT) until 74 DAT, we registered the following weekly: the
plant height, the chlorophyll content, the height of the necroses in the IGSV line, the order
number of the composed leaf of IGSV showing necrotic symptoms. Chlorophyll content
was measured on at least three leaflets of the composed leaf in the apical position. The
reading was made with a SPAD-502 chlorophyll meter (Minolta Inc., Osaka, Japan) at time
intervals corresponding to the plant height measurement.

In the first decade of July, when the maximum temperature and the daily irradiation
were at peak, the necrotic symptomatology showed its characteristic expression. For a
detailed analysis of the distribution of the autonecrosis along the IGSV plant and within
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the leaf, we selected three plants of each genotype inside one row. Three portions of plant
were identified: basal, where all the leaves showed severe necroses; median, with necroses
not completely diffuse and leaves partially damaged; apical, where the leaves did not show
any symptoms. The same scheme was applied for the Elisir’s leaves.

From each portion of the three plants, a composed leaf was detached, placed in nylon
transparent bags, brought to the laboratory, and photographed. The composed leaves
(eighteen in total, nine leaves per genotypes) were weighted via a precision balance Kern
(Balingen, Germany) mod. KB 10000-1N (d = 0.1 g) and left to dry at ambient condition
until reaching the constant weight. Then, the leaves were weighted again to calculate the
dry matter of the composed leaf and the single leaflets.

The photographs were analysed through the ImageJ software, version 1.53k (https:
//imagej.nih.gov/ij/download.html, accessed 10 November 2023) to determine the total
green leaf area and the necrotic (where present) area of the Elisir and IGSV basal, median,
and apical leaf. Such values were used to calculate the specific leaf area (mg mm−2 leaf
area), applying the equation [42]:

Specific leaf area(Specific LA) =
Leaf area

(
cm2)

Leaf dry weight (gDW)

2.4. VIS/NIR Analysis of the Leaves

At the time of transplanting, the plantlets had asymptomatic green leaves. As tem-
peratures and sunlight increased during the first month of growth, the IGSV plants began
to progressively develop leaf necrosis starting from the basal leaves. To analyse the au-
tonecrotic behaviour, the leaves of the necrotic IGSV line, the mutant line SA 410, and
the healthy hybrid were monitored with a proximal sensor adaptable to field monitoring
systems via consecutive readings.

The necrosis began to be visible approximately one month after transplanting. When
the plants were at the stage of 5th and 12th true leaf, the VIS/NIR monitoring was applied
to the apical green leaf of Elisir, IGSV, and SA410. To this aim, we used the portable and
low-cost VIS/NIR spectrometer SCIOTM (Consumer Physics, Tel Aviv, Israel), covering a
spectral range between 740 and 1070 nm [37]. On both the 5th and 12th true leaves, three
leaflets (the imparipinnate and the two leaflets below) from three plants of each genotype
were considered. Three readings were taken on each leaflet.

At the stage of 20th true leaf (67 DAT), IGSV plants showed the typical distribution
of the autonecrosis in three areas (basal, median, apical), as described previously. Each
area was examined on three plants of Elisir and three plants of IGSV, applying the same
operating method of the previous stages. In total, 162 tomato plant samples (81 for the
Elisir cultivar and 81 for the IGSV cultivar) were analysed with the VIS/NIR spectrometer
to distinguish diseased plants (IGSV) from healthy plants (Elisir control cultivar). For
each sample, scans were acquired for each of the three zones considered (basal, medial,
and apical). For each zone, 27 spectral scans were performed. The scans were performed
through the SCIO spectrometer, which allows scans to be recorded and processed in real-
time through the “SCIO Lab” application. The latter stores the data in the cloud to be
later exported via a CSV file for analysis. Thanks to the smartphone application, it is
possible to use this instrument directly in the field without having to use a PC. A summary
of monitoring with the VIS/NIR microspectrometer is reported in Table 2 and shown in
Figure 2.

Table 2. Synopsis of the VIS/NIR analysis.

True Leaf Date of Analysis DAT * Leaf Position Genotype

5th 10 June 27 Apical Elisir, IGSV, SA410
12th 25 June 42 Apical Elisir, IGSV, SA410
20th 20 July 67 Basal, median, apical Elisir, IGSV

* Day After Transplant.

https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html
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Figure 2. Schematic representation of the methodology adopted for collecting data with the spec-
trometer SCIOTM (Consumer Physics, Tel Aviv, Israel).

2.5. Statistical Analysis

The data of plant height, chlorophyll content, and leaf traits were checked for normality
and then subjected to the analysis of variance (one-way and two-way) with the PAST
software [43], version 3.22 (2018, Øyvind Hammer, University of Oslo, Norway, https:
//www.nhm.uio.no/english/research/resources/past/, 10 November 2023). Significantly
different means were separated via Tuckey’s HSD test. Principal Component Analysis
(PCA) [44] was performed using the same software to visualise the differences between the
genotypes related to the leaf traits.

SIMCA (soft independent modelling by class analogy) statistical analysis was used
to analyse 162 samples of tomato plants (81 plants belonging to the Elisir variety and
81 plants belonging to the IGSV line). For each sample, three zones (basal, medial, and
apical) were distinguished for a total of 27 scans for each part considered. Considering
that the healthy is the only one clearly distinguishable by the pathologist, a single class-
modelling approach has been used to distinguish healthy (Elisir) from diseased (IGSV)
plants. Apical and median Elisir samples were used to train the SIMCA single-class model.
SIMCA was used because, with respect to the two classes considered (healthy and disease),
it was attributable with certainty to belong to the healthy class only. For this reason, a
class-modelling technique was chosen that allows only one class to be modelled, and for
everything else, the further away from the class itself, the more it may happen that the
healthy is in the disease or the disease is in the healthy. The analysis was performed using
V-Parvus 2010 software and represents a set of PCA models (NIPALS algorithm), one for
each class in the dataset (one model in this case), after a separate category autoscale. SIMCA
performed a cross-validation of the PCA model of each class (training set) by dividing the
data (evaluation set) into 3 contiguous groups (cross-validation groups). The efficiency was
evaluated through the classification (training set) and prediction (evaluation set) matrices,
which report the percentage of correct classification for each class considered. SIMCA also
expressed statistical parameters indicating modelling efficiency (e.g., sensitivity, modelling
power for each variable). SIMCA quadratic distances were linearised by converting mean
and maximum values to a logarithmic scale and then translating them by adding a value
to have all positive values [37,45]. The 54 samples classified as “healthy plants” (apical
and median Elisir samples) were divided into an 80% (training set; 43 samples) and a
20% internal evaluation set (11 samples). The partitioning of the artificial datasets was
chosen optimally with Euclidean distances, based on Kennard and Stone’s algorithm [46]
that selects items without a priori knowledge of a regression model. The remaining
108 samples were considered to be external tests. The final output of SIMCA is the linearised

https://www.nhm.uio.no/english/research/resources/past/
https://www.nhm.uio.no/english/research/resources/past/
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SIMCA distance squared, considered as a metric scale. Samples with a squared linearised
SIMCA distance less than the critical distance obtained from the single-class model can
be considered “healthy plants,” while those with values above the critical distance can
be considered “diseased plants”. The modelling power of each variable was expressed,
representing the influence of that variable in defining the model [47].

3. Results
3.1. Morphological Characterization of the Autonecrotic Mutant

During the plant growth, the rainfall was consistent with the average for central Italy
and the maximum temperatures were also normal, being above 30 ◦C from June to Septem-
ber (Figure 3). The detailed analysis of maximum temperatures and average irradiance
showed an increment until the first decade of July for irradiance and between the end
of July and mid-August for maximum temperatures (Figure 4). This trend is represen-
tative of the area and determined the ideal conditions for the triggering of widespread
necrotic manifestation.

Figure 3. Minimum, average, and maximum temperatures and monthly rainfall registered in the pe-
riod April–September 2021. Data collected by the Arsial control unit of Monterotondo (RM), location:
Grotta Marozza (92 m asl) (https://www.siarl-lazio.it/E1_2.asp, accessed 16 November 2023).

Figure 4. Maximum temperatures (bars) and average daily irradiation (solid line) registered per
decade in the period April–September 2021. The dotted line represents the interpolation of the
average daily irradiation data. Data collected by the Arsial control unit of Monterotondo (RM),
location: Grotta Marozza (92 m asl) (https://www.siarl-lazio.it/E1_2.asp, accessed 16 November
2022). The red square indicates the period from transplant to the first appearance of necrotic specks.
The red bar indicates the period when the leaves were collected.

https://www.siarl-lazio.it/E1_2.asp
https://www.siarl-lazio.it/E1_2.asp
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At transplanting (4–5th true-leaf stage), the seedlings of all genotypes had asymp-
tomatic green leaves. Around one month later, leaf necrosis appeared, starting from the
basal leaves of the IGSV plants. The development of necrosis occurred as temperatures
and solar irradiance gradually increased during the first month of growth (Figure 4). The
acropetal progression of the autonecrosis was fully evident in the first decade of July when
the three symptomatic zones were visible on each IGSV plant: basal, where all the leaves
showed severe necroses; median, with necroses not completely diffuse and leaves partially
damaged; and apical, where the leaves did not show any symptoms (Figure 5). As the
autonecrosis proceeded, the severity of the symptom led to the complete desiccation of the
leaves, starting with the basal ones and then affecting the median and (only partially in a
few cases) the apical leaves.

Figure 5. Phenotype of the basal, median, and apical leaflets of IGSV and Elisir F1 at 45 DAT.

The autonecrosis evolved following the plant growth (Figure 6). At 45 DAT, it was
visible from the first to the eleventh leaf, while at 75 DAT, the symptoms had reached the
twenty-second leaf. The extent of the damage was associated with the acropetal progression.
In the basal leaves, the evolution of autonecrosis led the first necrotic spots to enlarge,
clump together, and coalesce, turning to a dark brown colour. In some cases, the leaf
became completely necrotic. Consequently, the number of spots present on the surface of
the basal leaves and their extent was much higher than on the median leaves (Figure 7).
In the latter, the mechanism working on the basal leaves was at the beginning, so that
the number and size of necrosis were lower (Figure 7). No spots were present on the
younger apical leaves where the action of increasing temperatures and irradiance had not
yet reached the threshold triggering the autonecroses.
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Figure 6. Evolution of autonecroses in the IGSV plants during one month after transplant. The figure
reports the height (H) of the plants, the height (H) of the necroses in the plants, and the highest leaf
number displaying the necroses (mean ± SD); DAT: Day After Transplant.

Figure 7. Violin and bar diagram showing the distribution and the amount of the necroses in terms
of foliar area (mm2) in the basal (BAS) and median leaves (MED) of the IGSV plants (67 DAT). The
horizontal line inside the box represents the median.

After 67 DAT, when the expression of the autonecrotic phenomenon was at its maxi-
mum, the extent of the photosynthesizing green area and the leaf dry matter were statis-
tically higher for the control than the mutant (Table 3). The basal and median leaves of
IGSV showed a statistically significant reduction in chlorophyll content compared with
the control. In contrast, the level of chlorophyll in the apical leaves of Elisir and IGSV was
comparable, as confirmed by a visual check (Figure 5). Obviously, in the mutant, the extent
of the necrotic area prevailed, and it accounted for 34% (basal leaves) and 14% (median
leaves) of the leaf tissue at the time of the survey. The data also showed that, for both
genotypes, the leaves in the median position had a greater weight than the basal leaves
(toward a progressive senescence phase) and the apical leaves (still developing and not yet
fully active), thus indicating the intermediate area of the plant to be the physiologically
most active.
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Table 3. Averages of the leaf traits at 67 DAT. Values within columns followed by the different letter
are statistically different at the level of p ≤ 0.05 according to Tuckey’s HSD test.

Leaf Genotype Chlorophyll
(Spad Unit)

Dry Matter
(%)

Leaf Weight
(gDW)

Green LA *
(cm−2)

LA

Necrotic
(%)

Specific
(cm2 g−1

DW)

Basal
IGSV 27.0 c 16.97 b 1.83 109.03 34.17 60.49 b
Elisir 56.6 a 15.86 b 2.58 218.13 0.45 86.16 a

Median
IGSV 43.5 b 14.17 c 2.22 193.42 14.11 87.18 a
Elisir 56.4 a 18.05 a 3.74 275.21 0.00 76.14 a

Apical IGSV 55.5 a 14.90 c 0.61 61.96 0.00 101.68 a
Elisir 54.8 a 18.16 a 1.19 86.96 0.00 72.04 b

* LA: Leaf area.

The analysis of Specific LA highlighted the effect of the autonecrotic phenomenon.
In the control, the Specific LA decreased moving from basal to apical leaves, whereas in
IGSV, the trend was the opposite, leading to the lack of a statistical difference between the
apical (green) leaves of Elisir and the basal (necrotic) leaves of IGSV. The comparison of leaf
traits between the mutant and the control genotype revealed the peculiarity of the former
(Figure 8). The first two components of PCA explain more than 80 percent of the existing
variability at the leaf level, highlighted by the opposite position of the vectors relating to
necrotic leaf area (shifted toward IGSV) and chlorophyll content (close to Elisir).

Figure 8. Biplot showing the PCA results of IGSV (pink polygon) and Elisir (violet polygon) separation
based on the main foliar traits.

3.2. VIS/NIR Analysis of the Leaves

At the 5th true-leaf stage (27 DAT), all leaves were green, and neither of the two
mutants (IGSV and SA410) showed necrotic symptoms on the basal leaves. VIS/NIR
analysis limited to the apical leaves alone showed a higher position of the control curve
than the two mutants, with a substantially similar trend (Figure 9a). The positioning
of the curves did not change at 45 DAT at the 12th true-leaf stage (Figure 9b). At this
stage, however, the reflectance values were higher than the previous, especially for the
control. This caused a flattening of the curves observed in the second reading. As described
previously, the apical leaves were phenotypically similar in the mutants and the control.
Thus, the lower reflectance in the mutants could be a signal of physiological activity that
will lead to the necrotic manifestation.
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Figure 9. Average curves of spectral reflectance of apical leaf at the stage of 5th (a) and 12fth
(b) true-leaf in control (Elisir) and mutant lines (IGSV and SA410).

As described previously, approximately two months (67 days) after transplanting (20th
true-leaf stage), when the autonecrotic process had its maximum expression, it was possible
to identify three areas in the plant: in the basal, all the leaves showed severe necrosis, up to
complete desiccation; in the median area, the leaves showed yellowish and necrotic sectors;
in the last apical portion, the leaves were green.

At this stage, the leaves of the three areas were subjected to VIS/NIR analysis. In
general, basal and median leaves of the mutant had a lower spectral reflectance than the
control (Figure 10). In both cases, the reflectance of the median, partially damaged, leaves
was always higher than the basal level leaves’ reflectance, showing a greater degree of
damage. It is important to notice the high reflectance gap between the levels of the control
plants and IGSV plants. The apical leaves for both genotypes showed a lower curve than
the damaged leaves with comparable spectral reflectance levels.

Figure 10. Average curves of spectral reflectance of basal, median, and apical leaves of the control (a)
and the IGSV mutant (b). Analysis at the stage of 20th true leaf (67 DAT).

Figure 11 shows the SIMCA model applied to the dataset of 54 apical and median
leaves’ Elisir samples and applied to the remaining 108 leaves’ samples (162 total samples).
The SIMCA logarithmic translational critical distance obtained from the model was 1.95.
This figure identifies the boundary between the healthy and unhealthy plants. Only the
control plant (Elisir) and the apical leaves of IGSV were represented with values below
the critical distance. This means that values below the critical distance are included in
the model of healthy plants, while those above the critical distance (i.e., rejected by the
model as being healthy) indicate diseased plants, and the more the distance increases above
the critical distance, the less healthy the plants are. Table 4 shows the number of tomato
plant samples accepted by the model. The sensitivity of the model is 72.09%. The model
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recognises almost all the apical leaves of Elisir (n. 24 or 88.9%), rejecting only three. Median
and basal leaves are also accepted (n. 18 and n. 15 again for the cultivar Elisir, i.e., 66.7%
and 55.6%) as well as the IGSV apical (n. 22 i.e., 81.5%) for which only five were rejected.
The proportion of accepted was the lowest for the median (29.6%) and basal (33.4%) leaves
of IGSV. In both the training and testing phases, the leaves of Elisir were almost all accepted
by the model (except for three); the leaves of IGSV were also accepted, although in the
latter, the percentage of diseased was higher than in Elisir.

Figure 11. Soft independent modelling by class analogy histogram by frequency class of the SIMCA
translational log square performed on the spectral dataset and tested on the mean values for each
tomato sample, considering two classes (“healthy leaves_Elisir and IGSV_apical leaves”, “damaged
leaves_IGSV” and “defective sample”). The dashed black line represents the critical value (i.e., the
model boundary).

Table 4. Number of samples accepted by the SIMCA model as healthy plants; numbers of samples
included within the SIMCA model.

Cultivar Leaf N. Accepted N. Rejected Accepted (%)

ELISIR
Apical 24 3 88.9

Median 18 9 66.7
Basal 15 12 55.6

IGSV
Apical 22 5 81.5

Median 8 19 29.6
Basal 9 18 33.4

Figure 12 shows the modelling power of the SIMCA model applied to the VIS/NIR
spectral bands, indicating which bands made a greater contribution to the identification
of healthy plants. Although all spectral bands contributed excellently to the model, as
shown in Figure 12, it is evident that the values with the greatest modelling power are
those between 860–870 nm and those between 1050 and 1060 nm.

Figure 12. Modelling power obtained by the SIMCA model used to assess healthy plants. The yellow
box highlights the most important spectral range that distinguished between healthy plants and
sick plants.



Agriculture 2024, 14, 136 13 of 19

4. Discussion

Observations on the morphological characteristics have confirmed that the Rcr3lyc/Cf-
2pim gene combination of the IGSV (breeding code V20368) genotype was able to trigger
the necrotic expression. This interaction is referred to as hybrid necrosis, a common type
of hybrid incompatibility in plants, as defined by [12]. The IGSV autonecrotic tomato line
spontaneously developed necrotic lesions in the acropetal direction from the 5–6th true leaf
stage in response to the natural increase in air temperature and light irradiation, which are
the usual conditions during tomato cultivation. As observed by [36,48], the Rcr3lyc/Cf-2pim

combination caused, at the biochemical level, the activation of ATPases and antioxidant
enzymes (catalases and peroxidases). Increased ATPase activity (also present in the plant–
pathogen interaction) was observed in the central and basal leaves as an early event before
the triggering of the oxidative burst. Correspondingly, the antioxidant enzymes were higher
in the basal leaves, where the oxidative burst leading to cell necrosis was active. A similar
interaction has been studied for lettuce and cotton. In interspecific lettuce hybrids between
Lactuca sativa and Lactuca saligna, a temperature-dependent autoimmunity reaction leads to
necrotic lesions. In this case, the lowering of the temperature triggered the formation of
necrosis [49]. Interspecific F1 plants of Gossipium barbadense × G. hirsutum showed necrotic
(red) spots in leaves and infertile flowers [50]. The development of the spots resembled that
observed for IGSV: the number of spots and size of the necrosis increased and became more
severe in the oldest leaves. In addition, the chlorophyll content was significantly reduced
in the necrotic leaves compared with the normal leaves (as reported in the present study),
while the ROS production and the peroxidase activity were higher in the necrotic plants.
In the IGSV line, the phenomenon is so intense that, in the older basal leaves, the necrotic
area covered more than one third of the tissue. Overall, the results confirmed the genuine
nature of IGSV’s hybrid necrosis, characterising its formation pattern and placing it within
a group of genotypes spread across a wide range of species.

Yu et al. [51] observed in pepper a chlorophyll loss from apical to basal leaves because
of the pigment degradation in the older leaves. The data of Elisir did not confirm such
behaviour; at a visual check, the plants appeared to still be in full growth and did not
show any trace of senescence. Considering the growth stage, this does not exclude the
possibility that some ageing processes were in progress, primarily in the basal leaves. On
the other side, the autonecrosis greatly reduced the chlorophyll content from apical green
to basal damaged leaves, thus resembling the process described by [51]. However, the
chlorophyll decrease was mainly due to the autonecrotic process that masked the leaf
senescence. Yao et al. [26] observed a decline in SPAD values in wheat leaves challenged
by stripe rust starting from 2 to 13 days after inoculation. Chlorophyll also played a role
in determining the values of Specific LA (SLA). This is an important variable in growth
models, as it relates dry matter production to light interception and photosynthesis and
can vary during the plant’s development [52,53]. The increase in light intensity modifies
acclimation-related traits such as the leaf thickness, which increases, and the SLA, which
decreases. Both are morpho-physiological tools aimed at protecting the plant from high
irradiance [42,54]. In our work, such a mechanism was confirmed for the control Elisir
because the apical leaves that were more exposed to light had a SLA lower than the median
and basal leaves, which were in a more sun-sheltered position. Autonecrosis constitutes
the phenotypic manifestation of biochemical events occurring at the cellular level at an
earlier asymptomatic stage [3]. Already in apical green leaves, it is possible to assume there
has been damage to the photosynthetic system and a reduction in the biomass per unit
area, leading to high SLA in the IGSV genotype. In [42], it is stated that the difficulty of
quickly dissipating the excess of light energy can cause photoinhibition and damage to the
photosynthetic reaction centre. This can reduce the maximization of carbon gain per unit
leaf mass, resulting in a low leaf weight and high SLA. Median and basal leaves were older
and developed a larger leaf area, although they had a different percentage of necrotic tissue.
In this case, the photosynthetic structures that remained concentrated in stricter green areas
because of tissue destruction were able to increase the leaf weight, reducing the SLA.
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Beyond the interest in studies of genetics, physiology, and evolutionary processes,
the autonecrotic genotype can have scientific value for the application of a smart system
for monitoring biotic and abiotic stresses. Indeed, autoimmune interactions and lesion
mimic mutants activate the same biochemical mechanisms (hypersensitive response, sys-
temic resistance mediated by salicylic acid, reactive oxygen species, ethylene, induction of
programmed cell death) associated with responses to environmental stresses, including
pathogen attack [12,13,15,55,56]. References discussing the genetics of hybrid necrosis and
LMM as well as their usefulness for evolutionary studies are largely available, while the
practical application of their peculiarity is rarer. In our case, the idea was to assess whether
and to what extent the use of the genetically altered genotype (hybrid necrosis) compatible
with normal growth can be a model and can have value for applications in the proximal
sensing of biotic and abiotic stress.

Relevant studies [21,23,57,58] underlined as helpful can be the use of hyperspectral
data for monitoring the physiological changes occurring when a plant is challenged by
a pathogen. At the biochemical level, plant diseases alter the leaf internal structure and
chemical composition of the tissues, giving a new and specific spectral signature at different
growth stages. This is true particularly for those pathogens causing necrotic lesions [16].
Thus, hyperspectral tools coupled with proximal sensing can help the farmers detect a
pathogen better than traditional methods and act quickly by reducing inoculum, damage,
and the amount of pesticide distributed. Zhang et al. [24], analysing tomato fields infected
by Phytophtora infestans in California by means of a spectrometer, observed that the spectrum
of healthy plants in the near infrared (NIR) was higher than the diseased ones. The same
pattern was confirmed by [59] for tomato leaves inoculated with Alternaria solani and
P. infestans. Such a pattern corresponds to the analysis we made with SCIO on apical
(Figure 9) or median and basal leaves (Figure 10). As mentioned previously, the display
of autonecrosis in the basal and median leaves is just the final expression of biochemical
events occurring at an earlier asymptomatic stage, possibly already in the apical leaves.
Moreover, comparing the basal and median leaves of the control with those of IGSV, the
NIR spectra of the former remained higher than that of the mutant, and the spectrum of
the basal (highly damaged) leaves was lower than the median. IGSV reflectance at the
basal and median levels was lower than in Elisir. In the former, the autonecrosis caused
structural changes in the leaf tissue which led the necrotic effect to become predominant on
any senescence effect and equalised the spectrum of differently positioned leaves.

The application of the SIMCA multivariate analysis allowed for the identification of
the critical distance and the boundary between healthy and damaged leaves. In general,
the model showed good efficiency in discriminating the type of leaf, successfully including
in the healthy samples the majority of Elisir leaves and the apical green leaves of IGSV
(sensitivity equal to 72.09%). Interestingly, in the SIMCA model, the percentage of accepted
samples in the control decreased from younger (apical) to older (basal) leaves, thus indi-
cating a possible capacity of the model in pointing out a senescence effect. In this case, it
was interesting to apply SIMCA because the leaves that visibly exhibited a distinguishable
feature were only the healthy ones, and therefore an approach had to be used that allowed
only one class to be used for classification. In other cases, other more traditional techniques
can be used as a classification system (PLSDA, LDA; [60]) or more complex systems based
on nonlinear classification techniques (ANN; [61]). The model identified the wavelengths
between 860–870 nm or between 1050–1060 nm as having the greatest modelling power.
The ranges fall within those identified by [24] for tomato infected by P. infestans in California
fields. The spectra in the interval 750–930 nm allowed for the discrimination of the best
five severity groups (including healthy plants), followed by the intervals 950–1030 and
1040–1130. In his spectral analysis [59] observed the largest difference between the leaves
of healthy tomato plants and plants infected with P. infestans or A. solani between 750 and
1000 nm as a consequence of the collapse of leaf cell structure.

However, results confirmed that our model individuate a stricter interval in the same
ranges able to discriminate the healthy from infected plants. We agree with [59] about
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the potential of hyperspectral imaging in identifying some diseases on tomato leaves. A
key point that our study reveals is the chance of detecting the tissue alteration before the
appearance of visible symptoms. The practical implications lead to the use of such spectral
sensors in precision agriculture where, as outlined by [17], can find an advantageous
application in proximal sensor platform. As stated by [24] timely and precise detecting
and monitoring of the infected plants of tomato by mapping the disease at the field level
through hyperspectral images can help the farmers for a wiser use of pesticides with
positive effects on pollution and the economic return of cultivation.

Moreover, but not least, the detection of disease severity by hyperspectral imaging
at the leaf, single plant, and canopy scale can have a role phenotyping application [23,57].
From this point of view, the use of isogenic lines, i.e., lines that differ genetically only in
the gene of interest, would be particularly important. An example is the RIG and RIM
tomato lines studied by [36] which differ only in the presence or absence of the resis-
tance gene to the bacterium Pseudomonas syringae pv. tomato present in a small region
of chromosome 5 and introgressed from L. pimpinellifolium. The use of such lines would
make it possible to isolate only the effects of the phenomenon studied, thus avoiding all
the ‘background noise’. The use of mutants with alterations in the machinery devoted
to defence responses such as the one described in this paper or, in any case, in systems
of tolerance to biotic and abiotic stresses can also be highly informative within the appli-
cation of advanced sensor systems such as bioristors [62,63] or wearables and portable
sensors [64,65] for monitoring morphological, physiological, and biochemical parameters
in response to environmental alterations.

Mutants for autoimmunity or hybrid necrosis could be a precious tool for digital
applications in agriculture. The mutant studied in the present work has further elements of
interest associate to specific features. First of all, the defence mechanisms elicited by the
autonecrotic manifestation are those common in the plant-pathogen interaction in tomato
and other species, thus representing and providing a study model. The autonecrosis has
a high grade of repeatability because it is triggered by summer weather conditions once
the threshold of temperature and irradiance are exceeded. Although mimicking a plant-
pathogen interaction, it does not need artificial inoculations in controlled environment, the
symptomatic manifestation is uniform avoiding eventual temporal and spatial variability
that can occur in the field. In their work [24], Zhang et al. needed to localise tomato fields
containing late blight diseased plants with various severities, distributed in strips.

Importantly, the physiological, phenotypic, and instrumental monitoring of symp-
tomatology can be performed in open-field conditions i.e., the level where sensor for
precision agriculture must operate. Hybrid necrosis is common and phenotypically similar
in many different species belonging to different taxa and controlled by alleles that can be
recessive or dominant [13]. Given the botanical proximity to other Solanaceae, most of the
information sprouting from tomato can be extended in exploring the response of other
vegetables to pathogen attack.

In a visionary perspective, such type of mutants can be used as “emitters” of volatile
organic compounds (VOCs) able to activate defence systems in neighbouring plants. Two
recent works in different species as tea [66] and Arabidopsis [67] confirmed as the release
of plants VOCs related to the herbivore- or pathogen-challenged plants was a mechanism
for triggering damaged-associated biochemical pathways [68]. Genotypes such as that of
the present work can be a useful tool to prove the efficacy of VOCs release from the whole
plant, whether and how the VOCs are received by neighbours and if the activation of plant
defence is realistic in open field conditions.

5. Conclusions

The hybrid necrosis of the IGSV line showed the predicted phenological pattern, and
a link between symptomatology and hyperspectral reflectance was highlighted, with the
860–870 nm and 1050–1060 nm wavelengths having the greatest modelling power. The
lower-than-normal reflectance values of the apparently healthy leaves (the apical ones)
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of the necrotic plant indicate that, although phenotypically not visible, the activation of
autonecrosis was in progress. Repeated studies on mutants of the type described may find
useful application in the development of predictive models for early detection of pathogens
(or other stresses) in tomato by proximal sensing. It is possible to imagine an extension of
the studied model to other species of the same family (Solanaceae) and beyond.

Since many mechanisms underlying the physiological response to pathogens are
similar, the modelling of the mutant appears extensible to a wider variety of cases. Similar
mutants sensitive to abiotic stresses could constitute additional biological tools that could
increase the range of environmental stresses that can be analysed, as well as facilitate the
understanding of plant-environment interaction and the development of ground-based
monitoring systems.
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