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Remote detection of fungal
pathogens in viticulture using
laser-induced fluorescence:
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infected potted vines
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Introduction: Pathogenic fungi, such as Plasmopara viticola and Erysiphe
necator, severely threaten the annual yield of grapes in both quantity and
quality. In contrast to other crop production systems, fungicides are intensively
applied in viticulture as a countermeasure. The goal of precision viticulture is to
optimize vineyard performance as well as the environmental impact by reducing
fungicides and applying different techniques and combined strategies.
Therefore, new emerging technologies are required, including non-invasive
detection, as well as monitoring and tools for the early and in-field detection
of fungal development.

Methods: In this study, we investigated leaves of potted vines (Vitis vinifera cv.
‘Riesling’) and traced the development of the inoculated leaves using our new
remote detection system vinoLAS®, which is based on laser-induced
fluorescence spectroscopy. We ran a measurement campaign over a period of
17 days.

Results: We were able to detect a leaf infection with P. viticola, the causal agent
of downy mildew, between 5 and 7 days after inoculation. Our results provide
evidence for a successful application of laser-based standoff detection in
vineyard management in the future. Thus, the vinoLAS system can serve as a
model technology for the detection of pathogenic disease symptoms and thus
monitoring complete vineyard sites. This allows for early countermeasures with
suitable crop protection approaches and selected hot-spot treatments.

Discussion: As P. viticola is considered one of the most damaging fungi in
European viticulture, disease mapping via this monitoring tool will help to reduce
fungicide applications, and will, therefore, support the implementation of the
European Green Deal claims.

KEYWORDS

vinoLAS, laser-induced fluorescence, remote detection, disease monitoring, downy
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1 Introduction

Fungal diseases threaten the annual yield of grape harvests. In
Europe, most cultivars of the widely planted grapevine species Vitis
vinifera are susceptible to Plasmopara viticola, the causal agent of
downy mildew. Downy mildew is one of the most destructive
diseases affecting viticulture as it is able to attack the leaves and
grapes in different ways, especially in temperate-humid climates
(Latouche et al., 2015; Buonassisi et al., 2017; Koledenkova et al.,
2022). Currently, grapevine yields are bolstered by the massive use of
fungicides to protect the vines against fungal infections. These
measures have a huge environmental impact (Rof!berg, 2013). For
this reason, combined strategies have to be applied in viticulture,
including the early detection of pathogens and the optimization of
pesticide application, as well as additional approaches on canopy
architecture (Klirner et al., 2015; Berkelmann-Lohnertz et al., 2017).

The current grapevine protection strategy in Germany is aiming
for qualitatively and quantitatively high-quality primary products.
It is based on a combination of measures in accordance with
Integrated Crop Management (IPM) programs and best practice
approaches (Gute Fachliche Praxis). However, viticulture is missing
a comprehensive and fast disease/pathogen assessment and a fast
monitoring tool to get an overview of the epidemiological status of
each grape disease at a single site. Conventional approaches are
laboratory-intensive methods and always cover a random sample
only, not the complete vineyard. Unlike manually based
approaches, optical spectroscopy is a rapid, cost-effective, and
non-destructive method, which does not require any sample
preparation (Kumar et al., 2021). In addition, remote detection
(Ammoniaci et al,, 2021) in combination with deep learning
(Tardaguila et al., 2021) has the potential for early disease
detection or pre-symptomatic diagnosis of abiotic stress.
Nowadays, thermal (Stoll et al., 2008) and hyperspectral (Nguyen
et al,, 2021) imaging are quite common techniques, but both are
passive optical methods with signatures that are influenced by
environmental conditions. In contrast to that, active technologies,
such as laser-induced fluorescence (LIF) spectroscopy, offer two
major advantages. First, active illumination with a pulsed laser
enables gated data acquisition, which makes efficient background
suppression possible. Hence, the system can be used regardless of
weather conditions (day- and nighttime operation). Second, the
laser enhances the sensitivity and selectivity, making such a system
a promising diagnostic and monitoring technique in vineyards.

However, all available LIF systems need close contact with the
sample surface (Belasque et al.,, 2008). To tackle this disadvantage
and other requirements needed for operational use, we developed
the so-called vinoLAS® system. vinoLAS is a new, innovative LIF
system that is especially tailored for fast, non-invasive remote
detection of pathogens in viticulture. To confirm the operational
readiness of our vinoLAS system for usage in relevant target
environments, we address the following objectives:

Objective A: is the vinoLAS system able to reliably remote
detect specific pathogen symptoms in vineyards? Which system
performance can be achieved, and which assessment can be
developed to compare the key figures with published, usually
close-contact, systems?
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Objective B: to what extent does the pathogenesis affect the
remote sensing and the fluorescence signals over time? After what
time can the first latent, asymptomatic infections within the
incubation period be detected with the vinoLAS system?

Objective C: does the orientation of the leaf surface (upper vs.
lower) have an influence on the structure and strength of the
fluorescence signal or on the detectability of the pathogen, as
sporangiophores and sporangia of downy mildew grow on the
lower leaf surface?

To address these objectives, extensive LIF spectroscopic
measurements have been performed with the vinoLAS research
model for characterization and validation. We took P. viticola, the
causal agent of downy mildew, as a model pathogen. Within this
framework of our performed measurements, we investigated the
fluorescence signatures of healthy and infected leaves of potted
vines cv. ‘Riesling’. On this basis, an assessment is developed to
determine whether in general or at which time after inoculation
detection of the fungus itself or downy mildew disease development
are possible. These results contribute to the ongoing efforts to
achieve sustainable viticulture using fungicides in a reduced but
optimized way as outlined in the European Green Deal
(Commission, 2022). Furthermore, they provide the basis for
improving the vinoLAS system to create a remote detection
system for other pathogens in viticulture with operational readiness.

2 Materials and methods

2.1 The vinoLAS system

Our vinoLAS research model is based on LIF spectroscopy,
which is a highly sensitive measurement technique. It allows us to
distinguish between different biomolecules by tuning the laser to a
particular excitation wavelength, which is not shared by other
species, or by time-resolved investigations (Weiss, 1999; Johnson
and Landers, 2004; Corcoran, 2014). In addition, LIF spectroscopy
allows for remote detection (Duschek et al., 2017), building in this
case the basis of the vinoLAS system. The vinoLAS system is unique
as it is capable of multiwavelength excitation, which is especially
optimized for non-invasive optical remote detection in viticulture.
The simplified setup is depicted in Figure 1.

The system consists of two passive q-switched nanosecond laser
modules, emitting at wavelengths of 236 nm and 473 nm, as well as
355 nm, 532 nm, and 1,064 nm. Here, vinoLAS used the
wavelengths of 355 nm, 473 nm, and 532 nm for fluorescence
excitation and 1,064 nm for reflection measurements and
calibration purposes, whereas the 236-nm wavelength was not
used. The high laser repetition rate of 5 kHz makes it possible to
use a movable scan mirror in the system for scanning over the
sample surfaces during fluorescence excitation with a high level of
spatial resolution. All laser beams are colinearly aligned to the
optical axis of the scan mirror and the detection optics. After LIF
excitation of the sample, the generated light is collected through the
scan mirror and detection optics. Before coupling to an optical fiber,
notch filters at 355 nm, 475 nm, and 532 nm are used for
suppression of the Rayleigh-scattered laser light. A bifurcated

frontiersin.org


https://doi.org/10.3389/fhort.2023.1185468
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org

Kolbl et al.
A ’
measurement distance
Laser — | [IFF8 —1-2m —
¥ 3
0N
53

4

Fluorescence
Detection |
optic

Scan range

Leaf
Spectro-_| Notch filters

meter VinoLAS system

FIGURE 1

(A) Schematic illustration of the experimental measurement
configuration of the vinoLAS research model. The laser beams are
guided through a scan mirror to the sample surface, where the LIF is
excited. The fluorescence light is collected with a detection optic
and coupled via optical fibers to a spectrometer and a four-channel
data acquisition device. (B) Picture of the vinoLAS research model
during a test measurement campaign in a vineyard

fiber is used to send the light to either a spectrometer or a four-
channel data acquisition device. The spectrometer can acquire a
fluorescence spectrum with high levels of spectral resolution but
with limited temporal resolution, and hence averages over
consecutive pulses. In contrast, the four-channel data acquisition
device has only four individual spectral channels, but with a high
level of temporal resolution.

These cover exactly the spectral bands for detecting chlorophyll
fluorescence (ChlF; 675 nm and 735 nm) and blue-green
fluorescence (BGF; 450 nm and 530 nm). The detection optics
and data acquisition are currently optimized for a typical detection
distance of between 1 m and 2 m due to the time-of-flight delay of
the laser pulses. The field of view of the scan range is between —5°
and 80° toward the horizontal. Both conditions fit the requirements
of viticulture for using the system later on in vineyards between the
rows of vines. Herein, we used the vinoLAS system under laboratory
conditions as a research model.

2.2 Potted vines

In this study, we used 20 potted vines (Vitis vinifera L. cv.
‘Riesling’) grown in a greenhouse at Geisenheim University in
standard potting medium in pots with a 15-cm diameter. With
the exception of the non-watered plants (two plants), the general
treatment for watering and illumination were the same for all
plants. Watering was managed by hose supply and was done
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2 days before inoculation and on the day of inoculation, as well
as 3, 7, and 11 days after inoculation. Furthermore, to ensure
reproducible illumination conditions, the plants were stored
under greenhouse conditions in the dark and automatically
illuminated every day from 10 p.m. to 6 a.m. by plant lamps
[PAR38 light-emitting diode (LED); Megaman)].

The potted vines were divided into two groups, imposing
different treatments: (a) an inoculated group (10 potted vines;
positive control) treated with a sporangia suspension of P. viticola
at a concentration of 1 x 10> ml™'; and (b) a non-inoculated group
(10 potted vines; negative control) treated with demineralized
water. From both groups, one individual potted vine was
not watered.

2.3 Sample preparation

The inoculation of the potted vines was done in the chemical
laboratory facilities of the German Aerospace Center Institute of
Technical Physics, in collaboration with staff from Geisenheim
University. The inoculation process consists of several steps. First, a
suspension of sporangia of P. viticola was produced in demineralized
water (Arium® Mini, Sartorius) by rinsing already infected leaves
from greenhouse plants with demineralized water. Then, the
suspension was filtered and homogenized at room temperature
with a magnetic stirrer. Using a Thoma cell counting chamber, we
determined the concentration of the suspension. Subsequently, we
diluted the suspension with demineralized water and adjusted the
sporangia concentration to approximately 1 x 10° ml™". In the next
step, plants in the inoculated group were inoculated by spraying the
sporangial suspension on the lower leaf surfaces until run-off to
ensure a high and uniform infection with P. viticola. The vines of the
non-inoculated group were sprayed with demineralized water only.
Immediately after inoculation, all potted vines were covered with wet
polyethylene bags overnight to maintain a high relative humidity, to
allow the zoospores to find the stomata before the water film dried,
and to ensure the viability of the pathogen. The day of inoculation
was defined as 0 dpi (days post inoculation).

2.4 Experimental design and
measurement procedure

All presented measurements were taken using the vinoLAS
research model in a laboratory configuration. Thus, for each
measurement, the distance between the vinoLAS system and the
leaf was adjusted to 1.6 m. In addition, the scan range was reduced
to approximately 2°, corresponding to a scan profile length of
5.5 cm. This ensured that the scan range did not exceed the size
of the measured leaf.

To enhance practicality, experiments in Sections 3.1 and 3.3, as
well as for the long-term measurements in Section 3.2 from each
plant group, all potted vines were measured once and daily,
respectively. For each potted vine, an arbitrary leaf was selected
and used as a representative sample. An adequate reproducible
measurement was ensured by drawing small markings on the upper
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leaf side with a commercially available marker pen, which defined
the limits of the scan range. These markings had no negative
influence on the leaf itself, but ensured that we could always
measure the same leaf area in the course of the campaign, even if
potted vines were exchanged. To ensure high reproducibility, we
developed a measurement protocol that was applied during the
whole campaign. The measurements were performed every day
from 9 a.m. until 5 p.m. For hardware control, as well as for data
acquisition, a self-written, terminal-based measurement Python
script was used. Initially, a standardized calibration procedure of
the scan mirror was carried out. Correct alignment ensured that the
laser beams of the vinoLAS system precisely hit a fluorescence
calibration target for reference purposes. This guaranteed that the
marked scan range on the leaf was precisely measured during
acquisition. Subsequently, current room temperature and
humidity data were saved before the actual LIF measurement
started. Hence, the software toggled each individual excitation
laser beam and started, or rather stopped, the acquisition of the
laser-induced fluorescence spectra, whereas for reference
measurements (dark) all lasers were always blocked by optical
shutters. The acquisition time for a scan was set to 20 s to
achieve an appropriate signal-to-noise ratio.

During the whole measurement campaign, this procedure was
repeated. Altogether, the experiment lasted a period of 17 days. We
started with our first measurements 3 days before inoculation. This
makes a direct comparison between the two groups of vines—
inoculated and non-inoculated—easier.

Because in the field operation the orientation of foliage can be
arbitrarily oriented in reference to the optical axis of the vinoLAS
system, we also investigated the influence of the orientation on LIF
signals on arbitrarily selected potted vines. For the case of downy
mildew, the upper leaf surface is mainly influenced by the first
disease symptoms at the end of the incubation period, with the
appearance of oil spots (Kennelly et al, 2007). The subsequent
growth of sporangiophores with sporangia only occurs on the lower
leaf surface. Based on the research from Zhang and Dickinson
(2001) and Zhang et al. (2020), we characterized the impact of leaf
orientation on the detectability of both oil spots and
sporangiophores. Herein, we focus on differences between the
upper and the lower leaf surface.

In addition, all measured plants were assessed daily for downy
mildew development and specific symptoms by visual rating and
RGB photographs from different angles. In total, we gathered over
22 GB of data, including 5,760 LIF spectra and 1,080 images for
characterization and assessment of the vines, the fungal development
on inoculated vines, and the vinoLAS system.

2.5 Data management

Due to the amount of collected data, good data management
was essential for proper data handling and analysis. Therefore, we
developed a simple sample management tool in Python based on
SQLite, which was integrated into the measurement script. This
simplified the handling and identification of the potted vines in
daily use.

Frontiers in Horticulture

10.3389/fhort.2023.1185468

2.6 Statistical data analysis

For simplicity, we focused on the data acquired with the
spectrometer. To enable a better comparison between the
individual spectra, the data needed to be processed further. First,
the reference spectra (dark) were subtracted from the LIF spectra.
Then, outliers due to artifacts of the charged-coupled device (CCD)
sensor were removed from the datasets. To increase the speed of the
analysis, spectral bands that contained no relevant spectral
information were removed. In addition, the background-corrected
spectra were smoothed out by a Savitzky-Golay filter of the second
polynomial order and a 31-data-point broad sliding window. The
spectra were normalized to their maximum intensity of the ChIF
band before we calculated the integrated signal intensities for the
four spectral bands corresponding to the following equations and
spectral band limits (Lichtenthaler et al., 1996):

469nm

> f(Mar (1)

382nm

BGF . Fblue =

527nm

> fHAL @)

491nm

F, green —

712nm
ChIF:Frq = 3 f(AAA 3)

618nm

867nm
Fred2 = 2 f(l)Al‘ (4)
712nm
By means of the integrated fluorescence bands Fyjyes Foreens Fred1>
and F,.q,, it was possible to calculate the BFRR (blue-to-far red
ratio) UV index and the ChIF ratio. From Equation 4, it follows for
both:

F
BFRR _ UV - index = —2u¢ (5)

red,

F,
ChIF - ratio = "4 (6)

red,

The BFRR UV index requires for its calculation a fluorescence
excitation in the UV range. That is why the index could be
calculated for excitation only at 355 nm, whereas for 473 nm and
532 nm, we calculated the ChIF ratio. Both indices are well known
in the literature and indicate physiological changes of plant tissue of
the potted vines, in particular the change of chlorophyll
concentration in plant cells (Kautz et al., 2014).

3 Results

3.1 Differentiation between healthy and
infected leaves by LIF

To address objective A, we performed LIF scan measurements

on healthy and inoculated leaves from group (a) and group (b),
respectively, (Section 2.2) after 14 dpi. At this time, oil spots and a
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discoloration of the lamina were clearly visible on the inoculated
leaves, whereas healthy leaves showed no signs of infection. The
results of the LIF measurements on the upper leaf surface are
depicted in Figure 2. For fluorescence excitation at 355 nm, the
spectra showed two prominent fluorescence contributions: the BGF
around 450 nm and the ChIF around 700 nm. The BGF could be
separated again into two emission bands from 380 nm to 470 nm
and from 490 nm to 500 nm. Both contributions were primarily
emitted by ferulic acid, which was covalently bonded to the cell walls
of the foliage (Buschmann et al., 2000). The dips in the spectral
bands were caused by the notch filters (Section 2.1). The ChlF can be
attributed to two overlapping and distinctive bands ranging from
650 nm to 800 nm (Chaerle et al., 2004). The aromatic o.-amino
acids tyrosine (300-320 nm) and tryptophan (320-350 nm) did not
contribute to the LIF spectrum, as the excitation wavelength was
355 nm, which is too far in the UV-A region (Gabor et al., 2014).
Comparing the fluorescence spectra of the healthy and infected
leaf, distinct differences were visible in both the intensity as well as
in the spectral shifts of the intensity. In the normalized depiction of
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FIGURE 2

Laser-induced fluorescence spectra acquired during a scan over the
upper leaf surface of 'Riesling’ leaves, measured at excitation
wavelengths of (A) 355 nm and (B) 532 nm. The red spectrum
corresponds to a sample with a strong infection and the green one
to a healthy one. The intensity is normalized.
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Figure 2, a significantly higher emission was measured for the
inoculated leaf in fluorescence band F.. Even in the ChIF band
Fredo, a deviation was measurable. This behavior also appeared in
the emission spectra of the excitation at 532 nm. In contrast to
355 nm excitation, the intensity for the healthy leaf was higher than
for the inoculated leaf.

For further analysis, we considered the BFRR UV index
(Equation 5) and the ChIF ratio (Equation 6). A BFRR UV index
0f 0.07 was determined for the healthy ‘Riesling’ leaf, whereas for the
inoculated leaf, the index increased by a factor of 5.4 to 0.39. This
was due to the higher BGF, which resulted in an increase of the signal
in the Fy, band. This signal was likely induced by stilbenes, which
are an important candidate for phytoalexins. These compounds are
known to be produced by grapevines as a molecular host reaction on
infection with P. viticola, and it was assumed that the increased BGF
signal was due to increased synthesis of these phytoalexins. Our
results are in line with the values reported for the typical fluorescence
intensity maximum of stilbenes (i.e., around 400 nm), after
excitation by UV radiation (Poutaraud et al., 2007; Bellow et al,
2021). Moreover, it is conceivable that the fungal material, which is
distributed in the leaf after inoculation, fluoresced in the wavelength
region of the BGF (Zhang and Dickinson, 2001).

In comparison, the LIF measurements at an excitation
wavelength of 532 nm showed reduced emission in the
fluorescence band F,.q, for the inoculated leaf. This resulted in a
slight increase in the ChIF ratio by approximately 4.9%, from
60.1 x 1072 for the healthy leaf to 65.2 x 1072 for the inoculated
one. The increase was caused by a reduction of the chlorophyll
concentration due to fungal infection (Gitelson et al., 1998). In
particular, the ChIF ratio is linearly dependent on the chlorophyll
concentration because 90% of the emitted fluorescence in F,q; is re-
absorbed by the existing chlorophyll in the plant cells. Hence, a
reduced chlorophyll concentration results in less fluorescence light
in the band F,.q;, which can be re-absorbed by chlorophyll, thus
resulting in a higher ChIF ratio (Gitelson et al., 1999).

3.2 Temporal development of LIF during
long-term measurements

To determine the temporal development of the downy mildew
infection (objective B), we acquired daily LIF spectra of all potted
vines and observed the changes of the LIF signal over the course of
the measurement campaign, as described in Section 2.4.

For a better understanding, Figure 3 shows microscopic images
of the upper and lower surface of the leaf taken during the course of
the campaign.

Figure 3A shows a healthy leaf, whereas the other figures show
the development of downy mildew pathogenesis. In Figure 3B, the
symptoms are hardly visible. As time progresses, a visual change in
color can be observed, which results from the formation of the first
oil spots (Figure 3C) and the growth of sporangiophores with
sporangia from the stomates of the leaf (Figure 3D).

As an example, in Figure 4, the temporal development of LIF for
an arbitrary potted vine of group (a) is shown for the three
excitation wavelengths (355 nm, 473 nm, and 532 nm) and for
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FIGURE 3

Microscopic images of different ‘Riesling’ leaves. (A) Upper surface of a healthy leaf. (B) Upper surface of an inoculated leaf with downy mildew.
(C) Lower surface of an inoculated leaf with few sporangiophores and sporangia. (D) Lower surface of an inoculated leaf with a high density of

sporangiophores and sporangia. Scale bar: 1 mm.

the calibration wavelength (1,064 nm). Considering the LIF spectra
in Figure 4A, a trend of an increasing BGF with increasing dpi was
recognizable. Again, the reason for this increase is the synthesis of
stilbenes due to downy mildew infection (Bavaresco and Fregoni,
2001) and spreading of mycelium within the host tissue (see also
Section 3.1). Likewise, the used notch filters at 355 nm, 475 nm, and
532 nm resulted in corresponding dips of the LIF signal. The ChIF
band showed a decreasing fluorescence signal over time. This
decrease was discernible in the spectra of Figure 4B also, if
exciting at a wavelength of 473 nm. In both cases, there was no
visual evidence that the ChlF ratio changes over time. Conversely,
for fluorescence excitation at 532 nm, there was a change in both the
absolute intensity and ChIF ratio (Figure 4C). The 1,064-nm
channel, which was used in this case as a reference, confirmed the
quality of the acquired spectra. Neither a change in wavelength nor
a change in intensity were measured throughout the whole 17 days,
even though the measurements shown here were absolute ones,
without any offset correction.

For further considerations, for each plant and measurement, the
BFRR UV index and ChIF ratio were calculated corresponding to
Equations 5 and 6. Subsequently, we calculated the mean indices, as
well as the standard deviations, of each index for group (a) and (b).
The resulting temporal development of the BFRR UV index and the
ChlF ratio over the time course of the experiment are shown in
Figure 5. Before the inoculation was carried out on 0 dpi, the BFRR
UV index and the ChIF ratios remained the same within their
respective standard deviations. Starting at 8 dpi, a difference in the
BFRR UV index was measurable and the value for the inoculated

Frontiers in Horticulture

group increased continuously, whereas it remained constant for the
non-inoculated group. According to Figure 4, the BGF increased or
rather the ChlF decreased. This could be attributed to the growth of
the mycelium in the aerenchyma of the leaf, serving as a signal for
stilbene synthesis on the one hand and causing an oil spot on the
other hand. In addition, an increase in the standard deviation for
the inoculated group was measurable, especially for the excitation
wavelengths of 355 nm and 532 nm. One reason could be
heterogeneous development of the disease. The results of the 473-
nm excitation showed no obvious differences in the ChIF ratio
between the two groups. The LIF measurements at an excitation
wavelength of 532 nm showed a similar behavior to excitation at
355 nm. Starting at 5 dpi, with a slight increase in the ChlF ratio, it
resulted in an obvious difference between the inoculated and the
healthy group from 9 dpi onward. Again, the temporal development
of the reference intensities at 1,064 nm showed a strong coincidence
between the two groups.

3.3 Influence of leaf orientation on LIF

To address objective C, we investigated the influence of the leaf
orientation on the LIF measurements taken from the upper and
lower leaf surface. The results of the LIF measurements acquired
from the lower leaf surface are depicted in Figure 6. Similar to the
measurements presented in Section 3.1, the emission in the
fluorescence band Fi,,. was higher for an inoculated leaf than for
a healthy one. Furthermore, a small change in the band F,.4, was
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measurable for 355 nm as well as for 532 nm. Again, the BERR UV
index and ChIF ratio can be calculated for both healthy and
inoculated leaves (see also Section 3.1). For a healthy leaf, a BFRR
UV index of 56.6 x 107 could be determined. This was slightly
lower than the value measured on the upper leaf surface. In
contrast, the BFRR UV index of an inoculated leaf increased
distinctly to 1,042.3 x 107>, Therefore, the contribution to the LIF
signal of the band Fy,. was now larger than of the band Fieqo.
Comparing the signal strength between the upper and lower leaf
surface for the inoculated leaf, an increase of the BGF by a factor of
2.7 could be measured. Examining the ChIF ratio for 532 nm
excitation, one yields a ratio of 80.9 x 1072 for the inoculated leaf.
Compared with the healthy leaf (75.4 x 107%, the ChIF ratio
increased by a factor of 7.3%.

4 Discussion

This study aimed to characterize and validate our vinoLAS
research model. We focused on the pathosystem Vitis vinifera/P.
viticola. The studies were carried out on potted vines. In the
following sections, we summarize our findings, discuss them in
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the light of our objectives from section 1, compare them with other
systems, and point out how the vinoLAS system can be improved.

4.1 Characterization and validation of the
vinoLAS system

4.1.1 Objective A: reliable remote detection

The LIF measurements on the potted vines (cv. ‘Riesling’) on the
upper and lower leaf surface of healthy and inoculated leaves in
sections 3.1 and 3.3 have confirmed that inoculated leaf tissue results
in a measurable change of the BGF and hence in a change of the BERR
UV index as well as the ChlF ratio. First, an increase of the measured
ChlF ratio was obvious, primarily because of the gradual appearance
of yellow circular oil spots on foliage, which led to a change in the
chlorophyll concentration. In addition, a strong increase of the BERR
UV index can be detected due to the synthesis of phytoalexines by the
host. It is noteworthy that no leaf showed any radiation damage due to
laser excitation during all measurements.

Examining the used excitation wavelength in greater detail, our
results show that the excitation wavelengths of 355 nm and 532 nm
contain all necessary information for a LIF measurement because
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both BGF and ChlF can be measured. For the 355-nm wavelength,
the change of BGF dominated, whereas for 532 nm the change of
the ChIF ratio was larger than for 355 nm. The 473-nm channel
does not contain additional information. Two reasons can be
discussed. Either the same fluorophores are excited at 355 nm
and 532 nm and hence the channel does not contain any additional
information, or the current data analysis based on the BFRR UV
index and ChlF ratio is not sufficient and has to be improved. Our
results do not allow us to tease these two explanations apart.

The temporal development of the 1,064-nm channel confirmed
good system calibration and ensured high reproducibility of the

measurements during the whole campaign. Otherwise, a significant
change in intensity would be expected because changes in the
surface structure directly influence the reflection properties of
leaves. Whether this is the reason for the slight increase of the
overall reflection during the course of the experiment or it is due to
other external influences, that is, the water content of the leaves, will
have to be investigated in further experiments.

In summary, the vinoLAS system is able to differentiate between
a healthy and an inoculated (infected) leaf. Thus, BGF and ChIF
give a first reliable indication of the condition of the leaf (healthy vs.
infected). However, we did not consider other influences, such as
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Comparison of LIF spectra acquired with the vinoLAS research model for an inoculated and a healthy leaf excited at the lower leaf surface. (A) Excitation at

355nm. (B) Excitation at 532nm. The intensity is normalized.
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drought stress conditions, which can also lead to a change in the
ChlF (Li et al., 2018).

4.1.2 Objective B: temporal change of the LIF
signal and early detection capabilities

The results of the long-term measurements show that a temporal
change in the LIF signal can be measured easily with the vinoLAS
system. For operational use, the time after which a significant change
in the BFRR UV index and ChIF ratio can be measured is quite
important. With the current analysis method, a differentiation
between the inoculated and healthy group is possible 5-7 days after
the inoculation. For comparison, the first visual symptoms of downy
mildew can usually be seen on leaves approximately 7 days after
inoculation (greenhouse experiment) or infection (under natural
circumstances in the vineyard). This strongly depends on individual
temperature conditions. Consequently, to date, no proper early remote
detection with the vinoLAS system is possible; however, the system
can be used as a monitoring tool for downy mildew, as there is a lack
of quick and easy disease monitoring systems in viticulture at present.
The vinoLAS system could be very helpful in practice to obtain
information on the start of an epidemic on the one hand and the
effectiveness of fungicide application within the course of the growing
period on the other hand. Potentially, this tool will enable vine growers
to visualize the downy mildew disease status of their vineyards in the
future. The implementation of deep learning algorithms can enhance
the detection sensitivity by using complementary information from
the different excitation wavelengths. This has great potential and will
be evaluated in future experiments.

4.1.3 Objective C: influence of leaf orientation

Disease development between upper and lower leaf surfaces
gives rise to the supposition that fluorescence can be excited only
with a privileged direction. The measurement characterizing the
influence of leaf orientation showed that the fluorescence signal
strength indeed varied for the BFRR UV index by a factor of 2.7
between the upper and lower leaf surfaces due to the appearance of
sporangiophores on the lower leaf surface. The ChIF ratio was, for
both healthy and inoculated leaves, larger for the leaf surface
because the chlorophyll o concentration was higher due to the
higher rate of photosynthesis.

Although we focused here only on measurements from the upper
and lower leaf surface and not on angle-dependent measurements,
the results of both extreme cases showed that a sufficient LIF signal
can be acquired, independent of leaf orientation. Based on the
calculated BFRR UV indices and ChlIF ratios, the presence of
downy mildew symptoms could be determined in both cases.
However, due to the overlapping BFRR UV and ChIF indices of a
healthy and an inoculated leaf, an improvement of the data analysis is
necessary for obtaining all available orthogonal information.

4.2 Detection capabilities
4.2.1 External environmental influences

Herein, we treated external environmental influences as fixed-
effect factors. During the complete period of measurement, the
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environmental conditions were kept constant. The impact of
external factors, such as sunlight or other weather-related
influences, have to be investigated in further studies. On this
basis, the detection capabilities for operational use can be
elaborated so that, for example, measurement settings can directly
be considered in future data analyses. Furthermore, the
measurements were performed exclusively on ‘Riesling’ vines;
different grape varieties might result in distinctive LIF signatures.
Although this makes pathogen remote detection more complicated,
it is possible to tease even more information out of a vinoLAS
measurement, which can be used for scoring. Initial investigations
on ‘Miiller-Thurgau’ vines confirmed the presented results and,
therefore, give a hint that pathogen detection using LIF is almost
independent of the variety. In future, large-scale and long-term
measurements in vineyards are necessary to characterize the
significance of the mentioned external impacts.

4.2.2 Comparison with other systems

Despite some weaknesses, as discussed above, the vinoLAS
system has advantages over other current common non-
destructive detection techniques, such as ChIF systems and
hyperspectral or thermal imaging. Similar to the vinoLAS system,
ChIF systems are based on measuring the chlorophyll fluorescence
(Moustakas et al.,, 2021; Vlaovi¢ et al., 2023). However, these
instruments can measure the chlorophyll fluorescence parameter
only under close-contact and dark illumination conditions, i.e., in
closed measurement chambers (Takayama et al., 2011; Arief et al,
2023). In addition, most of these techniques require time-
consuming single-point measurements. We proved that these
limitations can be overcome with the vinoLAS system. The
vinoLAS system can measure the spatial variability of the plant
canopy by raster scanning and can perform mid-distance sensing of
ChIF under daylight conditions. Nevertheless, optimization of the
optical geometry of the vinoLAS detection path is necessary to
further enhance system sensitivity. This offers the possibility for
early disease detection, as reported for sun-induced ChlF systems in
the literature (Hernandez-Clemente et al., 2017).

In contrast to ChlF systems and the vinoLAS system, passive
hyperspectral and thermal sensors can achieve reliable results only if
the environmental conditions are closely controlled. In theory, sunlight
is an excellent light source; however, during operation, sunlight poses
some challenges for hyperspectral measurements. In particular,
variable illumination conditions, caused by clouds covering the sun
to varying degrees and/or the position of the sun during the course of
the day, lead to measurement inaccuracies, especially for long
acquisition times (Pinto et al, 2016). Using laser sources for
illumination, the vinoLAS system is not subject to variable
illumination conditions. In addition, hyperspectral techniques require
a reference measurement for normalization of the images (Thomas
et al,, 2018). This is not necessarily required for the vinoLAS system.

For all mentioned techniques, an accurate identification of
different pathogens and the discrimination of biotic and abiotic
stresses are difficult and remain a great challenge in disease
research (Zhang et al, 2020). The vinoLAS system provides a
research model for further investigation of laser-based stand-off
pathogen detection.
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4.3 Technical improvements of the
vinoLAS system

All presented measurements confirm that remote monitoring of
downy mildew is possible with the vinoLAS system. However, the
results reveal several technical aspects of the current system that
have to be improved in the future.

First, as discussed in Section 4.1, the informational content of
the 473-nm channel should be further analyzed. Instead of using the
BFRR UV index and ChIF ratio, a first step would be the
introduction of new indices. These can take other spectral bands
or absolute intensities into account. Based on this, machine learning
algorithms (convolutional neuronal networks or principal
component analysis) can be applied to gather even more
information out of the acquired data, that is, by considering
complementary information from all excitation wavelengths.
However, a large data set is necessary for the successful
realization of such methodologies. This can be combined with a
study on different grape varieties.

Second, the 1,064-nm channel, which is currently used only as a
control, should be implemented for automatic calibration. This can
be especially helpful if different grape varieties are measured or the
measurement distance changes. This approach enables us to
calculate a normalization within a data set or a calibration between
the different measurements.

Third, the additional acquired data from peripheral
components (i.e., temperature, humidity) can be integrated in the
data analysis procedure for further enhancing the reliability of the
vinoLAS system.

Fourth, in this study, we have considered only the data that were
acquired with the spectrometer. The data acquired with the four-
channel boxcar integrator system were not considered here since it
lacks high levels of spectral resolution. A high level of temporal
resolution, which can be achieved with the four-channel system, is
especially useful for field operation because the contribution of
sunlight during daylight measurements can be effectively suppressed
during acquisition. In addition, the high read-out frequency results in
a high level of temporal resolution. Consequently, differences in
fluorescence intensity within the foliage can be easily measured
during a scan with a high level of spatial resolution.

Fifth, from the previously discussed aspects, one can discern
that the goal for further improvements is to run the vinoLAS system
under field conditions. Therefore, the technological readiness level
of the vinoLAS system has to be improved for the targeted
environment: vineyards under cultivation with different trellising
systems, canopy structures, and/or varieties. Irrespective of the
environment, the design should be optimized for easy
transportation. Supplementary safety installations must
be integrated.

5 Conclusion

The results of this work have shown that remote detection of
downy mildew on grapevine leaves using a stand-off LIF
measurement system is generally possible. Leaves from inoculated
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potted vines (cv. ‘Riesling’) could be distinguished from healthy
ones 5-7 days after inoculation with P. viticola. The BFRR UV index
and the ChIF ratio gave the first evidence of whether or not an
infestation on a plant occurs. In particular, the excitation
wavelength of 355 nm is suitable for pathogen detection as it is
capable of exciting both BGF and ChlF. Together with the excitation
wavelength of 532 nm, it allows a reliable distinction between
healthy and inoculated vines, independent of leaf orientation.

Thus, the vinoLAS system could indeed serve as an important
tool for the fast and easy monitoring and non-invasive detection of
fungal infestations in vineyards in the near future. At present,
neither early pathogen detection nor fast monitoring of the
epidemiological status of a complete vineyard is possible.
Therefore, improvements to the laser spectroscopic system itself
and the ensuing data analysis have to be implemented. Within this
context, differences between different grape varieties and
environmental impacts, that is, weather-related influences
(sunlight, wetness, dust), have to be considered during data
acquisition as well as later in the data analysis, since such features can
have a direct influence on the reliability of this novel detection method.
Nonetheless, the vinoLAS system can serve as a model technology for
practical use in vineyards. In combination with existing methods, such as
hyperspectral imaging (Adao et al., 2017), it can meet unsatisfied
demands, such as 24/7 operation, and it can provide complementary
information on pathogen detection as a sensitive technique. On this
basis, the application of fungicides can be optimized by the use of the
vinoLAS system in the future, and, therefore, the ecological impact and
economic costs can be reduced significantly according to the demands of
the EU Green Deal. Finally, the vinoLAS technology might also be useful
for other pathosystems, for example, in apple cultivation or potato
production as “appleLAS” or “potatoLAS”.
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