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Abstract

In the current study, the application of fluorescence spectroscopy along with the advanced statistical technique and confo-
cal microscopy was investigated for the early detection of stripe rust infection in wheat grown under field conditions. The
indigenously developed Fluorosensor fitted with LED, emitting monochromatic light was used that covered comparatively
larger leaf area for recording fluorescence data thus presenting more reliable current status of the leaf. The examined leaf
samples covered the entire range of stripe rust disease infection from no visible symptoms to the complete disease prevalence.
The molecular changes were also assessed in the leaves as the disease progresses. The emission spectra mainly produce
two fluorescence emission classes, namely the blue-green fluorescence (400—-600 nm range) and chlorophyll fluorescence
(650-800 nm range). The chlorophyll fluorescence region showed lower chlorophyll bands both at 685 and 735 nm in the
asymptomatic (early diseased) and symptomatic (diseased) leaf samples than the healthy ones as a result of partial deactiva-
tion of PSII reaction centers. The 735 nm chlorophyll fluorescence band was either slight or completely absent in the leaf
samples with lower to higher disease incidence and thus differentiate between the healthy and the infected leaf samples. The
Hydroxycinnamic acids (caffeic and sinapic acids) showed decreasing trend, whereas the ferulic acid increased with the rise
in disease infection. Peak broadening/shifting has been observed in case of ferulic acid and carotenes/carotenoids, with the
increase in the disease intensity. While using the LEDs (365 nm), the peak broadening and the decline in the chlorophyll
fluorescence bands could be used for the early prediction of stripe rust disease in wheat crop. The PLSR statistical techniques
discriminated well between the healthy and the diseased samples, thus showed promise in early disease detection. Confocal
microscopy confirmed the early prevalence of stripe rust disease infection in a susceptible variety at a stage when the disease
is not detectable visually. It is inferred that fluorescence emission spectroscopy along with the chemometrics aided in the
effective and timely diagnosis of plant diseases and the detected signatures provide the basis for remote sensing.
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1 Introduction

The world population of 7.2 billion will increase to 9.6 bil-
lion up to 2050 [1]. Therefore, agricultural production is
required to be increased faster than the increase in popu-
lation without impacting the environment [2]. Increase in
agriculture productivity results in reducing poverty and food
uncertainty [3]. The application of precision agriculture pro-
duces considerable and positive impact on agricultural pro-
duction [3]. In precision agriculture, considerable emphasis
is given on the plant health, as it is the major factor contrib-
uting toward improved crop yields. Health can be examined
by monitoring the chlorophyll in the plants [4]. There is
an amazing similarity between the human blood (Oxygen
carrying portion of Hemoglobin) and the plant chlorophyll,
both are 100% identical except magnesium causes plants to
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be green [5, 6], whereas hemoglobin’s iron makes the blood
red [6]. As the body requires both iron [7] and magnesium
[8] to sustain, it is a perfect match made by the nature.
Plants are the main source of food, clothing, medicines,
shelter, paper, rubber, wood and timber, oil, spices, flavors,
manure, clean air pollution and provide oxygen to breath.
The biological process behind the production of this mass
and energy is called photosynthesis that enables the plants to
harvest energy from sunlight [9]. During photosynthesis pro-
cess, plants absorb carbon dioxide and water and in the pres-
ence of sunlight transforms water into oxygen and carbon
dioxide into glucose [10]. The photochemical oxidation of
water is a light-dependent reaction [11]. A light harvesting
pigment known as chlorophyll [12] present in the thylakoid
membranes of the chloroplast is responsible for the absorp-
tion of energy from blue and red wavelengths of light [13].
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Chlorophyll is mainly of two types, (i) chlorophyll a, pig-
ment that directly contributes in the light involving photo-
synthetic reactions, whereas (ii) chlorophyll b, auxiliary pig-
ment that is involved indirectly by transferring the absorbed
light to the chlorophyll a [9]. The oxygen was released into
the atmosphere, and energy was stored in the glucose mol-
ecules [10]. From the glucose, other carbon compounds and
plant tissues are formed [9]. In nut shell, plants use light
energy for growth and development and moreover for adap-
tion against environmental changes [9, 14].

Among numerous crop plants, wheat is one of the major
staple food and the nutrients source for almost 40% popu-
lation of the world [15]. Rusts are among the major biotic
stresses that threatens the global wheat production [16].
Stripe (yellow) rust is considered more devastating disease
compared to the other two rusts namely leaf rust and stem
rust [17]. Wheat stripe rust is caused by fungal pathogen
Puccinia striiformis f.sp. tritici (Pst) [18], capable of migrat-
ing to long distance and spread rapidly to new areas and
the crop varieties [19]. It has been reported to appear in
epidemics causing significant economic losses [20]. Stripe
rust is a growing issue due to the increasing migration,
mutation, adaptation and development of new strains of rust
[21]. The plants are vulnerable to infection at all growth
stages [22, 23]. At seedling stage, a single rust infection
can grow to produce pustules that cover the whole leaf,
whereas in adult plants, symptoms develop as long and nar-
row stripes of golden-yellow pustules between leaf veins and
on leaf sheaths, glumes and awns [23, 24]. Many Berberis
and Mahonia species are the alternate hosts of stripe rust
(Pst) that provide shelter to the pathogen to survive in the
unfavorable environments and through sexual reproduction
yield new inoculum for the infection of wheat (cereals) and
grasses [24]. The Himalayan and neighboring regions have
been suggested to be the putative center of origin of Pst due
to higher genetic diversity, highly distinguished populations
and greater ability for sexual reproduction [19].

Chen et al. [17] investigated the protective mechanism for
stripe rust disease (Ps?) by studying the changes in photosys-
tem II (PSII) and antioxidant enzyme systems in susceptible
and resistant wheat at adult plant stage. It was observed that
the resistant wheat; (i) have higher chlorophyll fluorescence,
(ii) may alleviate excess reactive oxygen species (ROS) by
means of antioxidant enzymes, (iii) maintain greater PSII
activity (iv) have strong PSII protein phosphorylation and
(v) less damage to thylakoid membranes. Thus, it was pro-
posed that the antioxidant enzyme systems and PSII thyla-
koid protein phosphorylation contribute significantly in plant
protection to stripe rust infection. It is well documented that
chlorophyll concentration changes in response to biotic and
abiotic stresses [25-30], which is also true in case of stripe
rust infection where chlorophyll contents decrease in the sus-
ceptible wheat [17, 22, 31] as a result of partial deactivation

of PSII reaction centers [17]. The rust infection in wheat
reduces the leaves green areas or injure mesophyll cells,
resulting in the decline of photosynthetic rate [32]. In gen-
eral, the decrease in photosynthesis activity in rust diseased
leaves appears because of the chlorophyll destruction and
main proteins like ribulose-1,5-bisphosphate carboxylase or
probably the cytochromes [33].

Growing-resistant wheat varieties is the practical and
viable solution to apprehend the economic losses, but break-
down of resistance because of the evolution of new highly
virulent races of Pst induces higher disease infection and
larger spread [34]. Therefore, detection of this disease at an
early stage is vital to use protective control measures. An
integrated stripe rust management program includes the use
of; (i) resistant crop varieties, (ii) early warning systems (iii)
continuous pathogen/disease monitoring, (iv) agronomic
practices and (v) timely spray of appropriate and efficient
fungicides [35]. Fungicide application is effective if disease
spread is up to 5% on a susceptible cultivar [36]. Hence,
early rust diagnosis will certainly contribute in the timely
spray of the fungicides. Generally, the plant diseases are
detected using either the molecular techniques or the wet
chemistry procedures which are time consuming, laborious
and costly, thus cannot be used as a primary tool for the
screening of large plant samples [22, 25, 37, 38]. Hence, to
overcome these limitations the potential methods for mon-
itoring and quick determination of plant diseases are the
non-destructive spectroscopic techniques [39]. Fluorescence
spectroscopy is a perfect diagnostic tool due to its highly
sensitive and specificity rate characteristics [40] and can be
used to examine plant health, physiological state, nutrient
and environmental stresses and diseases [27, 37, 41, 42].
Health can be examined by monitoring the chlorophyll in
the plants. Chlorophyll content can be monitored through
the fluorescence of chlorophyll peaks at 680 and 740 nm
wavelength using emission spectroscopy [25]. This will help
in the early detection of diseases and other abiotic stresses
in plants [22, 25, 37, 43].

Extensive work has been reported in the literature on
the potential applications of fluorescence techniques that
include: (i) assessment of elemental/nutrient profile (leafy
vegetables [44], leaf and seed of coriander plant [45], under-
utilized seeds ‘mango, drumstick, and jamun’ [46], and dif-
ferent cultivars of Ixora flowers [47]), (ii) effect of nano-
particles on chlorophyll (gold [48], titanium dioxide and
iron oxide [49], zinc oxide and copper oxide [50], titanium
dioxide [51], and copper oxide [52] nanoparticles on wheat
plants and titanium dioxide nanoparticles on garlic plants
[53]), (iii) maturity and ripening of fruits (papaya fruits [54],
Syzygium cumini ‘jamun’ fruit [55], and chili pepper [56]),
(iv) irradiation effect on photosynthesis and other traits
(laser in safflower [57], and ultraviolet-B in cyanobacteria
[58]), (v) detection of different kind of biotic (citrus canker
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[25, 42, 43], and huanglongbing [30, 59] in citrus; stripe
rust [22], leaf rust [28, 60—62], powdery mildew [28, 63],
fusarium head blight [64] in wheat; and bacterial leaf blight
[37] in rice) and abiotic stresses (detection of copper [65]
and cadmium [66] stress in maize; manganese [67], arsenic
[68], chromium [69], nickel [70], dimethoate [71], and cad-
mium [72, 73] stress in wheat plants; nickel [74] stress in
mung plants; X-Ray +EMS [75] toxicity in safflower; and
cadmium [76] stress in pigeon pea).

The early diagnosis of stripe rust in wheat using fluores-
cence technique has been demonstrated earlier by us in a
preliminary study conducted on a single stripe rust suscepti-
ble wheat cultivar ‘Morocco’ [22]. In that investigation, leaf
samples were analyzed in laboratory on a steady-state Fluo-
romax-4, Spectrofluorometer system. It has been realized
that to make the methodology more applicable to the field
conditions, (i) study must be carried out under natural field
conditions, (ii) on more number of wheat varieties, (iii) data
be recorded with a portable device in the field. Therefore,
present advanced study has been planned, (i) comprised of
15 wheat cultivars, (ii) data recorded with locally developed
field fluorosensor, (iii) LEDs were used that covered com-
paratively larger leaf area for detection, (iv) data recorded
repeatedly over the season, (v) results are supported by the
partial least squares regression (PLSR) analysis and fluo-
rescence confocal microscopy, (vi) thoroughly reviewed
and cited the fluorescence emission bands reported at A
300-800 nm wavelength along with the molecular assign-
ments in plants in a tabulated form.

Most of the previous studies reported the use of lasers
for disease detection, but we instead used the commonly
available LEDs that cover comparatively larger leaf area for
recording fluorescence data thus presenting more reliable
picture of the current status. The objective of the present
study is to detect stripe rust in wheat crop at an early stage
when no signs of disease are evident by applying light-
induced fluorescence emission spectroscopy. The molecu-
lar changes are also assessed in the leaves as the disease
progresses. The implication of the present work includes the
field-based monitoring and detection of the disease by the
scientists/extension workers and the farmers at a very early
stage and the deployment of control measures to minimize
economic losses.

2 Materials and methods

The present work was planned to investigate the leaves of
contrasting wheat varieties (with respect to their tolerance
to stripe rust) that are healthy (no infection), asymptomatic
(no visible disease signs) and symptomatic (with visible
signs of disease) for the early detection of stripe (yellow)
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rust through the application of fluorescence spectroscopy by
using in-house developed portable fluorosensor.

2.1 Stripe rust processing and inoculation

Collection and preparation of rust specimen is necessary
before inoculating the plants of susceptible host [77]. Dis-
eased leaves were collected that showed characteristic symp-
toms of stripe rust. Suspension was prepared by adding 30%
Paraffin oil and 70% petroleum spirit followed by washing of
diseased leaves in the suspension. Hundred percent humid-
ity for 48 h and low temperature (5-9 °C) were considered
the ideal conditions for the spread of stripe rust infection.
Therefore, this inoculum was sprayed on 20th January 2020
(winter with low temperatures) with the hand sprayer (atom-
izer) with a distance of approx. one foot, on the susceptible
host (wheat variety Morocco) at tillering stage. Morocco was
sown around the wheat varieties used in the experimentation
for the spread of disease infection. To maintain the humidity,
field was irrigated afterward for maximum infection. The
second inoculation was done after seven days with water sus-
pension using ultra-low volume sprayer at the evening time.

2.2 Collection of plant leaf samples

The healthy and stripe rust infected leaves of different wheat
varieties were collected from the disease screening nursery
(DSN), research field of Crop Diseases Research Institute
(CDRI). The experiment comprising of 15 wheat varie-
ties was planted at National Agricultural Research Centre
(NARC), Islamabad, Pakistan during early November, 2020.
Each wheat variety was grown as two lines of 2 m length.
Leaf samples from the stripe rust susceptible and resist-
ant wheat varieties were collected on 30th to 51st day after
inoculation (dai) with approx. one week interval between
19th February and 11th March 2020, respectively. Leaves
were harvested at random over the time from each variety.
The healthy, asymptomatic and symptomatic leaves were
collected for this study. The infected leaves, ones in their
vicinity that showed no sign of infection (asymptomatic)
and the healthy plant leaves were collected from the field.
To maintain the freshness of leaves, the samples were kept
in labeled zipper bags according to the wheat variety and
transferred to the laboratory refrigerator in a sample carrier
filled with ice.

2.3 Acquiring fluorescence spectral data

The fluorescence spectra of healthy and stripe rust infected
leaf samples were acquired by using in-house developed
portable fluorosensor [25] coupled with laser diode operat-
ing at 405 nm. The data were then recorded with the same
setup fitted with different LEDs of 365, 375 and 385 nm



Photochemical & Photobiological Sciences (2023) 22:115-134

19

wavelength. The product specification (power and model)
of LEDs comprised, (i) LED 365 nm: 135 mW, APG2C1-
365-E, (ii) LED 375 nm: 200 mW, APG2C1-375-E, (iii)
LED 385 nm: 200 mW, APG2C1-385; Roithner LaserTech-
nik Gmbh, Austria. The excitation source is as mentioned
for each source, and fluorescence emission at 400-900 nm
was used in the spectral analysis. The laser diode covered
comparatively smaller leaf area than the LEDs which acquire
data from approx. 2 X 2 inch area of the leaves. The spectral
analysis was performed using all the above-mentioned mon-
ochromatic light sources, where 365 nm LED displayed bet-
ter results. Therefore, the analysis of 365 nm LED has been
presented in this paper. After the initial analysis of the core
set of 15 wheat varieties, a single variety viz V-119 (Gal-
axy-2013) was then used for the subsequent detailed studies.
Three spectra were recorded per leaf sample with 100 ms
integration time using the Spectra-Suite (Ocean Optics,
USA) software [25]. The vector normalized spectral data
have been presented in the figures. The fluorescence spec-
troscopic leaf data were processed and analyzed by using
MatLab, version 2014a (The Mathworks Inc, USA) and
OriginPro (version 2018) software. Pictures of the leaves
were taken soon after recording the spectral data.

2.4 Fluorescence confocal microscopy

The process of fluorescence image formation in confocal
microscope is explained as follows. Light from a laser exci-
tation source is first passed through a pinhole aperture and
falls on a dichromatic mirror. Mirror reflects the light, and it
passes through objective lens which focuses light on a small
portion on sample in different focal planes. From this sam-
ple, fluorescent light is then detected on a photomultiplier.
Due to pinhole aperture, background light does not reach
detector and hence, a high-resolution image is produced
[78]. After recording the fluorescence spectral data of the
fresh leaves, the samples of the healthy, symptomatic and
asymptomatic leaves of approx. 1x 1 cm? were prepared on
the glass slides to assess the disease severity. The healthy,
symptomatic and asymptomatic leaves without any process-
ing are sandwiched between microscopic glass slides and
50 um optical cover glass, and images were acquired on
inverted fluorescence confocal laser scanning microscope
LSM-510 Carl Zeiss Jena, Germany. Zen 2007 software was
used to acquire and analyze fluorescence images. To analyze
rust growth structures on leaves, the longest fungal colonies
corresponding to the leaf length were imaged at EC-Plane
Neurofluar 10 x/0.3 and A.,. =458 nm of Argon ion laser of
30 mW power (40% to avoid thermal damages). For fluo-
rescence imaging A.,. =458 nm, main beam splitter (HFT)
458/488 and dichroic mirror of 490 nm along with 530 nm
long pass filter were used.

2.5 Partial least squares regression (PLSR)

Partial least squares regression (PLSR) was applied to clas-
sify different leaves. It is a supervised algorithm where
model is constructed using the known samples spectra
which predicts unknown with known associations. The
model is established on transposing large variables data to
fewer orthogonal factors, generally known as latent vari-
ables. Thus, an optimal linear model has been built to pre-
dict unknown samples data using the known/trained data. In
the reported work, PLSR model was constructed by using
trainee (known) emission spectra of 22 each of healthy, early
diseased (asymptomatic) and diseased (symptomatic) leaf
samples to predict the early incidence of disease infection.

3 Results and discussion
3.1 Fluorescence spectral analysis

The spectral analysis of healthy and stripe rust infected
leaf samples collected for 15 varieties over 05 weeks using
portable fluorosensor coupled with laser diode operating at
405 nm and with LEDs of 365, 375 and 385 nm wavelength,
displayed better results for 365 nm LED monochromatic
light. Although the analysis of 405 nm laser data precisely
fit to the earlier investigations reported by our team on rice
[37], citrus [25, 43] and wheat [22]. But it must be kept in
mind here that laser diode has a small sport size therefore
cover comparatively smaller leaf area than the LEDs; which
acquire data from approx. 2 X2 inch area of the leaves thus
representing a more realistic picture of the physiological sta-
tus of the samples under examination. Therefore, the analy-
sis of better performing 365 nm LED monochromatic light
has been presented here.

Chlorophyll fluorescence technique has been extensively
used by the plant physiologists, and no field study covering
the performance of plant photosynthesis is complete without
generating some sort of fluorescence data [79]. In our case,
when the leaf was exposed to ultraviolet light, prominent
chlorophyll fluorescence produced that diminished steadily
over time. The same phenomenon has earlier reported in
citrus [25] and explained in detail by Maxwell and Johnson
[79] which is depicted as follows. Light energy absorbed by
leaf ‘chlorophyll @’ molecules can be (i) transferred to reac-
tion centers to fuel photosynthesis, (ii) surplus energy lost
as heat or (iii) re-emitted as light (chlorophyll fluorescence).
On leaf illumination, the PSII reaction centers gradually shut
down resulting in the rise of chlorophyll fluorescence which
then normally starts to drop. This phenomenon is named as
fluorescence quenching which is of two types (i) photochem-
ical quenching (qP) and (ii) non-photochemical quenching
(NPQ). In gP, the electrons are transferred afar from PSII at
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a higher rate because of light activated enzymes that take
part in carbon metabolic processes and the stomata open-
ing. In NPQ, simultaneously there is an increased efficiency
in the energy conversion to heat. Both above mechanisms
decrease the level of fluorescence [79]. Therefore, they are
indicated as gP and NPQ of chlorophyll fluorescence [80].
Excessive light can cause higher production of extremely
harmful reactive oxygen species (ROS) as the byproducts of
photosynthesis, although qP and NPQ support in reducing
the production of these oxygen species in the PSII antenna
[80]. In the present investigation, the photo-quenching effect
was controlled by taking fluorescence spectra of healthy and
infected leaves after 15 s of light illumination so that the
effect was minimal and spectra were nearly stable.

The emission spectra of healthy, asymptomatic (no visible
disease signs) and symptomatic (visible signs of disease)
leaf samples from the susceptible and resistant wheat varie-
ties collected between 30 and 58th days after inoculation
(dai) with excitation wavelength of 365 nm and emission at
400-800 nm are presented in Fig. 1. In the diagram, each
spectra are presented. Green plant leaves produce mainly
two fluorescence emission classes, namely the blue-green
fluorescence (400-600 nm range) and chlorophyll fluores-
cence (650-800 nm range) [22, 37, 40, 43, 66]. The notice-
able fluorescence bands are displayed at 410-450, 460-500,
500-600, 685 and 735 nm (Fig. 1). A number of leaf fluo-
rophores have been reported to be associated with the blue-
green fluorescence (BGF) region at 400-600 nm range, i.e.,
(1) hydroxycinnamic acids, flavonols, isoflavones, flavanones
and phenolic acids [81] (ii) ferulic acid, flavonoids, cou-
marin and quercetin (plant defense metabolites) [30] (iii)
violaxanthin and antheraxanthin (hydrocarbon carotenes)
[82]. Hydroxycinnamic acids are polyphenols (phenolic
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Fig. 1 Emission spectra of wheat leaves (healthy and stripe rust dis-
eased) collected on 30th to 58th days after inoculation (dai) with
excitation wavelength of 365 nm and emission at 400-800 nm. Y-axis
represents the peaks intensity
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phytochemicals) with plant origin that includes caffeic acid,
ferulic acid, chlorogenic acid, isoferulic acid and coumaric
acid, which impart beneficial effects because of their anti-
oxidant ability [83]. Several of these and other fluorophores
have been described earlier along with their fluorescence
emission bands while working on early detection of plant
diseases using fluorescence spectroscopy including leaf
blight in rice [37] and citrus canker in grapefruit and Mexi-
can lime [43].

Phenolic compounds are the most ample secondary
metabolites found in vegetables, fruits, spices, cereals,
legumes and nuts that play essential role in: physiological
processes including plant color, flavor and stress resistance
and anti-oxidant, anti-microbial and anti-inflammatory
capacity [84]. Very recently, the phenolic compounds from
plant origin have been reviewed and are mainly classified
into flavonoids, phenolic acids, tannins, phenolic lignans
and phenolic stilbenes [84]. The authors reported typical
phenolic compounds determined from plants as follows;
(1) Flavonoids: anthocyanins, flavones (apigenin, luteolin),
flavonols (quercetin, kaempferol, isorhamnetin), flavanones
(naringenin, hesperitin, eriodictyol, aglycones), isoflavones,
flavanonols, and other subclasses, (2) Phenolic acids: (a)
Hydroxybenzoic acids (HBAs); p-hydroxybenzoic acid, pro-
tocatechuic acid, gallic acid, vanillic acid, syringic acid, (b)
Hydroxycinnamic acids (HCAs); coumaric acid, caffeic acid,
ferulic acid, sinapic acid, chlorogenic acid, rosmarinic acid,
quinic acid, (3) Tannins: (a) Hydrolyzable tannins; tannic
acid, ellagic acid, (b) Condensed tannins; proanthocyanidin,
(4) Stilbenes: resveratrol, pterostilbene, 3°-hydroxypteros-
tilbene, (5) Lignans: podophyllotoxin, arctiin, lariciresinol.

In contrast to above, intensive review of literature
revealed that there is no single publication available report-
ing the fluorescence emission bands in plants (from 300 to
800 nm wavelength) along with their corresponding molecu-
lar assignments (fluorophores). The efforts have been made
to compile such information, and the consolidated data are
collected and presented in Table 1. This table will serve as a
future reference for quoting the fluorescence emission bands
and the fluorophores in plants.

In a recent paper on wheat, BGF region has been revealed
to be associated with following leaf fluorophores viz. sinapic
acid, chlorogenic acid, ferulic acid, tannins, flavonoid
(isoorientine and tricine)/flavin, carotenoids and anthocya-
nins [22]. In this study, the emission band in 410—450 range
with maximum intensity at 435 nm indicates the caffeic acid
[85, 86] and sinapic acid [8§7-90]. Likewise, the band with
range 460-500 nm and maxima at 490 nm represents the
ferulic acid [60, 87, 88, 90-94]. In plants, phenolic acids
are the major phenolic compounds that are present both in
free and the bound forms [84]. Caffeic acid has antioxidant
[95] and cardio-protective [96] properties. Sinapic acid is
widely distributed in plant kingdom and has antioxidant,
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Table 1 Fluorescence emission bands reported at 4 300-800 nm along with the molecular assignments in plants

Aem (NM) Molecular assignment References
300-350; 301/316/320/331 a-tocopherol (vitamin E) [126-128]
320
322
334-338 Tryptophan [129]
349 Vanillic acid [128, 130]
360 Rubisco [41]
360 Phytoene [98]
361 Syringic acid [128, 130]
380 and 390 (maxima) Stilbenes: t-stilbene and rhaponticin (blue fluorescence emission) [86]
382 Gallic acid [128, 130]
395 trans-Resveratrol [131]
397/405 (maxima) Caffeine [132]
400 Pyridoxine [133]
400-480 Ferulic acid [85]
400-600 Ferulic acid, flavonoids, coumarin and quercetin [30]

(blue-green emission)
400-600 Hydroxycinnamic acids, flavonols, isoflavones, flavanones, and phe-  [81]

nolic acids (blue-green emission)

405 Anthranilic acid [133]
405-427 Cinnamic acid [133]
405-4217, 475, 479 Coumarins [133]
410-430 Kinetin (Cytokinins) [133]

415-445 (methanol)
416

420

420

420 (maxima)
424/515 (maxima)
426

430-450

431/450/515
432 (methanol)
440 (maxima)

440

440

440

440 (methanol)
440 (maxima)
440/460 (maxima)
440 and 455

440-450
440-470
440-450, 520-530

p-Coumaric acid
p-Coumaric acid

Cinnamic acid
Tyrosol

Vitamin K 1
Methoxybenzaldehyde
o-Coumaric acid

Nicotinamides (NADPH, NAD)
Pterins

Phenols (hydroxycinnamic acids)
Alkaloids (caffeine)

(blue fluorescence emission)

Ferulic acid
Caffeic acid

Blue fluorescence emission:

Cinnamic acids such as caffeic, ferulic and sinapic acid
chlorogenic acid and quinic acid

coumarins as aesculetin and scopoletin

(+)-Catechin, a tan compound

Ferulic acid

p-Coumaric acid

Quercetin

Chlorogenic acid

NADPH (Reduced nicotinamide adenine dinucleotide)
NADPH

Blue fluorescence emission: ferulic acid, caffeic acid, sinapic acid,
chlorogenic acid and china acid

Rosmarinic acid
Lipofuscin

Cinnamic acids

[85, 128, 130]

[128, 130]
[128, 130]
[134]
[132]
[128, 130]
[132]

[111]
[85]
[86]

[41, 88, 133]
[133]

[133]

(85]

[134]

[41]

(88]

[85]
[85]
[27]
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Table 1 (continued)

Aem (NM) Molecular assignment References
440-460, 520-530 Blue-green fluorescence emission [88]

444 Chlorogenic acid [135]
445 Ferulic acid (in wheat) [136]
445 Sinapic acid [88]
445-450 Kaempferol [133]
445-461 (440) Flavonoids [133]
447-461 Galangin [133]
450 Caffeic acid [88, 133]
450 Chlorogenic acid [88]

450 Folic acid [133]
450 Pteroic acid [133]
450 Quinine (wood and bark) [85]
450,460,470 NAD(P)H [133]
455/453 (maxima) Chlorogenic acid [132]
455/535 (maxima) Lignin [137]
455/544 p-Coumaric acid [111]
457 (460/465) Caffeic acid [128, 130]
460 (maxima) Reduced NADPH (blue fluorescence emission) [86]

465 (maxima) Suberin [137]
466 Matlaline (Wood and bark) [85]

480 (maxima) Ferulate [137]
490 Beta-carotene [134]
490-580 Oxidized proteins [138, 139]
500 Gallic acid, valonic acid (Tannins) [133]
500-525 Carotenes, xanthophylls (Carotenoids) [133]
500-540 (cellular milieu) Quercetin [85]

510 Betaxanthins [85]
510-520 Carotenoids [99]

520 B-carotene (green fluorescence emission) [86]

520 FAD [133]
520 Kaempferol [85]

520 NAD(P)H—Nicotinamide-adenine-dinucleotide-phosphate [140]

460 in vitro (free form)
530 when bound to proteins

520-530 (maxima)
520-530

520-540
524
525

525
525-530/530

525
526
530
530
535 (maxima)
540

540-560

Alkaloid berberine, quercetin (flavanol) (green fluorescence emission) [86]

Flavins (FAD, FMN) [132]
Flavonoids
Terpenoids (green fluorescence emission)
Flavoproteins [133]
Riboflavin (vitamin B2) [128]
Riboflavin [134]
B-carotene, leaf carotenoids [141, 142]
Lutein (carotenoid) [98]
Riboflavin (Flavins) [133]
Riboflavin (green fluorescence emission) [86]
FAD (flavin adenine dinucleotide) [41]
Flavonoid [137]
Carotenes (hydrocarbons): violaxanthin, antheraxanthin and [82]
p-carotene
Anthocyanins [99]
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Table 1 (continued)

Aem (NM) Molecular assignment References
542 -carotene [98]
543 Chlorogenic acid [133]
555 violaxanthin [98]
560 Aurones [85]
560-600 Rhodopin [85]
570 (maxima) Mangiferin [132]
570 Betacyanin [85]
570-610 Spheroidenone [85]
570-620 Polyacelylenes [132]

Isoquinolines

Alkaloids (yellow and orange fluorescence emission)
580 Beta-carotene [85]
595 Cianidin (anthocyanins) [133]
600/624 Anthocyanins [85]

650-800 (660/680/680-690/680—
700/685/690/690-710/695/730/730—

740/735/740)
664 Chlorophyll b
680/740 Chlorophyll a
Anthocyanins

Chlorophyll a (red/far-red fluorescence)

[22, 26, 27, 30, 37, 41, 43,
81, 82, 85, 86, 99, 133,
137, 143]

[41]
[132]

Anthocyanidins (red/far-red fluorescence)

antimicrobial, anti-inflammatory, anticancer and antianxi-
ety properties, and its compounds are recommended for use
in food, cosmetics and pharmaceutical industry [97]. The
wheat plant possesses higher amounts of cell wall bound
ferulic acid in the leaf which is the main component of BGF
emission [88]. The broad band from 500 to 600 nm range
with highest intensity at 540/550/555 nm wavelength has
been reported for carotenes (violaxanthin, antheraxanthin
and B-carotene) [82, 98] and anthocyanins [99]. The spectral
range of 540-560 nm has been reported for the occurrence of
anthocyanins that provide protection to plant leaves against
excess light [99]. The Anthocyanin pigments (red, blue, or
purple) are present in all plant tissues (flower, stem, leaf,
root and fruit) and found in abundant in cereals including
wheat [84]. At 685 and 735 nm are the typical fluorescence
emission bands of ‘chlorophyll a’ [26, 27, 30, 37, 43, 64,
71, 82, 86, 92, 100-104]. The red and far-red fluorescence
is produced from ‘chlorophyll a’ of PSII antenna system in
the thylakoids of chloroplasts of mesophyll cells, whereas
the far-red chlorophyll fluorescence at 735/740 nm contains
a small contribution of chlorophyll a from PSI [105]. The
thylakoids contain secondary pigments called carotenoids
(B-carotene and xanthophyll) that absorb light, in fact among
all plant pigments, chlorophyll and carotenoids are the only
types used by photosynthesis [9].

This research consists of stripe rust disease leaf samples
ranging from no visible symptoms to the complete disease
prevalence. The red-far-red fluorescence regions in Figs. 1

and 2 showed lower chlorophyll bands in the early diseased
(asymptomatic) and diseased (symptomatic) leaf samples
than the healthy ones. The 735 nm chlorophyll fluorescence
band was either slight or completely lacking in leaves with
lower to higher disease incidence and thus differentiate
between the healthy and the infected leaf samples corre-
sponding to their chlorophyll emission spectrum. The spec-
tral mean and the regression analysis are presented in Fig. 2.

012
] Regression vector

Healthy patch area

Early diseased patch area

Diseased patch area

-Healthy average
==—=Early diseased average
== Diseased average

0.1

0 \/MW 7
1 I ! ! I ! L )
450 500 550 600 650 700 750 800
Emission wavelength (nm)

Fig.2 Emission spectra along with spectral mean and regression
coefficients of wheat leaves (healthy and stripe rust diseased) col-
lected over time with excitation wavelength of 365 nm and emission
at 400-800 nm
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Regression describes the negative and positive trends in the
data (peaks in this case). In the BGF region, HCAs (caffeic
and sinapic acids) reported at 435 nm showed decreasing
trend with the increase in the disease incidence, whereas
the ferulic acid at 490 nm increased with the rise in disease
infection. The carotenes/carotenoids at 440-455 nm are
higher in the healthy compared to the diseased leaf sam-
ples. Furthermore, peak broadening has been observed in the
early diseased and the diseased leaf samples. The difference
in peak wavelength between the healthy and the diseased
samples is 15 nm. The regression analysis also revealed
the decreasing trend of both chlorophyll peaks at 685 and
735 nm with the increase in disease incidence. More reduc-
tion in chlorophyll content was reported in vulnerable wheat
in response to stripe rust infection with a significant decline
in photosynthesis rate due to the damage of mesophyll cells
and reduction in green area of the leaf [17].

After the above-stated initial analysis of the core set of
15 wheat varieties, a stripe rust susceptible wheat variety
viz V-119 (Galaxy-2013) was selected and used for further
investigations on early disease detection. The field view of
variety, V-119 variety taken at 51st dai has been presented
(Fig. 3). Stripe rust disease can be seen on most of the
leaves. Likewise, the leaf images of V119 after 30th, 44th
and 51st dai for healthy (H), early diseased (E) and diseased
(D) leaves are shown in Fig. 4. Pictures of the fresh leaves
were taken soon after recording the spectral data. Viewing
the images of asymptomatic (early diseased) leaf samples
(V119-44-E, V119-51-E), it is hard to visualize any disease
symptoms with the naked eye. The vector normalized emis-
sion spectra of wheat variety, V119 leaves (H: healthy, E:
early diseased, and D: diseased) collected after 30th, 44th
and 51st dai with excitation wavelength of 365 nm and emis-
sion at 400-900 nm have been displayed (Fig. 5). Higher
phenolic acids have been observed in the healthy leaf col-
lected after 30 dai followed by the others. More interest-
ingly, the phenolic acids in the E-44 (asymptomatic) and
D-44 (symptomatic) samples are at the same level thus
revealing the early disease incidence in E-44. Furthermore,
peak broadening/shifting of 10-15 nm has been observed
at 490 nm peak representing ferulic acid and 540 nm peak
indicating carotenes/carotenoids, with the increase in the
disease intensity. The spectra of healthy leaf samples dis-
played the prominent 685 and 735 nm chlorophyll bands,
whereas the asymptomatic and symptomatic samples E-44,
E-51, D-44 and D-51 (Fig. 5) showed the decreasing trend
in the intensity of the peaks as the disease severity increases.
Overall, the peak broadening and the decline in the chloro-
phyll fluorescence bands could be used for the early predic-
tion of stripe rust disease in wheat crop. The decrease in
chlorophyll bands at 685 and 735 nm along with the vari-
ations in BGF region bands in response to the plant stress
is in accordance with the previous reports [22, 25, 27, 29,

@ Springer

Fig.3 The field view of stripe rust susceptible wheat variety, V-119
(Galaxy-2013) used for detailed study on early disease detection. Pic-
ture was taken at 51st dai

30, 61]. In an earlier investigation on the effect of stripe rust
infection on adult plant photosynthesis and antioxidant sys-
tem revealed that in stripe rust susceptible wheat, increased
level of ROS accumulated after infestation and thylakoid
membranes are more damaged that consequently result in
the decrease in PSII activity; hence, it was proposed that
PSII protein phosphorylation in thylakoids and antioxidant
enzyme systems contribute in plant protection (resistance)
against rust stress [17].

Several of the fluorescence changes described are also
caused by other biotic infections and also abiotic stresses.
The answer to this query lies in the fact that the reported
study (i) was specifically planned for the early detection of
wheat stripe rust by conducting the experiment under field
conditions, (ii) created the conditions conducive for the
spread of the stripe rust, i.e., irrigating the field to increase
humidity, spray of stripe rust inoculum, planting the rust
susceptible spreader cultivar around the experiment, (iii)
other stresses were kept to zero (no other biotic disease
or insect attack, likewise no soil problem nor drought or
nutrient deficiency, etc.). Thus, under above-mentioned
field conditions and at that particular time frame the only
disease in play was stripe rust; however, the leaf and
stem rust appear later in the season. Hence, any increase
in the fluorescence was only due to early rust infection.
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Fig.4 Leaf images of wheat
variety, V119 after 30th, 44th
and 51st dai for healthy (H),
early diseased (E) and diseased
(D) leaves

- o

Moreover, the diseased samples were also included for
the confirmation of the results. While recommending the
practical application of the method for early detection of
the most devastating stripe rust disease in the field, we
suggest that it must be assured that the crop is healthy
(no nutrient deficiency or drought, etc.). The results thus
obtained will be perfect for making the decisions. In the
countries where spring wheat is cultivated, to detect stripe

rust early in the season, monitoring may be started at the
beginning of February.

3.2 Fluorescence confocal microscopy
After recording the fluorescence spectral data of the fresh

leaves, the samples of the healthy, symptomatic and asymp-
tomatic leaves were assessed using laser scanning confocal
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Fig.5 Emission spectra of wheat variety, V119 leaves (H: healthy,
E: early diseased, and D: diseased) collected after 30th, 44th and
51st dai with excitation wavelength of 365 nm and emission at 400—
900 nm. Y axis represent the peaks intensity

microscope to visualize the development and disease sta-
tus through fluorescence imaging. Confocal scanning laser
microscopy is a powerful tool that provides structural infor-
mation in time and space both at the tissue and atomic levels
[106] and has numerous applications in the plant science
including the studies on plant-pathogen interactions, path-
ogen infection strategies, fungal structures, plant defense
responses and plant disease diagnostics. Confocal micros-
copy has been reported to be successfully used in wheat,
for example (1) early detection of leaf rust [107] and blast
and Fusarium head blight [108], (2) to study wheat-Tilletia
controversa (dwarf bunt) interaction [109], and (3) to exam-
ine tissue localization and spatial distribution of protein and
phenolic constituents [110-112].

Confocal microscope images of wheat variety (V119)
leaves (healthy, early diseased and diseased) collected on
44th dai have been presented (Fig. 6). The leaves collected
from the susceptible variety (V-119) on 30th dai were all
healthy with no signs of stripe rust infection, as showed by
the spectral analysis. The infection was then assessed on the
leaves collected on 44th dai. An area of (1179.13 x 1179.13)
um? leaf was scanned and an average of 12 images obtained
is depicted in Fig. 6a—c for healthy, early and fully diseased
leaves. From data obtained on fluorescence spectrometer,
using LED it was interpolated that UV source is better
choice as an excitation source for this study. So, 458 nm has
been selected as an excitation source out of four UV lasers
(458,477, 488, and 514 nm) in our LSM510 and emission at
400-900 nm in the spectral analysis. The autofluorescence
images were acquired along the lengthiest fungal colonies
corresponding to the leaf length using confocal laser scan-
ning microscopy. In the immediate vicinity of the fungus

@ Springer

fluorescence images obtained using 4., =458 nm, main
beam splitter (HFT) 458/488 and dichroic mirror of 490 nm
along with LP Filter 530 nm, depicted in green autofluo-
rescence, necrotic tissues (Excitation 4,,, =458 nm, main
beam splitter (HFT) 458/488, KP Filter IR 660 nm depicted
in Reddish) are visible in Fig. 6. Furthermore, it was also
evident from the literature that PR-protein markers yield an
understanding about the resistance at mature plant stage to
stripe rust for spring cultivated wheat [113], and the quan-
tity of green fluorescence severity changes directly with
the health of wheat. The quantity of leaf red fluorescence
severity differs with the formation of rust. Figure 6a—c also
shows that the mean green fluorescence intensity in healthy
leaves dominates over unhealthy leaves while converse is
true for red fluorescence intensity [114]. A clear difference
among healthy, early diseased and diseased leaves has been
observed. The confocal microscopy revealed; (i) no fungal
growth on the healthy leaf and all the cells are intact and
maintain vitality (Fig. 6a), (ii) whereas, the asymptomatic
leaf (early diseased) sample although are looking visually
healthy but early stripe rust infection has been identified
(Fig. 6b), due to fungal growth the dead cells/tissues lack-
ing chlorophyll that showed diffused appearance, (iii) the
diseased leaf sample has been entirely infected and the cir-
cled portions have the most dead cells that lose their vitality
(Fig. 6¢). Colocalization study also reveals that fluorescence
trend of red vs green fluorescence and its mean value for
whole image as well for area of plants cells under fungus
control show variation in mean fluorescence intensity, visi-
ble from Fig. 7a—c, and also the literature provides an insight
into it [24]. Confocal microscopy proved that it is possible
to monitor the stripe rust without using expensive staining
dyes [39].

Nevertheless, the early detection of stripe rust disease
infection has been confirmed by confocal microscopy in a
susceptible variety, as early on 44th days after inoculation
with stripe rust under field conditions. In a previous study,
the analysis of fungal structures in the leaves of wheat seed-
lings and plants using fluorescence microscopy indicated
that urediniospores of Puccinia striiformis germinate and
develop a tube that enter through stomata and infect the leaf
[34, 115].

3.3 Partial least squares regression

Partial Least Squares Regression (PLSR) was applied
to classify leaf samples. The model is created by using
the known samples spectra which predicts association of
unknown samples. The model transpose large variables
data to fewer latent variables. The PLSR model has been
appraised by considering, i.e., (i) standard error of calibra-
tion (SEC), (ii) standard error of prediction (SEP) and (iii)
coefficient of determination (R?), between the predicted and
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(b)

Fig.6 Confocal microscopy of wheat variety, V119 leaves col-
lected on 44th dai. Leave area of (1179.13 x 1179.13) um? was
scanned, and an average of 12 images is shown a healthy, b early dis-
eased and c diseased leaves. The lengthiest fungal colonies parallel
to the leaf length were imaged at EC-Plane Neurofluar 10X/0.3. In

measured variables. A superior model is supposed to have
lesser SEC, SEP along with higher R? values [116]. In the
constructed model, the estimated values are as follows: SEP
(0.140), SEC (0.200), SEP/SEC (0.70) and R? (0.77) show-
ing the model fitness. The ratio value of 0.70 is lesser than
1.3 value, described as the higher limit for perfect fit PLSR
model. The lower values of root mean square error of pre-
diction (RMSEP) for unknown predicted samples is another

the close proximity of the fungus 1., =458 nm, Main beam splitter
(HFT) 458/488 and dichroic mirror of 490 nm along with LP Filter
530 nm, depicted in green autofluorescence, necrotic tissues (excita-
tion A, =458 nm, Main beam splitter (HFT) 458/488, KP Filter IR
660 nm depicted in Reddish) are visible

indicator that shows the model accuracy. The current model
calculated the RMSEP value for unknown (tested) samples
as 0.078, showing higher prediction accuracy.

In this paper, PLSR model was constructed using
trainee (known) emission spectra of 22 each of healthy,
early diseased (asymptomatic) and diseased (sympto-
matic) leaf samples to predict the early incidence of dis-
ease infection. The vector normalized spectra were used in
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Fig.7 Confocal microscopy of wheat variety, V119 leaves collected
on 44th dai. Leaf area of (1179.13 x 1179.13) pmz was scanned,
and an average of 12 images is shown a healthy, b early diseased
and c diseased leaves. The lengthiest fungal colonies parallel to the
leaf length were imaged at EC-Plane Neurofluar 10X/0.3. In the
close proximity of the fungus A, =458 nm, Main beam splitter

the model construction for the sake of comparison at the
uniform scale [25]. In Fig. 8, healthy leaves are labeled
as 0, early diseased as 0.5 and diseased leaves as 1. These
values were used for the construction of PLSR model. The
correlation factors between — 0.4 and 0.3 are considered
as the area for healthy predicted spectra, whereas, 0.33 is
the cutoff value, and from 0.33 to 1.4 as the area marked
for the early diseased or the diseased predicted spectra.
As the prediction values of the samples increases along
the X-axis, the onset of disease increases. The known data
were provided to the model which was arranged as per
respective values. The unknown data were then given to
the model, based on the spectra and the regression coef-
ficients the prediction model arranged the tested (healthy,
early diseased and diseased) values on the graph precisely
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(HFT) 458/488 and dichroic mirror of 490 nm along with LP Filter
530 nm, depicted in green autofluorescence, necrotic tissues (excita-
tion A,.=458 nm, Main beam splitter (HFT) 458/488, KP Filter IR

exc
660 nm depicted in Reddish) are visible. Colocalization of average

fluorescence from three types of shows that as the diseases progress
in leaves its green fluorescence intensity starts to reduce

(Fig. 8), demonstrating the perfect fit of the prediction
model. Thus, calibration curve generated through PLSR
model shows best fit over tested data set. It has been wit-
nessed that the PLSR assisted in the detection of stripe rust
disease at the early stage.

In literature, PLSR in wheat has been effectively demon-
strated as; (i) good fit for leaf rust disease detection both at leaf
and canopy levels [117], (ii) efficient in tracing the yellow rust
disease [118], (iii) effective in estimating and differentiating
the disease severity levels of powdery mildew on leaf level
[119, 120], (iv) more precise for the estimation of powdery
mildew disease index and grain yield [121], (v) accurate in dis-
criminating Septoria tritici blotch diseased canopies from the
healthy ones [122], and (vi) capable of discriminating the leaf
disease (yellow rust and powdery mildew) and insect (wheat
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Fig.8 Calibration curve from partial least squares regression (PLSR)
model constructed using trainee (known) emission spectra of 22 each
of healthy, early diseased and diseased leaves along with the tested
(unknown) spectra predicted by the model

aphid) damage and accurately estimate damage intensity and
disease index [123].

In an earlier study, plant—pathogen (powdery mildew and
leaf rust) interactions were investigated in barley using fluores-
cence-based optical devices which resulted in the discrimination
between both diseases, detection of disease infection and devel-
opment, discovered differences among cultivars and the genotype
X pathogen responses to pathogen infection [124]. Chlorophyll
fluorescence imaging is a noninvasive and non-destructive tech-
nique for the early diagnosis of plant infections (viral, bacterial
and fungal) before the disease signs can be observed visually, and
ameans to estimate variations in the photosynthetic metabolism
of the pathogen infected plants [125]. We have been continuously
exploring the use of new imaging approaches to study changes in
chlorophyll fluorescence yield under filed conditions. The devel-
opment of locally fabricated commercial fluorosensor (discussed
in this paper) is the part of our continuous research program on
the early diagnosis of plant diseases. More recently, we have been
working on the availability of this powerful analytical tool in the
form of a commercial imaging system that comprises a imaging
system mounted to a drone with a built-in GPS feature to monitor
crop health and disease status under field conditions. The farmers
will then be able to conduct disease/insect surveillance tours of
their fields by using this low-cost indigenously developed imag-
ing system.

4 Conclusion
In precision agriculture, much attention is given on the

plant health, as it is the major factor contributing toward
improved crop yields. Early disease detection at an early

stage is therefore imperative to save yield and the eco-
nomic loses. For this reason, instead of using complicated
molecular techniques or wet chemistry procedures, more
simple and reliable diagnostic tool, i.e., fluorescence
spectroscopy, has been applied in the current study for
the early detection of stripe rust, which is a growing issue
and a global threat to the production of wheat because of
the evolution of new highly aggressive races of Pst that
induces higher disease infection and larger spread. Chlo-
rophyll content is the proxy of plant health that can be
monitored through the fluorescence of chlorophyll peaks
at 680 and 740 nm wavelengths. In the reported inves-
tigation, the healthy to completely diseased samples are
examined along with the associated molecular changes.
The chlorophyll peaks showed decreasing trend with the
increase in disease infection, thus distinguish healthy from
the diseased samples. Among hydroxycinnamic acids, the
ferulic acid, and the carotenes/carotenoids displayed peak
shifting with the increased disease infection, this behavior
coupled with the decrease in the chlorophyll peaks pro-
vides the basis of early disease forecast. The statistical
technique, PLSR and the confocal microscopy have been
found to be very effective in distinguishing the samples at
very early stage. Overall, fluorescence spectroscopy, statis-
tical techniques and the confocal imaging displayed merit
in swift detection of stripe rust disease in wheat plants.
The present efforts are underway in developing an imaging
system fixed on a drone and equipped with GPS feature to
monitor plant health in real-time.
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