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Abstract
Main conclusion Hand-held Raman spectroscopy can be used for confirmatory, non-invasive and non-destructive
detection and identification of two haplotypes of Liberibacter disease on tomatoes. Using this spectroscopic approach,
structural changes in carotenoids, xylan, cellulose and pectin that are associ-ated with this bacterial disease can be
determined.
Abstract ‘Candidatus Liberibacter solanacearum’ (Lso) is a phloem-limited Gram-negative bacterium that infects crops
worldwide. In North America, two haplotypes of Lso (LsoA and LsoB) are transmitted by the potato psyllid, Bactericera
cockerelli (Sulč), and infect many solanaceous crops such as potato and tomato. Infected plants exhibit chlorosis, severe
stunting, leaf cupping, and scorching. Polymerase chain reaction (PCR) and potato tuber frying are commonly used methods
for diagnostics of the plant disease caused by Lso. However, they are time-consuming, costly, destructive to the sample, and
often not sensitive enough to detect the pathogen in the early infection stage. Raman spectroscopy (RS) is a noninvasive,
nondestructive, analytical technique, which probes chemical composition of analyzed samples. In this study, we demonstrate
that Lso infection can be diagnosed by non-invasive spectroscopic analysis of tomato leaves three weeks following infection,
before the development of aerial symptoms. In combination with chemometric analyses, Raman spectroscopy allows for
80% accurate diagnostics of Liberibacter disease caused by each of the two different haplotypes. This diagnostics approach
is portable and sample agnostic, suggesting that it could be utilized for other crops and could be conducted autonomously.
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‘Candidatus Liberibacter solanacearum’ (Lso) is an
emerging pathogen that infects crops all over the world.
Presently, seven Lso haplotypes of this pathogen exist in
the world (Glynn et al. 2012; Haapalainen et al. 2018;
Lin et al. 2012; Nelson et al. 2013; Swisher Grimm
and Garczynski 2019). Haplotypes LsoA and LsoB are
mainly present in North America where they are transmitted by the potato psyllid (also known as the tomato
psyllid), Bactericera cockerelli (Sulč) (Hemiptera:
Triozidae). LsoA and LsoB can infect numerous solanaceous crops such as potato and tomato plants (Liefting et al. 2009b; Tamborindeguy et al. 2017). In potato
plants, Lso is the causative agent of a destructive disease
known as zebra chip. Aerial symptoms associated with
potato Lso infection first develop three to six weeks after
infection (Levy et al. 2011). This disease is characterized
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by brown discoloration of tubers that primarily appears
upon potato frying, and similar symptomatology is associated with each Lso haplotype (Harrison et al. 2019). In
tomato plants, Lso causes chlorosis, severe stunting, leaf
cupping, purple discoloration of veins, excessive branching of axillary shoots, as well as leaf scorching (Liefting
et al. 2009a). While infection with LsoB ultimately results
in early plant death, the disease caused by LsoA is less
severe. Therefore, this pathogen results in significant economic loss by reducing both yield and quality of tomato
and potato crops. For instance, yield losses of 85% have
been observed in California, USA, and Mexico for Lsoinfected potatoes and tomatoes (Liu and Trumble 2004;
Trumble 2009).
The commonly used techniques for detection and identification of Lso and other Liberibacter pathogens in potatoes, tomatoes, or other affected crops are DNA-based assays
such as conventional polymerase chain reaction (PCR),
loop-mediated isothermal amplification procedure (LAMP)
(Ravindran et al. 2012), quantitative real time PCR (qPCR)
(Cubero and Graham 2002; Golmohammadi et al. 2007)
and serological tests (enzyme-linked immunosorbent assay
(ELISA) (Alvarez et al. 1991; Civerolo and Fan 1982). However, these techniques are labor intensive, costly, and require
specific expertise. They also are invasive, have low sensitivity and are destructive to samples. These limitations catalyzed a search for a minimally invasive, fast, and confirmatory method that would enable highly accurate diagnostics
of Lso-associated diseases in plant species.
Raman spectroscopy (RS) is a label-free, non-invasive,
non-destructive rapid, and portable spectroscopic technique,
which can be used to determine structure and composition
of analyzed specimens (Mahnke et al. 2019b). Our group
recently demonstrated that RS can be used for highly accurate diagnostics of Huanglongbing (HLB) on both orange
and citrus trees, which is the disease caused by another
Liberibacter bacterium, ‘Ca. L. asiaticus’ (CLas) (Mahnke
et al. 2019a). The reported results suggest that RS allowed
also for distinguishing between citrus plants that had nutrient deficiency and HLB-infected plants, which had similar
chlorotic appearance. Moreover, we showed that RS could be
used for detection and identification of secondary diseases
such as blight on HLB-infected orange trees (Sanchez et al.
2019b). RS also has great potential for diagnostics of fungal
pathogens on maize, wheat, and sorghum (Farber and Kurouski 2018; Egging et al. 2018). Finally, it has been recently
shown that RS could detect insects inside intact cowpeas
with high statistical accuracy (Sanchez et al. 2019a).
In the current study, we investigated the potential of RS
for diagnostics of Lso infection in tomato plants. For this,
tomato plants were separately infected by two different Lso
haplotypes (LsoA and LsoB) and subsequently analyzed
using RS.
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Materials and methods
Plants
To obtain Lso-infected tomato plants, four-week-old tomato
plants (Moneymaker; Victory Seed Company, Molalla,
OR) were infected as described in Nachappa et al. (2014)
using three male psyllids harboring LsoA or LsoB (Yao
et al. 2016), respectively. After one week, the psyllids were
removed from the tomato plants. Three weeks after Lso
inoculation, the plants were tested for Lso infection using
the LsoF/OI2 primers (Li et al. 2009) and the Lso haplotype
in the plants was confirmed using the Lso SSR-1 primers
(Lin et al. 2012). Control plants were manipulated similarly
but were infested with psyllids that did not harbor Lso, these
plants are hereafter referred to as healthy. Twelve plants
were conducted for each treatment. Twelve to twenty-one
leaves of these two-month-old tomato plants were randomly
collected from each healthy (HL), LsoA-, and LsoB-infected
plant. Leaf samples were carefully selected to avoid physical or insect damage as well as symptoms unrelated to Lso
infection.

Raman spectroscopy
Raman spectra were taken with a hand-held Resolve Agilent
spectrometer equipped with 831 nm laser source. The following experimental parameters were used for all collected
spectra: 1 s acquisition time, 495 mW power, and baseline
spectral subtraction by device software. Two to four spectra
were collected from each leaf from four quadrants on the
adaxial side of the leaf. In total, around 150 surface spectra from each group were collected. Spectra shown in the
manuscript are raw baseline corrected, without smoothing.

Multivariate data analysis
PLS_Toolbox (Eigenvector Research Inc.) was used for statistical analysis of the collected Raman spectra. All imported
spectra were scaled to unit variance to give all spectral
regions equal importance. First derivative was taken from
raw Raman spectra with a filter width of 45 and polynomial
order 2; spectra were median centered. Partial least squares
discriminant analysis (PLS-DA) was performed to determine
the number of significant components and identify spectral
regions that best explain the separation between the classes.
To give each of the spectral regions equal importance, all
spectra were scaled to unit variance. Raw spectra, containing
wavenumbers 350–2000 cm−1, were retained in the model
that resulted from this iteration of PLS-DA. Final model
reported in Table 2 contained seven predictive components:
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LV 1 (95.03%), LV 2 (0.49%), LV 3 (0.32%), LV 4 (0.48%),
LV 5 (1.00%), LV 6 (0.35%), LV 7 (0.12%); the model
reported in the Table 3 contained six predictive components:
LV 1 (94.67%), LV 2 (0.61%), LV 3 (0.97%), LV 4 (0.69%),
LV 5 (0.25%), LV 6 (0.11%), Tables S1 and S2.

Results and discussion
Raman spectra collected from leaves of healthy, LsoA- and
LsoB-infected (Fig. 1) tomato plants exhibited vibrational
bands originating from cellulose, lignin, pectin, proteins,
and carotenoids (Table 1). We have found that the spectra
collected from leaves of LsoA and LsoB-infected tomato
plants exhibited substantially lower intensities of all vibrational bands comparing to the spectra collected from leaves

Fig. 1  Photographs of healthy (a), LsoB (b) and LsoA (c) infected
tomato plants. All three groups of plants have similar visual appearance. Late stage Lso of tomatoes is shown in the Figure S1
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of healthy plants (Fig. 2a). Such a change in the intensities
of all vibrational bands can be associated with a decrease in
the chlorophyll content of the leaf. A decrease in chlorophyll
content, also known as chlorosis, is a characteristic symptom
of Lso infections. Chlorophyll exhibits residual florescence
in 860–980 nm, the spectra window where inelastically scattered photons are expected in our experiments (831 nm laser
excitation was used for all Raman measurements). Therefore,
changes in the fluorescent background in healthy vs LsoA/
LsoB plants, which reflect change in chlorophyll concentration in the plants’ leaves, are likely to result in the change
of overall intensities of acquired Raman spectra. Although
interesting, the intensity profile alone cannot be utilized for
confirmatory disease diagnostics. In our previous work, we
proposed to normalize Raman spectra on 1382 cm−1 vibrational band, which were assigned to C
 H2 vibration (Table 1)
(Mahnke et al. 2019a). This chemical group is present in
nearly all classes in biological molecules, which makes this
normalization approach unbiased to the specific chemical
component of the plant leaf. We showed that such unbiased
normalization allowed for elucidation of the ‘spectroscopic
fingerprint’ that was unique for HLB and nutrient deficiency
on both orange and grapefruit trees (Mahnke et al. 2019a).
Following this normalization approach, we compared averaged spectra collected from healthy plants and plants that
were positive for LsoA and B infection (Fig. 2b).
We found that normalized Raman spectra collected from
leaves of LsoA and LsoB-infected tomato plants exhibited a
decrease in intensities of 1000 and 1525 cm−1, which could
be assigned to carotenoids (Fig. 2b). Also, the decrease in
the intensity of these bands was larger for LsoB compared to
LsoA. This suggests that Lso infection in tomato is associated with degradation and fragmentation of host carotenoids.
It is also possible that the observed spectral changes of carotenoids in tomatoes could be attributed to their conversion to
apocarotenoids, signaling molecules that are synthesized by
plants as a stress response. Additional studies are required
to elucidate the actual cause of the change in the intensity
of the carotenoid peaks.
We also found a decrease in the intensities of 747, 1155,
1184, 1218 cm−1 bands in the spectra collected from LsoA
and B plants compared to the intensities of the corresponding bands in the spectrum of healthy tomatoes. These spectral changes suggest a decrease in the content of pectin
(747 cm−1), cellulose (1155 cm−1), and xylan (1184 and
1218 cm−1) that are associated with LsoA and LsoB infection. One can expect that observed spectral changes suggest the occurrence of bacteria-driven hydrolysis of pectin,
cellulose, and xylan, as these molecules are a good source
of carbohydrates for this pathogen. Alternatively, changes
in concentration of these molecules may represent plant
responses to the bacteria-induced stress. Additional studies, which involve molecular methods of analyses and mass
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Assignment

747
915
1000

γ(C–O–H) of COOH
ν(C–O–C) in plane, symmetric
ν3 (C–CH3 stretching) and phenylalanine

1051
1070
1115
1155
1184
1218
1247
1288
1326
1382
1440
1525
1610
1674

ν(C–O) + ν(C–C) + δ(C–O–H)
ν(CO) of secondary alcohol
COH bending
asym ν(C–C) ring breathing
ν(C–O–H) next to aromatic ring + σ(CH)
δ(C–C–H)
C–O stretching (aromatic)
δ(C–C–H)
δCH2 bending vibration
δCH2 bending vibration
δ(CH2) + δ(CH3)
–C = C– (in plane)
ν(C–C) aromatic ring + σ(CH)
Amide I

Pectin (Synytsya et al. 2003)
Cellulose, lignin (Edwards et al. 1997a)
Carotenoids, protein (Tschirner et al. 2009;
Kurouski et al. 2015)
Carbohydrates (Almeida et al. 2010)
Cellulose (Edwards et al. 1997a)
Carbohydrates (Edwards et al. 1997b)
Carbohydrates, cellulose (Edwards et al. 1997a)
Xylan (Agarwal 2014; Mary et al. 2012)
Aliphatic (Yu et al. 2007), xylan(Agarwal 2014)
Lignin (Cao et al. 2006)
Aliphatic (Yu et al. 2007)
Cellulose, lignin (Edwards et al. 1997a)
Aliphatic (Yu et al. 2007)
Aliphatic (Yu et al. 2007)
Carotenoids (Devitt et al. 2018; Adar 2017)
Lignin (Kang et al. 2016; Agarwal 2006)
Protein (Kurouski et al. 2015)

Table 2  PLS-DA confusion matrix of healthy vs LsoA spectra collected from leaves of tomato plants
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Fig. 2  Averaged raw (a) and normalized (b) Raman spectra collected
from leaves of healthy (green), LsoA positive (blue) and LsoB positive (red) tomatoes. Spectra normalized on 1382 cm−1 vibrational
band, which were assigned to CH2 vibration [marked by asterisk (*)]
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Table 1  Vibrational bands and
their assignments for the spectra
collected from healthy, LsoA
and B positive tomato leaves
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spectrometry, are required to disentangle these two hypotheses. This work is beyond the scope of this manuscript.
At the same time, no noticeable changes have been
detected in the intensities of 1610 cm−1 and 1674 cm−1
bands, which could be assigned to lignin and protein respectively. These finding suggests that both LsoA and LsoB
infections in tomatoes are not associated with a change in
lignin and protein content for tomato leaves.
Next, we used partial least squares discriminant analysis (PLS-DA) to achieve quantitative diagnostics of LsoA
and LsoB in tomato plants. Our results indicate that LsoA
can be detected and identified with 70% accuracy (Table 2),
whereas accuracy of LsoB diagnostics is 78.8% (Table 3).
In this proof-of-principle study, we showed that RS
coupled to advanced multivariate statistical analysis can
be used for highly accurate diagnostics of LsoA- and
B-infected tomatoes. We also demonstrated that RS can be
used to distinguish between LsoA- and LsoB- related diseases. Additional studies are required to demonstrate timely
advantage of RS over molecular methods of analyses, as
well as develop Raman-based detection and identification of
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Table 3  PLS-DA confusion matrix of healthy vs LsoB spectra collected from leaves of tomato plants

Healthy
LsoB
Total

Members

Correct (%)

Healthy

LsoB

138
163
301

74.7
82.8
78.8

112
38
150

26
125
151

Matthews’ correlation coefficient is 0.576

Lso disease in tomato into a robust and reliable diagnostic
approach that can be used directly in the field. We anticipate that this study will enhance interest in Raman-based
diagnostics of Lso infections fostering experimental efforts
that will help answering those questions. Nevertheless, our
work showed that RS is a promising tool that enables fast
and accurate prediction of Lso infections in tomato plants,
which is critically important for successful intervention and
management of this disease.
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