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in tomatoes
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Tomato spotted wilt (TSW) disease caused by tomato spotted wilt
orthotospovirus (TSWV, Orthotospovirus tomatomaculae) poses a
significant threat to specialty and staple crops worldwide by causing over a
billion dollars in crop losses annually. Current strategies for TSWV diagnosis
heavily rely on nucleic acid or protein-based techniques which require
significant technical expertise, and are invasive, time-consuming, and
expensive, thereby catalyzing the search for better alternatives. In this
study, we explored the potential of Raman spectroscopy (RS) in early
detection of TSW in a non-invasive and non-destructive manner.
Specifically, we investigated whether RS could be used to detect strain
specific TSW symptoms associated with four TSWV strains infecting three
differentially resistant tomato cultivars. In the acquired spectra, we observed
notable reductions in the intensity of vibrational peaks associated with
carotenoids. Using high-performance liquid chromatography (HPLC), we
confirmed that TSWV caused a substantial decrease in the concentration of
lutein that was detected by RS. Finally, we demonstrated that Partial Least
Squares-Discriminant Analysis (PLS-DA) could be used to differentiate strain-
specific TSW symptoms across all tested cultivars. These results demonstrate
that RS can be a promising solution for early diagnosis of TSW, enabling
timely disease intervention and thereby mitigating crop losses inflicted
by TSWV.
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1 Introduction

In 2020, over 180 million tons of tomatoes were produced
globally, making this botanical fruit the most economically
important vegetable worldwide (Food and Agriculture
Organization of the United Nations, 1998). Although Mexico
holds the title of the world’s largest exporter of tomatoes, with
exports worth $2.57 billion, in 2021, the United States exported
tomatoes valued at $224 million (OEC, 2021). These and other
economic factors make tomatoes central to food security in
the Americas.

Plant viruses cause massive crop losses valued at several billion
dollars annually (Mumford et al, 2016). Among them, tomato
spotted wilt orthotospovirus (TSWYV, Orthotospovirus
tomatomaculae) is one of the most devastating, infecting over
1000 plant species from 90 plant families, including potatoes,
tomatoes, peppers, and tobacco (Riley et al., 2012). TSWV virions
are spherical (80-110 nm diameter) with an outer membrane
composed of lipoproteins and glycoproteins (Adkins et al., 1995;
Kikkert et al., 1999). TSWV is efficiently transmitted by several
species of thrips, predominantly by western flower thrips (WFT),
Frankliniella occidentalis in a persistent propagative manner (Wan
et al,, 2020). Early larval instars of thrips acquire TSWV while
feeding on infected plant cells. Upon acquisition, TSWV moves
from the midgut to the primary salivary glands of the larva and
replicates at both sites in the thrips vector. Subsequently, thrips
remain infectious for the rest of their life cycle and transmit the
virus as they feed on new plants (Rotenberg et al., 2015).

Management strategies for TSWV rely on using single gene
resistant cultivars and applying toxic pesticides for thrips control.
However, because of the concealed nature of the feeding of thrips,
most pesticides are either ineffective or partially effective against
thrips (Gao et al., 2012). Furthermore, their intensive applications
lead to pesticide resistance development in thrips (Wan et al., 2021).
For crop resistance, Sw-5b- and Tsw-mediated single gene resistance
was deployed in commercial cultivars of tomato and pepper,
respectively (Boiteux and de Avila, 1994; Boiteux, 1995; Dianese
et al., 2011; de Oliveira et al., 2018). However, such a resistance has
exerted tremendous selection pressure on TSWV, which led to the
emergence of resistance breaking (RB) strains worldwide
(Aramburu and Marti, 2003; Margaria et al., 2004; Ciuffo et al,,
2005; Sharman and Persley, 2006; Margaria et al., 2007; Zaccardelli
et al., 2008; Fidan and Sari, 2019; Yoon et al., 2021; Almasi et al,,
2023). In the US, tomato-infecting RB strains capable of infecting
an array of commercial tomato cultivars have been reported in
California, North Carolina, and most recently in Texas by the
Gadhave lab (Batuman et al., 2016; Chinnaiah et al., 2023b; Lahre
et al,, 2023). These strains are genetically distinct as they possess
unique mutations in the TSWV movement protein (NSm). We used
two sympatric strains: Tom-BL1 and Tom-BL2 originating from
Bushland, TX and two allopatric strains: Tom-CA originating from
California, and Tom-MX originating from Mexico. NSm sequences
of all RB strains shared 94-99% nucleotide and 97-99% amino acid
homology in pairwise comparisons with other TSWV isolates
reported earlier. Interestingly, RB strains have been reported to
selectively offer fitness benefits to WFT and facilitate their
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transmission better than a non-RB strain (Chinnaiah et al,
2023a). Generic symptoms of TSW include necrotic rings and
spots on leaf, petiole, and stem; chlorosis and bronzing of leaves
followed by stunting and partial wilting of plants.

The most widely used diagnostic methods for TSWV are
polymerase chain reaction (PCR) or protein-based analyses
(Roberts et al., 2000; Chinnaiah et al.,, 2022; Gao and Wu, 2022;
Iturralde Martinez and Rosa, 2023). Although accurate, both
analyses are laborious, time-consuming, invasive and require
significant technical expertise. Furthermore, both methods require
sample shipment to testing facilities, which increases direct costs of
diagnostics. Raman spectroscopy (RS) is a valuable tool that can be
used to detect and identify changes in plant biochemistry. RS is
based-on measuring Raman scattering, a phenomenon dependent
on a sample’s molecular composition and structure. Observed
biochemical changes within a crop can then be used to diagnose
infection caused by plant pathogens. Previous studies have shown
RS’s ability to detect fungal pathogens within wheat, sorghum, and
corn using handheld-spectrophotometers (Egging et al, 2018;
Higgins et al., 2023). Additionally, Mandrile et al. showed that RS
could be used to detect both tomato yellow leaf curl Sardinia virus
(TYLCSV) and TSWYV in tomato crops (Mandrile et al., 2019).
Expanding upon this, we examined the extent to which RS could be
used for the early detection of RB-TSWV in tomato crops. In our
study, we inoculated three different tomato cultivars of varying
resistance to TSWV with four RB-TSWV strains. Our results
indicated that RS could be used to detect early TSWV infection
and even predict strain specific differences in TSW symptoms in
tomato leaves.

2 Materials and Methods

2.1 Tomato cultivation and
virus inoculation

In this study, TSWV-resistant (cv. Celebrity), moderately
resistant (cv. Supremo), and susceptible (cv. Hot-Ty) cultivars of
tomato were grown in pots containing peat moss under greenhouse
conditions. Four RB strains: Tom-CA, Tom-MX, Tom-BL1 and
Tom-BL2 were mechanically inoculated onto five three-week-old
tomato plants from each cultivar per strain using 0.IM sodium
phosphate buffer. Further details on the source of RB-TSWV strains
and methods are provided in Chinnaiah et al., 2023b. Inoculated
plants with different RB-TSWYV strains were maintained in insect-
proof cages separately till symptom expression in the greenhouse at
25°C with a 12-hr photoperiod. TSW symptomatic plants were
tested to confirm the presence of TSWV using PCR analysis
previously published by our group (Gautam et al, 2022;
Chinnaiah et al, 2023b). Briefly, a TagMan probe-based qPCR
assay targeting a 200-bp region in nucleoprotein (N) of the TSWV
using TSWV-F: 5"-AGAGCATAATGAAGGTTATTA
AGCAAAGTGA-3’ and TSWV-R: 5-GCCTGACCCTGATCAA
GCTATC-3" primers and TaqMan probe: 5'-CAGTGGC
TCCAATCCT-3" was used for the TSWV detection. Results of
qPCR analysis are shown in Supplementary Figure S1. Furthermore,
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symptomatic leaves from all three cultivars were collected on 25"
day post inoculation and subjected to Raman spectroscopy and
HPLC analyses. Non-infected tomato plants were used as a control
in all experiments.

2.2 Raman spectroscopy

Using a Resolve Agilent handheld spectrophotometer, we
collected 30 surface scan spectra from TSW symptomatic
systemic leaves (including non-symptomatic non-infected
control) for each strain and cultivar combination, except for the
Hot-Ty non-infected control, which were unsuitable to scan due to
external factors. The laser emitted light at a wavelength of 830 nm.
Acquisition time was 1 s and the laser power was 495 mW. The
spectrophotometer automatically baselined the spectra. The spectra
were then normalized at the 1440 cm™ peak using MATLAB. This
vibrational band originates from CH, vibrations that are present in
nearly all biological molecules. Therefore, spectral normalization on
1440 cm™ becomes the least biased to compare changes in the
intensities of other vibrational bands that can be used to access
disease-induced changes in plant biochemistry.

MATLAB
(EigenvectorResearchInc.) was used to analyze the acquired

equipped with PLS_Toolbox

spectra. The spectra utilized for training the PLS-DA model were
preprocessed through area normalization and mean centering. The
PLS-DA models were built using all spectra collected, and true
prediction rates (accuracy) were determined by cross-validation.
ANOVA with a significance level (o) of 0.05 was used for statistical
comparison of peak height.

2.3 High-performance
liquid chromatography

Carotenoids were extracted by homogenizing 150 milligrams of
tomato leaves with a mortar and pestle. Next, 1.5 mL of chloroform:
dichloromethane (2:1, v/v) was added to the mashed plant tissue;
the mixture was agitated on a thermomixer at 4°C and at 500 rpm
for 30 min. After that, 0.5 mL of 1 M sodium chloride was added to
induce phase separation. The resultant solution was centrifuged at
7,000 rpm for 10 min and then phase separated. The organic phase
was collected, and the aqueous phase underwent another round of
phase separation after the addition of 0.75 mL chloroform:
dichloromethane. The second round of organic phase was
combined with the first organic phase collected and then dried
using a MultivaporTM vacuum evaporator. Finally, the dried pellet
was resuspended in 1mL 95% methanol prior to HPLC injection.

Plant extracts were analyzed using reverse-phase high-
performance liquid chromatography (RP-HPLC). The HPLC
instrument comprised a Waters 1525 pump in conjunction with
the Waters 2707 autosampler and the 2489 Waters photodiode
array detector. A C;, stationary phase, 3 um particle size column
with the dimensions 250 x 4.6 mm (Thermo Fisher Scientific Inc,
part number 075723) was used for RP-HPLC. The mobile phases
consisted of (A) a mixture of methanol and water (95:5, v/v) and (B)
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methyl tert-butyl ether (MTBE). The elution gradient was 97% A
(0-6 min), followed by a linear decrease of A from 97% to 0% to 20
min. Lastly, the concentration of A was restored to 97% by 23 min.
The detection of elution peaks was done at 450 nm. ANOVA with a
significance level (o) of 0.05 was used for statistical comparison of
area under the curve.

3 Results and discussion

TSW symptoms appeared on infected cultivars in a strain-
specific manner, while their severity varied across cultivars
(Figure 1). Across all strains, TSW symptoms were pronounced
in susceptible cultivars, followed by both resistant cultivars
(Figure 1). Across all cultivars, plants infected with sympatric
strains (Tom-BL1 and Tom-BL2), produced characteristic
symptoms such as chlorotic patches, concentric rings, and
necrotic spots on leaves (Figure 1). However, in allopatric (Tom-
MX and Tom-CA) strain-infected plants, puckering, small-sized
leaves, and a mild mosaic of leaves were the most common
symptoms. Furthermore, Tom-CA strain induced a shoestring-
like leaf symptom which was rarely associated with TSW
before (Figure 1).

Raman spectra obtained from tomato leaves display distinct
vibrational bands, corresponding to various biomolecular
components. Carbohydrates exhibit bands at 747 and 915 cm’’,
carotenoids show multiple bands at 1000, 1048, 1155, 1186, 1215,
and 1525 cm™, while polyphenols exhibit a band at 1608 cm
(Figure 2, Table 1). Additionally, we observed a vibrational band at
1678 cm!, which can be assigned to proteins. Furthermore, CH and
CH, vibrations are evident at 1288, 1326, 1382, and 1440 cm’!
(Figure 2). It is important to highlight that these chemical moieties
are widespread across diverse classes of biological molecules.
Therefore, 1288, 1326, 1382, and 1440 cm™* vibrations cannot be
exclusively attributed to any specific class of biomolecules (Table 1).

By comparing average spectral intensities among TSVW strains,
we can monitor biological changes resulting from TSWV.
Specifically, a decrease in the peak intensity was observed at 1000,
1048, 1155, 1186, 1215, and 1525 cm™* (Figure 2). However, only
changes in the intensities of 1000, 1155, and 1525 cm™' bands were
statistically significant (Figure 3). The Tom-MX and Tom-BL2
strains exerted the most stress to the plants, causing the
mentioned decreases in peak intensity. These peaks are all
associated with carotenoids, indicating that TSWV infection
results in a decreased concentrations of carotenoids in tomato
leaves. These findings align well with previously reported results
on biotic stress within crops (Higgins et al., 2022). It is worth noting
that there was relatively no change in polyphenol content. Earlier
research has shown that biotic stress can induce alterations in
polyphenol concentration. For instance, in maize, Colletotrichum
graminicola infection leads to an increase in polyphenols, whereas
in wheat, Diuraphis noxia infestation results in a decrease (Higgins
et al,, 2022; Higgins et al., 2023). Viral infections have their own
pathogenic mechanisms, distinct from the mechanisms utilized by
living pathogens, so this difference could potentially explain why the
crops did not experience alterations in polyphenol content.
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Celebrity

Tom-CA Tom-BL2 Tom-BL1 Control

Tom-MX

FIGURE 1

Supremo

10.3389/fpls.2023.1283399

TSW symptoms observed in differentially resistant cultivars infected with sympatric and allopatric strains of TSWV.

When comparing average spectral intensities by cultivar, we found
differences in peak intensity at all carotenoid peaks mentioned above
(Figure 4). Among the three cultivars, Hot-Ty exhibited the lowest
average spectral intensity, both visually and statistically, especially in
comparison to Celebrity (Figure 3). Supremo consistently displayed
peak intensities between the values of Celebrity and Hot-Ty. Notably,
at all the carotenoid peaks mentioned (1000, 1048, 1155, 1186, 1215,
and 1525 cm™), Hot-Ty showed statistically significantly lower
intensity values compared to Celebrity. Even though all strains
managed to overcome TSWYV resistance, these variations in spectral
intensities align well with differences in cultivar resistance. Hot-Ty, as
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a susceptible cultivar, was expected to experience greater stress from
the virus, whereas Celebrity and Supremo, as resistant cultivars, were
anticipated to fare better.

In addition to examining spectral intensities, we conducted
Partial Least Squares-Discriminant Analysis (PLS-DA). This
supervised statistical method identifies patterns in data to reveal
crucial differences between groups (Supplementary Figures 2, 3).
Trained on a labeled dataset, the model classifies individual spectra
into specific groups, providing an accuracy percentage that allows
us to gauge its predictive capabilities. The model exhibited a high
degree of accuracy in predicting both strain and cultivar (Tables 2,

frontiersin.org


https://doi.org/10.3389/fpls.2023.1283399
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

10.3389/fpls.2023.1283399

Control
Tom-CA
Tom-MX
Tom-BL1
Tom-BL2

’
’

=— 1 1525

I

~
N
|
—
1

1186
1215

1288

l

1440
1608
1678

Juarez et al.
‘»
c
Q
e
£
FIGURE 2

Average Raman spectra collected from each viral strain. Spectra were all normalized at the 1440 peak indicated by an asterisk (*).

3). Notably, the Control and Tom-MX achieved the most robust
prediction rates, whereas some difficulty was encountered in
accurately classifying Tom-BL2. The model’s ability to classify
cultivars had similar accuracy. While ANOVA and Tukey’s post-

1000 1100 1200

1300

Raman Shift cm™!

1400

TABLE 1 Assignments of vibrational bands in the Raman spectra acquired from tomato leaves.

1500 1600 1700

hoc test results indicated that some groups were not statistically
significant from each other, PLS-DA revealed the significance of
these variations and their capacity to distinguish different isolates.
This predictive power indicates that RS can be used to not only

Band (cm™) Vibrational Mode Assignment

747 ¥(C-O-H) of COOH Carbohydrates (Synytsya et al., 2003)
915 v(C-0-C) in plane, symmetric Carbohydrates (Edwards et al., 1997)
1000 in-plane CH3 rocking of polyene Carotenoids (Adar, 2017)

1048 -C=C- Carotenoids (Edwards et al., 1997)
1155 -C=C- Carotenoids (Adar, 2017)

1186 -C=C- Carotenoids (Adar, 2017)

1215 -C=C- Carotenoids (Adar, 2017)

1288 3(C-C-H) Aliphatics (Yu et al., 2007)

1326 OCH2 bending Aliphatics (Edwards et al., 1997)
1382 SCH2 bending Aliphatics (Yu et al., 2007)

1440 8(CH2) + 8(CH3) Aliphatics (Yu et al, 2007)

1525 -C=C- Carotenoids (Adar, 2017)

1608 v(C-C) aromatic ring + 6(CH) Polyphenols (Agarwal, 2006)

1678 C=0 stretching, amide I Protein (Devitt et al., 2018)
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1000 cm™! 1000 cm"!

Control o
Celebrity - o

Tom-CA - o

TOM-MX e Hot-Ty ——

Tom-BL1- o
Supremo B ——

Tom-BL2 - ———.

Peak Intensity Peak Intensity
FIGURE 3

Tukey Test after one-way ANOVA comparing peak intensity by strain (left, p = 5.00 x 107 and cultivar (right, p = 8.21 x 107°).

identify viral infection, but to differentiate the infection by cultivar
and strain.

To validate the outcomes of RS, we performed (RP-HPLC) and
analyzed the relative concentrations of lutein (RT = 12.11 min) and
chlorophyll (RT = 13.86 min) in the tomato leaves, Supplementary
Figure 4. Prior research has identified lutein as the predominant
carotenoid detected by RS, while alterations in chlorophyll content
serve as valuable indicators of plant stress and physiological
imbalances (Dou et al, 2021). TSWV suppresses photosynthesis
and chloroplast genes, which are essential for lutein and

chlorophyll, therefore changes in lutein and chlorophyll content
should reflect plant health and align with variations in the Raman
spectra (Nachappa et al,, 2020).

When grouped by strain, the Tom-MX and Tom-BL2 strains
exhibited the lowest concentrations, while the Control had the
highest concentration of these molecules (Figure 5). These results
were consistent with RS data, except for the Tom-CA strain, which
showed markedly lower concentration of both lutein and
chlorophyll. However, when comparing the HPLC results by
cultivar, there was no statistically significant difference between

Celebrity ﬁ
Hot-Ty -
Supremo
B
|
|
>
=
7}
c
Q
-
£ ~ 0 o ® © 1 © © o o © ©
R 5 & & 2x B8 8 3 g B
i | TERVAES AVAVA AN\~
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

Raman Shift cm-1

FIGURE 4

Average Raman spectra collected from each tomato cultivar. Spectra were all normalized at the 1440 peak indicated by an asterisk (*).
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TABLE 2 Accuracy of PLS-DA prediction by viral strain.

10.3389/fpls.2023.1283399

Strain Accuracy Control Tom-CA Tom-MX Tom-BL1 Tom-BL2
Control 90% 81 7 1 1 7

Tom-CA 75% 1 67 0 10 8

Tom-MX 90% 2 0 54 0 3

Tom-BL1 79% 4 11 2 71 10

Tom-BL2 68% 2 4 3 8 60

TABLE 3 Accuracy of PLS-DA prediction by tomato cultivar.

“Cultivar Accuracy Celebrity Supremo
*Celebrity 81% 96 16 22
Hot-Ty 76% 11 ‘ 113 16
Supremo 75% 11 ‘ 20 112
acon
OTom-CA @ Celebrity
OTom-BL1 @ Supremo
—
Lutein Chlorophyll Lutein Chlorophyll
Carotenoids Carotenoids
FIGURE 5

HPLC results by viral strain (left) and tomato cultivar (right). Significance indicate T-test results for the comparison of each strain versus the control:
NS is no significance, * is P < 0.05, ** is P < 0.01, and *** is P < 0.001. There was no significance between tomato cultivars.

any of the groups. Compared to RS, HPLC inherently contains
greater potential error during the analyte extraction, emphasizing
the improved dependability of RS in detecting subtle alteration in
analyte concentration.

In general, the changes in carotenoid and chlorophyll levels,
coupled with the reductions in spectral intensity, align closely with
prior findings (Jabeen et al,, 2017). The viral defense response of
plants has long been associated with the accumulation of reactive
oxygen species, with carotenoids playing an important role as
antioxidants (Han et al., 2014; Hernandez et al., 2016). Carotenoids
act as quenchers for singlet oxygen and free radicals in a process that
leads to their degradation (Mordi et al., 2020). Furthermore,
chlorophyll concentration is well known to decrease during viral
infection (Gonzalez et al., 1997; Kapinga et al., 2009; Mandrile et al.,
2022). This provides strong evidence that RS is capable of detecting
minute biomolecular changes in content early in TSWV infection.
Nevertheless, future work should investigate the limits of TSWV
detection and quantify carotenoids changes through gene expression.
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4 Conclusion

Our findings show that RS can be used for the early TSWV
detection in tomato leaves. Significant decreases in carotenoid
concentration were noted in several peaks, especially as the Tom-
MX and Tom-BL2 isolates produced most severe symptoms on
leaves. These results were confirmed by HPLC analysis of lutein and
chlorophyll content. Furthermore, we found RS can be coupled with
PLSDA to predict the viral strain with around 80% accuracy. These
results demonstrate the potential RS has for proactive mitigation of
TSWV and for safeguarding food security.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1283399
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Juarez et al.

Author contributions

IJ: Investigation, Methodology, Validation, Visualization,
Writing — original draft, Writing — review & editing. MS: Formal
analysis, Investigation, Methodology, Validation, Visualization,
Writing - review & editing. SC: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing — review & editing.
AR: Formal analysis, Investigation, Methodology, Visualization,
Writing - review & editing. KG: Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing — review & editing.
DK: Conceptualization, Formal analysis, Funding acquisition,
Project administration, Resources, Supervision, Writing — original
draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by Texas A&M AgrilLife Research Insect
Vectored Diseases grant and the Institute for Advancing Health
Through Agriculture.

Acknowledgments

We thank Ben Herron for growing tomato seedlings.

References

Adar, F. (2017). Carotenoids—their resonance Raman spectra and how they can be
helpful in characterizing a number of biological systems. Spectroscopy 32 (6), 12-20.

Adkins, S., Quadt, R, Choi, T. J., Ahlquist, P., and German, T. (1995). An RNA-
dependent RNA polymerase activity associated with virions of tomato spotted wilt
virus, a plant- and insect-infecting bunyavirus. Virology 207 (1), 308-311. doi: 10.1006/
viro.1995.1083

Agarwal, U. P. (2006). Raman imaging to investigate ultrastructure and composition
of plant cell walls: distribution of lignin and cellulose in black spruce wood (Picea
mariana). Planta 224 (5), 1141-1153. doi: 10.1007/s00425-006-0295-z

Almasi, A., Pinczes, D., Timar, Z., Saray, R., Palotas, G., and Salanki, K. (2023).
Identification of a new type of resistance breaking strain of tomato spotted wilt virus on
tomato bearing the Sw-5b resistance gene. Eur. J. Plant Pathol. 166 (2), 219-225.
doi: 10.1007/s10658-023-02656-5

Aramburu, J., and Marti, M. (2003). The occurrence in north-east Spain of a variant
of Tomato spotted wilt virus (TSWV) that breaks resistance in tomato (Lycopersicon
esculentum) containing the Sw-5 gene. Plant Pathol. 52, 407-407. doi: 10.1046/j.1365-
3059.2003.00829.x

Batuman, O., Turini, T. A., Oliveira, P. V., Rojas, M. R., Macedo, M., Mellinger, H. C.,
et al. (2016). First Report of a Resistance-Breaking Strain of Tomato spotted wilt virus
Infecting Tomatoes With the Sw-5 Tospovirus-Resistance Gene in California. Plant
Dis. 101 (4), 637-637. doi: 10.1094/PDIS-09-16-1371-PDN

Boiteux, L. S. (1995). Allelic relationships between genes for resistance to tomato
spotted wilt tospovirus in Capsicum chinense. Theor. Appl. Genet. 90 (1), 146-149.
doi: 10.1007/b£f00221009

Boiteux, L. S., and de Avila, A. C. (1994). Inheritance of a resistance specific to
tomato spotted wilt tospovirus in Capsicum chinense ‘PI 159236’. Euphytica 75 (1),
139-142. doi: 10.1007/BF00024541

Chinnaiah, S., Gautam, S., Herron, B., Workneh, F., Rush, C. M., and Gadhave, K. R.
(2023a). Novel strains of a pandemic plant virus, tomato spotted wilt orthotospovirus,
increase vector fitness and modulate virus transmission in a resistant host. Front.
Microbiol. 14, 1257724. doi: 10.3389/fmicb.2023.1257724

Chinnaiah, S., Gautam, S., Workneh, F., Crosby, K., Rush, C., and Gadhave, K. R.
(2023b). First report of Sw-5 resistance-breaking strain of tomato spotted wilt

Frontiers in Plant Science

10.3389/fpls.2023.1283399

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1283399/
full#supplementary-material

orthotospovirus infecting tomato in Texas. Plant Dis. doi: 10.1094/pdis-11-22-2699-
pdn

Chinnaiah, S., Varagur Ganesan, M., Sevugapperumal, N., Mariappan, S., Uthandi,
S., and Perumal, R. (2022). A sequel study on the occurrence of Tomato spotted wilt
virus (TSWV) in cut-chrysanthemum by DAS-ELISA using recombinant nucleocapsid
protein to produce polyclonal antiserum. J. Virol. Methods 300, 114410. doi: 10.1016/
jjviromet.2021.114410

Ciuffo, M., Finetti-Sialer, M. M., Gallitelli, D., and Turina, M. (2005). First report in
Ttaly of a resistance-breaking strain of Tomato spotted wilt virus infecting tomato
cultivars carrying the Sw5 resistance gene. Plant Pathol. 54 (4), 564-564. doi: 10.1111/
j.1365-3059.2005.01203.x

de Oliveira, A. S., Boiteux, L. S., Kormelink, R., and Resende, R. O. (2018). The sw-5
gene cluster: tomato breeding and research toward orthotospovirus disease control.
Front. Plant Sci. 9, 1055. doi: 10.3389/fpls.2018.01055

Devitt, G., Howard, K., Mudher, A., and Mahajan, S. (2018). Raman spectroscopy: an
emerging tool in neurodegenerative disease research and diagnosis. ACS Chem.
Neurosci. 9 (3), 404-420. doi: 10.1021/acschemneuro.7b00413

Dianese, E., Fonseca, M. E., Inoue-Nagata, A., Resende, R., and Boiteux, L. (2011).
Search in Solanum (section Lycopersicon) germplasm for sources of broad-spectrum
resistance to four Tospovirus species. Euphytica 180, 307-319. doi: 10.1007/s10681-
011-0355-8

Dou, T., Sanchez, L., Irigoyen, S., Goft, N., Niraula, P., Mandadi, K,, et al. (2021).
Biochemical origin of raman-based diagnostics of huanglongbing in grapefruit trees.
Front. Plant Sci. 12, 680991. doi: 10.3389/fpls.2021.680991

Edwards, H., Farwell, D., and Webster, D. (1997). FT Raman microscopy of
untreated natural plant fibres. Spectrochim. Acta Part A: Mol. Biomol. Spectrosc. 53
(13), 2383-2392. doi: 10.1016/S1386-1425(97)00178-9

Egging, V., Nguyen, J., and Kurouski, D. (2018). Detection and identification of fungal
infections in intact wheat and sorghum grain using a hand-held raman spectrometer.
Analytical Chem. 90 (14), 8616-8621. doi: 10.1021/acs.analchem.8b01863

Fidan, H., and Sari, N. (2019). Molecular characterization of resistance-breaking
tomato spotted wilt virus (TSWV) isolate medium segment in tomato in Turkey. Appl.
Ecol. Environ. Res. 17, 5321-5339. doi: 10.15666/aeer/1702_53215339

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1283399/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1283399/full#supplementary-material
https://doi.org/10.1006/viro.1995.1083
https://doi.org/10.1006/viro.1995.1083
https://doi.org/10.1007/s00425-006-0295-z
https://doi.org/10.1007/s10658-023-02656-5
https://doi.org/10.1046/j.1365-3059.2003.00829.x
https://doi.org/10.1046/j.1365-3059.2003.00829.x
https://doi.org/10.1094/PDIS-09-16-1371-PDN
https://doi.org/10.1007/bf00221009
https://doi.org/10.1007/BF00024541
https://doi.org/10.3389/fmicb.2023.1257724
https://doi.org/10.1094/pdis-11-22-2699-pdn
https://doi.org/10.1094/pdis-11-22-2699-pdn
https://doi.org/10.1016/j.jviromet.2021.114410
https://doi.org/10.1016/j.jviromet.2021.114410
https://doi.org/10.1111/j.1365-3059.2005.01203.x
https://doi.org/10.1111/j.1365-3059.2005.01203.x
https://doi.org/10.3389/fpls.2018.01055
https://doi.org/10.1021/acschemneuro.7b00413
https://doi.org/10.1007/s10681-011-0355-8
https://doi.org/10.1007/s10681-011-0355-8
https://doi.org/10.3389/fpls.2021.680991
https://doi.org/10.1016/S1386-1425(97)00178-9
https://doi.org/10.1021/acs.analchem.8b01863
https://doi.org/10.15666/aeer/1702_53215339
https://doi.org/10.3389/fpls.2023.1283399
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Juarez et al.

Food and Agriculture Organization of the United Nations (1998). FAOSTAT (Rome:
FAO).

Gao, Y., Lei, Z., and Reitz, S. R. (2012). Western flower thrips resistance to
insecticides: detection, mechanisms and management strategies. Pest Manag Sci. 68
(8), 1111-1121. doi: 10.1002/ps.3305

Gao, S., and W, J. (2022). Detection of tomato spotted wilt virus (TSWV) infection
in plants using DAS-ELISA and dot-ELISA. Methods Mol. Biol. 2400, 253-261.
doi: 10.1007/978-1-0716-1835-6_24

Gautam, S., Chinnaiah, S., Workneh, F., Crosby, K., Rush, C., and Gadhave, K. R.
(2022). First report of a resistance-breaking strain of tomato spotted wilt
orthotospovirus infecting Capsicum annuum with the Tsw resistance gene in Texas.
Plant Dis. 107, 1958. doi: 10.1094/pdis-09-22-2274-pdn

Gonzalez, E., Mosquera, M. V., San Jose, M. C,, and Diaz, T. (1997). Influence of virus
on the chlorophyll, carotenoid and polyamine contents in grapevine microcuttings. J.
Phytopathol. 145 (4), 185-187. doi: 10.1111/§.1439-0434.1997.tb00383.x

Han, Y., Luo, Y., Qin, S, Xi, L., Wan, B., and Du, L. (2014). Induction of systemic
resistance against tobacco mosaic virus by Ningnanmycin in tobacco. Pesticide
Biochem. Physiol. 111, 14-18. doi: 10.1016/j.pestbp.2014.04.008

Hernandez, J. A., Gullner, G., Clemente-Moreno, M. ], Kiinstler, A., Juhasz, C., Diaz-
Vivancos, P., et al. (2016). Oxidative stress and antioxidative responses in plant-virus
interactions. Physiol. Mol. Plant Pathol. 94, 134-148. doi: 10.1016/j.pmpp.2015.09.001

Higgins, S., Joshi, R., Juarez, 1., Bennett, J. S., Holman, A. P., Kolomiets, M., et al.
(2023). Non-invasive identification of combined salinity stress and stalk rot disease
caused by Colletotrichum graminicola in maize using Raman spectroscopy. Sci. Rep. 13
(1), 7661. doi: 10.1038/s41598-023-34937-8

Higgins, S., Serada, V., Herron, B., Gadhave, K. R., and Kurouski, D. (2022).
Confirmatory detection and identification of biotic and abiotic stresses in wheat
using Raman spectroscopy. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1035522

Tturralde Martinez, J. F., and Rosa, C. (2023). Reverse transcriptase recombinase
polymerase amplification for detection of tomato spotted wilt orthotospovirus from
crude plant extracts. Sci. Rep. 13 (1), 9024. doi: 10.1038/s41598-023-35343-w

Jabeen, A., Kiran, T., Subrahmanyam, D., Lakshmi, D., Bhagyanarayana, G., and
Krishnaveni, D. (2017). Variations in chlorophyll and carotenoid contents in tungro
infected rice plants. J. Res. Dev. 5 (1), 1-7.

Kapinga, R., Ndunguru, J., Mulokozi, G., and Tumwegamire, S. (2009). Impact of
common sweetpotato viruses on total carotenoids and root yields of an orange-fleshed
sweetpotato in Tanzania. Scientia Hortic. 122 (1), 1-5. doi: 10.1016/j.scienta.2009.03.020

Kikkert, M., Van Lent, J., Storms, M., Bodegom, P., Kormelink, R., and Goldbach, R.
(1999). Tomato spotted wilt virus particle morphogenesis in plant cells. J. Virol. 73 (3),
2288-2297. doi: 10.1128/jvi.73.3.2288-2297.1999

Lahre, K. A, Shekasteband, R., Meadows, 1., Whitfield, A. E., and Rotenberg, D.
(2023). First report of resistance-breaking variants of tomato spotted wilt virus (TSWV)
infecting tomatoes with the sw-5 tospovirus-resistance gene in North Carolina. Plant
Dis. 107, 2271. doi: 10.1094/pdis-11-22-2637-pdn

Mandrile, L., D’Errico, C., Nuzzo, F., Barzan, G., Matic, S., Giovannozzi, A. M., et al.
(2022). Raman spectroscopy applications in grapevine: metabolic analysis of plants
infected by two different viruses. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.917226

Manderile, L., Rotunno, S., Miozzi, L., Vaira, A. M., Giovannozzi, A. M., Rossi, A. M.,
et al. (2019). Nondestructive raman spectroscopy as a tool for early detection and
discrimination of the infection of tomato plants by two economically important viruses.
Anal. Chem. 91 (14), 9025-9031. doi: 10.1021/acs.analchem.9b01323

Frontiers in Plant Science

09

10.3389/fpls.2023.1283399

Margaria, P., Ciuffo, M., Pacifico, D., and Turina, M. (2007). Evidence that the
nonstructural protein of Tomato spotted wilt virus is the avirulence determinant in the
interaction with resistant pepper carrying the TSW gene. Mol. Plant Microbe Interact.
20 (5), 547-558. doi: 10.1094/mpmi-20-5-0547

Margaria, P., Ciuffo, M., and Turina, M. (2004). Resistance breaking strain of Tomato
spotted wilt virus (Tospovirus; Bunyaviridae) on resistant pepper cultivars in Almeria,
Spain. Plant Pathol. 53 (6), 795-795. doi: 10.1111/j.1365-3059.2004.01082.x

Mordi, R. C., Ademosun, O. T., Ajanaku, C. O., Olanrewaju, L. O., and Walton, J. C.
(2020). Free radical mediated oxidative degradation of carotenes and xanthophylls.
Molecules 25 (5), 1038. doi: 10.3390/molecules25051038

Mumford, R. A., Macarthur, R., and Boonham, N. (2016). The role and challenges of
new diagnostic technology in plant biosecurity. Food Secur. 8 (1), 103-109.
doi: 10.1007/s12571-015-0533-y

Nachappa, P., Challacombe, J., Margolies, D. C., Nechols, J. R,, Whitfield, A. E., and
Rotenberg, D. (2020). Tomato spotted wilt virus benefits its thrips vector by modulating
metabolic and plant defense pathways in tomato. Front. Plant Sci. 11, 575564. doi:
10.3389/fpls.2020.575564

OEC (2021) Tomatoes. Available at: https://oec.world/en/profile/hs/tomatoes.

Riley, D., Fonsah, G., Awondo, S., Csinos, A., Martinez-Ochoa, N., Bertrand, P., et al.
(2012) History and Economic Impact. Available at: https://tswv.caes.uga.edu/usda-
ramp-project/history-and-economic-impact.html.

Roberts, C. A, Dietzgen, R. G., Heelan, L. A, and Maclean, D. J. (2000). Real-time
RT-PCR fluorescent detection of tomato spotted wilt virus. J. Virol. Methods 88 (1), 1-
8. doi: 10.1016/50166-0934(00)00156-7

Rotenberg, D., Jacobson, A. L., Schneweis, D. J., and Whitfield, A. E. (2015). Thrips
transmission of tospoviruses. Curr. Opin. Virol. 15, 80-89. doi: 10.1016/
j.coviro.2015.08.003

Sharman, M., and Persley, D. M. (2006). Field isolates of Tomato spotted wilt virus
overcoming resistance in capsicum in Australia. Australas. Plant Pathol. 35 (2), 123—
128. doi: 10.1071/AP06014

Synytsya, A., éoplkové, J., Matéjka, P., and Machovic, V. (2003). Fourier transform
Raman and infrared spectroscopy of pectins. Carbohydr. Polymers 54 (1), 97-106. doi:
10.1016/50144-8617(03)00158-9

Wan, Y., Hussain, S., Merchant, A., Xu, B, Xie, W., Wang, S., et al. (2020). Tomato
spotted wilt orthotospovirus influences the reproduction of its insect vector, western
flower thrips, Frankliniella occidentalis, to facilitate transmission. Pest Manag Sci. 76
(7), 2406-2414. doi: 10.1002/ps.5779

Wan, Y., Zheng, X., Xu, B., Xie, W., Wang, S., Zhang, Y., et al. (2021). Insecticide

resistance increases the vector competence: a case study in Frankliniella occidentalis. J.
Pest Sci. 94 (1), 83-91. doi: 10.1007/s10340-020-01207-9

Yoon, J. Y., Her, N. H,, Cho, L. S., Chung, B. N, and Choi, S. K. (2021). First report of
aresistance-breaking strain of Tomato spotted wilt orthotospovirus infecting Capsicum
annuum carrying the Tsw resistance gene in South Korea. Plant Dis. 105,
2259.doi: 10.1094/pdis-09-20-1952-pdn

Yu, M. M. L., Schulze, H. G, Jetter, R., Blades, M. W., and Turner, R. F. B. (2007).
Raman microspectroscopic analysis of triterpenoids found in plant cuticles. Appl.
Spectrosc. 61 (1), 32-37. doi: 10.1366/000370207779701352

Zaccardelli, M., Perrone, D., Galdo, A., Campanile, F., Parrella, G., and Giordano, L
(2008). Tomato genotypes resistant to tomato spotted wilt virus evaluated in open field
crops in Southern Italy. Acta Hortic. 789, 147-150. doi: 10.17660/
ActaHortic.2008.789.20

frontiersin.org


https://doi.org/10.1002/ps.3305
https://doi.org/10.1007/978-1-0716-1835-6_24
https://doi.org/10.1094/pdis-09-22-2274-pdn
https://doi.org/10.1111/j.1439-0434.1997.tb00383.x
https://doi.org/10.1016/j.pestbp.2014.04.008
https://doi.org/10.1016/j.pmpp.2015.09.001
https://doi.org/10.1038/s41598-023-34937-8
https://doi.org/10.3389/fpls.2022.1035522
https://doi.org/10.1038/s41598-023-35343-w
https://doi.org/10.1016/j.scienta.2009.03.020
https://doi.org/10.1128/jvi.73.3.2288-2297.1999
https://doi.org/10.1094/pdis-11-22-2637-pdn
https://doi.org/10.3389/fpls.2022.917226
https://doi.org/10.1021/acs.analchem.9b01323
https://doi.org/10.1094/mpmi-20-5-0547
https://doi.org/10.1111/j.1365-3059.2004.01082.x
https://doi.org/10.3390/molecules25051038
https://doi.org/10.1007/s12571-015-0533-y
https://doi.org/10.3389/fpls.2020.575564
https://oec.world/en/profile/hs/tomatoes
https://tswv.caes.uga.edu/usda-ramp-project/history-and-economic-impact.html
https://tswv.caes.uga.edu/usda-ramp-project/history-and-economic-impact.html
https://doi.org/10.1016/s0166-0934(00)00156-7
https://doi.org/10.1016/j.coviro.2015.08.003
https://doi.org/10.1016/j.coviro.2015.08.003
https://doi.org/10.1071/AP06014
https://doi.org/10.1016/S0144-8617(03)00158-9
https://doi.org/10.1002/ps.5779
https://doi.org/10.1007/s10340-020-01207-9
https://doi.org/10.1094/pdis-09-20-1952-pdn
https://doi.org/10.1366/000370207779701352
https://doi.org/10.17660/ActaHortic.2008.789.20
https://doi.org/10.17660/ActaHortic.2008.789.20
https://doi.org/10.3389/fpls.2023.1283399
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Using Raman spectroscopy for early detection of resistance-breaking strains of tomato spotted wilt orthotospovirus in tomatoes
	1 Introduction
	2 Materials and Methods
	2.1 Tomato cultivation and virus inoculation
	2.2 Raman spectroscopy
	2.3 High-performance liquid chromatography

	3 Results and discussion
	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


