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Abstract: Spectral reflectance technique was applied to assess the influence of viral infection and some
growth regulators on tomato plants (Lycopersicon esculentum L.) inoculated with Tomato mosaic virus (ToMV).
Spectral measurements were provided on young plants, Newton cultivar, resistant to ToMV. The plants were
grown in a greenhouse under controlled conditions. Leaf reflectance was collected by a portable USB2000 fibre-
optic spectrometer in the visible and near infrared spectral ranges (450-850 nm). The analyses were performed
on six groups of plants: healthy (control), inoculated with ToMV, and treated with four growth regulators -
Spermine preparation; MEIA (beta-monomethyl ester of itaconic acid); BTH (benzo(1,2,3)thiadiazole-7-carbothioic
acid-S-methyl ester) and Phytoxin VS, and then inoculated with ToMV. Comparative analysis of the results from
the leaf spectral reflectance and viral concentrations in the leaves determined by the Double antibody sandwich
enzyme-linked immunosorbent assay (DAS-ELISA) serological method was carried out. The statistical
significance of the changes in the leaf reflectance spectra of treated plants against the control was established
using the Student’s t-criterion.
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Pesrome: [JucmaHyuoHHUSIM Memo0 Ha ompa3eHa paduayusi e MpuioXeH 3a OUeHKa Ha 8/usiHuUemo Ha
B8UPYCHU UHGheKUUU U Ha HAKOU pacmexHu peaynamopu ebpxy domameHu pacmeHusi (Lycopersicon esculentum
L.) 3apaseHu ¢ supyca Ha domameHama mo3atika (ToMV). CnekmpanHume u3mepeaHusi ca rnpogedeHu 8bpXy
mnadu pacmeHuss om copm HomoH, kolimo e ycmolyue Ha ToMV. PacmeHusma ca omenedaHu 8 opaHxepusi
rpu KoHmponupaHu ycrosusi. Ompa3eHama om nucmama paduayusi e rosy4eHa ¢ PeHOCUM CrIEKMpoMemnbp C
enakHecma onmuka USB2000 ebe sudumama u briuskama uHgpavepeeHa criekmpasnHu obnacmu (450-850 nm).
AHanu3zume ca U38bPWEHU 8bpXy Wwecm epynu pacmeHus. 30pasu (KoHmporna), 3apa3eHu ¢ ToMV, u
obpabomeHu ¢ Yemupu peaynamopu Ha pacmexa - npenapamume Spermine; MEIA (beta-monomethyl ester of
itaconic acid); BTH (benzo(1,2,3)thiadiazole-7-carbothioic acid-S-methyl ester) u Phytoxin VS, a cned mosa
3apaseHu ¢ ToMV. [IposedeH e cpasHumenieH aHanu3 Ha pesynmamume, Mofy4YeHU Mo memoda Ha
CrIeKmMpanHomo ompaxeHue U 8UpyCHUMe KOHUeHmpauuu 8 fucmama, orpedesieHu Mo ceposioauyHUs Memood
DAS-ELISA 3a aHanus u 0oka3eaHe Ha pacmumesiHu supycu. Cmamucmudyeckama 3Ha4uMocm Ha rpoMeHume
8 CreKmpume Ha OmpaXeHue Ha J/ucma om mpemupaHume pacmeHusi CrPSMO KOHmMposHama epyrna e
onpederieHa Yypes usronseaHe Ha Kpumepusi Ha CmoOBbHM.

Introduction

Great economic losses occur worldwide due to the viral plant diseases. Losses are often more
insidious, frequently less conspicuous and therefore go unnoticed and untreated. The tomato
(Lycopersicon esculentum L.) is one of the most widely grown vegetable food crops in the world [1].
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Because of its importance as food, tomato has been bred to improve productivity, fruit quality, and
resistance to biotic and abiotic stresses. Tomato has been widely used not only as food, but also as
research material. The tomato plant has many interesting features such as fleshy fruit, a sympodial
shoot, and compound leaves, which other model plants (e.g., rice and Arabidopsis) do not have [2].
Tomato is considered a heavy feeder of micronutrients and boron in particular is important for its
growth, fruit set, and disease resistance [3]. Damage to tomato plants is especially important in case
of virus transmission.

Diseases caused by Tomato mosaic virus (ToMV) are among the most important factors
limiting not only tomato production but they can cause epidemics in many crops and completely
destroy the yield [4]. The virus is seed-borne. Infested tomato seeds can be the source of infection
and the means by which the virus can be disseminated over large distances. Only a few seedlings
need to be infected for the rapid spreading of the virus. Symptoms can be found during any growth
stage and all plant parts are affected. Generally, infected with ToMV plants have a light or dark green
mottling or mosaic with distortion of younger leaves, and stunting to varying degrees (Fig. 1).
Symptoms are influenced by environmental conditions such as daylength, temperature, and light
intensity as well as by variety, plant age at infection, and virulence of ToMV strain. The virus is quite
stable under adverse environmental conditions and can persist in plant debris in dry soil for 2 years or
in moist soil for 1 month or in root debris in fallow soil for 22 months. It can also persist in greenhouse
structures for long periods of time [5]. On susceptible cultivars, symptoms may range from severe to
none.

Various synthetic and biological compounds have been described of being capable of
controlling a large variety of plant diseases without displaying a direct antibiotic effect themselves.
These substances are called inducers, based on their ability to induce resistance in the treated plans.
Both biologically as well as chemically induced resistance against pathogen attack have been
described for many plant species against a wide variety of pathogens ranging from oomycetes, fungi,
bacteria to viruses [6-8]. Both types of induction share similarities at the phenotypic level, such as a
hypersensitive response, trailing necroses, wall strengthening in form of papillae and lignification, and
at the molecular level, where a similar set of genes has been observed to be induced. These genes
are termed SAR (systemic acquired resistance) genes and their expression depends on salicylic acid
(SA). Chemical inducers of resistance seem to enter at different points in defence pathways. The most
thoroughly investigated chemical inducers are those interfering with the SA pathway, such as growth
regulators BTH (benzo(1,2,3)thiadiazole-7-carbothioic acid-S-methyl ester), MEIA (beta-monomethyl
ester of itaconic acid), Spermine (derivative of putrescine (1,4-diaminobutane)) and Phytoxin SV. They
have been described as having effect on various plant diseases because they can induce SAR without
the plant-pathogen interaction [9, 10].

Remote sensing techniques from ground to satellite platform have proven to be very effective
to monitor insect infestation and disease epidemic in agricultural crops and other plants within a given
growth condition [11]. Many studies have shown that the basis for distinguishing healthy and stressed
plants using optical remote sensing technique is their differences in reflectance in different spectral
regions [12-14]. Healthy plant often has a high reflectance in the near-infrared (NIR) region
determined by cellular and subcellular structures and a low visible (VIS) reflectance due to strong
pigment absorption [15]. Changes in pigment concentrations as well as internal leaf structure are
strongly related to the physiological status, and consequently, spectral features of plant [12, 16]. Leaf
spectral reflectance differences between healthy and diseased plants give a possibility for early,
efficient and objective confirmation of health and evaluation of plant responses to different stress
factors and diseases. The detection of viruses in plants involves destructive sampling followed by
testing by enzyme-linked immunosorbent assay (ELISA) and/or reverse transcription-polymerase
chain reaction (RT-PCR).

In this study, we have investigated the responses of tomato plants (Lycopersicon esculentum
L.), cv. Newton, to infection by Tomato mosaic virus and the influence of resistance inducers applied
over the infected plants by making use of a non-invasive remote sensing technique, spectral
reflectance measurements, in the VIS and NIR spectral ranges. The degree of the infection and its
incidence to plants were determined by the serological method Double antibody sandwich enzyme-
linked immunosorbent assay (DAS-ELISA) by which the concentration of the ToMV was assessed.
Four resistance inducers (BTH, MEIA, Spermine and Phytoxin VS) were examined for their efficacy in
controlling the viral infection in tomato plants.

Plant material

Tomato plants (Lycopersicon esculentum L.) were grown in a greenhouse under control
conditions (temperature 24-26°C and 16 h light/ 8 h dark photoperiod). The seeds were sowed and
after germination were partitioned into six groups. The plants from the first group were not treated
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(control plants). The plants from the second group at stage 4-6 expanded leaf were inoculated with
ToMV by following the Noordam method [17]. As infection source tomato leaves of cultivar Ideal
infected by race 0 of ToMV were used. The third group was treated by preparation Phytoxin VS at
concentration 0.25 %. After the tomatoes were pulverized three times every ten days, they were
inoculated by ToMV as the plants of the second group. The rest three groups were treated just a
single time with resistance inducers: Spermine, MEIA and BTH. On the next day inoculation with
ToMV according to Noordam was made. Fig. 2 shows some of the investigated leaves from the first
three groups of plants — control, inoculated with ToMV and treated with preparation Spermine.
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Fig.1. Tomato mosaic virus on greenhouse plants Fig. 2. Investigated tomato leaves from healthy (1),
ToMV (2) and Spermine (3) groups

Methods

Leaf Spectral Reflectance

Spectral reflectance was collected by using an Ocean Optics USB2000 spectrometer in the
VIS and NIR spectral ranges (450-850 nm) at 1170 spectral wavebands [18]. As a source of light a
halogen spectral lamp, providing homogeneous illumination of the measured areas was used. The
spectral reflectance characteristics (SRC) were obtained as a ratio of the intensity of leaf reflected light
to the light reflected from a diffuse reflectance standard for each wavelength in the interval. Spectral
measurements were performed on 7™ and 14" day after the inoculation with ToMV on by twenty
detached leaves as from uninfected as well as from infected plants.

Serological method

The viral concentrations in the plants were determined by the serological method Double
antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA). The samples for DAS-ELISA
were taken 14 days after the inoculation. The analysis was made using a ELISA kit for ToMV, LOEVE
(Biochemica GmbH Sauerlash, Germany). The reaction was recorded by a spectrophotometer ELISA
reader type Anthers 2010 at a wavelength of 405 nm. The effect of the used resistance inducers on
the infection progress was assessed.

Statistical method

The Student’s t-criterion was applied for analysis of the statistically significant differences at
p<0.05 between the means of values of the reflectance spectra of uninfected (control) and virus-
infected leaves at eight wavelengths: Ay = 524.29 nm, A, = 539.65 nm, A; = 552.82 nm, A, = 667.33
nm, As = 703.56 nm, Ag = 719.31 nm, A; = 724.31 nm, and Ag = 758.39 nm, disposed uniformly over the
investigated spectral intervals.

Results and discussion

The average SRC over all measured areas of the six groups of tomato plants on the 7" day
after the inoculation with ToMV are shown in Fig. 3. The analysis of reflectance data was performed in
four spectral ranges: green (520-580 nm), red (640-680), red edge (690-720 nm) and NIR (720-
780 nm) in which the differences between SRC were most significant.
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Fig. 3. Averaged SRC of six groups of tomato plants on the 7" day after the inoculation with ToMV

It is observed that the averaged SRC for the six groups of plants differed insignificant.
Differences were manifested in the ranges of maximal chlorophyll reflectance to minimal absorbance
and NIR. The increase of SRC values with respect to control in the cases of treatment with ToMV and
the growth regulators Spermine and MEIA was fined in spectral range 500-650 nm while in the NIR
SRC values decreased. These changes were due to the presence of a little quantity of viruses in the
leaves what caused the reduction of pigment content, the chlorophyll content decreased. The effect of
the other two growth regulators on the spectral properties of the leaves was the opposite. The leaves
were more dark green then control and the chlorophyll content increased.

The results of application of the Student’s t-criterion for the data collected on the 7" day after
the inoculation with ToMV are displayed in Table 1. Statistically significant differences between data
pairs of the control and infected plants at p<0.05 were established only in single wavelengths for all
cases.

Table 1. p-values of the Student’s t-criterion for pairs of the control and infected plants on the 7" day after the

inoculation
Pairs Control ToMV Spermine MEIA BTH Phytoxin VS

compared | mean p mean p mean P mean P mean p mean
A/ Aic 13.67 0.033 | 14.60 | 0.040 | 14.65 | 0.236 | 14.09 | 0.678 | 13.53 | 0.060 | 13.00
A2 [ Ay 18.36 0.079 | 19.24 | 0.069 | 19.32 | 0.114 | 19.03 | 0.485 | 18.08 | 0.033 | 17.48
A3 [ Asc 19.29 0.067 | 20.27 | 0.089 | 20.27 | 0,095 | 20.04 | 0.542 | 19.03 | 0.025 | 18.33
Al Asc 4.19 0.502 4.29 0.002 4.60 0.644 4.25 0.038 4.45 0.916 4.18
As [ Asc 23.26 0.033 | 2417 | 0.796 | 23.23 | 0.384 | 23.48 | 0.082 | 22.30 | 0.084 | 22.29
As [ Asc 44.26 0.127 | 43.33 | 0.003 | 42.33 | 0.919 | 44.32 | 0.007 | 42.83 | 0.197 | 43.46
Az Asc 48.96 0.020 | 47.44 | 0.001 | 46.72 | 0.574 | 49.26 | 0.023 | 47.70 | 0.297 | 48.26
As [ Agc 58.72 0.000 | 55.64 | 0.000 | 55.04 | 0.749 | 58.53 | 0.084 | 57.74 | 0.965 | 58.69

The averaged SRC of the six groups of tomato plants on the 14" day after the inoculation with
ToMV are shown in Fig. 4.
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Fig. 4. Averaged SRC of six groups of tomato plants on the 14" day after the inoculation with ToMV

SRC of inoculated only with ToMV leaves shows again slightly higher values than control in
the range 500-650 nm. This is because of the reduction of the green colour of the leaves. Visual
changes for presence of the viral infection on the plants were not detected. The rest SRC are with
reduced values as compared with control because of normalized growth owing to the applied
preparations. The results from the Student’s t-criterion for pairs of the control and infected plants are
presented in Table 2.

Table 2. p-values of the Student’s t-criterion for pairs of the control and infected plants on the 14" day after
the inoculation

Pairs Control ToMV Spermine MEIA BTH Phytoxin VS
compared | mean p mean p mean p mean p mean p mean
A/l A 13.04 0.060 | 14.01 | 0.003 | 12.32 | 0.003 | 12.32 | 0.000 | 11.23 | 0.000 | 11.42
A2 [ Ao 17.96 0.072 | 18.85 | 0.003 | 17.14 | 0.001 17.19 | 0.000 | 15.84 | 0.000 | 16.03
A3 Asc 18.90 0.009 19.7 0.003 | 18.07 | 0,013 | 18.13 | 0.000 | 16.73 | 0.000 | 16.92
A/ Asc 3.87 0.399 3.95 0.782 3.84 0.501 3.79 0.007 3.55 0.003 3.52
As | Asc 22.50 0.070 23.4 0.000 | 20.61 | 0.004 | 21.48 | 0.000 | 19.72 | 0.000 211
Ao | Nec 45.36 0.085 445 0.037 | 44.34 0.45 4577 | 0.000 | 43.73 | 0.062 44 4
A7 [ Aze 50.72 0.006 | 49.14 | 0.564 | 50.38 | 0.042 | 51.96 | 0.099 | 50.00 | 0.355 | 50.19
As | Asc 61.57 0.000 | 58.24 | 0.017 | 63.73 | 0.000 | 65.26 | 0.000 | 63.88 | 0.452 | 62.14

Statistically significant differences between the mean values of the data of control and plants
treated only with ToMV were established at A; and NIR region. Differences for SRC of plants sprayed
with preparations Spermine, MEIA, BHT and Phytoxin VS against the control were significant for most
wavelengths. The highest differences between SRC were found in the cases of treatment with BTH
and MEIA.

The results from DAS-ELISA analysis on the 14" day post inoculation are displayed in Fig. 5.
Extinction values do not show presence of viral infection from all six groups of plants which is a proof
that the cultivar Newton is resistant to ToMV. They are near to the control (0.150 OD, optical density).
Most higher are for the plants treated with growth regulators BTH and MEIA.

In summary it was found that the tomato plants, cv. Newton, were not infected with ToMV. On
the 14" day the differences between SRC were statistically significant in more wavelengths than on
the 7" day in the cases of treatments with the four resistance inducers owing to the stimulating effect
on their growth.
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Fig. 5. Influence of growth regulators at ToOMV in tomato plants, cv. Nuton: 1 - Spermine, 2 - BTH, 3 - MEIA,
4 - Phytoxin, 5 - ToMV, 6 — control

The correlation between the DAS-ELISA extinction values and changes found by spectral
reflectance technique indicate that this remote sensing method is sensitive, reliable and suitable for
early diagnostics of virus infection.

References:

1.Seisuke, K.andN. Sinha. Tomato (Solanum lycopersicum): A Model Fruit-Bearing Crop, Cold Spring
Harb. Protoc.; 2008; doi:10.1101/pdb.emo105

2.Srinivasamurthy, AAA,S. Mruthuniya R.Siddarama pp a. Nutrition for Intensive
Vegetable Production, Krishivikas Publications, Bangalore, 310 p., 2003

3.Gupta, U.C.Boron Nutrition in Crops, Adv. in Agronomy, 31, pp. 273- 307, 1979

4. Cerkauskas, R. Tomato mosaic virus (ToMV), AVRDC — The World Vegetable Center, Publication 04-
609, 2004

5.Szyndel, M.S, K. Kowalczyk and A.Pawetcza k. Elimination of Tomato Mosaic Virus (ToMV)
from Pepino (Solanum muricatum) Plants, Phytopathology, Poland, 49, pp. 57-63, 2008

6. Galal, M. A. Induction of systemic acquired resistance in cucumber plants against Cucumber Mosaic Virus
by lacal Streptomyces strains, Plant Pathology J. 5 (3), pp. 343-349, 2006

7.Loon, LC. Systemic Induced Resistance: Mechanisms of Resistance to Plant Diseases, Eds Slusarenko
A.J., Frazer R.S.S., van Loon L.S. Dordrecht: Kluwer, pp. 521-574, 2000

8.Buonaurio, R L.ScarponiM.Ferrara,P.Sidoti, A Berton a.Induction of systemic
acquired resistance in pepper plants by acibenzolar-S-methyl against bacterial spot disease, Euro J.
Plant Pathology, 108, pp. 41-49, 2002

9. Anfoka, G. H. Benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester induces systemic resistance in
tomato (Lycopersicon esculentum. Mill cv. Vollendung) to Cucumber mosaic virus, Crop Protection, 19,
pp. 401-405, 2000

10.Georgiev, G.Ts,,L.lliev,E. Karanov.Antidote effect of MEIA against chlorsulforon, Bulg. J. Plant
Physiol., 22(3-4), pp. 66-73, 1996

11.Mirik, M., G.J.Jr. Michels, S. Kassymzhanova-Mirik, N. C. Elliott, V. Catana, D. B. Jones, R. Bowling.
Using digital image analysis and spectral reflectance data to quantify damage by greenbug (Hemitera:
Aphididae) in winter wheat, Computers and Electronics in Agriculture, 51(1-2), pp. 86-98, 2006

12.Mirik, M, G. J.Jr Michels,SSKassymzhanovaMirik, N.C.EIliott Reflectance
characteristics of Russian wheataphid (Hemiptera: Aphididae) stress and abundance in winter wheat,
Computers and Electronics in Agriculture, 57(2), pp. 123-134, 2007

13.Krezhova, D.,,E.Kirova l.lliev, T.Y anev. Assessment of the effect of salinity on the early growth
stage of soybeam plants (Glycine max L.), International conference of Recent Advances in Space
Technologies, IEEE Proceedings, pp. 397-402, 2009

4. Krezhova, D.D,L Ts.lliev,D.P.,, T. K Y an e v. Spectral remote sensing measurements for
detection of viral infections in tobacco plants (Nicotiana tabacum L.), Web Conference “Fundamental
Space Research 2009”, (ISBN: 987-954-322-409-8), pp. 43-46, 2009

15.Qin, Z, M. Z h a n g. Detection of rice sheath blight for in-season disease management using multispectral
remote sensing. International J. of Applied Earth Observation and Geoinformation, 7(2), pp. 115-128,
2005

16.Yang,Z,M.N.Rao,N.C.Elliott,S.D,Kindler, T. W. P o p h am. Differentiating stress induced by
greenbugs and Russian wheat aphids in wheat using remote sensing, Computers and Electronics in
Agriculture, 67(1-2), pp. 64-70, 2009

17.Noordam, D, Identification of plant virus methods and experiments, Center for agriculture publishing and
documentation, Wageningen, The Netherlands, 1973

18. http://www.OceanOptics.com

251



