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Raman spectroscopy provides many advantages com-
pared to other common analytical techniques due to its
ability of rapid and accurate identification of unknown
specimens as well as simple sample preparation. Here,
we described potential of Raman spectroscopic techni-
que as an efficient and high throughput method to detect
plants infected by economically important viruses. To
enhance the detection sensitivity of Raman measurement,
surface enhanced Raman scattering (SERS) was employ-
ed. Spectra of extracts from healthy and Turnip yellow
mosaic virus (TYMV) infected Chinese cabbage leaves
were collected by mixing with gold (Au) nanoparticles.
Our result showed that TYMV infected plants could be
discriminated from non-infected healthy plants, suggest-
ing the current method described here would be an alter-
native potential tool to screen virus-infection of plants in
fields although it needs more studies to generalize the
technique.
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Virus infection of vegetable plants is a serious problem in

farming industry since it substantially retards growth of

plants and finally leads to produce vegetables with no

commercial value. Moreover, an infected plant could trans-

mit viruses to neighboring plants by diverse courses such as

contact by insects or growers as well as ground water, so all

plants in a cultivation field could be infected in a worst

case. Therefore, a virus-infected plant should be identified

as soon as possible and removed to prevent further spread.

Conventionally, enzyme-linked immunosorbent assay (ELISA)

and polymerase chain reaction (PCR) have been used for

diagnosis of virus infection. However, the length of time

required for their analysis is long and also both methods

need complicated sample preparation steps. Especially,

when large numbers of plants are subject to simultaneous

diagnosis for the purpose of large scale omnidirectional

screening, an analytical method needs to be fast with ability

of high throughput analysis.

One of candidates to meet the above-mentioned analy-

tical requirement could be Raman spectroscopy since it

provides rich structural and chemical information. It relies

on inelastic scattering, or Raman scattering, of monochro-

matic light such as laser. Raman scattering, resulted from

the shift in energy (or wavewlength), usually provides infor-

mation about the vibrational modes of a measured sample.

Also, the measurement is fast and non-destructive (El-Abassy

et al., 2009; Mozharov et al., 2010; Park et al., 2007).

Recently, Raman spectroscopy has also been employed for

rapid identification of bacteria (Beier et al., 2012; Prucek et

al., 2012). In this study, we have exploited the possibility of

Raman spectroscopy for detection of Turnip yellow mosaic

virus (TYMV) (Chalcroft and Matthews, 1966; Matthews,

1958; Reid and Matthews, 1966; Turano et al., 1976) infec-

tion on Chinese cabbage plants. We artificially infected the

plants with TYMV, and both extracts from TYMV-infected

as well as healthy (non-infected) leaves were measured. If

TYMV concentration is low in the extracts, its Raman fea-

ture would not be recognizable since Raman spectroscopy

itself is not a sensitive analytical method. To enhance the

sensitivity of measurement, SERS (surface enhanced Raman

scattering) spectra were collected by mixing the extracts

with gold (Au) nanoparticles. The enhancement of Raman

signal arises from the generation of strong electromagnetic

fields that are induced by the localized surface plasmon

resonance of noble metal nanostructures (Moskovits, 1978;

Moskovits, 2005; Schatz and Van Duyne, 2002), so provid-

ing ~106 to 1010 fold increase over normal Raman signal

when a molecule is adsorbed on the metal surface.
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To examine Raman spectral feature of TYMV, the puri-

fication of TYMV was initially performed (Zaihlin, 1975).

Leaves (40 g) were ground with a warming blender for 60

seconds in 4 vol. of 0.1 M sodium phosphate buffer (pH

7.0) containing 0.01 M Na-DIECA and 0.01% thioglycolic

acid. The homogenate was stirred for 30 min with adding

1:1 mixture of 8% chloroform and n-butanol, and then

followed by centrifugation at 8000 rpm for 25 min. The

supernatant obtained was stirred for 60 min and left in

refrigerator. Pellets were suspended in 0.01 M sodium

phosphate buffer (pH 7.0). After low centrifugation, virus

in the supernatant was pelleted by ultracentrifugation at

130,000 rpm for 2 h. After 2 repeat of low- and ultra-

centrifugation, the partially purified virus was purified

further by 10−40% sucrose density gradient centrifugation

at 24,000 rpm for 2 h (SRP28SA). Milkish virus band

formed on medium of sucrose gradients was removed with

hypodermic syringe, and the virions were concentrated by

ultracentrifugation.

For the spectral collection, 20 μl of 740 nM TYMV

solution was dropped on a quartz window and then dried.

This procedure was repeated 3 times to increase the

population of TYMV to obtain reasonable Raman intensity.

Raman spectra were collected using a dispersive Raman

microscope (Kaiser Optical Inc., laser wavelength: 785 nm).

Laser beam (approximately 10 μm in diameter) was focused

using an objective lens (10 ×/0.25 numerical aperture) for

the data acquisition (spectral resolution: 4 cm−1).

The obtained Raman spectrum (black solid line in the

bottom) in the 1,740−590 cm−1 range is shown in Figure 1.

The spectrum is a result of averaging 20 spectra collected at

different spots on the sample. Before the averaging, the

baseline of each spectrum was corrected at 1,740, 802, 790,

697 and 590 cm−1. As shown, no distinct spectral feature

corresponding to TYMV is observed due to inherent low

sensitivity of normal Raman measurement.

For the collection of SERS spectra, a sample is usually

mixed with a solution of Au nanoparticles to allow mole-

cules to adsorb on the Au surface. In this study, citrate

reduction method (Chi et al., 2010; Turkevich et al., 1951)

was used to synthesize Au nanoparticles. Fig. 2A shows a

scanning electron microscope (SEM) image of the syn-

thesized Au nanoparticles and the corresponding size

distribution. The average size was 29.15 ± 2.91 nm with

maximum extinction at 525 nm (refer to Fig. 2B). As

shown, the size of Au nanoparticles is fairly uniform. A

visible spectrum was collected using a UV/VIS spectro-

meter (Optizen 3220UV), equipped with a silicone photo-

diode detector (spectral resolution < 1.0 nm). 

On the contrary, distinct and strong TYMV bands are

Fig. 1. Normal Raman spectrum (black) and SERS spectrum
(dashed) of pure turnip yellow mosaic virus (TYMV). SERS
spectra of the extracts (1 μl) from healthy (blue) and TYMV-
infected (red) leaves. The shades with the same color indicate the
corresponding standard deviation (1σ). The spectra of samples
were collected with an exposure time of 40 seconds (excitation
wavelength: 785 nm). The laser power at the sample was
approximately 45 mW.

Fig. 2. SEM image of the synthesized Au nanoparticles and their
size distribution (A) and the corresponding extinction spectrum
(B). 
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observable in the SERS spectrum as shown in Fig. 1

(dashed line), although the concentration is only 67.3 nM.

Two separate samples, mixtures of pure TYMV solution

with Au nanoparticles were prepared for SERS measure-

ment and 10 SERS spectra were collected for each sample.

The spectrum in the figure is a result of averaging these 20

spectra. As shown, the enhancement of Raman intensity

due to SERS effect is tremendous.

Table 1 shows band assignment for both normal Raman

as well as SERS bands of TYMV. The positions of normal

Raman bands are based the reports from previous publi-

cations (Chen and Lord, 1974; Kaper, 1975; Turano et al.,

1976; Yu et al., 1975). As shown, there is no significant

difference in the band position between normal and SERS

spectra of TYMV. The SERS bands shown in Fig. 1 are

related with amino acid residue and RNA in TYMV. First

of all, the 734 cm−1 peak with the strongest intensity corre-

sponds to vibration of C-S bond, mostly from coat protein

of TYMV as found in a previous study (Turano et al.,

1976). Sulfur can strongly adsorb on the Au surface as

generally known, so the intensity of C-S vibration is greatly

enhanced, so resulting in the strongest band intensity. The

961 cm−1 and 1240 cm−1 band are from C-C stretching mode

and amide III, respectively. In addition, there are many

peaks corresponding to C-H deformation, mostly from the

backbone structure.

A cultivation of Chinese cabbage carried out in an infect-

free greenhouse, in National Academy of Agricultural Sci-

ence, Suwon, Korea, in 2012. The plants at 3 − 5 stage were

mechanically inoculated using sap prepared by homogeniz-

ing infected leaf samples in 0.01 M phosphate buffer (pH

7.0). Inoculated plants were maintained in an infect-free

greenhouse at 20 − 25 oC. The extracts were prepared by

homogenizing in 0.01 M phosphate buffer (pH 7.0). The

infection of TYMV was double-checked with the use of

PCR.

Since there are so many different metabolites as well as

TYMV in the extracts from the infected leaves and Raman

spectra of these extracts are directly measured without further

separation steps, direct identification of TYMV Raman

peak would not be easy since it would be obscured by

complexly overlapped Raman bands of the extracted meta-

bolites. If TYMV infection alters the plant metabolism, the

extracted metabolites from healthy and infected leaves would

be different each other, and the difference in metabolite

composition could be indirectly used for the detection of

infection rather than direct identification of TYMV peaks.

To examine the spectral features of the extracts, normal

Raman spectra were initially collected directly for the dried

extracts on a quartz window. Although there should be

hundreds of extracted metabolites as well as TYMV in the

extracts, no clear Raman bands were observed due to the

overlapping with strong fluorescence background (the

corresponding spectrum is not shown). It is evident that

some extracted metabolites containing chromophores in

their molecular structure, which are easy to generate the

fluorescence by the absorption of laser wavelength.

Fig. 1 also shows average SERS spectra of the extracts

from healthy (blue) and TYMV-infected (red) leaves. The

shades with the same color indicate the corresponding

standard deviation (1 σ). Before the averaging, each raw

spectrum was baseline corrected at 1,740, 805, 790 and 592

cm−1, and normalized by dividing each baseline-corrected

spectrum by the corresponding peak area in the 1740 − 590

cm−1 range. As shown, the spectral features between two

average spectra are quite similar each other; however, the

distinguishable bands at 1,411, 1,300 and 682 cm−1 (indi-

cated by red asterisks) are observed in the spectrum of

extract from TYMV-infected leaves. These three bands are

not dominant in the spectrum of pure TYMV, so it could be

concluded that the observed spectral difference between

two average spectra of healthy and TYMV-infected leaves

may not be originated from the presence of TYMV. Other

than TYMV itself, widely different metabolites should be

present in the extracts, these compete with TYMV to adsorb

on the surface of Au nanoparticles and the corresponding

Raman peaks appear as shown in the figure. Consequently,

the spectral difference between the average spectra is

originated from the compositional difference in the extract-

ed metabolites. Full chemical analysis of extracted metabo-

lites (components) to explain the spectral differences should

require highly extensive analytical effort as well as sophisti-

Table 1. Band assignment for both normal Raman as well as
SERS peaks of Turnip yellow mosaic virus (TYMV). Standard
three-letter symbols for amino acids (Phe: Phenylalanine, Tyr:
Tyrosine, Trp: Tryptophan) and one-letter symbols for RNA bases
(A: Adenine, G: Guanine, U: Uracil, C: Cytosine) are used

Band position

Normal 
Raman

SERS

Phe, U, C 626 cm−1 620 cm−1

C-S stretching, A 726 cm−1 734 cm−1

C-C stretching 962 cm−1 961 cm−1

C-N stretching 1159 cm−1 1168 cm−1

Tyr, Phe 1178 cm−1 1184 cm−1

Amide III, C, U 1248 cm−1 1240 cm−1

G, CH deformation 1319 cm−1 1320 cm−1

Trp, A, CH deformation 1339 cm−1 1342 cm−1

Trp, CH deformation 1362 cm−1 1366 cm−1

U, A, G, CO2

− symmetric stretching 1395 cm−1 1401 cm−1

CH deformation 1458 cm−1 1460 cm−1

Trp, A, G, Phe, Tyr 1577 cm−1 1574 cm−1
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cated instrumentations such as LC-MS and LC-NMR;

therefore, it would be beyond the scope of this study. More

importantly, different metabolite compositions in the ex-

tracts from healthy and TYMV-infected leaves could be

effectively utilized for the identification of infection with-

out using either separation or specific tagging methods.

Principal component analysis combined with linear discri-

minate analysis (PCA-LDA) was used for the identification

of TYMV-infection using SERS spectra collected from the

extracts. PCA is a widely accepted method to represent

complex spectral data in much fewer dimensions using pri-

ncipal components (a.k.a. eigenvectors) and scores (Beebe

and Kowalski, 1987; Beebe et al., 1998; Lee et al., 2010).

Linear discriminant analysis (LDA) is a well-known method

in pattern recognition (Coomans et al., 1979; Lee et al.,

2010; Todeschini and Marengo, 1992; Wu et al., 1996). It

intends to find a linear combination of features which

separates two or more classes of samples. PCA was initially

performed using all of the spectral collected from healthy

and TYMV-infected leaves, and then the resulting scores

were used for the LDA. A combination of two scores was

employed since it was easy to visualize the discrimination

performance in the two-dimensional domain. The optimal

two-score combination was determined by leave-one-out

cross-validation. PCA and LDA were conducted using

Matlab version 7.0. (The Math-Works Inc., MA, USA).

Figure 3 shows the score scatter plot (the first vs. third

scores) that resulted from the use of PCA-LDA for the

discrimination between healthy (filled circles) and TYMV-

infected (open circles) samples. Four colors are used to

indicate 4 independent extract samples in each case. The

boundary line between these two groups that was determin-

ed by LDA is also displayed. As shown, two groups of

healthy and virus-infected samples are identifiable with

minor overlap along the boundary line and the obtained

identification error is 5.5%. 

In conclusion, the spectral difference due to dissimilar

metabolite composition between healthy and TYMV-in-

fected leaves was the origin for possible identification of

infection, although Raman spectral feature of TYMV itself

was hard to observe directly in the spectra of extracts. It is

obvious that the specificity and accuracy of the proposed

method couldn’t be better than the conventional diagnostic

methods such as PCR and ELISA. It, however, has a

potential for an efficient and high throughput screening

method. Obviously, in future, full compositional analysis of

extracted metabolites and plant physiology are necessary to

combine to explain the different metabolic pathway in the

case of virus infection. In addition, the investigation with

the larger numbers of samples would be beneficial to

impose statistical significance on the achieved accuracy.
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