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ABSTRACT To determine whether pattern recognition based on metabolite fingerprinting for whole cell extracts
of higher plants is applied to discriminate plants genetically, leaf samples of eight cultivars of Catharanthus
roseus were subjected to Fourier transform infrared spectroscopy (FT-IR). FT-IR fingerprint region data were
analyzed by principal component analysis (PCA). Major peaks as biomarkers were identified as the most
significant contributors to distinguish samples by using genetic programming. A hierarchical dendrogram
based on the results from PCA separated the eight cultivars into two major groups in the same manner as
the dendrograms based on genetic fingerprinting methods such as RAPD and AFLP. A slight difference
between the dendrograms was found only in branching pattern within each subgroup. Therefore, we conclude
that the hierarchical dendrogram based on PCA of the FT-IR data represents the most probable chemotaxono-

mical relationship between cultivars, which is in general agreement with the genetic relationship determined
by conventional DNA fingerprinting methods.

Introduction printing, FT-IR analysis has been applied to discrimination

of closely related microbial strains (Goodacre et al. 1998,

Fourier transform infrared (FT-IR) spectroscopy is a rapid, Timmins et al. 1998, Wenning et al. 2002). FT-IR also has

simple, high-resolution analytical means for whole cell been used in plant biology in many studies including screen-

extracts. FT-IR is based on vibrations of functional groups ing of cell-wall mutant plants (Stewart et al. 1997, Chen et al.

and highly polar bonds of the sample components. Thus, 1998), and phylogenetic discrimination of higher plant species

FT-IR provides extremely high-density data sets of metabolite
containing overlapping signals of the majority of the com-
pounds when whole cell samples are analyzed. Multivariate
analysis enables recognition of these data sets as simple

patterns (metabolite fingerprinting). Using metabolite finger-
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and varieties (Kim et al. 2004). We have already reported that
principal component analysis of the aromatic regions of 'H
NMR spectroscopy data exhibited possible relationships be-
tween cultivars, which were in general agreement with the
genetic relationships determined by conventional DNA finger-
printing methods (Kim et al. 2007).

However, it remains to be determined whether pattern
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recognition of FT-IR data of these approaches is valid in
representing the genetic relationship between genotypes of a
higher plant. We attempted to determine whether multivariate
analysis of FT-IR data is able to discriminate eight cultivars of

Catharanthus roseus.

Material and Methods

Plant Materials

Eight cultivars (‘Apricot Delight’, ‘Cooler Grape’, ‘Cooler
Peppermint’, ‘Equator Grape’, ‘Equator Rose’, ‘Equator White’,
‘Equator White Eye’, and ‘Little Bright Eye’) of Catharanthus
roseus (L.) G. Don were grown in a growth chamber (25°C,
approximately 70 umol m”s” from cool-white fluorescent lamps
with a 16-h photoperiod). Fully expanded leaves were excised
from plants at the flowering stage and immediately plunged
into liquid nitrogen before grinding with a mortar and pestle.
Ground samples were then freeze-dried and stored at -70°C
until used. Samples were run in triplicate using homogenized
leaf samples from three different individual plants of each

cultivar.

FT-IR Analysis

Five milligrams of freeze-dried, ground leaves was mixed
with 80 mg KBr and ground again to reduce the particle size
to less than 5 mm in diameter, as large particles scatter the
infrared beam and cause a slope baseline of spectrum. The
finely ground mixture was then crushed in a pellet press in
order to form a pellet through which the beam of the spec-
trometer was able to pass. Infrared analysis was performed
using a BOMEM FTIR spectrophotometer, Model DA 3.2,
equipped with liquid nitrogen cooled MCT detector and a KBr
beam-splitter. To improve the signal-to-noise ratio, 32 interfero-
grams were co-added and averaged with the analytical results.
Infrared spectra were obtained by subtraction of the plate
spectra (background) used for deposition of the samples. Spec-
tral resolution was 4 cm” and spectra collected over the wave

number ranged from 8000 cm™ to 400 cm™'. Spectra were pro-

cessed using the GRAMS/386 program (Galactic Industries
Corporation, Salem, NH). FT-IR spectra were collected from

three separate analyses.

Spectral Data Processing and Statistical Analysis of
FT-IR Spectra

For FT-IR data, procedures were implemented to minimize
problems arising from baseline shifts. Spectra were first sub-
jected to path-length correction, and then the spectra were
baseline corrected so that the smallest absorbance (2000 cm™)
was equal to 0. The smoothed second derivatives of these
normalized spectra were calculated using the Savitzky-Golay
algorithm (Savitzky and Golay, 1964) with S-point smoothing.
The generated ASCII file was imported into Matlab (version
6.5) for PCA analysis according to NIPALS algorithm (Wold
1966). Following this processing, PCA and hierarchical clus-
tering analysis were conducted. Hierarchical dendrograms were
constructed from PCA of FT-IR data by the unweighted pair
group method with arithmetic mean analysis (UPGMA) method
using the euclidean distance as the similarity measure with
MVSP (version 3.13; Kovach Computing Services).

Genetic programming (GP) analysis was used to determine
biomarker variables that discriminated plants at each hierar-
chical level of the dendrogram. Gmax-bio software (Aber Ge-
nomic Computing) was used with the default parameters of a
population size of 1,000; a maximum program length of 44
nodes; fitness based on tournament selection/Gmax (v); a
crossover operator used 80% of the time, and terminals of the
mutations were selected 20% of the time. The operators used
were the default numeric (0.1, 1, 3, 5, and rand) and arithmetic

(1, 2, /, and *) operators.

Results and Discussion

Genetic Discrimination of C. roseus Cultivars by
Multivariate Analysis of FT-IR Spectral Data

Quantitative FT-IR data for each sample were obtained (Fig.
1A). PCA of FT-IR data are displayed in a two-dimensional
plot using the first two principal components (Figure 1B). Re-
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Figure 1. Representative FT-IR spectra (A) and two-dimensional PCA score plot (B) of FT-IR data from C. roseus cultivars and
dendrogram based on PCA of FT-IR data of eight cultivars of C. roseus. A: Representative FTIR spectra of ‘Cooler Grape’ and
‘Bquator Grape’. B: Two-dimensional PCA plot of FT-IR data of eight cultivars of C. roseus. The first two principal components
are displayed, accounting for 58.08 and 25.72% (83.80% total) of the total variation, respectively. a: ‘Cooler Grape’; b: ‘Cooler
Peppermint’; ¢: ‘Little Bright Eye’; d: ‘Apricot Delight’; ¢: ‘Equator Grape’; f: “Equator Rose’; g: ‘Equator White Eye’; h: ‘Equator
White’. The numbers (1, 2, and 3) following each letter indicate three replicates of each cultivar.

plicate samples of each cultivar were grouped in discrete
clusters, indicating that PCA was able to discern one cultivar
from another. A dendrogram based on hierarchical clustering
analysis of FT-IR spectral data was constructed (Figure 2).
The dendrogram separated the eight cultivars into two major
groups (Figure 2) in the same manner as the dendrograms
based on genetic fingerprinting methods such as RAPD and
AFLP (Kim et al. 2007). The first group based on FT-IR data
was consisting of ‘Cooler Grape’, ‘Cooler Peppermint’, and
‘Little Bright Eye’. ‘Cooler Peppermint’ was clustered with
‘Cooler Grape’ whereas ‘Cooler Peppermint was clustered with
‘Little Bright Eye’ in the dendrograms based on conventional
DNA fingerprints (Kim et al. 2007). Within the second group
based on FT-IR data, ‘Apricot Delight’ was clustered with
‘Equator White’ and ‘Equator White Eye’ whereas ‘Apricot
Delight” was clustered with ‘Equator Rose’ or ‘Equator Grape’
depending on the dendrogram based on DNA fingerprinting
methods (Kim et al. 2007). Thus, the dendrogram based on
FT-IR was the same as the dendrograms based on conventional
DNA fingerprints in dividing the eight cultivars into two main
groups, but the dendrograms based on FT-IR data showed a

slight different branching order within each subgroup in
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Figure 2. Hierarchical clustering analysis of FT-IR data of
eight cultivars of C. roseus.

comparison with the dendrogram based on RAPD and AFLP.
Considering these results, hierarchical dendrograms based on
principal component analysis of the FT-IR spectral data exhi-
bited possible relationships between C. roseus cultivars, which
were in general agreement with the genetic relationships de-
termined by conventional DNA fingerprinting methods. PCA
that enables display of the natural relationship between the
samples without prior knowledge was used to construct a
dendrogram that discriminated ‘Cooler’ cultivars from ‘Equator’
cultivars in the main groups. In this study, samples for ¥T-IR
contained the entire compounds including polymers and low

molecular weight metabolites. ‘Cooler” and ‘Equator’ cultivars
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Figure 3. Biomarkers in FT-IR spectra of two Cooler cultivars
and four Equator cultivars that discriminated Cooler coltivars
from Equator cultivars identified by GP analysis. Arrows
indicate six major peaks (biomarkers) of V371 (1593 em™),
V359 (1569 cm), V393 (1226 cm'"), V232 (1325 cm™), V372
(1596 cm™), and V449 (1743 cm’).

showed prominent differences in the FT-IR polypeptide region
(Figure 3). We did not elucidate that FT-IR region (1750-1550
cm'l) had a prominent role in classification of C. roseus cul-
tivars in this study. However, we suggest that FT-IR is an ex-
cellent alternative method for investigating the genetic relation-
ship between genotypes of a higher plant species because of its
rapidity and simplicity.

Biomarkers for Genetic Discrimination of C. roseus
Cultivars by Genetic Programming Analysis

Genetic programming (GP) analysis of FT-IR data revealed
that biomarkers (variables) contributed most to discrimination
of ‘Cooler’ cultivars from ‘Equator’ cultivars. GP ranked the
top six biomarkers (variables) in order for discrimination of the
two kinds of the cultivars: V371 (1593 em™), V359 (1569
em™), V393 (1226em™), V232 (1325 em™), V372 (1596 cm’),
and V449 (1743 cm’) (Fig. 3). There have been a few studies
that assigned these peaks. Three peaks were in the region
between 1596 and 1569 cm’, which are assigned to the amide
1T vibration (1600 -1500 cm’) of proteins (Kota et al. 2002).

The peaks at 1580~-1600 cm’ reflect the aromatic C=C stretch
in simple and polycyclic aromatics, including quinones (Breton
et al. 1994; Breton 1997). A peak was also the region at
around 1350 cm’, which is assigned to the amide IIT (1400-
1200 cm”, corresponding to NH vibration modes) (Krimm and
Bandekar 1986). Considering these results, amide II and III
vibrations were deconvoluted from the variables as the most
possible compounds for discrimination of ‘Cooler’ cultivars
from ‘Equator’ cultivars. Thus, differences these regions of
FT-IR spectrum can provide the basis for genetic discrimination
of C. roseus cultivars. We have previously reported that
pyrolysis mass spectrometry (PyMS) discriminates plants
phylogenetically in a similar manner (Kim et al. 2003). How-
ever, biomarkers determined by GP of FT-IR data cannot be
deconvoluted to pure chemical compounds in this study. Also,
it remains to be confirmed by other approaches whether this
convolution is valid. Fingerprints based on FT-IR of whole cell
extracts of plant samples represent relatedness between sums of
chemical compounds comprising the samples. A hierarchical
dendrogram dichotomically visualizes the relatedness. Therefore,
we conclude that the hierarchical dendrogram based on PCA
of the FT-IR data represents the most probable chemotaxono-
mical relationship between cultivars, which is in general agree-
ment with the genetic relationship determined by conventional

DNA fingerprinting methods.
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