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ABsTRACr 

The phenolic content in the bark of poplar trees was analysed by RP-HPLC with the aim of finding some evidence of a 
relationship between the presence of phenols (either the total amount or the amount of an individual specific compound) and the 
differential resistance to the fungus Dothichiza populea that is found in different clones of these trees. Direct comparison of 
chromatographic results did not allow any useful information to be gleaned on this subject. On the other hand, the application of 
principal component analysis and linear discriminant analysis methods to the quantitative chromatographic data gave very 
promising results, allowing discrimination between resistant and susceptible poplars and the identification of phenolic compounds 
that are important for such discrimination. 

INTRODUCTION 

A connection between the resistance of poplar 
trees to infection by the fungus Dothichiza 
populea and the presence in their bark of some 
phenolic compounds providing a fungistatic ac- 
tivity has already been found [l-3]. 

The aim of this study was to determine the 
possibility of classifying genetically controlled 
hybrids of poplar trees as resistant or susceptible 
to the fungal infection on the basis of the phenol 
content of their bark. 

To this end, phenolic compounds present in 
poplar bark were extracted, separated by re- 
versed-phase IIPLC and identified by comparing 
their retention times with those of suitable stan- 
dards. The chromatograms provided qualitative 
and quantitative information that was not easily 
exploitable to produce a definite classification 
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criterion, thus it became necessary to resort to 
multivariate chemometric treatments, even 
though the original sampling programme was not 
formulated with a subsequent statistical treat- 
ment in mind. 

For the characterization of aromatic natural 
products, gas chromatographic techniques cou- 
pled with such treatments have already proved to 
be effective in studies on olive oil [4], wine [5,6], 
coffee [7], tea [8] and honey bees [9]. No report 
of statistical treatments concerning classification 
of resistant and susceptible hybrids of poplar 
trees towards Dothichiza infection is currently 
available. In this paper principal component 
analysis (PCA) [ 10,111 and linear discriminant 
analysis (LDA) [12-141 methods were applied to 
the chromatographic data concerning poplar 
hybrids sampled in two different places and at 
regular intervals between December 1989 and 
June 1990. Our objective was to discover the 
most suitable chemical variables to perform an 
effective classification of poplar trees of different 
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infection resistance and to evaluate the influence 
of seasonal and geographic factors on such a 
classification. 

EXPERIMENTAL 

Instrumentation 
The HPLC equipment consisted of a Varian 

5560 liquid chromatograph equipped with a UV 
200 spectrophotometric detector and a 4290 
integrator. The detector was operated at 270 nm. 

The column was a LiChrospher RP-18 (250 X 
4.6 mm I.D.), 5 pm particle size (Merck, Darm- 
stadt, Germany). The injection was 10 ~1, and 
the flow-rate 1.0 ml/min. 

Reagents 
HPLC-grade methanol and acetonitrile and a 

0.57% solution of acetic acid in Millipore Mill&Q 
water were used as mobile phase constituents. 

Chromatographic conditions 
A gradient programme based on a ternary 

mobile phase gave the best results: acetonitrile 
(A), acetic acid (0.57%) water solution (B) and 
methanol (C). The starting conditions were 6% 
A, 88% B, 6% C. At 40 min the eluent composi- 
tion was 6% A, 48% B and 46% C. 

Sampling 
The bark of three clones known to differ in 

resistance to Dothichiza populea-(a) S. MAR- 
TIN0 (S.M., resistant), (b) LUZSA AVANZO 
(L.A., susceptible) and (c) I-214 (intermediate) 
-were sampled, in duplicate, in two different 
places in Italy (Casale Monferrato and Scottine). 
The sampling programme started in December 
1989 and continued monthly until June 1990. 
The total number of samples collected was 96: 
two samples of each clone from each geographic 
site for eight different sampling periods. 

Sample preparation 
The release of phenolic compounds from pop- 

lar bark and the preparation of solutions for 
analytical HPLC were HPLC were accomplished 
by performing the following procedure. About 
30 mg of previously liophilized bark were added 
to 2.0 ml of 1.0 M sodium hydroxide in a filter 
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tube. The air was removed from the tube by 
flushing with nitrogen and the stopper secured. 
The suspension was shaken at 20°C for 20 h and 
subsequently filtered. The residue was washed 
with water (total volume of filtrate cu. 2.0 ml). 
The filtrate was acidified to pH 2.5 with 6.0 M 
hydrochloric acid and diluted with water to a 
final volume of 5.0 ml [l]. 

Standards 
As standard substances we used the phenolic 

compounds more frequently proposed in previ- 
ous works [2-41 as involved in the mechanism of 
defence against disease in poplar trees. They 
were: 4-hydroxy-3-methoxybenzaldehyde, 4-hy- 
droxy-3,5-dimethoxybenzaldehyde, 4-hydroxy- 
benzaldehyde, 4-hydroxybenzoic acid, 4-hy- 
droxy-3-methoxycinnamic acid, 4-hydroxy- 
cinnamic acid, benzoic acid, 2-hydroxybenzoic 
acid, 3,5-dimetoxy-4-hydroxybenzoic acid, 
cathecol, pyrogallol, 3,4-dihydroxybenzoic acid, 
4-hydroxy-3-methoxybenzoic acid and 4-methox- 
ybenzoic acid (Fig. 1). 
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Fig. 1. Chromatographic separation of phenolic standard 
substances. (For elution conditions, see Experimental sec- 
tion.) Peaks: 1 = 4-hydroxy-3-methoxybenzaldehyde; 2 = 4- 
hydroxy3,5dimethoxybenzaIdehyde; 3 = 4-hydroxybenzal- 
dehyde; 4 = 4-hydroxybenzoic acid; 5 = 4-hydroxy-3-meth- 
oxycinnamic acid; 6 = Chydroxycinnamic acid; 7 = ben- 
zoic acid; 8 = sahcylic acid; 9 = 4-hydroxy-3,Sdimethoxy- 
benzoic acid; 10 = cathecol; 11 = pyrogallol; 12 = 3,4- 
dihydroxybenzoic acid; 13 = 4-hydroxy-3-methoxybenzoic 
acid; 14 = 4-methoxybenzoic acid. 
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Chemometric methodr 
The data was analysed by PCA and LDA. The 

former is a pattern recognition method that 
generates new orthogonal variables, the principal 
components (PCs), linear combination of the 
original variables, so that the maximum possible 
amount of variance of the data is compressed in 
few PCs. In fact, it is theoretically possible to 
determine as many principal components as 
original variables, however they are obtained in 
order of decreasing contribution to the total 
variance, so it is usually sufficient to consider the 
first principal components and still retain most of 
the variance, that is most of information present 
in the original data. 

PCA is a useful tool to perform variable 
reductions for high-dimensional complex prob- 
lems. Moreover, the analysis of the new variable 
space (PCs space) often provides important 
information on the pattern of the data (i.e. 
clusters, systematic trends, etc.). 

In LDA, as in the PCA technique, the aim is 
to reduce the number of features. However, 
while PCA selects a direction that retains maxi- 
mal structure in a lower dimension among the 
data, LDA selects a direction that achieves 
maximum separation among the given classes. 
The discriminant function obtained in this way 
leads to a new variable which, as in principal 
components, is a linear combination of the 
original variables. 

Once this direction has been found, it is 
possible to perform a statistical test of the 
significance of the separation of the groups two 
by two and to assign new objects to any of the 
two classes. 

In the study we also applied a new classifica- 
tion algorithm that generates orthogonal dis- 
criminant directions, the orthogonal discriminant 
analysis (ODA) [15]. This algorithm is advan- 
tageous since it allows correct graphic visualiza- 
tion of the discriminant directions. This graphic 
visualization generally cannot be achieved with 
the classical LDA algorithm, whose discriminant 
directions are not required to be orthogonal one 
to each other. 

The data were autoscaled before any PCA 
treatment in order to attribute the same a priori 
importance to the variables. 

RESULTS AND DISCUSSION 

Fig. 1 shows the separation of fourteen stan- 
dard phenolic compounds, whereas Fig. 2 re- 
ports typical chromatographic runs regarding the 
analyses of the bark extracts of the resistant (a 
and c) and susceptible (b and d) clones. They 
refer to the first and the last sampling periods 
December and June, respectively. By comparing 
the chromatographic profiles obtained from the 
winter samples (Fig. 2a and b), definite quantita- 
tive differences between the clones can be seen. 
The differences are apparently remarkably re- 
duced in the late spring samples (Fig. 2c and d). 
Chromatographic runs of the clone of the inter- 
mediate resistance (I-214) are not reported 
because they were not significantly different 
from those of the susceptible one (L.A.). Ten 
peaks identified by comparison with the reten- 
tion times of the pure standards indicated in the 
chromatograms were used in the chemometric 
study. They correspond to compounds 2-11 of 
Fig. 1. A small number of other peaks remain 
unknown. 

By examining the area variations of the iden- 
tified peaks among the three different clones, no 
definite trends in the result could be found by 
visual inspection. So, in order to set up a useful 
correlation between phenolic contents and infec- 
tion resistance of the poplar hybrids considered, 
a chemometric study was performed, though the 
sampling design was not programmed with a 
subsequent statistical treatment in mind. The 
chromatographic peak areas are not reported 
here because their number is very high. 

Since there was a large sampling variation, in 
the total amount of phenolic compounds, owing 
to the various combinations of clone, geographic 
origin and date, but with an apparent conserva- 
tion of the proportion between the areas, the 
calculations were performed using the percen- 
tage areas. The starting data set contained 96 
samples described by ten variables each (the 
phenolic compounds identified and listed in Fig. 
1 from 2 to 11). 

The starting analysis was conducted on the 
whole data set containing samples of different 
origin, sampling period and genetic origin which, 
in principle, could significantly affect the phenol 
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Fig. 2. Chromatographic separations of real samples (resistant and susceptible clones) at the start and the end of the sampling 
period. (For elution conditions, see Experimental section.) (A) Luisa Avanxo (Dec. 1989), 0.0312 AUFS; (B) S. Martino (Dec. 
1989), 0.0312 AUFS; (c) Luisa Avanxo (June 1990), 0.0156 AUFS; (D) S. Martin0 (June 1990), 0.0156 AUFS. Peak numbers as 
in Fig. 1. 

composition of the poplar bark extracts. After 
autoscaling, the complete set of the original data 
was subjected to PCA. The plot of the scores of 
the first PCs allowed the detection of two out- 
liers (i.e. two anomalous samples far from any 
other sample), which were eliminated from the 
successive analysis. The new data set containing 
94 samples was again autoscaled and submitted 
to PCA. The variance explained by the first four 
PCs (eigenvalue greater or around 1.0) is listed 
in Table I, while Table II reports the loadings of 

TABLE I 

VARIANCE EXPLAINED BY THE FIRST FOUR PCs 
(CLONES 1, 2 AND 3) 

PC Variance (%) Total variance (%) 

1 40.2 40.2 
2 14.9 55.1 
3 10.7 65.8 
4 9.7 75.5 
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TABLE II 

LOADINGS OF THE FIRST FOUR PCs (CLONES 1,2 AND 3) 
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Compounds PC, PC, PC, PC, 

4-Hydroxy-3,5-dimethoxybenzaldehyde 0.35 -0.02 -0.21 -0.46 
4-Hydroxybenzaldehyde 0.28 -0.39 -0.26 -0.12 
4-Hydroxybenzoic acid -0.47 -0.22 0.11 0.01 
4-Hydroxy-3-methoxycinnamic acid 0.38 -0.21 -0.07 -0.12 
4-Hydroxycinnamic acid 0.30 -0.23 0.38 0.13 
Benzoic acid 0.07 -0.27 -0.42 0.78 
Salicylic acid 0.33 0.13 0.50 0.30 
4-Hydroxy-3,5-dimethoxybenzoic acid 0.26 -0.43 0.24 -0.04 
Cathecol 0.26 0.33 -0.47 0.04 
Pyrogallol 0.30 0.55 0.12 0.17 

the same PCs, i.e. the contribution of every 
original variable to the definition of the PCs. The 
scatter plots of the samples projected on these 
PCs show that the PCs containing information 
about the difference between the clones are the 
second and the fourth ones. A plot of PC, and 
PC, presents two clusters of objects corre- 
sponding to the two clones, S.M. and L.A., 
slightly overlapping in the middle, and a third 
cluster (clone I-214) largely overlapping with the 
other two (Fig. 3). Since the main interest lies in 
the separation of resistant and susceptible 
clones, PCA was performed on a reduced data 
set containing only the hybrids S.M. and L.A. 
(classes 1 and 3). 

The variance explained by the first four PCs 

PC 4 
* 
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-3 
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Fig. 3. Scatter plot of the scores of the objects (three types 
of clones) on the PCs. Ir = S. Martino; A =214; Cl = 
Avanzo. 

(eigenvalue greater or around 1.0) is given in 
Table III and the corresponding loadings in 
Table IV The scatter plot of the scores of PC, 
and PC, is shown in Fig. 4. The situation is 
clearer and there is an improvement in the 
separation between the two classes, because of 
the elimination of the data from the samples of 
the intermediate resistance clone. 

In order to better isolate the information 
traceable back to a seasonal factor, we broke 
down the previous general plot into a sequence 
of eight distinct plots in order of sampling time 
(Fig. 5A and B). Every plot is updated with 
respect to the preceding one according to the 
sequence of sampling period, i.e. it shows the 
preceding samples (open markers) plus the sam- 
ples of the updated period (black markers). The 
sample origin was not considered in this step 
since it was found to be irrelevant in PC, and 
PC,. As can be seen from Fig. 5, the separation 
of the two clones remains satisfactory for almost 
all sampling times. Only the data of the late 

TABLE III 

VARIANCE EXPLAINED BY THE FIRST FOUR PCs 
(CLONES 1 AND 3) 

PC Variance (%) Total variance (%) 

1 37.41004 37.41004 
2 18.27317 55.68321 
3 10.54750 66.23071 
4 8.550346 74.78105 
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TABLE IV 

LOADINGS OF THE FIRST FOUR PCs (CLONES 1 AND 3) 
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Compounds PC, PC, PC, PC, 

4-Hydroxy-3,5dimethoxybenxaldehyde 0.20 -0.59 -0.25 0.01 
4-Hydroxybenxaldehyde 0.22 -0.17 0.72 0.00 
4-Hydroxybenxoic acid 0.09 0.60 0.11 -0.32 
4-Hydroxy-3-methoxycinnamic acid 0.39 -0.15 0.10 -0.06 
4-Hydroxycinnamic acid 0.34 0.24 0.19 -0.06 
Benxoic acid 0.26 0.09 0.14 0.83 
Salicylic acid 0.46 -0.02 -0.24 -0.05 
4-Hydroxy-3,5-dimethoxybenxoic acid 0.23 -0.27 0.30 -0.42 
Cathecol 0.37 0.29 -0.11 0.08 
Pyrogallol 0.41 0.05 -0.43 -0.13 

spring tend to mix together, as expected. It is 
worth noticing that, within each sampling time, 
the discrimination between the two clones is very 
good. 

However, as sampling time proceeds there is a 
progressive shift in the relative and absolute 
positions of the objects along the axes of the 
diagrams. Such a shift should be caused by 
changes in the extract composition as the season 
advances. In fact, the change is not random and 
can be explained by considering the composition 
of the two PCs considered. In particular, by 
taking into account the relative movements of 
the two clones, it can be observed that there are 
shifts along the axes attributable to changes, 

-21 
-3 3 

PC 2 
Fig. 4. Scatter plot of the scores of the reduced space of the 
objects (only resistant and susceptible clones) on the PCs. 
+ = S. Martino; 0 = Avanxo. 

equal for both clones, in the percentage of the 
chemical components that mainly define the two 
PCs. At the same time there are rotations of the 
relative positions, which may be interpreted as 
different behaviours of the same chemical com- 
pounds in the two clones. 

The most discriminant principal component is 
PC,, which is mainly constituted by the variables 
corresponding to 4-hydroxy-3,5dimethoxyben- 
zaldehyde and 4-hydroxybenzoic acid, while PC, 
is mainly constituted by benzoic acid and 4- 
hydroxy-3,5dimethoxybenzoic acid. 

Very little information is available to achieve a 
geographic discrimination. It is apparent that the 
geographic variable poorly affects the characteri- 
zation of the clones, the main difference being 
the genetic diversity and secondly the sampling 
period effect. 

After the PCA treatment, which provides 
information on the pattern of the data and on 
the seasonal changes in the composition of the 
samples, we applied LDA to find the best direc- 
tions for classifying the samples. 

LDA was applied in turn to separate each of 
the clones from the others. This provided three 
discriminant directions. Table V reports the 
statistical features of the three separations and 
the normalized composition of the discriminant 
directions. The angle between the discriminating 
directions, easily determined from the scalar 
product of the vectors along the directions, is 
66.6” between R, 2 and R, 3, 132.6” between R,,, 
and R2.3 and 76.j” between R,,, and R,,,. These 
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Fig. 5. Scatter plots of the reduced set of the objects of the various sampling periods in PCs. A = S. Martino; El = Avanzo. 



directions are shown independently in Fig. 6, 
from which it can be seen that all classifications 
are satisfactory. The least separated classes are 2 
and 3, for which the F-test provides a value of 
13.67, which is still highly significant (F&i0 = 4.2 
at the 99% confidence level); this confirms the 
results of the PCA step. 

LDA was also applied to the separation of the 
samples of different geographic origin, but a very 
poor classification was obtained. 

The application of a different LDA algorithm, 
namely the ODA algorithm, ivhich provides 
orthogonal discriminant directions, led to the 
results shown in Fig. 7. It is clear that all three 
clones can be effectively separated on the basis 
of the chemical composition of the extracts. 

Summing up, it was impossible to discriminate 
between the different clones by a direct visual 
inspection of the raw data alone, these being too 
complex. The discriminant features .obtained by 
the chemometric treatments are not single origi- 
nal variables but linear combinations of ,vari- 
ables. It is evident that the use of some multi- 
variate statistical tools greatly improved the 
possibility of analysing the data structure and 
performing an effective classification of’ the 
clones with different resistance to fungal infec- 
tion. 

In conclusion, it is worth noting that such 
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TABLE V 

STATISTICAL FEATURES OF LDA SEPARATIONS AND NORMALIZED COMPOSITION OF DISCRIMINATING 
DIRECTIONS 

Discrimination between classes 1 and 2: Mahalanobis distance: 16.20, F10,49 = 20.51 
Discrimination between classes 2 and 3: Mahalanobis distance: 10.60, F10,50 = 13.67 
Discrimination between classes 1 and 3: Mahalanobis distance: 20.60, F10,52 = 20.60 

Compounds Autoscaled director Autoscaled director 
cosines: cosines: 

Autoscaled director 
cosines: 

4-Hydroxy-3,5dimethoxybenzaldehyde -0.60 0.16 -0.89 
4Hydroxybenzaldehyde -0.02 0.12 0.06 
4-Hydroxybenzoic acid 0.06 0.27 0.23 
4-Hydroxy-3-methoxycinnamic acid -0.34 -0.03 -0.09 
4-Hydroxycinnamic acid 0.15 0.02 0.01 
Benzoic acid 0.02 0.10 0.05 
Salicylic acid 0.59 -0.58 -0.13 
4-Hydroxy-3,5-dimethoxybenzoic acid 0.12 -0.11 0.13 
Cathecol -0.37 0.71 0.32 
Pyrogallol -0.06 -0.13 70.03 
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w-wwv don* 1 
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*vv v 0 clone 2 
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1 -:! -I 0 1 2 1 

MA mAA A clone 3 

Fig. 6. Classification ability of the three clones by the 
discriminant directions determined by the LDA procedure. 
(a) Direction R,,,; (b) direction R,,,; (c) direction R,,,. 
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Fig. 7. Plot of the objects in the space of the three discrimi- 
nant directions obtained by a different LDA algorithm. 

information was obtained from data not particu- 
larly suitable for treatment with the method 
adopted. A new sampling plan much more 
tailored on the statistical requirements is almost 
accomplished and a further chromatographic and 
chemometric study is in progress in our labora- 
tory. 
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