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The changes inflicted on plants (within the same
population) by herbivorous insects are among the vital
aspects of population dynamics [1, 2] as well as of evo-
lution [3] of the plant–insect–parasite system. Analysis
of the literature data demonstrates that good quality of
a forest stand and foliage as well as the content of pro-
tective substances in leaves are interconnected and
allow the number of phyllophages and their parasites to
be predicted with a high probability [2, 4, 5]. Defolia-
tion of plants enhances their resistance to insects,
resulting in a decrease in the viability of phyllophages
and an increase in their sensitivity to pathogens [3, 4, 6–8].
In this process, secondary metabolites are thought
important, as they provide active protection of plants
from insects and under certain physiological condi-
tions, may be preserved by plants and produced in
larger quantities. The plant chemical compounds
responsible for resistance to insects are manifold (ter-
penoids, various phenolic compounds, and condensed
tannins) [1, 6–8], making development of general ana-
lytical methods for their quantitative determination
rather difficult. However, study of the component com-
position of extractive substances as well as determina-
tion and isolation of the compounds produced by plants
in response to defoliation stress is topical and impor-
tant, in particular, for solving a number of ecological
problems.

The goal of this work was to develop an efficient
analytical method and use it for studying the composi-
tion and concentration dynamics of extractive sub-
stances in leaves upon defoliation of the European
white birch (

 

Betula pendula

 

 Roth.)—the main feeding
tree for the major birch forest pest in Western Siberia,
the gypsy moth (

 

Lymantria dispar

 

 L.).

MATERIALS AND METHODS

 

Preparation of material.

 

 European white birch (

 

Bet-
ula pendula

 

 Roth.) leaves were collected in natural
birch woods during the mass reproduction of gypsy
moths (Novosibirsk oblast, Russia). Samples 

 

Xp1

 

 were
produced by extraction of the leaves collected 30 days
after artificial defoliation with loss of 75% of the foli-
age; samples 

 

Xp2

 

, by extraction of the leaves collected
1 year after artificial defoliation from the same trees.
The extractive substances 

 

Xp3

 

 were obtained from the
leaves of the trees with 75% of the foliage depredated
during the previous 2 years. The leaves with normal
foliage were used as a control (

 

Xc

 

). Extractive sub-
stances were isolated upon drying the leaves at room
temperature.

 

Isolation of extractive substances.

 

 Air-dried ground
leaves (40 g) were extracted with ether 

 

3

 

 × 

 

150

 

 ml) in
the dark (20

 

°

 

C) for 2 days. The extracts were pooled,
washed with water, and dried with magnesium sulfate;
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Abstract

 

—Qualitative and quantitative compositions of extracts of birch (

 

Betula pendula

 

 Roth.) leaves after
natural and artificial defoliation were studied. Composition of the fraction of total lipids was determined. Over-
all, 11 fatty acids were identified. Differences between the fatty acid compositions of total lipids in the trees
subjected to defoliation, consisting in the increase in quantities of short-chain saturated fatty acids and trienoic
acids, were detected. Nine individual compounds—six flavones, two flavanones, and one flavanonol—were iso-
lated from the flavonoid fraction by column chromatography. It was found that the total content of extractive
substances in birch leaves as well as amounts of free sterols, triterpene compounds, and flavones decreased
1 year after artificial defoliation and 1 month after depredation of 75% of birch stands by gypsy moths. On the
contrary, the contents of flavanones and flavanonol increased. The assay method proposed may be used for
studying the compositions of plant extracts.
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the solvent was evaporated to dryness. The residue was
dissolved in 10 ml of methanol under heating and then
cooled. The precipitated wax fraction (extract 1) was
separated and assayed. The methanol solution was sup-
plemented with 0.5 g of KOH solution in 40 ml of
methanol and boiled for 2 h. The hydrolysate was
diluted with water (4 ml) and extracted with ether (

 

4

 

 ×

 

100

 

 ml; extract 2). Upon extraction with ether, the aque-
ous phase was neutralized and re-extracted with ether
(extract 3). The plant material was placed into 50 ml of
aqueous methanol, extracted at 20

 

°

 

C for 2 days, and
evaporated to one half of the volume, in order to extract
with 98% methyl-

 

tert

 

-butyl ether, followed by drying
and evaporation (extract 4). The aqueous phase was
supplemented with 1.5 ml of concentrated HCl, boiled
for 30 min, cooled, neutralized with 10% solution of

 

NaHCO

 

3

 

, and extracted with 97% methylene chloride.
The organic phase was dried with anhydrous magne-
sium sulfate and evaporated (extract 5). The yields of
extractive substances from various fractions are listed
in Table 1.

 

NMR spectra.

 

 

 

1

 

H NMR spectra of the total fractions
and individual compounds were recorded in a Bruker
AC 200 (Bruker, Germany) spectrometer (working fre-
quency, 200.13 MHz) for 5% solutions of 

 

CDCl

 

3

 

,
(CD

 

3

 

)

 

2

 

CO

 

, or 

 

CD

 

3

 

OD

 

.

 

Mass spectra

 

 were recorded using a Finnigan MAT-
8200 (the Netherlands) mass spectrometer at an ioniza-
tion potential of 70 eV and evaporator temperature of

 

270–300°ë

 

. The total fractions of lipids and methyla-
tion products were assayed by chromatography–mass
spectrometry in a Hewlett-Packard 5890/II MSD
(Hewlett, Germany) gas chromatograph equipped with
a HP MSD 5971 quadrupole mass spectrometer as a
detector. A 30-m HP-5MS quartz column with an inner
diameter of 0.25 mm and a thickness of the stationary
phase film of 0.25 

 

µ

 

m with copolymer of 5% biphenyl–
95% dimethylene siloxane was used. Chromato-mass
spectra were recorded under the following conditions:
the initial column temperature was 

 

50°ë

 

; temperature
was elevated at a rate of 

 

4°C

 

/min and then kept at

 

280°ë

 

 for 15 min. The percentage compositions of
fatty acids and methyl esters of fatty acids and alcohols
were calculated according to the areas of gas chroma-
tography peaks without correction coefficients.

Compositions of individual fractions were subjected
to preliminary assessment according to 

 

1

 

H NMR spec-
tra of the total fractions. Upon hydrolysis and methyla-
tion, extract 1 was used for determination of fatty acids.
Extract 2 contained a mixture of neutral lipids, terpene
compounds, and fatty alcohols.

The main groups of phenolic compounds were
found in total extracts 3–5. Extract 3 contained simple
phenols, hydroxybenzoic acids, and free flavonoids.
According to 

 

1

 

H NMR data, extract 4 contained the
major part of flavonoid glycosides. Components of
extract 5 were mainly condensed polyphenols and
anthocyanins.

Results of determination of the fatty acid composi-
tions of acyl-containing fractions and fatty alcohols are
listed in Tables 2 and 3.

The fractions of sterols and terpene compounds
were isolated by column chromatography on silica gel.
The contents of 

 

β

 

-sitosterol and a derivative of betu-
lafolienetetraol (triterpene 1) was determined accord-
ing to chromatography–mass spectroscopy. The results
are shown in Table 4. Total polyphenols of individual frac-
tions were determined photometrically according to the
reaction with 1% vanillin in concentrated HCl [9].

Total flavonoids were determined spectrophotomet-
rically by measuring the optical density of the complex
formed by flavonoid compounds with aluminum chlo-

 

Table 1.

 

  Total content of extractive substances and secondary
metabolites in leaf samples (% of air-dried material weight)

Extract

 

Xp1 Xp2 Xp3 Xc

 

Extractive substances 6.44 5.02 4.27 5.85

Including: Extracts 1 and 2 1.82 1.52 1.10 2.11

Extract 3 2.42 2.61 2.54 1.79

Extract 4 0.96 0.64 0.25 1.43

Extract 5 1.24 0.25 0.38 0.52

Simple polyphenols
and oxybenzoic acids

0.41* 0.34 0.39 0.40

Flavonoids of extract 3 2.12* 1.92 2.80* 2.32*

Flavonoids of extract 4 0.37 0.24 0.40 0.26

Flavonoids of extract 5 0.37 0.51 0.27 0.37

 

* Significant difference between control and damaged trees (

 

P

 

 < 0.05).

 

Table 2.  

 

Composition of fatty acids in birch leaves

Sample
Fatty acids, %

14 : 0 16 : 0 16 : 2 18 : 0 18 : 2 18 : 3 20 : 0 22 : 0 23 : 0 24 : 0 26 : 0 Total

 

Xp1

 

0.54 3.68 0.73 0.62 0.79 3.20 0.56 0.42 0.29 0.78 0.23 11.78

 

Xp2

 

0.46 5.56 – 0.78 1.62 6.51 1.98 1.01 – 0.51 0.40 18.86

 

Xp3

 

2.35 12.55 2.58 0.17 0.12 2.14 0.94 2.20 – 0.44 0.28 23.71

 

Xc

 

0.19 2.88 0.10 0.44 0.73 1.57 2.33 1.94 0.33 0.97 0.34 11.85
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ride [10]. Gallic acid was used as a standard for plotting
calibration graphs for simple phenols, gallotannins, and
hydroxybenzoic acids; quercetins, for total flavonoids
[11, 12]. Individual flavonoids (figure, 

 

I

 

–

 

IX

 

) were iso-
lated by column chromatography of extract 3 on silica
gel KSK (Meaton, Russia; 0–140 

 

µ

 

m) using a chloro-
form–ethanol (100 : 1 to 5 : 1) elution system. Struc-
tures of the compounds were determined from spectral
data of individual substances by comparing with the
spectra of known flavonoids [13].

The data were processed statistically by conven-
tional methods [14].

RESULTS AND DISCUSSION

As is evident from Table 1, the yield of extractive
substances of white birch 

 

B. pendula

 

 leaves amounted
to 4.27–6.44%. Note that the plant response to loss of
green mass was accompanied by a decrease in the total
yield of extractive substances in leaves 1 year after arti-
ficial defoliation and after depredation by gypsy moths.
The yield of these substances decreased mainly due to
a reduction in the amount of flavonoid glycosides and
polyphenolic compounds in extracts 4 and 5.

The response of plants to loss of green mass was
accompanied by an increase in the contents of fatty
acids and fatty alcohols in the total lipid fractions.
Overall, 11 acids were identified in the total lipid
extract (Table 2). The most represented saturated acids
in the extracts were myristic (

 

ë

 

14 : 0

 

), palmitic (

 

ë

 

16 : 0

 

),
arachic (

 

ë

 

20 : 0

 

), and behenic (

 

ë

 

22 : 0

 

) acids. Unsaturated
acids were mainly represented by two compounds—
linoleic (

 

ë

 

18 : 2

 

) and linolenic (

 

ë

 

18 : 3

 

) acids. Palmitic
acid was predominant in all the extracts. Note that the

content of saturated acids increased in birch leaves
1 year after artificial defoliation and 30 days after dep-
redation by gypsy moths. In addition, it is evident from
Table 2 that fatty acids are desaturated (new double
bonds are formed) during development of new leaves
after artificial defoliation. The leaves of plants in the
case of natural defoliation display a higher content of
short-chain saturated fatty acids (14 : 0 and 16 : 0) and
trienoic acids compared with the control. Presumably,
biochemical adaptation during depredation is regulated
with the help of synthesis of polyunsaturated acids and
the formation of fatty acids with short carbon chains. It
is noteworthy that the content of saturated long-chain
acids (

 

ë

 

20 : 0

 

 and 

 

ë

 

22 : 0

 

) increased in the leaves of con-
trol group trees. Interestingly, linolenic acid is predom-
inant in the total lipid extract during normal development
of birch leaves from buds, while the ratio of unsaturated to
saturated fatty acids ranges from 2 : 1 to 3 : 1 [15].

As previously mentioned, the fatty alcohol content
also increased in the lipid extract of leaves from trees
subjected to defoliation (Table 3). The major compo-
nent of the mixture of fatty alcohols was diterpene phy-
tol, a component of the molecules of chlorophyll and
tocopherols. Interestingly, the highest content of phytol
was found in extracts of leaves 1 year after natural and
artificial defoliations and 30 days after depredation by
insects.

Sterols and triterpene compounds, whose content
amounted to 0.35–0.46% (Table 4), were isolated by
column chromatography of extract 2. The major com-
ponent of the sterol fraction in all leaf samples assayed
was 

 

β

 

-sitosterol. Its content decreased (

 

P

 

 < 0.05) in the
extracts of leaves from plants after defoliation. The
major component of triterpene compounds was triter-
pene 1. This compound, which is a derivative of betu-
lafolienetetraol, carries a substituted tetrahydrofuran
cycle in the side chain; the mass spectrum contains
peaks with 

 

m/e

 

 143 (100%), which corresponds to the
fragment (

 

ë

 

8

 

ç

 

15

 

é

 

2

 

), and 

 

m/e

 

 59, corresponding to

 

(ëç

 

3

 

)

 

2

 

ë

 

+

 

–éH

 

 [16–18].

Much recent attention has been focused on the role
of phenolic compounds when studying the plant–
insect–parasite system [4, 7, 8, 19, 20]. We determined
the quantitative contents of phenolic compounds in
extracts 3–5 (Table 1), studied compositions of the frac-
tions by column chromatography, isolated several indi-
vidual compounds (figure), and determined the ratio of
the main compounds according to the characteristic
chemical shifts of protons in 

 

1

 

H NMR spectra. The data
listed in Table 1 demonstrate that the extracts of plants
subjected to natural defoliation displayed the highest
content of flavonoids.

Free 

 

p

 

-methoxybenzoic, 

 

trans-p

 

-coumaric, 3,4-
dihydroxy-, and 3,5- dihydroxybenzoic acids were iso-
lated from extract 3 of a control sample 

 

Xc

 

. Character-
istically, these acids were found in trace quantities in
samples of the leaves after artificial and natural (brows-
ing by gypsy moth) defoliations.

 

Table 3.  

 

Composition of fatty alcohols in extracts of birch
leaves

Sam-
ple

Fatty alcohols, %

16 : 0 18 : 0 20 : 0 20 : 1 22 : 0 24 : 0 Total

 

Xp1

 

2.73 0.36 0.42 3.40 2.00 0.52 9.42

 

Xp2

 

1.60 0.31 1.48 8.34 4.24 1.26 17.23

 

Xp3

 

1.84 0.22 1.17 7.32 1.07 0.96 12.56

 

Xc

 

1.80 0.08 0.62 3.13 2.24 1.08 8.95

 

Table 4.  

 

Contents (% in dry substance) of free sterols and
triterpene compounds

Compound
Sample

 

Xc Xp1 Xp2 Xp3

 

β

 

-Sitosterol 0.29 0.14 0.17 0.16

Triterpene 1 0.05 0.08 0.10 0.09

Total content
of sterols and triterpenes

0.46 0.38 0.36 0.35
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The content of total flavonoids in birch leaf extracts
amounted to 2.67–3.47%. Along with the quantitative
determination of phenolic compounds, we studied the
qualitative compositions of the fractions of extract 3.
Column chromatography of the extracts of samples

 

Xp2

 

, 

 

Xp3

 

, and 

 

Xc

 

 allowed six individual flavones (

 

I

 

–

 

VI

 

), two flavanones (

 

VII

 

 and 

 

VIII

 

), and one flavanonol
(

 

IX

 

) to be isolated. When considering the structure of
individual compounds (Table 5, figure), note that the
main flavones and flavanones contain 5-hydroxy-7-
methoxy- groups in the core (~30–40%). Of interest is
the detection and isolation of 3-methoxyflavone (

 

VI

 

)
and 3-hydroxyflavanonol (IX) in the extracts. Note that,
according to [20], polymethoxyflavones belong to com-
pounds rendering plants resistant to pathogenic fungi
(e.g., 

 

Penicillium digitatum

 

 and various 

 

Geotrichum

 

species).

The ratios of the main flavonoids in extracts differed
considerably. Characteristically, the samples Xp2 and
Xp3 displayed increased contents of flavanones (VII)
and (VIII)—to 30–34% of the total extractive sub-
stances vs. 12% in the control. Note that defoliation
also increased the concentration of flavanonol (IX).
Presumably, biosynthesis of other types of aryl-
benzo[d]pyrans for precursors is more active in the
plants subjected to defoliation [21, 22]. The content of
main flavanones (I)–(III) in the plants subjected to
defoliation declined from 60 to 20%.

Further extraction of the samples with aqueous
methanol allowed the glycoside derivatives of fla-
vonoids to be concentrated. Analysis of NMR spectra
of total fractions of extract 4 demonstrates that in all the
cases, quercetin (3,5,7,3'4'-pentahydroxyflavone [13])
was the main aglycone of the flavonoid complex.

Table 5.  Contents of flavonoids (I–IX) in extract 3

Sample
Content, % total flavonoids in Extract 3

I II III IV V VI VII VIII IX

Xp1 20.4* 10.4* 8.3* 7.5* 4.2 8.4* 6.8* 8.3 9.1

Xp2 15.4* 8.1* 5.1 4.5 8.8* 9.7* 14.4* 15.3* 10.1*

Xp3 10.5* 7.4* 6.7* 5.1* 11.1* 8.0* 16.4* 17.5* 11.1*

Xc 26.6 11.1 10.5 9.7 4.0 5.9 5.8 6.5 6.3

* Significant difference between control and damaged trees (P < 0.05 and 0.01).

Structure of the phenolic compounds isolated: (I) R1 = R3 = H, R2 = Me; (II) R1 = H, R2 = R3 = Me; (III) R1 = R2 = H, R3 = Me;
(IV) R1 = R2 = R3 = Me; (VII) R = H; and (VIII) R = Me.

O
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R2O

OR3

O

OOH

MeO

OR

O

OOH
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OMe
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Extracts 5 (Table 1) contained the bulk of tannins
and anthocyanins. The total content determined spec-
trophotometrically is shown in Table 5. The ratio of
these compounds to the total content of phenolic com-
ponents varied in the range of 7–17%. Interestingly, the
content of these compounds was considerably higher in
leaves of the plants 1 year after artificial defoliation
(P < 0.05) and the damage caused by gypsy moth
(P < 0.01) compared with the control. These results are
of certain interest in connection with the data reported
in [2, 19] on the contents of anthocyanins, proanthocy-
anidins, and gallotannins in foliage of the birch trees
resistant to insect damage.

Thus, a method for analysis of the extractive sub-
stances contained in plant leaves is proposed. The
method allows composition of the components and
their dynamics under natural or artificial defoliation
stress to be evaluated. During defoliation, a decrease in
the total content of extractive substances is observed
due to a decline in the contents of sterols, triterpene
compounds, and polar polyphenolic substances. Defo-
liation of trees is accompanied by an increase in the
contents of short-chain and unsaturated fatty acids and
a decrease in the flavone fraction in the total lipid
extract; however, flavanones, flavanonol, and glyco-
side-containing flavones are concurrently accumulated.
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