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It has been suggested that salicylic acid (SA) is a signal in acquired resistance to pathogens in several
plants. Also, it has been suggested that infestation of plants causes an increase in the activity of
phenylalanine ammonia-lyase (PAL), a key phenolic biosynthesis enzyme. The purpose of this work
was to investigate whether the induction of SA and PAL activity is related to the susceptibility of
barley to aphid infestation. The induction of free and conjugated SA in two barley cultivars that differ
in susceptibility to aphids was analyzed. Analyses of several physiological parameters showed that
cv. UNA-80 was more susceptible to the aphid Schizaphis graminum than cv. LM-109. Salicylic acid
was not detected in noninfested plants. Levels of free and conjugated SA in cv. LM-109 and of
conjugated SA in cv. UNA-80 increased with aphid infestation, whereas the levels of free SA in cv.
UNA-80 remained high under all infestation degrees. Maximum values reached in both cultivars were
not significantly different. With respect to PAL activity, cv. LM-109 showed a significantly higher specific
activity than cv. UNA-80, the more susceptible cultivar. The relationship between the susceptibility of
a plant to aphid and SA induction and PAL activity is discussed.
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INTRODUCTION

Physical, chemical, and biological stresses induce defensive
mechanisms in plants (1, 2). Among the defensive responses
induced by pathogens are cell-wall appositions, accumulation
of pathogenesis-related (PR) proteins, production of H2O2,
hypersensitive cell death, and accumulation of callose, phenolic
compounds, and lignin around the site of infection (3, 4). An
increase in the ethylene evolution and induction of soluble and
cell-wall peroxidases by aphid infestation has also been
described (5, 6). Pathogen-infected leaves of tobacco, cucumber,
and Arabidopsis thalianaaccumulate salicylic acid (SA)
(7-9). Several authors suggest that SA plays a role in the
accumulation of H2O2 and PR proteins and that it is involved
in systemic acquired resistance (SAR) (10-13). It has been
proposed that SA inhibits catalase activity, resulting in ac-
cumulation of H2O2 and induction or activation of defense genes
(14, 15). However, other authors have provided evidence for
an SA-independent biological induction of resistance (16). Other
results about hypersensitive cell death and papilla formation in
barley attacked by the powdery mildew fungus support the

hypothesis that H2O2, but not SA, may play a role in defense
against fungi (17). Studies on insect-plant interaction suggest
that phenyl-propanoid compounds are involved in plant defenses
against pests (18). Phenylalanine ammonia-lyase (PAL) is a key
enzyme in the synthesis of phenolic compounds. Aphids need
to penetrate with their stylets into plants to reach the phloem
sieve elements, the sap of which forms their food source. Also,
probing plays an important role in food plant tissue selection.
The greenbug affects the vegetative growth of barley by
destruction of photosynthetic areas.

In contrast to pathogen attack, herbivore attack is frequently
associated with wounding and also allows plants to use defenses
that would be ineffective against pathogens. For example, plants
use secondary metabolites. Both herbivore feeding and me-
chanical damage induce systemic responses propagated through-
out the plant. Systemic responses require mobile signals; these
could be electrical, hydraulic, and chemical (19). In this paper,
we report the effect of aphid infestation on SA accumulation
and PAL activity in two barley cultivars that differ in their
susceptibility to the aphidSchizaphis graminum.

MATERIALS AND METHODS

Plants and Aphids. Barley (HordeumVulgare L.) cultivars LM-
109 and UNA-80 were grown in a glasshouse, in pots with vermiculite
and kept at field capacity with Hoagland nutrient solution at 25°C,
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with a photoperiod of 14/10 h light/darkness. The aphids used in the
assays wereS. graminum(biotype C) obtained from colonies maintained
in the greenhouse at temperatures of∼28 °C and under a photoperiod
of 12/12 h light/darkness. The age of the plants was measured after
sowing.

Analysis of Physiological Parameters.Barley seedlings of 10 days
of age of cv. LM-109 and cv. UNA-80 were infested with 10 apterous
aphids each. After 2, 4, 6, and 8 days, chlorophyll content (ChlC),
plant growth index (PGI), and the reproduction of aphids (IR) were
measured. Chlorophyll content was measured by extracting plant leaves
with 96% (v/v) EtOH. The extract was filtered through Whatman II
paper, and the absorbance of the extract was measured at 649 and 665
nm as described in ref20. The equation used for determinations of
total chlorophyll was as follows: total Chl (µg of Chl mL-1 of extract)
) 18.08A649 + 6.63A665). The relative growth index of plants was
calculated as (dry weight final- dry weight initial)/number of days.
The reproduction index of aphids was calculated as (final number of
aphids- initial number of aphids)/number of days.

Analysis of Free SA.One gram of fresh weight of frozen material
was macerated in a mortar with a pestle with 3 mL of methanol (HPLC
grade) three times. Samples were stirred in a vortex and then centrifuged
at 1650gfor 20 min. The supernatant was transferred to a new centrifuge

tube. The residue (pellet) was resuspended in 3 mL of methanol, stirred
in a vortex, and centrifuged for another 20 min at 1650g. All of the
supernatants were mixed and centrifuged once again for 20 min. The
liquid was transferred to a glass bottle, and the solvent was evaporated
with vacuum at<40 °C. Before this step, samples were frozen for
subsequent treatment. Frozen residues were resuspended in 2.5 mL of
5% trichloroacetic acid (TCA), stirred for 1 min in a vortex, and
ultrasonicated for 10 min; the solution was then centrifuged for 15 min
at 1400g. Five milliliters of ethyl acetate/cyclopentane/isopropyl alcohol
(50:50:1 v/v, all of them of HPLC grade), was added to the samples.
These samples were transferred to a separator funnel. After shaking,
the organic phase was left in a vial and evaporated with nitrogen. The
residue was frozen for subsequent analysis.

Analysis of Conjugated SA.The aqueous phase from the separation
with the organic solvents mixture was adjusted to pH 1.0 with 0.1 N
HCl and boiled for 30 min. Then the samples were treated with the
same procedure as for free SA.

Chemical Analysis.Residues were resuspended in 1.5 mL of 0.01
N H2SO4. HPLC was performed with a reverse-phase column [LiChro-
CART 125-4, LiChrosfer 100 RP-18 (5µm)]. Elution was carried out
isocratically with methanol/water (pH 3.0; 0.1 N H2SO4) (55:45). The
flow rate was 1.0 mL min-1. Detection was carried out at 280 nm. The

Figure 1. Effect of aphid S. graminum infestation on chlorophyll content in leaf of H. vulgare cv. UNA-80 and LM-109. Two groups of seedlings, 10 days
old, of each cultivar were used for experiments. Controls were without infestation, and infested groups were initially infested with 10 aphids. Chlorophyll
content was measured after 2, 4, 6, and 8 days. Each value is the mean of three samples ± SE.

Figure 2. Effect of aphid S. graminum infestation on growth of H. vulgare cv. UNA-80 and LM-109. Ten-day-old seedlings were infested with 10 aphids
each and maintained in a growth chamber under 25 ± 3 °C and with 14/10 h light/darkness. Dry weight of 10 plants was obtained every 2 days. Samples
were dehydrated in a stove at 50 °C to obtain a constant weight. The relative growth index (RGI) was calculated with the expression RGI ) (dry weight
final − dry weight initial)/no. of days. Each value is the mean of three independent measurements ± SE. The significance of differences was determined
by one-way ANOVA.
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sample injection volume was 50µL. Identification of free and con-
jugated SA was made by their retention time and coincidence with the
pure standard.

Preparation of Extracts and Quantification of PAL Activity. PAL
activity was evaluated by measuringtrans-cinnamic acid formation in
a crude extract of proteins (21). Proteins were extracted from 1 g of
fresh leaves using 3 mL of borate (0.1 M, pH 8.8), containingâ-mer-
captoethanol (0.01 M) and phenylmethanesulfonyl fluoride (PMSF) (3
mM). The homogenized tissue was centrifuged at 1000g for 10 min at
4 °C. PAL activity was assayed with an aliquot from supernatant (100
µL), 10 mM L-phenylalanine, and borate in a 3 mLfinal volume. The
control was withoutL-phenylalanine. The reaction product was mea-
sured at 290 nm in a Shimadzu UV-240 over 1 h. The enzymatic activity
was expressed in pKat (picomoles of cinnamic acid formed per second).
Soluble protein concentrations were measured using Bradford reactive
and measuring the absorbance at 595 nm. Calibration curves were done
with bovine serum albumin (BSA).

Statistical Analysis. Descriptive statistics (means and standard
errors) was used to characterize the data on a plant basis. A one-way
ANOVA was used to determine significant aphid effect on the different
parameters analyzed.

RESULTS

Effect of Aphid Infestation on Barley Seedlings.The ChlC
of cv. LM-109 was not significantly affected; however, in cv.
UNA-80 it decreased significantly after 4 days of infestation,
reaching an 80% loss after 8 days (Figure 1). The PGI of cv.
UNA-80 was more affected than that of cv. LM-109 (Figure
2). After 2 days of infestation, the PGI of cv. UNA-80 decreased
87% and that of cv. LM-109 decreased 75%. After 4 days of
infestation, the PGI of cv. UNA-80 and cv. LM-109 decreased
75 and 50%, respectively. The IR ofS. graminumat 2 days
was not significantly different in either cultivars (Figure 3).
The IR of S. graminumat 4 and 6 days in cv. LM-109 was
lower than in cv. UNA-80 (Figure 3). After 6 days, the IR in
cv. UNA-80 decreased considerably because the plants were in
poor condition due to infestation.

SA Induction from Two Infested Barley Cultivars. Barley
seedlings (cv. LM-109 and cv. UNA-80) of 10 days of age were
infested with 10, 20, and 40 nymphs of third- and fourth-instar
of the aphidS. graminum(Rondani). Another group of barley
seedlings was not infested as a control. Free and conjugated
SA levels were measured after 3 days of infestation and were
expressed as micrograms per gram of fresh weight (FW). SA
was not detected in noninfested plants (Figure 4). In cv. LM-
109 the concentration of free and conjugated SA increased as
a function of infestation level, reaching values of 12 and 18
µg/g of FW, respectively, in plants infested with 40 aphids. In
cv. UNA-80, the more susceptible cultivar, the maximum values
of free SA concentrations were detected in plants infested only
with 10 aphids. Conjugated SA was first detected in plants
infested with 20 aphids, reaching a concentration of 9.1µg/g
in plants infested with 40 aphids. The maximum values of
accumulation of free SA were not significantly different in either
cultivar (P < 0.05).

Effect of Aphid Infestation on PAL Activity in Barley.
There was a significant increase in PAL activity as a function
of infestation degree (Table 1). The values of total activity did
not show a significant difference between cultivars. However,
cv. LM-109 showed a significantly higher specific activity than
cv. UNA-80, the more susceptible cultivar.

DISCUSSION

Its genetic composition and the environment in which it is
grown determine a plant’s phenotype. Molecular markers have

Figure 3. S. graminum reproduction index on cv. LM-109 and UNA-80.
Ten-day-old seedlings were infested with 10 aphids each. The reproduction
rate was measured after 2, 4, 6, and 8 days. Aphid reproduction index
was calculated with the expression IR ) (final no. of aphids − initial no.
of aphids)/no. of days. Each value is the mean of three independent
measurements ± SE.

Figure 4. Effect of aphid S. graminum infestation on salicylic acid content in leaf of H. vulgare cv. LM-109 and UNA-80. Ten-day-old primary leaves of
the barley cultivars were infested with 10, 20, and 40 aphids. At 72 h the leaves were cut and free and conjugated SA levels were determined by HPLC.
Each point represents the mean of five samples ± SE.
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been used to map genes for insect resistance in most major crop
species. Often, the effect of the environment masks genotypic
effects. In practice, the phenotypic selection for insect resistance
will depend on a comparison of economic and logistical
advantages offered by the different systems (22). The greenbug
is known to cause breakdowns of the cell membranes, including
chloroplasts and mitochondria damage. Chlorosis has been
identified as the main cause for the reduced photosynthesis and
the decrease in plant growth. The differences seen in the ChlC
and PGI between noninfested and infested plants and the
differences seen in the IR of aphids in both cultivars show that
cv. LM-109 was more resistant than cv. UNA-80. Resistance
in plants involves intricate relationships between the plant that
is being attacked and the organism that is doing the attacking.
Resistance and susceptibility are relative concepts. A plant may
be moderately or extremely more susceptible than another.
Resistance depends on some structural or physiological char-
acteristics of plants. Some of these characteristics may be present
before the invasion of the parasite; others can be induced by
parasite attack.

When an insect attacks a plant, it induces several morpho-
logical and physiological changes (6, 23, 24). Some of these
changes are related to tissue repair, others with the synthesis of
metabolites that cause noxious effects against insects and
pathogens. In the present work, we provided evidence that
accumulation of free SA in barley is related with damage level
caused by aphid infestation. Free SA is assumed to be the active
form (25). The differences between conjugated and free SA
concentrations was higher in cv. UNA-80 than in cv. LM-109,
with the exception of plants infested with 40 aphids per plant.
Studies of SA metabolism in rice show that SA is synthesized
from cinnamic acid, a precursor forp-coumaric acid and ferulic
acid from which lignin can be synthesized. Also, other phenolic
compounds have been related to defensive mechanisms of plants
because they cause toxic effects against aphids. PAL gene
expression has been associated with abiotic stress, wounding,
and infection (26). It has been found that wheat infestation
induces an increase in the PAL activity and in the content of
phenolic compounds (27). Analysis of the results suggests that
the differences in susceptibility between cv. UNA-80 and cv.
LM-109 appear to be independent from free SA accumulation.
It is likely that SA accumulation occurs in response to the
damage caused by aphids. The smaller reproduction index of
aphids in cv. LM-109 is probably due to the greater presence
of phenolic compounds and other defensive characteristics.
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