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Physiological cost of induced resistance in cotton plants at different nitrogen levels
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There is a large number of challenges regarding the control of plant
diseases in the 21st century. The use of chemicals has currently become

restricted due to problems caused to the environment, as well as the
high costs involved and the potential risk of the emergence of pathogen

RESUMO

ABSTRACT

Resistance induction through the use of chemical inducers often
results in physiological costs to the plant. In this study, induced
resistance in cotton plants was evaluated with regard to physiological
costs in a cult ivar susceptible to Colletotrichum gossypii  var.
cephalosporioides (CNPA GO 2002 – 7997). Plants were cultivated
in substrates with two levels of nitrogen and received two applications
of acibenzolar-S-methyl (ASM), jasmonic acid (JA) and Agro-
M os ® (AM ) d i sea se res i s t an ce  i n d u cers .  P lan t  h e igh t  (H) ,
internodal length (IL), shoot fresh weight (SFW), root fresh weight
(RFW), shoot dry weight (SDW) and root dry weight (RDW) were
evaluated. The activity of the phenylalanine ammonia lyase (PAL)
and peroxidase (POX) was also determined.  The plants treated
with ASM presented high physiological costs with an accentuated
reduction in H, SFW and SDW, whereas those treated with JA
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exhibited a significant increase in SDW, and did not significantly
differ from H and IL. In the potting mix supplemented with nitrogen,
all inducers differed from the control treatment regarding to internodal
length, whereas only ASM and AM presented a significant difference
between one another in the pott ing mix without the addition of
nitrogen. Significant correlations (P=0.05) were found for most of
the variables analyzed, with greater correlations observed between
SFW and SDW (0.94); IL and H (0.74); SFW and H (0.70); and SDW
and H (0.70).  ASM induced  the leas t  amount of PAL activi ty,
significantly differing from the remaining treatments. Greater POX
activity was observed in ASM, which significantly differed from the
control. AM and JA, however, presented lower activity than the
control with regard to these enzymes, and it was not possible to
confirm induction resistance in these two treatments.

Palavras-chave adicionais: acibenzolar-S-metil, ácido jasmônico, Agro-Mós®, fenilalanina amônia liase e peroxidase.

A indução de resistência pelo uso de indutores químicos tem
resultado algumas vezes em custo fisiológico para a planta.  A
resistência induzida em algodoeiro foi avaliada quanto ao custo
fisiológico em uma linhagem suscetível a Colletotrichum gossypii
var. cephalosporioides (CNPA GO 2002 - 7997) que foi cultivada
em substratos com dois níveis de ni trogênio e receberam duas
ap l i cações  d os  i n d u tores  ac ib en zolar -S-met i l  (ASM),  ác id o
jasmônico (AJ) e Agro-Mós® (AM). As plantas foram avaliadas
quanto à altura (AP), comprimento de internódio (CI), biomassa
fresca da  parte aérea (BFPA),  biomassa  fresca  da  ra iz (BFR),
biomassa seca da parte aérea (BSPA) e biomassa seca da raiz (BSR).
Também foi  determinada a  at ividade das enzimas feni lalan ina
amônia liase (PAL) e peroxidase. As plantas tratadas com ASM
apresentaram alto custo fisiológico com acentuada redução na
AP, BFPA e BSPA, enquanto as tratadas com AJ mostraram aumento
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significativo na BSPA, além de não diferirem significativamente
na AP e CI. No substrato suplementado com nitrogênio, todos os
indutores di fer iram da testemunha quanto ao comprimento de
internódio, apesar de não diferirem entre si, enquanto no substrato
sem adição de nitrogênio apenas ASM e AM apresentaram diferença
significativa entre si. Foram constatadas correlações significativas
(P<0,05) para a maioria das variáveis analisadas sendo as maiores
correlações verificadas entre BFPA e BSPA (0,94), CI e AP (0,74),
BFPA e AP (0,70) e BSPA e AP (0,70).  ASM induziu a menor
a t i v id ad e  d e  PAL,  d i fer i n d o  s i gn i f ica t i vamen te  d os  d ema i s
tratamentos.  A maior at ividade de peroxidase foi verificada em
ASM, que diferiu significativamente da testemunha, no entanto,
AM e AJ apresentaram atividade para esta enzima menor que a
testemunha, não ficando confirmada a indução de resistência nesses
dois t ratamentos.
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populations that are resistant to the chemical products. The use of
resistant cultivars is currently the most recommended control method.
In numerous cultivars, however, resistance is associated to undesirable
agronomic characteristics or short durability due to the appearance
of virulent pathogen populations. Thus, induced resistance has
emerged as an important alternative in the control of pathogens.
This strategy is based on the activation of natural defense
mechanisms in plants and offers efficient and economical control
against a gamut of pathogens (16, 17, 23). However, the use of
inducers does not always result in production of benefits, as
resistance activation places high energy demands on the plant (8,
24). There is evidence of the physiological cost of plant resistance
to herbivores, but it has yet to be determined whether induced
resistance to pathogens causes a relevant physiological costs to
plants (8).

The physiological costs of resistance is the negative effect
resulting from the expression of resistance under certain conditions
in which such a resistance is not necessary, such as in the absence of
a pathogen (8). These negative effects may harm the symbiotic
interactions with microorganisms that are beneficial to the plant, such
as mycorrhizas, as well as interfere in resistance to insects even when
making the plant more resistant to pathogens. Negative effects can
also redirect metabolites and energy used for growth and other
important plant processes, including defense responses (11).

The “cost of defense” theory has emerged from negative
correlations between maximum plant growth rate and the
concentration of secondary compounds related to the defense of
biotic factors, such as cellulose, hemicellulose, terpenoids and
phenolic compounds (13).

Salicylic acid (SA) and jasmonic acid (JA) are two important
compounds with distinct metabolic pathways regarding to induced
resistance. Both compounds are hormones involved in plant
development processes, such as flower and fruit formation. A
number of relevant effects in the increase of JA and SA may result
in changes to these functions due to the defensive role these
compounds play (10).

Little is yet known regarding the influence of genotype and
environmental conditions on the expression of induced resistance
(24). Interactions between abiotic stress and resistance are only
just beginning to be investigated. In evaluating seed production in
plants treated with resistance inducers and subjected to limiting
environmental conditions, such as a low supply of nitrogen, water
stress and competition with other plants, Dietrich et al. (8) observed
physiological cost in some cases, but not in others, with the occurrence
of an increase in seed production in plants treated with inducers in
comparison to untreated plants, depending on the combination of
environmental factors. According to Dietrich et al. (7), nitrogen is one
of the principal factors that limit plant growth and strongly affect the
expression of resistance, whether constitutive or induced.

Therefore, the aim of the present study was to assess the
physiological cost of induced resistance in cotton plants cultivated
with two different nitrogen levels.

MATERIAL AND METHODS

The experiment was conducted in a greenhouse, where cotton
seeds from the cultivar CNPA GO 2002 - 7997 (received from Embrapa
Algodão), which were susceptible to Colletotrichum gossypii South
var. cephalosporioides Costa, were sown in 2.8 L plastic pots
containing a potting mix made up of three parts soil (pH = 6.4; P = 4

mg/dm3; K = 0.88 c/mol
c
/dm3; Ca = 3.10 c/mol

c
/dm3) and one part of

humus, sterilized with methyl bromide. Two potting mixes with
nitrogen were used: a substrate without fertilization (N = 0.07%) and
a substrate with the supplementation of 0.06g of urea/pot, mixed
according to a recommendation based on the substrate analysis (9).

The acibenzolar-S-methyl (ASM), JA and Agro-Mos® (AM)
inducers were sprayed on the foliage at 15 and 25 days after the
emergence of the plants at dosages of 100 mg i.a.L-1, 20 mL p.c.L-1 and
2 mL p.c.L-1, respectively.

The experimental design was a completely randomized in a 2x4
factorial arrangement represented by two nitrogen levels, three
inducers and a control treatment (plants sprayed with water). Each
treatment five replications, with each experimental unit made up of
four plants.

Physiological cost of resistance induction
At 45 days after emergence, the plants were assessed with regard

to height (H), internodal length (IL), shoot fresh weight (SFW), root
fresh weight (RFW), shoot dry weight (SDW) and root dry weight
(RDW). Height was measured with a ruler from the surface of the soil
to the highest point of the plant. IL was determined by the distance
between the cotyledonary leaves and the first pair of definitive leaves.
The SFW and RFW were quantified after removing the plants from
the pots, separating the root system from the shoot at the transition
region between the root and the stem base and weighing them
separately on a scale to two decimal points.  The SDW and RDW
were determined after the plants were placed in paper bags and
subjected to drying in a lab stove at 37°C. Weighing was performed
after the plants had been removed from the greenhouse and had
reached room temperature.

Data were submitted to analysis of variance and averages were
compared using the Duncan test (P=0.05). The correlation between
variables was assessed using the Pearson correlation analysis
(P=0.05). Analyses were performed with the help of the SAEG
program (Statistical and Genetic Analysis System of the
Universidade Federal de Viçosa, Viçosa – MG, Brazil 2003).

Enzymatic Determination
Leaf samples of 1.0 g (corresponding to each treatment) were

collected at 45 days after plant emergence and were ground in a mortar
with liquid nitrogen, with 1% (v/v) polyvinylpyrrolidone (PVP), 5.0
mL of sodium acetate buffer (0.1 M, pH 5.0) and 1 mL of EDTA (1
mM). Extracts were centrifuged at 10,000 g for 10 minutes at 4ºC and
the supernatant was transferred to 1.5 mL tubes and stored at -80ºC
(6) for the subsequent determination of peroxidase and phenylalanine
ammonia lyase.

Peroxidase Activity (E.C. 1.11.1.7)
The estimate of the peroxidase activity was performed based on

the assessment of the absorbance Δ  supplied with guaiacol oxidation
(C

3
H

8
O

2
) in the presence of hydrogen peroxide (6). To develop the

reaction, 50 mL of guaiacol (0.02 M), 0.5 mL of hydrogen peroxide
(0.38 M) and 2.0 mL of phosphate buffer (0.2 M/pH 5.8) were
pipetted into a spectrophotometric cuvette. Next, 50 mL of the
enzymatic extract was added and gently agitated, and readings at the
470 nm wavelength were performed at 10 - second intervals for a
period of one minute.

Data were transformed into 5.0+x  and subjected to analysis of
variance, with averages compared through the Duncan test (P=0.05)
using the SAEG program.
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Phenylalanine Ammonia Lyase Activity (E.C. 4.3.1.5)
Phenylalanine ammonia lyase (PAL) activity was assessed based

on the absorbance difference resulting from the conversion of
phenylalanine into trans-cinnamic acid (14). For such, aliquots of 1.5 mL
of each enzymatic extract, 1.0 mL of the extraction buffer and 0.5 mL of
phenylalanine (49.6 mg.mL-1), or distilled water for the blank test, were
pipetted into test tubes. The mixture was incubated at 40ºC for one hour
and the enzymatic activity was stoped with an ice bath.
Spectrophotometric readings were performed at the 290 nm wavelength.

Correlation between variables was assessed through the Pearson
correlation analysis (P=0.05). Analyses were performed with the help
of the SAEG program.

RESULTS AND DISCUSSION

Physiological cost of resistance induction
Only IL exhibited interaction between inducer and nitrogen

levels (Table 1). Data on the behavior of the inducers in the
two potting mixes revealed that only AM presented a significant
difference between the substrates with  and without  the
supplementation of nitrogen, with a greater IL in the former.
Analysis of the interaction between the potting mix without
nitrogen and the inducers revealed a significant difference only
between ASM and AM, with the latter presenting greater IL. In
the pott ing mix with ni trogen,  there was no significant
difference between the inducers, though all the treatments
differed significantly from the control. In a study assessing the
response of Arabidopsis  to  ASM applicat ion under the
influence of different nitrogen concentrations as well as under
conditions of competition between plants, it was observed that
treated plants grew more slowly in the first week following the
application of the resistance inducer. However, after this period,
the plants compensated for the slow growth and began to
develop more quickly than non-treated plants, though they
remained smaller than the controls, especially in conditions of
low nitrogen concentrations. In treatments with greater nitrogen
concentrations, the induced plants became larger than the
controls two to three weeks following treatments (8). According
to the authors of the study, the reduction in seed production in
comparison to the Control depended on the growing conditions.

There was a significant difference between the treatments and the
controls for H, SFW and SDW, regardless of the nitrogen levels in the
potting mix (Table 1). Plants treated with ASM presented lower H,
SFW and SDW, differing significantly from the control (Figure 1).
However, the treatment with JA did not differ significantly from the
control with regard to H and IL in the substrate that was not
supplemented with nitrogen, and also presented greater SDW in
comparison to the control (Table 1). In this respect, there was a
significant difference between JA and the other inducers.

The effect of the physiological cost of ASM in plants has been
reported in a number of studies (4, 8, 12, 15). According to Heil et al.
(12), wheat plants treated with ASM presented lower gains in biomass
and a lower number of spikelets and seeds in comparison to non-
treated plants. This effect was more pronounced in plants subjected
to low levels of nitrogen. According to the authors, differences between
treated and non-treated plants possibly occurred due to metabolic
competition between the processes involved in plant growth and the
synthesis of defense compounds. Buzi et al. (4) observed that melon
seeds treated with ASM germinated more slowly than non-treated
seeds. In a study on the influence of the physiological cost of ASM in
beans, Iriti & Faoro (15) found no alterations with regard to
electrophoretic patterns of proteins in seeds between treated and
non-treated plants, nor any significant difference in seed production.
The authors concluded that ASM-induced resistance does not cause
an expressive physiological cost in beans.

The results obtained through induction of resistance with JA in
the present study do not agree with results from other authors.
According to Buzi et al. (4), melon plants treated with methyl jasmonate
presented a pronounced delay in germination. The authors also
observed that chemical treatments with inducers had a negative effect
on the seedlings and growth rate of the root. The application of JA
also caused a delay in fructification and a lower number of seeds in
tomatoes. (20). A negative influence of methyl jasmonate on
germination and plant growth is correlated with the synthesis inhibition
of cell wall polysaccharides (18). It is possible that an increase in
SFW and SDW, and not the difference between H and IL among plants
treated with JA and the control, is due to differences between plant
species tested in the present study and those tested in other studies,
as there are no data on the influence of JA on cotton plants.

Table 1. Internodal length (IL) in substrate without the addition of nitrogen
(N

1
) and with the addition of nitrogen (N

2
), plant height (H), shoot fresh

weight (SFW) and shoot dry weight (SDW) of cotton plants treated with
acibenzolar-S-methyl (ASM), Agro-Mos® (AM) and jasmonic acid (JA),
as well as untreated plants (control).

ASM 8.72 cA2 7.60 bcA 35.39 c 6.32 c 1.56 c

AM 11.02 abA 9.70 bB 39.98 b 7.26 bc 1.93 b

JA 9.27 bcA 9.63 bcA 40.66 ab 8.39 b 2.53 a

Control 10.45 abcA 11.11 aA 42.96 a 9.71 a 2.20 b

C.V. (%) 9.49 6.48 16.45 15.0

H (cm) SFW (g) SDW (g)Inducer
IL (cm)1

N
1

      N
2

1 There was an interaction between the inducers and the different nitrogen
levels
2 Averages followed by lowercase letter in the same column and uppercase
letter on the same line do not statistically differ from one another using
the Duncan test (P=0.05).

 

AA  BB  

Figure 1. Comparison between a cotton plant treated with ASM (A) and
control (B).
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Significant correlations (P=0.05) were observed among the most
variables evaluated (Table 2). The greatest correlations were between
SFW and SDW (0.94); IL and H (0.74); SFW and H (0.70); and SDW
and H (0.70), indicating that any of these growth measures could be
used to quantify physiological cost in cotton plants. The only non-
significant correlations were between IL and RFW; IL and RDW; and
H and RDW. According to Benincasa (3), growth measures are quite
accurate, especially those that involve the shoot of the plant, which
offer the ease of data collection and are useful in assessing growth and
inferring the contribution of different physiological processes on
vegetal behavior.

Enzymatic Determination
There was an interaction between the substrates tested and PAL

activity. However, only ASM differed significantly in the potting
mixes, with lower activity in the mix without the addition of nitrogen
(Table 3). In the potting mix with the addition of nitrogen, there was
no significant difference between the inducers and the control. It is
likely that the lack of difference in PAL activity between the treated
plants and the control, as well as the lower activity in the ASM-
induced plants in the substrate without nitrogen, was due to the period
in which collection was carried out for the enzymatic determination,
which was 20 days after the application of the inducer. PAL is involved
in the initial step of propanoid synthesis and catalyzes the conversion
of phenylalanine into trans-cinnamic acid, resulting in compounds
such as flavonoids, phytoalexins and especially lignin, which bestows
more resistance in the cell wall of plants with regard to pathogens
(19). According to Chen et al. (5), peak PAL activity occurs between

24 and 48 hours following induction. When enzyme activities related
to plant defense were assessed, it was observed that both constitutive
and ASM-induced enzymes were significantly lower under limiting
nitrogen conditions (8).

Regarding peroxidase activity, no interaction was observed between
substrates and inducers. Significant differences were only observed
between the inducers themselves (Table 3). These results disagree
with those found by Dietrich et al. (7), who observed a significant
effect in the reduction of peroxidase activity when A. thaliana plants
were cultivated in conditions of low nitrogen concentration.

The greatest peroxidase activity was obtained with ASM, which
differed from the other treatments. The AM and JA treatments
presented lower activity of the enzyme, not differing from each other,
but differing significantly from the control. Peroxidase is an enzyme
related to the defense mechanism of the plant and an increase in activity
is frequently associated to the progressive incorporation of phenolic
compounds in the cell wall during incompatible elicitor/plant-pathogen
interactions (1). A number of authors have reported an increase in
peroxidase activity with the use of inducers, thereby serving as an
induced resistance marker (1, 2, 4, 8, 21, 22).

Physiological cost was observed in the treatment with ASM, for
which resistance induction was confirmed with an increase in peroxidase
activity. The treatments with AM and JA had no effect on PAL or
peroxidase activities in cotton plants thereby making it impossible to
analyze the physiological cost using these inducers.
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