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ABSTRACT

An alternative to the agrochemicals is the use of essential oils that can act in plant defense against phytopathogens. 
The objective of work was to evaluate the antifungal activity, the early blight control, and the enzymatic defense in tomato 
treated with citronella essential oil. Mycelial disks of the pathogen were added in Petri dishes, with treatments 0, 500, 
1000, 1500, 2000 and 2500 μL L-1 of essential oil and a control treatment with fungicide, thus evaluated mycelial growth 
and sporulation. The treatments were applied in the second pair of leaves of plants (treated) and after 72 hours the patho-
gen was inoculated on the second pair (treated) and also on the third pair leaves (untreated). The severity was expressed 
through the area under the disease progress curve (AUDPC). The enzymatic activity of peroxidase, polyphenoloxidase, 
and phenylalanine ammonia-lyase were evaluated. The essential oil reduced the mycelial growth and sporulation of the 
pathogen. The AUDPC was reduced up to 38.14% in the treated leaves and 51.32% in the untreated, and increases in 
the activities of enzymes were found. The essential oil of citronella could be an alternative in the control of tomato early 
blight by antimicrobial activity and/or resistance induction local and systemically.
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INTRODUCTION
The tomato (Solanum lycopersicum L.) is one of the 

most prone crops to the occurrence of diseases, like early 
blight caused by Alternaria solani (Inoue-Nagata et al., 
2016), and therefore, very dependent of the use of pesti-
cides to control them.

Substances from plant extracts and essential oils are 
control options that aim to reduce and/or mitigate the use of 
pesticides, since the intensive use of these chemicals may 
generate environmental problems. The adversities of these 
products include contamination of food, soil, and water; 

intoxication of farmers; selection of resistant phytopatho-
gens; and eradication of beneficial soil microorganisms 
(Maia et al., 2015).

Crude extract and essential oils from medicinal plants 
are sources of biologically active compounds that have 
the potential to control phytopathogens through direct 
fungitoxic action and also by inducing host resistance 
(Stangarlin et al., 2011).

Citronella [Cymbopogon nardus (L.) Rendle] essential 
oil possesses repellent activity and bacterial and fungicidal 
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action. The production of its secondary metabolites may 
vary with the ecological and genetic relationships of the 
plant. The compounds present in this oil, such as the cit-
ronellal and geraniol monoterpenes, act in defense of the 
plant and can inhibit the growth of fungi (Castro et al., 
2007).

The effectiveness of citronella essential oil to minimize 
fungi effects has proven on some pathosystems, such as 
Botrytis cinerea in strawberry (Lorenzetti et al., 2011), 
Sphaceloma ampelinum in grapes (Fialho & Papa, 2015), 
Colletotrichum graminicola, causing anthracnose in 
sorghum (Sarmento-Brum et al., 2013), and Cercospora 
coffeicola in coffee tree (Pereira et al., 2011).

The aim of this work was to evaluate the antifungal 
activity, the early blight control, and the activation of 
defense enzymes peroxidase, polyphenoloxidase, and 
phenylalanine ammonia-lyase in tomato leaves treated with 
citronella essential oil.

MATERIAL AND METHODS

Isolation of pathogen and treatments

The fungus A. solani was isolated from symptomatic 
tomato fruits by the indirect method. The fragments of 
tomato were deposited in a Petri dish with V8-agar culture 
medium, and kept at 25 °C and dark in a BOD incubator 
(Bio-Oxygen Demand). The isolate was preserved by the 
Castellani method (sterile distilled water) described by 
Gonçalves et al. (2016).

The essential oil of citronella (C. nardus) was obtained 
from a manipulation pharmacy by the ViaFarma compa-
ny and used at six concentrations (0; 500; 1000; 1500; 
2000 and 2500 μL L-1). The additional treatment with the 
fungicide was Amistar Top® (Syngenta company), used 
commercially (azoxystrobin + difenoconazole, 200 + 125 
g L-1, respectively).

In vitro experiments

The in vitro experiments were conducted in a laboratory 
with a completely randomized design with five replications, 
each petri dish corresponding to one repetition. Mycelial 
growth and sporulation tests were conducted to evaluate the 
antifungal activity on the pathogen using the V8-agar juice 
culture medium (Pulz & Massola Junior, 2009). Treatments 
were added to the still-flowing culture medium, and Tween 
20 detergent was added at a 1:1 (v/v) ratio to homogenize 
the culture medium with the citronella essential oil. 

The fungicide concentration was used according to the 

manufacturer’s recommendation, corresponding to 40 mL 
100 L-1 of water. After solidification of the culture medium 
in each Petri dish (90 mm in diameter), a 6 mm mycelial 
disc of the 14-day-old colony was put in the center of the 
plate and incubated at 25 °C in dark.

The antifungal activity was assessed by daily measure-
ments of colony diameter (mm) on two perpendicular axes, 
starting 24 hours after the installation of the experiment 
until a treatment reached the entire surface of the Petri 
dish, thus calculating the mycelial growth of all treatments. 
Daily measurements performed the relationship between 
pathogen mycelial growth and evaluation days until all 
colonies covered the whole surface of the culture medium 
or did not show any evolution of mycelial growth over the 
days.

At the end of the mycelial growth evaluation, the 
sporulation of the fungus was assessed. Thus, 10 mL of 
deionized water was added to each Petri dish, and after 
scraping the colony with a glass slide, the suspension was 
filtered through gauze, and the number of spores per mL 
was determined in a Neubauer chamber. Sporulation was 
calculated based on the mycelial area of each treatment.

In vivo experiments

The in vivo experiment was conducted in a greenhouse 
and the experimental design was randomized blocks, with 
the same treatments of in vitro assay and using four replica-
tions, where each plant was an experimental unity.

Soil fertilization was performed according to chemical 
analysis and the needs of the crop. Tomato seeds “Caqui” 
cultivar “Odete” were sown in a 200 cell expanded poly-
styrene tray containing commercial substrate (composed 
of pine bark, sand, organic compost and vermiculite). The 
seedlings were transplanted at 30 days after sowing and 
supplemented with fertigation.

Thirty days after seedling transplantation, the second 
pair of leaves at the bottom of each plant was treated with 
fungicide and essential oil, with localized spraying, at the 
concentrations described above. To obtain a homogeneous 
mixture between the essential oil and water, Tween 20 was 
used in a 1:1 (v/v) ratio. After 72 hours of the treatments, 
the second pair of treated leaves and the third pair (un-
treated) leaves were inoculated with 1x104 mL-1 spores A. 
solani. The spore suspension was prepared by adding 10 
mL of deionized water in a Petri dish containing the 30-day 
growth pathogen in the V8-agar juice culture medium. The 
spore suspension was sprayed on tomato leaves and plants 
were kept in humidity chamber for 12 hours.
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Severity assessments of early blight occurred every 
two days, beginning seven days after pathogen inoculation. 
Tomato leaves were photographed and analysed using the 
Quant software (Vale et al., 2003), which calculated the 
severity of the disease. The area under the disease progres-
sion curve (AUDPC) was calculated by the trapezoidal 
integration method (Shaner & Finney, 1977), based on the 
average disease severity per plant, the number of evalua-
tions, and the interval between two applications using of 
the formula:

( )n i n1 i
i 1i 0

Y YAUDPC X Xi
2

+
+=

+ = − 
 

∑

where, n = number of observations; Yi = disease severity 
in the ith evaluation; Xi = time in days in the ith evaluation.

Enzymatic activity

Tomato seedlings were cultivated to evaluate the en-
zymatic activity, as a previous experiment, using the 
concentration of 2000 μL L-1 of essential oil, which was 
one of the concentrations that showed the smallest area 
under the disease progress curve (AUDPC). After 30 days 
of transplanting the seedlings, 1-cm-diameter discs of the 
plant tissue were collected in the treated leaves (second 
pair of leaves) and untreated (third pair of leaves), in 
the interval of 0 h (time of treatment), 24 h, 48 h, 72 h 
(time of inoculation), 96 h, 120 h, and 144 hours after the 
treatments. The samples were also performed on control 
plants, with no treatment and just inoculated with the  
pathogen.

A randomized block design was used with five repli-
cates in a 7 × 3 factorial arrangement (seven collection 
times: 0, 24, 48, 72, 96, 120, and 144 hours, and three leaf 
conditions: second pair, third pair, and leaves of plants that 
were only inoculated). Each sample collected was placed in 
aluminium foil envelopes and frozen at -20 °C for further 
biochemical analysis.

The leaf discs were mechanically homogenized in 4 mL 
of 0.01 M sodium phosphate buffer (pH 6.0) in a porcelain 
mortar. The homogenate was centrifuged at 20,000g for 25 
min at 4 ºC, and the supernatant obtained was considered 
as an enzymatic extract.

The enzymatic activities of peroxidase (POD) (Ham-
merschmidt et al., 1982); polyphenoloxidase (PPO) 
(Duangmal & Apenten, 1999) and phenylalanine ammo-
nia-lyase (PAL) (Umesha, 2006) were analysed. Protein 
content was determined by the method of Bradford (1976).

Statistical analysis

The data obtained were subjected to analysis of variance 
and, when significant, submitted to regression analysis with 
a 5% probability of error for essential oil concentrations. 
The enzyme data were analysed by Tukey test at 5% using 
Sisvar statistical software (Ferreira, 2011). The fungicide 
was compared with the other treatments by the Dunnett 
test, with 5% probability level of error, by Genes statistical 
software (Cruz, 2006). The data from the enzyme activity 
experiment were compared by the Tukey test at 5% signif-
icance level. The data were analysed using the statistical 
software Sisvar (Ferreira, 2011).

RESULTS AND DISCUSSION

In vitro experiments

The mycelial growth of A. solani submitted to cit-
ronella essential oil concentrations showed significant 
differences resulting in a quadratic decrease, presenting 
100% inhibition with the calculated concentration of 2417 
μL L-1, although the concentrations 2000 and 2500 μL L-1 
showed total inhibition of pathogen mycelial growth. The 
concentration of 1500 μL L-1 showed 48.77% of pathogen 
inhibition; 1000 μL L-1 corresponded to 27.68%, and the 
concentration of 500 μL L-1 presented 11.42% inhibition of 
A. solani, as shown in Figure 1.

The correlation of higher pathogen inhibitions with 
higher citronella essential oil concentrations may be linked 
to the number of oil substances available in each treatment. 
According to Fiori et al. (2000), the antifungal activity of 
essential oils may be related to their hydrophobic proper-
ty, that is, the oil substances, in contact with the fungus, 
promote the alternation of plasma membrane permeability, 
causing structural disturbances and exposure of the cellular 
content of the pathogen.

The antifungal effect of citronella essential oil is proven 
by several authors in different pathosystems, according to 
the present study. The concentration of 1000 µL L-1 showed 
79% inhibition of Botrytis cinerea mycelial growth in 
strawberry (Lorenzetti et al., 2011). The development of A. 
solani was also inhibited by approximately 30% when sub-
jected to a concentration of 1000 µL L-1 citronella essential 
oil (Lucas, 2012).

Several essential oils can inhibit the mycelial growth 
of other fungi. To Sphaceloma ampelinum, citronella oil 
at 3000 µL L-1 inhibited 81% of pathogen growth, and at 
10000 µL L-1 there was 100% inhibition, showing the anti-
fungal potential of the essential oil (Fialho & Papa, 2015).
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Figure 1: Mycelial growth (mm) of Alternaria solani in the presence of citronella essential oil (μL L-1) and fungicide on the tenth day 

of evaluation. Note: different letters indicate a significant difference by Dunnett test. Bars indicate the standard error.

Mycelial growth was evaluated daily, and A. solani sub-
mitted to 0 μL L-1 concentration reached the entire surface of 
the Petri dish on the 11th day of evaluation. Higher concen-
trations were stunted by three days for the concentration of 
500 μL L-1 and four days for the concentrations of 1000 μL 

L-1 and 1500 μL L-1, which reached the entire surface of the 
plate on the 15th day. The pathogen with concentrations of 
2000 μL L-1 and 2500 μL L-1 did not show mycelium growth 
at any moment of the experiment. The fungicide provided A. 
solani growth, but from day 11, it became stable (Figure 2).

Figure 2: Mycelial growth (mm) of Alternaria solani, according to the days of evaluation, subjected to concentration of citronella 
essential oil (μL L-1) and fungicide.
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Increasing the concentration of citronella essential oil 
retarded A. solani mycelial growth. The concentration of 
0 μL L-1 presented a growth rate equivalent to 8.18 mm 
day-1, while to 500 μL L-1 was 6.43 mm day-1 and to 1000 
and 1500 μL L-1 was 6 mm day-1. These results are similar 
to those found by Santos et al. (2013), who evaluated 
Helminthosporium sp. The authors found that citronella 
essential oil reduced the growth rate of the pathogen, with 
a concentration of 250 μL L-1, presenting a growth rate of 
7.08 mm day-1 and at 500 μL L-1 there was a lower growth, 
equivalent to 4.11 mm day-1, with the beginning of growth, 
observed after four days of the implementation of the 
experiment.

Citronella essential oil may retard and prevent the 
mycelial growth of Colletotrichum graminicola, the causal 
agent of anthracnose in sorghum, and Pyricularia grisea  

causing brusone in rice (Sarmento-Brum et al., 2013). 
The authors observed that the growth of pathogens with 
a concentration of 250 μL L-1 started two days after the 
beginning of the experiment, while at 500 μL L-1 provid-
ed the pathogen growth only after the sixth day. Higher 
concentrations as 750, 1000, and 1250 μL L-1 inhibited the 
growth of pathogens entirely.

The sporulation, evaluated at the end of mycelial 
growth assay, presented a quadratic decrease, and the 
concentration of 2000 and 2500 µL L-1 showed the absence 
of spores (Figure 3). Based on the quadratic equation, 
the concentration of 1500 µL L-1 presented inhibition of 
55.01% compared to the concentration 0 µL L-1; 1000 µL 
L-1 (31.43%) and concentration of 500 µL L-1 with 13.10% 
inhibition of A. solani sporulation. The fungicide showed 
high sporulation compared to the concentration of 0 µL L-1.

Figure 3: Sporulation of the fungus Alternaria solani subjected to concentrations of citronella essential oil (μL L-1) and fungicide. 
Note: different letters indicate a significant difference by Dunnett test. Bars indicate the standard error.

According to Amorim & Pascholati (2018), the 
production of reproductive structures of a pathogen is 
directly linked to the environmental conditions in which 
it is exposed. As the essential oil concentrations increased, 
therefore, the pathogen was exposed to a higher concen-

tration of substances present in the treatment, which may 
have disadvantaged the pathogen’s spore production. Ad-
ditionally, could has toxic effects on metabolic pathways 
related to spore production, by destroying cellular integrity, 
inhibition of respiration and ion transport processes, and 
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increasing membrane permeability (Cox et al., 2000).
Lorenzetti et al. (2011) observed a 22% reduction in 

the production of reproductive structures of B. cinerea 
using 1000 µL L-1 citronella essential oil. The authors also 
found inhibition of spore production for the essential oils 
of cinnamon, lemongrass, cloves, eucalyptus, mint, and 
palmarosa.

Cymbopogon winterianus oil was efficient in inhibiting 
the production of Fusarium solani spores, according to the 
increase of dosages (Cruz et al., 2015). The decrease in 

sporulation provided by citronella essential oil treatments 
is beneficial for plants, since the number of reproductive 
structures will be lower, and the occurrence of epidemics 
will be smaller.

In vivo experiments

The area under the disease progress curve (AUDPC) 
showed a linear dose-dependent effect for treated leaves (a) 
and a quadratic effect for untreated leaves (b), as shown in 
Figure 4.

Figure 4: Area under the disease progress curve (AUDPC) in tomato leaves that were inoculated with Alternaria solani after being 
treated with citronella essential oil and fungicide (a) and when they untreated (b). Note: different letters indicate a significant difference 
by Dunnett test. Bars indicate the standard error.

The concentration of 2500 µL L-1 citronella essential 
oil reduced 38.14% AUDPC for treated tomato leaves, 
followed by 2000 µL L-1 concentration with 30.52% reduc-
tion, 1500 µL L-1 with 22, 89%, 1000 µL L-1 with 15.26% 
and the 500 µL L-1 concentration reduced the AUDPC by 
7.63% compared to the 0 µL L-1 concentration (values es-
timated by equation). Thus, citronella essential oil showed 
local protection for A. solani. Concentrations from 1500 µL 
L-1 showed no significant difference with fungicide.

For the untreated tomato leaves the most effective 
concentration of the experiment was 2500 µL L-1 with a 
51.32% reduction in AUDPC compared to 0 µL L-1 fol-
lowed by 2000 µL L-1 with 51, 24% reduction, 1500 µL L-1 
with 46.06%, 1000 µL L-1 with 35.80% reduction and 500 
µL L-1 with 20.44% reduction (values estimated by equa-
tion). This reduction in disease in untreated leaves is due 
to the resistance induction potential of citronella essential 

oil, which increased the activity of defense enzymes. Thus, 
citronella essential oil has elicitors may trigger defense 
reactions by mimicking interactions of natural microbe 
molecular patterns or defense signaling molecules with 
their respective cognate plant receptors or by interfering 
with other defense signaling components (Dalio et al., 
2020).

The leaves that received or not the standard fungicide 
treatment showed similar results for AUDPC, since 
azoxystrobin, the active ingredient of the compound, has 
mesostemic translocation. This feature enables the com-
patibility of the product with the leaf surface and can be 
absorbed by the wax layer (Silva Jr & Behlau, 2018). 

Lucas (2012) evaluating essential oils at 1000 µL L-1 
to control early blight in tomato, observed a control of A. 
solani equivalent to 59% with the application of citronella 
oil before the inoculation of the pathogen. Lemongrass 
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essential oil, also belonging to the genus Cymbopogon, 
showed 81% control of the pathogen.

Lemongrass (C. citratus) essential oil at 5000 µL L-1 
reduced 25.62% of the soft rot in lettuce plants (Silva et al., 
2012). In coffee plants, citronella (C. nardus) essential oil 
at 1000 µL L-1 showed a 43.08% reduction in cercosporio-
sis (Pereira et al., 2011). These results prove the efficiency 
of Cymbopogon oils in disease control.

Enzymatic activity

The enzymatic activity of POD increased for the 
second and third pairs of tomato leaves as a function of 
time, with the treatment of citronella essential oil with 
a concentration of 2000 µL L-1 from the 96 hours. The 
maximum increase in enzyme activity for the control was 
144 hours (Figure 5).

Figure 5: Peroxidase activity in tomato treated with 2000 µL L-1 of citronella essential oil. The treatments were performed on the sec-
ond pairs of leaves, 72 hours before the inoculation of Alternaria solani (time 0). Both the second and third pairs of leaves were inoc-
ulated with A. solani. The control corresponds to the non-treated plants inoculated with the pathogen. The arrow indicates inoculation 
with A. solani. Means followed by the same letter do not differ by Tukey test: Latin letters were used for comparison of treatment within 
each time; Greek letters were used for comparison between times within a treatment; ns: not significant. Bars indicate the standard error.

An increasing tendency for the second leaf pair started 
at 48 hours after treatment, and with the pathogen inocula-
tion (72 hours), the activity increased. In the course of the 
evaluations, this increase was achieved for the second and 
third leaf pairs, different from the control, showing that the 
increase was not only due to the pathogen but also to an 
inducing effect that occurred due to the oil treatment.

POD is a membrane protein involved in cell wall lignin 
synthesis that, together with cellulose, acts as a physical 

barrier to fungal penetration. Additionally, POD operates 
in the plant defense process, reinforcing the cell wall from 
lignin formation, presenting antimicrobial action, and also 
as a signalling agent (Vance et al., 1980).

Similar results were found by Itako et al. (2013) that 
observed an increase in POD activity in treated and untreat-
ed tomato leaves inoculated with A. solani when lemon-
grass (Cymbopogon citratus) essential oil was used as an 
inducing agent. The preventive application of lemongrass 
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essential oil showed a localized and systemic increase in 
tomato leaves, according to our study.

Resistance induction in tomato against Xanthomonas 
vesicatoria was also found by Cavalcanti et al. (2006) 
using acibenzolar-S-methyl (ASM), that increased the 
POD enzymatic activity. Silva et al. (2004) also verified 
that Bacillus cereus induced the activity of this enzyme in 
tomato against A. solani, Corynespora cassiicola, Oidium 
lycopersici, Stemphyllium solani, and X. vesicatoria.

For PPO activity in the second and third leaf pairs, 

there was suppression within 24 hours after treatment 
with citronella essential oil, and within 48 hours, this 
suppression remained only for the second leaf pair. 
However, after 72 hours, coinciding with the moment 
of pathogen inoculation, there was an increase in PPO 
activity for the second and third leaf pairs, differing from 
the control (Figure 6). Increasing enzymatic activity only 
after pathogen inoculation is beneficial to plants as there 
will be no unnecessary energy expenditure (Kuhn & 
Pascholati, 2010).

Figure 6: Polyphenoloxidase activity in tomato treated with 2000 µL L-1 of citronella essential oil. The treatments were performed 
on the second pair of leaves, 72 hours before the inoculation of Alternaria solani (time 0). Both the second and third pairs of leaves 
were inoculated with A. solani. The control corresponds to the non-treated plants inoculated with the pathogen. The arrow indicates 
inoculation with A. solani. Mean followed by the same letter do not differ by Tukey test: Latin letters were used for comparison of 
treatment within each time; Greek letters were used for comparison between times within a treatment; ns: not significant. Bars indicate 
the standard error.

The disruption of a cell caused by the action of in-
sects or pathogens releases the polyphenol oxidases that 
initiate the oxidation process of phenolic compounds, 
producing toxic quinones, which present antimicrobial 
activity (Mohammadi & Kazemi, 2002).

Silva et al. (2007) observed a spike in the activ-
ity of the PPO enzyme in tomato plants treated with 
Lentinula edodes and Agaricus blazei extracts and 
acibenzolar-S-methyl, and inoculated with Ralstonia 

solanacearum after 72 hours of treatment. According 
to Portz et al. (2011), high enzymatic activity can be 
observed during the pathogen colonization, due to the 
defense mechanisms that are activated more intensely 
after inoculation.

Ramamoorthy et al. (2002) also found an increase in 
PPO activity in tomato plants after seed treatment with 
Pseudomonas fluorescens isolates and inoculated with 
Pythium aphanidermatum.
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According to the present study, Itako et al. (2013) also 
observed local (treated leaves) and systemic (untreated 
leaves) increase in enzymatic activity, characterized by 
the enzyme PPO, induced by C. citratus essential oil 
(lemongrass) when tomato was inoculated with A. solani 
three days after treatments.

Figure 7 shows the activity of phenylalanine ammo-
nia-lyase (PAL) for the second and third pairs of tomato 

leaves treated with 2000 µL L-1 citronella essential 
oil and control. From the inoculation, the second and 
third pairs of tomato leaves showed higher PAL activity 
compared to the control. As function of the time, the 
increase of enzymatic activity was observed at 120 hours 
for the second pair of leaves, at 72 and 96 hours for the 
third pair of leaves, and the times 72 and 96 showed the 
lowest activities for the control treatment.

Figure 7: Phenylalanine ammonia-lyase activity in tomato treated with 2000 µL L-1 of citronella essential oil. The treatments were 
performed on the second pairs of leaves, 72 hours before the inoculation of Alternaria solani (time 0). Both the second and third pairs 
of leaves were inoculated with A. solani. The control corresponds to the non-treated plants inoculated with the pathogen. The arrow 
indicates the inoculation with A. solani. Mean followed by the same letter do not differ by Tukey test: Latin letters were used for com-
parison of treatment within each time; Greek letters were used for comparison between times within a treatment; ns: not significant. 
Bars indicate the standard error.

PAL acts on L-phenylalanine, transforming it into 
trans-cinnamic acid, the first product formed in the bio-
synthetic route of phenylpropanoids in higher plants. This 
acid acts as a precursor to numerous phenylpropanoid 
compounds that perform various functions in the plant, in-
cluding the protection against pathogen provided by lignin 
synthesis (Ritter & Schulz, 2004).

Ramamoorthy et al. (2002) observed similar results 

to the present study when evaluating resistance induction 
of tomato plants, in which seeds were treated with P. 
fluorescens and challenged with P. aphanidermatum. The 
authors reported that PAL activity remained at high levels 
throughout during the assay, and for the control treatment 
PAL activity decreased after the fourth day of evaluation.

PAL activity was verified by Silva et al. (2015) with 
Cymbopogon flexuosus essential oil, belonging to the 
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same genus as citronella, in common bean plants with and 
without Colletotrichum lindemuthianum inoculation. Ac-
cording to the present study, the authors also observed high 
activity of PAL in all evaluation periods, which may mean 
that the route of phenylpropanoids has changed, as well as 
the potentiation of mechanisms such as lignin synthesis.

CONCLUSIONS
Citronella essential oil showed antifungal activity 

against A. solani and early blight control in tomato, which 
may due either to direct fungitoxic effect on the pathogen, 
inhibiting mycelial growth and sporulation, or by local and 
systemic resistance induction mediated by the enzymes 
peroxidase, polyphenoloxidase, and phenylalanine ammo-
nia-lyase.

ACKNOWLEDGEMENTS, FINANCIAL 
SUPPORT AND FULL DISCLOSURE

There is no conflict of interest or funding for research 
and publication of the manuscript.

REFERENCES
Amorim L & Pascholati SF (2018) Ciclo de relações patógeno-hos-

pedeiro. In: Amorim L, Rezende JAM & Bergamin Filho A (Eds.) 
Manual de fitopatologia: princípios e conceitos. Agronômica Ceres, 
Ouro Fino. p.46-70.

Bradford MM (1976) A rapid and sensitive method for the quantitation of 
microgram quantities of protein utilizing the principle of protein-dye 
binding. Analytical Biochemistry, 72:248-254.

Castro HG, Barbosa LCA, Leal TCAB, Souza CM & Nazareno 
AC (2007) Crescimento, teor e composição do óleo essencial de 
Cymbopogon nardus (L.). Revista Brasileira de Plantas Medicinais, 
9:55-61.

Cavalcanti FR, Resende MLV, Zacaroni AB, Ribeiro Júnior PM, Costa 
JCB & Souza RM (2006) Acibenzolar-S-Metil e Ecolife® na indução 
de respostas de defesa do tomateiro contra a mancha bacteriana (Xan-
thomonas vesicatoria). Fitopatologia Brasileira, 31:372-380.

Cox SD, Mann CM, Markham JL, Bell HC, Gustafson JE, Warmington 
JR & Wyllie SG (2000) The mode of antimicrobial action of the es-
sential oil of Melaleuca alternifolia (tea tree oil). Journal of Applied 
Microbiology, 88:170-175.

Cruz CD (2006) Programa Genes: Estatística Experimental e Matrizes. 
Viçosa, Editora UFV. 285p.

Cruz TP, Alves FR, Mendonça RF, Costa AV, Jesus Junior WC, Pinheiro 
PF & Marins AK (2015) Atividade fungicida do óleo essencial de 
Cymbopogon winterianus jowit (citronela) contra Fusarium solani. 
Bioscience Journal, 31:01-08.

Dalio RJD, Maximo HJ, Roma-Almeida R, Barretta JN, José EM, 
Vitti AJ, Blachisky D, Reuveni M & Pascholati SF (2020) Tea tree 
oil induces systemic resistance against Fusarium wilt in banana and 
Xanthomonas infection in tomato plants. Plants, 9:1137.

Duangmal K & Apenten RKO (1999) A comparative study of polyphe-
noloxidases from taro (Colocasia esculenta) and potato (Solanum 
tuberosum var. Romano). Food Chemistry, 64:351-359.

Ferreira DF (2011) Sisvar: a computer statistical analysis system. Ciên-
cia e Agrotecnologia, 35:1039-1042. 

Fialho RO & Papa MFS (2015) Atividade antifúngica in vitro de óleos 

essenciais sobre Sphaceloma ampelinum. Cultura Agronômica, 24:63-
70. 

Fiori ACG, Schwan-Estrada KRF, Stangarlin JR, Vida JB, Scapim CA, 
Cruz MES & Pascholati SF (2000) Antifungal activity of leaf extracts 
and essential oils of some medicinal plants against Didymella bryoni-
ae. Journal of Phytopathology, 148:483-487. 

Gonçalves RC, Alfenas AC & Mafia RG (2016) Armazenamento de 
microrganismos em cultura com ênfase em fungos fitopatogênicos. In: 
Alfenas AC & Mafia RG (Eds.) Métodos em Fitopatologia. Viçosa, 
UFV. p.92-104.

Hammerschmidt TR, Nucles EM & Kuc J (1982) Association of 
enhanced peroxidase activity with induced systemic resistance of cu-
cumber to Colletotrichum lagenarium. Physiological Plant Pathology, 
20:73-82.

Inoue-Nagata AK, Lopes CA, Reis A, Pereira RB, Quezado-Duval AM, 
Pinheiro JB & Lima MF (2016) Doenças do Tomateiro. In: Amorim L, 
Rezende JAM, Bergamin Filho A & Camargo LEA (Eds.) Manual de 
fitopatologia: doenças das plantas cultivadas. Ouro Fino, Agronômica 
Ceres. p.697-735.

Itako AT, Tolentino Jr JB & Schwan-Estrada KRF (2013) Cymbopogon 
citratus essential oil bioactivity and the induction of enzymes related 
to the pathogenesis of Alternaria solani on tomato plants. Revista 
Idesia, 31:11-17. 

Kuhn OJ & Pascholati SF (2010) Custo adaptativo da indução de 
resistência em feijoeiro mediada pela rizobactéria Bacillus cereus ou 
acibenzolar-S-metil: atividade de enzimas, síntese de fenóis e lignina 
e biomassa. Summa Phytopathologica, 36:107-114. 

Lorenzetti ER, Monteiro FP, Souza PE, Souza RJ, Scalice HK, Diogo 
Junior R & Pires MSO (2011) Bioatividade de óleos essenciais no con-
trole de Botrytis cinerea isolado de morangueiro. Revista Brasileira de 
Plantas Medicinais, 13:619-627. 

Lucas GC (2012) Óleos essenciais no controle da pinta preta do 
tomateiro. Doctoral Thesis. Universidade Federal de Lavras, Lavras. 
92p.

Maia TF, Donato A & Fraga ME (2015) Atividade antifúngica de óleos 
essenciais de plantas. Revista Brasileira de Produtos Agroindustriais, 
17:105-116.

Mohammadi M & Kazemi H (2002) Changes in peroxidase and poly-
phenol oxidase activities in susceptible and resistant wheat heads 
inoculated with Fusarium graminearum and induced resistance. Plant 
Science, 162:491-498.

Pereira RB, Lucas GC, Perina FJ, Resende MLV & Alves E (2011) 
Potential of essential oils for the control of brown eye spot in coffee 
plants. Ciência e Agrotecnologia, 35:115-123. 

Portz RL, Fleischmann F, Koehl J, Fromm J, Ernst D, Pascholati SF 
& Osswald WF (2011) Histological, physiological and molecular in-
vestigations of Fagus sylvatica seedlings infected with Phytophthora 
citricola. Forest Pathology, 41:202-211. 

Pulz P & Massola Junior NS (2009) Effect of culture media and physical 
factors on growth and sporulation of Alternaria dauci and A. solani. 
Summa Phytopathologica, 35:121-126. 

Ramamoorthy V, Raguchander T & Samiyappan R (2002) Enhancing 
resistance of tomato and hot pepper to Pythium diseases by seed 
treatment with fluorescent pseudomonads. European Journal of Plant 
Pathology, 108:429-441. 

Ritter H & Schulz GE (2004) Structural basis for the entrance into 
the phenylpropanoid metabolism catalyzed by phenylalanine ammo-
nia-lyase. Plant Cell, 16:3426-3436. 

Santos GR, Brum RBCS, Castro HG, Gonçalves CG & Fidelis RR 
(2013) Effect of essential oils of medicinal plants on leaf blotch in 
Tanzania grass. Revista Ciência Agronômica, 44:587-593. 

Sarmento-Brum RBC, Santos GR, Castro HG, Gonçalves CG, Chagas 
Junior AF & Nascimento IR (2013) Efeito de óleos essenciais de 
plantas medicinais sobre a antracnose do sorgo. Biosciense Journal, 
29:1549-1557. 

Silva Jr GJ & Behlau F (2018) Controle químico. In: Amorim L, Rezende 



Rev. Ceres, Viçosa, v. 70, n. 2, p. 101-111, mar/apr, 2023

111Antifungal activity against Alternaria solani and control of early blight in tomato by essential oil of citronella

JAM & Bergamin Filho A (Eds.) Manual de fitopatologia: princípios e 
conceitos. Ouro Fino, Agronômica Ceres. p.239-260.

Shaner G & Finney RE (1977) The effect of nitrogen fertilization on the 
expression of slow-mildewing resistance in knox wheat. Phytopathol-
ogy, 67:1051-1056. 

Silva CL, Souza EB, Felix KCS, Santos AMG, Silva MV & Mariano 
RLR (2012) Óleos essenciais e extratos vegetais no controle da 
podridão mole em alface crespa. Horticultura Brasileira, 30:632-638.

Silva HSA, Romeiro RS, Macagnan D, Halfeld-Vieira BA, Pereira MCB 
& Mounteerd A (2004) Rhizobacterial induction of systemic resistance 
in tomato plants: non-specific protection and increase in enzyme activ-
ities. Biological Control, 29:288-295. 

Silva JL, Souza PE, Alves E, Pinto JEBP, Bertolucci SKV, Freitas MLO, 
Andrade CCL & Resende MLV (2015) Essential oil of Cymbopogon 
flexuosus, Vernonia polyanthes and potassium phosphite in control of 
bean anthracnose. Journal of Medicinal Plants Research, 9:243-253.

Silva RF, Pascholati SF & Bedendo IP (2007) Indução de resistência em 
tomateiro por extratos aquosos de Lentinula edodes e Agaricus blazei 
contra Ralstonia solanacearum. Fitopatologia Brasileira, 32:189-196. 

Stangarlin JR, Kuhn OJ, Assi L & Schwan-Estrada KRF (2011) Control 
of plant diseases using extracts from medicinal plants and fungi. In: 
Méndez-Vilas A (Ed.) Science against microbial pathogens: com-
municating current research and technological advances. Badajoz, 
Formatex Research Center. p.1033-1042.

Umesha S (2006) Phenylalanine ammonia lyase activity in tomato 
seedlings and its relationship to bacterial canker disease resistance. 
Phytoparasitica, 34:68-71. 

Vale FXR, Fernandes Filho EIF & Liberato JR (2003) Quant: a software 
for plant disease severity assessment. In: Close R, Brathwaite M & 
Havery I (Eds.) Proceedings of the 8th International Congress of Plant 
Pathology, New Zeland. p.105-105.

Vance CP, Kirk TK & Sherwood RT (1980) Lignification as a mechanism 
of disease resistance. Annual Review of Phytopathology, 18:259-288. 


