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Abstract

Phosphites (Phi) are inorganic salts of phosphorous acid that have been

used as resistance elicitors to activate mechanisms underlying plant

defence. This study assessed the effectiveness of manganese phosphite

(MnPhi) for the management of rust (Hemileia vastatrix) on coffee seed-

lings. The effect of this compound on the induction of resistance was also

measured by the expression of defence-related genes such as POX (peroxi-

dase), CAT (catalase), GLU (b-1.3-glucanase) and PAL (phenylalanine

ammonia-lyase) and by the activity of defence enzymes such as ascorbate

peroxidase (APX), superoxide dismutase (SOD) and polyphenol oxidase

(PPO). Foliar sprayings of MnPhi on coffee seedlings provided 63% con-

trol of rust severity. This compound induced defence responses in seed-

lings with increased transcription of genes POX, CAT, GLU and PAL in

non-inoculated plants and increased activity of APX, SOD and PPO

enzymes in plants inoculated with H. vastatrix and in non-inoculated

plants. It is suggested that MnPhi can induce resistance in coffee seedlings.

Introduction

Coffee cultivation is an important economical activity

in Brazil, and the country is the major producer and

exporter of coffee beans. Although this activity has

growth potential, coffee farmers have faced problems

due to crop susceptibility to diseases, which leads to

reduction in yield and increasing production costs.

Coffee rust, caused by the fungus Hemileia vastatrix

Berk and Br, is the major coffee disease, occurring in

almost all coffee-producing countries in the world

(Rozo et al. 2012). The disease can cause a 35–50 per

cent yield reduction, if no control action is taken

(Silva et al. 2006). These losses are due to the forma-

tion of pustules on leaves, which reduce the photo-

synthetic area and lead to early leaf fall and drying of

branches (Martins et al. 2004).

Most coffee cultivars in Brazil are susceptible to rust

(Carvalho et al. 2012), and the disease is currently

managed through the use of protectant and systemic

fungicides including copper, triazoles and strobilurins

(Zambolim 2016); however, given the harmful impact

of these fungicides on the environment and the risk of

emergence of resistant races for these compounds

(Fern�andez-Ortu~no et al. 2008), there is a pressing

need for alternative coffee rust management

measures.

Disease-resistant plants display elaborated signal

networks that result in the expression of defence

response (Daniel and Guest 2006). One of the first

defence responses of a plant infected by a pathogen is

the oxidative burst, characterized by rapid generation

of reactive oxygen species (ROS) (Thatcher et al.

2005). Subsequently, the pathogen is confronted with

hypersensitivity reaction, accumulation of phenolic

compounds such as phytoalexins and induction of

structural and biochemical barriers (Goellner and

Conrath 2008; Silvar et al. 2008).
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Certain natural and synthetic compounds stimulate

defence responses similarly to those observed in

incompatible interactions (Daniel and Guest 2006).

These compounds are known as resistance elicitors.

Thus, using substances or organisms that induce resis-

tance is an alternative to control plant diseases.

Induced resistance is the activation of mechanisms

underlying plant defence, which may be a local or

systemic phenomenon and is effective against a broad

range of pathogens including bacteria, fungi and

viruses (van Loon et al. 1998).

Phosphite (Phi) is a chemical compound that has

been used to induce defence responses in plants (Esh-

raghi et al. 2011). Phosphites are inorganic salts of

phosphorous acid (H3PO3) formulated with potas-

sium, manganese, copper or zinc. These inorganic

compounds can influence pH and redox homeostasis,

hormone signalling and enzymes involved in stress

response (Du Jardin 2015). In the United States, phos-

phites are registered for the control of oomycetes

(King et al. 2010) while in Brazil they are considered

foliar fertilizers and reduce disease severity in various

crops such as onion (Wordell Filho and Stadnik

2006), papaya (Dianese et al. 2008, 2009), grapevine

(Pereira et al. 2010, 2012), mango (Araujo et al.

2015), eucalyptus (Silva et al. 2013) and coffee

(Nojosa et al. 2009; Dalio et al. 2012; Costa et al.

2014).

Studies suggest that Phi has a complex mode of

action, including direct and indirect effects, on the

pathogen and on the plant, respectively. Direct effect

refers to the inhibition of pathogen growth and reduc-

tion or change in its metabolism (King et al. 2010).

Indirect effect involves stimulation of plant defence

mechanisms, such as increased production of phy-

toalexins and ROS, induction of pathogenesis-related

proteins (PR) and strengthening of cell wall (Delio-

poulos et al. 2010; Eshraghi et al. 2011; Pilbeam et al.

2011).

A balanced mineral nutrition may increase plant

resistance to pathogens. Although Phi is considered a

foliar fertilizer, it is not metabolized by plant cells and

not used as source of phosphorus (G�omez-Merino and

Trejo-T�ellez 2015). However, some elements of these

compounds may act as fertilizers, such as manganese

in MnPhi (Dalio et al. 2012). Manganese is an essen-

tial nutrient for plants and necessary for important

metabolic processes. It is also involved in the biosyn-

thesis of soluble phenols and lignin, acting as a cofac-

tor of key enzymes in plant defence, such as

phenylalanine ammonia-lyase, and in the inhibition

of exoenzymes such as pectin methylesterase, pro-

duced by certain fungi to degrade host cell walls. In

addition, Mn-superoxide dismutase is activated by

manganese, acting in ROS cleaning (Graham and

Webb 1991; Marschner 2012).

Recent reports have demonstrated the effectiveness

of products based on Phi for the management of coffee

diseases. Nojosa et al. (2009) found reduction in

severity of Phoma leaf spot on coffee seedlings

sprayed with potassium phosphite, and Costa et al.

(2014) found that MnPhi reduced severity of rust and

cercosporiosis on coffee trees. It is also known that the

standard resistance elicitor, acibenzolar-S-methyl

(ASM), is effective in controlling coffee rust (Marchi

et al. 2002; Guzzo et al. 2004) by inducing genes

associated with systemic acquired resistance (SAR)

(De Nardi et al. 2006; Guzzo et al. 2009). Thus, this

study was conducted to assess the effectiveness of

MnPhi compared with ASM, to control rust on coffee

seedlings. In addition, we evaluated MnPhi effect as

resistance elicitor by analysing the expression of

defence-related genes (POX, CAT, GLU and PAL) and

the activity of defence enzymes (APX, SOD and PPO).

Material and Methods

Plant material

Seeds of coffee cultivar Mundo Novo 379/19 were

sown in trays containing washed sand for preparation

of seedlings. After the first pair of true leaves had

emerged, seedlings were transplanted in 0.50-L poly-

ethylene bags containing soil, sand and commercial

growing substrate for vegetables – Multiplant� (Terra

do Para�ıso, Brazil), in the proportion 2 : 1 : 1 (v/v/v).

Seedlings with four pairs of leaves were used to per-

form the experiments. Throughout the experimental

period, the seedlings were kept in a glasshouse at the

Department of Plant Pathology, Federal University of

Lavras (UFLA), Minas Gerais, Brazil. The glasshouse

used for these experiments was maintained at 25–
32°C (day) and 17–24°C (night) with natural light.

Plants were irrigated regularly and received additional

fertilization with macro- and micronutrients accord-

ing to technical recommendation for coffee seedlings

(Guimar~aes et al. 1999).

Inoculation

Urediniospores of H. vastatrix were collected by scrap-

ing pustules from naturally infected coffee leaves,

placed in microtubes and stored at room temperature

protected from light for 48 h. A suspension of

1 9 105 urediniospores/ml water agar (0.2% p/v)

containing Tween-20 (0.05% v/v) was prepared for
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plant inoculation (Salustiano et al. 2008). The sus-

pension was sprayed on the abaxial surface of leaves,

and then, seedlings were placed in a humid chamber

at 24 � 2°C in the dark for 72 h.

Protection of coffee seedlings against rust

This experiment was conducted to verify the MnPhi

efficiency on the control of coffee rust, compared with

a standard resistance inducer and control treatments.

Seedlings were sprayed with the following treatments:

MnPhi [Active Mn� (51.0% P2O5 and 9.7% Mn)

produced by Agrichem do Brazil SA, Brazil], dose

5.0 ml/l; the resistance inducer acibenzolar-S-methyl

– ASM (Bion� by Syngenta Crop Protection Ltd.,

Basel, Switzerland), dose 0.2 g/l, was used as a stan-

dard treatment; control plants were sprayed with

water. Seven days after spraying, plants were inocu-

lated with H. vastatrix.

Rust severity assessment started 40 days after inoc-

ulation, when the first symptoms of disease appeared.

Six evaluations were performed using the diagram-

matic scale proposed by Cunha et al. (2001) at 40, 55,

70, 85, 100 and 115 days after inoculation. Then, the

area under the disease severity progress curve

(AUDSPC) was calculated according to Shaner and

Finney (1977). The experiment was set in a complete

randomized block design with four replications of

seven plants each.

qRT-PCR analyses

After verifying that MnPhi is as efficient as ASM for

the control of coffee rust, analyses of the expression of

POX, CAT, GLU and PAL genes were performed to ver-

ify whether MnPhi induces increased expression of

these genes, even in the absence of pathogen. Coffee

seedlings were sprayed with MnPhi (5.0 ml/l) and

water-sprayed plants were used as control. Plant

materials for analyses were collected at 12, 24, 48 and

72 h after treatment application (haa). The first and

second pairs of fully expanded leaves from the apex of

each seedling were collected at each sampling time.

Leaves were immediately frozen in liquid nitrogen

and placed in a deep freezer at �80°C. The experi-

ment was conducted in a complete randomized block

design with three replications and four plants per

replication per collection time.

Total RNA was extracted from plant tissues using the

Pine Tree protocol described by Chang et al. (1993)

and adapted for microextraction. To each microtube

containing approximately 100 mg of macerated leaves

in liquid nitrogen was added 1 ml of extraction buffer

[2% CTAB (cetyltrimethylammonium bromide), 2%

PVP (polyvinylpyrrolidone), 100 mM Tris–HCl, 25 mM

EDTA and 2 M NaCl] and 20 ll of b-mercaptoethanol.

Homogenization was carried out by vortexing and the

mixture was incubated for 20 min at 65°C. Then, 1 ml

of chloroform: isoamyl alcohol (24 : 1) solution was

added to each sample, which was stirred and cen-

trifuged for 30 min at 12 0009g at 4°C. The super-

natant was transferred to a new tube to which the

same volume of that solution was added, followed by

homogenizing and centrifuging for 30 min at

12 0009g at 4°C. The aqueous phase was then trans-

ferred to a new tube, and 10 M lithium chloride was

added (25% of the aqueous phase volume), followed

by rapid inversion mixing. Samples were left overnight

at �20°C for precipitation and centrifuged for 30 min

at 12 0009g at 4°C, and the supernatant was dis-

carded. The pellet formed was washed twice with 1 ml

of 75% ethanol (v/v), followed by centrifugation for

10 min at 12 0009g at 4°C. After washing, RNA solu-

bilization was carried out. The pellet was resuspended

in 20 ll autoclaved Milli-Q water and stored in a deep

freezer at �80°C. RNA integrity was visualized on

1.0% agarose gel stained with GelRedTM (Biotium, Fre-

mont, CA, USA) and samples were quantified by

NanoDropTM Spectrophotometer ND-100 (Thermo

Fisher Scientific, Wilmington, DE, USA).

Total RNA was treated with TURBO TM DNase I

(Ambion, Austin, TX, USA) according to the manufac-

turer’s specifications. The absence of DNA was

checked by a conventional PCR (negative control).

Contaminated samples were retreated with TURBO TM

DNase I to eliminate residual DNA contamination.

RNA integrity was visualized on 1.0% agarose gel and

samples were quantified by NanoDropTM.

The kit SuperScript� III First-Strand Synthesis Super-

Mix (Invitrogen, Carlsbad, CA, USA) was used for

cDNA synthesis, following the manufacturer’s suggested

protocol. Samples were stored at�20°C until use.

The qRT-PCR primers for the coffee genes POX,

CAT, GLU and PAL encoding, respectively, peroxidase,

catalase, b-1.3-glucanase and phenylalanine ammo-

nia-lyase enzymes, were designed using the PRIMER3

software (Whitehead Institute for Biomedical

Research, Cambridge, MA, USA) (Table 1). Primers

were also designed to amplify polyubiquitin, alcohol

dehydrogenase, actin 7, glyceraldehyde-3-phosphate

dehydrogenase (GAPDH), 60S ribosomal protein L7

and 14-3-3 genes, used as constitutive controls for

coffee according to Barsalobres-Cavallari et al. (2009).

After primer efficiency test, GAPDH and 14-3-3 pri-

mers were selected and checked their stability among

treatment and collection times.
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Quantitative RT-PCR analyses were performed

using ABI PRISM 7500 Real-Time PCR model (Applied

Biosystems, Carlsbad, CA, USA) and SYBR Green

detection system. Reaction conditions were as follows:

2 min at 50°C and 10 min at 95°C followed by 40

cycles of 15 s at 95°C and 1 min at 60°C, ending with

15 s at 95°C. For each reaction, 1.0 ll cDNA, 0.2 ll of
each primer and 5.0 ll Power SYBR� Green PCR Mas-

ter Mix with ROX (Invitrogen, USA) were used for a

final volume of 10.0 ll per sample. For each gene

under study, the experiment was conducted using

cDNA from three biological replicates with three tech-

nical replicates. Results were normalized using CT

(Threshold Cycle) obtained by the expression of con-

stitutive GAPDH and 14-3-3 genes. Quantification of

gene expression was performed by the comparative

CT method (Livak and Schmittgen 2001).

Enzyme activity analyses

After qRT-PCR analyses, activities of APX, SOD and

PPO enzymes were performed to verify whether

MnPhi provides increases in the activities of such

defence enzymes in coffee plants with and without

H. vastatrix inoculation. This test consisted of four treat-

ments: coffee seedlings sprayed with MnPhi, with or

without inoculation, and coffee seedlings sprayed with

water, with or without inoculation. Treatments spray-

ings and pathogen inoculation (168 haa) were per-

formed as previously described. Plant materials were

collected at 24, 48, 72, 192, 216 and 240 haa. The first

and second pairs of fully expanded leaves from the

apex of each seedling were collected at each sampling

time. Leaves were immediately frozen in liquid nitro-

gen and placed in a deep freezer at �80°C. The

experiment was conducted in a randomized block

design consisting of two treatments before inoculation

and four treatments after H. vastatrix inoculation

(168 haa), with three replications and experimental

plots consisting of three plants for each collection time.

Plant extracts for determining SOD and APX activity

were prepared by macerating 200 mg samples of leaf tis-

sue in liquid nitrogen in a mortar with 1%

polyvinylpyrrolidone (PVP). The fine powder was

homogenized in 100 mM potassium phosphate buffer at

pH 7.8, 0.1 mM EDTA and 10 mM ascorbic acid and then

centrifuged at 13 0009g for 25 min at 4°C. Supernatants
were used for enzyme analyses (Biemelt et al. 1998).

Ascorbate peroxidase activity was determined by

the Nakano and Asada method (1981). Twenty micro-

litres of the plant extract was added to 200 ll of solu-
tion containing 100 mM potassium phosphate at pH

7.0, 0.5 mM ascorbic acid, 0.1 mM hydrogen peroxide

and water. The activity was determined by the con-

sumption of H2O2 at 290 nm for 1 min at 25°C. The
molar extinction coefficient of 1.4/mM/cm was used

to calculate APX activity.

Superoxide dismutase activity was assessed by the

ability of the enzyme to inhibit photoreduction of

nitroblue tetrazolium (NBT) (Giannopolitis and Ries

1977) in incubation medium consisting of 50 mM

potassium phosphate at pH 7.8, 14 mM methionine,

0.1 lM EDTA, 75 lM NBT, 2 lM riboflavin and plant

extract. After incubation for 7 min in a closed incuba-

tor with 30-W fluorescent lamp, reading was per-

formed at 560 nm. One SOD unit was considered the

amount of enzyme able to be inhibited by 50% NBT

photoreduction under the assay conditions.

To obtain the extracts for enzymatic determination

of PPO, leaf tissue was macerated as already described.

Table 1 Primer sequences used for qRT-PCR analyses

Genes Primer sequences (50–30) Fragment size Accession number

POX F: GAAGTGAAGTCTCGGCATCC

R: CAGGCAGTCTCCCCTCTTTT

151 DQ124021.1a

CAT F: GCAGCTGGAAACTACCCTGA

R: AAGCCAAGCTGCTCATTCTC

194 DQ124022.1a

GLU F: ATGGCGCTCAAAATTACCAG

R: ATTGGGGTATGGAAGCATGA

244 DQ124030.1a

PAL F: GATGGGAAAGGGCACTGATA

R: GATGCCAGAGTACCCCTGAA

223 AF218454.1a

GAPDH F: TTGAAGGGCGGTGCAAA

R: AACATGGGTGCATCCTTGCT

59 SGN-U347734b

14-3-3 F: TGTGCTCTTTAGCTTCCAAACG

R: CTTCACGAGACATATTGTCTTACTCAAA

75 SGN-U356404b

aAccession number according to GenBank; bAccession number according to SOL Genomics Network; (F) Sequence of forward primer; (R) Sequence of

reverse primer.
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The powder was homogenized in 30 mM potassium

phosphate buffer at pH 7.0, 0.1 mM EDTA and water.

After centrifugation at 13 0009g for 25 min at 4°C,
the supernatant was used for the determination of

enzyme activity. Polyphenol oxidase activity was

determined according to the method by Kar and Mis-

hra (1976). Twenty microlitres of the plant extract

was added to 200 ll of solution containing 70 mM

potassium phosphate at pH 7.0 and 20 mM catechol.

After incubation at 30°C for 10 min, absorbance was

measured at 410 nm. The molar extinction coefficient

of 1.235/mM/cm was used to calculate PPO activity.

Total protein of each plant extract was measured

according to Bradford (1976) using a standard curve

of bovine serum albumin.

Data analyses

Data were subjected to analysis of variance (ANOVA)

and mean separation test using the Sisvar statistical

analysis software (Ferreira 2011). To examine the dif-

ference among treatments, Scott–Knott test at

P < 0.05 was carried out. The Scott–Knott test is a

powerful clustering method favoured over other pair-

wise multiple comparison tests due to the absence of

ambiguity among groups (Scott and Knott 1974).

Results

Protection of coffee seedlings against rust

Resistance-inducing treatments MnPhi and ASM sig-

nificantly reduced rust severity compared with the

water-sprayed treatment (control). MnPhi and ASM

treatments reduced rust severity up to 63 and 50% in

relation to the control, respectively (Table 2).

Analyses of expression of POX, CAT, GLU and PAL

genes

Molecular analyses to evaluate relative genes expres-

sion showed that MnPhi induced the expression of

POX, CAT, GLU and PAL genes. High level of expres-

sion was detected at 24 haa, differing from the other

time points at P < 0.05 (Fig. 1). At 24 haa, the rela-

tive expressions of POX, CAT, GLU and PAL genes

were, respectively, 9-, 12-, 33- and 2.5-fold higher

than the control treatment, which corresponds to the

dashed line in Fig. 1. The expression levels of CAT and

PAL genes were not statistically different at 12, 48 and

72 haa, and expression levels at these times were sim-

ilar or inferior to the control (water sprayed). How-

ever, expression of POX at 12 and 48 haa and GLU at

48 haa showed significant increase compared with

the control (Fig. 1).

Activities of APX, SOD and PPO enzymes

Biochemical analyses showed that MnPhi provided

increased activity of APX, SOD and PPO enzymes in

coffee seedlings with or without H. vatatrix inocula-

tion. The activity of APX in MnPhi-sprayed plants was

significantly different from the water-sprayed plants

(control) at 24, 48 and 72 haa (Fig. 2a). At these time

points, MnPhi induced 35–48 per cent increase in

APX activity compared with the control treatment. At

192 haa, there was no difference between treatments.

However, at 216 haa, coffee plants sprayed with

MnPhi showed 78% higher activity of APX than con-

trol plants, differing from other treatments. Signifi-

cant APX activity was also observed in plants treated

with MnPhi and inoculated with H. vastatrix at

240 haa, which was 21% higher than control plants

inoculated (Fig. 2a).

Superoxide dismutase activity showed non-signifi-

cant difference when comparing the MnPhi and the

control treatments before inoculation with H. vastatrix

(Fig. 2b). At 192 haa, the control and MnPhi sprayed

and inoculated with H. vastatrix treatments showed

significant higher SOD activity (P < 0.05) than the

non-inoculated treatments. At this time point, MnPhi

spraying followed by inoculation increased SOD activ-

ity by 55%, compared with the control inoculated

with H. vastatrix, and increased by 288%, compared

with the MnPhi spraying without inoculation. At 216

and 240 haa, there was no difference between treat-

ments (Fig. 2b).

Regarding PPO, MnPhi-treated plants induced sig-

nificantly 42% higher enzyme activity at 48 haa than

water-sprayed plants (control). There was no differ-

ence between treatments at 24 and 72 haa (Fig. 2c).

MnPhi-treated seedlings, either inoculated or not,

showed significantly higher PPO activity than inocu-

lated or non-inoculated water-sprayed seedlings,

among 66 and 133%, at 192 and 216 haa. At

Table 2 Effects of treatments on the area under the disease severity

progress curve (AUDSPC) of coffee seedlings and percentage of disease

control compared to the control treatment

Treatment AUDSPC* Control (%)

Manganese phosphite 18.6a 63.0

Acibenzolar-S-methyl 25.1a 50.0

Control (water) 50.2b –

*Treatments with same letter do not differ by the Scott–Knott test, at a

P value of 0.05.
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240 haa, plants sprayed with MnPhi and water and

inoculated with H. vastatrix differed from treatments

without inoculation. MnPhi-treated plants and inocu-

lated with H. vastatrix showed 261% higher activity of

PPO than control plants without inoculation (Fig. 2c).

Discussion

The effect of MnPhi on the interaction between coffee

seedlings and H. vastatrix was investigated. Foliar

spraying of MnPhi on coffee seedlings reduced the

severity of rust and activated defence responses.

MnPhi induced increased transcription of POX, CAT,

GLU and PAL genes in non-inoculated plants and pro-

vided increased activity of defence enzymes (APX,

SOD and PPO) in inoculated and non-inoculated

plants.

There are many reports of the use of Phi for control-

ling plant diseases caused by oomycetes (Jackson

et al. 2000; Daniel and Guest 2006; Eshraghi et al.

2011; Lobato et al. 2011; Machinandiarena et al.

2012). Although H. vastatrix is a basidiomycete, stud-

ies have demonstrated the efficacy of phosphite-based

products to control rust in coffee plantations (Dalio

et al. 2012). Furthermore, Costa et al. (2014) demon-

strated that MnPhi reduced rust severity by 62%

under field conditions. This glasshouse study showed

MnPhi is as effective as the standard elicitor ASM, by

reducing the severity of coffee rust up to 63%.

Studies show that phosphites also act indirectly by

inducing resistance in plants (Deliopoulos et al. 2010;

Eshraghi et al. 2011; Pilbeam et al. 2011; Lim et al.

2013). Furthermore, manganese present in MnPhi is

involved in important metabolic processes such as

biosynthesis of soluble phenols and lignin, being a

cofactor of phenylalanine ammonia-lyase and super-

oxide dismutase (Graham and Webb 1991; Marschner

2012). Therefore, the micronutrient manganese in

MnPhi possibly contributed to eliciting resistance in

coffee plants by inducing the expression of defence

genes such as PAL, increasing the activity of enzymes

such as SOD.
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Some authors reported that Phi induces resistance

in plants via oxidative burst, which consists of a

rapid accumulation of ROS, followed by increased

transcription of defence genes, including those of

PR proteins (Goellner and Conrath 2008; Eshraghi

et al. 2011; Machinandiarena et al. 2012; Lim et al.

2013).

Reactive oxygen species normally occur in cellular

metabolism, but when accumulated in high amounts

they become toxic to the cell. Plants under stress often

use a complex antioxidant defence system consisting

of antioxidants and a diverse array of enzymes, such

as superoxide dismutase, catalase, peroxidase, glu-

tathione reductase and APX. These enzymes clean
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Fig. 2 Activities of ascorbate peroxidase (a),

superoxide dismutase (b) and polyphenol oxi-

dase (c) enzymes in leaves of Coffea arabica

seedlings. Plants were sprayed with man-

ganese phosphite (MnPhi) and controls

sprayed with water. Arrows indicate inocula-

tion with Hemileia vastatrix (Hv) at 168 h after

application of treatments (haa). Error bars rep-

resent the standard error of the mean of three

replicates. ns, not significant; *significant by F-

test at each time point. For each time point,

bars followed by different letters are statisti-

cally different by the Scott–Knott test

(P ≤ 0.05).
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ROS and protect cells from oxidative damage (Hossain

and Uddin 2011). Fernandes et al. (2014) found

increased activity in SOD, CAT and APX enzymes in

coffee seedlings after MnPhi spraying in the absence

of pathogen. The current study showed that MnPhi

induced increase in SOD and APX activity in leaves of

coffee seedlings after infection with H. vastatrix. Fur-

thermore, increased transcription levels of POX and

CAT genes also indicated their possible action in ROS

cleaning.

b-1.3-glucanase, phenylalanine ammonia-lyase and

polyphenol oxidase enzymes are important in plant

defence against pathogens. b-1.3-glucanase is a PR

protein with antimicrobial activity, as it is able to

hydrolyse glucans in fungal cell walls (Durrant and

Dong 2004). Phenylalanine ammonia-lyase is a key

enzyme in the phenylpropanoid pathway which leads

to the formation of lignin and phenolic compounds

(Raes et al. 2003). Polyphenol oxidase can oxidize

phenolics into more toxic compounds, thereby

increasing the degree of resistance to infection (Pour-

cel et al. 2007). In this study, coffee seedlings sprayed

with MnPhi showed higher PPO activity and

increased transcript levels of GLU and PAL genes that

possibly translated into their respective enzymes. This

fact certainly allowed for greater defence against cof-

fee rust.

Immediately after inoculation with H. vastatrix, the

fungus develops various specialized structures for

infection. The literature shows that germination of

urediniospores ceases between 8 and 24 h after inoc-

ulation (hai) and at the same time appressorium for-

mation occurs. Generally, the initial formation of

penetration hyphae occurs by 17 hai and the hausto-

rium is observed between 36 and 48 hai (Silva et al.

2008; Diniz et al. 2012). In this work, it was observed

that coffee seedlings sprayed with MnPhi and inocu-

lated with H. vastatrix presented high SOD activity at

24 hai (192 haa), PPO at 24 and 48 hai (192 and

216 haa) and APX at 72 hai (240 haa). By comparing

the infection process of the pathogen and the enzy-

matic activity here described, an oxidative burst cer-

tainly occurred in leaves of coffee seedlings at early

stages of infection.

After treatment with Phi, responses of susceptible

plants eventually become similar to those of plants

naturally resistant to certain pathogens (Daniel and

Guest 2006). Studies have shown that resistance to

H. vastatrix in a number of coffee genotypes is

expressed by a large release of hydrogen peroxide at

39 hai and a rapid, localized death of plant cells asso-

ciated with fungal growth at 48 hai, as well as

increased phenolic compounds and activities of

defence enzymes at 24, 48, 72 and 96 hai (Silva

et al. 2002, 2008; Guerra-Guimar~aes et al. 2009;

Ramiro et al. 2009). During an incompatible interac-

tion between coffee plants and H. vastatrix, Ramiro

et al. (2009) found high generation of hydrogen per-

oxide and increased transcription of genes encoding

PR proteins at 39 h after pathogen inoculation,

while Silva et al. (2002, 2008) observed localized

cell death at 48 hai, phenolic compound accumula-

tion and increased activity of phenylalanine ammo-

nia-lyase at 48 and 120 hai and increased

peroxidase activity at 24 and 120 hai. Guerra-
Guimar~aes et al. (2009) reported an increase in

chitinase activity at 24 and 72 hai. This study

demonstrated that MnPhi induced the expression of

defence genes POX, CAT, GLU and PAL at 24 haa.

Furthermore, MnPhi provided increased activity of

APX, SOD and PPO enzymes.

Silva et al. (2008) demonstrated the occurrence of

two peaks of peroxidase activity during the incompat-

ible interaction between coffee plants and H. vastatrix.

The first peak occurs before or at the beginning of cell

death, suggesting peroxidase involvement in fungal

action. The second peak can be related to lignification

of host tissue, which occurs around 5–7 days after

inoculation. Analysis of POX gene expression induced

by MnPhi in coffee showed increased transcript levels

at 12–48 haa, with the highest level at 24 haa. It can

be inferred that this increase in POX gene transcripts

is related to cleaning of ROS. Although the evaluation

of transcript levels was carried out only until 3 days

after MnPhi application, it can also be inferred that

the phenylpropanoid pathway was activated because

of increased PAL gene transcripts and PPO enzyme

activity.

The results of this study show that MnPhi reduces

the severity of rust in coffee seedlings. Furthermore,

they provide evidence that this compound induces

transcription of defence genes (POX, CAT, GLU and

PAL) and increase the activity of clean-up enzymes

after oxidative stress (APX, SOD and PPO), suggesting

that MnPhi is a promising alternative for the manage-

ment of coffee diseases.
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