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1  | INTRODUC TION

Phoma leaf spot (Phoma tarda (R.W. Stewart) H. Verm.) is one of the 
major diseases in coffee plantations. Symptoms include leaf lesions, 
dry branches, rotted flowers and fruits with their subsequent fall-
ing, thus reducing crop yield (Pozza, Carvalho, & Chalfoun, 2010). 
Disease is favoured by temperatures under 20°C and leaf wetness 
that is not necessarily caused by high-intensity rainfall (Santos et al., 
2014). In such conditions, the crop losses caused by the disease may 

range from 15 to 43% (Nojosa, Resende, Barguil, Moraes, & Vilas 
Boas, 2009).

The Brazilian Coffea arabica L. cultivars are susceptible to phoma 
leaf spot. Chemical control is performed periodically in areas prone 
to epidemics. However, consumers are increasingly demanding food 
with little or no residual fungicides (Aktar, Sengupta, & Chowdhury, 
2009). Thus, coffee farmers are currently seeking reduced pesticide 
options or management strategies against diseases increasing yield 
as well as reducing production costs. In this context, both the mineral 
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Abstract
The growing demand for alternative strategies for plant disease management has 
sought a reduction in the use of fungicides via the employment of resistance inducers 
and foliar fertilizers, among others. Therefore, this study aimed at evaluating the fol-
lowing foliar fertilizers for the management of phoma leaf spot: a foliar fertilizer 
based on macro- and micronutrients (Fmm: 10% N, 4% S, B, 5% Fe and 5% Zn); one 
based on cobalt and molybdenum (Fcm: 2% Co and 3% Mo); manganese phosphite 
(FMn: 30% P2O5 and 9% Mn); and the FMn+Fmm, Fcm+Fmm and FMn+Fcm+Fmm 
associations compared to a boscalid fungicide and a control with no treatment. The 
disease severity, the chlorophyll a and b contents, the net photosynthetic rate (LPR), 
the phenylalanine ammonia lyase (PAL) activity and the lignin content in leaves were 
assessment. Based on the severity, the area under the disease severity progress 
curve (AUSPC) and the efficiency of disease control in relation to untreated plants 
were calculated. The experimental design was in randomized blocks with eight treat-
ments and three replications. Treatments FMn+Fmm and Fcm were the most effec-
tive in reducing the AUPSC in comparison with the control and promoted an increased 
activity of PAL. FMn was the treatment that promoted the highest increase in the 
LPR. There were no effects of the treatments on the lignin content compared to the 
control.
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nutrition and resistance induction are able to improve plant defence 
(Huber, 1980). These management strategies can decrease the rate 
of disease progress, contributing to a reduction of fungicide use.

The nutritional imbalance of macro- and micronutrients can in-
crease the intensity of phoma leaf spot in coffee trees (Lima et al., 
2010). Foliar sprays of fertilizers have been used to provide es-
sential micronutrients for metabolic pathways necessary to rein-
force resistance barriers against plant pathogens, such as the wax 
layer and the cell wall, in addition to acting as cofactors of several 
enzymes involved in defence responses, chlorophyll content and 
photosynthesis (Gong et al., 2011; Pozza & Pozza, 2012; Taiz & 
Zeiger, 2013). Therefore, foliar sprays of fertilizers have direct and 
indirect effects on the management of coffee diseases (Lichston & 
Godoy, 2006). These micronutrients may also be supplied in asso-
ciation with resistance inducers such as phosphites, allowing both 
nutritional balance and resistance induction (Costa et al., 2017; 
Gadaga, Abreu, Resende, & Ribeiro Júnior, 2017). Nojosa et al. 
(2009) observed a reduction of up to 80% in the severity of phoma 
leaf spot in coffee seedlings with the foliar pulverization of potas-
sium phosphite, acibenzolar-S-methyl and a leaf fertilizer formu-
lation consisting of boron, copper, sulphur, manganese and zinc. 
Costa et al. (2014) found a reduction of 72% in the area under 
the severity progress curve (AUSPC) of coffee rust with the foliar 
spraying of manganese phosphite. However, the evaluation of dif-
ferent formulations of micronutrients mixed with phosphites and 
their implication in the photosynthesis has not yet been studied.

The objectives of this research were to verify the effect of for-
mulations of foliar fertilizers and phosphites on coffee seedlings for 
phoma leaf spot management and on the activity of phenylalanine 
ammonia-lyase (PAL), lignin content, chlorophyll a and b contents 
and photosynthesis.

2  | MATERIAL AND METHODS

Four trials were performed to investigate the effect of three formu-
lations of foliar fertilizers on the protection against phoma leaf spot 
and net photosynthesis in coffee seedlings. All trials were replicated 
twice.

2.1 | Inoculum and plant material obtention

The fungus P. tarda was isolated from symptomatic coffee leaves 
collected in the plantations in the municipality of Santo Antônio 
do Amparo, State of Minas Gerais, Brazil, and transferred to  
Petri dishes containing 2% malt agar culture medium. After 
15 days of incubation in biological oxygen demand (B.O.D.) at 
20°C and a photoperiod of 12 hr of light, colonies with conidia 
and mycelium were scraped, added to 200 ml water agar (0.2%) 
and crushed in a blender for 1 min. The suspension was calibrated 
in a Neubauer chamber to adjust the concentration to 1 x 105 
conidia.m/L.

The susceptible cultivar used in all trials was seven-month-old 
Mundo Novo 379/19 with six leaf pairs. The seeds were planted 
in 0.5 L plastic bags. Seedlings were maintained in a growth cham-
ber, where trials were performed at 20 ± 2°C and 70% moisture for 
15 days before carrying out the experiments.

2.2 | Treatments

Commercial formulations of foliar fertilizers based on macro- and 
micronutrients compared to a commercial fungicide and the control 
pulverized only with water were used; thus, there were a total of 
eight treatments (Table 1).

Treatments Specification Dosage

1.Control — —

2. Fungicida (boscalid) Fungicide 0.375 g/L

3. Foliar fertilizer based on macro- and 
micronutrients (10% N, 4% S, B, 5% Fe and 
5% Zn)

Fmm 7.5 ml/L

4. Foliar fertilizer based on cobalt and 
molybdenum(2% Co and 3% Mo)

Fcm 2.5 ml/L

5. Manganese phosphite (30% P2O5 and 9% 
Mn)

FMn 3.5 ml/L

6. Manganese phosphite + Foliar  
fertilizer based on macro- and 
micronutrients

FMn +
Fmm

3.5 ml/L
7.5 ml/L

7. Foliar fertilizer based on cobalt and 
molybdenum + Foliar fertilizer based on 
macro- and micronutrients

Fcm +
Fmm

2.5 ml/L
7.5 ml/L

8. Manganese phosphite+ Foliar fertilizer 
based on cobalt and molybdenum + Foliar 
fertilizer based on macro- and 
micronutrients

FMn +
Fcm+
Fmm

3.5 ml/L
2.5 ml/L
7.5 ml/L

aTreatments added with adhesive spreader Natur’l oil (0.5%).

TABLE  1 Treatments used in trials to 
evaluate the effect of foliar fertilizers in 
coffee seedlings regarding the protection 
against phoma leaf spot, chlorophyll a and 
b contents and photosynthesis
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2.3 | Foliar fertilizers for the protection of coffee 
seedlings to phoma leaf spot

To investigate the effect of foliar fertilizers on the protection of cof-
fee seedlings against phoma leaf spot, the treatments (Table 1) were 
sprayed on the leaves of seedlings. The experimental design was in 
randomized blocks with two plants per experimental unit and three 
replications.

Fertilizer application was carried out using a hand sprayer up to 
the dripping point on both sides of the leaves. P. tarda was inoculated 
7 days after the spraying treatments (Nojosa et al., 2009). Then, in-
oculated plants were kept in a moist chamber for 5 days, with the 
aid of plastic bags, where seedlings were acclimatized at 20 ± 2°C.

After the onset of symptoms, five severity assessments of phoma 
leaf spot were carried out at seven-day intervals. Five pairs of leaves 
were evaluated in each of the two plants in the replication, making 
a total of 20 leaves per plot. The severity was determined by dia-
grammatic scale (Salgado, Pozza, Lima, Pereira, & Pfenning, 2009). 
Disease progress curves were plotted. The area under the disease 
severity progress curve (AUSPC) was calculated according to Shaner 
and Finney (1977). Using the AUSPC data, the efficiency of disease 
control in relation to untreated plants was obtained.

2.4 | Chlorophyll a and b contents and net 
photosynthetic rate in coffee seedlings

This trial was conducted in a randomized block design with three 
replications and two plants per replication with the treatments de-
scribed in Table 1. The chlorophyll a and b contents and the liquid 
photosynthetic rate were then calculated. Five evaluations of the 
chlorophyll a and b contents were determined in four leaves from 
the middle third of the plants (8 plants per plot). The first evaluation 
was performed before the treatments. Thus, four readings per leaf 
were carried out using a portable chlorophyll meter SPAD-502® (Soil 
Plant Analysis Development). Afterwards, a standard curve for chlo-
rophyll was made according to Arnon (1949) using coffee leaves with 
different shades of green (from yellowish leaves to dark-greenish 
leaves) to correlate the colour of leaves with the chlorophyll meter 
readings. The chlorophyll concentrations were calculated with the 
Whitham, Blaydes, and Devlin (1971) formulas:

Chlorophyll a = ((12,7 × A663–2,69 × A645) V 1000 MF) and
Chlorophyll b = ((22,9 × A645–4,68 × A663) V 1000 MF), where A 

is the absorbance, V is the final volume of extract (10 ml) and MF is 
the weight of the fresh plant in grams.

The chlorophyll production curves were plotted against these 
data. From the chlorophyll content, the areas under the progress 
curve of chlorophyll A (AUACPC) and B (AUBCPC) were measured 
according to Shaner and Finney (1977). The percentage of efficacy 
of each treatment in comparison to the control to Abbott (1925) was 
also measured.

The liquid photosynthetic rate was measured using the in-
frared gas analyser (IRGA) LI-6400XT Portable Photosynthesis 
System, LI-COR® (Lincoln, USA), in fully expanded leaves at the 

third or fourth pair of leaves 28 days following the spraying treat-
ment. Readings were performed at approximately 9 and 10 hours 
in the morning using an artificial source of photosynthetically ac-
tive radiation (PAR) in a closed chamber adjusted at 1,000 μmol 
photons m−2 s−1 (Blue + Red LED LI-6400-02B, LI-COR, Lincoln, 
USA).

2.5 | Phenylalanine ammonia-lyase (PAL) 
activity and lignin content in coffee seedlings

The activity of phenylalanine ammonia-lyase (PAL) and the lignin 
content were evaluated with the previously described treatments.

To analyse PAL activity, all treatments were inoculated, and then, 
four fully expanded leaves in the middle third were collected from 
each plant at 24, 48, 96 and 192 hr following the application of the 
treatments (Silva et al., 2014). To evaluate the lignin content, leaves 
were collected at 192 hr following the application. The experiment 
was performed in a completely randomized design with three repli-
cations and 8 plants per replication.

Collected leaves were packed in aluminium foil, frozen in liquid 
nitrogen and subsequently stored in a freezer at −80°C until further 
analyses. To obtain the enzymatic extract and determine the PAL ac-
tivity, samples of leaf tissue weighing 1 g were macerated in liquid ni-
trogen in a mortar with 1% (p/v) polyvinylpyrrolidone (PVP) until the 
tissue became a fine powder. The powder was homogenized in 2 ml 
100 mM potassium phosphate buffer (pH 7.0). The homogenate was 
centrifuged at 14,000 × g for 25 min at 4°C. The supernatant was 
used to determine the PAL activity (Zucher, 1965). The absorbance 
derived from the trans-cinnamic acid was measured at 290 nm, and 
a molar extinction coefficient 104 mM−1 cm−1 was used to calculate 
the activity of PAL, which was expressed in μM min−1 mg−1 protein. 
The total protein content was quantified in the same extract, accord-
ing to Bradford (1976).

To determine the total soluble lignin content, leaves were crushed 
in liquid nitrogen until they became a fine powder and then were 
lyophilized for 24 hr. An aliquot of 30 mg of this material was used 
to determine the lignin content using the thioglycolic acid method 
(Rodrigues, Jurick, Danoff, Jones, & Rollins, 2005).

2.6 | Statistical analyses

To verify the assumptions of the analyses of variance, data of all 
variables were subjected to the Shapiro–Wilk test. The variables sig-
nificant in the F test were subjected to the Scott–Knott test at 5% 
probability using the statistical software R 3.1.3.

3  | RESULTS

3.1 | Foliar fertilizers for the protection of coffee 
seedlings against phoma leaf spot

A higher severity of phoma leaf spot (25%) was found at the 35th 
days after inoculation (DAI), while for the fungicide, the maximum 
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severity was 2%. The other treatments had intermediate sever-
ity values, with lower disease progress observed in the treatments 
Fcm and FMn+Fmm, ranging from 2 to a maximum of 7% at the 35th 
DAI (Figure 1A). Concerning AUDSPC, all treatments differed from 
the controls. The fungicide differed from all the others, with a 97% 
control, followed by Fcm and FMn+Fmm, with 74 and 69% control, 
respectively (Figure 1B).

3.2 | Chlorophyll a and b contents and net 
photosynthetic rate of coffee seedlings

The treatments maintained high levels of chlorophyll a and b 
contents throughout the evaluations compared to the controls 
(Figures 2A and 2C). For AUACPC and AUBCPC, all treatments dif-
fered from the controls (p ≤ 0.05). For both, Fmm and the fungicide 
obtained the best results and provided increases of 22 and 19% in 
the AUACPC and 14 and 13% in the AUBCPC, respectively. Fcm, 
Fcm+Fmm, FMn+Fmm, FMn and FMn+Fcm+Fmm differed from the 
controls but presented a decreased effect when compared to Fmm 
and the fungicide (Figures 2B and 2D).

The net photosynthetic rate (LPR) was higher for all treat-
ments in relation to the controls. FMn and the fungicide were  
improved compared to the other treatments and provided in-
creased LPR from 138 to 215%, respectively, while the other 
treatments exhibited an intermediate behaviour differing from 
the controls, with increased LPR ranging from 138% to 215% 
(Figure 3).

3.3 | Phenylalanine ammonia-lyase activity and 
lignin content in coffee seedlings

Fcm+Fmm and FMn+Fcm+Fmm differed from the control re-
garding lignin content and provided increases of 22 and 36%, re-
spectively. The other treatments did not differ from the control 
(Figure 4A). Phenylalanine ammonia-lyase (PAL) reached peak activ-
ity at 96 hours following treatment application. FMn+Fmm and Fcm 
treatments provided broader activity peaks in PAL activity when 
compared to the control with stable activity throughout the assess-
ments, while Fcm+Fmm had a progressive increase in activity, with a 
final peak at 192 hr (Figure 4).

F IGURE  1 Effect of the treatment 
on: the progress of the severity (A), area 
under the disease severity progress curve 
(AUSPC) (B) of phoma leaf spot in coffee 
seedlings cultivar Mundo Novo and the 
percentage of control (%) provided by 
the treatments. Bars with the same letter 
do not differ according to Scott–Knott 
(p ≤ 0.05)
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4  | DISCUSSION

Foliar fertilization is an essential practice for cultivating coffee trees, 
and its effects may go beyond nutrition. As the nutrients in the for-
mulations of commercial fertilizers may be cofactors of enzymes 
related to plant defence against pathogens, the spraying of such 
products may interfere disease intensity. Treatments had the high-
est disease control as well as the lowest AUSPC in comparison with 
the control. Such compounds are present in high concentrations in 
coffee tree tissues, and they are also bioactive and able to trigger 
the plant defence against biotic stresses mostly when they are oxi-
dized to quinones, which are compounds with an even higher toxic-
ity (Santos et al., 2007). Costa et al. (2014) also observed a 72% and 
58% reduction in the brown eye spot and rust intensity, respectively, 

in coffee trees following the spraying of manganese phosphite; how-
ever, they did not study its effects on net photosynthesis.

In this study, the treatments that provided control of phoma leaf 
spots significantly increased the chlorophyll a and b contents, the 
liquid photosynthetic rate and the PAL activity. The increase of chlo-
rophyll a and b and the photosynthetic rate increased the green leaf 
area and decreased the disease intensity because of the reduction 
of necrotic area in relation to the total area of the leaf. In addition, 
it provided more glucose, or energy, for cell processes, among them 
those involved in the defence mechanism, balancing the amounts 
to avoid the accumulation of carbohydrates in the cuticle and their 
subsequent use by pathogens.

The FMn is a formulation comprising phosphorus (P), as phos-
phite and manganese (Mn). According to Dalio et al. (2012), this 

F IGURE  2 Effect of treatments on the production of chlorophyll a (A) and b (B), the area under the progress curve of chlorophyll a 
(AUACPC) (C) and chlorophyll B (AUBCPC) (D) content and their respective increases in comparison with the controls. Bars with same letter 
do not differ according to the Scott–Knott test (p ≤ 0.05)
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form of phosphorus is not metabolized by the plant as a nutrient; 
therefore, the increased photosynthetic rate provided by this foliar 
fertilizer is due to the manganese. Manganese (Mn) is an essential 
element to the growth and development of plants and it is required 
in several metabolic processes, mostly in photosynthesis, which uses 
the light energy to oxidize water and oxygen in the reaction centre of 
photosystem II (PSII). Four manganese atoms present in this centre, 

along with one calcium atom, are responsible for the transfer of four 
electrons to photosystem I (PSI) (Gong et al., 2011; Taiz & Zeiger, 
2013); therefore, any increase or decrease in the supply of Mn to the 
plant may affect photosynthesis.

The higher concentration of chlorophyll a and b in coffee seed-
lings treated with Fmm was probably because Fmm has nitrogen in 
its formulation, which is a component of the chlorophyll molecule. 

F IGURE  3 Effect of treatments on the 
liquid photosynthetic rate (LPR) and their 
increases in comparison to the control. 
Means with the same letters do not 
differ according to the Scott–Knott test 
(p ≤ 0.05)
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According to Godoy, Santos, Villas Boas, and Leite Júnior (2008), 
there is a correlation between chlorophyll meter readings, chloro-
phyll content and the concentration of nitrogen in coffee leaves. 
Thus, according to Reis, Furlani Júnior, Buzetti, and Andreotti (2006), 
the increased dosages of nitrogen provided to plants promote higher 
SPAD reading values because of the increased chlorophyll contents.

The effect of the FMn+Fmm treatment on the PAL activity 
and lignin content is due to the manganese present in this mixture. 
According to Gong et al. (2011), manganese triggers approximately 
35 enzymes involved in different processes, and among them, there is 
PAL—a key enzyme in the metabolism of phenolic compounds, cataly-
sis and deamination of phenylalanine to cinnamic acid which, in turn, 
is a key substrate for the synthesis of lignin and phenolic compounds.

The cobalt and molybdenum ions present in Fcm are cofactors of 
enzymes and metabolic pathways for the synthesis of plant defence 
compounds (Graham & Webb, 1991).

5  | CONCLUSIONS

Fcm and the FMn+Fmm mixture are, among the foliar fertilizers 
tested, the most effective treatments to reduce the severity of 
phoma leaf spot in coffee seedlings, increasing PAL activity. Fmm 
provided the highest increase in the chlorophyll a and b contents, 
and manganese phosphite (FMn) was the treatment that provided 
the highest net photosynthetic rate.
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