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Abstract

The study evaluated the severity of leaf spots caused by Bipolaris maydis and Cercospora
fusimaculans in Panicum maximum subjected to different liming and phosphate fertilization
levels. A randomized block design was used ina 6 x 2 x 5 factorial arrangement, consid-
ering six genetic materials of P. maximum, two cultivars (BRS Tamani and BRS Zuri) and
four genotypes (PM422, PM408, PM414 and PM406), two phosphorus (P) doses (P19 and
P116 mg dm?) and five limestone doses (0, 326, 653, 1306 and 2612 mg dm?). A significant
interaction between Forage and P doses was observed for both pathogens (p < 0.0001 and
p = 0.0001, respectively). The severity of C. fusimaculans decreased at P116 in the genotypes
PM406, PM408, PM422 and Tamani. A P x Limestone interaction was detected for both
pathogens (p = 0.0270 and p = 0.0077), with lower severity at P116. For B. maydis, limestone
doses did not significantly differ. For C. fusimaculans, at P19, lower severity was observed
at 1306 mg dm 3 limestone, while at P116, the lowest severity occurred at 2612 mg dm 3.
No significant Forage x Limestone interaction was found. The Forage x P doses x Days
interaction (p = 0.0005) influenced B. maydis severity, while the Forage x Days interaction
(p < 0.0001) affected C. fusimaculans. Phosphate fertilization and liming reduce the severity
of Bipolaris maydis and Cercospora fusimacula in different genotypes on Panicum maximum.

Keywords: Bipolaris maydis; Cercospora fusimaculans; forage plant disease; fungus;
Panicum maximum; mineral nutrition

1. Introduction

Brazil stands out among the world’s leading livestock producing countries, with an
estimated herd of approximately 234 million head [1]. Pastures are one of the largest and
most important ecosystems in the country, as they represent the basis of animal feed [2].
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This dependence on pastures reinforces the importance of maintaining their quality and
health for the sustainability of livestock farming.

In several regions, pasture areas are composed of a limited number of cultivars, most
of which are propagated clonally, resulting in low genetic diversity [3]. This homogeneity
increases the susceptibility of plants to pests and diseases and can compromise the stability
of ecosystems, since monocultures favor the spread of pathogens [4]. The genetic limita-
tion of forage grasses is therefore a significant challenge for breeding and phytosanitary
management programs.

Plant mineral nutrition plays a key role in disease resistance through histological,
morphological, and chemical changes. Nutrient deficiency or excess can directly influence
the survival, reproduction, and development of pathogens [5,6]. Structurally, defense mech-
anisms involve the accumulation of minerals—such as Co, Cu, Fe, Mn, and Zn—precursors
of phenolic compounds, as well as the formation of lignified layers in cell walls. These
elements contribute to strengthening the physical and chemical barriers of plants against
the penetration and colonization of infectious agents [7].

The interaction between fungi and grasses can occur in a pathogenic or symbiotic
manner [8]. Leaf spot caused by the fungus Bipolaris maydis is considered a fungal disease
with a major impact on the species Panicum maximum (syn. Megathyrsus maximus), having
been initially reported by Charchar et al. [9] as responsible for significant production losses
in Tanzania pastures in Brazil. This disease has also been observed affecting grasses of the
genus Brachiaria spp. [10,11]. Another relevant disease that affects Panicum maximum is
caused by Cercospora fusimaculans, often identified in humid tropical soils, where it can also
infect important species such as Brachiaria spp., Pennisetum spp. and Setaria spp. [12]. Both
diseases have attracted increasing attention due to their wide distribution and the damage
they cause to the productivity and longevity of tropical pastures.

Leaf spots on grasses are usually caused by a complex of pathogens, with Bipolaris
maydis and Cercospora spp. being the main agents. Infection by B. maydis manifests itself as
elongated, elliptical or fusiform lesions, brown in color with a dark halo, which coalesce
under favorable conditions, leading to extensive necrosis of the leaf blade [13]. Symptoms
associated with Cercospora spp. are characterized by angular and rectangular lesions,
delimited by veins and presenting a grayish or beige central coloration [14].

Research conducted in the Qinghai-Tibetan Plateau in China investigated the severity
of fungal leaf diseases in perennial herbaceous plants of five different species (Oxytropis sp.,
Potentilla anserina, Ranunculus membraneceus, Saussurea nigrescens and Stellaria spp.), ob-
serving an increase in disease severity after the addition of phosphorus [15]. In contrast,
studies conducted in tropical agroecosystems indicate that phosphate fertilization can
induce resistance in soybean plants, reducing the incidence of fungal diseases [16-18].
These discrepancies indicate that the effect of phosphorus on plant resistance may vary
depending on the species, environmental conditions and the level of nutrient availability in
the soil.

Thus, the objective of this study was to evaluate damage to tropical forage crops
Panicum maximum resulting from the appearance of leaf spots caused by Bipolaris maydis
and Cercospora fusimaculans under different doses of phosphorus and limestone.

2. Materials and Methods

The experiment was conducted in a greenhouse facility at Embrapa Beef Cattle, situ-
ated in the municipality of Campo Grande, Mato Grosso do Sul, Brazil (20°44" S, 54°72' W,
530 m above sea level). The evaluation period was from September 2021 to February
2022, encompassing a total of 162 experimental days. The soil employed in this study was
sourced from a typical dystric Red Oxisol, collected from the cerrado biome, specifically
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from a depth layer of 20-40 cm. The soil had previously been utilized for extensive pasture

grazing without any chemical fertilization (Table 1).

Table 1. Chemical characteristics of the soil before the start of the experiment evaluations.

TRT

pH Ca** Mg+* K* Al H+ Al S T CEC BS m oM PM1
(mg dm—3)

P CaCO3 CaCl, cmol/dm3 % dag/dm3 mg/dm3

0 4.61 0.45 0.26 0.17 0.29 5.04 0.88 5091 1.16 14.8 24.6 2.56 4.60

326 4.72 0.58 0.47 0.14 0.18 5.00 1.20 6.20 1.38 19.40 13.10 2.58 4.62

116 653 4.97 0.77 0.64 0.12 0.10 4.90 1.54 645 1.64 23.90 5.80 2.58 4.28

1306 5.12 1.06 0.92 0.14 0.04 4.49 212 6.61 2.16 32.1 2.00 2.49 3.65

2612 5.62 1.86 1.67 0.13 0.00 3.80 3.66 746 3.66 49.10 0.00 2.45 3.86

0 4.65 0.24 0.22 0.12 0.39 490 058 549 0.98 10.70 40.10 2.95 1.10

326 4.71 0.41 041 0.10 0.21 497 091 5.88 1.12 15.5 18.90 2.73 1.63

19 653 4.86 0.56 0.59 0.07 0.12 4.87 1.23 6.1 1.34 20.1 8.70 3.02 0.76

1306 5.22 1.05 0.98 0.13 0.03 5.00 216 7.16 2.19 30.1 1.50 2.57 0.88

2612 5.49 1.57 1.47 0.14 0.00 4.09 3.18 727 3.18 43.8 0.00 2.70 0.86

TRT—treatment; pH—potential of hydrogen; Ca**—calcium; Mg**—magnesium; K—potassium;
Al*¥®*—aluminum; H + Al—SMP buffer pH; S—sum of bases (Ca + Mg + K); T—potential CEC
(H + Al + Ca + Mg + K); BS—Dbase saturation [(S/T) x 100]; m—aluminum saturation percentage; OM—organic
matter, modified South Dakota; PM1—phosphorus in Mehlich extract; P—phosphorus doses; CaCOz—calcium
carbonate (limestone); CaCl,—calcium chloride.

The experimental design utilized a randomized block arrangement, adopting a
6 x 2 x 5 factorial design. This design incorporated six distinct forage forages of the species
Panicum maximum. Two phosphorus application rates were administered (19 mg dm~3,
P19, and 116 mg dm™3, P116), five different dolomitic limestone application doses, namely,
0, 326, 653, 1306, and 2612 mg dm~3. Three replications were performed, with individual
pots serving as the experimental units and each pot containing 2.55 dm 3 of soil.

Liming was applied 40 days before sowing, with moisture close to field capacity
to allow the limestone to react. After that, P was added. Each container received the
following nutrients per unit volume: 58.82 mg dm ™2 of sulfur (S), 12.94 mg dm 3 of
zinc (Zn), 12.94 mg dm3 of copper (Cu), 3.24 mg dm~3 of boron (B), and 1.61 mg dm—3
of molybdenum (Mo). These elements were sourced from elemental sulfur, zinc sulfate,
copper sulfate, sodium borate, and ammonium molybdate, respectively. The soil was
allowed to incubate for a period of 40 days, maintaining moisture levels close to field
capacity to facilitate limestone reaction. Sowing was conducted on 9 September 2021, with
an initial seeding of 50 seeds per pot. Thinning was carried out on the 15th day post-sowing,
retaining five plants per pot under irrigation to start the experiment assessments.

Throughout the 162-day experimental period, maintenance fertilization was adminis-
tered the day following each harvest, occurring at 28-day intervals. The fertilizer application
doses were 588 mg dm 2 for nitrogen (N) and 488 mg dm 2 for potassium (P), employing
urea as the source of N and potassium chloride as the source of K.

To assess the severity of leaf spots caused by Bipolaris maydis and Cercospora fusimaculans,
we utilized a diagrammatic scale developed by Martinez-Franzener [19] and modified by
Fernandes et al. [20].

Following the second harvest, we observed the presence of leaf spots attributed
to B. maydis and C. fusimaculans (referred to as A and B, respectively) (Figure 1). Three
assessments were conducted two days prior to the third, fourth, and fifth harvests. Subse-
quently, we calculated the area under the disease progress curve (AUDPC) [21] using the
following formula:

AUDPC = Y in — 1[(Xi + Xi + 1) x 0.5] x [ti + 1 — ti]
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where n is the number of evaluations, X represents disease severity; and [ti + 1 — ti] denotes
the interval of consecutive evaluations.

Figure 1. Leaf spots by Bipolaris maydis and Cercospora fusimaculans ((A) and (B), respectively).

The recorded disease assessment data were transformed to /SEV + 0.01 and subjected
to variance and regression analyses. The mathematical model included fixed effects for
cultivar, P doses, limestone doses, and their interactions. Analyses at 30 and 60 days after
the first symptoms of spots were also considered. Forage effects were evaluated using
Tukey’s test at a 5% significance level, while the effect of limestone doses was analyzed
using a regression equation. Linear and quadratic models were tested and selected based
on the significance of the regression coefficients, employing a significance level of 5%.

3. Results

There was an interaction effect between P doses and limestone doses, observed for
B. maydis (p = 0.0270) and C. fusimaculans (p = 0.0077). Lower disease severity attributed
to B. maydis was observed at the P116 dose, while the highest severity was observed
at the P19 dose (Table 2). However, severity values within the limestone doses did not
significantly differ for B. maydis, both at P116 and P19.

Table 2. Severity of leaf spot caused by Bipolaris maydis and Cercospora fusimaculans in Panicum
maximum forages as a function of P and limestone doses.

AUDPC Bipolaris maydis
Limestone Doses (mg dm—3)
P Doses (mg dm—3)
0 326 653 1306 2612 SEM LSD p-Value

19 33.5aA 30.6 aA 41.1 aA 34.4 aA 26.8 aA 397 1555  0.1202
116 14.0 bA 20.0 aA 15.0 bA 19.1 bA 25.1aA 397 1555  0.2673

AUDPC Cercospora fusimaculans
19 92.4 aAB 1022aA 953 aAB 84.6 aB 925aAB 434 1696  0.0854
116 81.5aA 755bAB  67.5bAB 78.7 aA 59.3bB 434 1696  0.0029

Means followed by common lowercase letters in the column and uppercase letters in the row do not differ from
each other according to Tukey’s test at 5%. AUDPC: area under the disease progress curve. p-value: probability of
a significant effect. SEM: standard error of the mean. LSD: least significant difference.

A significant interaction effect between Forage x P doses was observed for B. maydis
(p < 0.0001) and C. fusimaculans (p = 0.0013) (Table 3). The highest disease severity due to
B. maydis was observed in cv. Tamani, and the lowest in PM406, PM414, and Zuri under
P19. When the phosphorus doses were P116, cv. Tamani still exhibited greater severity.
However, lower severity values, similar to each other, were observed in forages PM422,
PM408, Zuri, PM414, and PM406. For C. fusimaculans, the greatest disease severity was
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observed at the P19 doses in forages PM406, PM408, PM422, and Zuri, while the lowest was
in forages Tamani and PM414. At P116, severity was lowest in the Tamani forage, whereas
the greatest severity was similar across the other forages except PM408.

Table 3. Severity of leaf spot caused by Bipolaris maydis and Cercospora fusimaculans in Panicum
maximum forages as a function of P doses.

P Doses (mg dm—3)

Forage 19 116 p-Value
AUDPC (Bipolaris maydis)
Tamani 113.8 aA 43.9 aB <0.0001
PM422 29.2bA 17.6 bA 0.0549
PM408 24.9 bcA 14.8 bA 0.0930
Zuri 16.2 bcdA 8.8 bA 0.2175
PM414 9.7 cdA 14.6 bA 0.4124
PM406 6.0 dA 12.1 bA 0.3040
Mean 33.3 18.6
AUDPC (Cercospora fusimaculans)
Tamani 69.1 cA 444 cB 0.0004
PM422 107.2 aA 75.3 aB <0.0001
PM408 95.4 abA 55.1bB <0.0001
Zuri 99.9 abA 93.9 aA 0.3790
PM414 86.8 bcA 79.7 aA 0.2992
PM406 102.1 abA 86.6 aB 0.0248
Mean 934 72.5

Means followed by common lowercase letters in the column and uppercase letters in the row do not differ
from each other according to Tukey’s test at 5%. AUDPC: area under the disease progress curve. p-value:
probability of a significant effect. SEM: standard error of the mean. CV: Coefficient of Variation. LSD: least
significant difference. SEM AUDPC (Bipolaris maydis): 4.35; LSD AUDPC (Bipolaris maydis): 12.18; CV AUDPC
(Bipolaris maydis): 62.82; SEM AUDPC (Cercospora fusimaculans): 4.81; LSD AUDPC (Cercospora fusimaculans): 13.29;
CV AUDPC (Cercospora fusimaculans): 22.46.

There was no interaction between limestone x forage rates for B. maydis (p = 0.1042)
or C. fusimaculans (p = 0.1622). However, upon analyzing the interaction decomposition,
significant effects were noted for limestone within the forage factor, with significance
observed for limestone associated with cv. Tamani (p = 0.0426) for B. maydis, and limestone
associated with PM422 (p = 0.0407) for C. fusimaculans. For B. maydis, a decreasing linear
response was observed for the severity of leaf spot, with the highest value at a limestone
dose of 653 mg dm ™2 and the lowest at 2612 mg dm 2 of limestone. For C. fusimaculans, a
quadratic response with a negative inflection point was observed starting at a limestone
dose of 653 mg dm~3. The highest severity value was noted at the doses of 653 mg dm 3,
and the lowest at the dose of 2612 mg dm~3 (Figure 2).

There was a forage*dose of P*days interaction for Bipolaris maydis severity (p < 0.0001),
and for Cercospora fusimaculans there was a forage*days interaction (p < 0.0001). In the
three-way interaction, a reduction in the severity of B. maydis damage was observed when
the dose was P116, for the BRS Tamani forage, and the PM422 and PM408 genotypes,
associated with day 30 of the disease assessment, while on day 60, an effect was observed
only for the Tamani forage, associated with both P doses. However, for the PM422 genotype,
an effect was observed on day 60 (Table 4).

There was a forage x days interaction (<0.0001) for Cercospora fusimaculans (Table 5),
the severity between the evaluation days (30 and 60 days) increased for the BRS Tamani
and BRS Zuri forages, while the values for the other forage plants did not differ between
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evaluation days. On day 60, BRS Tamani and PM408 had the lowest damage severity

values, while on day 30, BRS Tamani had the lowest severity.

m PM422 (Cercospora) Y =—0.000004x? +0.0165x +93.707 R? = 0.92
A BRS Tamani (Bipolaris) y = -0.0078x + 86.581 R? = 0.54
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Figure 2. Influence of limestone doses on the severity of the leaf spot complex in the BRS Tamani

cultivar and PM422 genotype.

Table 4. Severity of leaf spot caused by Bipolaris maydis at 30 and 60 days after the appearance

of symptoms.

P Doses (mg dm—3)

Forage 19 116 p-Value
AUDPC (Bipolaris maydis)
30 day 0.0005
Tamani 62.14 aAa 35.19 aBa <0.0001
PM422 24.01 bAa 9.81 bBa <0.0001
PM408 15.74 bcAa 7.44 bBa 0.0208
Zuri 9.66 cdAa 5.8 bAa 0.2811
PM414 5.8 cdAa 7.76 bAa 0.5846
PM406 3.00 dAa 7.34bAa 0.2243
60 day
Tamani 51.73 aAb 8.76 aBb <0.0001
PM422 5.22 bAb 7.85 aAa 0.4612
PM408 9.25bAa 7.44 aAa 0.6136
Zuri 6.54 bAa 3.00 aAa 0.3224
PM414 3.90 bAa 6.85 aAa 0.4092
PM406 3.00 bAa 4.80 aAa 0.6129

Means followed by common lowercase letters in the column, uppercase letters in the row and lowercase in the
column do not differ from each other according to Tukey’s test at 5%. AUDPC: area under the disease progress
curve. p-value: probability of a significant effect. SEM: standard error of the mean. CV: Coefficient of Variation.
LSD: least significant difference. SEM: 2.83; LSD:7.91; CV:75.23.

Table 5. Severity of leaf spot caused by Cercospora fusimaculans at 30 and 60 days after the appearance

of symptoms.

Day
Forage 30 60 p-Value
AUDPC (Cercospora fusimaculans)
Tamani 22.00 cB 34.78 cA 0.0002
PM408 40.48bA 34.84 cA 0.1006
Zuri 44.75 abB 52.17 aA 0.0311
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Table 5. Cont.

Day
Forage 30 60 p-Value
AUDPC (Cercospora fusimaculans)
PM414 41.20bA 42.09 bcA 0.7957
PM406 50.06 aA 44.32 abA 0.0945

Means followed by common lowercase letters in the column and uppercase letters in the row do not differ from
each other according to Tukey’s test at 5%. AUDPC: area under the disease progress curve. p-value: probability of
a significant effect. SEM: standard error of the mean. CV: Coefficient of Variation. LSD: least significant difference.
SEM: 2.15; LSD:8.74; CV:28.46.

4. Discussion

The interaction between phosphorus (P) and lime rates resulted in a reduction in the
severity of foliar fungal diseases caused by Bipolaris maydis and Cercospora fusimaculans.
This result is based on the role of P in plant resistance, mainly by favoring physiological
mechanisms linked to faster maturation of shoots and roots, which contributes to reducing
the time of exposure to pathogen infections [21]. This effect of P is widely described in the
literature, as plants with accelerated development have a shorter window of susceptibility
to diseases [22].

Calcium from liming may also have contributed significantly to plant resistance—not
only by maintaining cell wall and membrane structures [23] but also by acting as a second
messenger in the regulation of plant defense mechanisms, mediating responses associated
with cytosolic Ca?* influx and activation of ion-binding proteins [24]. This process hinders
the action of pectolytic enzymes released by pathogens, restricting their penetration and
colonization of leaf tissues.

Limestone doses did not exert any influence on the disease severity of B. maydis,
whether at the P19 or P116 doses. However, the severity of B. maydis was consistently lower
compared to that of C. fusimaculans, irrespective of the P level and limestone application.
Nevertheless, liming did introduce variability in the severity of the disease caused by
C. fusimaculans. This suggests the need for more specific studies on the impact of liming on
this disease in tropical Panicum maximum forages. The relevance of integrated approaches
to nutritional management is highlighted here, considering that the efficiency of plant
defense can be modulated by synergistic arrangements of different nutrients.

According to Teixeira et al. [25], the distribution of photoassimilates in P. maximum
depends on the level of leaf insertion, as upper leaves concentrate resources in the apical
meristem while basal leaves subsidize roots and tillers. In this study, disease severity
was greater in basal leaves, suggesting susceptibility linked to the physiological function
of the leaf in the plant and possibly its age. The older age of basal leaves may increase
the availability of senescent or less protected tissue, favoring colonization strategies of
fungal pathogens. Despite the polycyclic nature of the disease, environmental factors and
experimental management (harvesting every 28 days) limited the pathogen’s progress in
the upper leaves, reducing the available inoculum [26].

The results concerning the effects of phosphorus on fungal disease severity in
P. maximum tropical forages mirror findings reported in other species in diverse agroe-
cosystems [17,18], where mineral-induced plant resistance reduced disease severity.
Increased P availability was found to reduce disease severity. The greater mineral supply
may have led to higher phospholipid levels and reduced cell membrane permeability,
aiding in pathogen defense [13].

In the case of B. maydis leaf spot, disease severity was generally low in the studied
genotypes, except for Tamani. Consequently, P doses did not influence disease severity in
these genotypes with a certain degree of resistance. When evaluating the disease caused by
C. fusimaculans, variability was observed in the severity of damage among forage plants
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at both P19 and P116 doses. This underscores the strong influence of forage genotype
and P supply level on resistance to fungal attacks. However, for the genotype PM414 and
Zuri forage, there was no response to P concerning disease severity, indicating a potential
role of Ca, particularly as there was a significant interaction between P and limestone
doses. [27] suggest that supplying minerals in line with plant requirements, in a balanced
manner between macro- and micronutrients, enhances disease resistance. Conversely,
medium-sized forages appeared to be less resistant to C. fusimaculans attack. Therefore,
increasing P supply did not induce greater resistance to fungal attacks when compared to
Tamani, PM422, and PM408 (low content). However, disease progression will depend on
the species-environment-pathogen interplay.

By decomposing the Forage x Limestone doses interaction, we found that limestone
doses reduced disease severity in Tamani and PM422 (for B. maydis and C. fusimaculans,
respectively). This suggests that increasing limestone doses in short-sized forage species
may have a positive impact on reducing disease damage. Nevertheless, more specific
investigations are necessary.

The study results revealed that small-sized forages receiving greater P inputs showed
the capability to tole doses and reduce the damage of the disease up to 30 days after the
first symptoms. However, after 60 days, this result was not repeated due to the depletion of
P in the vessel, which was provided in a single dose at the beginning of the experiment [15].
At 60 days, P doses promoted a reduction in disease damage only in the BRS Tamani forage,
indicating that certain forages can resist disease attacks even under conditions of greater
nutrient inputs [28]. These plants can be utilized as an alternative to susceptible forages
available on the market and as pasture diversification doses [29].

The medium-sized forages, BRS Zuri, PM414 and PM406 demonstrated more resis-
tance to leaf spot, with greater resistance to the disease with the lowest dose of P applied.
These results reinforce the findings of other studies Marcos et al. [30], that indicate some for-
ages belonging to the species Panicum maximum have greater resistance to leaf spot caused
by Bipolaris maydis. This integrated approach can reduce reliance on fungicides, promote
more sustainable systems, and increase pasture longevity. This resistance, especially in new
genotypes, is a characteristic sought after by genetic improvement programs for forage
plants of the Panicum maximum species [31]. Forage plants of this species show varying
responses in terms of resistance to leaf spots caused by B. maydis, from high susceptibility,
such as the forages Tanzania and Mombaga [32], to low susceptibility, such as the forage
Massai [19].

Currently, there is little to no literature reporting the presence of leaf spot caused
by Cercospora fusimaculans in forage plants of the species Panicum maximum. However,
under the study conditions, variability existed among the forages evaluated in relation to
resistance to leaf spot throughout the experiment. Since resistance to leaf spot is a heritable
trait [30,31], the forage BRS Tamani showed greater resistance among the forages evaluated
during the initial 30 days of evaluation.

After 60 days from the first evaluation, an increase in leaf spots was observed in the
Tamani and Zuri forages. However, further field studies are needed for these two forages.
Nonetheless, in agricultural crops that suffer injuries from this disease, the use of fungicides
proves to be an alternative to help control leaf spots caused by C. fusimaculans [28]. This
practice is recurrent in crops such as maize (Zea mays) and sorghum (Sorghum bicolor), which
are severely attacked by C. fusimaculans fungi [32].

Despite the variability of resistance responses of new genotypes to C. fusimaculans,
such characteristics can be included in species improvement programs to aid in decision-
making when launching new forages [29]. Thus, the study results suggest that the evaluated
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genotypes PM422, PM408, PM414, and PM406 are promising and may resist the damage
caused by C. fusimaculans without compromising forage production.

Similar responses to phosphate fertilizer were observed by Spagnolleti et al. [18], who
reported a decrease in severity and colonization in the roots of the fungi Macrophamina
phaseolina and Rhizophagus intraradices. Phosphorus availability also led to an increase in
the percentage of arbuscular roots. This decrease in severity is attributed to phosphate ions
triggering systemic acquired resistance (SAR). It is further hypothesized that chelation of
Ca ions at the site of phosphate application induces an endogenous biochemical signal for
SAR [32]. However, more research is needed to comprehensively understand the effects of
mineral nutrition on tropical forages and its relationship with resistance against diseases.
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