
RM and LP  Chem. Biol. Technol. Agric.            (2022) 9:70  
https://doi.org/10.1186/s40538-022-00332-0

RESEARCH

Organic matter in the pest and plant disease 
control: a meta-analysis
Silva RM and Canellas LP* 

Abstract 

Background: Pesticides have become a central public health problem and a source of environmental contamina-
tion. The use of organic matter is an important strategy to reduce synthetic agrochemicals, improve soil conditions, 
and increase nutrient uptake by plants. Organic matter can also induce plant resistance against biotic stress in some 
circumstances. However, the results reported for different types of organic matter applications are often very different 
form each other, thus making difficult their interpretation and hindering and discouraging their use as valuable alter-
native. Identifying the main factors involved in the efficacy of these sustainable methodologies and the associated 
research gaps is important to increase the efficiency of organic matter and reduce the use of pesticides.

Materials and methods: We performed a comprehensive meta-analysis of the current recent scientific literature on 
the use of organic matter as control method for pest and disease, using data reduction techniques, such as princi-
pal component analysis. We found 695 articles listing the keywords in the databases between 2010 and 2021 and 
selected 42 that met inclusion criteria.

Results: In general, all organic matter reported showed a high inhibition of pests and diseases. Control effective-
ness was close to 75% for fungal diseases and 67% for the pest control. The source of organic matter most frequently 
reported was the vermicompost. However, humic substances showed the greatest effectiveness of 74% when com-
pared to both fungal and bacterial disease control. The concentration of humic substances ranged from 1 to 500 mg 
 L−1, with the highest concentrations used in case of soil application.

Conclusions: The study demonstrated the potential role of organic matter as a resistance elicitor in plants, thus 
allowing a partial/total reduction of pesticides in crops. Despite the efficiency reported in the works, the mechanisms 
of induction of pest and disease control remains poorly studied.
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Introduction
Current agricultural practices involve the deliberate 
maintenance of ecosystems in a heavily simplified, dis-
turbed, and nutrient-rich state [1, 2]. Natural processes 
are substituted with an excess of chemical fertiliza-
tion to maximize crop yields, while weeds, insects, and 
pathogens are actively controlled via chemical pesti-
cides [1]. The consequences of the indiscriminate use 
of external inputs in agriculture impact economy, envi-
ronment, and health with devastating effects, especially 
in the least-developed countries. For example, in the 
north region of Rio de Janeiro state, Brazil, character-
ized by family owned tomato farms,, the indiscriminate 
use of 24 different products (75% insecticides and 25% 
fungicides) has been found [3]. Farmers and their fami-
lies including uninvolved children presented several 
symptoms of acute intoxication, mental disorders, such 
as depression and anxiety, and respiratory difficulties 
[4].

Avoiding or drastically decreasing the use of pesti-
cides is a current priority objective of many agricultural 
safety programs. However, the adoption of integrated 
pest management which advocates the use of host plant 
resistance, biological control, and cultural controls 
along with pesticides was not widely adopted and did 
not significantly affect the number of pesticides used 

worldwide [5]. In Europe there is a clear decrease in the 
use of synthetic agrochemicals due to consumer pres-
sure and restrictive regulations, while in the USA and 
South America, especially in Brazil, this market keeps 
increasing [6].

In an application-oriented rationalization scheme 
the second step to transition processes is the substi-
tution of chemical by biological inputs [7, 8]. At local 
level, agricultural sustainability is focused on the main-
tenance of crop productivity combined with improve-
ment of soil fertility and resilience [9]. The best option 
to achieve these goals is the increase of soil organic 
matter quantity and quality [9]. Plants grown on soils 
containing adequate humus content produce more, are 
healthier and less subject to stress,, thereby showing a 
larger nutritional quality of harvested foods [10]. The 
benefits of organic matter amendment to soil proper-
ties are extensively studied [11–15]. In the last 40 years, 
the understanding of the direct effects of humus appli-
cation on molecular, biochemical and physiological 
processes in plants also has greatly increased [16–27]. 
However, despite farmers observation that plants 
treated with organic matter and its enriched byprod-
ucts (compost, vermicompost, teas, humic substances) 
have a larger tolerance to biotic stress (pests and dis-
eases), scientific studies about the possible structural 
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activity relationships are relatively scarce [28]. The 
use of different natural organic matters (NOM) has 
shown valuable and differentiated effects on the con-
trol of pests and plant diseases [29–35]. Organic prod-
ucts have been used for biological control of soil-borne 
diseases and proved effective in reducing the severity 
of foliar diseases caused by phytopathogens [28, 36–
39]. Moreover, their effect against herbivory [33, 40] 
through the induction of plant resistance to pathogen 
infestations has been reported [41–43].

NOM can increase plant resistance indirectly through 
its important role on soil biological properties, as well as 
on the development of beneficial soil microbial commu-
nities, with a resulting increase in richness and diversity 
[37, 44, 45]. It has been well-documented that various 
soil microorganisms generically called plant growth pro-
moting rhizobacteria (PGPR) and fungi (PGPF) not only 
promote plant growth, but also play a crucial role in pro-
tecting against pathogens [46–48].

These microorganisms act as the first line of defence 
[49]. When this barrier is broken, pathogens face plant-
induced defence mechanisms [50]. Various organic mate-
rials have been tested and proved to induce the plant 
tolerance and increase the crop resilience against patho-
gens [51–54]. Humic substances (HS) can trigger the 
enrichment of microorganisms with the potential to act 
on both plant growth and plant defence against patho-
gens [55].

When plant is under the attack of a pathogen, phyto-
hormones such as salicylic acid (SA), jasmonic acid (JA) 
and ethylene (ET) are synthesized to limit pathogen 
advancement [56, 57]. These phytohormones stimulate 
plant immunity and the accumulation of phytoalexin 
and plant resistance-related proteins, such pathogene-
sis-related proteins (PRs), including chitinase and β-1,3-
glucanase [58]. This inhibition system leads to either 
induced systemic resistance, (ISR) [59] or systemic 
acquired resistance (SAR) [60]. SAR is an innate plant 
defence mechanism requiring SA as signal molecule and 
characterized by the induction of pathogen-related pro-
teins (PR-proteins) that confer long-lasting protection 
against a broad spectrum of microorganisms [61–63], 
by altering plant morphology and anatomy. In contrast 
to SAR, ISR is a JA-dependent and ET-independent SA 
mechanism [64], without PR–protein accumulation, and 
little change in plant morphology [57, 63, 65]. The posi-
tive regulation of these pathways leads to increased accu-
mulation of antimicrobial compounds (phytoalexins), 
and help contrasting pathogens during subsequent attack 
[66].

In view of the potential benefits of NOM for pest and 
disease control in plants, a meta-analysis was conducted 

with the aim to evaluate the available data about the 
use of organic matter and its fractions as elicitors of 
resistance in plants, and presenting the following spe-
cific objectives: (i) to analyse qualitative and quantita-
tive aspects of the potential effect of different types of 
organic matter on plants exposed to different pathogens 
and pests; (ii) to determine the influence of environmen-
tal conditions, growing environment, plant type, organic 
material used and the mode of use; and (iii) to identify 
gaps in our understanding about the control mechanisms 
induced by organic materials in plants.

Materials and methods
The meta-analysis study was carried out by collecting sci-
entific data from researches executed in different coun-
tries. A preliminary screening was performed using the 
search engines Web of Science (Clarivate Analytics), 
Scopus—IBM (International Business Machines Corpo-
ration), and Scielo (Scientific Electronic Library Online), 
using the following keywords and their combinations: 
vermicompost; compost; vermicompost tea; compost tea; 
humic substances; humic acids; vs plant disease; pest; 
plague. The database research returned 695 research arti-
cles, published in English, Spanish and Portuguese. Of 
these articles, only those using an organic source to con-
trol diseases and/or pests were further selected. In this 
first phase of the search, 92 articles were selected from a 
total of 695.

Criteria for articles inclusion and exclusion
The studies considered for this analysis met the following 
criteria: (i) research articles published from 2010 to 2021; 
(ii) the effect of some organic material on crops under 
attack by pests and diseases was evaluated; (iii) experi-
ments based on trials in a greenhouse, greenhouse/screen 
house, growth chamber or field tests; (iv) presence of one 
or more quantitative data regarding the occurrence or 
not of diseases and/or insect pests in crops. During the 
data extraction phase, those articles that did not meet the 
criteria considered for this meta-analysis were excluded, 
such as: (i) review articles, books and book chapters; (ii) 
in  vitro experiments and (iii) studies, where data were 
not in extractable forms. The articles selected after the 
inclusion and exclusion criteria were later considered for 
meta-analysis, totalling 42 articles that met the inclusion 
criteria and used in the meta-analysis.

Data sheet
After screening each scientific study, a database was built 
in an electronic spreadsheet, with information from the 
article, such as: authors, year of publication, journal and 
the impact factor. Subsequently, information regarding 
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the specific study were extracted, such as: location of the 
experiment (city/country), disease/pest and its causal 
agent, type of culture, growth setting (greenhouse, field 
and laboratory), growth medium (soil or hydroponics), 
form of pathogen contamination (inoculated or sponta-
neous), application form of the organic material (foliar 
spray, via substrate or via seed), the type of organic mate-
rial and finally the percentage (%) of inhibition or reduc-
tion of disease and/or pest in treated plants in relation to 
the control. Seven organic sources were found to show 
measurable reduction or inhibition of pests and diseases 
development, such as: compost, vermicompost, compost 
and vermicompost tea, biofertilizer, biochar, humic sub-
stances and the combinations thereof. An exploratory 
data survey was performed to describe the behaviour of 
the variables in the selected studies. The selected param-
eters were: type of plant, growth environment, growth 
medium, type of application, form of contamination, type 
of causal agent and organic source used.

Data analysis
The exploratory analysis was relying on the number of 
experiments in relation to the selected sources of vari-
ation. In addition to this preliminary investigation, the 
data were carefully examined considering that the set of 
studies under analysis were not fully comparable in their 
methods and/or in the characteristics of the samples 
included, introducing variability among the effects of the 
evaluated criteria. If the heterogeneity of the data set was 
purely random, thus the random effects model was given 
by: θ i = µ+ µi where µi ∼ N(0, τ2) , and the true effects 
were assumed to be normally distributed with the mean 
μ and variance τ2.

To calculate the effect size or outcome measures (and 
the corresponding sampling variations), the scalc() func-
tion was used, whose outcome measure (yi and vi) was 
designated to determine the risk rate, "RR" (risk ratio): 
RR = log(ai/bi)/(ci/di) , where ai, bi, ci and di are the 
means and standard deviation of the treatment and con-
trol, respectively.

From the outcome measures, the random model was 
adjusted by the rma () function, which executes a regres-
sion model of random effects by calculating the esti-
mates of the hazard ratio using the maximum likelihood 
method. In the forest function () used for the graphical 
representation (Forest Plot) of the objects generated by 
the adjusted model, the confidence interval of 95% was 
used. These analyses were carried out using the statisti-
cal software R version 4.0.3 (Development Core Team 
2020), using the metaphor package (Viechtbauer 2010). 
To facilitate the comparison between the sources of vari-
ation, the pest and disease inhibition efficacy (IPD) was 
calculated using the pest and disease incidence values 

observed in the studies and linked to the sources of vari-
ation, and subsequently applied to the proposed for-
mula by Sukamto [133]: Ea = (IPk − IPp)/IPk × 100%

where Ea = Effectiveness; IPk = Disease intensity in con-
trols; IPp = Disease intensity with treatment. Efficacy 
values were categorized as very good (Ea > 69%), good 
(Ea = 50–69%), less good (Ea = 30–49%), and not good 
(Ea =  < 30%) as suggested by Sukamto [133].

For the pest and disease incidence (IPD) and pest and 
disease prevalence (CT) data sets, principal component 
analysis (PCA) was performed to explore the relation-
ships between organic sources and the incidence of pests 
and diseases. The correlation matrix was used in the 
procedure. The multivariate differences were accessed 
by testing the random permutations of the data (Monte-
Carlo test) (Mielke & Berry, 2001). Multivariate analysis 
was performed using PC-ORD software, Version 6 [67].

Results
We found 695 articles listing the keywords in the three 
databases used. Among them, 92 were previously selected 
and 42 met the inclusion criteria. Most (58%) are from 
Middle and Far Est Asian countries (China, Egypt, India, 
Indonesia, Iran, Israel, Pakistan and Thailand), with Iran 
being the country with the highest number of studies, 
followed by India and China (Fig. 1). The American con-
tinents contributed with nine studies (21%), seven were 
placed in Europe (16%) and only two studies placed in 
Africa (5%).

Vermicompost was the most frequently used source of 
organic matter in pest and disease control studies, fol-
lowed by the combination of different organic matters 
with microorganisms and compost tea (Fig. 2).

The number of studies and the use of organic matter is 
lower against pests (insects + nematodes) than plant dis-
eases (Fig.  3A). Vermicompost was used in the greatest 
diversity of causal agents (24.5%) (Fig. 3B) and Fusarium 
spp. was the most studied causal agent of plant disease 
(Fig. 3B).

For cultivated plants the largest range of research 
works dealt with Solanaceae family that also showed the 
greatest variation in the type of applied organic materials, 
followed by the Cucurbitaceae family (Fig. 3C). Compost 
(C) and its tea extract (CT) were the preferential organic 
treatment for pest and disease control in Solanaceae, 
while in the cucurbitaceous crops, the use of V and its tea 
derivates (VT) was more frequent.

Considering the influence of organic material, on the 
total of 42 papers it was found a 72.8% of the inhibition 
on pests and diseases by organic matters in compari-
son with controls treatments (Fig.  4A). The C, VT and 
HS revealed higher and similar level of pest and disease 
control (around 78%), while although the V was the most 
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studied organic source it showed a lower effect (65%) 
in comparison with control treatments (Fig.  4A). This 
finding was corroborated by the principal component 
analysis (PCA), which also highlighted a significant effec-
tiveness of HS in respect to control (Fig. 4B). It is worth 
mentioning that in PCA, the sources of variation consid-
ered were only the effectiveness in controlling pests and 
diseases of the different organic sources used.

For the causal agent the average suppression shown by 
plant disease (75%) was slightly but significative higher 
than the output found for pest control (67%) (Fig.  5A). 
However, the overall decrease of nematodes was more 
efficient (81%), while the activity against insects was 
lower (56%) compared to control treatments, thus reduc-
ing the general average effectiveness on pest control 
(nematodes + insects) as compared to the induced toler-
ance for pathogens. The decrease of fungal and bacterial 
diseases was around 75% and 72%, respectively (Fig. 5A), 
indicating a huge potential of organic methodologies in 
reducing the negative relapses and improving the crop 
resilience to these biotic stresses. The meta-analysis 
detected differences between types of plants in response 
to either pest and disease upon the application of 
organic matter as control agent following the sequence: 
Asteraceae 85% > Cucurbitaceae 80% > Solanaceae 
70.6% > Fabaceae 53.5%. In the observed data set, there 
was no difference in the application form of organic mat-
ter source (Fig. 5C).Conversely, the data associated with 
plant growth substrate indicated a significant difference 
in the potential restrain of both biotic adversities with 
higher decrease in hydroponics (80%) when compared 
to plants grown in the soil (72.6%) (Fig. 5D). In addition, 
we found a better effect of organic bio-control when the 
diseases were induced in comparison with spontaneous 
disease incidence (Fig. 5E). Finally, the disease repression 
was lower in the growth chambers when compared to the 
effect of organic matter applied under greenhouse condi-
tions (Fig. 5F).

Fig. 1 Geographical distribution of studies that met the inclusion criteria in the meta-analysis

Fig. 2 Relative frequency of organic matter sources used for 
pests and diseases control in plants. C Compost; V Vermicompost; 
CT Compost Tea; VT Vermicompost Tea; HS Humic substances; 
Comb Combinations (Vermicompost + Microorganisms, 
Compost + Microorganisms, Humic Acid + Microorganisms, 
Vermicompost + Humic Acid, Vermicompost + Vermicompost Tea, 
Compost + Charcoal, Humic acid + Chitosan); Others – Biofertilizer 
and Charcoal
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The majority of the research works involved in this 
meta-analysis did not directly investigate and discuss the 
mechanism responsible for the suppression or reduction 
of disease symptoms. In our study we looked for further 

indirect evidences able to elucidate the potential struc-
ture–activity relationship with applied organic agents.

The main resistance mechanism claimed as respon-
sible for the observed results was the induced systemic 

Fig. 3 A Relative frequency of the study of pests (insects and nematodes) and diseases (fungal and bacterial) in plants, in relation to the use of 
organic matter; B frequency of cultivated families most studied for each different organic matters to control pests and diseases; C frequency of 
the study of insect pests and pathogens that cause diseases in plants, in relation to the use of organic sources. C Compost; V Vermicompost; CT 
Compost Tea; VT Vermicompost Tea; HS Humic substances; Comb Combinations (Vermicompost + Microorganisms, Compost + Microorganisms, 
Humic Acid + Microorganisms, Vermicompost + Humic Acid, Vermicompost + Vermicompost Tea, Compost + Charcoal, Humic acid + Chitosan); 
Others – Biofertilizer and Charcoal
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resistance (ISR) (Table 1). No study, among all those ana-
lyzed, pointed to the mechanism of Systemic Acquired 
Resistance (SAR), as shown in Table 1. Indirect indication 
refers to studies in which the resistance is based on the 
percentage of inhibition of the specific disease or pest; 
the direct evidence derives from the use of resistance 
markers in plants, such as defense genes and/or defen-
sive enzymes. Some researches (denoted by the acronym 
NI—No indication, Table 1) did not provide any type of 
involved process.

The range of C amount used for the biological con-
trol of pest/disease varied from 500 to 100  g   kg−1 with 
an average of 367  g   kg−1 and wide standard deviation 
(SD = 231 g  kg−1). The overall V concentration was lower 
than C (293 ± 204  g   kg-1) with a maximum concentra-
tion of 200  g   kg−1 and a minimum of 12.5  g   kg−1. The 
C tea extracts varied in the lower range compared to C 
and VC with 65 ± 68 g  L−1 and 28 ± 11 g  L−1 for CT and 
VT, respectively. The source of organic matter showing 
higher efficiency was HS, although the range of applied 
concentration varied widely, from 500 to 1 mg  L−1 with 
an average of 142  mg  L−1. The highest concentrations 
of HS were used in the growth medium, and the lowest 
concentrations were used directly on the leaf surface. 
This wide variation in concentrations within each organic 
source used explains the increase in the standard devia-
tion presented in the table above.

Discussion
Asian continent is responsible for 52.8% of pesticides 
use in the world, followed by the Americas (30%), 
Europe (13.7%), Africa (2.2%) and, finally, Oceania 
(1.3%) [9]. The same ratio was found for the stud-
ies considered in our meta-analysis (Fig.  1). Although 
the climate change draws the attention of researchers 
mostly on abiotic stress, the effects on crops produced 
by biotic stresses still preserve the major incidence and 
magnitude of damage [68]. In conventional agriculture, 
their control is simply based on the assumption that 
their efficiency is lost over time, this implying the sig-
nificant additional negative externalities discussed in 
the introduction of this work. Integrated pest and dis-
ease management is a strategy that does not reduce the 
use of pesticides for a number of reasons, among the 
most important being the absence of specialized per-
sonnel and the increase in inspection work [5]. Biologi-
cal control seems to be the most effective strategy, but 
today it is restricted to a few causal agents and with 
a cost as high or higher than conventional pesticides. 
The use of organic matter directly applied on plants (or 
growth medium) is rarely mentioned in the main strate-
gies to achieve pesticide-free agriculture [69]. However, 
the everyday experience of family farming, especially in 
the tropics and the results of this meta-analysis dem-
onstrate an enormous (and overlooked) potential of the 

Fig. 4 A Influence of organic matter sources on the inhibition of pests and diseases in plants. Where: Squares correspond to the mean effect 
size and the error bars to the 95% confidence; CI Confidence Interval; Lozenge corresponds to the final effect size of the studies included in the 
meta-analysis. B Principal Component Analysis (PCA) of effectiveness in pest and disease control vs. organic matter sources. 84.56% was the 
percentage of variance explained by PC1 + PC 2, by the Monte Carlo permutation test, p < 0.0099257. C Compost; V Vermicompost; CT Compost 
Tea; VT Vermicompost Tea; HS Humic substances; Comb Combinations (Vermicompost + Microorganisms, Compost + Microorganisms, Humic 
Acid + Microorganisms, Vermicompost + Humic Acid, Vermicompost + Vermicompost Tea, Compost + Charcoal, Humic acid + Chitosan); Others – 
Biofertilizer and Charcoal
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tailored application of organic material for the selective 
restrain of pest and disease in different types of plants. 
In this context, the study on the use of organic matter 
and its fractions in the induced tolerance against pests 
and diseases becomes relevant given the high relative 
efficiency, low cost, and autonomy of the farmer.

Main organic matter sources used in plant pest and disease 
control
Vermicompost, teas and HS were the main organic mat-
ter sources frequently reported in plant pest and dis-
ease control studies (Fig.  3B). Vermicomposting is a 

non-thermophilic biological oxidation process in which 
organic material is converted into highly humified and 
stabilized complex organic matrix called vermicompost 
[70, 71]. The final product is a peat-like material exhib-
iting high porosity, water holding capacity and rich 
microbial activities through the interactions between 
earthworms and associated microbes [72]. Some impor-
tant characteristics of V can be related to its effect on 
pests and diseases control, such as its richness in micro- 
and macronutrients, the presence of nitrogen fixing bac-
teria and phosphate solubilizing bacteria [73] as well as 
the presence of growth regulation substances, such as 

Fig. 5 Influence of the causal agent (A); plant family (B); application form (C); growth environment (D); form of contamination (E); and growth 
medium (F) under treatment of different organic matter sources in the percentage of inhibition of pests and diseases in plants; where: squares 
correspond to the mean effect size and the error bars to the 95% confidence; CI Confidence Interval; Lozenge corresponds to the final effect size of 
the studies included in the meta-analysis
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Table 1 Resistance mechanisms induced by different types of organic matter

CE Control efficiency; V Vermicompost; C Compound; CT Compost tea; VT Vermicompost tea; HS Humic substances; Comb Organic sources in combinations; Others 
(Organic sources with a frequency of less than 5%); RSI induced systemic resistance, directly cited by the authors; NI No indication of mechanism; The use of molecular 
markers and enzymatic activities were the parameters used to define a direct or indirect indication, based on whether or not these parameters of systemic resistance 
were performed; cDNA–AFLP cDNA amplified fragment length polymorphism

References Culture Organic source Resistence 
mechanism

Indication Evidence

Jaya A et al. [138] Tomato V ISR Indirect C.E. sclerotium wilt

Sahni et al. [129] Chickpea Comb ISR Indirect C.E. fusarium wilt

Rasool et al. [139] Tomato Others ISR Indirect C.E. Early blight

Istifadah et al. [140] Tomato Comb ISR Indirect C.E. Early blight

Tao et al. [128] Banana Comb ISR Indirect C.E. fusarium wilt

Jafary-Jahed et al. [32] Canola Comb ISR Indirect C.E. cruciferous moth

Ismail et al., [127] Garlic Comb ISR Indirect C.E. basal bulb rot

Khaled et al. [125] Artichoke Comb ISR Direct Enzymes defence

Charoenrak et al. [141] Lettuce Comb ISR Indirect C.E. root rot

Akinnuoye-Adelabu et al. [142] Wheat VT ISR Indirect C.E. root rot

Jaiswal et al. [143] Cucumber Others ISR Indirect C.E. root rot

Zhao et al. [144] Melon Others ISR Indirect C.E. fusarium wilt

Seddigh & Kiani [145] Rosa CT ISR Indirect C.E. pink powdery mildew

Hussain et al. [146] Female finger V ISR Indirect C.E. Early blight

Mengesha et al. [106] Potato CT ISR Indirect C.E. bacterial wilt

Silva et al. [39] Cassava C ISR Indirect C.E. root rot

Seenivasan & Senthilnathan [111] Banana HS NI No info not indicated

Mohamadi et al. [147] Tomato V ISR Indirect C.E. tomato leafminer

Mardani-Talaee et al. [116] Pepper V ISR Indirect C.E. green aphid

El-Mohamedy et al. [148] Bean HS ISR Indirect C.E. root rot

El-Mohamedy et al. [148] Bean Comb ISR Indirect C.E. root rot

Basco et al. [90] Tomato Comb ISR Direct Enzymes defence

Afifi et al. [29] Cucumber HS ISR indireta C.E. fusarium wilt

Giovanardi et al. [92] Peach HS ISR Direct Genes expression

Blaya et al. [149] Pepper C NI No info not indicated

Akhter et al. [126] Tomato Comb NI No info not indicated

Xiao et al. [112] Tomato V ISR Direct Genes expression

Renco & Kovacik. [150] Potato VT NI No info not indicated

Renco & Kovacik. [150] Potato VT NI No info not indicated

Demir et al. [137] Tomato HS NI No info not indicated

Molina et al. [151] Potato C NI No info not indicated

Uribe-Lorío et al. [152] Pepper V NI No info not indicated

Rostami et al. [153] Cucumber Comb NI No info not indicated

Marín et al. [154] Pepper CT ISR Indirect C.E. damping

Marín et al., [155] Melon CT ISR Indirect C.E. powdery mildew

Razmjou J et al. [136] Cucumber V NI No info not indicated

Castro et al. [130] Tomato V ISR Indirect C.E. root-knot nematodes

Sang & Kim. [80] Pepper VT ISR Direct Genes expression and enzyme activity

Sang & Kim. [80] Cucumber VT ISR Direct Genes expression and enzyme activity

Razmjou et al. [136] Cucumber V NI No info not indicated

Little & Cardoza. [156] Arabidopsis V NI No info not indicated

Dukare et al. [157] Tomato CT NI No info not indicated

Dukare et al. [157] Tomato CT NI No info not indicated

Cardoza. [40] Arabidopsis V NI Indirect C.E. corn caterpillar

Artavia et al. [36] Taioba V ISR Indirect C.E. root rot

Koné et al. [79] Tomato CT ISR Indirect C.E. powdery mildew

Koné et al. [79] Tomato CT ISR Indirect C.E. gray mold
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auxins, gibberellins, cytokinins, vitamins, HS and defen-
sive enzymes [74]. Yatoo et al. [28], reported the role of V 
and its aqueous extract (VT) in sustainable management 
practices for the treatment of soil and aerial borne plant 
pests and diseases. Like VT, CT is an aqueous extract 
[75, 76] that has also been used to correct nutrient defi-
ciency and implement the sustainable management of 
biotic stress in different crops [77]. It can be applied to 
the soil, where it delivers nutrients and microorgan-
isms to the plant’s rhizosphere [78], or sprayed on leaves 
surface, promoting either the inoculation of beneficial 
microorganisms antagonistic of various phytopathogens 
[53] or the supply of its by-products (nutrients and bio-
active organic compounds). Its foliar use has shown high 
efficiency in the treatment of foliar diseases in previous 
reports [79, 80] but no differences were found in this 
meta-analysis when comparing growth medium vs foliar 
application (Fig.  5C). Its microbial composition is the 
most reported factor influencing the effectiveness of CT 
in inhibiting the development of plant pathogens [79]. 
The microorganisms present in tea can act as antagonists 
of pathogens through their ability to compete for space 
and nutrients [81], destroy pathogens by parasitism [82], 
produce antimicrobial compounds, or induce systemic 
resistance in plants [43].

Humic substances (HS) consist of up to 80% of organic 
materials in soil and sediments whose reactivity and 
dynamics have pivotal importance on microbial activity 
and plant productivity [16, 17, 71, 83]. Their effects on 
plant physiology depend on their chemical nature and the 
availability of biologically active compounds, concentra-
tion, type and age of plant species and are correlated with 
the apparent molecular mass distribution [16, 22, 83–87]. 
Indirectly, the effect of HS can be associated with the 
effects of other organic matter sources, such as V, C and 
teas in the control of pests and diseases in plants, since 
HS are ubiquitous in all natural organic material. HS 
can indirectly induce the plant’s defense system against 
harmful microorganisms by inhibition mechanisms or 
by promoting the growth of microorganisms antagonists 
of pathogens, thus allowing greater protection for plants 
[88]. We found in the literature one evidence highlighting 
the relationship between plant defense mechanism and 
HS. Schiavon et  al. [89] showed that humic acids (HA) 
were able to promote the activity of PAL (phenylalanine 
ammonia lyase) and enhance the concentration of total 
phenolic compounds in leaves extracted from maize. The 
induction of secondary metabolism and high concen-
tration of phenolics is pivotal for plant defense against 
biotic and abiotic stress [90–92]. The PAL pathway in the 
cytoplasm, and the isochorismate pathway in the chlo-
roplast are the two distinct pathways that lead to endog-
enous salicylic acid (SA) synthesis from chorismate [93]. 

The increase of SA activates a plant defense response-
like PRPs genes induction. However, only isochorismate 
pathway is responsible for the pathogen-induced SA syn-
thesis in diverse plant species [94], but the effect of HS on 
this pathway is unknown.

Main pests and diseases controlled by organic matter
The meta-analysis indicated that organic matter was 
most frequently used for the control of fungal diseases 
(Fig.  3C). The influence on crop development and pro-
ductivity resulting from the presence of these patho-
gens has become an important topic as their resistance 
against synthetic agrochemicals is slowly increasing [95, 
96]. Fusarium spp. is the fungal reported with highest 
frequency in many investigations (Fig.  3C). Fusarium 
species have a wide host range, and most plant diseases 
are caused by Fusarium solani (50%) and Fusarium 
oxysporum (20%) [97]. In addition to Fusarium ssp., 
Pythium spp., Alternaria solani and Rizhoctonia solani, 
are among the causal agents belonging to the most stud-
ied fungi, respectively (Fig. 3C). Fusarium spp., Pythium 
spp., and Rizhoctonia solani constitute a group of major 
soil pathogenic fungi [98–100], while Alternaria, are 
among the most common in foliar plant diseases [101]. 
A fungal infection can cause local or extensive necrosis in 
plants and inhibit normal growth (hypotrophy) or induce 
abnormal excessive growth (hypertrophy or hyperplasia) 
in a part or the entire plant. Symptoms associated with 
necrosis include leaf spot, rust, scab, rot, deadening, 
anthracnose, death, and cancer [102]. Among the studies 
that met the inclusion criteria in the meta-analysis, only 
two elucidated the effect of organic matter sources on 
the control of bacterial diseases with a significant average 
percentage of inhibition (72%). However, as the sample 
number was very low in relation to the other groups of 
pathogens, a low weight was obtained in the final mean 
effect of the analyzed studies (Fig.  5A). Xanthomonas 
arbicola in peach and Ralstonia solanacearum in potato 
were the bacterial adversities faced using HS and CT, 
respectively (Fig. 3C). In general, bacterial infections are 
difficult to control and few reports found in this meta-
analysis reflect this issue. This is partially attributable to 
the rapidity with which bacteria penetrate natural open-
ings or wounds in plants [102]. Bacterial wilt is one of the 
most aggressive soil-borne diseases caused by Ralstonia 
solanacearum and represents a serious threat to the Sola-
naceae family [103, 104] as it survives for a long time in 
soil, even in absence of a specific host [105]. Although 
several methods have been used to wipe out the disease, 
none of them are yet fully effective [105]. The increment 
of organic matter in soil offers a management practice 
that increases microbial antagonism against Ralstonia 
solanacearum [106]. Similar to Ralstonia solanacearum, 
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the bacterium of the genus Xanthomonas is a highly spe-
cialized pathogen that infects species of the Rosaceae 
family causing bacterial spot disease, and is responsi-
ble for important economic incidence in the cultivation 
systems of this family worldwide. The economic impact 
results in reduced fruit quality and marketing, decreas-
ing orchard productivity and increased nursery produc-
tion costs [106]. Giovanardi et al. [92] confirmed through 
transcriptomic analysis that the application of HS acted 
as an inducer of resistance to arboreal Xanthomonas in 
peach trees, inducing genes involved in the plant direct 
response to pathogens. Silva et al. [55] also reported the 
use of HA combined with Herbaspirillum seropedicae as 
a biotic elicitor in tomato against bacterial disease caused 
by Xanthomonas.

Studies related to the use of organic matter sources 
in the management of insects had a lower propor-
tion (37.1%), presenting on average a lower percentage 
of inhibition (67%) than that observed in the studies 
focused on microorganisms (75%). Organic compounds 
used to defeat insects showed fewer positive responses 
(55%) when compared to their effect on nematodes 
(81%), thereby revealing the V as the most frequently 
used approach (Figs.  2 and 4A). Root-knot nematodes 
(Meloidogyne spp.) represented the largest observed 
group (Fig.  4B). The galls on plant roots are formed 
because of physiological disturbances in root tissues 
caused by trophic interactions of female nematodes, and 
are responsible of considerable economic losses [107]. 
The use of organic matter against nematodes has been 
well-reported in the literature [108–110]. Seenivasan and 
Senthilnathan [111], suggested the use of HA, not only to 
control nematodes in bananas, but also to stimulate plant 
growth. The application of VT also has a nematode sup-
pression effect on tomato plants [112]. In addition, sev-
eral previous results have suggested that the abundance 
of hormone-like molecules such as auxins, cytokinins 
and gibberellins in HS of vermicompost can also suppress 
nematode infestation [113, 115]. VT applied via soil to 
plants is also capable of reducing aphid damage on pep-
per plants (Capsicum annuum) [116] and cabbage [114].

Mechanisms of bio‑based pest and disease inhibition
As previously pointed out, the large portion of the stud-
ies compiled in this meta-analysis did not indicate the 
mechanisms responsible of the effectiveness of organic 
matter application on biotic stresses (Table 1). The stud-
ies directly highlighting the possible mechanism, through 
the use of markers of induction of plant resistance against 
pathogens, make up a total of five. This finding clearly 
demonstrates the current huge gap in this field of study.

A scientific hindrance is the large number of com-
plementary or alternative biochemical pathways and 
enzymatic reactions associated with induced resistance 
in plants [117]. Therefore, different and integrated sci-
entific studies have to be designed to obtain a concrete 
conclusion on the use of specific organic matter as elici-
tor of systemic resistance in plants. The main markers 
of improved tolerance to biotic adversities are defensive 
enzymes, such as β-1,3-glucanase, kinases, phenylala-
nine ammonia lyase (PAL), peroxidase (POX), polyphe-
nol oxidase (PPO), superoxide dismutase (SOD) and total 
polyphenol content (TPC), in addition to the detection 
of resistance genes. The effect of HS on the induction 
of catalase activity (CAT) was shown by Cordeiro et  al. 
[118]. Plants treated with HA showed increased activity 
of SOD, CAT, and APX [119–121].

The enzymes β-1,3-glucans and chitinases are PRPs 
that degrade the cell walls of pathogens, releasing mol-
ecules acting as elicitors in the initial stages of the 
resistance induction process involving the synthesis of 
phytoalexins and phenolic compounds [122]. Peroxidases 
play a key role in plant growth and development and are 
strongly related to defense mechanisms against patho-
gens [123, 124]. Polyphenols are abundant in infected 
tissues and are involved in development of biochemical 
barriers or senescence. PAL is an enzyme widely studied 
by physiologists and catalyzes the first committed step in 
the biosynthesis of phenolics by converting phenylalanine 
to trans-cinnamic acid and tyrosine to p-coumaric acid. 
As mentioned above Shiavon et  al. [89] were the first 
to report the relationship of PAL promotion and poly-
phenol content in plants treated with HS. Khaled et  al. 
[125] investigated whether the combined application of 
HA + Arbuscular Mycorrhizal Fungi (AMF) was able to 
induce the response of Jerusalem artichoke plants (Heli-
anthus tuberosus) under infestation of Sclerotium rolf-
sii, the fungus that causes the neck rot disease, through 
the study of the defensive enzymes chitinase, APX and 
POX. The use of HA + AMF increased the activity of 
these enzymes between 1.5 and 2.1 fold compared to the 
control, indicating the induction of systemic resistance 
against the invasion of S. rolfsii.

Basco et  al. [90] also observed an increase in the lev-
els of PAL, POX, PPO, SOD and total TPC when ver-
micompost was combined with Trichoderma harzianum 
and applied via substrate in tomato plants after infection 
by Fusarium oxysporum f. sp. Lycopersici. Other studies 
analyzed in this meta-analysis tested different sources 
of organic matter in combinations with microorgan-
isms against diseases caused by Fusarium ssp. in plants. 
The combinations were: Vermicompost + Pseudomonas 
spp.; Compound + Trichoderma asperellum; Organic 
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fertilizer + B. amyloliquefaciens; Compost + Charcoal, 
in the respective crops, chickpeas, garlic, bananas and 
tomatoes [126–129]. Such inhibition possibly occurred 
by the activation of the ISR, indirectly indicated by the 
authors.

In cucumber and pepper plants, the observed induc-
tion of ISR by foliar application of VT was associated with 
the increase of β-1,3-glucanase, chitinase and peroxidase 
enzymes 3  days after inoculation with Colletotrichum coc-
codes and Colletotrichum orbiculare, both agents responsible 
for anthracnose. In addition, Sang and Kim [80] also pointed 
out an increase in the expression of genes related to patho-
genesis PR1-1a, PR-2 (β-1,3-glucanase), PR-3 (chitinase), 
APOX (Ascorbate peroxidase). Xiao et al. [112] studied the 
use of VT as a resistance elicitor to root-knot nematodes 
(Meloidogyne incognita) in tomatoes. Real-time quantitative 
polymerase chain reaction (qRT-PCR) was used as marker 
tool to detect transcripts of genes involved in secondary 
metabolism in roots, including polyphenol oxidase D (PPO), 
flavonol synthase (FLS) and RKN resistance gene (Mi1.2). 
The PPOD gene involves the metabolism of polyphenols and 
protects plants against biotic and abiotic stress, while the FLS 
gene involves the metabolism of flavonoids, and the Mi1.2 
gene can confer specific resistance to M. incognita root-knot 
nematodes. The application via soil of VT in tomato plants 
susceptible to nematodes promoted an increased expression 
of these genes in the roots. Castro et al. [130] also indirectly 
indicates that VT applied via soil in tomato plants can trigger 
the ISR mechanism against root-knot nematodes (Table 1).

Giovanardi et  al. [92] tested the transcriptomics 
approach to study the complex transcriptional changes 
promoted by HS in plant–pathogen interaction, espe-
cially in Xanthomonas arboricola pv. pruni (Xap)-peach 
tree. A cDNA–AFLP analysis of differential gene expres-
sion was performed in plant tissue treated with HA + AF. 
This cDNA–AFLP–dHPLC analysis allowed the collec-
tion of fourteen fragments derived from upregulated 
transcripts belonging to peach genes and supposedly 
involved in the defense response. The genes were acti-
vated 24  h after treatment, triggering the induced sys-
temic resistance involved in maintaining a state of 
protection in plants against biotic stresses. Mengesha 
et al. [106] used CT to inhibit bacterial disease in potato 
caused by Ralstonia solanacearum and observed the 
induction of systemic resistance with an inhibition per-
centage of 67% with respect to control.

The induction of SAR in cultivated plants under 
organic matter application is very little reported. We did 
not find any study in the total set of data analyzed in this 
meta-analysis citing organic matter as an elicitor of SAR 
(Table 1). De Hita et al. [131] reported the increase of SA 
and JA in cucumber plants, 24 and 72 h after HA foliar 
application, respectively, indicating a possible effect on 

the activation of SA and JA signaling pathways as plant 
defense response. Based on the evidence found in litera-
ture, humified organic matter may be involved with RAS 
[17, 88, 119, 120, 131], but further studies are needed to 
prove it.

The role of humic substances
HS was the organic matter source that showed the great-
est effectiveness (74.9%) in plants pest and disease con-
trol according to model proposed by Sukamto [133], and 
suggesting their potential role as biotic elicitors in stim-
ulating defense pathways. Humic substances comprise 
humic and fulvic acids and consist of natural molecules 
of amphiphilic nature able to generate supramolecular 
assemblies in solution [134, 135]. HS are also widely rec-
ognized as biostimulants as they promote plant growth-
related processes, enhance plant nutrient uptake and 
use efficiency, induce resistance and tolerance to abiotic 
stress, and improve the quality of crop-derived products 
when applied in small amounts. Specific research works 
relating their effects and their use as resistance elicitors 
in plants against biotic stress are scarce. HS can mod-
ify the plant metabolic profile, thus promoting greater 
resistance against pests and diseases [89, 136]. The stud-
ies of Afifi et al. [29] and Giovanardi et al. [92], evaluat-
ing defensive enzymes and resistance genes, concluded 
that HS can induce ISR in cucumber and peach plants 
(Table  1). The meta-analysis revealed that the highest 
efficacy (100%) among the studies analyzed using HS was 
reported for the application of HA in control root-knot 
infestation control in bananas. However, specific mecha-
nisms by which HA may be involved has not been elu-
cidated [111]. The effectiveness of HS may be related to 
a combination of their chemical composition, and the 
applied concentration. The use of HS in low concentra-
tions in plants can promote changes in physiology, mor-
phology, biochemistry and the expression of plant genes 
[16]. The greatest efficacies of HS (100%, 84% and 78%) 
were observed using lower concentrations (40; 150 and 
1  mg L-1) in plants of banana, peach and cucumber, 
for the treatment of Meloidogyne spp., Xanthomonas 
arbicola and Fusarium spp., respectively (Table  2). The 
concentration of HS is an important point to discuss, 
since the effectiveness in disease suppression should be 
addressed without interfering with the growth of the 
plants. At high concentration the HS can have phytotoxic 
effects, as reported by Bonanomi et  al. [30]. However, 
Demir et  al. [137], investigated the use of HA applied a 
concentration of 500 mg L-1 of HA to control root rot in 
tomato plants and obtained an efficacy of 67.2%.

The most reported forms of application in the analyzed 
studies were via substrate and via foliar application. De 
Hita et al. [131] observed that HS applied to both soil and 
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leaves promoted an increase in hormone levels in cucum-
ber plants, such as cytokinins, IAA, JA and JA-Ile, the last 
being involved in ISR pathway.

Main factors that interfere with the suppressive role 
of organic matter
It is evident that there exist some factors strongly inter-
fering with the potential role of organic matter in plant 
pests and diseases control. The origin of the organic 
material, the decomposition process and the pathogen 
under study are some important factors to be considered, 
in addition to the concentration used (139). The decom-
position process continually modifies the chemistry of 
organic matter and the microbiome, thus affecting the 
disease-suppressing capacity of plants [37].

Bonanomi et  al. [30] in their meta-analysis, reported 
that the decomposition of organic material had a sig-
nificant effect in 73% of the studies analyzed. Further 
investigating the suppressive capacity of different organic 
materials at different stages of decomposition, they found 
that decomposition affected the suppression of Rhizoc-
tonia solani in 92% out of 14 different types of organic 
materials used in the study, with consistent suppression 
of the pathogen reported only for humus [37].

Humus has a unique chemical composition, which in 
addition to being rich in organic nitrogen with a low 
C/N ratio, is also rich in aromatic compounds along-
side with low content of di-O-alkyl C and O-alkyl C 
fractions related to easily accessible polysaccharides by 
microbials. Pathogens such as R. solani showed poor 
growth on lignin-rich materials and aromatic fractions, 
such as humus (140). However, an important aspect to 
be considered is the concentration to be used. Although 
humus was able to inhibit the growth of R. Solani, when 

applied at the same concentration to plants not inocu-
lated with the pathogen, it caused phytotoxicity in the 
plants, indicating the importance of optimizing the 
application rate to combine plant growth promotion 
and disease suppression [37].

Termorshuizen et  al. [132] investigated the suppres-
sion of 18 organic compounds of different origins in 
response to a variety of pathogens. From the tests per-
formed in their study, 54% showed significant disease 
suppression and only 3.3% showed significant stimu-
lation. It should be noted that no compound showed 
significant disease suppression against all pathogens, 
as well as those pathogens were not similarly affected 
by all compounds, thus evidencing the relationship of 
organic material and a specific pathogen.

Based on the results discussed so far, it is important 
to highlight the need for more investigations to refine 
the main interferences in the biotic control process 
and allow both disease suppression and plant growth 
stimulation.

Conclusions
Considering the works that met the inclusion criteria in 
this meta-analysis, the average effect of organic matter 
on control of plant diseases was higher (75%), while the 
effect on pest control was smaller (67%). The most used 
organic matter source was V but mainly in pest control. 
However, the most effective organic matter source was 
HS, which presented an efficiency of 74%, mainly in the 
control of nematode, fungal and bacterial diseases. The 
concentrations of HS used ranged from 1  mg  L−1 to 
500  mg  L−1. Soil application of HS reduced root-knot 
nematode infestation and foliar application decreased 
damage caused by bacterial diseases. A great variation 
in the effectiveness of different organic matter sources in 
controlling pests and diseases was observed, suggesting 
that it may be related to factors ranging from their ori-
gin, the molecular composition, the target causal agent 
and the crop. The meta-analysis identified two basic 
questions that need to be addressed: despite the high 
effectiveness found in the papers, rigorous studies on the 
mechanisms involved in the control are scarce. Another 
issue concerns the combined use of organic matter from 
different sources, applied simultaneously to the growing 
medium and leaves and in combination with pesticides 
(compatibility studies, that is, whether the continued 
use of pesticides can interfere with the effectiveness of 
organic material in the pest and disease control in plants).
Pesticide-free agriculture is a noble goal and the use of 
organic matter can significantly contribute to achieving 
it.

Table 2 Concentration and efficacy (%) of organic matter used 
for disease and pest control in different plants

Efficacy is given by the formula proposed by Sumkato, 2003 = (Incidence of 
disease or pest in control—incidence in treatment/incidence in control) × 100

SD standard deviation

Organic 
source

Concentration Mean SD Efficiency 
(%)

SD

Vermicom-
post

20–500 g/kg 292.5 204.01 56.04 31.14

Compost 100–500 g/kg 366.7 230.94 69.94 22.89

Vermicom-
post tea

20–40 g/L 28.0 10.95 39.89 26.32

Compost tea 12.5–200 g/L 65.3 83.22 69.67 31.64

Humic sub-
stances

1–500 mg/L 141.7 208.57 74.89 20.39

Combinations – – – 62.29 29.70

Others 30–80 g/kg 56.7 25.17 70.43 7.17
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