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Abstract: Compost teas (CTs) are organic solutions that constitute an interesting option for sustainable
agriculture. Those that come from garden waste have been applied in vitro and in vivo on pepper
plants to determine its suppressive effect against both Phytophthora capsici and Rhizoctonia solani. The
studied CT showed relevant content in NO3 − , K2 O, humic acids, and microorganisms such as aerobic
bacteria, N-fixing bacteria, and actinobacteria, which play a role in plant growth and resistance.
This rich abundance of microbiota in the CT induced a reduction in the relative growth rate of both
P. capsici and R. solani (31.7% and 38.0%, respectively) in in vitro assays compared to control. In
addition, CT-irrigated plants displayed increased growth parameters and showed the first open
flower one week before those treatments without CTs, which suggests that its application advanced
the crop cycle. Concerning pathogen infection, damage caused by both pathogens became more
apparent with a one-week inoculation compared to a four-week inoculation, which may indicate that
a microbiological and chemical balance had been reached to cope with biotic stresses. Based on these
results, we conclude that CT application induces plant growth and defense in pepper plants against
P. capsici and R. solani because of its relevant soluble nutrient content and microbiota richness, which
provides a novel point for plant nutrition and protection in horticultural crops.
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1. Introduction
Large amounts of bio-waste produced every year and should be managed and valorized to provide a well-humified material employable in agriculture. Therefore, recycling
organic waste as organic fertilizer is a relevant strategy for sustainable crop production.
The application of these fertilizers to the soil could be applied as compost, green manure,
farm yard manure, or cereal residues. Some of this biowaste-biosolids, pruning residues,
green waste, sewage sludge-displayed good results when properly composted. [1]. This
material is obtained through composting, a controlled bioxidative process that requires
proper humidity, aeration, and heterogeneous solid organic substrates [2]. Moreover, taking
into account the high variability of the parameters that characterize the different composts
(pH, electrical conductivity, C-to-N ratio and nutrient content), it is necessary to know their
physicochemical and biological properties when applying them to soil or substrate [3].
Nevertheless, compost is a source of macro- and micronutrients not only for plants but also
for the microorganisms that support soil health by serving as a quick and easily available
source of carbon [4].
Compost from green waste seems to present a lower risk of toxicity than do organic
ones, which contain different compounds or microorganisms such as heavy metals, pollutants, viruses, or fecal coliforms [3,5]. In addition, several authors have shown the
stimulant and suppressive effect of different compost applications in many cropping
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systems against several pathogens such as Fusarium oxysporum, Verticillium dahliae, and
Rhizoctonia solani [6,7].
Moreover, compost teas (CTs) are organic liquid products that come from the mixture
of mature compost with tap water in 1:5 or 1:10 (v/v) ratios for a specific period of incubation [8,9]. Several factors affect CT quality, such as the compost type, compost-to-water
ratio, and aeration, which altogether modulate the development of beneficial microorganisms [10–12]. Furthermore, CTs are composed of soluble nutrients, and useful compounds
and microorganisms (bacteria, actinomycetes, filamentous fungi, oomycetes, and yeasts)
that have a synergic effect on suppressing disease and promoting plant growth [13–15]. Soluble nutrients, plant-growth regulators, and humic acids have been previously described
as mediators in plant disease suppression [16,17]. Nevertheless, several authors have noted
that among the most abundant microorganisms in these extracts are plant-growth promoting rhizobacteria (PGPR), which influence plant growth through different mechanisms
(e.g., nitrogen fixation, nutrient solubilization, growth hormones release, and enzymes)
that produce a better nutrient availability [18]. These mechanisms seem to be involved
in plant-induced resistance, making plants able to cope with subsequent stresses [19]. In
short, CTs from green waste seem to display the best suppressive effects against a wide
range of different plant disease pathogens [20]. For this reason, the employment of these
extracts as a potential eco-friendly alternative to fertilizers and synthetic fungicides has
been rising in recent years due to their beneficial effects on crops [20–22], but further
research is still required.
Pepper (Capsicum annuum L.) is an important horticultural crop worldwide for its nutritional and medicinal value, and has an annual production of more than 38,000,000 tons [23,24].
The pepper fruit is widely consumed for its richness in vitamins, minerals, and nutrients,
as well as in phytochemicals like carotenoids, capsaicinoids, flavonoids, ascorbic acid,
and tocopherols [25]. Moreover, pepper production could be compromised by different
soilborne pathogens such as Phytophthora capsici and Rhizoctonia solani. P. capsici, one of
the most economically destructive soil-borne pathogens, causes root rot and foliar, stem
and fruit blight of the pepper plant [26]. Moreover, the fungus R. solani can also produce
seed decay, pre- and post-emergence damping-off, wire stem, leaf decay, root rot, and
hypocotyl or taproot with necrotic spots on the pepper [27,28]. The trend towards increasingly organic agriculture has resulted in the need to find new enviro-friendly compounds
to control plant diseases. In this context, we hypothesized that the application of a nutrientand microbial-rich CT obtained from green waste mature compost would improve plant
growth and mediate plant defenses. Thus, the main objective of this work was to determine the bio-stimulant and suppressive effect of the extract against P. capsici and R. solani
soil-borne pathogens.
2. Materials and Methods
2.1. Compost Tea Preparation
The compost tea (CT) came from the composting of green and pruning wastes carried
out in a garden center located in Salamanca (Spain) (40◦ 570 2300 N; 5◦ 410 800 W, 775 m a.s.l.).
This process was performed in aerated piles of 15 × 2 × 2 m for 180 days. Piles were
turned twice per week for eight weeks and once a week during the rest of the bio-oxidative
process. Moreover, the moisture of the piles was controlled once a week. The mature
compost was obtained under ambient conditions in March. Then, compost was mixed with
tap water in a ratio of 1:5 (v/v) in polyethylene non-degradable 1000 L containers at room
temperature for a brewing period lasting five days. Water had been previously aerated for
8 h to reduce the number of chlorines. This mixture was aerated for five hours every day
with a pump. Then, it was filtered with a double-layered cheesecloth, and the aerated CT
was stored in a dark container until use.
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2.2. Chemical and Microbiological Properties of the Compost Tea
The chemical properties of 9 CT samples were directly analyzed. The pH, electrical conductivity (EC) and C-to-N ratio were determined as described by Morales-Corts et al. [29].
Furthermore, assimilable nutrient contents (NO3 − , PO4 3− , K2 O, SO4 2− , Ca2+ and Mg2+ )
were analyzed with the nutrient analysis photometer HANNA HI 83225. Finally, humic
acids were determined following the alkali-acid method described by Pant et al. [17].
Microbial analysis of the CT was estimated using the serial dilution spread plate
method. To determine the microbial population, different selective culture media and CT
dilutions were used for microorganism isolation: nutrient agar and 10−3 dilution for total
aerobic bacteria, Ashby medium, and 10−2 dilution for N-fixing bacteria, ISP-2 medium and
10−1 dilution for actinobacteria and modified potato dextrose agar medium but no dilution
for total fungi and Trichoderma ssp. quantification [30–33]. Then, plates were inoculated
by depositing on the agar surface 0.1 mL of the CT dilution, which was spread on the
media surface with sterile glass beads. Moreover, non-inoculated plates were included
as a negative control. Petri dishes were incubated in the dark at 28 ◦ C for 3 to 15 days,
depending on the medium. After this time, colony-forming units (CFU) were counted to
estimate the cultivable microorganism’s population. This experiment was conducted using
five replications.
2.3. In Vitro Assays
An initial in vitro test was performed to determine the suppressive effect of the CT
against the pathogens R. solani and P. capsici. The relative growth of both pathogens was
measured in Petri dishes of 90 mm in diameter, prepared with sterilized PDA at 60 ◦ C
with the CT added after sterilization. Once the medium solidified, a 5-mm diameter PDA
plug of R. solani or P. capsici was inserted into the center of the Petri plates. The CT-to-PDA
relation was 1:10. Furthermore, controls of each strain were included in sterilized water
and a PDA medium to assess their growth in the absence of the CT. The growth diameter of
the pathogens (mm) was assessed at seven days after inoculation. In the end, the RGR was
calculated (relative growth rate of the pathogen in comparison to the growth of the colony
without the CT) [34]. The essay was carried out including five replications per treatment.
Petri dishes were maintained in the dark at 24 ◦ C for 7 days. This experiment was repeated
three times. The P. capsici strain proceeded from a selection of Neiker (Basque Center of
Agricultural Research) and Rhizoctonia solani strain from the pathogen collection of the
Regional Center for Pest and Diseases Diagnosis, Junta de Castilla y León.
2.4. In Vivo Assays
For in vivo assays, on May 3, pepper seeds (Capsicum annuum cv. Morrón de Conserva 4) were germinated in a sterile substrate formed by vermiculite. When the plants
had four leaves (30 days after sowing), they were transferred to 15 × 12 × 15 cm pots
containing a sterile mix of blond peat (50%), sandy, acid pH, and nutrient-poor soil (37.5%,
from Ledesma-Salamanca) and vermiculite (12.5%) as a very nutritive-deficient substrate.
The main characteristics of the substrate were: pH 6, 70 mg L−1 N, 71 mg L−1 P2 O5 ,
150 mg L−1 K2 O, 35% of organic matter, 0.6 dS m−1 EC.
The experiment was carried out in a greenhouse under the following conditions:
temperature 24 ◦ C day, 18 ◦ C night and 80% relative humidity. Ten different treatments
were considered depending on the CT supply (40 mL was supplied weekly and individually
by irrigation), pathogen inoculation, and inoculation time: T1 (CT), T2 (CT + R. solani
inoculation one week after transplanting), T3 (CT + P. capsici inoculation one week after
transplanting), T4 (Control plants inoculated with R. solani one week after transplanting),
T5 (Control plants inoculated with P. capsici one week after transplanting), T6 (CT + R. solani
inoculation four weeks after transplanting), T7 (CT + P. capsici inoculation four weeks after
transplanting), T8 (Control plants inoculated with R. solani four weeks after transplanting),
T9 (Control plants inoculated with P. capsici four weeks after transplanting) and T10
(Control plants without infection) (Figure 1). For pathogen inoculation, the rice grain
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Table 3. Plant growth parameters of pepper plants grown under the different treatments.
Treatments

Days to Flowering
(after Transplanting)

Plant Height
(cm)

Stem Diameter
(mm)

Chlorophyll Content
(SPAD Units)

T1
T2
T3
T4
T5
T6
T7
T8
T9
T10

40.1 a
39.2 a
39.7 a
48.6 b
49.0 b
40.1 a
41.0 a
48.2 b
48.7 b
49.2 b

31.2 abc
33.0 ab
31.0 abc
26.5 c
30.0 bc
30.7 abc
36.2 a
33.5 ab
33.2 ab
29.7 bc

8.97 a
7.72 bc
9.10 a
7.80 bc
7.65 c
9.22 a
8.92 a
8.60 ab
8.40 abc
7.92 bc

37.6 a
40.9 a
38.7 a
37.1 a
39.4 a
39.2 a
38.5 a
41.6 a
38.6 a
39.8 a

Distinct letters in the same column indicate statistically significant differences among treatments as determined
by Tukey’s honest significant difference (HSD) (p < 0.05).

To examine whether the observed changes in growth were related to the CT application
and R. solani and P. capsici diseases, the total amount of fruits, plant dry weight, and
pathogen incidence were measured (Table 4). Plants irrigated with the CT (T1) displayed
the best results in the total weight of pepper fruit, being two times higher than those of T10.
Moreover, CT-treated and -inoculated treatments (T2, T3, T7, and T8) slightly improved the
aerial biomass parameters compared to the control (without significant differences). Plants
inoculated with R. solani or P. capsici one week after transplanting (T4 and T5) showed a
reduction in shoot and root dry weight, while plants of T5 also presented a decrease in
total fruit weight.
Table 4. Fruit production, plant dry weight and R. solani and P. capsici incidence on pepper plants under CT application.
Treatments

Total Fruit
Number

Total Fruit
Weight (g)

Mean of Fruit
Weight (g)

Root Dry
Weight (g)

Shoot Dry
Weight (g)

Pathogen
Incidence

T1
T2
T3
T4
T5
T6
T7
T8
T9
T10

5
6
6
4
7
4
5
7
4
6

322.19
219.25
249.58
171.21
154.44
182.07
228.38
209.38
147.13
162.23

64.44 a
36.54 bc
41.60 b
42.80 b
22.06 d
45.52 b
45.68 b
29.91 c
36.78 bc
27.04 c

8.71 ab
7.82 b
8.94 ab
4.33 c
3.70 cd
11.60 a
10.59 a
6.51 bc
4.98 c
8.66 ab

5.25 b
5.59 b
6.07 ab
4.01 c
3.55 c
5.98 ab
6.42 a
4.98 b
4.55 bc
4.95 b

0
0
0
2
3
0
0
1
2
0

Distinct letters in the same column indicate statistically significant differences among treatments as determined by Tukey’s honest significant difference
(HSD) (p < 0.05).

Concerning pathogen incidence, it should be pointed out that collapse only occurred in
one plant of the T5 treatment. Furthermore, most of the treatment plants showed different
symptoms such as black roots, narrow neck, and a thin stem (grade 3 attack severity) and
those plants of T4 displayed a grade 2 pathogen attack. Moreover, T8 and T9 (R.solani and
P.capsici inoculated 4 weeks after transplanting) generated less damage than inoculations
a week after transplanting (T4 and T5) considering the damage severity of grade 1 and
2, respectively. In addition, it should be noted that there were significant differences
among the inoculated P. capsici plants one week after transplanting under CT and control
conditions (T3 and T5, respectively). Furthermore, there were no differences between
CT-treated and inoculated with R. solani plants one week after transplanting (T2) and those

T4
T5
T6
T7
T8
T9
T10

Agronomy 2021, 11, 781

4
7
4
5
7
4
6

171.21
154.44
182.07
228.38
209.38
147.13
162.23

42.80 b
22.06 d
45.52 b
45.68 b
29.91 c
36.78 bc
27.04 c

4.33 c
3.70 cd
11.60 a
10.59 a
6.51 bc
4.98 c
8.66 ab

4.01 c
3.55 c
5.98 ab
6.42 a
4.98 b
4.55 bc
4.95 b

2
3
0
0
1
2
0

7 of 12
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since Amtmann et al. [39] wrote that K application tends to reduce fungal diseases. In addition,
the high content of humic acids (10.3% of dry matter) could explain the positive effect
of the obtained CT on plant growth promotion and resistance. Besides, the application
of humic acids enhances phenolic and flavonoid accumulation and improves yields in
Cichorium intybus plants [40]. Several authors have linked humic substances as compounds
having an auxin-like activity that induces nitrate metabolism for plant growth [41,42]. In
addition, Morales-Corts et al. [9] explained that the growth effect of CT could be not only
explained by humic acid content, but also by nutrient concentration, phytohormones, and
the presence of beneficial microorganisms. Therefore, the microbiota in a CT also play
a fundamental role in the ability of these extracts to suppress plant diseases or promote
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growth [13]. Bacterial communities (total aerobic bacteria and N-fixing bacteria) were
the predominant microorganisms in this aerated CT. These results follow Kim et al. [43],
who observed similar population densities of culturable bacteria in the mixture of oriental medicinal herb compost and vermicompost tea during incubation. Furthermore,
Li et al. [44] showed analogous results in microbial populations in maize straw CT, having
the most total bacteria microbial populations, followed by actinomycetes and total fungi. It
is clear that microbial communities found in a CT can be indirectly responsible for growth
improvement with respect to the control because of their implication for the availability of
nutrients as previously suggested by Hamid et al. [19], especially due to K+ content in the
studied CT.
Concerning the inhibitory effect of the CT on the studied fungal pathogens, in vitro
assay results showed that the application of CT to PDA (1:10) significantly decreased the
growth rate of R. solani and P. capsici in comparison with the control treatment. According
to these results, Dionne et al. [45] showed that the CT significantly reduced the growth
of the mycelium of R. solani. This reduction seems to be related to the high microbiota
population, since in our experiment the sterilized CT did not show this direct suppressive effect (data not shown). Hence, CT-enriched media displayed a large number of
microorganisms that could directly repress fungi growth. In addition to this statement,
several authors have previously written that microbial populations are required to determine the suppressive effect of the CT [36,46]. Moreover, the CT contains different species
of the genera Trichoderma, Penicillium, Aspergillus, Bacillus, Enterobacter, Rhizobacteria or
Pseudomonas spp., among others, which could have the ability to control pathogens and
stimulate plant growth [47–50].
The effect of a CT on plant growth and resistance against P. capsici and R. solani was
tested. The plants grown under CT treatment (T1) displayed the best results in biomass
and in the total and average weight of fruit. These results are in concordance with those
indicated by Ros et al. [51], who pointed that the foliar application of CT increases the
yield and quality of baby spinach plants. This could be explained by the contribution
of nutrient content, humic acids, and microbial population in growth promotion [52]. In
addition to this statement, Reeve et al. [53] indicated that the nutrient content in a CT could
supplement or substitute for other types of fertilizers.
Moreover, it should be pointed out that the CT application carried out in this trial
does not provide all the necessary nutrients for the pepper crop, since the control plants
showed nutritional deficiencies from the middle of the cycle. Therefore, a supplementary
fertilization is required to cover the nutritional requirements of pepper plants to get a high
yield. Therefore, the combination of mineral and organic components should be considered
to reduce the chemical resources application. In relation to this statement, several authors
tested the combination compost or mineral solubilizing microorganism with fertilizers as a
good solution to increase the availability of nutrients [54–56].
It is relevant to the point that the first flower of the CT-treated plants (T1, T2, T3, T6,
and T7) started opening one week before those without CT treatment (Table 3), which
indicates that application of the CT advanced the crop cycle. Similar results were observed
in potato plants treated with garden waste CT [57]. Furthermore, pepper plants inoculated
with P. capsici one week after transplanting (T5) showed a reduction in fruit weight as
well as in stem and root dry weight compared to the control treatment. These plants also
displayed a higher grade of pathogen incidence (black roots, narrow neck, thin stem, leaf
decay and very pronounced chlorosis). In addition, plants treated with CT and inoculated
with P. capsici (T3 and T7) showed a reduction in pathogen incidence. They increased
growth parameters (total fruit weight, average fruit weight, dry weight of the root, and
aerial part and total biomass). This fact may be due to the microbial populations of CT since
Ezziyyani et al. [58] previously revealed that both Trichoderma harzianum and actinobacteria
effectively reduce the attack of Phytophthora capsici.
Moreover, regarding the disease produced by R. solani, plants inoculated with this
pathogen one week after transplanting (T4) displayed grade 2 pathogen incidence and a
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reduction in root and stem weight relative to the control. Interestingly, as for P. capsici,
plants presented less pathogen damage when inoculated with R. solani four weeks after
transplanting (T8) with respect to those inoculated one week after transplanting (T4). This
point led us to conclude that CT application had a suppressive effect on the attack of R. solani
as shown in in vitro cultures. Moreover, several authors previously studied the effect of
different CTs on R. solani control in different plant species [59,60]. In this line, MoralesCorts et al. [9] confirmed the effect of green waste CT on the control of this pathogen in
potato plants. This fact is directly related to the presence of Trichoderma spp., among other
microbial antagonists and parasitic or antibiotic-producer microorganisms [46,61], and to
indirect mechanisms inducing systemic resistance in plants [19]. In this sense, the addition
of PGPR may enhance auxin production in the rhizosphere which is linked to developing
stress tolerance in plants. Consequently, the addition of CT could minimize stress in the
pepper plants caused by pathogens, especially when the application is carried out before
an attack.
Altogether, indications are that this CT could be considered as a green alternative
to supplement, or substitute for, other types of fertilizers and pesticides. Since pepper is
one of the most important human food crops, management strategies using CT obtained
from green waste (following the Sustainable Development Goals of the United Nations
to achieve a better and more sustainable future [62]) could be relevant in integrated and
sustainable agriculture.
5. Conclusions
This study confirmed the positive effect of CT application (based on green waste) on
total biomass and pepper fruit production and for its direct implication for the control of
pathogen development by causing a reduction of both P. capsici and R. solani in in vitro and
in vivo essays. The studied extract presented relevant content in NO3 − , K2 O, humic acids,
and microorganisms, which seem to play a synergic role in plant growth and protection.
Microbiota in the CT induced a reduction in the relative growth rate of both P. capsici
and R. solani (31.7% and 38.0%, respectively) in in vitro assays compared to the control.
Moreover, the effect on pathogen control was significant in P. capsici early attacks in the
in vivo assays. The CT application produced a 36% increase in biomass with respect to the
control, and plants treated with the CT started flowering one week before those that were
not treated, thus indicating that the application of the CT advanced the crop cycle. Despite
its bio-stimulant action on plant growth, CT application in this trial did not provide all the
necessary nutrients for the pepper crop. Therefore, supplementary fertilization is required
to cover the nutritional requirements to obtain a high yield. Further studies should be
conducted under field conditions and combined with other fertilizers.
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