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Abstract

Our article describes a study on the influence of mineral and organic fertilisation and three strains of
Trichoderma sp. isolated from Polish soils on the count of moulds, including the Fusarium and Alternaria
genera, as well as the soil fertility index and the yield of red beets. Apart from that, the aim of the study was
to assess the interaction between Trichoderma sp. and plant pathogens. A field experiment was performed on
haplic luvisols soil in 11 combinations: a control sample, a variant with a mineral fertiliser, one with manure
and eight variants where tomato or onion waste composts were applied. Some of them were inoculated with
Trichoderma atroviride (T1) and/or T harzianum (T2 and T3) isolates. The total count of moulds and the
counts of Trichoderma sp., Fusarium sp., and Alternaria sp. in the soil were the most strongly influenced by
the addition of mineral fertiliser and manure. On the other hand, the values of the soil fertility index were
the highest in the soil enriched with manure, followed by the soil combinations with tomato waste composts.
Vegetable waste composts applied to the soil proved to be good carriers of Trichoderma sp. isolates. The
study did not prove any antagonistic effect of Trichoderma sp. isolates on the proliferation of Alternaria sp.
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The growth and development of Fusarium sp. was inhibited by the Trichoderma — T3 strain on its own or in

combination with isolate Trichoderma — T1.

The yield of red beet roots and leaves was the highest in the combination with the mineral fertiliser

and in the soil fertilised with the composts that had been simultaneously inoculated with two strains, i.e.,
Trichoderma — T1 and Trichoderma — T2, or Trichoderma — T1 and Trichoderma — T3.

Keywords: compost, moulds, enzymes, soil, plants

Introduction

In view of human health care and the state of the
natural environment, in recent years limited use of
pesticides and artificial fertilisers has been a leading trend
in crop cultivation. In consequence, the authorities have
introduced stricter regulations, which force farmers to
reduce the amount of chemical crop protection products to
the necessary minimum [1].

On 1 January 2014 the European Union introduced
obligatory integrated crop protection. In Poland it was
introduced as a regulation of the Minister of Agriculture
and Rural Development [2]. According to the rules of
integrated crop protection specified in Annex III of
Directive 2009/128/EC, ‘Sustainable biological, physical,
and other non-chemical methods must be preferred to
chemical methods if they provide satisfactory pest control’
[3].

Trichoderma is a fungal genus regarded as a biological
control agent (BCA) [4]. Agricultural biocontrol with
Trichoderma is a natural and environmentally friendly
alternative to chemical crop protection products that
pollute the environment and accumulate toxic substances.

Trichoderma fungi can be used as biopesticides due to
their universal effect. These microorganisms belong to the
most common soil moulds and are capable of colonizing
different environments. It is very easy to isolate them from
soil, wood, and other forms of organic matter [5].

The occurrence of Trichoderma sp. is so common in
nature because the fungi effectively use available substrates
and are capable of secreting enzymes, antibiotics, and
other secondary metabolites. For this reason, they can be
found in such diversified environments as hot rainforests
and sterile, lightproof biotechnological fermenters [6].

The effect of Trichoderma sp. promoting the growth
and development of plants and strengthening their
resistance to pathogenic organisms is based on a wide
range of mechanisms. According to You et al. [4] and
Toghueo et al. [7], the antagonistic effect of Trichoderma
sp. on plant pathogens (Fusarium sp., Alternaria, sp.
Rhizoctonia sp., Phytophthora sp., Pythium sp. Sclerotinia
sp.) consists of the production of antibiotics (harzianic acid,
tricholine, heptelidic acid, viridine, peptaibols, glyovirin,
massoilacton, gliotoxins, alamethicin, 6-pentyl-a-pyrol,
glisoprenin), lytic enzymes (cellulase, hemicellulase,
xylanase, pectinase, [-1,3-glucanase, chitinase and
protease), and substrate acidification, as well as aggressive
competition for living space and nutrients in the substrate.

Moreover, as Trichoderma fungi produce siderophores,
they are capable of rapid chelation of the elements,
trace amounts of which can be found in the rhizosphere
(e.g., iron) and thus they do not make them available to
pathogens [8].

According to Mukherjee [9] and Haque et al. [10],
Trichoderma sp. stimulate the growth and development
of plants by secretion of vitamins and phytohormones.
They also participate in increasing the availability of
elements necessary for plants — chiefly phosphorus and
nitrogen. Apart from that, they provide nutrients to plants
by mineralisation of organic matter.

Around the world there are more than 25
biopreparations that contain different fungal species
of the Trichoderma genus. At present, biopreparations
containing Trichoderma are used for growing soy, beans,
cotton, tobacco, tomatoes, and onions. When they are
applied to crops, the costs of production are reduced by
about 40% [11].

Apart from one preparation based on the Polish strain
of Trichoderma viride, only foreign biopreparations are
available in Poland. There are some doubts whether the
strains they contain can fully adapt to Polish climate
conditions. It seems that the best solution would be to
make biopreparations containing domestic strains of
Trichoderma sp., which would be effective in our climate
conditions. Simultaneously, they would cut the costs of
their production [12].

The aim of our study was to analyze the influence
of mineral and organic fertilisation and three isolates of
Trichoderma sp. on the fertility of soil under a red beet
plantation by assessing the dehydrogenases and catalase
activity. Apart from this, the aim of the study was to
assess the influence of these factors on the count of plant
pathogens of the Fusarium and Alternaria genera and on
the yield of red beets.

Material and Methods
Experimental Design

A two-year experiment was conducted in 2013 and
2014. The experiment was started in a randomised block
design in plots of 9.3 m* (6 m x 1.55 m) belonging to a
private farm in Lubosz, Commune of Kwilcz, Greater
Poland Voivodeship, Poland. The experiment was located
on typical haplic luvisols formed from light loamy
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sands, deposited in a shallow layer on light loam. The
granulometric composition of the soil ranged from light
clayey sands to strong sands deposited on light clays.
Table 1 shows selected soil characteristics.

The following three Trichoderma isolates were used in
the experiment: 7. atroviride (T1) and T. harzianum (T2
and T3). They came from the collection of strains of the
Institute of Horticulture in Skierniewice, Poland. They
were used for the inoculation of composts made from
onion and tomato waste and then they were applied to the
soil under a red beet plantation (Beta vulgaris L. subsp.
vulgaris), Zeppo F1 cultivar.

The composts used in the experiment were produced
on a technical scale (in prisms with about 20 tons of
input). Both the tomato waste compost and onion waste
compost (mostly clusters, leaves, etc.) were mixed with
wheat straw (about 10% added) and a small amount of pig
manure (5%).

When the thermophilic phase was over (the prism
temperature was about 25°C), the composts were inoculated
with Trichoderma strains by means of a hand sprayer.
At that moment the density of Trichoderma sp. spores
entered into the waste composts was 10%. One month after
the inoculation of the composts they were entered into
the soil. The following amounts were applied: 43 t ha’!
onion waste compost and 38 t ha™! tomato waste compost.
Apart from that, we also applied pig manure fertilisation
(37 t ha'') and mineral fertilisation with nitrogen as urea
(90 kg N ha'"), with phosphorus as triple superphosphate
(40 kg P ha') and with potassium as potassium salt
(182 kg K ha'"). All organic fertilisers entered into the soil
were equivalent to 170 kg N ha''.

Eleven fertiliser combinations were used in the
experiment, with four replications of each combination:
1) control sample (no fertiliser), 2) mineral fertiliser, 3)
manure, 4) onion waste compost, 5) onion waste compost
inoculated with strain T1, 6) onion waste compost
inoculated with strain T3, 7) onion waste compost
inoculated with strains T1 and T3, 8) tomato waste
compost, 9) tomato waste compost inoculated with strain
T1, 10) tomato waste compost inoculated with strain T2,
and 11) tomato waste compost inoculated with strains T1
and T2.

Both in 2013 and 2014 soil samples necessary for
microbiological and biochemical analyses were collected
during three periods (10 replications), according to the

Table 1. Chemical characteristics of soil.

Pure components Value_
(mgkg')
N 98.0
P 35.31
K 73.87
Mg 59.12
pH ., 59

Polish standard PN -ISO 10381 —2:2007 [13]. Depending
on the year of the research, the sample collection dates
coincided with the pre-sowing phase (20-21 July; term
I), crop emergence phase (12-13 August; term II) and
harvesting phase (23-25 October; term III).

Soil Microorganisms

The total count of moulds as well as the counts of
Trichoderma sp., Alternaria sp., and Fusarium sp. were
determined in the experiments (in five replications). The
microorganisms were cultured with the plate method
on solid substrates using appropriate soil solutions and
expressed as cfu g' DM of'soil. The count of moulds in the
medium was determined according to Martin [14], with
rose bengal and aureomycin added. Plates were incubated
for six days at 25°C. The count of Trichoderma sp. was
determined with the plate method, on a modified Martin’s
medium [14] with chloramphenicol, streptomycin,
metalaxyl, and PCNB (pentachloronitrobenzene) added.
The plates were exposed to visible light and incubated for
seven days at 24°C. In order to confirm that 7richoderma
sp. belonged systematically to the species of Trichoderma
harzianum or Trichoderma atroviride, the fungal colonies
were inoculated to a PDA substrate (Sigma Aldrich).
They were initially identified with a microscope and
later the identification was confirmed by means of
fluorescent in-situ hybridisation (FISH) [15] with 4% PFA
(paraformaldehyde), 0.5% Triton solution, alcohol series
(70%, 80%, 96%), 70% formamide solution, and two
probes whose ends were marked with Cy3 marker (ACT
CCC AAA CCC AAT GTG AA and ATA CCAAAC TGT
TGC CTCGG) [16].

In the experimental variants where the aforementioned
Trichoderma sp. isolates were not applied, but the analy-
ses revealed the presence of native Trichoderma sp. strains
in the soil (e.g., in the control sample), only the counts of
Trichoderma harzianum and Trichoderma atroviride were
determined.

The count of Fusarium sp. was determined with the
plate method, on a medium [17] with oxbile, chloram-
phenicol, streptomycin, borax, and PCNB (pentachloroni-
trobenzene) added. The plates were incubated for 14 days
at 24°C. The count of Alternaria sp. was determined on
a medium developed by Hong and Pryor [18], with 20%
lactic acid, botran (active ingredient: dichloran), bayleton
(active ingredient: triadimefon) and streptomycin added,
by incubating the plates at 24°C for seven days.

The fungal colonies were inoculated to a PDA substrate
(Sigma Aldrich) and then identified systematically based
on mycological keys [19-21].

Soil Enzymes

Biochemical analyses were performed by means of
spectrophotometry. Dehydrogenase activity (DHA) was
determined according to Thalmann [22] with some mi-
nor modifications. The soil (1 g) was incubated for 24 h
with 2, 3, S-triphenyltetrazolium chloride (TTC) at 30°C,
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pH 7.4. Triphenylformazan (TPF) was produced, extract-
ed with 96% ethanol, and measured spectrophotometrical-
ly at 485 nm. Dehydrogenases activity was expressed as
umol TPF g' DM of soil 24 h'.

Catalyse activity (CAT) in the soil was determined
by means of titration [23]. The soil with 0.3% H,0O, so-
lution was incubated for 20 minutes and then 1.5 M
H,SO, was added. The resulting solution was titrated with
0.02 M KMnO,. The catalyse activity was expressed as
umol H O, g"' D.M. of soil min™.

The dehydrogenases and catalyse activity were mea-
sured to determine the soil biological index of fertility
(BIF) according to Stefanic et al. [24]:

BIF = (1.5 DHA + 100 k CAT) / 2

...where £ is the proportionality coefficient = 0.01
Crops

The crops were harvested manually by collecting two
central rows from the plot. The yield of aerial parts and
the yield of roots were separately measured. Crop density
was measured by counting the plants harvested. After the
harvest about 500 g samples were separated and dried at
55°C to a constant weight so as to measure the dry weight
content and calculate the yield of dry weight of roots and
leaves.

Statistical Analysis

Statistical analyses were conducted by means of
Statistica 12.0 software (StatSoft Inc. 2012). We used two-
way analysis of variance to determine the significance of
variation in the count of groups of microorganisms under
analysis and soil enzymatic activity, depending on the soil
combination and term of analysis. Homogeneous subsets
of means were identified by means of Tukey’s test at a
significance level of p = 0.05.

Pearson’s linear correlation coefficient was used to de-
termine the correlation between the count of Trichoderma
sp. and soil pH, and principal component analysis (PCA)
was used to illustrate the dependence between the count
of microorganisms in the soil. In order to group the items
according to the mean values of all the variables, i.e., in-
dividual soil combinations at consecutive terms, a cluster
analysis of the data was made by means of the ‘Agricolae’
package (R).

Results and Discussion
Soil Microorganisms

According to Ahemad and Khan [25], soil
microorganisms are thought to play akey role in controlling
the reactions that are necessary to maintain soil structure
and fertility. Their interaction with higher plants results
in a specific equilibrium in the soil biocenosis, which
may be disturbed by a flow of organic matter, chemical
substances, or a sudden change in the physiochemical
properties of soil.

Apart from eubacteria and actinobacteria, moulds
play a vital role in the circulation of nutrients in soil. From
the agricultural point of view, they have an important
function in the processes of plant nutrition due to their
physiological ability to accumulate water, produce organic
acids, and release a wide range of nutrients from soil
minerals [26].

Having averaged the results of microbiological
analyses from the two consecutive years of the study, we
obtained the results concerning the influence of the type of
fertilisation and term of collection of soil samples on the
count and activity of soil microorganisms (Table 2). The
two-way analysis of variance, with the type of fertilisation
and term of collection of samples of soil under a red beet
plantation being the factors affecting the traits under study,
proved that both factors had highly significant influence

Table 2. Microorganism numbers in soil with fertilizer addition, in three terms of analysis.

Experimental Microorganisms (cfu g' DM soil)
combination Total number of moulds Trichoderma sp Fusarium sp Alternaria sp
(10° cfu) (10*cfu) (cfu) (cfu)
Term I

1 9.73%e 0.36% 43.71° 67.00¢
2 18.68*¢ 0.35%e 93.45%® 1.22*
3 15.42%¢ 0.34¢ 21.55° 14.43%
4 2.15% 0.00 0.00 51.444
5 1.43 0.00 21.54° 0.00
6 21.49+f 0.00 50.086 0.00
7 2.14® 0.00 586.11¢ 0.00
8 2.52% 0.00 14.34 10.06°
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Table 2. Continued.

9 2.87%® 0.00 179.22%® 17.79%¢
10 430 0.00 43,102 0.00
11 12.22%d 0.00 104.22% 53.39d
Term 11
1 22.79*¢ 0.18® 167.56%® 49,994
2 37.78¢ 3.92¢ 135.44%® 21.14
3 22.88*¢ 1.60%4 86.67® 39.88*4
4 23.96*¢ 1.75%¢ 72.33® 50.16%¢
5 20.29*¢ 1.83%¢ 79.21%® 89.68<
6 20.15%¢ 2.50d 72.33%® 7.95¢
7 19.71%¢ 1.77%4 78.11% 24,784
8 18.41%¢ 1.45%d 68.67% 25.63
9 21.68F 0.94d 71.71® 3.16®
10 30.62¢" 2280 87.72: 69.15
11 21.53+F 2.32b¢ 128.68® 17.793b¢
Term II1

1 45.87¢ 0.31% 189.00% 78.65¢
2 54.19! 0.78e 296.53% 81.99<
3 45.34¢i 1.81% 291.19% 66.744
4 43.30¢F 0.96*4 167.44® 33.242d
5 51.05M 0.8320¢ 81.05% 60.30¢
6 37.21¢ 1.01%d 97.45%® 19.32%¢
7 35.21¢ 3.08¢ 92.25%® 23.43%d
8 25.19%¢ 1.20%4 78.99: 39.81d
9 21.11%F 1.06*4 42.28® 44.35%4
10 32.52¢ 1.31%d 74.32:® 34,16
11 29.61¢h 0.99d 181.18® 2.87d

Explanation: Means followed by the same letters do not differ significantly at p = 005; Combination: 1 — control sample (no
fertilizer), 2 — mineral fertilizer, 3 — manure, 4 — onion waste compost, 5 — onion waste compost inoculated with strain T1, 6 — onion
waste compost inoculated with strain T3, 7 — onion waste compost inoculated with strains T1 and T3, 8 — tomato waste compost,

9 — tomato waste compost inoculated with strain T1, 10 — tomato waste compost inoculated with strain T2, 11 — tomato waste
compost inoculated with strains T1 and T2; Terms: I — the pre-sowing phase, II — crop emergence phase, III — harvesting phase.

on the count of the microorganisms under analysis and
enzymatic activity of soil (Table 3, Fig. 1).

The quantitative analysis of moulds in the 11
experimental combinations revealed that the soil was
most strongly colonized with these microorganisms at the
phase of harvest (the third term) — especially in the soil
where mineral fertilisation was applied (combination 2).
Reference publications emphasize the stimulating effect
of mineral fertilisation on the life of soil microflora, as it
increases the count of microorganisms [26-27].

The analysis of data in Table 2 shows that regardless
of the type of fertilizing combination, the lowest total
count of moulds was observed at the first term of analyses

(before sowing) — especially in the soil enriched with
onion waste compost that had been inoculated with strain
T1 (combination 5). It is most likely that the low count
of moulds at that term was caused by the absence of
plants, which were sown only after soil samples had been
collected. According to Vallance et al. [28], the count of
soil microorganisms is considerably modified by plant root
secretions. Their qualitative and quantitative composition
depends not only on the plant species but also on the stage
of plant development.

The fertilisers applied in the experiment also
significantly modified the count of moulds in the soil.
As far as the mean value from the three consecutive
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Table 3. F test statistics and significance levels of two-way
analysis of variance for the number of selected groups of
microorganisms associated; with soil combination and terms
research fixed factors (***p = 0001, **p = 001, *p = 005).

Parameter Term Combination | Interaction
Moulds 59.98*** 3.29%* 3.20%**
Trichoderma sp. | 142.92%** 6.59%*%* 2.51%%*
Fusarium sp. 5.05%* 7.14%%* 10.15%**
Alternaria sp. 4.80* 2.92%* 4.48%%*
BIF 30.75* 4.98%** 1.86%*

terms of analyses is concerned, the greatest count of the
microorganisms was noted after mineral fertilization
(36.88:10° cfu - g' dm soil) followed by manure
fertilization (27.87-10° cfu - g! dm soil). Kucharski
and Wyszkowska [29] report that the effect of mineral
fertilizers (especially physiologically acidic ones) on soil
microorganisms results from their direct influence on
pH variation in the environment. On the other hand, the
authors stress the fact that the tendencies of changes in
the microflora, which take place after mineral fertilization,
are much less than those resulting from the application of
fertilizers improving the content of organic matter in soil,
i.e., fertilization with manure, liquid manure, or straw.

In most cases the composts made from onion or tomato
waste reduced the count of moulds. On average the count
dropped by 12% when the composts made from onion

9,00

8,00 = oo

b-f

c-f
7,00 ot S

6,00 .

af
af

[T
& 5,00

af

4,00

3,00 1o

ac a-c ab

2,00 A

1,00 A

0,00 -

Combination
OTerm | all all

Fig. 1. The changes of Biological Index of Fertility (BIF) in a
soil. Explanation: Means followed by the same letters do not dif-
fer significantly at p = 0.05; Combination: 1 — control sample
(no fertilizer), 2 — mineral fertilizer, 3 — manure, 4 — onion waste
compost, 5 — onion waste compost inoculated with strain T1, 6 —
onion waste compost inoculated with strain T3, 7 — onion waste
compost inoculated with strains T1 and T3, 8 — tomato waste
compost, 9 — tomato waste compost inoculated with strain T1, 10
— tomato waste compost inoculated with strain T2, 11 — tomato
waste compost inoculated with strains T1 and T2; Terms: I — the
pre-sowing phase, II — crop emergence phase, III — harvesting
phase.

waste were applied and by 26% when those made from
tomato waste were used (combinations 8-11).

The lower count of moulds in the soil with the
aforementioned composts may have been caused by the
occurrence of antagonistic phenomena related to nutrients
or place of colonization between the autochthonic soil
microflora and zymogenous microorganisms entered into
the soil with the composts [30-31].

Apart from that, the decrease in the count of moulds may
also have been caused by the chemical composition of the
composts entered into the soil. During the decomposition
of plant debris in the composts many different substances
exhibiting strong biological properties may have been
released, such as phenols, aldehydes, alcohols, essential
oils, terpenes, or acids with an inhibitory effect on
soil microorganisms [32]. According to Steinka and
Kukutowicz [33], caffeic acid is an example of a substance
with antimicrobial properties that can be found in tomato
tissues.

As results from the data in Table 2, the type of
experimental combination and the term of sample
collection had significant influence on variability in the
count of Trichoderma sp. The research revealed that
there were considerable fluctuations in the count of these
microorganisms during the whole research period. As
results from the analysis of mean values in individual
experimental items, the presence of these microorganisms
was noted only at the second (the phase of plant emergence)
or third term of analyses (the harvest phase). Trichoderma
sp. are fungi that can mostly be found in the root zone.
This fact may have caused their presence at the phase of
beet emergence and harvesting also in the soil items where
Trichoderma sp. isolates had not been entered. According
to You et al. [4], the adhesion of these fungi to hydrophobic
root surfaces is conditioned by the production of proteins
— hydrophobins that affect their effective colonization.

The results of our study indicate that the development
of these fungi was statistically significantly activated in the
combination where mineral fertilization had been applied.
Manure and the composts also caused an increase in the
count of Trichoderma sp. in the soil. Apart from that, the
analysis revealed that the count of Trichoderma sp. was
greater and their population developed better after the
addition of the onion rather than tomato waste composts
into the soil. The growth was particularly noticeable in the
combination where the compost had been simultaneously
inoculated with two strains of Trichoderma sp.: T1 and T3
(combination 7).

As Lee [34] reports, agrotechnical treatments
applied during crop cultivation, such as mineral nitrogen
fertilization and organic fertilization, stimulate the count
and activity of soil microorganisms. However, there
are also studies that reported that fertilization reduced
the total microbial biomass [35]. The negative effects
of fertilization may have been caused by direct toxicity
and changes in pH due to ammonium-based fertilizers.
According to Heinze et al. [36], the application of mineral
fertilizers resulted in a significantly decreased soil pH,
which is an important regulator of the development of
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Fig. 2. Changes in pH value in soil combinations (explanation
as in Fig. 1).

soil microorganisms because it affects the solubility of
various mineral substances, simultaneously influencing
their absorbability. Therefore, the pH value (Fig. 2) and
its influence on the development of Trichoderma sp. were
determined in our study (Table 4).

As results from the research by Kredics et al. [31],
Trichoderma strains were able to grow in a wide range
of pH values: from 2.0 to 6.0, with an optimum at 4.0.
In our study in most of the combinations the pH values
of the soil under the beet plantation ranged from slightly
acidic to alkaline (Fig. 2). The statistical analysis based
on Pearson’s linear correlation coefficient proved that the
count of Trichoderma sp. was positively correlated with
the pH value in the experimental combinations, except for
the soil fertilized with manure (Table 4).

In order to confirm the phytosanitary properties
of Trichoderma sp. fungi in the experiment we also
analyzed the count of fungal pathogens of the Alternaria
and Fusarium genera in the soil (Table 2). Alternaria
and Fusarium fungi are the most common pathogens

isolated from crops all over the world. Due to their
high pathogenicity and toxigenicity (especially the
Fusarium genus), they are considered to be the most
dangerous filamentous fungi causing enormous economic
loss [37].

The microbial analyses conducted as part of our study
revealed the presence of Fusarium fungal pathogens (1.12-
58.61 cfu per 1g of dry weight) in all soil combinations
at the first term of the study, i.e., before fertilizing the
soil. The greatest amount of the fungi was found in the
plots where onion-waste composts were to be applied
(combinations 6 and 7). Apart from that, the sanitary
analysis at the first term of investigations also revealed
that the soil was contaminated with Alternaria sp. fungi.
However, these pathogens were not found in all soil
combinations and the contamination with Alternaria sp.
was not as heavy as with Fusarium sp. (1.43-10.06 cfu per
1g of dry weight of soil).

At the phase of plant emergence (the second term) the
presence of Alternaria sp. was noted in all experimental
variants. There was also considerable fluctuation in
the count of these microorganisms between the second
and third terms of investigations, depending on the
experimental combination. Alternaria sp. can survive
as mycelium or spores on decaying plant debris for a
considerable time, or as a latent infection in seeds. If seed-
borne, the fungus can attack the seedling once the seed has
germinated. In other cases, once the spores are produced,
they are mainly spread by wind onto plant surfaces, where
infection can occur [38].

During the experiment the count of Fusarium sp.
increased in most of the experimental variants. It was
probably caused by the presence of plants and their root
secretions.

Similarly to the aforementioned total count of moulds,
Trichoderma sp., Fusarium sp., and Alternaria sp. also
responded to fertilization with statistically significant

Table 4. Pearson correlation coefficient between the number of microorganisms and soil pH value.

Combination Moulds Trichoderma sp. Fusarium sp. Alternaria sp.
1 -0.36 0.97* -0.79* 0.59
2 0.54 0.91* 0.20 0.25
3 -0.24 -0.79* -0.23 -0.49
4 0.53 0.98* 0.43 -0.27
5 -0.14 0.89* 0.47 0.75%
6 -0.07 0.99* -0.89% 0.96*
7 0.53 0.57 -0.88* 0.89*
8 0.68* 0.94 0.78%* -0.94*
9 0.88* 0.81%* -0.75% -0.35
10 0.83* 0.98* 0.98* 0,98*
11 0.53 0.98* 0.31 -0.97*

*Correlation coefficient significant at significance level p = 005
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Table 5. The sanitary state of composts applied to soil.

. . Type of compost
Microorganisms T TT1 T TTI14T2 0 OTl1 OT3 OTI1+T3
T"ta(llféffc‘“f'f;f’]f;f/gulds 245 18.12 83.24 61.78 3.45 187.65 66.23 273.01
(Tlrgczhcofgegr_’l"gl\% 2.18 22.99 421 30.06 0 1.98 L1 1.32
A N N N N N NN BN IR
dhermaria 0 0 0 ° ! ! ’ i

Explanation: T — tomato waste compost, TT1 — tomato waste compost inoculated with strain T1, TT2 — tomato waste compost in-
oculated with strain T2, TT1+T2 — tomato waste compost inoculated with strains T1and T2, O — onion waste compost, OT1 — onion
waste compost inoculated with strain T1, O3 — onion waste compost inoculated with strain T3, OT1+T3 — onion waste compost

inoculated with strains T1 and T3.

changes in their count. This observation was also
confirmed by statistical analysis (Table 3). As it revealed,
when the mineral fertilizer (combination 2), manure
(combination 3), and onion waste composts (combinations
4-7) were applied at the second term of the investigations,
the count of Alternaria sp. was even more than 10 times
greater than at the first term. In most combinations (except
combinations 5, 7, and 9) the count of Fusarium sp. also
increased a few times at the second term.

The sanitary analysis of composts and manure
conducted before applying them to the soil (Table 5) did
not reveal the presence of plant pathogens, so they could
not have contaminated it. Thus, it can be concluded that
the fertilisation stimulated the proliferation of pathogens
in the soil, and the plant debris in the manure and composts
was an attractant for Fusarium sp. and Alternaria sp.
Apart from that, the increased count of Fusarium sp. at
the second term of the investigations in the control sample
may indicate that the proliferation of these microorganisms
may have been caused by the type of crops cultivated.
Studies by Wolna-Maruwka et al. [39] prove that organic
fertilization (with sewage sludge) promotes the growth
and development of mould populations in soil. However,
this view is not supported by the observations made by
Gorska and Stepien [40], who claimed that the application
of organic additives to soil under a beetroot plantation
had no effect on the fungal hyphae population. However,
the incubation of onion waste composts in the soil for
71-73 days decreased the count of Alternaria sp. It was
particularly noticeable in the combination with isolate T3.
This phenomenon could be explained by the occurrence
of antagonistic interaction between Trichoderma sp. and
Alternaria sp. strains or by the slow, inhibitory effect
of compost components on the development of these
pathogens.

As results from the study by Tagoe et al. [41], onion
extracts inhibit some types of moulds because they contain
alliin, its homologues (methylalliin and propylalliin),
quercetin, and essential oil (which consists chiefly of
n-propyl disulphide).

The count of Alternaria sp. in the soil combinations
where the tomato waste composts were applied varied in
a different way than in the combinations with the other
fertilizers. When the composts were applied, the count of
Alternaria sp. decreased (except combination 10). This
phenomenon may have been caused by the occurrence of
antagonism between the native microflora in the composts
and the pathogens.

The inhibiting effect of organic fertilizers on the
growth of soil pathogens is relatively well documented
in literature. Stone et al. [42] demonstrated that organic
additives composted with bark and those not subjected to
composting inhibited the growth of soil pathogens.

However, further incubation of onion waste composts
in the soil increased the proliferation of Alternaria sp.
The count of Fusarium sp. also increased in most of
the experimental variants and reached maximum values
at the third term of the investigations (the harvesting
phase). However, the sanitary analysis of the soil
revealed that the addition of onion waste compost
inoculated with isolate T3 (combination 6) and a mixture
of strains T1 and T3 (combination 7) contributed to a
statistically significant decrease in the count of Fusarium
sp. in the soil.

A simple correlation analysis and principal component
analysis (PCA) were used to estimate cause-and-effect
relationships between the parameters under investigation
(Fig. 3). The PCA was used to show regularities between
independent variables (the correlation between the count
of fungi in individual fertilizer variants) and it consisted in
calculating the components being a linear combination of
the variables under analysis. Detailed analysis of principal
components presents the possibility of showing the initial
variables, which are a reference system for the other
variables. It is necessary to stress the fact that in the new
coordinate system a considerable part of variables can be
explained, i.e., more than 55%.

This statistical analysis points to the inhibitory effect
of Trichoderma sp. fungi on the growth and development
of Fusarium sp., and it shows that Trichoderma sp. do not
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Fig. 3. Dependences between the number of groups of
microorganisms applied in the experimental soil combinations at
consecutive terms of analyses (PCA).

have an antagonistic effect on the count of Alternaria sp.
pathogens.

In order to compare the reactions of the groups of mi-
croorganisms under analysis to the type of fertilizer ap-
plied at consecutive terms of the investigations we illus-
trated the data with heat maps, where two-dimensional
variables were represented by colours (Fig. 4). As results

from the map, there were variations in the structure of sim-
ilarities concerning the effect of individual fertilizers on
the total count of moulds and the counts of 7richoderma
sp., Fusarium sp., and Alternaria sp. at consecutive terms.
We applied cluster analysis to group the reactions of the
microorganisms under study to fertilization so that the
degree of related reactions would be the greatest within
one group and the smallest between the groups. We used
Ward’s hierarchical clustering and Euclidean distance. As
a result, we obtained a tree diagram grouped into five clus-
ters. The first group was characterized by a similar count
of microorganisms at the third term of analyses in the
control sample and in the combinations with the miner-
al fertilizer, manure, and onion waste composts. The sec-
ond group comprised analogical reactions of the microor-
ganisms in the combination fertilised with manure at the
phase of plants’ emergence (the second term) and in the
soil enriched with the tomato waste composts at the har-
vest phase (the third term). Apart from that, the microor-
ganisms exhibited similar reactions to mineral fertilization
(the first term), manure (the first term), tomato waste com-
posts (the first and second terms), and onion waste com-
posts (the second term). The fourth group was character-
ized by similar counts of microorganisms at the first term
in the control sample, in the soil with the mineral fertilizer
and in the soil fertilized with the tomato waste composts,
but at the phase of the plants’ emergence. The next cluster
included a comparable count of microorganisms in the soil
enriched with the onion waste composts at the first term of
investigations.
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Fig. 4. Comparable reactions of the groups of microorganisms under analysis to the type of fertilizer applied at consecutive terms of
investigations. Explanation: 1 — control sample (term I), 2 — mineral fertilizer (term I), 3 — manure (term I), 4 — onion waste compost (term
I; average of four combinations with the onion compost and Trichoderma isolates addition), 5 — tomato waste compost (term I; average
of four combinations with the tomato compost and Trichoderma isolates addition), 6 — control sample (term II), 7 — mineral fertilizer
(term II), 8 — manure (term II), 9 — onion waste compost (term II; average of four combinations with the onion compost and Trichoderma
isolates addition), 10 — tomato waste compost (term II; average of four combinations with the tomato compost and Trichoderma isolates
addition), 11 — control sample (term III), 12 — mineral fertilizer (term III), 13 — manure (term I), 14 — onion waste compost (term III;
average of four combinations with the onion compost and Trichoderma isolates addition), 15 — tomato waste compost (term I1I; average
of four combinations with the tomato compost and Trichoderma isolates addition).
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Soil Enzymes

When fertilisers or microorganisms in microbial
preparations are applied to soil, they may disorder the
biological equilibrium, causing variation in the populations
of microorganisms and their activity. Some soil enzymes
(catalase and dehydrogenases) are used to investigate
the metabolic activity of microorganisms or their overall
functioning. Both catalase and dehydrogenases are active
only inside living cells as they rapidly become degraded
when outside [43].

According to Meena et al. [44], the analysis of
soil activity of these enzymes presents the possibility
of drawing conclusions about the content of organic
substance or fertility of the substrate. In our study (Fig. 1)
in most of the soil variants (except the combination with
the mineral fertiliser), the lowest BIF values — ranging
between 1.24 and 4.09 — were observed at the first term
of the investigations. The highest values of the index
were noted in the plots where the onion waste composts
inoculated with strain T1 and a mixture of strains T1 and
T3 were to be applied, i.e., combination 5 (4.09) and
combination 7 (4.07), respectively. When the fertilizers
were applied to the soil, the BIF value increased in most
of the soil combinations except the one where the mineral
fertilizer was applied. According to Acosta-Martinez and
Tabatabai [45], in spite of the fact that mineral fertilization
positively affects the physiochemical properties of soil, it
may reduce its enzymatic activity due to the presence of
easily absorbable forms of mineral compounds.

It is most likely that the increase in the BIF values
observed in most of the soil variants at the second term
of the investigations was caused both by the addition of
fertilizers and the presence of plants. This index value in
the control sample (2.49) also points to this observation.

Wolna-Maruwka et al. [46] in their study on sage
also observed increased DHA activity at the phase of
vegetative growth. According to Vallence et al. [28],
there are qualitative and quantitative differences in
root secretions, which depend on the plant species and
cultivar, its phase of development and abiotic factors
(such as light, pH, substrate humidity and the content
of nutrients in the substrate). These differences modify
both the count of soil microorganisms and their activity.
Apart from that, according to Yao et al. [47], the plant
root system functions as a type of drainage, which enables
oxygenation of the substrate, thus stimulating the activity
of soil enzymes. The analysis of the BIF at the last term of
the investigations showed a further increase in its values
in all the combinations under study. The BIF value was
most modified by the addition of manure, which caused
it to increase up to 7.91 at the harvest phase. At the third
term of the investigations the BIF value was also strongly
influenced by the addition of tomato waste composts. At
the harvest phase this increased to 7.91. The index value
at the third term of the investigations was also strongly
influenced by the addition of tomato waste composts — at
the harvest phase the BIF increased to 4.81-7.27. These
observations were also confirmed by Watts et al. [48] and
Meena et al. [49] in their studies. They found that the DHA
in organically fertilized soil with manure was greater than
in the soil where a mineral fertilizer had been applied.

Crop Plants

Fertilization is one of the most significant factors
affecting yield. Appropriate dosage and balance of
nutrients are decisive to the yield volume. Natural and
organic fertilizers are valuable sources of nutrients
because they contain all macro- and microelements,

Table 6. Plant population (No m™) and yield of roots and leaves of red beets as affected by fertilization; mean from 2013-14 (Mg ha™).

Yield
Experimental Plant population
combination pop Roots Roots Leaves Leaves
(dry matter) (dry matter)

1 22.7% 11.3% 1.76° 10.6° 1.18°
2 23.22 18.6° 2.792 18.32 1.89°
3 17.8 15.5% 2.38%® 11.7° 1.1°
4 20.17 13.5% 2.15% 11.2° 1.1°
5 22.92 14.8» 2.38® 12.2° 1.3%
6 17.4° 15.4% 2.31%® 11.5° 1.2°
7 20.8* 17.0° 2.65% 12.3° 1.3°
8 21.92 14.6® 2.28® 15.1% 1.51%
9 24.02 14.3% 2.25%® 12.8% 1.4%®
10 19.3° 16.2%® 2.552 12.7% 1.3
11 20.6* 16.9° 2.58% 14.2%® 1.4%®

Explanation: Means followed by the same letters do not differ significantly at p = 0.05
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which are necessary for plants and they minimize the risk
of a deficit of nutrients. Nitrogen is usually decisive to the
yield of crops. The absorbability of nitrogen from organic
fertilizers is usually lower than from mineral fertilizers
[49].

Our observations confirm the statement above as
the highest yield of fresh and dry weight of beet roots
and leaves was noted in the combination with mineral
fertilization (Table 6).

No significant influence of the fertilizers on plant
density was observed. In the control sample it was
22.7 pieces per m?, whereas in the combinations with
the fertilizers it ranged from 17.4 to 24.0 pieces per m?
(Table 6).

Apart from that, the study proved that all the fertilizers
had a positive effect on the yield of roots, but the increase
in the yield was statistically significant only in the variants
where mineral fertilization had been applied, i.e., in the
combination with the onion waste compost inoculated with
isolates T1 and T3 and in the one with the tomato waste
compost inoculated with isolates T1 and T2. There were
similar dependences observed about the yield of the dry
weight of beet roots. There was also a significant increase
in the yield where the tomato waste compost inoculated
with isolate T2 had been applied.

The influence of the fertilizers on the yield of beet
leaves was less than the influence observed about the yield
of roots. Only mineral fertilization was proven to cause
an increase of 7.7 Mg ha™'. This type of fertilization also
resulted in a significant increase in the yield of dry weight
of leaves as compared with the control sample.

The findings of our study let us conclude that
the influence of organic fertilizers is very variable and
largely depends on the composition of fertilizers and the
method and length of their storage. In our study vegetable
waste composts and the standard organic fertiliser,
i.e., manure, had little influence on the yield of plants.
However, the aim of organic fertilization is not only to
increase yield but also to enrich soil with organic matter
and improve its physical properties. As shown by the
study by Paavola and Rintala [50], the replacement of
fresh natural fertilizers with fermented mass or composts
considerably reduces the emission of noxious odours and
the spread of pathogens. It also reduces the penetration
of nitrates (V) into the soil profile, which results in better
quality plant yield.

The favourable yield-forming effect of Trichoderma
sp. isolates, which were applied to the soil in the vegetable
waste composts in our study, provides new possibilities to
acquire valuable organic fertilizers for growing red beets.

The favourable influence of Trichoderma sp. on the
growth and yield of vegetable plants was also reported
in studies by Bal and Altintas [51] and Vinale et al. [52].
Also, according to Haque et al. [53], efficient use of
Trichoderma-enriched compost may increase yield, reduce
the uses of N fertilizers, reduce soil-borne pathogens, and
improve soil health.

Conclusions

The counts of the microorganisms under analysis (the
total count of moulds and the counts of Trichoderma sp.,
Fusarium sp., and Alternaria sp.) were most strongly
modified by mineral fertilizer and manure applied to the
soil. The vegetable waste composts applied to the soil
did not prove to stimulate the growth and development
of Alternaria sp. or Fusarium sp. in the soil. Apart from
the mineral and manure fertilization, the phase of plant
development proved to be the main factor affecting the
proliferation of these microorganisms. The 7richoderma
sp. isolates also exhibited diversified influence on the
count of plant pathogens. The proliferation of Fusarium
sp. in the soil was limited when strain T3 and a mixture
of isolates T1 and T3 were applied with the onion waste
compost. Apart from that, the research did not prove any
antagonistic effect of Trichoderma sp. strains on the count
of Alternaria sp. pathogens in the soil.

The research findings revealed that enzymatic activity,
which plays a prominent role in immobilizing and
mineralizing plant nutrients in soil, was most stimulated
by the addition of manure, followed by the addition of
tomato waste composts. The yield of the plant roots
and leaves was most influenced by mineral fertilization.
However, the application of the composts which had been
simultaneously inoculated with two strains (i.e., T1 and
T2 or T1 and T3) also caused a statistically significant
increase in the yield of fresh weight of beetroots.

Our study proved that vegetable waste could be used as
a carrier for applying Trichoderma sp. isolates into soil. It
may increase the yield of plants and limit the development
of selected plant pathogens, but it is important to select the
right strain of Trichoderma sp.
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