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W N e

Abstract: Considering the sporadic number of scientific studies on vermicomposting apple pomace
waste, this research conducts a comparative analysis of vermicomposting processes using Eisenia
fetida, focusing on apple pomace both independently and in combination with wheat straw and/or
manure (experiment 1: 60% apple pomace and 40% cattle manure; experiment 2: 60% wheat straw
and 40% cattle manure; experiment 3: 80% apple pomace, 10% wheat straw, and 10% cattle manure;
and experiment 4: 100% apple pomace). After a 240-day substrate transformation period, all four
variations of vermicompost produced demonstrated favorable sensory properties, along with high
microbiological and physicochemical quality. Throughout the vermicomposting process, the pH
of all vermicomposting mixtures changed, converging towards approximately neutral values by
the process’s conclusion. There was an increase in dry matter content, as well as total N, P, K, Ca,
and Mg, along with organic matter. Notably, the levels of heavy metals (Zn, Cu, Cd, and Pb) in
both the vermicomposting materials and resulting vermicomposts remained significantly below the
maximum permissible levels stipulated by Republic of Serbia and European Union legislation, which
is directly linked to the ecological origin of the raw materials used. The microbiological quality of
the final vermicomposts was deemed satisfactory. Over time, there was a decrease in the counts of
aerobic mesophilic bacteria as well as Escherichia coli. The counts of sulfite-reducing clostridia in all
substrates remained below 10?> CFU/g, while Salmonella spp. and Listeria monocytogenes were not
detected in either the composting materials or the resulting composts. The vermiculture of apple
pulp exhibited advantageous characteristics, notably a shortened vermicomposting period (150 days)
compared to other agricultural waste. This reduction in processing time contributes an additional
layer of advantage to the overall quality and efficiency of the resulting vermicompost.

Keywords: waste; vermicomposting; Eisenia fetida; quality; safety

1. Introduction

The increasing levels of industrialization, urbanization, and the intensive use of
agrochemicals have resulted in significant pollution of the environment, climate change,
and ecological imbalances [1,2]. This has led to a surge in solid waste production, becoming
a pressing global issue with substantial environmental and human implications [3,4].
The World Bank reported an annual production of municipal solid waste amounting to
1.3 billion tons in 2012, with recent data showing a global increase to 2.0 billion tons
annually [3]. Projections suggest a continued rise, with estimates reaching 2.59 billion
tons by 2030 [2,5]. Additionally, it is estimated that approximately one-third (33%) of the
waste is not managed in an environmentally responsible manner following regulations and
guidelines [6]. Global waste production is heavily concentrated in high-income developed
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countries such as Western Europe, the United States, Canada, Japan, Australia, and New
Zealand. While projections suggest a decrease in waste generation in these countries, Asian
and African nations are expected to see a substantial increase in municipal waste production
over the next 15-20 years due to population growth and migrations [2]. The total amount of
municipal waste in Europe in 2022 was 225 million tons, which is approximately 502 kg per
person. About 48% of this waste was recycled, while 23% ended up in landfills. Precise data
on agricultural waste in Europe are not readily available, but it is known that this sector
generates significant amounts of waste that are increasingly being used for composting,
vermicomposting, and other forms of treatment [7]. In Serbia, the total amount of municipal
waste generated annually is approximately 2.59 million tons [7]. The country is also facing
significant challenges with agricultural waste, as the agricultural sector generates around
770,000 tons of waste each year, with a large portion ending up in landfills [8]. Given these
figures, it is crucial to make informed decisions about treating biodegradable waste to
address global environmental challenges, especially considering the environment’s limited
capacity to mitigate human activities.

Vermicomposting is a natural mesophilic process in which organic waste undergoes
biochemical decomposition through the collaborative metabolic activities of earthworms
and microorganisms [9]. During this process, earthworms and the endosymbiotic microor-
ganisms in their gut secrete hydrolytic digestive enzymes, leading to the decomposition
and mineralization of the organic matter in biomass waste into monomeric units, releasing
nutrients and energy [10,11].

In the process of vermicomposting, the earthworm species Eisenia fetida, “ecological
engineers” plays a pivotal role [12]. Beyond breaking down organic matter into nutrient-
rich components crucial for plant growth [13], they enhance soil conditions. By improving
aeration and creating optimal environments for beneficial microorganisms, Eisenia fetida
simultaneously enhances soil structure [14] and increases its water retention capacity [15].
Moreover, their activity contributes to waste volume reduction, resulting in a material that
is more compact and enriched with nutrients [9].

Vermicompost, as an organic product, enhances the physicochemical properties of
soils [16-18], contributing to their biological properties [16,19,20]. Generally, vermicompost
is used to improve soil fertility, enhance soil structure (by increasing roughness and water
retention), boost soil microbiological activity, and activate unavailable nutrients [21-23].
The nutrition of plants grown on soils treated with vermicompost is directly related to the
activity of microorganisms; so, for successful plant production, it is necessary to provide
conditions for the optimal stimulation of microbial processes. Microorganisms have a
key role in the mineralization of organic compounds and the mobilization of difficult-to-
dissolve inorganic compounds, thus providing plants with assimilates, and in this way,
they directly participate in the quality and quantity of production [23,24]. They also act
as a significant agent in alleviating abiotic and biotic stresses, including those arising
from drought, unfavorable soil composition, diseases, or insect damage [25]. Additionally,
vermicompost has demonstrated the ability to reduce and inhibit the growth of various
pathogenic bacteria, including fecal coliforms, Salmonella spp., Escherichia coli, and Shigella
spp. [26-28]; molds; and nematodes [29,30].

Apple (Malus domestica Borkh.) is widely cultivated in temperate regions, with global
production reaching 93 million tons in 2021, including 513,238 tons from Serbia [31]. While
the majority of apples are consumed fresh, 25-30% are processed into products like juice [32].
During processing, apple pomace, comprising 25% of the fruit’s weight, is generated as
waste, characterized by its high moisture and sugar content [32,33]. Unfortunately, this
pomace is often discarded, despite its potential as a valuable raw material for vermicompost-
ing. However, there remains a lack of comprehensive scientific studies on vermicomposting
apple pomace waste.

In the preparation of this study, a detailed analysis of the existing literature was
conducted through the identification and analysis of scientific papers, technical reports
from international organizations, and other relevant sources, accessing scientific databases
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such as Web of Science, Scopus, PubMed, EBSCO, and CAB Abstracts. While there is
significant literature addressing the use of apple pomace as a raw material for the direct
extraction of bioactive compounds and the production of high-value products such as
enzymes, organic acids, and biofuels, among others, a lack of research focusing on the
possibility of vermicomposting this waste was noticed. On the other hand, this research
arises from the need to utilize agricultural waste, which is present in an extremely rural
area, in a sustainable manner, adding value that can be sold to users throughout the
region engaged in organic production. At this juncture, there is a noticeable absence of
scientific studies addressing the vermicomposting of apple pomace waste in real-world
conditions, using realistic quantities of waste material. Recognizing this gap in existing
research, the current study was undertaken to assess the viability of vermicomposting
apple pomace, both independently and in conjunction with wheat straw and manure.
Through a comprehensive analysis of various parameters in the resulting vermicomposts,
including those derived from apple pomace, wheat straw, and manure, we aim to discern
any differences in terms of safety and quality.

2. Materials and Methods
2.1. Experimental Site and Components of Vermicomposting with Eisenia fetida

The experiment was conducted on an organic farm in Surdulica, the Republic of Serbia,
located at the following geographical coordinates: longitude 42°42’ E, latitude 22°10" N. It
lasted for 240 days, starting in February. During the vermicomposting process, the ambient
air temperature ranged from 18 °C to 30 °C, as measured by a thermometer placed outdoors
on the organic farm.

All the waste materials used in the experiment, including wheat straw, cattle manure,
and apple pomace, were sourced from a protected ecological area at the edge of Vlasina
Lake in the Surdulica municipality area, situated over 1200 m above sea level. The cattle
manure used as a substrate had previously matured for a minimum of six months in piles at
the individual producers’ locations under non-ventilated conditions. The wheat straw from
the previous year’s harvest, stored in piles, was manually cut into pieces, approximately
10-15 cm in size, before being incorporated. Apple pomace, the solid residue remaining
after juice extraction, was sourced from a local juice factory. The factory acquires indigenous
apple varieties from the local population, which are cultivated without the use of chemicals
for its production needs.

The earthworms (Eisenia fetida) utilized were bred on the same farm.

2.2. Experiment Design

Four concrete vermicomposting basins, each with the internal dimensions of 3.0 x 1.4
x 0.4 m, were utilized to process the organic waste (Figure 1).

Figure 1. Appearance of vermicomposting basins ready to be filled with substrate.
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The waste was distributed in the following volume proportions by weight for each
experiment: (a) experiment 1 (E1): 60% apple pomace and 40% cattle manure; (b) exper-
iment 2 (E2): 60% wheat straw and 40% cattle manure; (c) experiment 3 (E3): 80% apple
pomace, 10% wheat straw, and 10% cattle manure; and (d) experiment 4 (E4): 100% apple
pomace. The organic waste material was thoroughly mixed and moistened. Five days
after setup, 500 g/m? of Eisenia fetida worms was introduced to each vermicomposting
basin. Throughout the vermicomposting process, consistent attention was given to the
additional aeration, moistening, and feeding of the worms. Moistening was carried out
using a hose with a sprayer until the material felt adequately moist when squeezed by
hand. The water used was sourced from a natural spring. The objective was to maintain the
ideal moisture level, preventing excess moisture or drying out, which could disrupt or halt
the processes. Additional aeration was facilitated by manually and mechanically mixing
the vermicompost material with a fork to enhance air circulation. This step was crucial in
providing sufficient oxygen and other gases for the activity of the microorganisms involved
in the vermicomposting process.

Throughout the vermicomposting process, additional aeration, moistening, and feed-
ing of the worms were performed (Figure 2). Sampling for chemical and microbiological
analysis in triplicate was conducted 0, 60, 150, and 240 days into the experiment.

Figure 2. Filling and mixing organic waste in vermicomposting basins.

2.3. Physicochemical Analysis

The analysis of the monitored parameters was conducted by national standards (SRPS)
and complied with international standards. The physicochemical analyses included the
following: (a) the pH measurement of the composting substrates using potentiometry (SRPS
ISO, 2007) [34]; (b) the determination of moisture, dry matter, and organic matter through
gravimetry, and minerals using the standard method (SRPS ISO, 2013) [35]; (c) the analysis
of total nitrogen content (N) performed by dry combustion using an elemental CNS analyzer
Vario EL III [36]; (d) the assessment of available phosphorus (P) and potassium (K) through
the AL method according to the Egner-Riehm (DL) method, where K was determined by
flame emission photometry and P by a spectrophotometer after color development with
ammonium molybdate and stannous chloride; (e) the determination of organic carbon (C)
content after dry combustion on the elemental CNS analyzer, Vario model EL III (SRPS
ISO, 2005) [37]; (f) the assessment of calcium (Ca) and magnesium (Mg) content using
the Induced Coupled Plasma technique on the ICP AES Thermo iCAP 6300 duo; and
(g) the determination of heavy metal content (zinc—Zn, copper—Cu, cadmium—Cd, and
lead—Pb) by atomic absorption spectrometry (SRPS ISO, 2004) [38].

2.4. Microbiological Analysis

For microbiological analyses, 20 g of crushed material was transferred to a sterile
stomacher bag and homogenized (2 min) with 180 mL of sterile Buffered Peptone Water
(HiMedia, Mumbai Maharashtra, India). After that, a series of dilutions was prepared
for further tests. The analyses included the following: (a) Total Viable Cell Count (TVC):
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determined by the plating technique with Plate Count Agar (HiMedia, Mumbai Maha-
rashtra, India) after incubation at 30 °C for 72 h (SRPS ISO, 2014) [39]; (b) Escherichia coli
enumeration: performed by seeding the dilutions of the tested samples on Tryptone Bile
X-Glucuronide Medium (Merck KGaA, Darmstadt, Germany) and incubating at 44 °C
for 18 to 24 h (SRPS ISO, 2008) [40]; (c) sulfite-reducing Clostridia presence: Determined
by heating 1 mL of the appropriate dilution (80 °C, 10 min) to eliminate non-sporogenic
bacteria. Subsequently, Iron Sulfite Agar (HiMedia, Mumbai Maharashtra, India) was used
for anaerobic incubation at 37 °C for 24 h (SRPS ISO, 2011) [41]. (d) Salmonella spp. presence
was tested according to SRPS ISO 6579-1:2017 [42]. A 25 g sample was placed directly
into the 225 mL primary enrichment of Buffered Peptone Water (Oxoid, Hampshire, UK)
and incubated at 37 °C for 18 h. The samples were selectively enriched using Rappaport
Vasiliadis Soy (Oxoid, Hampshire, UK) and Muller-Kauffmann tetrathionate broth with
novobiocin (Oxoid, Hampshire, UK). After incubation (41.5 °C for 24 h and 37 °C for 24 h,
respectively), 0.1 mL of the sample was transferred to the surface of selective substrates,
Xylose Lysine Deoxycholate Agar, and Brilliant Green Agar (Oxoid, Hampshire, UK). Char-
acteristic salmonella colonies were identified after 24 h at 37 °C. (e) The determination of
Listeria monocytogenes was performed by standard methods (SRPS ISO, 2017) [43]. Firstly,
10 g of vermicompost was diluted (1:10) with Fraser half-selective supplement (Biolife,
Monza M, Italy). After incubation (30 °C for 24 h), 0.1 mL of the enriched sample was
transferred to 10 mL of Fraser broth (Biolife, Monza MI, Italy) and incubated again (37 °C
for 24 h). Suspensions were streaked onto Oxford Agar (Oxoid, Hampshire, UK) and incu-
bated at 30 °C overnight. After the purification of typical colonies on Tryptone Soya Yeast
Extract Agar plates (Biolife, Monza MI, Italy), confirmatory methods for L. monocytogenes
(Gram affiliation, catalase, and oxidase reactions, hemolytic activity, and CAMP tests on
sheep blood agar) were performed.

2.5. Sensory Evaluation

After the 240-day vermicomposting process, a five-member evaluation panel con-
ducted a thorough assessment of the vermicompost using a quantitative descriptive test
(SRPS ISO, 2018) [44]. The evaluation encompassed key organoleptic properties, including
color, smell, consistency, and appearance. Among the evaluators, two were seasoned
vermicompost producers, while the remaining three were from academic backgrounds. The
organoleptic properties were systematically evaluated on an interval scale ranging from
1 to 5, where higher ratings indicated superior sensory qualities. The presence of Eisenia
fetida was assessed descriptively at the end of the experiment in each experimental group.

2.6. Statistical Analysis

The obtained results were statistically processed using the software package SPSS 20.
To determine the statistically significant differences of the obtained results ANOVA test,
post hoc Tukey’s test (p = 0.05) was made.

3. Results

Analyzing the results of the physical-chemical and microbiological parameters across
various combinations of organic agricultural and manufacturing waste, as well as their
mixtures, throughout the vermicomposting period provides valuable insights into the
progression and nature of the vermicomposting process. Simultaneously, it unveils the
quality of the resulting vermicompost.

3.1. Changes in pH, Moisture, Dry Matter, Organic Matter, and Minerals

The results of the physicochemical analyses for pH, dry matter, moisture, organic
matter, and minerals are presented in Table 1.
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Table 1. Main physicochemical properties of different combinations of substrates during vermicom-

posting.
Experiment/ Physicochemical Properties, ¥ == SD
Vermicomposting Days * Dry Matter, Moisture, Organic Matter, Minerals
Materials pH o % A %
0 54142 £ 028 609342 4+0.06 39.0742+0.06 77.1642+0.76 228442 +0.76
Experiment 1 60 69184013 6120824020 38.80B2+020 7620Ba+125 2380824125
Apple pomace, 60%
+ cattle manure, 40% 150 7.88C2 +0.08 62402 +040 37.60C2+040 74192 +1.04 2581 +1.03
240 763 +015 6430P2+036 3570DP2+035 5844Da+052 4156DP2+0.75
0 77040 4005  61434AP £ 067 38574AP £ 067 58.834AP 4061 4117 4P +0.61
Experiment 2 60 7224b 1013 61.604% £ 053 384043 +053 5867AP £059  41.33AP £ 0.49
Wheat straw, 60%
+ cattle manure, 40% 150 8468 + 006 63165 +036 36.84B° + 046 57.35Bb 1075 42.65BP +0.75
240 795 + 013  66.77P +£025 3323¢P +025 5027 +1.10 49.73CP +1.11
. 0 59142 £0.12  60.6342+0.25 39.3742 4+ 025 66964°+021  33.04A¢+0.21
Experiment 3
Apple pomace, 80% 60 6.818¢£010 60864 +£0.12 39.144P £0.12 66104 £0.26  33.904° £+ 0.26
+ cattle manure, 10% 150 833CP + 040 614682+ 038 385482 £ 058 60.15B¢4+ 043  39.85Bc 1044
+ wheat straw, 10%
240 736Pc +015 6326 +055 36.74Bc+055 49.07€<+091  50.93Cc +1.68
0 473A¢4£013 58384+ 054 41.624°+054 61.834d+057 381744 +056
Experiment 4 60 79084+ 010 57708 £ 574  42304°+573 602184 £1.08 39.79Bd +1.08
0,
Apple pomace, 100% 150 723C £ 015 6233 +068 37.67B+017 4893Cd £ 083 51.07Cd +0.87
240 7124+ 013  6693P° +£085 33.07<° +085 40.17P4 +095 59.83Pd + 095

* length of vermicomposting; ¥—mean value; SD—standard deviation; B ¢ P—values for different days, the

same parameter and the same experiment marked with different letters have a statistically significant difference,
ANOVA, post hoc Tukey’s test (p < 0.05). #® ¢ 9—values for the same days, the same parameter and different
experiments marked with different letters have a statistically significant difference, ANOVA, post hoc Tukey’s test
(p <0.05).

The initial pH values of vermicomposting mixtures (at day 0) varied, ranging from
nearly neutral (7.70—E2) to slightly acidic to acidic values (5.41, 5.91, and 4.73, for the
respective experimental groups—E1, E3, and E4). The quantity of added apple pomace in
the experimental vermicomposting mixtures directly influenced the initial pH values, with
E4 (100% apple pomace) displaying the lowest pH values (4.73).

The moisture content in all the experimental treatments decreased during the vermi-
composting process. The initial moisture content was highest in the experiment with apple
pomace, E4 (approximately 42%), while in the other experiments, the values were slightly
lower, specifically: E1: 39.07% =+ 0.06, E2: 38.57% =+ 0.67, and E3: 39.37% = 0.25.

3.2. Changes in N, P, K, Ca, and Mg Levels during Vermicomposting

The contents of macroelements (N, P, K, Ca, and Mg) are presented in Table 2.

After 240 days of composting, the highest (p < 0.05) levels of N and Ca were found in
E1 (2.83% = 0.02 and 5.38% = 0.03, respectively). The content of P was similar in E2, E3,
and E4 (0.96% = 0.03, 1.07%, and 0.98% = 0.03, respectively), while the content of Mg was
highest (p < 0.05) in E3 (1.86% = 0.02). K concentrations were similar in all the experiments.
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Table 2. Contents of macroelements (N, P, K, Ca, and Mg) of different combinations of substrates

during vermicomposting.

Experiment/Vermicomposting

Macrolements, % (x & SD)

*
Materials Days N P K Ca Mg
0 231424001 08742+002 047424+0.03 432424003 1.0742+0.03
Experiment 1 60 229434001 089434001 052434003 441434004 1.0842 +0.02
Apple pomace, 60%
+ cattle manure, 40% 150 227424001 09542+003 0.58B2+0.03 514824004 123821003
240 28382 +002 133B24003 069 +047 538B2+003 144824006
0 0.854P +0.03 0724 +£0.03 0.624> +0.03 3444P+004 1.18AP 4+ 0.03
Experiment 2 60 0954P £ 0.01 0764P +0.01 0678 +£003 3514P 4001 12040 +0.02
Wheat straw, 60%
+ cattle manure, 40% 150 1.72B8° + 003 0888 +0.02 072 +0.03 3858 +005 1.468° +0.04
240 2210 4004 096 +0.03 097PP 4+0.02 427 +003 1780 +0.03
. 0 1.794¢+0.01 07542 +0.00 0.644> +0.04 373A4+0.03 1.0842+0.03
Experiment 3
Apple pomace, 80% 60 1.82A°+£0.01 078424+0.03 0.664P+£0.05 3.824°+£0.03 1.174P +£0.03
+ cattle manure, 10% 150  1.88AP+£002 0968 +001 0744b 1004 4068 +004 1428 4003
+ wheat straw, 10%
240 21480 +004 107 +003 096 +£002 4228 +003 1.86C +0.02
0 15244 £ 003 051A¢+001 0384c+003 328444003 1.394A¢+0.14
Experiment 4 60 15744 £0.02 07982 £001 0424°+£0.03 34242+£0.03 1434°+£0.07
Apple pomace, 100% 150  1.85B 4002 0.84B° 4001 0.68B+£003 36084001 1404 4+0.02
240 1.97C +£0.02 098 +0.03 093P +0.03 3.89C +002 16484+ 0.03
A, B,C,D

* length of vermicomposting; Xx—mean value; SD—standard deviation; —values for different days, the
same parameter and the same experiment marked with different letters have a statistically significant difference,
ANOVA, post hoc Tukey’s test (p < 0.05). #® < 9_—values for the same days, the same parameter and different
experiments marked with different letters have a statistically significant difference, ANOVA, post hoc Tukey’s test

(p < 0.05).

3.3. Changes in the Levels of Heavy Metals during Vermicomposting

Table 3. Contents of heavy metals (Zn, Cu, Cd, and Pb) of different combinations of substrates during

The contents of heavy metals (Zn, Cu, Cd, and Pb) are presented in Table 3.

vermicomposting.

Experiment/Vermicomposting

Heavy Metals (mg/kg) ¥ + SD

*
Materials Days Zn Cu Cd Pb
0 74.58 A2 + (.42 26.17 42 +0.15 0.28 42 + 0.02 3.04 42 +0.05
Experiment 1 60 770382 +£085  2523A2+032 035824001 3154 4+ 0,05
Apple pomace, 60%

+ cattle manure, 40% 150 98.18 ©@ + 0.55 28.28 B2 +0.20 0.37 B2 + 0.01 3.57 Ba +0.75
240 1122202 + 149 38122 +0.13 0.39 B2 4+ 0.01 5.18 €@ + 0.03

0 70.23 AP 4 0.15 19.73 Ab + 0.25 0.21 AP 4+ 0.01 5.13 AP 4+ 0.03

Experiment 2 60 75.37 B0 + 0.47 20.55 AP +0.13 0.26 AP + 0.01 5.50 B> + 0.01

Wheat straw, 60%

+ cattle manure, 40% 150 91.30 €P £+ 0.20 23.32Bb 4+ 0.12 0.318b +0.01 7.92Cb + 0,01
240 99.60 PP + 0.26 25.55CP + 0.09 0.40 €@ +0.01 11.57PP + 0,57
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Table 3. Cont.
Experiment/Vermicomposting Davs * Heavy Metals (mg/kg) x + SD
Materials y Zn Cu Cd Pb
) 0 83.48 A 4 0.48 21.53 A¢ 4+ 0.33 0.324¢ £+ 0.00 550 A¢ + 0.01
Experiment 3
Apple pomace, 80% 60 842581+ 025  21.384°+040 0.35 82 + 0.00 6.42 B¢ +0.03
+ cattle manure, 10% 150 9931CP 4071  25.60 B¢ 4+ 052 0.37 €2 + 0.00 9.22Ce + 0,03
+ wheat straw, 10%
240 102.050¢ + 022 3043 +0.21 0.42Pb +0.00 11.74 PP + 0.07
0 80.03 Ad +0.06 20.14 Ac +0.12 0.35Ad 4+ 0.01 5.88Ad 4+ 0.03
Experiment 4 60 80.854¢+£0.30  20.74 AP 4+ 0.05 0.38 Bc £ 0.00 6.32 B4 + 0.1
Apple pomace, 100% 150 91668 +116  2337B<+£037 041 +001 834Cd 1 0,04
240 92.17 Bd 4+ 0.08 25170 +0.31 0.45 D¢ +0.01 9.80 Pe + 0.01
A, B,C,D

* length of vermicomposting; Xx—mean value; SD—standard deviation; —values for different days, the
same parameter and the same experiment marked with different letters have a statistically significant difference,
ANOVA, post hoc Tukey’s test (p < 0.05). #® ¢ 9_—values for the same days, the same parameter and different
experiments marked with different letters have a statistically significant difference, ANOVA, post hoc Tukey’s test
(p <0.05).

With each of our experiments in the vermicomposting process, the concentrations of
the heavy metals consistently increased. For instance, the initial zinc (Zn) concentrations at
the beginning of the experiments were 74.58 + 0.42 mg/kg (E1), 70.23 £ 0.15 mg/kg (E2),
83.48 £ 0.48 mg/kg (E3), and 80.03 & 0.06 mg/kg (E4), and by the end of the trials, they
reached values of 112.22 4 1.49 mg/kg (E1), 99.60 & 0.26 mg/kg (E2), 102.05 & 0.22 mg/kg
(E3), and 92.17 & 0.08 mg/kg (E4). Similarly, the other analyzed metals such as copper (Cu),
cadmium (Cd), and lead (Pb) also showed a consistent increase in concentrations over time.

3.4. Microbial Quality of the Resulting Vermicomposts

The results of the microbial analysis of the different substrate combinations during the
vermicomposting process are given in Table 4.

Although a significant reduction in the number of aerobic mesophilic bacteria was
recorded during the vermicomposting process (p < 0.05), it is important to note that their
count remained substantial at the end of the experiment (10*-10° CFU/g).

3.5. Sensory Evaluation of the Resulting Vermicomposts

During the conducted vermicomposting process, the organoleptic properties of the
utilized organic substrates gradually evolved across all the experimental groups. In the
initial stages, the substrates with a higher content of straw (E1—E3) exhibited a slower
degree of decomposition, while the apple pomace (E4) demonstrated a faster degradation.
However, after 150 days of the process, the substrate transformation processes progressed
well, resulting in a significant homogenization of vermicompost material in all the combina-
tions. The vermicompost material in E4 underwent a complete transformation, becoming
homogeneous, loose, moist, and dark brown to light black, with a substantial presence of
worms. At the beginning of the experiment, the apple pulp had an intense sour odor, which
diminished over time. The final product was either odorless or had a very faint scent.

At the end of the vermicomposting process (240 days), an intensive transformation of
the organic materials was observed in all the experimental groups, resulting in vermicom-
posts that were significantly more homogeneous than in the earlier stages of decomposition
(Table 5; Figure 3).
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Table 4. Microbial quality of different combinations of substrates during vermicomposting.

Microorganisms, CFU/g (x 4= SD)

Experiment/Vermicomposting Days *

Materials Aerobic Mesophilic ~ Salmonella Listeria Escherichia coli Sulfite-Reducing
Bacteria sp. monocytogenes Clostridia
0 1.9 x 10° +0.822A nd nd 2.8 x 10° £0952A 1.0 x 10 £ 0912~
Experiment1 60 5.3 x 108 4 4.00 bA nd nd 17 x 10° £ 07524 <102bA
Apple pomace, 60%
+ cattle manure, 40% 150 25 x 107 £2.75 A nd nd 3.8 x 102 £3.62bA <102bA
240 2.9 x 10° £2.0094 nd nd nd <102bA
0 1.1 x 10° £ 1.212A nd nd 22x10°+0.79°8 30 x 10° +1.05°8
Experiment 2 60 6.5 x 107 + 0.92 B nd nd 1.3 x 102 + 0.96 PB <102bA
Wheat straw, 60%
+ cattle manure, 40% 150 2.4 x 107 £2.07 A nd nd <102¢<B <102bA
240 1.8 x 10° + 0.29 4B nd nd nd <102bA
) 0 1.0 x 10° £2.3124 nd nd 6.2 x 10° £ 0.99 o€ <102€
Experiment 3
Apple pomace, 80% 60 7.8 x 107 £ 1.14 € nd nd 3.0 x 10% + 1.30 °¢ <10%B
+ cattle manure, 10% 150 2.0 x 107 + 0.89 B nd nd <102¢B <1028
+ wheat straw, 10%
240 1.2 x 10° + 0.37 9€ nd nd nd <1028
0 5.0 x 107 £ 1.19 2B nd nd 6.0 x 10° +2.07 2€ <10P
Experiment 4 60 3.5 x 107 4 0.60 PP nd nd 5.2 x 10% + 1.76 °¢ <10¢
Apple pomace, 100% 150 2.2 x 106 + 3.15<C nd nd nd <10€
240 3.3 x 10* £ 1.109P nd nd nd <10€¢

* length of vermicomposting. CFU—colony forming unit; X —mean value; SD—standard deviation; nd—not
determined. & b ¢ d_values for different days, the same microorganism and the same experiment marked with
different letters have a statistically significant difference, ANOVA, post hoc Tukey’s test (p < 0.05). &8 D
values for the same days, the same microorganism and different experiments marked with different letters have a
statistically significant difference, ANOVA, post hoc Tukey’s test (p < 0.05).

Table 5. Sensory evaluation of the different combinations of the substrates at the end of the composting

process.
Organoleptic E1 E2 E3 E4
Properties Xx+SD X+ SD ¥+ SD X+ SD
Color 483 4 045 462 +0.55 46° +045 482+ 045
Odor 4824045 320+ 045 46°+055 444 +055
Consistency 4424055 3.8 4045 42°+£045 54400
Overall 462 +0.55 4% 400 4.4°+055 462 +0.55
appearance

Y¥—mean value; SD—standard deviation. ¢ 9—values for the same parameter and different experiments

marked with different letters have a statistically significant difference, ANOVA, post hoc Tukey’s test (p < 0.05).
Scoring: 1—unacceptable; 2—on the border of acceptability; 3—acceptable; 4—very acceptable; 5—extremely
acceptable.

The vermicomposts E1 and E4 (4.6 & 0.55, both) exhibited the best overall appearance
with the highest level of homogeneity (4.4 & 0.55 and 5 & 0.00, respectively), indicative of a
high degree of transformation of the organic substrate. The consistency of the vermicom-
post E1 was loose, dark brown, with a pleasant, earthy aroma. The vermicompost variant
E2, after 240 days of biological decomposition, was mostly homogeneous, dark brown, with
occasional remnants of undecomposed, black-stained straw. The scent of the undecom-
posed straw had a faint note of decay but was not unpleasant. The vermicompost variant
E3 contained a high level of decomposed organic material, with apple pulp completely
broken down, while the remnants of insufficiently transformed black straw were rarely
visible. The color of the vermicompost was intensely black, and the aroma was intensely
earthy. The vermicompost variant E4 was completely transformed, dark brown to black,
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with a very slight hint of sour odor, homogeneous, loose, and slightly moist in structure. A
significant presence of worms was noticeable throughout the mass of the vermicompost,
with the smallest quantity observed in E2 and the largest in the variants E1 and E3.

Mean Value

Color Odor Consistency Overall appearance
Organoleptic Properties

Figure 3. Organoleptic properties of the sample vermicomposts E1, E2, E3, and E4 (240th day) with
mean values and standard deviations.

The results of the earthworm presence in different experimental groups were as fol-
lows: In experiment 1 (E1), which contained 60% apple pomace and 40% cattle manure, a
significant number of earthworms were observed. In experiment 2 (E2), comprising 60%
wheat straw and 40% cattle manure, earthworms were noticeable but in fewer numbers
compared to E1 and E3. Experiment 3 (E3), with 80% apple pomace, 10% wheat straw,
and 10% cattle manure, showed a high presence of earthworms, particularly in substantial
numbers. Experiment 4 (E4), utilizing 100% apple pomace, also had a significant num-
ber of earthworms, both in depth and near the surface. Importantly, the determination
of earthworm presence was conducted using a semi-quantitative approach, employing
descriptions such as few, moderate, and many to describe their density.

4. Discussion

The lowest initial pH value was determined in apple pulp (4.73) and closely aligns
with the literature data, which ranges from 4.2 [45] to 3.4 [46]. Minor deviations from these
reported values may be attributed to varietal differences in the apples and their ripening
stage during processing, which impact the concentration of the sugars and natural acids
present in the fruit residues [47].

Over time, the pH values increased, trending towards neutrality, reaching approxi-
mately that level from 60 days of vermicomposting onwards, until the completion of the
process and the achievement of the stable, mature vermicompost (Figure 4). The neutral
pH of the vermicompost is consistent with some earlier findings [48,49], and these values
are crucial for enhancing nutrient availability in the soil and fostering optimal conditions
for plant growth [50]. This observed trend not only underscores the efficacy of the vermi-
composting process in yielding a well-balanced and mature organic amendment but also
highlights the earthworms’ remarkable ability to adapt to their habitat. By adjusting the
substrate pH to an optimal level, they ensure the survival of their population.



Agronomy 2024, 14, 1189

11 0f 18

—— E1
—— B2
E3
8 —— E4
o7 /
=)
©
>
T
S
6
5
0 50 100 150 200 250

Time (days)

Figure 4. Change in pH during vermicomposting.

During the dynamic process of vermicomposting, influenced by the presence of
added earthworms and microorganisms, there is a breakdown of organic matter with
the release of various compounds, including CO;, low and medium organic acids, as well
as the production of NHj3, and the mineralization of P and N into nitrites/nitrates and
orthophosphates [51].

In contrast to other studies reporting a moisture content in apple pomace ranging
from 70% to 85% [52-54], our values were lower, possibly attributed to the differences
in the method of juice extraction and obtaining this by-product. It is crucial to highlight
that our results diverge from other similar studies, suggesting the existence of unique
factors influencing the moisture content in our experimental setup. These factors include
the characteristics of the substrates used and their combinations, as well as the local
weather conditions during the vermicomposting process [55]. The outdoor conditions
under which the experiments were conducted were regularly monitored, and the moisture
level was manually adjusted through additional watering to ensure optimal conditions
for earthworm activity. To verify the adequacy of the external conditions, we periodically
turned the vermicompost mixtures to observe the population and vitality /activity of the
added earthworms.

The moisture content in all the end products was below 40%, meeting a crucial
requirement for producing a stable product suitable for use as a soil conditioner which
is in accordance with the requirements of the national regulations for the quality of plant
enhancers [56]. The slightly higher moisture content in the experiment with apple pomace
(E4) positively influenced the assimilation rate by the microorganisms, consequently leading
to a higher and faster waste degradation rate by the earthworms. This product exhibited
desirable sensory properties as early as 150 days into the vermicomposting process.

During the vermicomposting process, earthworms and microorganisms synergistically
contribute to the degradation and transformation of organic matter in substrates, resulting
in the reduction and stabilization of the final product of vermicomposting. Typical chem-
ical changes during the bio-oxidation of organic matter involve the processes of partial
mineralization and humification [57,58]. As demonstrated in Table 1, the organic matter
content in all our vermicomposts is significantly lower (p < 0.05) compared to the initial
raw materials, indicating that the earthworms expedited the decomposition of the organic
matter [59]. For instance, the combination of the substrates in the E1 experiment (apple
pomace, 60%, and cattle manure, 40%) exhibited the highest initial available content of
organic matter (77.16% =+ 0.76), with the degradation processes being the most intense from
day 150 to 240 of vermicomposting (from 74.19% =+ 1.04 to 58.44% =+ 0.52). In contrast to
other treatments, the E4 trial experienced a significant decrease (p < 0.05) in organic matter
already by day 150 of vermicomposting (from 61.83% =+ 0.57 to 48.93% =+ 0.83).
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The reduction in organic matter during vermicomposting was consistently followed
by a significant increase (p < 0.05) in mineral content [57,58]. The observed rise in mineral
content across all the experiments during vermicomposting aligns with the documented
increase in individually examined macroelements (see Table 2).

It appears challenging and difficult to directly compare some of our obtained results
regarding physicochemical properties, particularly the content of organic matter, miner-
als, crude protein, and crude fiber. This difficulty arises from the variations in the raw
materials [59,60] and vermicomposting conditions employed by other researchers in their
studies [61].

In all the composting substrates, the levels of N and Mg increased (p < 0.05) during
composting, which was in agreement with the results of Hsu and Lo [62], and Wang
et al. [63]. The determined N content in some studies was between 0.9% and 1.5%
and up to 2.49-3.17% [64,65]. The results of our investigation showed values between
1.97% =+ 0.02 (E4) and 2.83% =+ 0.02 (E1). During vermicomposting, the content of Mg
uniformly increased, and the highest content of Mg at the end of composting was in E3
(1.86% = 0.02) and in E2 (1.78% = 0.03), while trial E4 contained 1.64% = 0.03, and the
lowest level of Mg was determined in E1 (1.44% = 0.06). During the vermicomposting of
the organic material, there was a significant increase in Ca, P, and K content compared to
the initial substrates (p < 0.05). The content of P in different groups of our vermicomposts
ranged from 0.97% =+ 0.03 (E2) to 1.33% = 0.03 (E1). The content of Ca varied in the range
from 3.89% =+ 0.02 (E4) to 5.38% = 0.03 (E1). The obtained Ca values in this study were
higher than those reported by [66] (less than 2.5%) or Karapantzou et al. [67] (less than
1.86%), possibly as a result of the Ca levels in the initial substrates or the duration of the
composting process. The content of K increased during vermicomposting, reaching values
at the end of the process of 0.69% =+ 0.47—0.97% =+ 0.02. Some earlier studies [65] reported
K values ranging between 0.54% and 1.72%, or less than 1% [66,68], which is in agreement
with our results.

Earthworms play a crucial role in enhancing soil fertility by increasing phosphorus,
potassium, and nitrogen levels. This is primarily attributed to the direct action of the earth-
worm gut enzymes or indirectly through the stimulation of the gut microflora present in the
gut [69]. According to Parthasarathi and Ranganathan [70], microbial communities present
in the gut of earthworms secrete enzymes, such as phosphatases, glycosidases, proteases,
and ureases which are responsible for enhanced N, P, and K contents in vermicomposts.
Very frequently, the newly formed organic matter also includes the decomposed tissues
of the earthworms [67,71]. According to the literature data, both increases and decreases
in element concentrations have been observed in vermicomposting products depending
on the types of waste used for vermicomposting [72]. Simultaneously, the reduction in
moisture content has been identified as a contributing expected factor to the observed
variations in the macroelement content.

The concentrations of the heavy metals in all the experiments, both during the vermi-
composting process and in the final vermicomposts, were found to be significantly below
the maximum permissible levels set by both the European legislation [73] and Serbian
national regulations [56]. This outcome was expected given the use of agricultural and
industrial waste from an ecologically clean region in the experiment. This is crucial for
further application of vermicompost in agricultural production as a safe soil conditioner
that will not have negative consequences in terms of soil and plant contamination with
heavy metals.

Some studies have reported a reduction in heavy metal contents after vermicom-
posting [74], possibly due to the bioaccumulation of heavy metals by earthworm tissues.
Conversely, other studies have observed a higher total content, potentially attributed to the
decreased volume of vermicompost [75-79]. We believe this might be the reason for the
observed increase in the heavy metals in our experiment.

It is also very important to note that in these concentrations in which the elements Zn
and Cu were determined, they can be classified as microelements, too. In the concentra-
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tions that are presented in this investigation, Zn and Cu could have a very important role
in improving soil fertility, as well as in improving numerous physiological-biochemical
processes in plants [23]. It is crucial to highlight that earthworms produce extracellular
polymeric protein substances, effectively sequestering heavy metals and thereby reduc-
ing their availability and biotoxicity to microbes [72]. This process creates a conducive
environment for microbes to synthesize enzymes that catalyze the breakdown of organic
matter [12].

Given the susceptibility of heavy metals to bioaccumulation and the associated risks
to human health upon entering the food chain [80,81], coupled with their induction of toxic
effects on soil organisms, leading to consequential changes in quantitative and qualitative
composition, diversity, and distribution [82,83], monitoring their content and presence in
vermicomposts becomes a necessary undertaking.

The observed dynamics of reduction may result from competition among the present
microorganisms due to limited nutrient availability, the influence of environmental fac-
tors [67,84], and the complex relationship with the present earthworms [61]. Nevertheless,
the sustained count of these bacteria on the 240th day of vermicomposting suggests the
potential continuation of microbial processes in transforming the used substrates. This not
only indicates the need for further research to gain a more comprehensive understanding
of the dynamics of microbial processes during vermicomposting but also emphasizes the
importance of characterizing the aerobic bacteria present.

In the substrates used for vermicomposting, at the beginning of the experiment, the
presence of Escherichia coli was recorded in the range of 2.8 x 10% 4 0.95 to 2.2 x 10° + 0.79,
which is expected given that organic waste, such as cow dung or manure, represents the
main source of coliform bacteria [85]. During the vermicomposting process, a significant
reduction (p < 0.05) in the number of Escherichia coli was observed. In none of the treatments
at the final stage of the composting process (240 days) was this microorganism detected, and
it was absent after 150 days in E4. Salmonella spp. and Listeria monocytogenes were not found
in any composting substrate, indicating the high microbiological quality of the composting
materials used. The obtained results are in line with the research of other authors [26,86,87]
and have demonstrated the ability of vermicomposting systems to effectively inactivate
pathogens such as total coliforms, Salmonella spp., and Escherichia coli.

The utilization of the vermicomposting process for the biological deactivation of
pathogens found in diverse organic wastes, attributed to the collaborative efforts of earth-
worms and endosymbiotic microbes, has been extensively documented by Karimi et al. [88],
Soobhany [85], and Kaur [9]. The reduction in pathogen numbers during vermicomposting
is undeniably influenced by various factors, including the enzymes in the worm gut, the
secretion of coelomic fluid (possessing antibacterial properties), and the competition among
different groups of microorganisms [86].

The number of sulfate-reducing clostridia (except in treatments E1 and E2 at the
beginning of the experiment) was below 10> CFU/g in all the treatments (Table 4). The
reduction and elimination of these bacteria, as described by other researchers [67], are
partly the result of the indirect activities of the earthworms. In other words, changes in
the physical conditions of the substrate during the vermicomposting process, through the
continuous aeration facilitated by earthworms, directly impact these anaerobic bacteria [28].
On the other hand, in the guts of earthworms, in addition to the presence of aerobic bacteria,
the presence of anaerobic bacteria, including species such as Bacillus and Clostridium, has
been proven [61]. The presence of anaerobic bacteria from the Clostridiaceae family, such
as Clostridium butyricum, Clostridium beijerinckii, and Clostridium paraputrificum, known
as nitrogen fixers and cellulose digesters [67,89,90], further confirms the diversity of the
beneficial microorganisms in the vermicomposting process. Therefore, it is essential to
continue research in this field to better understand the exact dynamics and mechanisms of
vermicomposting’s impact on microorganisms.

Upon the completion of the vermicomposting process, all experimental variants were
determined to be hygienically safe. In other words, the microbiological quality of the
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resulting vermicompost met the standards outlined by the national regulations, a crucial
aspect for their subsequent use in agricultural production [66].

According to Anandyawati et al. [91], organoleptic properties, including texture,
aroma, and color, are used to determine the level of maturity of vermicompost. Excellent
vermicompost is considered to be odorless, dark in color (dark brown to black), with a
loose and homogeneous texture, where the original components are no longer recogniz-
able [92,93]. The dark coloration of vermicompost, according to Lépez and Sainz [94],
results from the absorption of heat during the decomposition process of organic materials.
Based on these observations, our produced vermicomposts in the experimental groups E1
and E4 underwent complete “maturation” with extensive degradative changes in the used
organic substrates during the studied period. This process was more intensive and thor-
ough in the experiment with apple pulp (E4), where the maturation of the vermicompost
was evident even after 150 days of vermicomposting. Already from that period, the scent
of the vermicompost became faint, as described by other authors [95].

These results suggest that apple pomace is a more favorable substrate for earthworms
compared to straw. Straw seems to act as a bulking agent, crucial for maintaining adequate
air levels within the material [96,97].

5. Conclusions

To contribute to environmental preservation and implement sustainable agricultural
practices, vermicomposting stands out as a key solution for mitigating ecological issues
and conserving non-renewable energy sources, while simultaneously providing a valuable
soil conditioner. This study aimed to assess the feasibility of vermicomposting apple waste,
both independently and in combination with wheat straw and/or manure, addressing
challenges in organic waste management.

The vermicompost from apple pulp (E4) was the first to undergo a complete trans-
formation of organic matter within 150 days of vermicomposting compared to the other
agricultural waste, which presents an advantage over the other experimental groups. More
intensive vermicomposting processes resulted in a final product with a neutral pH (7.12),
despite the initial pH being the lowest among the compost mixtures (4.73). Similar changes
were observed in moisture content: the initial moisture content was the highest compared
to the other vermicompost mixtures (around 42%), decreasing by nearly 10% after 150 days
(33.07% = 0.85), meeting the crucial requirement for producing a stable product suitable
for use as a soil conditioner. In the same period, a significant reduction (p < 0.05) in organic
matter was observed (from 61.83% =+ 0.57 to 48.93% = 0.83). The other experimental
groups (E1, E2, and E3) only experienced significant transformation of organic matter after
240 days of vermicomposting. At that point, experiment 3 (apple pomace, 80% + cattle
manure, 10% + wheat straw, 10%) exhibited the best properties among all the groups. The
levels of macroelements (N, P, K, Ca, and Mg) in all the experimental groups exhibited a
similar increasing trend, as did the concentrations of heavy metals. What is significant is
the fact that all the determined heavy metal values in the final products were significantly
below the maximum allowable levels of the European and national regulations, posing
no health risk but rather being a result of the reduction in the total volume of the formed
vermicompost. The microbiological quality of all finished vermicomposts was high, and
the products were safe. The experiment with 100% apple pulp (E4) was already safe after
150 days, while the other experimental groups achieved this status after 240 days of testing.
Salmonella spp. and Listeria monocytogenes were not found in any composting substrate,
indicating the high microbiological quality of the materials used for composting. The
number of sulfate-reducing Clostridia was below 102 CFU/g in all the treatments from day
60 onwards, while the apple pulp itself had a concentration of <10 CFU/g.

Apple pomace has proven to be an exceptionally suitable raw material for vermicom-
posting, as it transforms into a high-quality end-product more rapidly compared to other
examined types of agricultural waste. A shorter vermicomposting period can reduce costs
and accelerate the production process, offering additional economic benefits for producers.
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Definitely, waste products from rural areas, in combination with refined vermicom-
posting methodology, can become an integral part of organic agriculture, playing a key role
in improving sustainable waste management practices, as well as promoting the growth of
organic farming, especially in rural environments.
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