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Abstract: The aim of this incubation experiment was to evaluate the effect of Tenebrio molitor L. frass
on selected chemical and microbiological properties of acid peat. The optimal rate of mealworm frass
in the substrate for growing ornamental trees and shrubs was determined. Acid peat was fertilized
with frass or urea at five nitrogen (N) rates: 0, 50, 100, 200, and 400 mg dm 3. Mineral N content
and electrical conductivity increased, and calcium content decreased in peat with increasing N rates.
Similarly to urea, frass increased the ammonification rate at the beginning of incubation and the
nitrification rate from the second week of incubation. Higher frass rates increased the abundance of
plant-available nutrients (N, P, Mg, K, and Na) in acid peat. Frass undesirably decreased the counts
of bacteria with antagonistic activity against soil-borne plant pathogens. Regarding the abundance of
functional genes, the optimal N rate was 100 mg dm 3, which promoted the growth of N-fixing and
chitinolytic bacteria. Higher N rates promoted the development of aerobic spore-forming bacteria,
which produce antibiotics that can be used as biocontrol agents. Moderate fertilizer rates contributed
to N accumulation in bacterial biomass. These preliminary findings, which indicate that insect frass
can partially replace mineral fertilizers, are promising and can be used in pot and field experiments
testing various plant species.
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1. Introduction

Insects have played an important role in human life and the economy for centuries.
Insect biomass accounts for the majority of biomass from terrestrial animals. Insects
have numerous practical applications, including food and feed production. They are an
attractive food source due to the vast diversity of insect species with high nutritional
value, low production costs, high availability, and environmentally friendly production
technologies [1]. According to estimates, insect consumption remains high, with over
2000 species consumed in more than 80 countries around the world [2]. In Europe, edible
insects were not considered a significant food source until recently [3], but due to the
regulations [4—6] approving insects as food for humans and feed for animals in the European
Union, there has been increasing interest in farming insects, particularly mealworms, black
flies, and crickets. Farmed insects are high in protein, palatable, and easily digestible, and
they have optimal amino acid and fat profiles [7]. Insect farming is more environmentally
friendly than livestock production for several reasons. Insect farms generate far less
greenhouse gases and ammonia than conventional farms. They occupy less space, they
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have lower energy, water, and labor requirements per gram of produced protein, and their
carbon footprint is considerably lower than that of conventional farms [1,8,9]. In addition,
insect larvae effectively process various waste biomass into nutrients, thus contributing
to a closed-loop economy and sustainable development [10-12]. Larvae bioconvert by-
products [9], not only organic waste but also waste that is difficult to decompose [13-18].
In some studies [19], insect meal with a high organic nitrogen (IN) content was used as
fertilizer to improve plant growth.

Insect wastes can be effectively managed in a circular economy. Mealworms (Tene-
brio molitor L.) generate exuviae and frass. According to Moruzzo et al. [9], frass is a
by-product of insect farming that can be used as an organic fertilizer. Insect frass contains
many plant-essential nutrients, and its rapid mineralization in the soil leads to the conver-
sion of hard-to-access nutrients into plant-available forms [20]. Frass can improve soil N
availability and replace mineral NPK fertilizers [21,22]. Nitrification, namely the microbial
oxidation of ammonia from frass, affects the rate of N transformation in soil [23]. Insect
diets influence frass quality. In a study by Kagata and Ohgushi [24], cabbage moths, Mames-
tra brassicae L., fed N-rich plants produced frass with a high concentration of N-NHy. Frass
not only enhanced plant growth but also increased plant resistance to abiotic stress [25].

Frass can stimulate the development of soil-dwelling microorganisms. The increased
metabolic activity of microorganisms colonizing mealworm frass improved the soil prop-
erties and enhanced barley plants” growth and nutrient uptake [21]. Nutrients present in
mealworm frass, in particular N and carbon [21,22,26], increase the activity of soil microbes
responsible for ammonification, nitrification, denitrification, and N-fixation. At the mi-
crobiological level, these processes determine the form, loss, and availability of organic
N in soil. Fertilizers should stimulate the development of beneficial bacteria (including
antagonistic bacteria) and reduce the counts of phytopathogenic fungi. Beneficial soil mi-
croorganisms suppress pests and plant pathogens, induce systemic resistance, and increase
crop yields [27,28].

Due to the rapid development of insect farming and the conversion of leftover sub-
strates into fertilizers, the fertilizing potential of frass should be explored to ensure that
insect wastes can be safely used [9,29]. Insect feed should be monitored to obtain safe
frass for the environment. Frass is a valuable source of N and other macronutrients and
micronutrients. Frass is dry, friable, and odorless, and it can be used as an organic fertilizer,
particularly in horticultural substrates. Using mealworm frass as a fertilizer in horticulture,
pomiculture, and forestry requires further research. Approximately 90% of horticultural
growing media in Europe contain peat [30]. Peat has numerous advantages, including
a porous structure that retains water and air, low pH, low salinity and nutrient content,
low counts of pathogens, pests, and weed diaspores, easy processing, and high availabil-
ity [31,32]. The demand for high-quality substrates is likely to increase in horticulture,
and peat will be the main component of horticultural growing media in the European
Union [33]. This substrate is used in the cultivation of horticultural crops and ornamental
plants, as well as forest farming. Various peat refining methods are being developed to
increase its yield-forming effects, including the addition of calcium (Ca) fertilizers, mineral
NPK fertilizers, zeolite, calcined clay, and diatomaceous earth [31,34-36]. Our previous
study demonstrated that deacidified peat can be enriched with mealworm frass [37]. The
present experiment is part of a comprehensive research study investigating the effect of
frass on the chemical and microbiological properties of soils and horticultural substrates,
as well as crop yields and quality.

The research hypothesis postulates that acid peat can be enriched with organic sub-
stances, such as frass. The aim of the present incubation experiment was to evaluate the
influence of T. molitor frass on selected chemical and biological properties of acid peat. Frass,
a source of nutrients, in particular N, was compared with urea (46% N)—the traditional
N source in agriculture. The optimal rate of T. molitor frass in the substrate for growing
ornamental trees and shrubs was determined, with special emphasis on mineral N levels
and the soil microbiome.
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2. Materials and Methods
2.1. Experimental Design

Acid peat with the addition of T. molitor frass or urea was incubated in a laboratory
experiment conducted at the UWM in Olsztyn, Poland, in 2022 (Table 1). Incubation was
carried out in tightly closed PET containers with a capacity of 1 dm? for nine weeks in
controlled conditions (at a constant temperature of 26 °C and 60% humidity) in three
replicates. During the experiment, substrate samples were taken five times for chemical
and microbiological analyses.

Table 1. Design of the laboratory experiment.

Rates (mg dm—3 of Substrate)

Treatments
N 0 50 100 200 400
Acid peat with frass frass * 0 1.32 2.63 5.26 10.52
Acid peat with urea urea * 0 0.11 0.22 0.44 0.88

*—Nitrogen rates were balanced with the total nitrogen content of frass and urea.

2.2. Characterization and Chemical Analysis of Frass and Acid Peat

Mealworm excrement used in the experiment was obtained from Tenebria Ltd.,
Lubawa, Poland. Mealworms were fed cereal products supplemented with fresh car-
rots (at a 1:1 ratio) and yeast. The acidic peat used in the experiment was supplied by
Agaris Poland Ltd. (Pastek, Poland). Selected chemical parameters of the substrate and
waste product from T. molitor breeding are presented in Table 2.

Table 2. Selected chemical parameters of the substrate and waste product from T. molitor breeding.

Parameter Frass Acid Peat
pH (distilled H,0) 5.60 5.00
EC (mS cm™1) 6.92 0.15
C (gkg™! DM) 388.10 449.70
N-total (g kg~! DM) 38.00 16.95
P (gkg~! DM) f; P (mg dm—3 DM) ** 14.70 22.11
K (gkg~! DM) f; K (mg dm—3 DM) 19.70 45.32
Mg (g kg~! DM) ; Mg (mg dm—3 DM) 427 27.15

(P K, Mg) total content in frass; _(P K, Mg) available nutrients in acid peat.

Chemical analyses of acidic peat and the waste product from mealworm farming were
carried out in accordance with generally accepted standards and analytical methods. The
methods and equipment used in this study were described in detail by Nogalska et al. [37].

2.3. Quantitative PCR of Microbial Functional Genes

DNA was isolated with the Soil DNA Purification Kit. The quantitative PCR setup is
presented in Table S1 and was described in previous studies [14,38].

The qPCR standards were prepared based on the appropriate amplicons of Bacillus
subtilis, Pseudomonas putida, and Fusarium culmorum. The environmental material was
ligated with plasmids and used as the standard for the respective domains. All reactions
were performed in samples with a volume of 20 pL each, using the Probe or SybrGreen
qPCR Mastermix 2. Reaction efficiency was determined at 0.93-1.01 (R? = 0.997-1).

2.4. Nanopore Sequencing of the Bacteriome

Pooled samples of total DNA were used for nanopore sequencing and were pre-pared
by combining equal concentrations of genetic material for each repeat in a given variant.
The Oxford Nanopore Technology, which allows sequencing of the entire bacterial 165
rRNA region, was used to determine the composition of bacterial communities in the
analyzed samples. The procedure applied in this study was similar to that used in the
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study of Kosewska et al. [39]. Sequencing and base-calling were performed using the
MinKnow software 13.1.6. The obtained data (~45,000 reads) were analyzed using the
EPI2ME platform v3.7.3-12305063 (Metrichor™ Ltd., Oxford, UK) using WIMP workflows
(version v2023.06.13-1865548, analysis instance ID: 412298).

2.5. Statistical Analysis

Different statistical methods were used to process the results of various analyses due
to different distributions of variables and different experimental approaches. Statistical
calculations (at a significance level of o = 0.05) were performed using STATISTICA 13.3
software [40]. Non-parametric Friedman analysis of variance (ANOVA) with the Iman—
Davenport modification was used to evaluate the results of chemical analyses. The Mann—
Whitney test was used to determine the significance of statistical differences between
frass and urea. Dunn’s test with Bonferroni correction was used to compare the effects of
different N rates. The results of the microbiological analyses obtained at the beginning
(baseline) and the end of the experiment were processed statistically. In the first stage,
10 microbiological variables were log-transformed. Parametric tests could then be applied.
The effects of frass and urea fertilizers and five N rates on the examined microbiological
parameters were determined by two-way ANOVA. Tukey’s test was applied to estimate
the significance of differences between means. The significance of differences between
frass and urea within each N rate was determined by the independent samples t-test.
This method was applied to analyze the data acquired at the end of the experiment. The
significance of differences between mean values obtained at the beginning and the end of
the experiment was determined by the dependent samples ¢-test. A total of 629 microbial
taxa were split into separate groups (clusters) by the generalized EM cluster analysis with
v-fold cross-validation. The results of EM clustering were different from those produced by
classical k-means clustering. The EM algorithm does not compute actual assignments of
observations to clusters but rather classification probabilities, i.e., each observation belongs
to each cluster with a certain probability. The EM algorithm for clustering was described
in detail by Witten [41]. V-fold cross-validation was used to find the correct number of
clusters. In the next stage, principal component analysis (PCA) was performed, and a
dendrogram was created using Ward’s method based on the most significant cluster (No. 1).
The values of the Shannon diversity index, the Shannon evenness index, and the Simpson
dominance index were computed based on an analysis of microbial taxa. All examined
chemical and microbiological parameters were assessed by PCA. Due to the broad scope of
the study, various statistical methods were used, including parametric (two-way ANOVA)
and non-parametric (Friedman’s repeated measures ANOVA by ranks) tests, PCA, and EM
cluster analysis with v-fold cross-validation. Such an approach made it possible to analyze
the results from different perspectives.

3. Results and Discussion
3.1. Chemical Changes in Acid Peat

Both mealworm frass and urea (46% N), applied at increasing N rates, significantly
differentiated the chemical properties of incubated acid peat (Table 3). Irrespective of the
applied fertilizer, the concentrations of ammonium nitrogen (N-NH4) and nitrate nitrogen
(N-NOj3) in peat increased significantly and steadily with increasing N rates. Compared
with the control treatment, the highest increase (more than six-fold) in the content of
mineral N (N-NHy4 + N-NO3) was found after the application of 50 mg N dm—3, which
resulted from a high concentration of N-NOs. Each of the higher N rates nearly doubled
the mineral N content of the substrate relative to the previous rate.

In the first days of incubation, the rate of N ammonification was high in peat fertilized
with urea (Figure 1a) and much slower in peat fertilized with frass. The rate of nitrification
was high already in the first week of incubation, irrespective of the applied fertilizer
(Figure 1b). In the first seven weeks of incubation, the mineral N content of peat fertilized
with frass steadily increased and nearly doubled (from 28 to 54 mg dm 3, Figure 1c). A
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rapid increase (2.2-fold, to approximately 120 mg dm~3) in mineral N content was also
noted in the last two weeks of incubation. Only in the last week of incubation was the
content of N-NOj (Figure 1b) and mineral N (Figure 1c) in peat fertilized with frass similar
to or higher than in peat fertilized with urea. Peat incubated with urea was characterized
by a smaller variation in the content of mineral N than peat incubated with frass (Figure 1c),
despite the fact that the content of plant-available N, in particular ammonium N (Figure 1a),
was much higher after the application of the N fertilizer. In peat fertilized with urea, the
mineral N content was high (110 mg dm ™3 of the substrate) in the first week of incubation
and remained stable until week 9 (Figure 1c).

Table 3. Average mineral nitrogen content of acid peat, supplied with different fertilizers and

nitrogen rates.

Nitrogen Rates (mg dm—3)

Fertilizer Mean
0 50 100 200 400
N-NHy4

Frass 1.92b 2.09b 2.16b 2.81b 13.30 a 4.47

Urea 241d 542d 15.50 ¢ 47.40b 142.69 a 42.60
Significant ns ns bt R R PR

Mean 2.16 D 3.75D 8.84 C 25.10 B 77.70 A

N-NO3

Frass 1.59d 2.60d 22.30 ¢ 88.00b 156.00 a 54.00

Urea 1.83e 37.90d 68.00 ¢ 105.00 b 127.00 a 67.8
Slgl’llflcal’lt ns EE R ER Rt HF

Mean 1.71E 20.30 D 45.10 C 96.50 B 141.00 A

Mineral N

Frass 3.51d 4.69d 24.50 ¢ 90.80 b 169.00 a 58.50

Urea 424 ¢ 43.30d 83.50 ¢ 152.00 b 269.00 a 110.00
Slgnlflcal’lt ns EEE ] EE T EE e EE e EE e

Mean 3.88E 24.00 D 54.00 C 121.00 B 219.00 A

Significant differences between nitrogen rates in frass and urea groups: *** significant at p < 0.001; **** significant
at p < 0.0001; ns—not significant. Capital letters A, B,. . ., E indicate significant differences between nitrogen rates.
Lowercase letters a, b,. . ., e indicate significant differences between nitrogen rates only within the frass group
(italics) and only within the urea group (without italics).

Similar mineralization and nitrification rates were described by Houben et al. [21,26],
who demonstrated that N mineralization was positively correlated with microbial activity
and that nitrification was the dominant process [21]. A considerable decrease in ammonium
N content in the first week of soil incubation with frass was also observed by Kagata and
Ohgushi [24], who attributed this loss to ammonia volatilization and N immobilization
by soil-dwelling microorganisms. In this study, the concentration of mineral N did not
decrease in acid peat incubated with frass. Such a decrease was noted in week 7 of
incubation in deacidified peat enriched with frass in our previous study [37]. According to
Kowalska [42], a drastic decrease in plant-available nitrate N around day 50 of incubation
results from excessive growth of cellulolytic bacteria that suppress the development of
nitrifying bacteria.

The average content of N-NH4 and N-NOj in peat incubated with frass was 9.5-
and 1.3-fold lower, respectively, than that in peat incubated with urea (Table 3). In peat
incubated with urea, the content of mineral N increased significantly compared with peat
incubated with frass. In treatments supplied with frass, the N-NH, content increased
significantly only in response to F400, compared with lower rates. The N-NOj3 content
increased significantly in response to F100 and higher rates. Urea applied at increasing N
rates contributed to a significant and gradual increase in the content of N-NH4, N-NO3, and
mineral N in peat. In the cultivation of ornamental trees and shrubs with low, moderate,
and high nutrient requirements, the optimal content of N-NH4 and N-NOj is <20 and
90-110 mg N dm~3, <25 and 120-140 mg N dm~3, and <30 and 150-170 mg N dm~3,
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respectively [43]. This incubation experiment met the above requirements when acid peat
was fertilized with frass at the two highest rates (200 and 400 mg N dm3 ). However, when
urea was applied at these rates, the maximum permissible level of N-NH4 exceeded 1.6-
and 4.7-fold, respectively, for ornamental trees and shrubs with high nutrient requirements.
In contrast to the NO3 ™ ion, the NH4 " ion can be toxic to plants even at low concentrations,
although the nitrate form is more available in an acidic environment.

@) 200 ®) 200
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60 60
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Figure 1. Changes in the content of N-NHy (a), N-NOj3 (b), and mineral nitrogen (c) in acid peat
incubated with frass and urea. Differences are presented on a logarithmic scale.
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High nutrient availability under optimized nutrient management may promote crop
growth [44]. In order to improve its fertilizing potential and increase its yield-forming
effects, acid peat can be enriched and deacidified with the use of Ca fertilizers, NPK,
zeolite, calcined clay, and diatomaceous earth [31,34-36]. However, the demand for acid
horticultural substrates has been growing steadily for several reasons. The popularity
and production of relatively new fruit species, such as aronia and northern highbush
blueberry, have increased in recent years. Coniferous trees and shrubs, heaths and heathers,
azaleas, and rhododendrons are widely planted in expanding urban areas [45,46]. They
have relatively low soil requirements, play an important ecological role, resist adverse
environmental conditions, and are prized for their esthetic appeal. In the cultivation of most
ornamental trees and shrubs with low nutrient requirements grown in nursery containers
and pots, the recommended pH in HyO is 4.2-6.5 [47,48].

Before the experiment, acid peat was characterized by highly acidic pH (pH in
H,0 =5.0), and frass was characterized by acidic pH (pH in H,O = 5.6; Table 2). Irre-
spective of the applied fertilizer, N rates higher than 100 mg dm~? significantly decreased
the pH of peat relative to the control treatment and the lowest N rate (Table 4). Frass had
a more acidifying effect on peat than urea, and a significant decrease in pH was noted
at F50 and F400. Mealworm frass and urea did not change the pH of peat when applied
at moderate rates of 100 and 200 mg N dm 3. Frass had a more acidifying effect on the
analyzed substrate than urea, most likely because it contains acid-producing compounds,
such as sulfates. Frass has a high content of organic matter that undergoes mineralization
with the release of CO,. Therefore, frass could acidify the substrate to a greater extent than
urea since the latter does not contain organic matter. According to Houben et al. [21], the
decrease in soil pH is due to the acidic pH of frass and its rapid mineralization, leading to
the release of CO, and organic acids. Different results were obtained in deacidified peat:
urea exerted an acidifying effect, whereas mealworm frass stabilized pH [37].

In addition to the pH of horticultural substrates (which affects the availability of
nutrients for plants), EC should also be measured because its value provides information
about the concentrations of dissolved nutrients in the soil solution and the salt content of
soil. High rates of mineral fertilizers increase soil salinity due to excessive concentrations
of the following ions: NO3~, K*, Na*, Cl~, and SO,4%~. The salinization of horticultural
substrates is usually caused by excessive accumulation of K* and SO42~ ions and, to a
lesser extent, CI~ and Mg?* ions, followed by Ca?*, NH,*, and phosphate ions. Plant
tolerance to salt stress varies depending on the species, growth stage, soil moisture content,
and cultivation method. Under standard conditions, the EC of peat used in the cultivation
of ornamental trees and shrubs with low, moderate, and high nutrient requirements should
be <0.8, <1.1, and <1.4 mS cm™1, respectively [47,48]. In this incubation experiment, EC
was determined at 0.13 to 0.99 mS cm ™!, remaining within the above range (Table 4). Urea
contributed to a significantly higher increase in acid peat’s EC than frass. The noted increase
was caused by higher concentrations of mineral N, particularly N-NHy, in peat fertilized
with urea, which indicates that mineral N was released more rapidly from urea than from
frass. It should be noted that the content of the other analyzed nutrients (K, Na, Cl, S-SOy,
Mg, Ca, and P) in peat was lower after the application of urea than frass, and similar
results were reported for deacidified peat [37]. The content of these nutrients in acid peat
generally increased with increasing N rates. The only exception was Ca, and the decrease
in its availability resulted from the fact that this element forms insoluble complexes with
phosphate anions.
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Table 4. Average content of nutrients and the pH and electrical conductivity (EC) of acid peat
supplied with different fertilizers and nitrogen rates.

Nitrogen Rate (mg dm—3)
Fertilizer
0 50 100 200 400
S-504
Frass 48.6 45.8 49.6 54.9 753
Urea 48.7 47.1 51.2 50.9 53.1 50.2
Significant ns ns ns o e
Mean 48.6 D 46.5C 50.4 BC 529 B 642 A
Cl
Frass 15.3 15.1 17.0 19.3 33.6 20.1
Urea 14.1 10.3 10.6 11.7 12.8 11.9
Signiﬁcant ns XXk XKk X%k *Kkk *kk
Mean 14.7C 12.7E 13.8D 15.5B 232 A
P
Frass 17.3 21.4 31.1 54.3 96.7 442
Urea 18.4 17.1 20.1 18.5 20.7 19.0
Slgnlflcal'lt ns E bt %A E *HA4
Mean 179D 193D 25.6C 36.4B 58.7 A
Ca
Frass 705 716 719 707 629 695
Urea 708 656 631 611 562 634
SlgnlflCaI'lt ns *%% kXK 4K L HAHF
Mean 707 A 686 B 675B 659 C 595D
Mg
Frass 33.9 37.1 40.9 48.2 62.3 445
Urea 32.5 38.5 40.9 40.6 38.5 38.2
Significant ns ns ns o o R
Mean 33.2E 378D 409 C 444B 504 A
K
Frass 37.1 52.2 72.3 107 198 93.3
Urea 374 54.5 53.8 58.1 51.8 51.1
Slgnlflcal’lt ns ns E %A E * A4
Mean 372E 534D 63.0C 82.5B 1249 A
Na
Frass 15.8 17.5 21.2 26.1 36.9 23.5
Urea 15.6 13.9 17.8 15.2 14.5 15.4
SIgnlflCaI'lt ns E kK 4 AH H4%H FAHF
Mean 15.7D 157D 195C 20.6 B 25.7 A
pH
Frass 5.11 4.94 5.00 4.88 4.86 4.96
Urea 513 5.28 5.00 4.84 4.96 5.04
Significant ns R ns ns e okt
Mean 512 A 511 A 5.00 B 486 D 491C
EC
Frass 0.131 0.132 0.270 0.566 0.994 0.419
Urea 0.132 0.296 0.436 0.708 0.830 0.480
Slgl’llflcal’lt ns bt E 34AA F4AA *A4
Mean 0.131E 0.214D 0.353 C 0.637 B 0912 A
Significant differences between frass and urea groups across nitrogen rates: ** significant at p < 0.01; *** significant

at p < 0.001; **** significant at p < 0.0001; ns—not significant. Capital letters A, B,. .., E indicate the significance of
differences between nitrogen rates.
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3.2. Quantitative Assessment of Groups of Functional Microorganisms

The incubation of acid peat with different fertilizers and N rates resulted in significant
variations in environmental functional gene loads (Table 5). The abundance of total fungi
increased significantly in peat treated with frass at lower N rates (F50 and F100 mg dm~2)
but decreased at higher N rates (F200 and F400). Clostridium spp. counts decreased
significantly following the application of F400. The incubation time influenced Pseudomonas
spp. counts, with a significant decrease noted in frass treatments (F100, F200, and F400).
The chiA gene load increased significantly in F50, F200, F400, U50, and U400 treatments.
The nifH gene load increased significantly only with urea at the highest N rate. In contrast,
the nosZ gene load decreased in peat incubated with frass in treatment F100. The amoA
gene load significantly decreased in treatments F100, F200, F400, U100, U200, and U400,
while the ureC gene load was significantly lower after applying lower frass rates (F50 and
F100) compared with the baseline.

Table 5. Differences in microbial counts and loads of environmental functional genes in acid peat at
the beginning (baseline) and the end of the experiment.

Fertilizer Total. Total. Clostridium Pseudomonas Bacillus chiA ifH 1057 amoA ureC
Bacteria Fungi spp- spp.- spp.
Baseline 10.73 1415 6.71 5.84 8.52 5.84 9.29 6.56 7.31 8.36
(mean logjo)
Difference (logio)

0 —-0.14 —0.08 0.10 —0.13 0.09 0.07 0.15 —0.03 0.06 —-0.23
F50 —0.34 0.75* 0.17 —0.95 ** 0.41 0.46 * 0.03 —0.21 —0.27 —0.47*
F100 —0.38 0.75* 0.09 —1.19 *** 0.34 0.05 —0.18 —0.33* —0.59 * —0.55*
F200 —-0.23 —0.81* —0.12 —1.38 *** 0.26 0.38 * 0.19 —0.05 —0.81 ** —0.26
F400 —0.09 —0.89 * —1.22** —1.26 *** 0.05 0.43 * 0.40 —0.02 —0.61* 0.00
U50 —0.08 0.08 —0.08 0.88 ** 0.25 0.34 * 0.28 0.01 —0.15 —0.04
U100 —0.18 0.03 0.04 0.93 ** 0.21 0.25 0.15 0.01 —0.78 ** —0.05
U200 —0.08 0.06 0.14 1.05 ** 0.16 0.21 0.26 0.11 —0.75 ** 0.02
U400 0.06 0.23 —0.01 145 %+ 0.12 051*  047* 021 5 g5

* Significant at p < 0.05; ** p < 0.01; *** p < 0.001.

Functional gene loads in incubated acid peat were influenced by the type of fertilizer
and the N rate (Table 6). Total bacterial load was significantly higher after frass application
than urea, peaking in F100 and F50 treatments and decreasing in F400. Total fungal load
was significantly higher in peat incubated with frass than urea. The load of Clostridium
spp. increased significantly only in response to the highest N rate. Frass applied at the
lowest rate inhibited the growth of Clostridium, but the load increased significantly in F200
and reached the highest value in F400. Peat fertilization with urea at U50, U100, and U400
contributed to a significant increase in the load of Clostridium spp. The load of Pseudomonas
spp- varied significantly with different N rates and fertilizer types. Bacillus spp. load
decreased significantly after applying low N rates (50 and 100 mg dm %) and reached the
control treatment level at the highest N rate (400 mg dm~3). The abundance of Bacillus
spp. in peat fertilized with urea at U50 to U200 was significantly higher than that in peat
fertilized with frass, while frass showed a more beneficial effect at the highest rate. The
chiA gene load was significantly lower in peat fertilized with all N rates compared with the
control treatment. Frass at F100 (p < 0.01) and urea at U50 and U200 (p < 0.05) increased
the abundance of chitinolytic bacteria. Irrespective of the applied fertilizer, increasing N
rates (50, 200, and 400 mg dm~?) led to a significant decrease in the number of nifH gene
copies. The abundance of both nifH and nosZ genes increased significantly (p < 0.0001)
after applying frass compared with urea. Frass at F50 and F100 contributed to a significant
increase in the number of nifH gene copies, relative to the control treatment. The abundance
of the nifH gene was higher in peat fertilized with N at 50, 100, and 400 mg dm 3 than in the
control treatment, whereas the 200 mg N dm 3 rate significantly decreased its abundance.
The abundance of the nosZ gene increased after applying frass at all N rates compared with
urea (minimum p < 0.001). However, frass rates of F50-F200 increased the abundance of the
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nosZ gene in peat, whereas urea at higher rates significantly decreased its abundance. The
average abundance of the amoA gene increased significantly with increasing N rates, and it
was significantly higher in acid peat fertilized with urea than frass. Only frass at the lowest
N rate significantly increased the number of amoA gene copies compared with urea. In turn,
the number of ureC gene copies increased to 100 mg N dm 3 and decreased significantly,
even relative to the control treatment. The load of the ureC gene was significantly higher
in peat incubated with frass than urea (p < 0.0001). The abundance of ureolytic bacteria
decreased in acid peat incubated with urea in response to increasing N rates.

Table 6. Loads of functional genes in acid peat incubated with frass or urea.

Nitrogen Rates (mg dm—3)

Fertilizer Mean
0 50 100 200 400
Total bacteria (logyg)
Frass 10.87 ¢ 11.08 ab 11.12a 10.96 b 10.82 ¢ 10.97
Urea 10.87 a 10.82 ab 1091 a 10.81 ab 10.67 b 10.82
Significant ns ** . * * B
Mean 10.87 B 10.94 AB 11.01 A 10.89 B 10.75C
Total fungi (log1o)
Frass 14.23 b 13.40 ¢ 13.40 ¢ 14.96 a 15.05a 14.21
Urea 1423 a 14.07b 1413 b 14.09b 13.92 ¢ 14.09
Slgnlflcant ns b s HHF 4 b
Mean 14.23 B 13.73C 13.76 C 14.53 A 14.49 A
Clostridium spp. (logio)
Frass 6.61c 6.54d 6.62 ¢ 6.830b 7.93a 6.91
Urea 6.61 ¢ 6.80 a 6.67b 6.57 ¢ 6.73 ab 6.68
Significant ns * ns ** i e
Mean 6.61 B 6.67 B 6.65 B 6.70 B 733 A
Pseudomonas spp. (logig)
Frass 597 ¢ 6.79b 7.04a 7.23a 7.10a 6.83
Urea 597 a 496Db 491b 4.79b 439 c 5.01
Slgnlflcant ns AN NN A 4 b
Mean 5.97 AB 5.88 B 5.97 AB 6.01 A 575C
Bacillus spp. (logip)
Frass 8.43 ab 8.11c 8.19 be 8.26b 847 a 8.29
Urea 8.43 a 8.27 ¢ 8.31b 8.36b 8.40a 8.35
Significant ns * * * * *
Mean 843 A 8.19B 8.25B 8.31 AB 8.44 A
chiA (10g10)
Frass 578a 5390b 5.80a 5.47 ab 541b 5.57
Urea 5.78 a 5.50 ¢ 5.59 bc 5.63b 5.34d 5.57
Significant ns * ** * ns ns
Mean 578 A 545D 5.70 B 555C 538D
nifH (log1o)
Frass 9.15¢ 9.27b 948 a 9.11c¢ 8.89d 9.18
Urea 9.15a 9.02b 9.14 a 9.04b 8.83 ¢ 9.03
Slgl’llflcant ns AN NN * 4 b
Mean 9.15B 9.14B 931 A 9.07C 8.86 D
nosZ (logyo)
Frass 6.59d 6.77b 6.89a 6.61 ¢ 6.58 d 6.69
Urea 6.59 a 6.55a 6.54 a 6.45b 6.35¢ 6.50
Slgnlflcal'lt ns b b *%% 4 4

Mean 6.59 C 6.66 B 6.72 A 6.53 D 6.47 E
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Table 6. Cont.
Nitrogen Rates (mg dm—3)
Fertilizer Mean
0 50 100 200 400
amoA (logip)
Frass 7.25d 7.58¢ 7910 812a 7.92b 7.76
Urea 7.25d 7.47 ¢ 8.09b 8.07b 8.82 a 7.94
Slgl’llflcal’lt ns * R * HH HH
Mean 725 E 753D 8.00C 8.09 B 8.37 A
ureC (logio)
Frass 8.58 ¢ 8.83b 891a 8.61c 8.35d 8.66
Urea 8.58 a 8.39b 8.40Db 8.34c 8.20d 8.38
SlgnlflCal’lt ns EEE EE EE e EE e ANkt
Mean 8.58 C 8.61 B 8.65 A 8.48 D 8.28 E

Significant differences between nitrogen rates in frass and urea groups: * significant at p < 0.05; ** significant at
p < 0.01; *** significant at p < 0.001; **** significant at p < 0.0001; ns—not significant. Capital letters A, B,..., E
indicate significant differences between nitrogen rates. Lowercase letters a, b,. . ., d indicate significant differences
between nitrogen rates only within the frass group (italics) and only within the urea group (without italics).

A comparison between the baseline and post-incubation microbiological parameters in
acid peat revealed diverse effects of the tested fertilizers on the growth of Pseudomonas spp.
The growth of this bacterial genus was inhibited by frass but stimulated by urea. Lower frass
rates also inhibited ureolytic bacteria. In contrast to common observations, frass decreased
Pseudomonas spp. abundance in acid peat and had no impact on Bacillus spp. [49-51]. The
activity of ureolytic bacteria, which typically thrives in well-aerated topsoil, was suppressed
due to reduced levels of ammonia and oxygen under the experimental conditions. Acidic
pH in acid peat negatively affected ureolytic bacteria and Pseudomonas spp., potentially
enhancing phytopathogenic fungi. Regardless of the fertilizer, N rates above 50 mg dm 3
decreased to counts of nitrifying bacteria and oxidation potential, most likely due to the
peat’s acidic pH. Frass at 100 mg N dm 2 positively influenced acid peat’s functional
genes, increasing bacterial load, decreasing fungal load, and maintaining or altering the
abundance of various bacterial groups, including Pseudomonas spp., chitinolytic bacteria,
nitrous oxide-reducing bacteria, and N-fixing bacteria. According to Wang et al. [52], there
is a relationship between the loads of functional genes and N transformations in soil, with
modifications of N-NH, closely regulated by the amoA gene. They found that various genes,
such as narG, napA, and nxpA, regulated the concentration of N-NOj3. Similar observations
were made in this study after the application of frass. Unfortunately, the F100 treatment
contributed to a low Bacillus spp. load, known for promoting plant growth and producing
fungistatic compounds [53,54]. In a study by Przemieniecki et al. [14], mealworm meal with
low N content increased the loads of beneficial bacteria in soil, improving plant biometrics.

3.3. Changes in the Bacteriobiome Community and Relationships with the Analyzed Parameters

An analysis of diversity indices revealed higher counts of bacterial species numbers
(except in the 200 mg N dm 3 treatment) and lower species diversity in acid peat with
frass than urea (Table 7). After frass application, the counts of bacterial species increased by
10% on average from the baseline but decreased by 10.3% compared with the control. Urea
(especially U50 and U400) significantly decreased the number of taxa (by approximately
37%), and a lower decrease was induced by U100 (17%) and U200 (3.5%). The Shannon
diversity index was lower in urea and higher in frass treatments, except for a notable
increase at 200 mg N dm 3. Frass-fertilized peat exhibited higher Shannon evenness,
peaking at F200, while Simpson’s dominance was highest in U400, U50, and U100, and
lowest in F200.
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Table 7. Bacterial genera with the highest percentage in the bacteriome and dominance classes T with

diversity indices.

Bacterial Genus Baseline 0 F50 F100 F200 F400 U50 U100 U200 U400
Candidatus Koribacter 2.8 44 3.2 3.0 2.9 24 49 4.1 44 4.6
Bradyrhizobium 3.0 24 2.3 3.1 4.0 3.1 2.1 29 24 3.1

Dokdonella 17 2.0 3.0 2.8 1.8 3.8 1.6 25 29 [EEN

Acidobacterium 3.3 25 2.1 2.3 2.3 2.2 3.1 4.1 3.5 2.3
Rhodanobacter esmy 14 1.8 1.3 15 [S20N 20 1.7 1.8 3.9
Candidatus Solibacter 2.0 2.7 2.4 3.0 2.6 2.1 43 3.0 2.3 2.2
Flavisolibacter 2.6 2.3 24 2.1 1.6 1.5 3.1 2.3 2.8 2.9
Pseudolabrys 1.5 1.8 1.3 2.1 25 14 2.1 3.2 2.5 3.5
Lysobacter 2.7 1.6 2.2 2.1 1.7 2.7 1.8 1.8 2.0 2.9
Granulicella 2.9 2.1 1.3 1.8 2.0 24 1.8 24 2.3 1.8
Rhodoplanes 1.3 2.3 1.8 2.1 1.9 1.2 24 2.6 2.2 2.6
Chitinophaga 1.5 1.2 1.7 1.1 1.3 1.6 1.3 2.2 25 2.7
Methylocystis 2.2 1.9 1.3 1.0 2.1 0.8 1.6 1.6 15 1.8
Acidisarcina 1.6 1.5 1.3 1.5 1.4 1.5 15 2.0 2.0 0.9
Pseudobacter 1.8 14 1.5 1.1 0.6 14 1.9 1.8 1.7 1.5
Devosia 0.9 1.0 1.1 1.8 3.2 1.8 0.6 14 0.9 1.7
Haliangium 0.6 1.4 1.5 1.6 1.1 0.9 1.8 1.8 1.1 0.3
Terriglobus 1.3 1.0 1.1 1.0 1.0 1.3 1.2 1.7 1.5 0.7
Thermomonas 1.2 1.0 1.1 1.3 0.5 1.2 1.2 0.9 0.9 2.0
Mucilaginibacter 3.9 1.7 0.8 0.8 0.5 0.4 0.6 1.1 0.6 0.3
Paludibaculum 0.9 1.2 1.1 1.2 1.1 0.8 0.9 1.3 1.3 0.7
Edaphobacter 1.4 1.1 0.8 0.6 1.2 0.7 1.0 14 1.2 0.7
Pseudolysobacter 0.7 0.8 1.0 0.9 0.5 1.0 0.6 1.1 1.1 1.8
Lacunisphaera 0.5 1.1 2.0 2.7 0.9 0.0 0.8 0.7 0.5 0.1
Pseudomonas 0.6 0.5 14 1.3 1.3 1.2 0.5 0.5 0.7 0.6
Panacibacter 1.1 1.0 0.9 0.9 0.6 0.3 1.2 1.0 0.9 0.7
Niastella 1.0 1.0 1.3 0.6 0.4 0.6 1.2 0.9 0.8 0.5
Opitutus 0.3 0.9 1.3 2.0 0.8 0.2 0.9 0.8 0.6 0.2
Paenibacillus 0.0 0.1 0.1 0.3 2.2 44 0.1 0.1 0.1 0.1
Usitatibacter 0.7 0.9 0.4 0.6 0.3 0.5 1.3 0.7 1.1 1.0
Nitrosospira 0.3 0.4 0.4 0.4 0.3 0.4 0.6 0.9 1.0 2.5
Niabella 0.8 1.2 0.9 0.5 0.6 0.3 0.8 0.7 0.8 0.7
Stenotrophomonas 0.6 0.8 0.7 0.7 0.6 1.0 0.3 0.5 0.9 1.1
Sideroxydans 1.6 1.0 0.3 0.4 0.1 0.1 1.4 0.7 1.3 0.3
Luteimonas 1.1 0.6 0.8 0.6 0.3 0.5 0.8 0.2 0.8 1.2
Nitrospirillum 0.4 0.4 0.6 0.9 0.9 0.8 04 04 0.7 1.2
Luteitalea 04 0.9 1.0 0.9 0.8 0.5 0.8 04 0.5 0.3
Steroidobacter 0.5 14 2.0 14 0.2 0.1 0.2 0.2 0.2 0.3
Filimonas 0.5 0.7 0.6 0.8 0.3 0.4 0.9 0.7 0.8 0.5
Candidatus Nitrotoga 0.7 0.5 04 0.4 0.3 0.1 14 1.0 1.2 0.2
Thiobacillus 0.4 0.3 0.2 0.9 0.5 0.1 0.5 0.8 1.3 0.8
Candidatus Saccharimonas 0.1 1.5 0.7 0.5 0.4 0.6 04 0.5 0.5 0.1
Shannon diversity index 4.82 4.95 4.90 4.83 5.01 4.88 4.57 4.72 4.86 4.48

Shannon evenness index 0.901 0.891 0.899 0.893 0.912 0.898 0.891 0.880 0.880 0.888

Simpson dominance index 0.0132 0.0129 0.0125 0.0136 0.0109  0.0131 0.0181 0.0159  0.0140  0.0202

* Dominance classes according to Przemieniecki et al. [38], color intensity, from the darkest: dominant (10.00—
5.01%), subdominant (5.00-2.01%), recedent (2.00-1.01%), and sub-recedent (<1.00%).

In the hierarchical cluster analysis (Figure 2a), fertilization treatments formed two
clades. Subgroups in the first clade included F100 and F50, and the second clade comprised
U200, U100, U50, and the control treatment. In the second clade, U400, F400, and F200
formed a subgroup, with baseline data showing low similarity. PCA of the microbiome
(Figure 2b) revealed a strong correlation between Rhodanobacter and F400. Dokdonella and
Bradyrhizobium correlated with F400, F200, and U400. Baseline values were weakly corre-
lated with principal components. The presence of the genera Candidatus Koribacter, Ca.
Solibacter, Acidobacterium, Flavisolibacter, and Rhodoplanes was characteristic of the remain-
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ing fertilization treatments. The generalized EM cluster analysis classified 629 microbial
taxa into four groups (Table 7). The first cluster included 42 taxa with the highest overall
proportion (50.9-62.7%), averaging 1.21-1.49%. The remaining clusters had decreasing
overall proportions and average percentages. The microbial structure analysis at the genus
level revealed low diversity, the absence of a dominant genera, and the dominance of
three genera: Ca. Koribacter, Bradyrhizobium, and Acidobacterium. The abundance of Ca.
Solibacter, a subdominant genus, remained stable. Ca. Koribacter decreased with frass
N rates, especially in F400. Bradyrhizobium was 1.7-fold higher in F200. Acidobacterium
doubled in U100, and Ca. Solibacter doubled in U50, compared with the control treatment.

In the metagenomic analysis, the phylum Acidobacteria, including Ca. Koribacter,
Acidobacterium, and Ca. Solibacter, emerged as the dominant taxonomic group in all
treatments after 60 days of peat incubation. These bacteria degrade simple and complex
sugars from organic soils and dead organic matter as carbon sources. Some Acidobacteria
produce antimicrobial peptides and siderophores that chelate iron and are drought-resistant.
Acidobacteria easily metabolize carbon compounds in nutrient-deficient environments and
effectively compete with other bacteria under exposure to environmental pressure [55,56].
In the work of Catania et al. [57], the abundance of Acidobacteria in soil rich in organic
matter was significantly correlated with a decreasing pH and cation exchange capacity. In
the current study, three genera of the phylum Acidobacteria maintained their dominant
status, and Ca. Solibacter increased its dominance when the soil pH decreased over two
months. The exact roles of Ca. Solibacter and Ca. Koribacter remain unknown, but the
dominant status of these genera could be used as a bioindicator to identify substrates that
do not support microbial development. High abundance of these bacterial genera could
compromise the total biological activity of soil, nutrient cycling, and symbiotic interactions
between plants and other microbial groups.

The genus Dokdonella exhibited different dominance patterns, increasing in urea treat-
ments and becoming dominant in U400. Rhodanobacter spp., initially dominant, became
rare in F50-F200, U100, and U200, and subdominant in U50 and U400, remaining dominant
only in F400. Flavisolibacter spp., initially subdominant, decreased in F200 and F400. Pseu-
dolabrys spp. increased after urea and frass applications. Lysobacter spp. and Granulicella
spp. showed varied dominance patterns near the threshold, with Granulicella spp. having
lower proportions in all treatments. Rhodoplanes spp. remained consistent, except in F400.
Chitinophaga spp. increased with urea. Methylocystis spp. and Devosia spp. showed minor
dominance pattern variations, rising after the application of F200. Other genera had a
relatively low share of the total population, with a single subdominant taxon. A high
proportion of Dokdonella spp. and Rhodanobacter spp., of the family Rhodanobacteraceae, in
particular after the application of the highest N rates, indicates that they depend on the
availability of oxidized N compounds. Both genera reduce nitrates and are well adapted to
environments with a low pH (in particular, Rhodanobacter) [58-60].

The order Rhizobiales dominated in all analyzed samples, with a high proportion of
the genus Bradyrhizobium, which was more prevalent in the rhizosphere than in the soil.
Rhizobacteria enter symbiotic relationships with legume plants by forming root nodules
that enable atmospheric N fixation. Bradyrhizobium bacteria are root symbionts, ubiquitous
in the soil and legumes, which have also been found on the surface of sugar beet roots.
Research has shown that both diazotrophic and non-diazotrophic Bradyrhizobium strains
can colonize the root zone of both leguminous and non-leguminous plants. The group
of free-living Bradyrhizobium spp. includes both diazotrophs and strains incapable of
N fixation, most of which are capable of denitrification, H, uptake, photosynthesis, and
carbon fixation [61-64]. It appears that the above properties can be used to regulate nutrient
availability in the rhizosphere, and to modify unfavorable environmental conditions within
the root zone.
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Figure 2. Hierarchical clustering (a), principal component analysis (PCA) of the tested rates of N
fertilizer and the bacteriome (b), and PCA of the tested rates of N fertilizer and the chemical and
microbiological parameters of acid peat (c).

Nitrospira spp. were subdominant in the treatment supplied with the highest urea
rate. This genus contains a complete set of amo and hao genes required for the oxidation
of both NO, ™ and NH,4 " to NO3~, as well as complete ammonia oxidation. The increase
in nitrate N levels could also be attributed to increased counts of denitrifying and nitrate
assimilation bacteria, such as Opitutus spp. [65,66]. Rhodoplanes and Pseudolabrys are also
interesting genera of photosynthetic bacteria, which are plant symbionts and participate
in carbon and N cycles. Most photosynthetic bacteria effectively fix molecular N, but
Rhodoplanes spp. can also utilize N from the decomposition of urea. These bacteria rely on
various substrates as carbon sources and readily utilize organic acids [67]. In the present
study, the total abundance of Rhodoplanes and Pseudolabrys increased after urea application.
The absence of a light period during peat incubation probably triggered heterotrophic
metabolism. It promoted the assimilation of organic carbon, but both bacterial genera could
also utilize N from the decomposition of urea. Therefore, the presence of Rhodoplanes and
Pseudolabrys in both urea and frass treatments indicates that organic N was decomposed
and acquired through deamination. The genus Methylocystis is also highly interesting. In
these methanotrophs, methane is oxidized by the methane monooxygenase (MMO) enzyme.
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Methylocystis spp. are bioindicators of methanogenic processes in soil. These bacteria were
already identified at the beginning of the experiment, which suggests that they utilize
various carbon sources. Their presence in the F200 treatment resulted from a small number
of subdominants [68,69]. The share of Devosia spp. increased in all treatments, and the
greatest increase was noted in F200. This observation is difficult to explain because most
Devosia spp. are diazotrophs that establish symbiotic relationships with legumes. Similarly
to the genus Bradyrhizobium, Devosia spp. are probably free-living bacteria in peat.

The PCA of chemical parameters and microbiological markers (Figure 2c) revealed
that F1 and F2 explained 79.92% of the total variance. F1 was correlated with a group of
parameters (mainly in F400 and F200) that were negatively correlated with pH. F2 was
correlated with nosZ, total bacteria, Ca, ureC, and nifH, which are characteristic of F100
and F50. These parameters were negatively correlated with N-NHy, mineral N, amoA, and
Bacillus spp. ChiA gene abundance was negatively correlated with N-NO3 and EC. It should
also be noted that N-NH, content was high in urea treatments, in particular those with the
highest urea rates.

In the present study, a higher content of mineral N was positively correlated with high
urea rates and negatively correlated with low frass rates. The supply of plant-available N
may be limited when N is mineralized slowly. However, rapid N mineralization in urea
treatments and high mineral N content can lead to N depletion in the substrate or exert
phytotoxic effects. The abundance of N-fixing bacteria, negatively correlated with N-NHy
content, was highest in peat fertilized with 100 mg N dm~3. In addition, a correlation
was found between N-fixing bacteria and Ca content. In the rhizosphere and soil, Ca is
essential for N fixation—it plays many important roles in N-fixing bacteria, and Ca ions
mediate signal transduction pathways during interactions between plants and symbiotic
bacteria [70,71].

4. Conclusions

One of the greatest challenges in insect farming for food and feed is adequate manage-
ment and disposal of waste products, such as exuviae and frass. Sustainable and organic
farming has the potential to reduce the use of inorganic fertilizers and increase the uti-
lization of organic residues as a source of N for plant nutrition. The use of mealworm
frass as an organic fertilizer is an important pathway for N, P, and K recycling, which
contributes to sustainable nutrient management, in line with the European Green Deal.
Insect frass can partially or completely replace traditional mineral fertilizers in the pro-
duction of selected crops. Wider use of mealworm frass as a fertilizer in the cultivation of
horticultural crops and ornamental plants, and in forest farming, appears to be beneficial
and justified. The slow release of N, a stable pH needed by some crops, and a high content
of plant growth-promoting microorganisms in the substrate ensure effective plant growth
and development over prolonged periods, which is an important practical consideration.
This study makes an original contribution to the existing body of knowledge in the fields
of environmental protection, sustainable agriculture, and forestry. The obtained results can
be used for designing future studies involving different plant species, and for establishing
optimal frass rates. Moreover, the unique spore-forming bacteria whose abundance is
stimulated by the addition of frass require further detailed research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app14062380/s1, Table S1: Quantitative polymerase chain reaction
setup. References [72-81] are cited in the supplementary materials.

Author Contributions: Conceptualization, A.N.; methodology, A.N., SSW.P. and S.].K,; software, D.Z,;
validation, A.N. and S.W.P; formal analysis, A.N., SW.P,, S.J.K., PJ.Z.,AK and D.Z; investigation,
AN, SWP and A K, resources, A.N.; data curation, A.N.; writing—original draft preparation, A.N.,
SWP, AK. and W] .K.; writing—review and editing, A.N., A.K,, SJ K. and W.J K.; visualization, D.Z.
and S.W.P; supervision, A.N.; project administration, A.N.; funding acquisition, A.N. and S.W.P. All
authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/app14062380/s1
https://www.mdpi.com/article/10.3390/app14062380/s1

Appl. Sci. 2024, 14, 2380 17 of 20

Funding: The results presented in this paper were obtained as part of a comprehensive study financed
by the University of Warmia and Mazury in Olsztyn, Faculty of Agriculture and Forestry, Department
of Agricultural and Environmental Chemistry (Grant No. 30.610.003-110) and Department of Ento-
mology, Phytopathology, and Molecular Diagnostics (Grant No. 30.610.010-110). The manuscript was
written as a result of an internship completed by one of the authors in the Department of Biogeochem-
istry and Soil Science, Bydgoszcz University of Science and Technology, Seminaryjna Street 5, 85-326
Bydgoszcz, Poland, co-financed by the European Union under the European Social Fund (Operational
Program Knowledge Education Development), carried out under the Project Development Program
at the University of Warmia and Mazury in Olsztyn (POWR.03.05. 00-00-Z310/17).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to thank Tenebria sp. z 0.0. (Dworcowa Street 36, 14-260
Lubawa, Poland) for supplying mealworm frass for the study and providing information about
mealworm nutrition and farming. The authors thank the unknown reviewers for their valuable
comments on a former manuscript draft.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Zuk-Gotaszewska, K.; Galecki, R.; Obremski, K.; Smetana, S.; Figiel, S.; Gotaszewski, J. Edible Insect Farming in the Context of
the EU Regulations and Marketing—An Overview. Insects 2022, 13, 446. [CrossRef] [PubMed]

2. van Huis, A.; Halloran, A.; Van Itterbeeck, J.; Klunder, H.; Vantomme, P. How Many People on Our Planet Eat Insects: 2 Billion?
J. Insects Food Feed 2022, 8, 1-4. [CrossRef]

3. Gatecki, R; Bakuta, T.; Golaszewski, J. Foodborne Diseases in the Edible Insect Industry in Europe—New Challenges and Old
Problems. Foods 2023, 12, 770. [CrossRef]

4. European Commission. Commission Implementing Regulation (EU) 2021 /882 of 1 June 2021 Authorising the Placing on the
Market of Dried Tenebrio molitor Larva as a Novel Food under Regulation (EU) 2015/2283 of the European Parliament and of the
Council, and Amending Commission Implementing Commission Regulation. Off. ]. Eur. Union 2021, 194, 16-20.

5. European Commission. Commission Regulation (EU) 2017/893 of 24 May 2017 Amending Annexes I and IV to Regulation (EC)
No 999/2001 of the European Parliament and of the Council and Annexes X, XIV and XV to Commission Regulation (EU) No
142/2011 as Regards the Provisions on processed animal protein (Text with EEA relevance). Off. J. Eur. Union 2017, 138, 92-116.

6.  European Commission. Commission Implementing Regulation (EU) 2023/5 of 3 January 2023 Authorising the Placing on
the Market of Acheta Domesticus (House Cricket) Partially Defatted Powder as a Novel Food and Amending Implementing
Regulation (EU) 2017/2470. Off. ]. Eur. Union 2023.

7. Ojha, S.; Bekhit, A.E.D.; Grune, T.; Schliiter, O.K. Bioavailability of Nutrients from Edible Insects. Curr. Opin. Food Sci. 2021, 41,
240-248. [CrossRef]

8. Costa, S.; Pedro, S.; Lourenco, H.; Batista, I.; Teixeira, B.; Bandarra, N.M.; Murta, D.; Nunes, R.; Pires, C. Evaluation of Tenebrio
molitor Larvae as an Alternative Food Source. NFS J. 2020, 21, 57-64. [CrossRef]

9. Moruzzo, R.; Riccioli, E; Espinosa Diaz, S.; Secci, C.; Poli, G.; Mancini, S. Mealworm (Tenebrio molitor): Potential and Challenges to
Promote Circular Economy. Animals 2021, 11, 2568. [CrossRef]

10. Bordiean, A.; Krzyzaniak, M.; Stolarski, M.]. Bioconversion Potential of Agro-Industrial Byproducts by Tenebrio molitor—Long-
Term Results. Insects 2022, 13, 810. [CrossRef]

11. Nava, A.L.; Higareda, T.E.; Barreto, C.; Rodriguez, R.; Marquez, I.; Palacios, M.L. Circular Economy Approach for Mealworm
Industrial Production for Human Consumption. In Proceedings of the IOP Conference Series: Earth and Environmental Science; IOP
Publishing, Ltd.: Bristol, UK, 2020; Volume 463.

12.  van Huis, A. Prospects of Insects as Food and Feed. Org. Agric. 2021, 11, 301-308. [CrossRef]

13. Przemieniecki, S.W.; Kosewska, A.; Ciesielski, S.; Kosewska, O. Changes in the Gut Microbiome and Enzymatic Profile of Tenebrio
molitor Larvae Biodegrading Cellulose, Polyethylene and Polystyrene Waste. Environ. Pollut. 2020, 256, 113265. [CrossRef]
[PubMed]

14. Przemieniecki, S.W.; Kosewska, A.; Kosewska, O.; Purwin, C.; Lipiniski, K.; Ciesielski, S. Polyethylene, Polystyrene and
Lignocellulose Wastes as Mealworm (Tenebrio molitor L.) Diets and Their Impact on the Breeding Condition, Biometric Parameters,
Metabolism, and Digestive Microbiome. Sci. Total Environ. 2022, 832, 154758. [CrossRef] [PubMed]

15.  Yang, Y; Yang, J.; Wu, W.M.; Zhao, |.; Song, Y.; Gao, L.; Yang, R.; Jiang, L. Biodegradation and Mineralization of Polystyrene by

Plastic-Eating Mealworms: Part 1. Chemical and Physical Characterization and Isotopic Tests. Environ. Sci. Technol. 2015, 49,
12080-12086. [CrossRef] [PubMed]


https://doi.org/10.3390/insects13050446
https://www.ncbi.nlm.nih.gov/pubmed/35621781
https://doi.org/10.3920/JIFF2021.x010
https://doi.org/10.3390/foods12040770
https://doi.org/10.1016/j.cofs.2021.08.003
https://doi.org/10.1016/j.nfs.2020.10.001
https://doi.org/10.3390/ani11092568
https://doi.org/10.3390/insects13090810
https://doi.org/10.1007/s13165-020-00290-7
https://doi.org/10.1016/j.envpol.2019.113265
https://www.ncbi.nlm.nih.gov/pubmed/31733968
https://doi.org/10.1016/j.scitotenv.2022.154758
https://www.ncbi.nlm.nih.gov/pubmed/35339543
https://doi.org/10.1021/acs.est.5b02661
https://www.ncbi.nlm.nih.gov/pubmed/26390034

Appl. Sci. 2024, 14, 2380 18 of 20

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yang, Y.; Yang, J.; Wu, W.-M.; Zhao, ].; Song, Y.; Gao, L.; Yang, R; Jiang, L. Biodegradation and Mineralization of Polystyrene by
Plastic-Eating Mealworms: Part 2. Role of Gut Microorganisms. Environ. Sci. Technol. 2015, 49, 12087-12093. [CrossRef] [PubMed]
Yang, S.S.; Brandon, A.M.; Andrew Flanagan, J.C.; Yang, J.; Ning, D.; Cai, S.Y.; Fan, H.Q.; Wang, Z.Y.; Ren, J.; Benbow, E,;
et al. Biodegradation of Polystyrene Wastes in Yellow Mealworms (Larvae of Tenebrio molitor Linnaeus): Factors Affecting
Biodegradation Rates and the Ability of Polystyrene-Fed Larvae to Complete Their Life Cycle. Chemosphere 2018, 191, 979-989.
[CrossRef] [PubMed]

Yang, S.S.; Ding, M.Q.; Zhang, Z.R.; Ding, J.; Bai, S.W.; Cao, G.L.; Zhao, L.; Pang, ] W.; Xing, D.F,; Ren, N.Q.; et al. Confirmation of
Biodegradation of Low-Density Polyethylene in Dark-versus Yellow-Mealworms (Larvae of Tenebrio obscurus versus Tenebrio
molitor) via. Gut Microbe-Independent Depolymerization. Sci. Total Environ. 2021, 789, 147915. [CrossRef]

Przemieniecki, S.W.; Kosewska, A.; Purwin, C.; Zapalowska, A.; Mastalerz, J.; Kotlarz, K.; Kolaczek, K. Biometric, Chemical, and
Microbiological Evaluation of Common Wheat (Triticum aestivum L.) Seedlings Fertilized with Mealworm (Tenebrio molitor L.)
Larvae Meal. Appl. Soil Ecol. 2021, 167, 104037. [CrossRef]

Liu, H.; Zhaofen, Y.; Dongfei, T.; Zhengsheng, W. Study on the Fertilizer Efficiency of the Frass of Temebrio molitor L. ]. Quanzhou
Norm. Coll. (Nat. Sci.) 2003, 21, 68-71.

Houben, D.; Daoulas, G.; Faucon, M.P,; Dulaurent, A.M. Potential Use of Mealworm Frass as a Fertilizer: Impact on Crop Growth
and Soil Properties. Sci. Rep. 2020, 10, 4659. [CrossRef]

Kagata, H.; Ohgushi, T. Positive and Negative Impacts of Insect Frass Quality on Soil Nitrogen Availability and Plant Growth.
Popul. Ecol. 2012, 54, 75-82. [CrossRef]

Frost, C.J.; Hunter, M.D. Insect Canopy Herbivory and Frass Deposition Affect Soil Nutrient Dynamics and Export in Oak
Mesocosms. Ecology 2004, 85, 3335-3347. [CrossRef]

Kagata, H.; Ohgushi, T. Ingestion and Excretion of Nitrogen by Larvae of a Cabbage Armyworm: The Effects of Fertilizer
Application. Agric. For. Entomol. 2011, 13, 143-148. [CrossRef]

Poveda, J.; Jiménez-Gomez, A.; Saati-Santamaria, Z.; Usategui-Martin, R.; Rivas, R.; Garcia-Fraile, P. Mealworm Frass as a
Potential Biofertilizer and Abiotic Stress Tolerance-Inductor in Plants. Appl. Soil Ecol. 2019, 142, 110-122. [CrossRef]

Houben, D.; Daoulas, G.; Dulaurent, A.M. Assessment of the Short-Term Fertilizer Potential of Mealworm Frass Using a Pot
Experiment. Front. Sustain. Food Syst. 2021, 5, 714596. [CrossRef]

Adnan, M,; Fahad, S.; Khan, I.A.; Saeed, M.; Thsan, M.Z.; Saud, S.; Riaz, M.; Wang, D.; Wu, C. Integration of Poultry Manure
and Phosphate Solubilizing Bacteria Improved Availability of Ca Bound P in Calcareous Soils. 3 Biotech 2019, 9, 368. [CrossRef]
[PubMed]

Barragan-Fonseca, K.Y.; Nurfikari, A.; van de Zande, E.M.; Wantulla, M.; van Loon, J.J.A.; de Boer, W.; Dicke, M. Insect Frass and
Exuviae to Promote Plant Growth and Health. Trends Plant Sci. 2022, 27, 646—654. [CrossRef] [PubMed]

Berggren, A.; Jansson, A.; Low, M. Approaching Ecological Sustainability in the Emerging Insects-as-Food Industry. Trends Ecol.
Evol. 2019, 34, 132-138. [CrossRef] [PubMed]

Joosten, H.; Clarke, D. International Mire Conservation Group; International Peat Society. In Wise Use of Mires and Peatlands:
Background and Principles Including a Framework for Decision-Making; International Mire Conservation Group: Greifswald, Germany,
2002; ISBN 9519774483.

Bigelow, C.A.; Bowman, D.C.; Cassel, D.K. Physical Properties of Three Sand Size Classes Amended with Inorganic Materials or
Sphagnum Peat Moss for Putting Green Rootzones. Crop. Sci. 2004, 44, 900-907. [CrossRef]

Desbiens, M.-C.; Bussiéres, P.; Caron, J.; Beeson, R.; Haydu, ]J.; Boudreau, J.; Elrick, D. Improved Water Saving In Nursery
Production Using Sphagnum Peat. Acta Hortic. 2008, 779, 407-414. [CrossRef]

Kern, J.; Tammeorg, P.; Shanskiy, M.; Sakrabani, R.; Knicker, H.; Kammann, C.; Tuhkanen, E.-M.; Smidt, G.; Prasad, M.; Tiilikkala,
K.; et al. Synergistic Use of Peat and Charred Material in Growing Media—An Option to Reduce the Pressure on Peatlands? J.
Environ. Eng. Landsc. Manag. 2017, 25, 160-174. [CrossRef]

Choo, L.N.L.K.; Ahmed, O.H.; Razak, N.A.; Sekot, S. Improving Nitrogen Availability and Ananas comosus L. Merr Var. Moris
Productivity in a Tropical Peat Soil Using Clinoptilolite Zeolite. Agronomy 2022, 12, 2750. [CrossRef]

Choo, L.N.L.K.; Ahmed, O.H.; Talib, S.A.A.; Ghani, M.Z.A.; Sekot, S. Clinoptilolite Zeolite on Tropical Peat Soils Nutrient, Growth,
Fruit Quality, and Yield of Carica papaya L. CV. Sekaki. Agronomy 2020, 10, 1320. [CrossRef]

Paal, T;; Starast, M.; Noormets-Sanski, M.; Vool, E.; Tasa, T; Karp, K. Influence of Liming and Fertilization on Lowbush Blueberry
in Harvested Peat Field Condition. Sci. Hortic. 2011, 130, 157-163. [CrossRef]

Nogalska, A.; Przemieniecki, S.W.; Krzebietke, S.J.; Zatuski, D.; Kosewska, A.; Skwierawska, M.; Sienkiewicz, S. The Effect of
Mealworm Frass on the Chemical and Microbiological Properties of Horticultural Peat in an Incubation Experiment. Int. J.
Environ. Res. Public Health 2023, 20, 21. [CrossRef]

Przemieniecki, SW.; Damszel, M.; Ciesielski, S.; Kubiak, K.; Mastalerz, J.; Sierota, Z.; Gorczyca, A. Bacterial Microbiome in
Armillaria Ostoyae Rhizomorphs Inhabiting the Root Zone during Progressively Dying Scots Pine. Appl. Soil Ecol. 2021,
164, 103929. [CrossRef]

Kosewska, O.; Przemieniecki, S.W.; Nietupski, M. The Effect of Antibiotics on Bacteriome of Sitophilus Oryzae and Rhyzopertha
Dominica as a Factor Determining the Success of Foraging: A Chance for Antibiotic Therapy in Grain Stores. Appl. Sci. 2023,
13, 1576. [CrossRef]

TIBCO Software, Inc. STATISTICA (Data Analysis Software System); TIBCO Software, Inc.: Palo Alto, CA, USA, 2017.


https://doi.org/10.1021/acs.est.5b02663
https://www.ncbi.nlm.nih.gov/pubmed/26390390
https://doi.org/10.1016/j.chemosphere.2017.10.117
https://www.ncbi.nlm.nih.gov/pubmed/29145143
https://doi.org/10.1016/j.scitotenv.2021.147915
https://doi.org/10.1016/j.apsoil.2021.104037
https://doi.org/10.1038/s41598-020-61765-x
https://doi.org/10.1007/s10144-011-0281-6
https://doi.org/10.1890/04-0003
https://doi.org/10.1111/j.1461-9563.2010.00502.x
https://doi.org/10.1016/j.apsoil.2019.04.016
https://doi.org/10.3389/fsufs.2021.714596
https://doi.org/10.1007/s13205-019-1894-2
https://www.ncbi.nlm.nih.gov/pubmed/31588392
https://doi.org/10.1016/j.tplants.2022.01.007
https://www.ncbi.nlm.nih.gov/pubmed/35248491
https://doi.org/10.1016/j.tree.2018.11.005
https://www.ncbi.nlm.nih.gov/pubmed/30655013
https://doi.org/10.2135/cropsci2004.9000
https://doi.org/10.17660/ActaHortic.2008.779.51
https://doi.org/10.3846/16486897.2017.1284665
https://doi.org/10.3390/agronomy12112750
https://doi.org/10.3390/agronomy10091320
https://doi.org/10.1016/j.scienta.2011.06.031
https://doi.org/10.3390/ijerph20010021
https://doi.org/10.1016/j.apsoil.2021.103929
https://doi.org/10.3390/app13031576

Appl. Sci. 2024, 14, 2380 19 of 20

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Witten, D.M. Classification and Clustering of Sequencing Data Using a Poisson Model. Ann. Appl. Stat. 2011, 5, 2493-2518.
[CrossRef]

Kowalska, I. Przemiany Azotu w Podlozach z Uprawa Pomidora Szklarniowego (Nitrogen Conversion in Substrates for
Greenhouse-Grown Tomatoes). Zeszyty Naukowe Akademii Rolniczej w Krakowie. Ogrodnictwo 1997, 23, 81-91.

Bres, W.; Golcz, A.; Komosa, A.; Kozik, E. Zywienie Roslin Ogrodniczych. Podstawy i Perspektywy (Nutritional Requirements of
Horticultural Plants. Introduction and Prospects); PWRIL: Poznan, Poland, 2012.

Baseer, M.; Adnan, M.; Fazal, M.; Fahad, S.; Saeed, M.; Fazli, W.; Arif, M.; Amanullah, J.; Wang, D.; Saud, S.; et al. Substituting
Urea by Organic Wastes for Improving Maize Yield in Alkaline Soil. . Plant Nutr. 2019, 42, 2423-2434. [CrossRef]

Starast, M.; Karp, K.; Vool, E.; Paal, T.; Albert, T. Effect of NPK Fertilization and Elemental Sulphur on Growth and Yield of
Lowbush Blueberry. Agric. Food Sci. 2007, 16, 34—45. [CrossRef]

Zydlik, Z.; Zydlik, P.; Kafkas, N.E.; Yesil, B.; Cieslinski, S. Foliar Application of Some Macronutrients and Micronutrients Improves
Yield and Fruit Quality of Highbush Blueberry (Vaccinium corymbosum L.). Horticulturae 2022, 8, 664. [CrossRef]

Aendekerk, T.G.L.; Geers, EA.M.; de Beuze, M. Adviesbasis Voor de Bemesting van Boomkuwekerijgewassen; Vollegrondsteelt: Boskoop,
The Netherlands, 2000; ISBN 9080246999.

Davidson, H.; Mecklenburg, R.; Peterson, C. Nursery Management: Administration and Culture; Davidson, H., Mecklenburg, R,
Peterson, C., Eds.; University Wisconsin: Madison, NJ, USA, 2000.

Tao, C.; Li, R; Xiong, W.; Shen, Z.; Liu, S.; Wang, B.; Ruan, Y.; Geisen, S.; Shen, Q.; Kowalchuk, G.A. Bio-Organic Fertilizers
Stimulate Indigenous Soil Pseudomonas Populations to Enhance Plant Disease Suppression. Microbiome 2020, 8, 137. [CrossRef]
Li, W.; Mosongo, P.S.; Dong, W.; Timilsina, A.; Sun, R.; Wang, F.; Walkiewicz, A.; Liu, B.; Hu, C. Responses of Nitrous Oxide
Emissions and Bacterial Communities to Experimental Freeze-Thaw Cycles in Contrasting Soil Types. Microorganisms 2023,
11, 593. [CrossRef]

Uwamahoro, H.P; Li, F; Timilsina, A.; Liu, B.; Wang, X.; Tian, Y. An Assessment of the Lactic Acid-Producing Potential of
Bacterial Strains Isolated from Food Waste. Microbiol. Res. 2022, 13, 278-291. [CrossRef]

Wang, H.; Deng, N.; Wu, D.; Hu, S. Quantitative Response Relationships between Net Nitrogen Transformation Rates and
Nitrogen Functional Genes during Artificial Vegetation Restoration Following Agricultural Abandonment. Sci. Rep. 2017, 7, 7752.
[CrossRef]

Hashem, A.; Tabassum, B.; Fathi Abd_Allah, E. Bacillus subtilis: A Plant-Growth Promoting Rhizobacterium That Also Impacts
Biotic Stress. Saudi ]. Biol. Sci. 2019, 26, 1291-1297. [CrossRef]

Khan, N.; Martinez-Hidalgo, P; Ice, T.A.; Maymon, M.; Humm, E.A.; Nejat, N.; Sanders, E.R.; Kaplan, D.; Hirsch, A.M. Antifungal
Activity of Bacillus Species against Fusarium and Analysis of the Potential Mechanisms Used in Biocontrol. Front. Microbiol. 2018,
9, 2363. [CrossRef] [PubMed]

Lacerda-Junior, G.V.; Noronha, M.E,; Cabral, L.; Delforno, T.P.; De Sousa, S.T.P.; Fernandes-Junior, P.I.; Melo, L.S.; Oliveira, V.M.
Land Use and Seasonal Effects on the Soil Microbiome of a Brazilian Dry Forest. Front. Microbiol. 2019, 10, 648. [CrossRef]
[PubMed]

Ward, N.L.; Challacombe, J.F.; Janssen, P.H.; Henrissat, B.; Coutinho, PM.; Wu, M.; Xie, G.; Haft, D.H.; Sait, M.; Badger, J.; et al.
Three Genomes from the Phylum Acidobacteria Provide Insight into the Lifestyles of These Microorganisms in Soils. Appl.
Environ. Microbiol. 2009, 75, 2046-2056. [CrossRef] [PubMed]

Catania, V.; Bueno, R.S.; Alduina, R.; Grilli, E.; La Mantia, T.; Castaldi, S.; Quatrini, P. Soil Microbial Biomass and Bacterial
Diversity in Southern European Regions Vulnerable to Desertification. Ecol. Indic. 2022, 145, 109725. [CrossRef]

Dahal, R.H.; Kim, J. Rhodanobacter humi sp. Nov., an Acid-Tolerant and Alkalitolerant Gammaproteobacterium Isolated from
Forest Soil. Int. ]. Syst. Evol. Microbiol. 2017, 67, 1185-1190. [CrossRef] [PubMed]

Lee, C.S.; Kim, K.K.; Aslam, Z.; Lee, S.T. Rhodanobacter thiooxydans sp. Nov., Isolated from a Biofilm on Sulfur Particles Used in an
Autotrophic Denitrification Process. Int. ]. Syst. Evol. Microbiol. 2007, 57, 1775-1779. [CrossRef] [PubMed]

Yoo, S.H.; Weon, H.Y.; Anandham, R.; Kim, B.Y.; Hong, S.B.; Jeon, Y.A.; Koo, B.S.; Kwon, S.W. Dokdonella soli sp. Nov., a
Gammaproteobacterium Isolated from Soil. Int. ]. Syst. Evol. Microbiol. 2009, 59, 1965-1968. [CrossRef] [PubMed]

Gao, X;; Wu, Z,; Liu, R; Wu, J.; Zeng, Q.; Qi, Y. Rhizosphere Bacterial Community Characteristics over Different Years of
Sugarcane Ratooning in Consecutive Monoculture. BioMed Res. Int. 2019, 2019, 4943150. [CrossRef] [PubMed]

Jones, EP; Clark, LM.; King, R.; Shaw, L.J.; Woodward, M.].; Hirsch, P.R. Novel European Free-Living, Non-Diazotrophic
Bradyrhizobium Isolates from Contrasting Soils That Lack Nodulation and Nitrogen Fixation Genes—A Genome Comparison.
Sci. Rep. 2016, 6, 25858. [CrossRef]

Schneijderberg, M.; Schmitz, L.; Cheng, X.; Polman, S.; Franken, C.; Geurts, R.; Bisseling, T. A Genetically and Functionally
Diverse Group of Non-Diazotrophic Bradyrhizobium Spp. Colonizes the Root Endophytic Compartment of Arabidopsis Thaliana.
BMC Plant Biol. 2018, 18, 61. [CrossRef]

Wasai-Hara, S.; Hara, S.; Morikawa, T.; Sugawara, M.; Takami, H.; Yoneda, ].; Tokunaga, T.; Minamisawa, K. Diversity of
Bradyrhizobium in Non-Leguminous Sorghum Plants: B. ottawaense Isolates Unique in Genes for N,O Reductase and Lack of
the Type VI Secretion System. Microbes Environ. 2020, 35, ME19102. [CrossRef]

Huang, Y;; Xu, D.; Huang, L.Y.; Lou, Y.T.; Muhadesi, ].B.; Qian, H.C.; Zhou, E.Z.; Wang, B.J.; Li, X.T.; Jiang, Z.; et al. Responses of
Soil Microbiome to Steel Corrosion. NPJ Biofilms Microbiomes 2021, 7, 6. [CrossRef]


https://doi.org/10.1214/11-AOAS493
https://doi.org/10.1080/01904167.2019.1659344
https://doi.org/10.2137/145960607781635859
https://doi.org/10.3390/horticulturae8070664
https://doi.org/10.1186/s40168-020-00892-z
https://doi.org/10.3390/microorganisms11030593
https://doi.org/10.3390/microbiolres13020022
https://doi.org/10.1038/s41598-017-08016-8
https://doi.org/10.1016/j.sjbs.2019.05.004
https://doi.org/10.3389/fmicb.2018.02363
https://www.ncbi.nlm.nih.gov/pubmed/30333816
https://doi.org/10.3389/fmicb.2019.00648
https://www.ncbi.nlm.nih.gov/pubmed/31024471
https://doi.org/10.1128/AEM.02294-08
https://www.ncbi.nlm.nih.gov/pubmed/19201974
https://doi.org/10.1016/j.ecolind.2022.109725
https://doi.org/10.1099/ijsem.0.001786
https://www.ncbi.nlm.nih.gov/pubmed/28073405
https://doi.org/10.1099/ijs.0.65086-0
https://www.ncbi.nlm.nih.gov/pubmed/17684255
https://doi.org/10.1099/ijs.0.005348-0
https://www.ncbi.nlm.nih.gov/pubmed/19567557
https://doi.org/10.1155/2019/4943150
https://www.ncbi.nlm.nih.gov/pubmed/31815142
https://doi.org/10.1038/srep25858
https://doi.org/10.1186/s12870-018-1272-y
https://doi.org/10.1264/jsme2.ME19102
https://doi.org/10.1038/s41522-020-00175-3

Appl. Sci. 2024, 14, 2380 20 of 20

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Tatari, K.; Musovic, S.; Giilay, A.; Dechesne, A.; Albrechtsen, H.J.; Smets, B.F. Density and Distribution of Nitrifying Guilds in
Rapid Sand Filters for Drinking Water Production: Dominance of Nitrospira spp. Water Res. 2017, 127, 239-248. [CrossRef]
Hiraishi, A.; Imhoff, ].F. Rhodoplanes. In Bergey’s Manual of Systematics of Archaea and Bacteria; Kimpfer, P., Ed.; Wiley: Hoboken,
NJ, USA, 2021; pp. 1-12.

Crombie, A.; Murrell, ].C. Development of a System for Genetic Manipulation of the Facultative Methanotroph Methylocella
Silvestris BL2. In Methods in Enzymology; Academic Press Inc.: Cambridge, MA, USA, 2011; Volume 495, pp. 119-133.

Giri, D.D; Singh, S.K.; Giri, A.; Dwivedi, H.; Kumar, A. Bioremediation Potential of Methylotrophic Bacteria. In Microbe Mediated
Remediation of Environmental Contaminants; Elsevier: Amsterdam, The Netherlands, 2021; pp. 199-207.

Guo, K;; Yang, J.; Yu, N.; Luo, L.; Wang, E. Biological Nitrogen Fixation in Cereal Crops: Progress, Strategies, and Perspectives.
Plant Commun. 2023, 4, 100499. [CrossRef] [PubMed]

Rodriguez, H.; Rivas, J.; Guerrero, M.G.; Losada, M. Ca*™ Requirement for Aerobic Nitrogen Fixation by Heterocystous Blue-Green
Algae. Plant Physiol. 1990, 92, 886-890. [CrossRef] [PubMed]

Hu, J.; Wei, Z.; Friman, V.-PP; Gu, S.H.; Wang, X.F,; Eisenhauer, N.; Yang, T.].; Ma, J.; Shen, Q.R.; Xu, Y.C,; et al. Probiotic Diversity
Enhances Rhizosphere Microbiome Function and. mBio 2016, 7, 1-8. [CrossRef] [PubMed]

Kloos, K.; Mergel, A.; Rosch, C.; Bothe, H. Denitrification within the genus Azospirillum and other associative bacteria. Funct.
Plant Biol. 2001, 28, 991-998. [CrossRef]

Koper, T.E.; El-sheikh, A.F.; Norton, ].M.; Klotz, M.G. Urease-Encoding Genes in Ammonia-Oxidizing Bacteria. Appl. Environ.
Microbiol. 2004, 70, 2342-2348. [CrossRef]

Liu, C.M,; Kachur, S.; Dwan, M.G.; Abraham, A.G.; Aziz, M.; Hsueh, PR.; Huang, Y.T,; Busch, J.D.; Lamit, L.J.; Gehring, C.A.; et al.
FungiQuant: A broad-coverage fungal quantitative real-time PCR assay. BMC Microbiol. 2012, 12, 1-11. [CrossRef]

Mora, L; Cabrefiga, ].; Montesinos, E. Antimicrobial peptide genes in Bacillus strains from plant environments. Int. Microbiol.
2011, 14, 213-223. [CrossRef]

Roésch, C.; Bothe, H. Improved assessment of denitrifying, N2-fixing, and total-community bacteria by terminal restriction
fragment length polymorphism analysis using multiple restriction enzymes. Appl. Environ. Microbiol. 2005, 71, 2026-2035.
[CrossRef]

Rotthauwe, ]. H.; Witzel, K.P,; Liesack, W. The ammonia monooxygenase structural gene amoa as a functional marker: Molecular
fine-scale analysis of natural ammonia-oxidizing populations. Appl. Environ. Microbiol. 1997, 63, 4704—4712. [CrossRef]

Song, Y.; Liu, C.; Finegold, S.M. Real-time PCR quantitation of clostridia in feces of autistic children. Appl. Environ. Microbiol.
2004, 70, 6459-6465. [CrossRef] [PubMed]

Throback, I.N.; Enwall, K.; Jarvis, A.; Hallin, S. Reassessing PCR primers targeting nirS, nirK and nosZ genes for community
surveys of denitrifying bacteria with DGGE. FEMS Microbiol. Ecol. 2004, 49, 401-417. [CrossRef] [PubMed]

Yu, Y.; Lee, C; Kim, J.; Hwang, S. Group-specific primer and probe sets to detect methanogenic communities using quantitative
real-time polymerase chain reaction. Biotechnol. Bioeng. 2005, 89, 670-679. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.watres.2017.10.023
https://doi.org/10.1016/j.xplc.2022.100499
https://www.ncbi.nlm.nih.gov/pubmed/36447432
https://doi.org/10.1104/pp.92.4.886
https://www.ncbi.nlm.nih.gov/pubmed/16667401
https://doi.org/10.1128/mBio.01790-16
https://www.ncbi.nlm.nih.gov/pubmed/27965449
https://doi.org/10.1071/PP01071
https://doi.org/10.1128/AEM.70.4.2342-2348.2004
https://doi.org/10.1186/1471-2180-12-255
https://doi.org/10.2436/20.1501.01.151
https://doi.org/10.1128/AEM.71.4.2026-2035.2005
https://doi.org/10.1128/aem.63.12.4704-4712.1997
https://doi.org/10.1128/AEM.70.11.6459-6465.2004
https://www.ncbi.nlm.nih.gov/pubmed/15528506
https://doi.org/10.1016/j.femsec.2004.04.011
https://www.ncbi.nlm.nih.gov/pubmed/19712290
https://doi.org/10.1002/bit.20347
https://www.ncbi.nlm.nih.gov/pubmed/15696537

	Introduction 
	Materials and Methods 
	Experimental Design 
	Characterization and Chemical Analysis of Frass and Acid Peat 
	Quantitative PCR of Microbial Functional Genes 
	Nanopore Sequencing of the Bacteriome 
	Statistical Analysis 

	Results and Discussion 
	Chemical Changes in Acid Peat 
	Quantitative Assessment of Groups of Functional Microorganisms 
	Changes in the Bacteriobiome Community and Relationships with the Analyzed Parameters 

	Conclusions 
	References

