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Abstract

Composting includes a series of reactions resulting in alterations on organic content and nitrogen amount. NH; volatilization
via ammonification and N, and N,O losses through nitrification are the major sources of nitrogen loss during composting.
Amendment with microorganism inoculation was among recently adopted approaches to compensate for nitrogen losses
and improve compost quality. Compost amendment via Micromonospora sp. KSC08, an asymbiotic free-living-(N,)-fixing
microorganism, was conducted in the present study in order to investigate microorganism’s potential for nitrogen regula-
tion. Twenty windrow systems with varying olive pomace%, microorganism amount, and addition time were prepared for
statistical determination of the changes in total C, total nitrogen, and nitrate-nitrogen amounts. Analyses were evaluated in
accordance with pH, humidity, and temperature measurements obtained during composting. Final part of the study included
maturity evaluation and PCA modeling of FT-IR data. Micromonospora sp. KSC08 was shown to improve microbial activity
and regulate nitrogen content by providing exogenous nitrogen to compost mixture. PCA models revealed entirely different
structures between untreated and Micromonospora sp. KSC08-treated compost samples at the end of 120 days. The variant
molecular structure of samples inoculated with Micromonospora sp. KSCO08 was attributed to reactions between carboxyclic
acid units and nitrogenous compounds leading to a significant increase in amide content compared to untreated mixtures.
Higher amide content was due to higher nitrogen content of Micromonospora sp. KSCO8-treated compost, and based on
the findings, it was concluded that Micromonospora sp. KSCO08 had been effective in nitrogen regulation and proposed as a
possible component of microbial consortium for use in conventional composting systems.
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1 Introduction increasing attention due to Landfill Directive implemented

by European Council. The directive mandates the reduction

Composting is a process composed of a series of reactions
that resulted in the stabilization of organic matter. The prod-
uct is used as fertilizer to improve soil and increase soil water
retention and carbon capacity [1]. This process gained an
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of wastes removed by landfilling and utilization of alterna-
tive methods to remove biodegradable wastes. Composting,
as an alternative, is a relatively simple procedure that could
be applied both for industrial and household wastes as long
as the waste is of biological origin [2]. The number of house-
hold wastes could be reduced down to 77%, as previously
accomplished with a study conducted in Spain [3].
Reactions involved in the process are conducted by
microorganisms that became active at different temperature
intervals. These intervals determine the phases of compost-
ing and are named mesophilic, thermophilic, and matura-
tion phases. Constant increase in temperature leads to ther-
mophilic phase. Organic matter was mostly degraded near
completion in this phase by microorganisms activated during
the process [4]. The increase in temperature also enables

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-021-01662-z&domain=pdf

2376

Biomass Conversion and Biorefinery (2023) 13:2375-2390

the elimination of pathogens. Maturation is the last phase
of composting in which mineralization of organic matter
proceeds for an indefinite amount of time [4]. The quality
of the final product in composting depends on the control of
process parameters such as temperature, moisture content,
carbon/nitrogen (C/N) ratio [5], and aeration [6].

Microorganism addition to compost mixtures increases
reaction rate during composting, which was the case in a
study conducted by Manu et al. [7]. Results indicated a 7-day
decrease of thermophilic phase duration for compost mix-
tures amended with microorganisms. The amendment with
microorganisms enabled the completion of active degrada-
tion on the 36th day with microorganisms added compost
mixtures while degradation lasted 54 days for control [7].

Microbial activity is also responsible for the loss of nitrogen
during composting. Organic nitrogen in biomass is degraded
into ammonium through ammonification in the early stages
of composting. Initial loss of nitrogen is via volatilization in
NH; form, the remaining part is either lost as N, and N,O
or utilized in nitrification. Some part of the nitrate is further
involved in denitrification. Consequently, the nitrogen amount
in the final product is inadequate most of the time, and nitro-
gen is added via chemical fertilizers to maintain efficient crop
production [8]. Preserving nitrogen or decreasing the amount
of nitrogen loss during composting are areas of research which
recently gained an increasing attention. Apart from chemical
fertilizer addition, it is possible to compensate for nitrogen loss
by means of additives or microorganism utilization.

The addition of carbon sources to compost mixtures is
proven to be useful in nitrogen regulation; examples included
utilization of biochar [9], glucose, sucrose, and starch [10].
Pig manure with acidic substrates [11], the addition of woody
peat [12], and diatomite addition to pig manure and sawdust
[13] are other examples which have been proven to be useful
in delaying nitrogen loss during composting. Nitrogen turno-
ver bacterial agent (NTB), identified as a bacterial consor-
tium consisted of ammonifiers, nitrobacteria, and Azotobac-
ter, was used in the work of Jiang et al. [14] for pig manure
composting. The results indicated that adding NTB at the
beginning of the composting process effectively reduced the
nitrogen loss and increased maturity [14].

Nitrogen transformation in compost mixture is basically
a series of reactions including ammonification, nitrifica-
tion, denitrification, and nitrogen fixation. Inoculation of
ammonium-oxidizing, nitrite-oxidizing, and free-living-
(N,)-fixing bacteria to biomass mixtures is among the latest
trend adopted to improve the quality of compost [5, 15].
These microorganisms fix and include atmospheric nitro-
gen to nitrogen cycle which may result in extension of time
spent in thermophilic phase. Accumulation of ammonium
via exogenous microorganism addition increase the amount
of nitrogen transformed during composting which lead to the
increase in total nitrogen content of the compost [5].
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Micromonospora genus are a member of Micromono-
sporaceae family, which were widely distributed in differ-
ent environments such as soil, plants, rhizosphere soil, plant
nodule, water (fresh, marine, and river), and sediment [16,
17]. Studies on nitrogen fixing potential of Micromonospora
spp. were scarce due to slow growth rate of the microorgan-
ism. However, recent data indicated their presence especially
in the nodules of leguminous and actinorhizal plants. The
genetic diversity of Micromonospora spp. pointed out the
presence of Micromonospora saelicesensis as the most fre-
quent species along with Micromonospora lupini relating
with the host plant. These findings implied that Micromono-
spora spp. had potential as nitrogen fixing microorganism
[18]. Nitrogen fixing potential of symbiotic Micromonos-
pora spp. was known; however, members of the genus iso-
lated from rhizosphere and soil also have the potential to fix
nitrogen and studies on the effect of free-living asymbiotic
Micromonospora spp. on nitrogen transformation are scarce.
Hence, investigation of asymbiotic free-living-(N,)-fixing
Micromonospora spp. for their nitrogen-fixing potential was
adopted as a novel approach in the present study.

Olive pomace, besides manure and green wastes, is
among the organic amendments which could be found in
massive quantities in Mediterranean countries. Olive pom-
ace, when added directly into the soil, is a pollutant with
phytotoxic wastes. The high content of phenol and waste in
its structure inversely affects soil and groundwater quality,
and their removal via composting is crucial in maintain-
ing sustainable production [19]. The study is organized and
presented in three consecutive sections containing isolation,
identification of Micromonospora spp. along with selec-
tion of a single Micromonospora sp. for use in composting
experiments in order to evaluate microorganism’s nitrogen-
fixing potential, and composting maturity. The samples were
obtained in the 21 and 120th days of composting. The details
are given in the proceeding sections.

2 Material and methods

2.1 Isolation of Micromonospora spp.
and elimination of strains for use in compost

Samples collected from soil and rhizosphere of different regions
are illustrated in Table S1. Samples were initially dried at room
temperature for 15 days and sieved. Dilution plate methods
were utilized in isolation with 107> and 10~ dilutions to obtain
the highest possible number of microorganisms. Soil suspen-
sions prepared with 10~! dilution were also treated with 1.5%
phenol at 30 °C for 30 min which was an applied procedure
specific to Micromonospora spp. isolation [20, 21]. Incubation
was conducted at 28 °C for 14-21 days. The selective medium
used for Micromonospora spp. isolation is given in Table S2.
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The number of strains obtained at the end of the isola-
tion procedure was very high for use in compost mixtures
(Table S3). Hence, an elimination step based on the determi-
nation of nitrogen-fixing ability was applied for the selection.
The nitrogen-fixing ability of strains was determined based on
a previously developed method [22]. The method contained
the activation of strains in the “Isolation Streptomyces Project
2” (ISP2) medium (Yeast extract (Difco) 4.0 g, malt extract
(Difco) 10.0 g, dextrose (Difco) 4.0 g, agar 20.0 g). The acti-
vated strains were then inoculated in semisolid agar without
nitrogen by point inoculation. Nitrogen-containing semisolid
agar with 2 g/L (NH,),SO, was also utilized as a control
medium. The selection was conducted based on higher pro-
duction in the absence of nitrogen [22].

2.2 Selection of single Micromonospora sp.
for composting experiments

Visual inspection based on colony morphology and determi-
nation of nitrogen-fixing ability were initial steps leading to
selection of the microorganism for use in compost. Thirteen
microorganisms were selected for 16S rRNA sequencing, and
these were further investigated via enzyme tests for final selec-
tion. Microorganisms were tested for starch degradation [23],
cellulose [24], and caseinase activity [25]. These tests were
applied to determine their ability when utilized in compost
mixture. The indole acetic acid (IAA) test was applied both as
an additional selection criterion and to determine the micro-
organism’s plant growth potential [25].

2.3 Identification of selected Micromonospora spp.
via 16S rRNA sequencing analysis

The initial step of the analysis was chromosomal DNA isola-
tion, which was conducted by utilizing a DNA isolation kit.
27f and 1525r primers were utilized for PCR amplification
[26], and 16S rRNA sequence analysis was conducted accord-
ing to literature [27]. Sequences were aligned and analyzed
in the Mega 7.0 program for the identification of strains. The
phylogenetic tree was constructed via neighbor-joining tree
algorithms [28, 29]. PCR conditions and the primers utilized
for sequencing are illustrated in Tables S4 and S5, respectively.

2.4 Composting experiments and statistical
analyses in the presence of Micromonospora
strain

Composting experiments were conducted with feed mixtures
composed of manure, olive pomace, and garden wastes.
Manure and olive pomace were supplied from cow farms

located in Kizildamlar province in Bilecik (Turkey) and olive
oil factories in Aydin (Turkey). Garden wastes were collected
from the gardens in Bilecik Sheikh Edebali University.

Experiments were performed by varying microorganism
amount, olive pomace % in the mixture, and adding time
of microorganism which were predetermined as experi-
mental parameters. In an experimental design with three
parameters, a total of 27 experiments without replication
should be performed. Response surface methodology as a
versatile statistical approach was applied to decrease the
number of experiments and labor force associated with
the number of composting mixtures. The total number of
experiments, including replicates, was 20 in this method,
provided that central composite design methodology was
applied for experimental design. The parameters applied
in composting experiments and the order of experiments
are illustrated in Tables S6 and S7 (Supplementary File),
respectively. The effect of parameters on total carbon, total
nitrogen, and nitrate-nitrogen, designated as responses,
was investigated in the study.

The dry matter in composting systems was deter-
mined as 100 kg, and garden wastes were taken as 1 kg
in all experiments. The change in temperature values
were monitored and recorded at 12-h intervals. Samples
were prepared by taking 10—15 subsamples from the top,
middle, and core of the compost pile. These subsamples
were mixed to maintain homogeneity. Total nitrogen (N),
nitrate-nitrogen, total carbon (C), pH, and moisture values
were recorded in 3-day intervals for the first 6 days (0,
3, 6th day), 14th day, and 21st days of the thermophilic
phase. Composts were turned in every 3 days till the end
of (21st day) of the experiment. Compost turning intervals
and sampling procedures were determined according to
EPA (40 CFR Part 503) requirements. The microorganism
was added with Ringer’s solution to prevent lysis.

Statistical analyses were performed by ANOVA via
Minitab software. Parameter significance was recog-
nized with a P <0.05 threshold. A second-order quadratic
response model was constructed according to the below
equation:

k kok
Yt and Yn = B, + Z pX; + Z ﬁ,-Xiz + 2 2 ByiBiXiX;

k
i=1 i=1

iLi>j

Y indicated responses (t for total nitrogen and n for
nitrate-nitrogen), i and j were the linear and quadratic coef-
ficients, and  was the regression coefficient. Finally, k was
designated as the number of optimized factors.

2.5 Determination of compost maturity

Compost maturity was evaluated via three separate sets of
analyses. Initial characterization was conducted to samples

@ Springer



2378

Biomass Conversion and Biorefinery (2023) 13:2375-2390

obtained at the end of the 21st day of composting. Total
organic content was determined with samples consecutively
dried at 105°C and ashed at 550°C for 4 h. The pH of the
samples was determined with a pH meter, according to the
1/10 potentiometric method. Total humic and fulvic con-
tent of the samples were determined according to TS5869
ISO5073. Organic carbon was determined via the Walk-
ley—Black method. Total nitrogen and nitrate-nitrogen were
determined based on previously developed procedures devel-
oped by Bremner et al. [30].

Compost samples obtained at the end of 120 days were
further analyzed to determine phytotoxicity. The mixtures’
germination index was determined with compost extracts
obtained by mixing 20 g of compost in 200 ml of deion-
ized water for 5 h. Samples were extracted via centrifuga-
tion at 10,000 rpm. Maturity assessment was conducted with
Cucumis sativus seeds, which were evenly distributed on
Whatman No 1 filter paper placed inside 10 cm diameter
Petri dishes. A total of 10 seeds were placed in each petri
dish, and experiments were conducted in two replicates with
three separate runs to assure biological and technical repeat-
ability. Seeds were soaked with 5 ml of distilled water and
extract for comparison [31]. The phytotoxicity evaluation
method was also slightly modified with the inoculation of
the seeds for 2 h in compost extract. Inoculated seeds were
soaked with 5 ml of distilled water compared with control
and seeds soaked with compost extract.

2.6 Determination of biochemical constituents
in mature compost

The third step in evaluation of compost maturity was deter-
mination of biochemical constituents. Composts obtained
at the end of 120 days of maturation were analyzed using
a Cary 630 Fourier transform infrared spectrometer (Agi-
lent, USA) equipped with attenuated total reflectance (ATR)
accessory. The spectrum of air was used as a reference spec-
trum. The raw spectra of untreated (UT group) and micro-
organism-treated (MOP group) composts were collected at
room temperature in the 4000-650 cm™" infrared region with
32 scan numbers. The resolution of spectra was 4 cm'.

The spectral data were analyzed using OPUS 5.5 (Bruker,
USA) software. The peaks’ absolute intensities, mainly
reflecting the compost biomass’s biochemical constituents,
were quantified using second derivative and vector-normal-
ized spectra (smoothing point 9). The spectral data were
statistically compared using the unpaired T-test in GraphPad
Prism 6.01 V (GraphPad, USA). The degrees of significance
was denoted as less than or equal to P <0.05 *, P<0.01
#*% P<(0.001 *** and P<0.0001 **** The results were
expressed as means + standard error of the mean.

Unsupervised chemometric analysis, namely principal
component analysis (PCA), was performed to bring out the
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most prominent biochemical changes in compost. The analy-
sis was done in the Unscrambler X 10.4 V (Camo Software,
NO). The model was created in the whole spectral region
(4000-650 cm™") by applying the cross-validation method
(full with 17 segments) to the mean-centered datasets con-
taining raw spectral data of both UT and MOP groups. The
singular value decomposition (SVD) algorithm and Hotel-
ling’s T2 statistics were used in the modeling of datasets [32].

3 Results and discussion
3.1 Isolation of Micromonospora spp.

Strains with pink, orange, red, brown, and purple colors
and having a rough colony morphology were purified for
further elimination. A total of 168 strains resembling to
Micromonospora spp. were transferred to glucose yeast
extract agar (GYEA), triptone yeast glucose agar (TYGA),
and SM3 agar and incubated at 28 °C for 7-14 days to obtain
pure isolates. The list of strains obtained after isolation is
given in Table S3, and some strains that were defined to be
Micromonospora spp. are illustrated in Figure S1.

An elimination step based on the determination of nitro-
gen-fixing ability was applied for the selection due to high
number of strains. The strains were classified according to
three different growth behavior (Table 1). Group 1 included
strains with a higher growth rate compared to (NH,),SO,
containing media. Group 2 belonged to microorganisms with
similar behavior in both media, and group 3 had the rest
of the microorganisms with a weaker growth rate than the
control. 16S rRNA sequencing was conducted with micro-
organisms in the first group.

3.2 Identification of selected Micromonospora spp.
via 16S rRNA sequencing analysis, and selection
of a single strain for use in compost mixtures

16S rRNA sequencing results were presented by utiliza-
tion of neighbor-joining tree algorithm. Results are given in
Fig. 1. Micromonospora spp. GBT09, KSC08, KSC09, and
VYN17 (2-3 nt difference; 99.79% similarity) were deter-
mined to be closely related with Micromonospora vinacea
type strain. Micromonospora spp. KSC07 and KSC50 (4-8
nt difference; 99.44-99.75% similarity) were found to be
close relatives of Micromonospora parathelypteridis type
strain. Micromonospora spp. KSC37, KSC38, KSC41, and
KSC43 (1-24 nt difference; 98.0-99.93% similarity) iso-
lates were related to the Micromonospora saelicesensis type
strain. KSCO06 and SLV02 were the only isolates related to
Micromonospora coriariae and Micromonospora phytophila
with 4 nucleotide difference 99.7% similarity and 5 nucleo-
tide difference 99.64% similarity.
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Table 1 Classification of isolates according to semi solid test

1. Group 2. Group 3. Group 3. Group Cont
(=>4 (==+) (=<
SLV02 VYNO09 VYN35 KSC31
SLV11 VYN34 VYN26 KSC36
GBT09 SLVO1 VYN25 KSC52
KSC41 GBT07 VYNI13 KSC57
KSC37 GBT14 VYNO5 KSC53
KSC08 GBT02 VYNI12 KSC59
KSC09 VYNI16 VYN20 KSC28
KSC50 KSC01 VYN36 KSC01
KSC43 KSC14 SLV20 KSC16
KSC38 KSC58 VYN36 KSC48
KSCo06 KSC49 GBT17 KSC56
KSCo07 KSC32 GBT24 KSC50
VYN17 GBTI11 GBTO07

GBTO8

GBT13

KSC10

-, Microorganism growth in the presence of semi solid agar without
(NH,),SO, +; Microorganism growth in the presence of control

In the case of nitrogen fixation from atmosphere, there
had been opposite findings stating incapability of Micromon-
ospora spp. in fixing nitrogen. Some members of Micromon-
ospora spp. could not grow in nitrogen-free culture media.
These microorganisms also did not have nitrogenase activity
or confirmed genes related to nitrogen fixation. 16S rRNA
sequencing of some isolates revealed high resemblance to
Micromonospora lupini and Micromonopsora saelicesensis
which, in the present study, was controversially determined
to have higher growth rate in nitrogen free culture media
[33]. Micromonospora spp. including the ones with high
resemblance to M. vinacea, M. phytophila, M. lupini, M.
saelicesensis, and Micromonopsora zamorensis were also
among the species with no contribution to either nitrogen
fixation or nodule formation in alfalfa plant [34]. Based on
contradictory results in the literature, enzyme tests were
added as criteria for the selection of a single microorgan-
ism. Tests were organized to determine both the composting
and plant growth-promoting ability of the strains. Results
illustrated in Table 2 revealed all strains’ ability to degrade
starch while none of the strains was found to be capable
of cellulose degradation which implied that microorganism
addition during composting is useful only on nitrogen fixa-
tion, and reactions during composting be mostly governed by
microorganisms already existed in the compost mixture. The
majority of microorganisms could produce IAA indicating
the potential of Micromonospora spp. in plant growth pro-
motion. Caseinase activity of the strains implied the possible
role of the strains against protection from pathogens. Except

for cellulose degradation, results indicated Micromonospora
sp. KSCOS as the single microorganism with positive results
against all tests.

3.3 Composting experiments and statistical
analyses in the presence of Micromonospora
strain

Composting experiments were conducted with twenty sys-
tems which were prepared based on experimental design
obtained by response surface methodology. The parameters
altered in experiments were microorganism amount, add-
ing time of the microorganism, and olive pomace % in the
mixture. Statistical analyses were performed to determine
the effect of these parameters on total C, total N, and nitrate-
nitrogen amounts. Temperature and humidity measurements
were monitored at 12-h intervals. The pH of the mixtures
was determined in the 0, 3, 6, 14, and 21st days of the exper-
iment. Microbial activity in terms of total C % decrease and
nitrogen change in terms of total and nitrate-nitrogen %
increases were evaluated via the statistical analyses of the
data obtained from the % changes of total C, total N, and
nitrate-nitrogen between 0 and 21 days.

Windrow composting was applied in the course of the
study. This method is basically static pile composting with
periodical agitation or turning in regular basis. Regular turn-
ing of organic waste increases passive aeration and acceler-
ates organic decomposition of biomass [35]. These systems
are practical and easy to prepare in small scales and heat
losses inside the mixture could be substantially reduced
depending on the amount of organic waste utilized in mix-
ture. Moisture content remains in the vicinity of 40-55%
depending on the heat loss [36]. Windrow composting often
results in high amounts of NH; volatilization and therefore
considered as one of the most convenient methods to vali-
date compensation of nitrogen via free-living-(N,)-fixing
microorganisms [37].

Humidity measurements revealed long-lasting moisture
varying between 60 and 70% for 15-18 days. Moisture
amounts were decreased to 50-55% in the last 3 days of
composting. Moisture amounts remained higher than the
threshold (>40%), and water addition was not necessary
for the investigated time interval. Systems were turned in
3-day intervals, which was the only intervention besides
microorganism addition in predetermined experiment times.
Sampling from windrow systems requires extra effort to
maintain homogeneity in measurements. Numerous factors
could affect the results, and a statistical approach consid-
ering possible inconsistencies should be adopted to reach
a decisive conclusion. Statistical analysis results were uti-
lized in system selection for simultaneous evaluation of pH,
temperature, total C, total N, and nitrate-nitrogen results.
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| Micromonospora sp. KSC07
Micromonospora sp. KSC50
M. luteifusca GUI2" (FN658633)
M. parathelypteridis NEAU-JXY5" (KU997023)
Micromonospora sp. SLV11
M. zamorensis DSM 45600" (LT607755)
M. zeae NEAU-gq9" (KC287242)
M. jinlongensis NEAU-GRX11" (KC134254)
Micromonospora sp. VYN17

Micromonospora sp. KSC08 (MZ.209270)
" || M. vinacea GUI63T (FN658651)
| .01 M. vinacea GUI63" (FN658651)

‘Micromonospora sp. GBT09
Micromonospora sp. KSC09
M. noduli GUI43" (FN658649)
% | M. profundi DS3010" (KF494813)

’ M. profundi DS3010" (KF494813)
— M. ureilytica GUI23" (FN658641)
65_|_M. chokoriensis DSM 45160" (LT607409)
| = M. violae NEAU-zh8" (KC161209)
— M. taraxaci NEAU-P5" (KC439463)
Micromonospora sp. KSC37
Micromonospora sp. KSC41
os | Micromonospora sp. KSC38

Micromonospora sp. KSC43

M. saelicesensis Lupac 09" (AJ783993)
M. vulcania IM2" (KF956808)

64 Micromonospora sp. SLV02
{ E M. phytophila SG15" (FN658661)
M.krabiensis DSM 45344T (LT598496)
_79!__ M. purpureochromogenes DSM 438217 (LT607410)
— M. luteiviridis SGB14" (FN658669)
——— M. mirobrigensis DSM 44830 jgi.(1058874)
7 M. halophytica DSM 431717 jgi.(1058864)
7 1 = M. coxensis DSM 451617 (LT607753)
—— M. humi DSM 456477 jgi.(1058870)

6 — Micromonospora sp. KSC06

2 M. coriariae DSM 448757 (LT607412)
M. cremea DSM 45599" (FSQT01000002)

98 —— M. endolithica DSM 44398" (AJ560635)
84 M. chersina DSM 441517 (FMIB01000002)

g M.inositola DSM 438197 (LT607754)
C.citrea DSM 44097" (X93197.1)

0.0050

Fig. 1 Neighbor-joining tree based on 16S rRNA sequencing of Micromonospora sp. and their closely related strains
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The statistically significant results obtained from variance
analysis were presented in bold, in Table 3.

The initial response to be interpreted in statistical analy-
ses was the decrease in total C% values. Effects of micro-
organism amount, addition time, and olive pomace% on
total C were statistically determined, and results are given
in Table 3 and Fig. 2, respectively. The regression equation
obtained for the change in total C% was given below:

T.C.21day = —44.85 — 1427 M. A. + 7.79 A.T (day)
—5.95 0P % + 13.00 M.LA*M.A
+ 2.98 A.T(day)*A.T (day)
+8.04 OP%*OP % — 13.83 M A.*A.T (day)
— 4.98 M.A*OP % + 1.35 A.T (day)*OP %

All parameters had been effective on the change of total
C%, as seen in Table 3. The regression coefficient (93.1%)
indicated that the proposed quadratic model had been appro-
priate. 2D contour plots revealed that the highest decrease of
total C had occurred in the earliest addition time, which was
an interesting result considering the inability of Micromono-
spora sp. KSCO08 on cellulose degradation. Results validated
that Micromonospora sp. KSC08 had no inhibiting effect
on microbial activity and implied the possibility of a sym-
biotic relationship between Micromonospora sp. KSC08
and microbial flora. Total C decreases were higher in the
presence of higher olive pomace% (> 20), and microorgan-
ism amount also higher than 0.25 g. Based on the results,
systems 6, 15, and 17 were selected to evaluate further the
periodic changes in pH and temperature (Fig. 2).

pH and temperature changes for 21 days are given in
Fig. 3. The increase in temperature was limited, with
the highest value of 49 °C for the systems, which was an
expected result considering the amount of low dry matter
utilized in experiments. The time to reach the thermophilic
phase depended on the amount of olive pomace utilized in
systems. On the other hand, the microorganism amount was
also effective on the progress of composting, and results
implied the presence of a threshold in its utilization based
on the times spent to reach the thermophilic phase (Fig. 3).

The increase of pH values between 0 and 6 days could be
observed for systems 15 and 17. These increases depended
on organic matter degradation and mineralization of organic
nitrogen which resulted in ammonia accumulation. This
was an expected result considering the losses in total car-
bon content and a simultaneous increase in temperature
values. In a traditional composting system, NH,*-N in the
form of ammonia should have been lost, which would typi-
cally result in the decline of pH values [38]. However, that
was not the case for the selected systems, and pH values
remained almost stable during the thermophilic phase. These
stable pH values implied the presence of an external factor

affecting the progress of composting. Nitrogen fixation
from the atmosphere could compensate for the losses that
occurred from ammonia volatilization. The stabilization of
pH values during the thermophilic phase implied a change
of ammonia balance in the systems via Micromonospora sp.
KSCO08 addition (Fig. 3).

The effect of parameters on the change of total N% was
calculated according to the equation below:

T.N.21day =39.39 + 5.19 M.A + 20.66 A.T (day)
—5280P % —4.96 M.A*M.A
—2.07 A.T (day)*A.T (day)
—22.61 OP %*OP % — 3.41 M.A*A.T (day)
+2.84 M.A*OP % — 0.79 A.T (day)*OP %

Variance analyses for total nitrogen change indicated the
effect of all parameters as seen from Table 3. 2D contour
plots illustrating the effects of parameters are given in Fig. 4.
Results revealed that the greatest change in total N had been
in the presence of medium olive pomace% and latest addi-
tion times. It was also statistically shown that microorganism
amount had been influential in the increase of total nitrogen.
Based on the results, system 9 was selected for further evalu-
ation (Fig. 4).

pH, temperature, and % change in total nitrogen for system
9 are illustrated in Fig. 5. The temperature remained stable
until the 10th day, and a slight increase in temperature with
the highest value of 42 °C was observed for 7 days. System 9
was prepared with the latest microorganism addition (6th day),
and the activity increase after addition revealed the effect of
Micromonospora sp. KSCO8 on microbial activity. The pH
values decreased in the first 6 days, as seen from Fig. 5. Based
on the temperature profile, it would be fair to point out that the
activity for the first 6 days had been negligible.

The decline in pH values was related to ammonia vola-
tilization already existed in manure. pH values increased
starting from the 6th day, which was due to microbial activ-
ity enhanced by Micromonospora sp. KSC08 addition. The
temperature profile of the system indicated a stable high-
temperature zone, which lasted for 7 days. Consequently, the
increase of pH values between 6 and 14 days was probably
due to the degradation of organic matter and mineralization
of organic nitrogen. So far, pH change indicated a pattern
that was expected in regular compost systems. However,
instead of a rapid decline, the pH values between 14 and
21 days remained almost unchanged, related to ammonia
compensation due to Micromonospora sp. KSC08 addition
(Fig. 5).

Mass reduction during organic matter degradation was
not enough to explain the sharp increase in total nitrogen
% values (Fig. 5). pH values varied between 8.3 and 8.6
during the thermophilic stage of composting, and these
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Table 2 Enzyme tests applied to Micromonospora spp

Code Cel-
lulase

deg

Casei-
nase
activity

N fixation  Starch deg IAA pro-

duction

KSC06
KSC07
KSC08
KSC09
KSC37
KSC38
KSC41

KSC43
KSC50
VYN17
SLV02

SLV11

GBTO09

+

+ + + +

o+ + o+t
T S T S S S S S R S S
+

+, pozitif; -, negatif; —, not growth

values established a suitable condition for the high release
of ammonia. Temperature values in the thermophilic stage
were just a little higher than the threshold for nitrification,
implying low transformation of ammonia via nitrification.
Hence, this sharp increase in total nitrogen values depended
on an external effect changing the nitrogen balance in com-
post mixtures.

The change of nitrate-nitrogen amount was formulated
as follows:

N.N.21day =24.09 + 2.48 M.A + 17.80 A.T (day)
—5.450P % — 425 M.A*M.A
+4.04 A.T (day)*A.T (day)
—6.93 OP %*OP % + 1.48 M.A*A.T (day)
+ 1.65 M.A*OP % — 0.95 A.T (day)*OP %

Analysis results revealed the effect of addition time and
olive pomace% on nitrate-nitrogen % change during 21 days
of composting (Table 3). The increasing effect of addition
time on nitrate-nitrogen change was expected. However, the
irrelevance of microorganism amount on nitrate-nitrogen
change was an interesting result. Olive pomace values vary-
ing between 20 and 40% with the latest addition of microor-
ganisms resulted in the greatest nitrate-nitrogen changes as
observed from Fig. 6. Consequently, system 9 was further
evaluated to explain the changes that occurred in nitrate-
nitrogen levels during composting.

Nitrate-nitrogen levels changed according to a pattern
similar to the % increase in total nitrogen levels (Fig. 5D).
Temperature change indicated initialization of the ther-
mophilic phase in the 10th day, and pH values increased
between 6 and 14th days (Fig. 5B). This increase of pH
during the thermophilic phase should be due to increased
ammonia production through organic nitrogen mineraliza-
tion. The decrease of pH values between days 14 and 21
was related to increased nitrification levels, and usually, an
increase in nitrate-nitrogen levels should also be observed
in traditional composting systems. However, that was not
the case, and a decrease of nitrate-nitrogen was observed.
This vice versa trend of nitrate-nitrogen % change implied

Table 3 Results obtained from

. Responses Total C% Total nitrogen Nitrate-nitrogen
variance analyses for the change
of total C%, total nitrogen%, Source F-value P-value F-value P-value F-Value P-Value
and nitrate-nitrogen%
Model 14.99 0.001 < 29.24 0.001 < 20.81 0.000
Linear 19.38 0.001 < 48.59 0.001 < 56.60 0.000
M.A 39.49 0.001 < 8.14 0.017 2.95 0.116
A.T (day) 11.78 0.006 129.17 0.001 < 152.51 0.000
OP % 6.86 0.026 8.45 0.016 14.32 0.004
Square 14.32 0.001 < 37.49 0.001 < 5.10 0.021
M.A*M.A 9.01 0.013 2.05 0.183 2.39 0.153
A.T (day)*A.T (day) 0.47 0.507 0.36 0.563 2.16 0.172
OP %*OP % 3.44 0.093 42.55 0.001 < 6.36 0.030
2-way interaction 11.26 0.002 1.64 0.241 0.75 0.549
M.A*A.T (day) 29.66 0.001 < 2.82 0.124 0.84 0.380
M.A*OP % 3.84 0.078 1.96 0.192 1.05 0.330
A.T (day)*OP % 0.28 0.606 0.15 0.704 0.35 0.568
Lack-of-fit 4.65 0.058 1.13 0.448 3.05 0.123
R-sq (%) 93.10 96.34 94.93
R-sq (adj) (%) 86.88 93.04 90.37
R-sq (pred) (%) 37.60 80.60 58.45
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Fig.2 2D contour plots for total C changes in compost systems

a different pattern affecting the balance between ammonia
and nitrate-nitrogen. Ammonia production could increase
during the thermophilic phase, which would emanate from
organic nitrogen mineralization during this stage. The tem-
perature level remained very stable at values higher than
40 °C during the thermophilic phase, which would inhibit
nitrification. Considering that total nitrogen levels should
remain the same, the mass balance dictates a decrease of
nitrate-nitrogen during the thermophilic stage, which was
also not the case. In other words, the changing trends of
nitrate-nitrogen between 6—14 and 14-21 days should be the
opposite to those expected in regular composting systems.
Organic matter degradation could explain the increase of
total nitrogen levels up to a certain point.

On the other hand, an increase of nitrate-nitrogen lev-
els between days 14 and 21 should be observed if organic
matter degradation was solely responsible for the changes.
As seen from Fig. 5D, a vice versa trend in nitrate-nitrogen
levels was observed. Total nitrogen changes between 14 and
21 days was negligible, and the decrease of nitrate-nitrogen
level in this interval should be due to the increase in ammo-
nia production. The temperature interval between 14 and
21 days indicated the termination of the thermophilic phase,
and nitrification would increase during this period. In our
opinion, that was also true for our system since composting
has proceeded as expected. However, the vice versa trend of
nitrate-nitrogen levels implied the simultaneous presence of
both organic nitrogen mineralization and nitrification, which
was impossible without an outside nitrogen source. This
source, in our opinion, was Micromonospora sp. KSCOS,
which acquired nitrogen from the atmosphere. It would be
fair to state that organic nitrogen mineralization and nitrifi-
cation had occurred in accordance during composting based
on the effect of statistically shown latest addition.

3.4 Determination of compost maturity

The results obtained from statistical analyses should be care-
fully interpreted to select a single system for maturity evalu-
ation. Total C changes indicated the effect of microorganism
on activity provided that a threshold had been used in sys-
tems. Higher microorganism amounts had a negligible effect
on composting. Addition time, on the other hand, indicated a
variant effect for total C, total N, and nitrate-nitrogen amounts.
Latest addition times were effective for total and nitrate-
nitrogen increase while earliest addition of microorganism
increased microbial activity. Olive pomace higher than 20%
was required in the systems to obtain highest microbial activity
along with the highest total and nitrate-nitrogen amounts. The
effect of microorganism amount on total nitrogen was statisti-
cally shown, yet any amount of microorganism could have
been employed based on the results. Consequently, addition
time should be maintained as high as possible to achieve 2
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Fig.3 A Temperature and B pH 60
changes of selected systems

Temperature ("C)
0 w

L

Time (day)

—-6-System 6

of three goals which were the increase in total and nitrate-
nitrogen amounts (1). It would also be logical to apply medium
olive pomace % (0) in systems. The choice of microorganism
amount should also be medium (0) to achieve both microbial
activity and increase of total and nitrate-nitrogen levels (see
Supplementary File Table S6 for parameter coding). Hence,
system 9 which was previously evaluated for total and nitrate-
nitrogen changes was given as an example for maturity valida-
tion. Analyses were conducted on samples acquired at the 21st
day of experiment.

Compost maturity was evaluated by a series of analy-
ses illustrated in Table 4. Results indicated that selected
system had met the parameters required for maturity and
harmlessness [38]. Sampling was conducted in the 21st day
of the experiment and results were promising considering
relatively low duration of the compost mixture. Olive pom-
ace, as previously stated, was not adequate for direct use
in soil. On the other hand, composting in the presence of
Micromonospora sp. KSCOS8 enabled olive pomace removal.

System 9 was kept for 120 days for determination of ger-
mination index (GI) values. Two separate analyses with trip-
licate runs were conducted to ensure technical and biological
repeatability. Seeds were also inoculated in compost extracts
with the intent to illuminate the possible toxic effects of
microorganisms inside the extract. A GI value of 80% or
higher revealed the absence of phytotoxicity [31, 39] which
was validated with the results obtained for both regular and
inoculated seeds. Although higher GI values were observed
in the case of inoculation, the change of root length was
statistically insignificant. Nevertheless, results implied
accumulation of microorganism promoting the growth and
a detailed future research elaborating the effects of compost
microorganism on the seed be conducted.

3.5 Determination of biochemical constituents
in matured compost

Biochemical constituent analyses of both UT and MOP
compost groups are presented in Figs. 7, 8, and Fig S2
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(Supplementary File). In this context, the PCA model
was developed on the infrared (IR) spectral dataset to dis-
criminate the UT group from the MOP one. As shown
in the scores plot in Fig. 7A, the MOP group located on
the left side of the plot along PC1 was separated from
the UT group located on the right side. The major varia-
tion (PC1+PC2) in data was 99%; however, only PC1 was
counted in the analyses as 98% of throughput ratifying the
model was represented by PC1. A loadings plot of PC1
indicated that the discrimination seen in the scores plot
had emerged from variations in prominent and sharp nega-
tive discriminators/peaks. These variations represented the
specific biomolecule changes (Fig. 7B). The variance plot
indicating the almost identical calibration and validation
plots for all PCs is provided in Fig. 7C, to demonstrate the
accuracy of the model and the discriminatory potency of
PC1 (98%).

The biochemical constituents of mature compost were
studied based on quantification of absolute intensities, i.e.,
the concentration of spectral marker bands indicative of lig-
nocellulosic and organomineral components. As shown in
Fig S2, these marker bands were specifically chosen to track
down the utilization and/or production of major agricul-
turally important biomolecules found in matured compost.
The spectral bands located at 1733 cm_l, 1450 cm™!, and
1511 cm™" were assigned for hemicellulose (C = O stretch-
ing/ester groups) [24], cellulose (in-plane bending vibra-
tions of the CH2 groups) [39], and lignin (C=C stretching)
[40], respectively (Fig S2). The reduction in the concen-
tration of these generally so-called lignocellulosic compo-
nents and also nitrate content (band at 1385 cm™' for N-O
vibrations in nitrate) [41] was significant in the MOP group
compared to UT compost (Fig. 8). On the other hand, the
amide (bands at 1636 cm™! and 1626 cm™! for Amide I) [42,
43] and silica mineral (huge band at 1029 cm™! for Si-0-Si
vibrations) [43, 44] contents (specified here as organomin-
eral components) were significantly increased in the MOP
group. In other words, Micromonospora sp. KSCO8 treat-
ment encouraged other soil microorganisms to decompose
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Fig.4 2D contour plots for total N changes in compost systems

the lignocellulosic components in favor of the increase in
the concentration of organomineral components.

In nature, lignocellulose accounts for a major part of
biomass and, consequently, its degradation are essential for
the operation of the global carbon cycle. Lignocellulose,
such as wood, is mainly composed of a mixture of cellu-
lose, hemicellulose, and lignin. Lignin is an integral cell wall
constituent, which provides plant strength and resistance to
microbial degradation [45]. It is known that the chemical
degradation of lignocellulosic components yields carboxylic
acids [46—48] and CO, [46]. Besides, many soil bacteria and
fungi were shown to accomplish the biological solubiliza-
tion of lignin by producing certain enzymes [45, 49]. The
process involves complex reactions and generates different
carboxylic acid units [50]. Ammonia’s classical condensa-
tion reaction (ammonolysis) with carboxylic acids is known
to give amide formation [51].

The supplemented bacteria (Micromonospora sp. KSC08)
probably promoted the microbial degradation of lignocellu-
losic components and nitrate in the soil, yielding carboxylic
and nitrogenous products, respectively [52, 53]. The meas-
ured reduction in nitrate can be related to the synthesis of
organic nitrogen via fractional immobilization of ammonia
and/or incomplete denitrification process since it is known
that the ammonium/ammonia transformation is mutual [54].
It was also reported that the high content of organic ingre-
dients inhibits the ammonia oxidation stage of the nitrifica-
tion process [55]. In turn, the amides might be generated
as an end-stage by-product due to the ammonolysis reac-
tion between carboxylic acids and nitrogenous compounds/
ammonia. Enhanced production of amides and reduction
in carboxylic acids were previously shown in decomposed
(10 weeks) manure [42]. Silica is considered a mineral and
nutrient needed for soil health and sustainable agriculture,
especially for rice production [56]. The increased bioavail-
ability of silica minerals in MOP compost is a favorable con-
dition possibly achieved due to system’s pH [57]. A clay-like
matter of the silica-rich manures provides a base to assemble
aggregates. Clay minerals, including silica, also play criti-
cal functions in the catalysis of abiotic polymerization and
stabilization of humic substances [58].

The eventual process of bio molecular turnover could
also be related to the circulation of different nitrogen forms
through the natural ecosystem. The biochemical transfor-
mation of the inert atmospheric nitrogen into a biologically
active state to utilize lifeforms is defined as a nitrogen cycle.
The process is quite complicated and is generally accom-
plished through several essential phases. Briefly, the first
phase is called a nitrogen fixation process accomplished via
certain nitrogen-fixing bacterial species. The inert nitrogen
gases precipitate into the soil and aqueous environments and
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Fig.5 A Temperature, B pH, C total nitrogen %, and D nitrate-nitrogen % changes for system 9

are subsequently converted into ammonium. In other words,
ammonium is a usable form of nitrogen gas that can be used
by living organisms. During the nitrification phase governed
by aerobic nitrifying bacteria in soil, the ammonium is first
oxidized into a very toxic nitrite form and later to a non-
toxic nitrate form. In the assimilation phase, photosynthetic
plants, the leading creators of organic matter, assimilate the
different nitrogenous substances (ammonia, nitrite, nitrate,
and ammonium ions) from the rhizosphere to produce chlo-
rophylls needed for the realization of photosynthetic activi-
ties. The organic molecules such as amino acids and nucleic
acids are also synthesized from plants’ soil, ammonium, and
nitrate. After animals and/or plants’ death, the soil bacteria
and fungi decompose the organic materials present in these
organisms back into ammonium. The re-produced ammo-
nium in this ammonification phase is utilized in different
biological activities in soil. Finally, the denitrification phase
happens when the nitrogenous substances are anaerobically
recycled into the atmosphere by denitrifying bacteria, pri-
marily metabolizing the soil nitrate to acquire oxygen.

@ Springer

During this biochemical reaction, the nitrogen is
released into the air as a bacterial by-product. As an
assumption, the outside nitrogen sources might be reacted
with organic substances to form amide structures. The
increased concentrations of amides are presumably due
to this phenomenon. In other words, during the first stage
of maturation (21 days), one part of the externally sup-
plied nitrogen sources might be utilized in ammonium
production. In contrast, the other contributors to the
system were via nitrate formation. The amide formation
probably caused the remaining part of the externally sup-
plied nitrogen at 120 days of maturation. In this aspect,
the clear-cut distinction of UT and MOP groups from
each other was based on the dissimilarities of biochemi-
cal structures in PCA scores and loadings plots, and the
accuracy of the developed model in the PCA variance plot
can be considered as rational. Indeed, this phenomenon
and the assumption put forward above requires further
experimental proof and deserves a more comprehensive
future investigation.
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was proposed as an amendment to achieve nitrogen regula-
tion and enhance microbial activity. This microorganism had
higher growth rate in the absence of a nitrogen source and
therefore had a potential to fix nitrogen from atmosphere.
Nitrogen fixation from atmosphere provided a fundamental
support to the life cycle of the microbial flora in need of
biological nitrogen. Hence, an increase in microbial activ-
ity of compost mixture due to Micromonospora sp. KSC08
addition should be expected. The increase in microbial activ-
ity was validated with the highest change in total C with
the earliest microorganism addition. Micromonospora sp.
KSCO08 was introduced as an asymbiotic free-living-(N,)-
fixing microorganism, and theoretically, this microorgan-
ism would act as an outside nitrogen source contributing to
ammonia formation during composting. In regular compost-
ing systems, pH values normally decrease during thermo-
philic phase due to gradual NH; volatilization. However, in
systems inoculated with Micromonospora sp. KSC08, pH
values were stable during thermophilic phase. This result
combined with statistically shown increase in total nitro-
gen indicated the presence of an outside nitrogen source
compensating the loss of nitrogen during composting. The
presence of Micromonospora sp. KSC08 as an exogenous
nitrogen source was further validated with opposite trends of
total nitrogen and nitrate-nitrogen % values during compost-
ing. The % ratio of nitrate-nitrogen, which should increase
in regular systems during composting, decreased due to NH;
addition via Micromonospora sp. KSCOS.
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As a result of microbial activity, lignocellulosic com-
ponents were involved in a serious of complex reactions
resulted in generation of carboxylic acids which further
reacted with nitrogenous compounds to generate amides
as an end-stage by-product. PCA models revealed a
clear-cut distinction of biochemical structures between
Micromonospora sp. KSCO8-treated and regular compost
systems. The dissimilarity of biochemical structures at
the end of 120 days was related and shown to be due to
amide formation in Micromonospora sp. KSCO8-treated
system. A total of 120 days of composting was more than
enough to achieve gradual completion of composting and
the increase in amide and silica mineral contents in com-
post system inoculated with Micromonospora sp. KSC08
was concluded to be an additional validation of its effect
on long-term microbial activity. The increase of amide
structures in Micromonospora sp. KSC08 added systems
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Fig. 8 Quantitative analysis of biochemical constituents in untreated
(UT) and microbially treated (MOP) composts after 120 days of mat-
uration

could also be attributed to the increase in nitrogenous
compounds. Hence, it was concluded that Micromonos-
pora sp. KSCO08 had been effective both in composting and
nitrogen regulation. This microorganism was concluded to
be a suitable candidate for use as a member of microbial
consortium in conventional composting systems.
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