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Abstract 

In this review, the composting process of organic waste is discussed through an in-depth exploring of its thermo-
philic phase. It starts with the highlight on the thermodynamic evolution, which needs to be assessed when deciding 
to use reactors for composting, also in the context of energy generation. The composting process is mediated by 
different types of microorganisms, and the bacteria that play key roles are evaluated. The roles of the genera Bacillus 
and Thermus are considered, often described as the main components of the microbiota of compost. Due to their 
adaptation to the composting processes, they are candidates for technological purposes. Subsequentially, the focus 
is moved on the thermostable enzymes that can be isolated from them and their succession during the compost-
ing processes. Experimental examples of enzyme-related literature are reviewed, for example investigating proteases 
and ureases, which are found at the beginning of the process. In addition, cellulases, hemicellulases, lignin-modifying 
enzymes, and esterases have been described for their activities during the thermophilic phase, giving them great 
potential for biotechnological and industrial applications. Following, the composition of the microbial community is 
analyzed through the description of approaches of metagenomics. Despite it being a relatively new but fast-growing 
field within biology, it is intended to be a priority analysis to acquire knowledge on genomes of environmental 
microorganisms and communities. Finally, a space is dedicated to the description of the composting plant which 
treats olive oil wastes within the LIFE TIRSAV PLUS project (LIFE05 ENV/IT/00845). Through two plant solutions, being 
the Dynamic and the Static Composting, it provides a high-quality compost with an effective, flexible and economical 
process.
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Graphical Abstract

Introduction
Composting represents an efficient process in which 
organic wastes can be recycled to obtain organic ferti-
lizers utilized in agricultural field [1]. Starting materi-
als, regularly utilized in compost procedure, consist of 
organic fractions deriving from municipal wastes, animal 
manures, agro-industrial waste [2], and/or their combi-
nations. The final stable product, named compost, is a 
sustainable soil improver and fertilizer containing humi-
fied fraction comparable to humus which can be used to 
improve the physico-chemical characteristics of soil, the 
fertilizer efficiency, and which can promote the growth 
of crop [3, 4]. Humic substances enrich the soils of nutri-
ents such as nitrogen, potassium, calcium, and phospho-
rus, necessary for the plant’s growth [5, 6]. Furthermore, 
composting is a smart and sustainable solution for reduc-
ing the negative environmental impacts connected to the 
waste management, and it is based on the circular econ-
omy model with the recycling of by-products [7, 8].

A generic composting process is characterized by 
four main phases, which have been described in differ-
ent works [8–10]. The first phase is the mesophilic or 
initial phase, where a rapid increase of temperature in 
the range 10–42 °C determines the start of the degrada-
tion of organic matter, and its duration varies between 
24 and 72 h. The second one is the thermophilic phase, 

characterized by temperatures between 45 and 70  °C in 
relation to the metabolic activities of endogenous ther-
mophilic microorganisms which degrade the organic 
compounds, and it can last from several days to several 
weeks. The temperature can remain fixed for many days 
according to the properties of the feedstocks, the size of 
the composting plant and the environment. During the 
following phase, indicated as the mesophilic II or matu-
ration phase, the temperature decreases between 65 and 
50  °C, and it maintains itself for 1–2  months, with the 
reactivation of mesophilic microorganism and the deg-
radations of the most recalcitrant components. These 
first three phases can also be referred as the bio-oxidative 
period of composting. Finally, the last phase is the matur-
ing or curing phase, which can last for 1–4 months with 
temperature comprised between 50 and 23 °C, and where 
the organic matter produced stabilizes.

Composting is an aerobic and exothermic process 
which can occur naturally in the environment, but its 
efficiency is deeply related to the control of specific 
physico-chemical parameters which can significantly 
affect the progress of the bio-oxidative process, such as 
temperature, pH, aeration rate, moisture content, car-
bon to nitrogen (C/N) ratio, the type of substrates and 
their assortment [9, 11, 12]. In addition, the mixing ratios 
chosen during the preparation phase of composting can 
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significantly affect the progress of the bio-oxidative pro-
cess. In detail, a good performance of composting, with 
an improved efficiency of the bio-oxidative process and a 
high quality of the outgoing compost, is obtainable when 
the compost pile reaches a temperature of 55–60 °C dur-
ing the thermophilic phase, the pH is comprised between 
5.0 and 8.0, the humidity in the mixture is almost 40–60%, 
and there is an initial C/N ratio of 20–40, but the value 
may vary depending on the substrate [13, 14]. The opti-
mal oxygen concentration is 10%, and while the oxygen 
content at the beginning of composting is usually ade-
quate, during the process it may be necessary an active 
aeration to avoid anaerobic conditions, to remove excess 
moisture from the substrate, and to regulate the tempera-
ture [4, 8]. Aeration of the compost pile can be obtained 
through mixing or through forced aeration, with differ-
ent studies focusing on continuous and intermittent aera-
tion during composting [8, 15]. The C/N ratio parameter 
has been recognized as one the most relevant for the final 
quality of compost [16]. Indeed, the speed of the process 
results to be affected by this ratio: while low nitrogen val-
ues are a limiting factor during composting, making the 
degradation process slow, an excess of nitrogen is often 
lost by the system in the form of gases such as ammo-
nium or other nitrogen compounds [17]. Consequently, 
unsuitable C/N ratios need to be adjusted by addition of 
further substrates to balance both elements. Other stud-
ies considered the role of turning on the process, suggest-
ing its incumbent role in improving the biological heat 
efficiency and the mass transfer, also in relation to indige-
nous core bacteria which could be directly activated [18].

The microorganisms required for compost develop-
ment are furnished by compost feedstocks, keeping an 
active microbial community during the process [19]. Soil 
microorganisms (such as bacteria, actinomycetes, fungi 
and protozoa) are included into the process when the 
waste materials are mixed with soil. Moreover, mature 
compost and animal manure are often used as starter in 
composting processes since they can be a great source of 
microorganism. Microbial degradation allows the con-
version of organic materials into carbon dioxide  (CO2), 
which is then released into the environment. The com-
posting process is mediated by the intervention of dif-
ferent types of microorganisms. The first degradation 
processes are carried out by mesophilic organisms that 
prefer temperatures between 30 and 45 °C [17, 20, 21]. As 
the temperature rises, due to the intense digestive activ-
ity of microorganisms, thermophilic populations set-
tle and continue the conversion of organic compounds 
into carbon dioxide [22, 23]. This is the “active stage” of 
composting because the decomposition is considerably 
rapid, and it persists until organic substrates are availa-
ble in the piles. Then, the microbial activities decline and 

with them the pile temperature. During the curing phase, 
mesophiles populate again the compost and humic sub-
stances begin to accumulate generating the mature com-
post [17, 20, 24].

In composting, different substrates can be added to 
the starting materials to reduce the negative sides of this 
process or to improve some characteristics. These com-
pounds can be distinguished between bulking agents, if 
they influence the structure of the compost in a physical 
way (e.g., water absorption capacity, air space, and flow 
between particles), or additives, if they enhance the com-
posting process itself (e.g., reduction of leaching, green-
house gas emissions, and odor) [25, 26]. Additives are 
classified as chemical, microbial or physical, and the lat-
ter can be further sorted in organic, mineral, and reus-
able. In addition, the results obtained using a mixture of 
additives may be better than using a single compound 
[27].

It has been reviewed by Barthod et  al. [25] how the 
improvement obtained through these compounds can 
influence different parameters of the composting pro-
cedure by way of various mechanisms. For example, the 
authors described how the thermophilic phase of com-
posting can be extended by using both mineral, organic, 
and biological additives, thanks to their proficiency in 
increasing the microbial activity, while biochar, wood-
chips, or residual straws can increase the aeration and 
porosity of the composting mass. Moreover, to avoid high 
humidity that leads to anaerobic conditions during com-
posting, it is required to use fibrous materials, including 
cornstalk, sawdust or spent mushroom substrate; on the 
other hand, substrates like clay can reduce large water 
losses. It has also been described how additives such 
as food waste or microbial inoculums are employed to 
increase the pH, which, on the contrary, can be lowered 
by using bamboo charcoal or zeolite. These compounds 
can also reduce nitrogen losses, because of their ability to 
adsorb ammonia. In addition, through the incorporation 
of rice straw, ash, or several chemical compounds, it is 
possible to lessen the malodorous gasses full of sulfur and 
nitrogen, by absorbing them or by expanding the oxygen 
transfer.

Abdellah et  al. [28] described how the incorporation 
of immobilization additives leads to the diminution of 
heavy metals or the modification of their oxidation state, 
in order to decrease the bioavailability and the mobility. 
Biochar, lime, and graphene oxide are considered effec-
tive towards the main heavy metals (Zn, Cu, Ni, Cd, 
Pb, Cr, As, Hg). In particular, biochar is a carbonaceous 
material which can be produced by different organic 
substrates under high temperatures (> 400  °C) and a 
moderate oxygen supply [29], and its role as an organic 
additive is the main topic analyzed by other researchers. 
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For example, the shell biochar used by Awasthi et  al. 
[30] in composting improved the efficiency of the pro-
cess stimulating the microbial growth and the enzymatic 
activities, providing the optimal physico-chemical condi-
tions for heavy metals resistant bacteria. In another case, 
bamboo biochar could significantly reduce total carbon 
and nitrogen losses, with a positive enhancement of 
enzymatic activities related to their metabolism [29]. The 
use of wood and wheat-straw biochar done in the work 
by Awasthi et al. [31] resulted in an interaction with the 
bacterial culture, determining the adsorption of heavy 
metals (Cu and Zn) during the process, thus improving 
the quality of the compost itself.

In this review, the composting process is discussed by 
exploring in a more detailed way its thermophilic phase, 
starting with the highlight on the thermodynamic evo-
lution, which needs to be assessed when deciding to 
use reactors for composting. Subsequently, the bacteria 
that play key roles are evaluated. The roles of the gen-
era Bacillus and Thermus are described, being often the 
main components of the microbiota of compost and 
being candidates for technological purposes. It follows 
a focus on the thermozymes which can be isolated from 
them, and which could have potential biotechnological 
and industrial applications. Experimental examples of 
enzyme-related literature are reviewed, investigating pro-
teases, ureases, cellulases, hemicellulases, lignin-modify-
ing enzymes, and esterases. Following, the composition 
of the microbial community is analyzed through the 
description of metagenomics approaches, a priority anal-
ysis essential to acquire knowledge on genomes of envi-
ronmental microorganisms and communities. Finally, a 
space is dedicated to the description of the composting 
plant which treats olive oil wastes within the LIFE TIR-
SAV PLUS project (LIFE05 ENV/IT/00845), with the 
analysis of two plant solutions, that is the dynamic and 
the static composting.

Thermodynamics of the composting process
As a result of the composting process, organic solid waste 
(OSW) is decomposed by microorganisms into  CO2, 
 H2O,  NH3 and a significant amount of energy is released, 
as made explicit below.

To sustain its metabolism, the microbial organism 
spends part of the produced energy, while the remain-
der is liberated into the surrounding system as heat [32]. 
When using reactors for composting, it critical to study 
the heat produced from organic compounds and the bal-
ance between the energy needed for the thermophile 

Organic matter + O2 → CO2 + H2O

+ NH3 + humus + energy

stage and the one lost through all the dissipation path-
ways [33].

Various approaches for quantifying the heat generation 
from composting have been elaborated, i.e., degradation 
method (DD), oxygen consumption method (OC), heat 
balance method (HB),  CO2 evolution method (CEM), tem-
perature method (TEM) and heating value method (HVM), 
which will be discussed hereafter.

Degradation method (DD)
As previously stated, the heat generation is closely linked to 
the OSW degradation. Thus, a degradation model can be 
used to describe the composting process and its heat pro-
duction. The general form can be expressed as shown in 
Eq. 1:

Qbio is the heat production rate of composting (W); HVr 
is the heating value of the substrates (MJ  kg−1), defined as 
the amount of heat released per unit of substrate degrada-
tion; r is the coefficient of degradation rate (kg  s−1); t is the 
composting time (s); m is the weight of substrates (kg).

The degradation model can be considered as a function 
of HVr and r. For ease of calculation, HVr is regarded as a 
constant throughout the composting process, but in prac-
tice it gradually decreases. For r, it is difficult to accurately 
measure the degradation rate. Hence, many mathematical 
models have been formulated to describe the degradation 
process, such as first-order models and Monod-type mod-
els. In the first-order models, r is related to the concentra-
tion of composting substrates. These models are the most 
employed, because of their simplicity; however, they do not 
take into account the effects that other factors may have 
on the value of r. The Monod-type model illustrates the 
relationship between the microbial growth and the degra-
dation process in composting. Due to the increased com-
plexity and the need to obtain four or more coefficients to 
describe the process, this model has a more limited use.

O2 consumption method (OC)
During the composting process, microorganisms require 
oxygen to start the decomposition of organic matter. The 
heat production rate during the metabolism is linearly cor-
related with the  O2 consumption rate, according to Eq. 2:

HVo is the heating value defined as the amount of heat 
generated metabolically per mole of  O2 consumption (kJ 
 mol−1  O2), OCR is the  O2 consumption rate (mol  kg−1), 

(1)Qbio = HV r × r = HV r ×
dm

dt
.

(2)Qbio = HVO × OCR = HVO ×

dO2

dt
.
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defined as the  O2 consumed per unit of time (mol  O2 
 s−1).

HVo is commonly seen as a constant during the com-
posting process. Most of the time, the  O2 consumption 
rate is determined by measuring the  O2 concentration 
difference in the inlet and outlet gas. Furthermore, the  O2 
consumption rate can be estimated by first-order models 
or Monod-type models.

Heat balance method (HB)
Throughout the composting process, the release of 
energy from decomposition leads to the rise in tempera-
ture of the organic matter and water, heat loss via con-
vection and conduction, and water evaporation. The heat 
basically presents in two forms: sensible heat (energy 
associated with an increase in temperature) and latent 
heat (energy associated with phase transformation). The 
actual heat output can be calculated from the measure-
ment of the components indicated in Eq. 3 [32]:

Qsensible is the amount of sensible heat (W), Qlatent 
is the amount of latent heat (W). In particular, the com-
ponents of the thermal balance are convective heat loss 
of inlet and outlet streams (air, vapor, and water) Qgas 
(W), sensible heat of composting materials Qsub (W), 
conductive/convective losses through surface of reactor 
Qloss (W), latent heat loss of water evaporation Qvap 
(W), and radiant loss Qrad (W).

It is possible to determinate the total sensible heat, 
which is the temperature increase of the liquid and solid 
components in the reactor, by varying the temperature of 
the matrix per unit time. The heat balance, using accu-
mulated heat as a variable, is calculate in Eq. 4:

m is the mass of the matrix (kg); c is the specific heat 
of the matrix (kJ  kg−1  °C−1); T is the temperature of the 
matrix (°C); t is the time (days); G is the dry air mass 
flow (kg  day−1); Hin and Hout are the air enthalpy of the 
entrance and exit of dry air, respectively (kJ  kg−1); U rep-
resents the overall heat transfer coefficient of the matrix 
(kW  m−2 °C−1); A stands for the total surface area of the 
reactor  (m2); Ta is the ambient temperature (°C); BVS is 
the mass of degradable volatile solids (kg); and Hc is the 
reaction heat value of degradable organics (kJ  kg−1). In 

(3)
Qbio = Qsensible + Qlatent = Qgas + Qsub + Qloss

+ Qvap + Qrad.

(4)

d(mcT )

dt
= GH in − GHout − UA(T − Ta)

+

d(BVS)

dt
Hc.

the equation, mc is not a constant amount and it changes 
frequently.

Ventilation is the principal cause of heat loss. Air enter-
ing the reactor is made up of dry air and water vapor. As 
this goes through the reactor, these two components are 
heated up and release the sensible heat. Then, when the 
water in the treated organic solid waste leaves the reac-
tor as water vapor, heat is carried out in the form of both 
sensible heat and latent heat for vaporization [34, 35]:

Qgas is the ventilation convective heat loss (kJ); Fgas is 
the ventilation air flow rate (kg  h−1); Hout is the enthalpy 
of the air flow leaving the system (kJ  kg−1 of dry air); Hin 
is the enthalpy of the air flow entering the system (kJ  kg−1 
of dry air).

Sensible heat of composting materials Qsub can be cal-
culated as in Eq. 6 [19]:

m is the mass of composting pile (kg); MC is the mois-
ture content (%); Cs is the specific heat capacity of solid 
(kJ  K−1  kg−1); Cw is the specific heat capacity of water (kJ 
 K−1  kg−1); T is the temperature of composting pile (K); t 
is the time (s).

The heat loss due to conductive transfer and radiation 
heat can be computed by using Eqs. 7 and 8 [33]:

Qloss is conductive heat loss from the reactor wall (kJ); 
U is the overall heat transfer coefficient of the matrix 
(kW  m−2  °C−1); A is the reactor wall surface  (m2); Tm is 
the matrix temperature (°C); Ta is the ambient tempera-
ture (°C):

where Qrad is radiant heat loss from the top surface of 
the materials (kJ); σ is the Stefan–Boltzmann constant; 
Atop is the surface area of the radiating body  (m2); Tt is 
the temperature of the top surface (°C); Fa is a configura-
tion factor accounting for the relative position and geom-
etry of the objects (dimensionless); Fe is the emissivity 
factor accounting for non-black body radiation.

The latent heat loss of water evaporation from com-
posting pile is determined from the water vapor content 
of exit and inlet gases as after in Eq. 9 [35]:

Fgas is the flow rate of air (kg  h−1); Qv is the enthalpy 
change of water vaporization (kJ  kg−1); hout is the absolute 

(5)Qgas = Fgas × (Hout −Hin).

(6)Qsub = m[(1−MC)Cs + CwMC]
dT

dt
.

(7)Qloss = UA(Tm − Ta).

(8)Qrad = σAtop(T
4
t − T 4

a )FaFe
,

(9)Qvap = FgasQv(hout − hin).
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humidity of exit air (kg  kg−1), hin is the absolute humidity 
of in air (kg  kg−1).

In large-scale reactors Qvap takes up the majority 
of the heat produced, while in small-scale reactors the 
greatest heat depletion is caused by Qloss. Qrad, instead, 
is so small that its contribution can be ignored [32].

CO2 evolution method (CEM)
Variations of  CO2 concentration can manifest the degra-
dation process since microorganisms decompose OSW 
and produce  CO2. There are several ways to assess the 
 CO2 concentration; the main ones are the use of  CO2 
meters and the estimation via respiratory quotient. The 
general equation of  CO2 evolution method is Eq. 10:

HVc is the heat released per unit of  CO2 evolution (kJ 
 mol−1); CER is the  CO2 evolution rate (mol  s−1).

Temperature method (TEM)
The temperature alterations in composting can be attrib-
uted to heat production and heat loss processes. TEM is 
applicable only when the heat loss is a known quantity, 
or it is equal to zero. For rapid evaluation, the specific 
heat capacity of the mixed solids and liquids in the sys-
tem and the pressure at which the process takes place, 
are assumed constants. The heat production rate can be 
found by monitoring the rate of temperature change dur-
ing composting process, for example using a water bath 
to retrieve the generated heat and measure the tempera-
ture difference between the composting and water bath. 
Owing to these rigorous conditions, TEM is usually used 
in laboratory bench-scale composting units:

ΔT is the temperature change of the substrates or water 
(K); Cmix is the specific heat capacity of substrates (kJ 
 kg−1   K−1); mmix is the mass weight of OSW (kg); mwater 
is the mass weight of water (kg); Cwater is the specific heat 
capacity of water (= 4.2 kJ  kg−1  K−1).

Heating value method (HVM)
According to this method, it is considered that the differ-
ence between the heating value (HV) of composting sub-
strates at the beginning and at the end of the composting 
is indicative of the measure of energy produced from 
degradation. The general equation of HVM is Eq. 12. For 
these measurements, a calorimeter is usually needed [32]:

(10)Qbio = HVc × CER.

(11)
Qbio = mmix × Cmix ×�T = mwater × Cwater ×�T .

(12)Qbio = HVin −HVfin.

HVin is the HV of substrates at composting beginning 
(kJ  kg−1);  HVfin is the HV of substrate at the composting 
end (kJ  kg−1).

In conclusion, different methods have been developed 
to evaluate the effectiveness of the composting process. 
Moreover, it is fundamental to investigate thoroughly all 
the energy generation, transfer and loss processes asso-
ciated to the OSW degradation in order to optimize, 
control and manage this phenomenon [33]. Finally, the 
technological and environmental potential of compost-
ing heat reuse is a current topic of study, as it can help 
respond to the energy demand and reduce the pressure of 
climate change.

Thermophilic microorganisms isolated 
from compost samples
A wide variety of prokaryotes (bacteria and archaea) tol-
erates and usually requires high temperatures for their 
growth and survival; they are known as thermophilic 
microorganisms. A great diversity of these microorgan-
isms has been isolated and characterized in hot envi-
ronments within the past few decades. Thermophilic 
microbial genera have been discovered from natural 
(geothermal areas, terrestrial hot springs, deep-sea 
hydrothermal vents, etc.) and man-made environments 
(waste treatment plants, biological wastes, self-heated 
compost piles, etc.) throughout the world.

Thermophilic microorganisms are directly involved in 
the thermogenic phase (50–80 °C) of composting process 
for treating organic solid waste. The composting pro-
cesses start immediately, and the temperature of com-
post rises with time and within a few days reaches the 
maximum inside the central portion of the compost pile. 
During the temperature change, the population of ther-
mophiles increases and the one of mesophiles decreases. 
The growth of the majority of the present microorgan-
isms is inhibited by excessively high temperatures, and 
the decomposition of organic matter slows down. Ther-
mophilic bacterial strains have been isolated from almost 
every type and nature of compost, including autotrophs, 
heterotrophs and mixotrophs, and each research work 
has highlighted different characteristics (Table 1).

Bacillus, Thermus and Clostridium show metabolic 
activity at temperatures above 60  °C [36]. The authors 
have reported that during the thermogenic phase of com-
post, only a few species of thermophilic sporogenous 
bacteria (Bacillus stearothermophilus and Bacillus subti-
lis) and the genus Thermus Gram-negative, aerobic, non-
spore forming bacteria, showed metabolic activity above 
70 °C. Bacillus spp. often occur as the major components 
of the microbiota (87%), including B. licheniformis, B. 
subtilis, B. coagulans type B, B. stearothermophilus, and 
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B. sphaericus [37]. Bacteria belonging to the genus Ther-
mus have been isolated mainly from hot-spring ecosys-
tems and they have probably adapted to the conditions 
in the different composting processes. In contrast to the 
above-mentioned work, reported during the thermo-
philic phase of composting the presence of a low diversity 
of obligatory heterotrophic thermophiles related to the 
genus Bacillus stearothermophilus, Beffa et  al. [38] have 
reported for the first time the isolation of the sulfur- and 
hydrogen-oxidizing, autotrophic thermophilic bacteria 
related by high DNA:DNA homology to Hydrogenobac-
ter strains. These last strains have been isolated only from 
geothermal areas and their presence in the thermogenic 
phase (> 60  °C) of the composting process suggests that 
they may play a part in inorganic sulfur compound oxi-
dation and mineralization of waste, being candidates for 
further studies. Organic compost samples of 2–5  weeks 
with temperatures ranging from 65–69  °C showed only 
strains related to B. stearothermophilus, whereas at tem-
peratures above 70 °C a considerable number of Thermus 
strains related to Thermus thermophilus HB8 were the 
dominant active degraders [39].

The study conducted by Blanc et al. [40], from kitchen 
and garden waste compost, using a molecular approach 
with restriction enzyme analysis of a library of bacterial 
16S rRNA gene clones, showed that among 200 clones 
investigated, about 70 could be identified as Thermus 
thermophilus and thermophilic Bacillus spp. Both taxa 
were found to be the dominant bacterial populations 

during the thermophilic phase of composting; Blanc et al. 
[41] reported through the Amplified Ribosomal DNA 
Analysis (ARDRA) method Bacillus pallidus, B. stearo-
thermophilus and B. thermodenitrificans as predominant 
species in hot compost. Zhang et al. [42] from the analy-
sis of 11 compost samples (domestic and garden waste) 
and using total plate counts of spore in combination 
with RAPD-based identification (randomly amplified 
polymorphic DNA), showed the thermophilic Bacillus 
thermodenitrificans as dominant isolate with a promi-
nent role compared to B. stearothermophilus within the 
compost ecology. It was already reported [42, 43] the 
abundance of B. thermodenitrificans in domestic and gar-
den composts, indeed RAPD profiles indicated that the 
thermophilic strains represented ~ 76.1% of the bacterial 
community, whereas lower numbers (~ 10%) were rep-
resented by B. sporothermodurans, B. thermosphaericus, 
Aneurinibacillus sp. and Brevibacillus sp., although the 
latter two strains are not typically associated with garden 
composts. Moreover, the study of the samples collected 
from different compost starting materials and manage-
ments was based on the use of different molecular phy-
logenetic techniques such as DGGE, T-RFLP, ARISA, 
16S/23S rRNA intergenic spacer amplification, SSCP 
profiling and FISH hybridization, and the results showed 
that the thermophilic phase was characterized by the 
abundance of members of the genus Bacillus [44–47] and 
Thermophilus [48].

Table 1 Summary of the characteristics highlighted in the respective original works for the thermophilic bacteria

Thermophilic bacteria Emphasized characteristics Compost type Refs.

Bacillus stearothermophilus; B. subtilis; genus 
Thermus

Metabolic activity above 70 °C n.d. [36]

Bacillus licheniformis; B. subtilis; B. coagulans 
type B; B. stearothermophilus; B. sphaericus

Bacillus spp. found during the thermophilic 
phase

Table scraps and shredded newspaper [37]

Hydrogenobacter spp. Sulfur- and hydrogen-oxidizing, autotrophic 
thermophilic bacteria

Green waste, wood chips, and kitchen waste, 
or sewage sludge

[38]

Bacillus stearothermophilus; Thermus thermo-
philus HB8

Growth between 65–69 °C; growth between 
65–82 °C

Kitchen waste and shredded garden waste or 
methanized sewage sludge, and wood chips

[39]

Thermus thermophilus; Bacillus spp. Growth above 70 °C Kitchen waste, garden waste, grass, and shred-
ded wood

[40]

Bacillus pallidus; B. stearothermophillus; B. 
thermodenitrificans

Isolates identification Kitchen waste and shredded garden waste or 
methanized sewage sludge, and wood chips

[41]

Bacillus thermodenitrificans; B. sporothermo-
durans; B. thermosphaericus

Dominant species between 55–73 °C General garden and domestic waste [42]

Aneurinibacillus sp.; Brevibacillus sp. Most abundant isolates Synthetic food waste [43]

Geobacillus toebii Novel species isolated Hay [49]

Geobacillus toebii subsp. decanicus subsp. nov Novel subspecies isolated Organic urban waste and green bush waste [50]

Geobacillus galactosidasius Novel species isolated From the Experimental System of Composting 
of Teora, Avellino, Italy

[51]

Bacillus composti; B. thermophilus Novel Fe(III)-reducing species isolated Sewage sludge and crop straw [52]

Aeribacillus composti Novel species isolated Olive mill pomace [53]
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The combination of both culture-dependent and 
culture-independent methods (molecular techniques 
and isolation and identification of bacteria) is comple-
mentary, but not overlapping and a traditional micro-
biological approach is still effectual. New species of 
thermophilic bacteria have been isolated and charac-
terized by biochemical and phylogenetic techniques, as 
in the case of Geobacillus toebii [49], Geobacillus toebii 
subsp. decanicus subsp. nov. [50], Geobacillus galactosi-
dasius [51], Bacillus composti and Bacillus thermophilus 
[52], Aeribacillus composti [53].

To summarize, a considerable heterogeneity of thermo-
philic bacteria has been isolated from the thermogenic 
phase of the composting of different substrates, when 
they are the main responsible for the degradation of 
organic matter. The main genera represented are Bacillus 
and Thermus, often described as the main components 
of the microbiota of the piles of compost. These bacte-
rial strains can be isolated from natural environments, 
and probably they adapted to the composting processes, 
becoming potential candidates for technological and 
industrial purposes.

Bacterial enzymatic activities in the thermophilic 
phase of composting
To degrade organic waste through composting, micro-
bial communities produce and secrete a wide spectrum 
of thermostable enzymes, mainly hydrolytic and oxidore-
ductase activities [15, 54]: enzymes such as proteases, 
cellulases, hemicellulases and lignin-modifying enzymes 
are one of the main factors driving the composting pro-
cesses and could have many potential industrial applica-
tions, thus representing a field of research in industrial 
enzymology, a sector of biotechnology [23, 54–56].

The joint activities of these extracellular enzymes are 
strictly dependent on the composition of the microbial 
communities, so that the readily degradable organic com-
pounds and the more refractory ones are progressively 
decomposed and mineralized to be used as sources of 
carbon and nitrogen by the microorganisms, sustain-
ing the microbial growth and ensuring the continu-
ity of the process [57–59]. Additionally, the activities of 
the enzymes depend on different environmental factors 
of the composting process [54]. One of the main phys-
ico-chemical parameters associated to the efficiency of 
composting is temperature, and as a prolongation of the 
thermophilic phase can improve the quality of compost 
itself, extracellular enzymes secreted by microorganisms 
have a fundamental role, being associated to the increase 
of temperature [54, 60].

During the composting process, bacteria are accounted 
as the leading microorganisms for quantity and diver-
sity, which is related to their small size and their ability 

to grow in a wide range of pH and temperature [20]. As 
discussed in the previous paragraph and highlighted in 
literature [55, 61, 62], most of the extremophile bacterial 
species which can be found in the thermophilic phase of 
composting belong to the Bacillus and the Thermus gen-
era, and with them the correlated enzymatic activities, 
even considering intrinsic variability depending on the 
compost itself. For example, Miyatake and Iwabuchi [62] 
studied the variation of enzymatic activity of thermo-
philic bacteria in high-temperature dairy cattle manure 
compost, finding the highest bacterial activity at 54  °C, 
with a decrease at 60  °C, followed by a new increase at 
70 °C but associated with a reduction of the decomposi-
tion of organic matter due to the high temperature itself. 
Increasing attention has been given to these enzymatic 
activities and to their succession during the composting 
process since they affect the transformations that hap-
pen, thus regulating the ability to decompose organic 
substances. They vary based on the composition of com-
post, the physico-chemical parameters, and the dynamics 
of the microbial community at each stage of the process 
[63–65].

Proteases and ureases
During the initial phase of composting, due to the pres-
ence of oligo- and polypeptides, a high protease activity 
is usually found. Proteases are related to the nitrogen 
cycle, being responsible for the hydrolysis of proteins [64, 
66]. Urease activity is also related to the nitrogen cycle, 
especially in the first step of nitrogen mineralization, cat-
alyzing the hydrolysis of urea into ammonium and car-
bon dioxide [64, 67]. Due to the joint action of urease and 
protease, together with high pH and temperature, large 
amounts of ammonia are released, which are then related 
to the quality of the compost [65].

Table 2 reports the latest research papers with the cor-
responding protease and urease activities found during 
the composting process, with the duration of the thermo-
philic phase, the most prominent bacterial species during 
that period and the composition of the compost.

It has been described that ammonia inhibits the activ-
ity of protease and urease [54], and this is coherent with 
the higher activity of protease and urease, associated to 
Paenibacillus validus 1VC, that has been found in weeks 
4–8, at the end of the thermophilic phase, of the total 
24 weeks of composting in the research by Hemati et al. 
[54]. Ammonia is formed at the beginning of the ther-
mophilic phase because of the degradation of amines [8], 
but it rapidly decreases in association with high tempera-
ture and in relation to the oxygen insufflated through the 
aeration system [54]. Additionally, an extraordinary high 
activity of urease has been recorded at the very beginning 
of composting (week 1), probably because of the presence 



Page 9 of 22Finore et al. Chem. Biol. Technol. Agric.            (2023) 10:7  

of urea in the compost itself, that stimulated the expres-
sion of the enzyme.

A decrease of urease following a high activity during 
the first half of the thermophilic phase has been reported 
in H. Liu et al. [58], where the authors studied the com-
posting of chicken manure and rice straw combined with 
two different C/N ratio, and in Li et al. [69], where they 
studied the effects of the addiction of a microbial inocu-
lum to the treatment of pig manure and corn straw (6:1 
w/w). They highlighted how there is not a significant 
association between the urease activity and bacteria dur-
ing the thermophilic phase. Similarly, the urease activ-
ity described by J. Du et  al. [68] in the composting of 
sewage sludge, sawdust, and biochar in different ratios 
generally resulted in an increase at the beginning of the 
process, followed by a decrease entering the thermo-
philic phase. In the same work, the activity of protease 
increased only later in the composting, at the very end 
of the thermophilic phase, probably because the involved 
microorganisms needed to adapt to be active and to 
start secreting these enzymes. Huang et al. [67] reported 
about the effects of a hyper-thermophilic pretreatment 
of pig manure and straw compost, that is a short-term 
pretreatment at high temperature, which determined 
a decline in the relative abundance and diversity of the 
microbial community, especially of the bacteria responsi-
ble for the ammonification activities during the thermo-
philic phase. This contributed to the decreasing activity 
of the enzymes expressed by these microorganisms with 
respect to the control pile of composting, such as pro-
tease and urease, which has also been one of the causes 
of a reduced ammonification rate. In turn, the lowering 

of nitrogen loss could have contributed to the inhibition 
of these enzymes.

The industrial-scale composting of food waste of 
31  days researched by Zhang et  al. [15] has been con-
ducted comparing different aeration frequencies. The 
increase of the aeration rate determined an increas-
ing duration of the thermophilic phase, but the authors 
excluded a significant correlation with the activity of 
urease, which gradually decreased starting from the 
beginning of the process, with a later reduction in the 
composting due to the accumulation of nitrate. Ma et al. 
[57] studied the composting of sludge and corn straw, 
finding even in this case a decrease of the urease activ-
ity during the thermophilic phase (day 5–7 over the 
total 11  days), while the protease activity increased and 
reached a peak of 3.25 mg   g−1 from the 7th day, then it 
maintained this activity until the end of the process. A 
similar trend in the protease activity has been described 
in the already mentioned work by H. Liu et  al. [58], 
where, during the composting of chicken manure and 
rice straw, it showed higher values in the thermophilic 
phase compared to the initial mesophilic one, from the 
 7th day to the end on the process (25 days in total), being 
over 1012 mU  g−1.

Among different composting material tested, Q. Liu 
et  al. [23] reported the highest protease activity dur-
ing the thermophilic phase in mulberry branches and 
silkworm excrement (1:9 w/w) compost, reaching over 
60 μg  g−1  min−1, explainable with the high crude protein 
content of silkworm excrements. Also, they reported a 
high urease activity in both mulberry branches/silkworm 
excrement and mulberry branches/cow dung (3:7 w/w) 

Table 2 Proteases and ureases of composting, duration of thermophilic phase, prominent bacterial species, and type of compost

Enzyme Thermophilic phase Prominent bacteria Compost type Refs.

Protease 4th–8th week/24 Paenibacillus validus 1VC Agricultural residue/sawdust 97:3 and 15:85 [54]

4th–16th day/25 Stenotrophomonas, Sinibacillus Mulberry branches/silkworm excrement 1:9 (w/w) [23]

4th–7th day/11 Ureibacillus, Bacillus, Pseudomonas, Flavobacterium, 
Sporosarcina

Sludge/corn straw 3:1 (w/w) [57]

3rd–16th day/25 Bacillus sp. Chicken manure/rice husk (17.3 C/N) [58]

5th–22nd day/39 Nonomuraea sp., Virgibacillus sp. Cow manure, mushroom residue, sawdust [59]

2nd–7th day/11 Bacillus sp. Sewage sludge/sawdust/ biochar [68]

Urease From 6 to 26 days/31 Firmicutes, Proteobacteria Food waste [15]

4th–8th week/24 Paenibacillus validus 1VC Agricultural residue/sawdust 97:3 and 15:85 [54]

4th–16th day/25 Stenotrophomonas, Sinibacillus; Stenotrophomonas, Bacil-
lus

Mulberry branches/silkworm excrement 1:9 
(w/w); mulberry branches/cow dung 3:7 (w/w)

[23]

4th–7th day/11 Ureibacillus, Bacillus, Pseudomonas, Flavobacterium, 
Sporosarcina

Sludge/corn straw 3:1 (w/w) [57]

3rd–16th day/25 Bacillus sp. Chicken manure/rice husk (17.3 C/N) [58]

2nd–7th day/11 Bacillus sp., Candidatus microthrix Sewage sludge/sawdust/ biochar [68]
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composts, measured over 17  μg   g−1   min−1. Similarly, 
Qiao et  al. [59] monitored the extracellular enzymatic 
activities produced during the composting of three start-
ing material, namely cow manure, mushroom residue, 
and sawdust, with three different C/N ratios (15, 25 and 
35). They reported that the protease activity decreased 
during the composting process, with an activity meas-
ured at 91.36  mU   g−1 during the thermophilic phase, 
mainly associated to Nonomuraea and Virgibacillus sp. 
The decreasing is associated to the initially high avail-
ability of degradable organic compounds in the starting 
material, which is then gradually decomposed.

Cellulases, hemicellulases and lignin‑modifying enzymes
Lignocellulose is the major fraction of most organic 
waste; it consists mostly of cellulose, hemicellulose, and 
lignin, and it is the most stable and refractory fraction 
of organic matter in the composting process, so that its 
degradation is one of the major factors that could limit 
the composting efficiency [23, 54, 56]. Enzymatic activi-
ties can degrade cellulose and hemicellulose into simple 
sugars, and lignin into polyphenols [56]. However, the 
enzymatic degradation of lignin is complex due to the 
phenolic rings that constitute its highly branched and 
irregular polymer, so that the mineralization could be 
not completed during the composting process [54, 56]. 
Fungi are known to degrade lignin in an efficient way, 
however, during the thermophilic phase of compost-
ing most fungi are inactivated. The composting time is 
mostly dependent on the activity of the enzymes secreted 
by lignocellulolytic thermophilic bacteria, that can speed 
up the process in the presence of high percentage of plant 
residues and green wastes [20, 54, 56, 64]. Additionally, 
thermophilic microorganisms able to degrade lignocellu-
lose contribute to loosen its structure, facilitating other 
enzymatic activities in the further phases of composting 
[70]. The degradation of lignocellulose happens at faster 
rates during the thermophilic phase due to the abun-
dance of bacteria able to degrade it through the produc-
tion and secretion of hydrolytic enzymes, whose activity 
increases with the rise of composting temperature [23]. 
This has been reported by Zhu et al. [56], who obtained 
an increment of simple organic matter through a thermal 
pretreatment of dairy manure, and even an increment 
of the relative abundance of thermophilic bacteria later 
involved in the enzymatic decomposition of lignocellu-
lose, thus improving the quality of the compost obtained.

Cellulases and hemicellulases include numerous enzy-
matic activities which regulate the carbon cycle of com-
posting, and which have an impact on the whole nutrient 
cycle, increasing soluble nutrients during the process [64, 
65]. In particular, cellulases and activities such as endo- 
and exo-glucanases, cellobiohydrolases, β-glucosidases 

and β-glycosidases are related to the cellulose cycle, 
working synergistically to degrade cellulose, while hemi-
cellulases and enzymes such as xylanases are related to 
the hemicellulose cycle, for the degradation of the poly-
mers of xylan [54, 58, 63]. The lignin-modifying enzymes, 
formerly named ligninases and lignases, have an activ-
ity related to the lignin cycle being able to catalyze the 
degradation of the polymer of lignin through an oxida-
tive mechanism, with the generation of free radicals [54, 
71]. These enzymes are numerous, with some of the main 
groups being laccase, manganese-dependent peroxidase, 
and lignin peroxidase [71]. Peroxidases have a key role in 
the degradation of more refractory organic matter such 
as lignin and other similar structures [45].

Table 3 reports the latest research papers with the cor-
responding cellulases, hemicellulases and lignin-modify-
ing enzymes found during the composting process, with 
the duration of the thermophilic phase, the most promi-
nent bacterial species during that period and the compo-
sition of the compost.

Hemati et al. [54] measured the highest cellulase activ-
ity within the 4th and the 12th week of the total 24 weeks 
of composting, between the end of thermophilic phase 
and the starting of the cooling phase and associated it 
to Bacillus nealsonii 104C. In the high lignin compost 
(agricultural residue/sawdust 15:85), the increase in 
temperature during the thermophilic phase promoted 
the denaturation of polymers, making more substrates 
available, increasing the microbial community and the 
enzymatic activities, and lowering the decrease of the cel-
lulase activity with respect to the low lignin composting 
process (agricultural residue/sawdust 97:3). Additionally, 
in the same work the authors distinguished the activity 
of generic cellulases from the one of β-glucosidase, that 
was higher at the beginning of the composting process, in 
weeks 2–4 (thermophilic phase), and it has been associ-
ated to Bacillus nealsonii 104C. β-glucosidases are active 
on cellulose and other disaccharides, they hydrolyze 
β-D-glucose chains releasing β-glucose, and their activ-
ity is higher in presence of easily metabolizable substrates 
available to microorganisms, and in presence of high con-
centration of water-soluble carbon, such as at the begin-
ning of composting [54, 66, 68].

A similar trend in the cellulase activity but on a shorter 
composting period has been reported by Jiang et al. [65], 
with a peak on the  4th day on the total 24 days of com-
posting of sewage sludge and saw dust at a ratio of 4:1 
(w/w fresh weight). Moreover, their addiction of “garbage 
enzymes” obtained through the composting of kitchen 
wastes increased the relative abundance of bacteria of the 
phylum Firmicutes during the thermophilic phase, with 
a significant enhancement of cellulase activity. Instead, 
during the thermophilic phase of the composting of 



Page 11 of 22Finore et al. Chem. Biol. Technol. Agric.            (2023) 10:7  

sludge and corn straw done by Ma et al. [57], between the 
5th and the 7th day of the total 11 days of the process, the 
cellulase activity mostly associated to Bacillus sp. gradu-
ally increased at 250 µg  g−1  min−1. It did not reach a peak 
in this phase probably because of the high cellulose con-
tent of the substrate, allowing further cellulase produc-
tion in the following phase: the authors highlighted that 
since cellulose is a moderately refractory organic mat-
ter, its degradation mainly happens in the middle and 
late phases of composting. A comparable increase in the 
cellulase activity, even in this case associated to Bacil-
lus sp., has been reported by Du et  al. [68] in the mid-
dle of the thermophilic phase, nevertheless with a peak 
at the end of the 11 days process, probably because cel-
lulase is a complex polysaccharide, and microorganisms 
need to gather enough nutrients to decompose it, with 
a subsequent production of cellulases later in the pro-
cess. Additionally, the authors differentiated the activity 
of β-glucosidase, again associated mainly to Bacillus sp. 
which was higher at the beginning of composting until 
the start of the thermophilic phase.

Siu-Rodas et  al. [61] isolated three strains of Bacil-
lus subtilis from the thermophilic phase of composting, 
namely A-, M- and N-SRETCR, that showed endo- and 

exo-cellulase activity at acid pH (4.8 and 5.8, respec-
tively), with potential applications in animal foods, fruit 
juice extraction and clarification and paper bleaching 
industries, and basic pH (9.3), suitable for applications in 
paper and detergent industries. Additionally, the cellulase 
from the strain A-SRETCR showed a higher activity at 
60 °C. During the 44 weeks composting of textile waste, 
Biyada et al. [49] detected different bacterial genera, such 
as Devosia, Flavobacterium, Pseudoxanthomonas, Pseu-
domonas, and Achromobacter, with cellulase and xyla-
nase activities associated to the thermophilic phase. The 
authors related the high concentration of cellulolytic bac-
teria during this phase to the high temperature itself that 
could have assisted the degradation of cellulose.

The composting process of 25 days of chicken manure 
and rice husk in two different C/N ratios, namely 9.61 
and 17.3, has been researched in H. Liu et  al. [58], and 
the latter was found more suitable, with an increase in 
the relative percentage of Bacillus sp. also during the 
thermophilic phase. The authors related this abundance 
to cellulase and β-glycosidase activities, leading to a pro-
longed thermophilic phase (from the  3rd to the  16th day) 
and a fast and broad degradation of cellulose and hemi-
cellulose with respect to the compost with 9.61 C/N 

Table 3 Cellulases, hemicellulases and lignin-modifying enzymes of composting, duration of thermophilic phase, prominent bacterial 
species, and type of compost

Enzyme Thermophilic phase Prominent bacteria Compost type Refs.

Cellulase 4th–12th week/24 Bacillus nealsonii 104C Agricultural residue/sawdust 97:3 and 15:85 [54]

Not specified Bacillus subtilis A-, M- and N-SRETCR Coffee residues/cow manure 3:1 (v/v) [61]

9th–28th week/44 Devosia, Flavobacterium, Pseudoxanthomonas, Pseu-
domonas, and Achromobacter

Textile waste [20]

4 days/24 Firmicutes Sewage sludge/saw dust 4:1 (w/w) [65]

4th–7th day/11 Mostly Bacillus sp. Sludge/corn straw 3:1 (w/w) [57]

3rd–16th day/25 Mostly Bacillus sp. Chicken manure/rice husk (17.3 C/N) [58]

5th–22nd day/39 Nonomuraea sp., Virgibacillus sp. Cow manure, mushroom residue, sawdust [59]

From 6 to 26 days/31 Firmicutes, Proteobacteria Food waste [15]

2nd–7th day/11 Bacillus sp. Sewage sludge/sawdust/ biochar [68]

β-glucosidase 2nd–4th week/24 Bacillus nealsonii 104C Agricultural residue/sawdust 97:3 and 15:85 [54]

4th–16th day/25 Stenotrophomonas, Bacillus Mulberry branches/cow dung 3:7 (w/w) [23]

2nd–7th day/11 Bacillus sp. Sewage sludge/sawdust/ biochar [68]

Xylanase 4th–12th week/24 Paenibacillus validus 1VC Agricultural residue/sawdust 97:3 and 15:85 [54]

4th–16th day/25 Stenotrophomonas, Bacillus; Stenotrophomonas, Sinibacil-
lus

Mulberry branches/cow dung 3:7 (w/w); 
mulberry branches/ silkworm excrement 1:9 
(w/w)

[23]

3rd–16th day/25 Bacillus sp. Chicken manure/rice husk (17.3 C/N) [58]

9th–28th week/44 Devosia, Flavobacterium, Pseudoxanthomonas, Pseu-
domonas, and Achromobacter

Textile waste [20]

11 days/180 Firmicutes Tomato plant waste/pine chips 1:1 (w/w) [70]

Ligninase 2nd–4th week/24 Paenibacillus koreensis 12C; Paenibacillus validus 1VC Agricultural residue/sawdust 97:3 and 15:85 [54]

Peroxidase 4th–7th day/11 Bacillus sp. Sludge/corn straw 3:1 (w/w) [57]

2nd–7th day/11 Bacillus sp. Sewage sludge/sawdust/ biochar [68]
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ratio, highlighting a critical role in the progressing of the 
composting itself. The cellulase activity peaked on the  3rd 
day, measuring 11 U  g−1, while the β-glycosidase reached 
a high value later in the composting process, being meas-
ured 3.80 U  g−1 during the same day. A similar trend has 
been highlighted in the already cited study of industrial-
scale composting of food waste by Zhang et al. [15]. The 
authors reported a high cellulase activity at the beginning 
of the process and then entering the thermophilic phase, 
followed by a decrease of its activity with the increase of 
the temperature in the second half of the thermophilic 
phase. Even in the already mentioned composting pro-
cess studied by Qiao et al. [59], the authors reported an 
increase of the cellulase activity during the thermophilic 
phase, measured at 14.03 U  g−1. This resulted in an effi-
cient decrease of cellulose of 78.9%, 64.6% and 61.6% at 
the end of the overall 39–days process for the three piles 
of compost considered (cow manure, mushroom residue, 
and sawdust, respectively). Additionally, they reported 
that the β-glycosidase activity decreased through the 
composting, measured at 16.39 U  g−1 during the thermo-
philic phase, being related to the presence of substrates 
that could be readily metabolized.

Depending on the composting materials used, Liu et al. 
[23] reported different predominant enzymatic activities 
during the thermophilic phase (from day 4 to day 16 of 
the total 25 days), when the degradation of organic matter 
mainly happens. Specifically, the highest β-glucosidase 
and endo-glucanase activities have been measured for 
the composting of mulberry branches and cow dung (3:7 
w/w), 1.31 and 17.15  μg   g−1   min−1, respectively, while 
the activity of exo-glucanase and xylanase were higher in 
composting of mulberry branches and silkworm excre-
ment (1:9 w/w) and again in the mulberry branches and 
cow dung compost.

The xylanase activity in the above-mentioned work by 
Hemati et  al. [54] had a similar trend to the one of cel-
lulase in the same work, with the highest activity at the 
end of the thermophilic phase, when the high tempera-
ture determines changes in the polymers, and it has been 
associated to the Paenibacillus validus 1VC isolate. On 
the contrary, the xylanase activity described in the com-
posting of chicken manure and rice husk researched by 
H. Liu et al. [48] had a peak at the beginning of the pro-
cess and another peak in the middle of the thermophilic 
phase, being 25.4∙103 U  g−1 on the 9th day over the total 
25 days. The composting of tomato plant waste and pine 
chips over the course of 6 months in the research done 
by López et al. [70] resulted in a thermophilic phase that 
lasted for 11 days, and the authors isolated bacteria with 
xylanase activity, mostly belonging to the phylum Firmi-
cutes. Given their wide thermostability, the authors sug-
gested as they could have a key role in the degradation 

of cellulose and hemicellulose during the composting 
process.

Hemati et al. [54] detected an enzymatic activity gener-
ally called ligninase, with the highest activity in the ther-
mophilic phase and they associated it with Paenibacillus 
koreensis 12C and Paenibacillus validus 1VC from the 
2nd to the 4th week of the total 24 weeks of composting. 
In the cited work by Ma et al. [57], the authors described 
a peroxidase related to lignin and to other refractory 
organic matter degradation, with a high activity during 
the thermophilic phase and a peak of 192.50 μmol  h−1  g−1 
on the 7th day of the total 11 days of composting. A per-
oxidase activity strongly associated to Bacillus sp. has 
been described also in J. Du et al., [68], with an increase 
through the composting process, and pointing at a high 
lignin degradation only at the end of it.

Du et  al. [60] studied the addition of exogenous 
enzymes on the thermophilic composting of wildlife 
manure. The treatment with 0.1% of the enzymatic com-
plex composed of cellulase 10,000 U  g−1, xylanase 20,000 
U  g−1, β-glucanase 5000 U  g−1 and pectinase 1000 U  g−1 
resulted in an improvement of the compost maturity, 
with an increase of duration of temperatures over 60  °C 
(33 over 38 days of total composting) during the thermo-
philic phase. The authors suggested that the ligninolytic 
enzymes improved microbial activity, thus promoting the 
elimination of organic micro-pollutants and pathogens 
through a favorable thermophilic phase. Moreover, they 
reported predominant relative abundance of Firmicutes 
and of Actinobacteria during the first and the latter half 
of the thermophilic phase, respectively. A conceptually 
opposite experiment has been performed in the work by 
Li et  al. [69], where the authors studied the impacts of 
microbial inoculation screened from a high-temperature 
compost on the activity of the enzymes during the com-
posting itself. The addiction of 1.0% of liquid inoculum 
of Acinetobacter pittii, Bacillus subtilis subsp. Stercoris, 
and Bacillus altitudinis in the compost of pig manure 
and corn straw (6:1 w/w) determined an increase of cel-
lulase activity with respect to the untreated composting 
process, being 2.40 against 2.02  mg glucose  g−1 24   h−1, 
respectively, on the 24th day of composting of the total 
32 days, during the thermophilic phase.

Esterases
Aside from the activities usually considered by most 
researchers, there are also papers which focus on other 
enzymes, such as esterases, giving insight on their activ-
ity through the composting process and during the ther-
mophilic phase.

Esterases catalyze the hydrolysis of an ester group, with 
the release of the esterified acid [72]. Phosphatases are 
related to the phosphorus cycle, being able to catalyze the 
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hydrolysis of phospholipids, with the release of free phos-
phorus, which is assimilated by microorganisms [15, 54].

Table 4 reports works from the literature with esterase 
activities found during the composting process, with the 
duration of the thermophilic phase, the most prominent 
bacterial species during that period and the composition 
of the compost.

Zhang et al. [15] selected an alkaline phosphatase, com-
patible with the pH of the industrial food-waste compost 
considered, ranging from 7.5 to 8.5. In the composting 
processes, the enzyme showed an increasing activity in 
the first half of the thermophilic phase, with a decrease 
in the latter one; however, in the process with the higher 
aeration frequency, the phosphatase activity was not 
maintained during the thermophilic phase. Hemati et al. 
[54] reported about an alkaline phosphomonoesterase, 
whose activity slightly increased during the first two 
weeks of the thermophilic phase, and then decreased 
until the end of this phase. In the high lignin compost-
ing, the highest activity has been associated to Bacillus 
nealsonii 104C in the 4th week. The composting experi-
ment performed by Li et  al. [69] with pig manure and 
corn straw showed a continuous decrease of an alkaline 
phosphatase during the process, however with a positive 
correlation with Rummeliibacillus pycnus, of the phylum 
Firmicutes. An alkaline and an acid phosphatase have 
been distinguished in H. Liu et  al. [58], both showing a 
decreasing trend in the activity through the composting 
process, with an activity in the pile of chicken manure/
rice husk (17.3 C/N) measured at 46.0 and 0.97 U  g−1, 
respectively, on the  9th day of composting, in the mid-
dle of the thermophilic phase. On a more generic level, 
bacterial isolates from manure compost in Charbonneau 
et  al. [55] related to Geobacillus thermodenitrificans, 
strains CMB-A1, A2, A3, A7 and A10, showed a ther-
motolerant esterase activity at 60–65  °C on tributyrin 
and olive oil. Additionally, in the same work the authors 
noted a high lipolytic activity for Aneurinibacillus ther-
moaerophilus strain CMB-C1 and for Bacillus smithii, 
from pH 5–9 and pH 5–7, respectively.

In conclusion, different thermostable enzymes can 
be obtained from thermophilic bacteria isolated from 

composting processes, mainly hydrolytic and oxidore-
ductase activities, and they could have biotechnologi-
cal and industrial applications. Their succession during 
the composting process regulates the decomposition of 
organic substances. For example, protease and urease 
activities are found at the beginning of the process, with a 
general decrease during the thermophilic phase with the 
accumulation of ammonia. The progressing of compost-
ing mostly related to lignocellulolytic thermophilic bacte-
ria, whose cellulase, hemicellulases and lignin-modifying 
enzymes work synergistically to degrade lignocellulose, 
a major fraction in most organic waste. The degrada-
tion of cellulose has been reported in different periods 
of the thermophilic phase. Even lignin-related enzymes 
and esterases discussed in research have a prominent 
activity during this phase. The characteristics of resist-
ance to high temperature and high or low pH sometimes 
reported for these enzymes are of great interest for their 
technological potential, being suitable for industrial pro-
cesses where mesophilic enzymes could fail.

Composition and diversity of the microbial 
community during composting by metagenomics 
approaches
Metagenomics is the study of genetic material extracted 
directly from environmental samples, which produces a 
profile of the microbial communities, opening an ideal 
window on the microbes present in a habitat and over-
coming the “pure-culture” paradigm [73]. This implies 
that the metagenomics studies focus on a whole micro-
biota, with reference to all microbial species ranging 
from the ecological community of commensal to symbi-
otic and pathogenic strains of a peculiar niche. The term 
metagenomics, coined in 1998 by Handelsman et al. [74], 
it has been recently redefined by Chen and Pachter as 
“the application of modern genomics technique without 
the need for isolation and laboratory cultivation of indi-
vidual species” [75]. In fact, these studies revealed that 
usually less than 1% of microorganisms from natural 
sources could be cultivated under laboratory conditions 
[76], and that the uncultured species not only consti-
tute a major part of the microbial communities, but they 

Table 4 Esterases involved in composting, duration of thermophilic phase, prominent bacterial species, and type of compost

Enzyme Thermophilic phase Prominent bacteria Compost type Refs.

Phosphatase From 6 to 26 days/31 Firmicutes, Proteobacteria Food waste [15]

2nd–4th week/24 Bacillus nealsonii 104C Agricultural residue/sawdust 97:3 and 15:85 [54]

23 days/32 Rummeliibacillus pycnus Pig manure/corn straw 6:1 (w/w) [69]

3rd–16th day/25 Actinobacteria, Bacilli Chicken manure/rice husk (17.3 C/N) [58]

Esterase Not specified Geobacillus thermodenitrificans CMB-
A1, A2, A3, A7 and A10

Manure compost [55]
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could also perform key functions in ecological processes. 
Therefore, despite that metagenomics is a relatively new 
but fast-growing field within biology, it is intended to be 
a priority analysis for the purpose of acquiring knowl-
edge on genomes of environmental microbes, as well as 
of entire microbial communities. Metagenomics analy-
sis targeting total DNA isolated from the environment 
or from animal sources could be performed using two 
types of approaches, being “Sequencing metagenomics 
or sequencing-based metagenomics” and “Functional 
metagenomics or function-based metagenomics”. The 
first, through (1) Target oriented method or DNA meta-
barcoding and (2) Total metagenome method or shotgun 
metagenomics, allows the characterization of a micro-
bial community in terms of taxonomic composition 
and the prediction of functional diversity. The second is 
aimed at the discovery of new genes encoding enzymatic 
activities of biotechnological interest, and to assess the 
functional activities and ecological roles of particular 
microorganisms.

The biological decomposition of organic matter is espe-
cially due to the presence of thermophilic and mesophilic 
microorganisms, and bacterial phyla including Bacteroi-
detes, Actinobacteria Proteobacteria and Firmicutes are 
usually found in the composting process [77]. The succes-
sion of microbial communities is the key for an efficient 
and a profitable process, influencing the quality and the 
maturity of compost and the rate of biodegradation [78]. 
In a standard composting process, the aerobic microbial 
metabolism leads to temperature increases above 50  °C, 
followed by high temperatures that are maintained until 
most biodegradable materials are completely digested. 
Then, the material slowly cools down as well as the 
microbial activity, and the organic matter stabilizes [79]. 
The resident microbial community includes mesophilic 
and thermophilic bacteria and fungi which continuously 
fit to the changing nutrient supply and which alter the 
environmental conditions. Moreover, since fungi were 
not detected in a composting sample with temperature 
above 65 °C, it was suggested that bacteria are the domi-
nant degraders and the main responsible of the recycling 
of the organic wastes in thermophilic phase of compost-
ing processes, while fungi play a functional role during 
the cooling and curing phases.

The types of raw materials and the operations of the 
composting process would give different microbial com-
munities. Overall, the genera Pseudomonas, Acinetobac-
ter, Steroidobacter, Bacilli and Sphingobacterium were the 
most abundant genera in rice straw, sugar cane bagasse, 
and coffee hulls composting processes with addition of 
cow manure [22]. In sludge and cattle dung composting, 
Ureibacillus, Tepidimicrobium, Kribbella and Bordetella 
were reported to be the dominant ones [80], while in 

maize straw composting processes, Sporosarcina, Bacil-
lus, Cellvibrio, Devosia and Cellulomonas were the most 
abundant [81].

Therefore, to improve the quality of compost and 
to shorten the duration of the process modulating the 
functional microbes within the procedure, it is required 
to investigate the microbial communities, their interac-
tion, and their response to physico-chemical properties 
of compost, such as temperature, moisture content, C/N 
ratio, water content, aeration, and other factors. Moreo-
ver, because composting is considered an interesting and 
potential source of novel thermophilic microorganisms 
and a biotechnologically source of new thermozymes 
useful for industrial applications, the metagenomics 
and metatranscriptomics tools are valuable approaches 
to study these microorganisms and their metabolism. 
Therefore, these microorganisms and enzymes could be 
employed in biomass valorization, green processes, and 
sustainable transformation [78], as well as being help-
ful in the characterizations of the bioprocess itself [24]. 
These microorganisms have a crucial role in the global 
carbon cycle and act as sources of biochemical catalysts 
for advanced biofuels production [82].

Wang et  al. [82] used a metagenomic analysis of the 
rice straw-adapted (RSA) microbial consortia enriched 
from compost ecosystems to elucidate the systematic and 
functional properties of this microbiome. The authors 
employed high-throughput 16S rRNA gene pyrose-
quencing and phylogenetic classification, the analysis 
of the 16S pyrotag library, and 5 Gbp of metagenomic 
sequence beside the DNA library construction and 
sequencing. They showed that the phylum Actinobacte-
ria was the predominant group among the Bacteria in the 
RSA consortia, followed by Proteobacteria, Firmicutes, 
Chloroflexi, and Bacteroidetes. The Carbohydrate Active 
EnZyme (CAZyme) profile revealed that CAZyme genes 
in the RSA consortia were also widely distributed within 
these bacterial phyla. About 46.1% of CAZyme genes 
were from actinomycetal communities, which included 
cellobiohydrolase, β-glucosidase, acetylxylan esterase, 
arabinofuranosidase, pectinlyase, and ligninase genes. 
The presence of this distinct repertoire of CAZyme genes 
in the RSA consortia suggests a synergistic system effi-
cient in the processing and metabolizing of carbohy-
drates in the compost habitats based on lignocellulosic 
biomass.

In another study, Tian et  al. [21] described the com-
posting experiments conducted using dairy manure and 
rice chaff as starting materials of the process, in the Lian 
Ye composting plant (Jiang Yin, China). This study pro-
vided an improved understanding of the bacterial com-
position and dynamics during the composting process 
since a large number of clones were analyzed and a high 
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coverage value of each clone library was obtained. The 
experimental procedure implied the construction of four 
16S rRNA gene clone libraries from compost samples 
taken at fixed days as 0, 12, 42 and 112, and about eight 
hundred randomly selected clones were sequenced. The 
results showed that the microbial communities varied 
significantly during the process. Firmicutes and Proteo-
bacteria were the two most abundant phyla at all stages 
of sampling. Bacteroidetes and Chloroflexi resulted as 
ubiquitous, while the phylum Actinobacteria was preva-
lent only at the thermophilic stage (day 42) in which 
most of sequences fell into the genus Arthrobacter. The 
authors registered that a short variation in bacterial 
diversity at the phylum and genus levels was checked 
as the composting process went on, contrary to what 
happened at the level of the species that instead, varied 
greatly. In addition, the candidate phylum BCR1 (Bacte-
rial rice cluster 1) was originally revealed by phylogenetic 
analysis of 16S rRNA genes amplified from anoxic bulk 
soil of flooded rice microcosms and found by molecular 
methods in diverse environments (soils, activated sludge, 
anaerobic digesters and wastewater treatment reactors, 
marine and freshwater sediments, geothermal springs), 
and sequences belonging to it were recorded also in the 
Lian Ye composting plant. In conclusion, the lower bacte-
rial diversity at the species level was found at the ther-
mophilic stage of process. In contrast, a high level of 
mesophilic bacterial diversity was observed in the cured 
compost.

In a recent paper, Zhong et  al. [22] studied the 
dynamic changes in structure and potential function 
of microbial population during dairy manure com-
posting process. The bacterial community dynam-
ics and diversity were monitored throughout the 
composting processes by the Illumina MiSeq platform 
for high-throughput sequencing. Potential function of 
bacterial community was predicted by advanced bio-
informatics tools (e.g., co-occurrence network analysis 
and PICRUSt). Although the highest alpha diversity 
was observed in the initial samples, most of the species 
were not functional microbes for the composting reac-
tion because a self-purification mechanism appears in 
order to eliminate the undesired microbes and devel-
ops the microbial community able to degrade the raw 
material. The evolution of bacterial community during 
composting was observed, and a total of 21 phyla were 
detected throughout the dairy manure composting pro-
cess, with Proteobacteria, Firmicutes, Bacteroidetes, 
Actinobacteria, Chloroflexi, and Planctomycetes as the 
dominant. In the initial phases of composting, genera 
from Firmicutes and Actinobacteria such as Corynebac-
terium, Clostridium sensu stricto, Clostridium XI, Rom-
boutsia and Turicibacter, were significantly higher. 

Corynebacterium, Clostridium, Romboutsia and Turici-
bacter have been reported to be the dominant species 
in raw dairy manure. In addition, other genera such as 
Bacillus and Geobacillus from the phylum Firmicutes, 
were found in the thermophilic phase of composting 
and they are generally considered relevant thermo-
philic decomposers. In the cooling phase, the relative 
abundance of the phylum Proteobacteria was signifi-
cantly predominant and at the genus level, Chelatococ-
cus, Filomicrobium, Chelativorans, Kofleria, Azomonas, 
Povalibacter and Luteimonas were identified as indica-
tors for this phase. Moreover, the genera Thermobifida 
and Thermomonospora affiliating to Actinobacteria 
were also found in the cooling phase. Other dominant 
Actinobacteria, such as Mycobacterium, Nonomuraea 
and Actinomadura had significantly higher relatively 
abundance in maturation phase. The phylum Bacteroi-
detes was dominant in the cooling phase while the phy-
lum Planctomycetes was dominant in the maturation 
step. Regarding the function profile, PICRUSt indicated 
that the bacterial metabolism changed as the compost-
ing progressed, suggesting that a specific metabolic 
function was required in different composting steps. 
These findings will provide significant information for 
a better understanding of the function and the struc-
ture of microbial community during the composting 
ecosystem.

Even in the case of food processes that have suffered 
an error during the line of production, the resulted waste 
can be used in the composting processes for the recov-
ery of organic material. This is the case described by 
Papale et al. [83], in which waste biomass coming from a 
local coffee company, which supplied burnt ground cof-
fee after an incorrect roasting process, was employed as 
a biomass to be used in the composting plan. Genomic 
and predictive metabolic analysis of the 16S rRNA V3–
V4 amplicon and culture-dependent analysis were both 
used to identify the main microbial factors that charac-
terized the composting process. The abundance of the 
Bacillales order (phylum Firmicutes) indicated a shift 
from the mesophilic to the thermophilic phase of the 
composting processes, confirming the ability to degrade 
coffee constituents, such as cellulose and hemicellulose, 
by members of Bacillales. The finding of archaeal compo-
nent dominated by ammonia-oxidizing Archaea (AOA) 
within Thaumarchaeota, led to suppose that ammonifica-
tion (a process in which ammonium can be released from 
organic nitrogen when present in the fresh substrates) 
could be a prevalent process in the early thermophilic 
phase of the ground coffee compost.

Next-generation sequencing and amplification of 16S 
rRNA and Internal Transcribed Spacer (ITS) gene ampli-
cons genomic regions of bacteria and fungi, respectively, 
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were employed to analyse the DNA extracted from textile 
waste compost samples taken both at mesophilic (week 
9) and thermophilic phases (week 28) of the process [20]. 
It was observed that Proteobacteria, Bacteroidetes, and 
Actinobacteria were the dominant bacterial phyla present 
in the mesophilic phase, but they did not find them in the 
thermophilic phase. Composting of textile waste exhib-
ited a sustained thermophilic profile (above 55  °C) that 
usually precludes fungal activity. Nonetheless, the pres-
ence of fungi at the thermophilic phase was observed. In 
particular, the phyla Rozellomycota, Basidiomycota, and 
Ascomycota were recorded both in mesophilic and in 
thermophilic steps.

To summarize, depending on the raw materials and the 
operations of the composting process, different microbial 
communities can arise, each characterized by different 
internal interaction and response to physico-chemical 
properties. As a direct consequence, the application of 
metagenomics to study these microorganisms. The func-
tional metagenomics essentially applies two different 
methodological approaches, being the Sequencing-based 
approach and the Functional-based screening, and both 
constitute the most important way to discover novel 
extremozymes useful for industrial purposes.

Although molecular techniques are of increasing usage 
in the elucidation of microbial community, the isola-
tion of microorganisms remains an essential task both 
to relate taxonomic and metabolic diversity of organisms 
and to recover relevant species as purified microorgan-
ism for further use. In fact, composting ecosystem rep-
resents a rich source for the isolation of microorganisms 
that are useful, e.g., inoculants for composting and pro-
ducers of enzymes that hydrolyze polymers or degrade 
recalcitrant compounds. Despite the broad research in 
this field, the potential of this ecosystem for the discov-
ery of novel microorganisms and secondary metabolites 
is far from being fully exploited, especially considering 
that each process and raw materials may provide differ-
ent strains.

Composting example: recovery of olive oil waste 
in the LIFE TIRSAV PLUS project
In the EU producing countries, it takes place 70–75% of 
the world’s olive oil production, with 1,920,000 tn pro-
duced in the 2019/2020 olive-growing season (COI 2020 
data). Olive groves are located in nine EU Member States 
in the Mediterranean region and cover an area slightly 
lower than 5 million hectares. The environmental impact 
of the olive sector is partly linked to the production of 
oil mill waste (OMW): olive mill wastewater (OMWW) 
and olive pomace waste (OPW). OMW is also a valuable 
resource of compounds useful through their recovery 
and enhancement.

As part of the LIFE TIRSAV PLUS project (LIFE05 
ENV/IT/00845), it has been developed an industrial 
composting process able to recover all the waste from the 
olive sector to produce quality compost. The compost-
ing process developed is independent from the extrac-
tion systems in use at the mills, such as: the two-phase 
continuous cycle processes, whose products are olive 
oil and wet pomace, and the three-phase continuous 
cycle systems which produce olive oil, wastewater, and 
olive pomace. In addition, the flexibility of the TIRSAV 
PLUS composting system allows the recovery of different 
organic waste from other production chains within the 
same process. The physico-chemical characteristics of 
the oil mill waste need the definition of appropriate mix-
ing ratios between the various matrices used, due to their 
low total nitrogen content (0.96% on average) which is 
unbalanced compared to the total organic carbon values 
(60.45%) for the purposes of the controlled bio-oxidation 
process.

OMW is a relevant organic resource to be returned 
to agricultural soils, however composting technologies 
aimed at the recovery of these organic matrices have 
never become established in the olive oil industry due to 
the initial investment, the necessary management costs, 
and the expertise required. The composting process of 
TIRSAV PLUS is based on the combination of manage-
ment and process choices able to adapt to the territo-
rial and productive context in which the plant operates. 
The management solutions adopted in response to the 
problems highlighted are based on the centralization of 
composting activities within a single production area, 
meaning one plant for several mills. This choice allows to 
reduce management costs and ensures effective process 
control for a specialized operator.

The composting method developed by LIFE TIRSAV 
PLUS employs two plant solutions. The first is the Static 
Composting (SC), a static system which consists of a pre-
treatment phase, a slow ripening phase and eventually a 
refining phase. The second is the dynamic composting 
(DC), a dynamic system divided into a pre-treatment 
phase, a comparatively rapid ripening phase, and in the 
end a refining phase (Fig. 1).

The first phase of the process, common to both SC and 
DC systems, concerns the preparation of the mixtures to 
be started at composting. The choice of the composition 
of the mixtures depends on the composting system to be 
activated and on the substrate to be produced, i.e., mixed 
compost soil improver or green compost soil improver. 
The starting matrices were vegetation waters, virgin olive 
pomace, wet pomace, Pruning Residues (PR), lignocellu-
losic materials such as Sawdust, Bark and Shavings (SBS), 
and raw Wool Waste (WW). Table 5 shows some of the 
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experimental mixtures developed during the first phase 
of the TIRSAV PLUS process, indicated as A, B and C.

The mixing ratios aimed to obtain mixtures with phys-
ico-chemical characteristics as close as possible to the 
standard parameters required by an efficient composting 
process. The analytical values of the experimented mix-
tures A, B and C are reported in Table 6.

The pre-treatment phase, from a plant engineering 
point of view, consists of three stages: (1) the pruning 
residues shredding; (2) the mixing of olive pomace and 
vegetation water from three-stage continuous cycle mills 
(in the case of the two-stage extraction systems this step 
is not activated); and (3) the second-level mixing and 
homogenization of all matrices provided in the composi-
tion of the recipes (Fig. 2).

The mixtures produced in the pre-treatment phase are 
sent to the composting lines. The composting process 
consists of 4 phases, meaning mesophilic I, thermophilic, 
mesophilic II and maturation. As part of the LIFE TIR-
SAV PLUS project, two process lines have been created 
that refer to the DC and SC systems.

In the case of the DC System, it is structured in three 
combined phases (Fig. 3):

1. A single system solution in biocontainer for the mes-
ophilic I and thermophilic phases (accelerated bio-
oxidation). The duration of this phase varies from 14 
to 21 days and the process is entirely controlled by a 
Programmable Logic Controller (PLC) system that 
monitors temperature and humidity.

OMPW

OMWW

PR

SBS

WW

Mixing

DC
Process line

SC
Process line

Sifting compost Compost

Input Pre-treatment Compositing Compost refining Output

Fig. 1 Scheme of the composting process of the oil waste composting plant realized by the LIFE TIRSAV PLUS project. DC dynamic composting, 
OMPW olive mill pomace waste, OMWW olive mill wastewater, PR pruning residues, SBS Sawdust, bark, and shavings, SC static composting, WW 
wool waste

Table 5 Mixture composition for the composting processes A, B 
and C. OMWW: olive mill wastewater; OPW: olive pomace waste; 
OPWW: olive pomace wastewater

Proceedings Experimental mixtures

A B C

DC–SC DC SC

Additives (%) Residual pomace 
(OMWW, OPW, OPWW)

72.00 72.00 72.00

Pruning residues 11.25 8.5 14.00

Sawdust, bark, shavings 11.25 8.5 14.00

Wool waste 5.5 11.00 0.00

Table 6 Analytic characteristics of experimented mixtures

The values are related to dry substance

Lod limit of detection

Experimented mixtures

A B C

Moisture (%) 68.00 64.30 68.30

pH 5.36 5.39 5.25

CEs [dS(m)−1] 2.07 1.87 1.92

Salinity [meq(100 g)−1] 80.75 65.63 75.60

Ashes (%) 10.28 10.04 9.86

Total C (%) 44.86 44.98 45.07

Total N (%) 1.44 2.18 0.95

C/N ratio 31.26 20.60 47.69

Fat (%) 6.91 5.58 7.32

K (%) 2.72 1.91 3.06

Ca (%) 0.79 0.29 0.46

Mg (%) 0.18 0.14 0.15

Na (%) 0.36 0.61 0.27

Fe (mg  Kg−1) 24.43 12.17 15.40

Mn (mg  Kg−1) 62.12 32.04 55.78

Zn (mg  Kg−1) 44.29 50.72 28.70

Cu (mg  Kg−1) 16.76 15.27 85.44

Pb, Co, Ca, Cr (mg  Kg−1)  < lod  < lod  < lod
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2. A second phase where the material at the exit of the 
biocontainer is placed in heaps on panels with forced 
ventilation (mesophilic phase II) and covered with 
waterproof and breathable sheets. This phase lasts 
about 30 days, and the temperature is the controlled 
process parameter.

3. The third stage is the final ripening. It is managed in 
static and not ventilated heaps under roofing, and 
it does not require specific equipment except for 
a front loader for the periodic turning of the heaps. 
The duration of the final maturation period is vari-
able, and it depends on the type of mixtures, ranging 
from 50 to 60 days.

Instead, in the slow ripening line SC (Fig. 3), the pro-
cess can follow two alternative process lines. In the first, 
the mixture is loaded into aerated plastic containers (bins 
or big bags) and stored in a dry place. In the second line, 
the mixtures are placed in static heaps indoors, about 
2.5 m high, which are turned over periodically until com-
plete ripening. For both SC lines there is no automatic 
process control system but a manual and periodic tem-
perature measurement. The ripening time can be very 

long, ranging from 3 to 6 months, and the quality of the 
compost is not always optimal for any market due to the 
coarse size and the excessive dehydration. The SC process 
has been designed to significantly reduce the plant and 
the management costs, and to meet the needs of com-
panies interested in returning a mature compost in their 
own fields.

At the end of the maturation process, the compost is 
processed with a dimensional separation to eliminate 
the coarse elements, such as lignocellulosic residues not 
completely degraded, lumps of compact compost and 
impurities. The compost is stored in big bags, or it is 
given directly to companies for use in the field. The fine 
fraction (residues of lignocellulosic and lumps of com-
post) is reused for the preparation of the mixtures to be 
started at composting. The compost produced by the 
plant meets high-quality criteria, making it certifiable 
and usable in organic farming. The main analytical val-
ues of some of the soil improvers produced by the LIFE 
TIRSAV PLUS plants are shown in Table 7. The two com-
posts are classified according to the Italian legislation on 
fertilizers as mixed compost and green compost.

OMPW

OMWW

PR

SBS

WW

Mixing 

OMWW + OMPW

Pruning residues 
shredding Mixing II Composting

Fig. 2 Functional diagram of the pre-treatment phase. OMPW olive mill pomace waste, OMWW olive mill wastewater, PR pruning residues, SBS 
sawdust, bark, and shavings, WW wool waste

Active composting 
stage

Slow Curing

Pre-treatment

DC Process line

Curing I Curing II Sifting compost

SC Process line

Sifting compost

Fig. 3 Functional scheme of the phases of maturation DC and SC. SC static composting, DC dynamic composting
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To summarize, the composting method of oil residues 
developed by the LIFE TISAV PLUS project includes the 
preparation and the pretreatment of the starting mix-
tures, followed by the employment of two plant solutions, 
being the dynamic composting and the static compost-
ing. This results in an effective, flexible, and economical 
process which significantly reduces the environmental 
impact of the olive sector and contributes to the mainte-
nance of soil fertility, with the production of a high-qual-
ity compost.

Abbreviations
AOA  Ammonia-oxidizing archaea
ARDRA  Amplified ribosomal DNA analysis
BCR1  Bacterial rice cluster 1
CAZyme  Carbohydrate active enzyme
CEM  CO2 evolution method
DC  Dynamic composting
DD  Degradation
HB  Heat balance
HV  Heating value
HVM  Heating value method
ITS  Internal transcribed spacer
OC  Oxygen consumption
OMPW  Olive mill pomace waste
OMW  Oil mill waste
OMWW  Olive mill wastewater
OPW  Olive pomace waste
OPWW  Olive pomace wastewater
OSW  Organic solid waste
PLC  Programmable logic controller.PR: Pruning residues
RAPD  Randomly amplified polymorphic DNA
RSA  Rice straw-adapted
SBS  Sawdust, bark and shavings
SC  Static composting
TEM  Temperature method
WW  Wool waste

Acknowledgements
Not applicable.

Author contributions
Conceptualization, AP, IR, IF and BN; literature search, AP, AC, LR, IR, IF and PDD; 
data curation, AC, LR, AF and PDD; writing—original draft preparation, AP, 
AF, IF and AC; writing—review and editing, AP, IR, IF, AC and LR: supervision, 
AP, IF and BN; funding acquisition, AP, BN and AF. All authors have read and 
approved the final manuscript.

Funding
The present work was partially supported by Fondazione Giorgio Armani and 
LIFE TIRSAV PLUS project (LIFE05 ENV/IT/00845).

Availability of data and materials
The data presented in this study are available in the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All the authors gave their consent for publication of this article.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Institute of Biomolecular Chemistry (ICB), Consiglio Nazionale Delle Ricerche 
(CNR), Via Campi Flegrei 34, Pozzuoli, 80078 Naples, Italy. 2 Studio BAT-Biologia, 
Ambiente E Territorio, Via Civitella 25, 84060 Moio Della Civitella, Salerno, Italy. 
3 Department of Science and Technology, University “Parthenope”, Centro 
Direzionale–Isola C4, 80143 Naples, Italy. 

Received: 29 October 2022   Accepted: 11 January 2023

References
 1. Raj D, Antil RS. Evaluation of maturity and stability parameters of 

composts prepared from agro-industrial wastes. Bioresour Technol. 
2011;102:2868–73. https:// doi. org/ 10. 1016/j. biort ech. 2010. 10. 077.

 2. Shepherd MW, Liang P, Jiang X, Doyle MP, Erickson MC. Microbiological 
analysis of composts produced on South Carolina poultry farms. J Appl 
Microbiol. 2010;108:2067–76. https:// doi. org/ 10. 1111/j. 1365- 2672. 2009. 
04610.x.

 3. Gajalakshmi S. High-rate composting–vermicomposting of water hya-
cinth (Eichhornia crassipes, Mart. Solms). Bioresour Technol. 2002;83:235–
9. https:// doi. org/ 10. 1016/ s0960- 8524(01) 00216-4.

 4. Li D, Yuan J, Ding J, Wang H, Shen Y, Li G. Effects of carbon/nitrogen ratio 
and aeration rate on the sheep manure composting process and associ-
ated gaseous emissions. J Environ Manage. 2022;323:1–11. https:// doi. 
org/ 10. 1016/j. jenvm an. 2022. 116093.

 5. Singh J, Kalamdhad AS. Assessment of compost quality in agitated 
pile composting of water hyacinth collected from different sources. Int 
J Recycl Org Waste Agricult. 2015;4:175–83. https:// doi. org/ 10. 1007/ 
s40093- 015- 0097-z.

 6. Prasad R, Singh J, Kalamdhad A. Assessment of nutrients and stability 
parameters during composting of water hyacinth mixed with cattle 
manure and sawdust. Res J Chem Sci. 2013;3:70–7.

 7. Awasthi SK, Kumar M, Sarsaiya S, Ahluwalia V, Chen H, Kaur G, Sirohi 
R, Sindhu R, Binod P, Pandey A, Rathour R, Kumar S, Singh L, Zhang Z, 
Taherzadeh MJ, Awasthi MK. Multi-criteria research lines on livestock 
manure biorefinery development towards a circular economy: from the 
perspective of a life cycle assessment and business models strategies. J 
Clean Prod. 2022;341:1–20. https:// doi. org/ 10. 1016/j. jclep ro. 2022. 130862.

Table 7 Analytical values of the mixed and green compost soil 
improvers produced by the LIFE TIRSAV PLUS plants

DC dynamic composting, SC static composting

Mixed compost 
soil improver (DC)

Green compost 
soil improver 
(SC)

Average analytical values

 Moisture (%) 30.00 31.00

 pH 8.0 6.9

 Conductivity (ms/cm) 1.18 0.96

 Total organic carbon (% s.s.) 36.7 38.3

 Total nitrogen (% s.s.) 3.18 1.25

 Organic nitrogen (% Tot) 97.80 99.80

 C/N ratio 11.54 30.64

 Potassium (% s.s.) 1.60 1.11

 Phosphorus (% s.s.) 0.14 0.12

Microbiological analysis

 Salmonella spp. n.p n.p

 Escherichia coli MPN/g (p.f.) 0 0

https://doi.org/10.1016/j.biortech.2010.10.077
https://doi.org/10.1111/j.1365-2672.2009.04610.x
https://doi.org/10.1111/j.1365-2672.2009.04610.x
https://doi.org/10.1016/s0960-8524(01)00216-4
https://doi.org/10.1016/j.jenvman.2022.116093
https://doi.org/10.1016/j.jenvman.2022.116093
https://doi.org/10.1007/s40093-015-0097-z
https://doi.org/10.1007/s40093-015-0097-z
https://doi.org/10.1016/j.jclepro.2022.130862


Page 20 of 22Finore et al. Chem. Biol. Technol. Agric.            (2023) 10:7 

 8. Nemet F, Perić K, Lončarić Z. Microbiological activities in the composting 
process: a review. J Agric Environ Sci. 2021;8:41–53. https:// doi. org/ 10. 
1016/j. biort ech. 2018. 10. 020.

 9. Wainaina S, Awasthi MK, Sarsaiya S, Chen H, Singh E, Kumar A, Ravindran 
B, Awasthi SK, Liu T, Duan Y, Kumar S, Zhang Z, Taherzadeh MJ. Resource 
recovery and circular economy from organic solid waste using aerobic 
and anaerobic digestion technologies. Bioresour Technol. 2020;301:1–14. 
https:// doi. org/ 10. 1016/j. biort ech. 2020. 122778.

 10. Bhattacharya A, Pletschke BI. Thermophilic Bacilli and their enzymes 
in composting. In: Maheshwari D, editor. Composting for sustainable 
agriculture. Cham: Springer; 2014. p. 103–24.

 11. Gao M, Liang F, Yu A, Li B, Yang L. Evaluation of stability and maturity 
during forced-aeration composting of chicken manure and sawdust at 
different C/N ratios. Chemosphere. 2010;78:614–9. https:// doi. org/ 10. 
1016/j. chemo sphere. 2009. 10. 056.

 12. Awasthi MK, Sarsaiya S, Wainaina S, Rajendran K, Kumar S, Quan W, Duan 
Y, Awasthi SK, Chen H, Pandey A, Zhang Z, Jain A, Taherzadeh MJ. A criti-
cal review of organic manure biorefinery models toward sustainable cir-
cular bioeconomy: technological challenges, advancements, innovations, 
and future perspectives. Renew Sustain Energ Rev. 2019;111:115–31. 
https:// doi. org/ 10. 1016/j. rser. 2019. 05. 017.

 13. Neklyudov AD, Fedotov GN, Ivankin AN. Intensification of composting 
processes by aerobic microorganisms: a review. Appl Biochem Microbiol. 
2008;44:6–18. https:// doi. org/ 10. 1007/ s10438- 008- 1002-6.

 14. Golueke CG, Diaz LF. Potential useful products from solid wastes. Waste 
Manag Res. 1991;9:415–23. https:// doi. org/ 10. 1177/ 07342 42X91 00900 
159.

 15. Zhang S, Wang J, Chen X, Gui J, Sun Y, Wu D. Industrial-scale food waste 
composting: effects of aeration frequencies on oxygen consumption, 
enzymatic activities, and bacterial community succession. Bioresour 
Technol. 2021;320:1–10. https:// doi. org/ 10. 1016/j. biort ech. 2020. 124357.

 16. Dadi D, Daba G, Beyene A, Luis P, Van der Bruggen B. Composting 
and co-composting of coffee husk and pulp with source-separated 
municipal solid waste: a breakthrough in valorization of coffee waste. 
Int J Recycl Org Waste Agric. 2019;8:263–77. https:// doi. org/ 10. 1007/ 
s40093- 019- 0256-8.

 17. Antil RS, Raj D, Abdalla N, Inubushi K. Physical, chemical and biological 
parameters for compost maturity assessment: a review. In: Maheshwari 
DK, editor. Composting for sustainable agriculture. Cham: Springer; 2014. 
p. 83–101.

 18. Wang B, Wang Y, Wei Y, Chen W, Ding G, Zhan Y, Liu Y, Xu T, Xiao J, Li J. 
Impact of inoculation and turning for full-scale composting on core bac-
terial community and their co-occurrence compared by network analysis. 
Bioresour Technol. 2022;345:1–7. https:// doi. org/ 10. 1016/j. biort ech. 2021. 
126417.

 19. Karnchanawong S, Nissaikla S. Effects of microbial inoculation on 
composting of household organic waste using passive aeration bin. 
Int J Recycl Org Waste Agric. 2014;3:113–9. https:// doi. org/ 10. 1007/ 
s40093- 014- 0072-0.

 20. Biyada S, Merzouki M, Dėmčėnko T, Vasiliauskienė D, Ivanec-Goranina R, 
Urbonavičius J, Marčiulaitienė E, Vasarevičius S, Benlemlih M. Microbial 
community dynamics in the mesophilic and thermophilic phases of 
textile waste composting identified through next-generation sequenc-
ing. Sci Rep. 2021;11:1–11. https:// doi. org/ 10. 1038/ s41598- 021- 03191-1.

 21. Tian W, Sun Q, Xu D, Zhang Z, Chen D, Li C, Shen Q, Shen B. Succession of 
bacterial communities during composting process as detected by 16S 
rRNA clone libraries analysis. Int Biodeterior Biodegradation. 2013;78:58–
66. https:// doi. org/ 10. 1016/j. ibiod. 2012. 12. 008.

 22. Zhong X-Z, Li X-X, Zeng Y, Wang S-P, Sun Z-Y, Tang Y-Q. Dynamic change 
of bacterial community during dairy manure composting process 
revealed by high-throughput sequencing and advanced bioinformatics 
tools. Bioresour Technol. 2020;306:1–10. https:// doi. org/ 10. 1016/j. biort 
ech. 2020. 123091.

 23. Liu Q, He X, Luo G, Wang K, Li D. Deciphering the dominant components 
and functions of bacterial communities for lignocellulose degradation at 
the composting thermophilic phase. Bioresour Technol. 2022;348:1–10. 
https:// doi. org/ 10. 1016/j. biort ech. 2022. 126808.

 24. He Y, Xie K, Xu P, Huang X, Gu W, Zhang F, Tang S. Evolution of microbial 
community diversity and enzymatic activity during composting. Res 
Microbiol. 2013;164:189–98. https:// doi. org/ 10. 1016/j. resmic. 2012. 11. 001.

 25. Barthod J, Rumpel C, Dignac M-F. Composting with additives to improve 
organic amendments: a review. Agron Sustain Dev. 2018;38:1–23. https:// 
doi. org/ 10. 1007/ s13593- 018- 0491-9.

 26. Zhou Y, Xiao R, Klammsteiner T, Kong X, Yan B, Mihai FC, Liu T, Zhang Z, 
Awasthi MK. Recent trends and advances in composting and vermicom-
posting technologies: a review. Bioresour Technol. 2022;360:1–13. https:// 
doi. org/ 10. 1016/j. biort ech. 2022. 127591.

 27. Shan G, Li W, Gao Y, Tan W, Xi B. Additives for reducing nitrogen loss dur-
ing composting: a review. J Clean Prod. 2021;307:1–15. https:// doi. org/ 10. 
1016/j. jclep ro. 2021. 127308.

 28. Abdellah YAY, Shi Z-J, Luo Y-S, Hou W-T, Yang X, Wang R-L. Effects of 
different additives and aerobic composting factors on heavy metal bio-
availability reduction and compost parameters: a meta-analysis. Environ 
Pollut. 2022;307:1–11. https:// doi. org/ 10. 1016/j. envpol. 2022. 119549.

 29. Awasthi MK, Duan Y, Awasthi SK, Liu T, Zhang Z. Influence of bamboo bio-
char on mitigating greenhouse gas emissions and nitrogen loss during 
poultry manure composting. Bioresour technol. 2020;303:1–10. https:// 
doi. org/ 10. 1016/j. biort ech. 2020. 122952.

 30. Awasthi SK, Duan Y, Liu T, Zhang Z, Pandey A, Varjani S, Awasthi MK, 
Taherzadeh MJ. Can biochar regulate the fate of heavy metals (Cu and 
Zn) resistant bacteria community during the poultry manure compost-
ing? J Hazard Mater. 2021;406:1–9. https:// doi. org/ 10. 1016/j. jhazm at. 2020. 
124593.

 31. Awasthi MK, Duan Y, Awasthi SK, Liu T, Chen H, Pandey A, Zhang Z, 
Taherzadeh MJ. Emerging applications of biochar: Improving pig manure 
composting and attenuation of heavy metal mobility in mature compost. 
J Hazard Mater. 2020;389:1–9. https:// doi. org/ 10. 1016/j. jhazm at. 2020. 
122116.

 32. Fan S, Li A, ter Heijne A, Buisman CJN, Chen WS. Heat potential, genera-
tion, recovery and utilization from composting: a review. Resour Conserv 
Recycl. 2021;175:1–15. https:// doi. org/ 10. 1016/j. resco nrec. 2021. 105850.

 33. Ajmal M, Aiping S, Uddin S, Awais M, Faheem M, Ye L, Rehman K, Ullah 
MS, Shi Y. A review on mathematical modeling of in-vessel composting 
process and energy balance. Biomass Convers Biorefin. 2022;12:4201–13. 
https:// doi. org/ 10. 1007/ s13399- 020- 00883-y.

 34. He P, Zhao L, Zheng W, Wu D, Shao L. Energy balance of a biodrying pro-
cess for organic wastes of high moisture content: a review. Dry Technol. 
2013;31:132–45. https:// doi. org/ 10. 1080/ 07373 937. 2012. 693143.

 35. Wang Y, Huang G, Zhang A, Han L, Ge J. Estimating thermal balance dur-
ing composting of swine manure and wheat straw: a simulation method. 
Int J Heat Mass Transf. 2014;75:362–7. https:// doi. org/ 10. 1016/j. ijhea tmass 
trans fer. 2014. 03. 083.

 36. de Bertoldi M, Vallini G, Pera A. The biology of composting: a review. 
Waste Manag Res. 1983;1:157–76. https:// doi. org/ 10. 1016/ 0734- 242X(83) 
90055-1.

 37. Strom PF. Identification of thermophilic bacteria in solid-waste compost-
ing. Appl Environ Microbiol. 1985;50:906–13. https:// doi. org/ 10. 1128/ 
aem. 50.4. 906- 913. 1985.

 38. Beffa T, Blanc M, Aragno M. Obligately and facultatively autotrophic, 
sulfur- and hydrogen-oxidizing thermophilic bacteria isolated from hot 
composts. Arch Microbiol. 1996;165:34–40. https:// doi. org/ 10. 1007/ s0020 
30050 293.

 39. Beffa T, Blanc M, Lyon PF, Vogt G, Marchiani M, Fischer JL, Aragno M. 
Isolation of Thermus strains from hot composts (60 to 80 °C). Appl Environ 
Microbiol. 1996;62:1723–7. https:// doi. org/ 10. 1128/ aem. 62.5. 1723- 1727. 
1996.

 40. Blanc M, Marilley L, Beffa T, Aragno M. Thermophilic bacterial communi-
ties in hot composts as revealed by most probable number counts and 
molecular (16S rDNA) methods. FEMS Microbiol Ecol. 1999;28:141–9. 
https:// doi. org/ 10. 1111/j. 1574- 6941. 1999. tb005 69.x.

 41. Blanc M, Marilley L, Beffa T, Aragno M. Rapid identification of hetero-
trophic, thermophilic, spore-forming bacteria isolated from hot com-
posts. Int J Syst Bacteriol. 1997;47:1246–8. https:// doi. org/ 10. 1099/ 00207 
713- 47-4- 1246.

 42. Zhang YC, Ronimus RS, Turner N, Zhang YI, Morgan HW. Enumeration 
of thermophilic Bacillus species in composts and identification with a 
random amplification polymorphic DNA (RAPD) protocol. Syst Appl 
Microbiol. 2002;25:618–26. https:// doi. org/ 10. 1078/ 07232 02026 05177 60.

 43. Dees PM, Ghiorse WC. Microbial diversity in hot synthetic compost as 
revealed by PCR-amplified rRNA sequences from cultivated isolates and 

https://doi.org/10.1016/j.biortech.2018.10.020
https://doi.org/10.1016/j.biortech.2018.10.020
https://doi.org/10.1016/j.biortech.2020.122778
https://doi.org/10.1016/j.chemosphere.2009.10.056
https://doi.org/10.1016/j.chemosphere.2009.10.056
https://doi.org/10.1016/j.rser.2019.05.017
https://doi.org/10.1007/s10438-008-1002-6
https://doi.org/10.1177/0734242X9100900159
https://doi.org/10.1177/0734242X9100900159
https://doi.org/10.1016/j.biortech.2020.124357
https://doi.org/10.1007/s40093-019-0256-8
https://doi.org/10.1007/s40093-019-0256-8
https://doi.org/10.1016/j.biortech.2021.126417
https://doi.org/10.1016/j.biortech.2021.126417
https://doi.org/10.1007/s40093-014-0072-0
https://doi.org/10.1007/s40093-014-0072-0
https://doi.org/10.1038/s41598-021-03191-1
https://doi.org/10.1016/j.ibiod.2012.12.008
https://doi.org/10.1016/j.biortech.2020.123091
https://doi.org/10.1016/j.biortech.2020.123091
https://doi.org/10.1016/j.biortech.2022.126808
https://doi.org/10.1016/j.resmic.2012.11.001
https://doi.org/10.1007/s13593-018-0491-9
https://doi.org/10.1007/s13593-018-0491-9
https://doi.org/10.1016/j.biortech.2022.127591
https://doi.org/10.1016/j.biortech.2022.127591
https://doi.org/10.1016/j.jclepro.2021.127308
https://doi.org/10.1016/j.jclepro.2021.127308
https://doi.org/10.1016/j.envpol.2022.119549
https://doi.org/10.1016/j.biortech.2020.122952
https://doi.org/10.1016/j.biortech.2020.122952
https://doi.org/10.1016/j.jhazmat.2020.124593
https://doi.org/10.1016/j.jhazmat.2020.124593
https://doi.org/10.1016/j.jhazmat.2020.122116
https://doi.org/10.1016/j.jhazmat.2020.122116
https://doi.org/10.1016/j.resconrec.2021.105850
https://doi.org/10.1007/s13399-020-00883-y
https://doi.org/10.1080/07373937.2012.693143
https://doi.org/10.1016/j.ijheatmasstransfer.2014.03.083
https://doi.org/10.1016/j.ijheatmasstransfer.2014.03.083
https://doi.org/10.1016/0734-242X(83)90055-1
https://doi.org/10.1016/0734-242X(83)90055-1
https://doi.org/10.1128/aem.50.4.906-913.1985
https://doi.org/10.1128/aem.50.4.906-913.1985
https://doi.org/10.1007/s002030050293
https://doi.org/10.1007/s002030050293
https://doi.org/10.1128/aem.62.5.1723-1727.1996
https://doi.org/10.1128/aem.62.5.1723-1727.1996
https://doi.org/10.1111/j.1574-6941.1999.tb00569.x
https://doi.org/10.1099/00207713-47-4-1246
https://doi.org/10.1099/00207713-47-4-1246
https://doi.org/10.1078/07232020260517760


Page 21 of 22Finore et al. Chem. Biol. Technol. Agric.            (2023) 10:7  

extracted DNA. FEMS Microbiol Ecol. 2001;35:207–16. https:// doi. org/ 10. 
1111/j. 1574- 6941. 2001. tb008 05.x.

 44. Ishii K, Fukui M, Takii S. Microbial succession during a composting process 
as evaluated by denaturing gradient gel electrophoresis analysis. J Appl 
Microbiol. 2000;89:768–77. https:// doi. org/ 10. 1046/j. 1365- 2672. 2000. 
01177.x.

 45. Schloss PD, Hay AG, Wilson DB, Walker LP. Tracking temporal changes of 
bacterial community fingerprints during the initial stages of compost-
ing. FEMS Microbiol Ecol. 2003;46:1–9. https:// doi. org/ 10. 1016/ S0168- 
6496(03) 00153-3.

 46. Peters S, Koschinsky S, Schwieger F, Tebbe CC. Succession of microbial 
communities during hot composting as detected by PCR–single-strand-
conformation polymorphism-based genetic profiles of small-subunit 
rRNA genes. Appl Environ Microbiol. 2000;66:930–6. https:// doi. org/ 10. 
1128/ AEM. 66.3. 930- 936. 2000.

 47. Rawat S, Johri BN. Role of thermophilic microflora in composting. In: 
Satyanarayana T, Littlechild J, Kawarabayasi Y, editors. Thermophilic 
microbes in environmental and industrial biotechnology. Dordrecht: 
Springer; 2013. p. 137–69.

 48. Székely AJ, Sipos R, Berta B, Vajna B, Hajdú C, Márialigeti K. DGGE and 
T-RFLP analysis of bacterial succession during mushroom compost pro-
duction and sequence-aided T-RFLP profile of mature compost. Microb 
Ecol. 2009;57:522–33. https:// doi. org/ 10. 1007/ s00248- 008- 9424-5.

 49. Sung MH. Geobacillus toebii sp. nov., a novel thermophilic bacterium iso-
lated from hay compost. Int J Syst Evol Microbiol. 2002;52:2251–5. https:// 
doi. org/ 10. 1099/ ijs.0. 02181-0.

 50. Poli A, Romano I, Caliendo G, Nicolaus G, Orlando P, de Falco A, Lama L, 
Gambacorta A, Nicolaus B. Geobacillus toebii subsp. decanicus subsp. Nov., 
a hydrocarbon-degrading, heavy metal resistant bacterium from hot 
compost. J Gen Appl Microbiol. 2006;52:223–34. https:// doi. org/ 10. 2323/ 
jgam. 52. 223.

 51. Poli A, Laezza G, Gul-Guven R, Orlando P, Nicolaus B. Geobacillus galactosi-
dasius sp. nov., a new thermophilic galactosidase-producing bacterium 
isolated from compost. Syst Appl Microbiol. 2011;34:419–23. https:// doi. 
org/ 10. 1016/j. syapm. 2011. 03. 009.

 52. Yang G, Chen M, Yu Z, Lu Q, Zhou S. Bacillus composti sp. nov. and Bacillus 
thermophilus sp. nov., two thermophilic, Fe(III)-reducing bacteria isolated 
from compost. Int J Syst Evol Microbiol. 2013;63:3030–6. https:// doi. org/ 
10. 1099/ ijs.0. 049106-0.

 53. Finore I, Gioiello A, Leone L, Orlando P, Romano I, Nicolaus B, Poli A. 
Aeribacillus composti sp. nov., a thermophilic bacillus isolated from olive 
mill pomace compost. Int J Syst Evol Microbiol. 2017;67:4830–5. https:// 
doi. org/ 10. 1099/ ijsem.0. 002391.

 54. Hemati A, Aliasgharzad N, Khakvar R, Khoshmanzar E, Asgari Lajayer B, 
van Hullebusch ED. Role of lignin and thermophilic lignocellulolytic 
bacteria in the evolution of humification indices and enzymatic activities 
during compost production. J Waste Manag. 2021;119:122–34. https:// 
doi. org/ 10. 1016/j. wasman. 2020. 09. 042.

 55. Charbonneau DM, Meddeb-Mouelhi F, Boissinot M, Sirois M, Beauregard 
M. Identification of thermophilic bacterial strains producing thermo-
tolerant hydrolytic enzymes from manure compost. Indian J Microbiol. 
2012;52:41–7. https:// doi. org/ 10. 1007/ s12088- 011- 0156-8.

 56. Zhu N, Gao J, Liang D, Zhu Y, Li B, Jin H. Thermal pretreatment enhances 
the degradation and humification of lignocellulose by stimulating ther-
mophilic bacteria during dairy manure composting. Bioresour Technol. 
2021;319:1–9. https:// doi. org/ 10. 1016/j. biort ech. 2020. 124149.

 57. Ma C, Jin H, Hu B, Liu N, Zhang K, Zhao J-H, Zhang H-Z. Changes in 
enzyme activity and bacterial succession during sewage sludge com-
posting. Nat Environ Pollut Technol. 2020;19:695–701. https:// doi. org/ 10. 
46488/ NEPT. 2020. v19i02. 024.

 58. Liu H, Huang Y, Wang H, Shen Z, Qiao C, Li R, Shen Q. Enzymatic activities 
triggered by the succession of microbiota steered fiber degradation and 
humification during co-composting of chicken manure and rice husk. J 
Environ Manage. 2020;258:1–9. https:// doi. org/ 10. 1016/j. jenvm an. 2019. 
110014.

 59. Qiao C, Ryan Penton C, Liu C, Shen Z, Ou Y, Liu Z, Xu X, Li R, Shen Q. Key 
extracellular enzymes triggered high-efficiency composting associated 
with bacterial community succession. Bioresour Technol. 2019;288:1–8. 
https:// doi. org/ 10. 1016/j. biort ech. 2019. 121576.

 60. Du G, Feng W, Cai H, Ma Z, Liu X, Yuan C, Shi J, Zhang B. Exogenous 
enzyme amendment accelerates maturity and changes microflora 

succession in horse and wildlife animal manure co-composting. 
Environ Sci Pollut Res. 2021;28:21610–20. https:// doi. org/ 10. 1007/ 
s11356- 020- 11568-4.

 61. Siu-Rodas Y, Calixto-Romo M de los A, Guillén-Navarro K, Sánchez JE, 
Zamora-Briseño JA, Amaya-Delgado L. Bacillus subtilis with endocellu-
lase and exocellulase activities isolated in the thermophilic phase from 
composting with coffee residues. Rev Argent Microbiol. 2018;50:234–43; 
doi: https:// doi. org/ 10. 1016/j. ram. 2017. 08. 005

 62. Miyatake F, Iwabuchi K. Effect of high compost temperature on enzy-
matic activity and species diversity of culturable bacteria in cattle manure 
compost. Bioresour Technol. 2005;96:1821–5. https:// doi. org/ 10. 1016/j. 
biort ech. 2005. 01. 005.

 63. Kong Z, Wang X, Wang M, Chai L, Wang X, Liu D, Shen Q. Bacterial ecosys-
tem functioning in organic matter biodegradation of different compost-
ing at the thermophilic phase. Bioresour Technol. 2020;317:1–12. https:// 
doi. org/ 10. 1016/j. biort ech. 2020. 123990.

 64. Bougnom BP, Boyomo O, Nwaga D, Essia Ngang JJ, Etoa FX. Compost: 
a tool to sustainable urban and peri-urban agriculture in Sub-Saharan 
Africa? In: Maheshwari D, editor. Composting for sustainable agriculture. 
Cham: Springer; 2014. p. 269–83.

 65. Jiang J, Wang Y, Yu D, Yao X, Han J, Cheng R, Cui H, Yan G, Zhang X, Zhu 
G. Garbage enzymes effectively regulated the succession of enzymatic 
activities and the bacterial community during sewage sludge compost-
ing. Bioresour Technol. 2021;327:1–10. https:// doi. org/ 10. 1016/j. biort ech. 
2021. 124792.

 66. Castaldi P, Garau G, Melis P. Maturity assessment of compost from munici-
pal solid waste through the study of enzyme activities and water-soluble 
fractions. Waste Manag. 2008;28:534–40. https:// doi. org/ 10. 1016/j. was-
man. 2007. 02. 002.

 67. Huang Y, Li D, Wang L, Yong C, Sun E, Jin H, Huang H. Decreased enzyme 
activities, ammonification rate and ammonifiers contribute to higher 
nitrogen retention in hyperthermophilic pretreatment composting. 
Bioresour Technol. 2019;272:521–8. https:// doi. org/ 10. 1016/j. biort ech. 
2018. 10. 070.

 68. Du J, Zhang Y, Qu M, Yin Y, Fan K, Hu B, Zhang H, Wei M, Ma C. Effects of 
biochar on the microbial activity and community structure during sew-
age sludge composting. Bioresour Technol. 2019;272:171–9. https:// doi. 
org/ 10. 1016/j. biort ech. 2018. 10. 020.

 69. Li C, Li H, Yao T, Su M, Li J, Liu Z, Xin Y, Wang L, Chen J, Gun S. Effects of 
microbial inoculation on enzyme activity, available nitrogen content, and 
bacterial succession during pig manure composting. Bioresour Technol. 
2020;306:1–12. https:// doi. org/ 10. 1016/j. biort ech. 2020. 123167.

 70. López MJ, Jurado MM, López-González JA, Estrella-González MJ, Martínez-
Gallardo MR, Toribio A, Suárez-Estrella F. Characterization of thermo-
philic lignocellulolytic microorganisms in composting. Front Microbiol. 
2021;12:1–13. https:// doi. org/ 10. 3389/ fmicb. 2021. 697480.

 71. Dhagat S, Jujjavarapu SE. Utility of lignin-modifying enzymes: a green 
technology for organic compound mycodegradation. J Chem Technol 
Biotechnol. 2022;97:343–58. https:// doi. org/ 10. 1002/ jctb. 6807.

 72. Gopalan N, Nampoothiri KM. Biotechnological production of enzymes 
using agro-industrial wastes. In: Dhillon GS, Kaur S, editors. Agro-industrial 
wastes as feedstock for enzyme production. San Diego: Elsevier; 2016. p. 
313–30.

 73. Handelsman J. Metagenomics: application of genomics to uncultured 
microorganisms. Microbiol Mol Biol Rev. 2004;68:669–85. https:// doi. org/ 
10. 1128/ MMBR. 68.4. 669- 685. 2004.

 74. Handelsman J, Rondon MR, Brady SF, Clardy J, Goodman RM. Molecular 
biological access to the chemistry of unknown soil microbes: a new 
frontier for natural products. Chem Biol. 1998;5:R245–9. https:// doi. org/ 
10. 1016/ S1074- 5521(98) 90108-9.

 75. Chen K, Pachter L. Bioinformatics for whole-genome shotgun sequenc-
ing of microbial communities. PLoS Comput Biol. 2005;1:1–7. https:// doi. 
org/ 10. 1371/ journ al. pcbi. 00100 24.

 76. Amann RI, Ludwig W, Schleifer KH. Phylogenetic identification and in situ 
detection of individual microbial cells without cultivation. Microbiol Rev. 
1995;59:143–69. https:// doi. org/ 10. 1128/ mr. 59.1. 143- 169. 1995.

 77. Antunes LP, Martins LF, Pereira RV, Thomas AM, Barbosa D, Lemos LN, 
Silva GMM, Moura LMS, Epamino GWC, Digiampietri LA, Lombardi KC, 
Ramos PL, Quaggio RB, de Oliveira JCF, Pascon RC, Cruz JB, Silva AM, 
Setubal JC. Microbial community structure and dynamics in thermophilic 

https://doi.org/10.1111/j.1574-6941.2001.tb00805.x
https://doi.org/10.1111/j.1574-6941.2001.tb00805.x
https://doi.org/10.1046/j.1365-2672.2000.01177.x
https://doi.org/10.1046/j.1365-2672.2000.01177.x
https://doi.org/10.1016/S0168-6496(03)00153-3
https://doi.org/10.1016/S0168-6496(03)00153-3
https://doi.org/10.1128/AEM.66.3.930-936.2000
https://doi.org/10.1128/AEM.66.3.930-936.2000
https://doi.org/10.1007/s00248-008-9424-5
https://doi.org/10.1099/ijs.0.02181-0
https://doi.org/10.1099/ijs.0.02181-0
https://doi.org/10.2323/jgam.52.223
https://doi.org/10.2323/jgam.52.223
https://doi.org/10.1016/j.syapm.2011.03.009
https://doi.org/10.1016/j.syapm.2011.03.009
https://doi.org/10.1099/ijs.0.049106-0
https://doi.org/10.1099/ijs.0.049106-0
https://doi.org/10.1099/ijsem.0.002391
https://doi.org/10.1099/ijsem.0.002391
https://doi.org/10.1016/j.wasman.2020.09.042
https://doi.org/10.1016/j.wasman.2020.09.042
https://doi.org/10.1007/s12088-011-0156-8
https://doi.org/10.1016/j.biortech.2020.124149
https://doi.org/10.46488/NEPT.2020.v19i02.024
https://doi.org/10.46488/NEPT.2020.v19i02.024
https://doi.org/10.1016/j.jenvman.2019.110014
https://doi.org/10.1016/j.jenvman.2019.110014
https://doi.org/10.1016/j.biortech.2019.121576
https://doi.org/10.1007/s11356-020-11568-4
https://doi.org/10.1007/s11356-020-11568-4
https://doi.org/10.1016/j.ram.2017.08.005
https://doi.org/10.1016/j.biortech.2005.01.005
https://doi.org/10.1016/j.biortech.2005.01.005
https://doi.org/10.1016/j.biortech.2020.123990
https://doi.org/10.1016/j.biortech.2020.123990
https://doi.org/10.1016/j.biortech.2021.124792
https://doi.org/10.1016/j.biortech.2021.124792
https://doi.org/10.1016/j.wasman.2007.02.002
https://doi.org/10.1016/j.wasman.2007.02.002
https://doi.org/10.1016/j.biortech.2018.10.070
https://doi.org/10.1016/j.biortech.2018.10.070
https://doi.org/10.1016/j.biortech.2018.10.020
https://doi.org/10.1016/j.biortech.2018.10.020
https://doi.org/10.1016/j.biortech.2020.123167
https://doi.org/10.3389/fmicb.2021.697480
https://doi.org/10.1002/jctb.6807
https://doi.org/10.1128/MMBR.68.4.669-685.2004
https://doi.org/10.1128/MMBR.68.4.669-685.2004
https://doi.org/10.1016/S1074-5521(98)90108-9
https://doi.org/10.1016/S1074-5521(98)90108-9
https://doi.org/10.1371/journal.pcbi.0010024
https://doi.org/10.1371/journal.pcbi.0010024
https://doi.org/10.1128/mr.59.1.143-169.1995


Page 22 of 22Finore et al. Chem. Biol. Technol. Agric.            (2023) 10:7 

composting viewed through metagenomics and metatranscriptomics. 
Sci Rep. 2016;6:1–13. https:// doi. org/ 10. 1038/ srep3 8915.

 78. Jurado M, López MJ, Suárez-Estrella F, Vargas-García MC, López-González 
JA, Moreno J. Exploiting composting biodiversity: study of the persistent 
and biotechnologically relevant microorganisms from lignocellulose-
based composting. Bioresour Technol. 2014;162:283–93. https:// doi. org/ 
10. 1016/j. biort ech. 2014. 03. 145.

 79. López-González JA, López MJ, Vargas-García MC, Suárez-Estrella F, Jurado 
M, Moreno J. Tracking organic matter and microbiota dynamics during 
the stages of lignocellulosic waste composting. Bioresour Technol. 
2013;146:574–84. https:// doi. org/ 10. 1016/j. biort ech. 2013. 07. 122.

 80. Lv B, Xing M, Yang J, Zhang L. Pyrosequencing reveals bacterial commu-
nity differences in composting and vermicomposting on the stabilization 
of mixed sewage sludge and cattle dung. Appl Microbiol Biotechnol. 
2015;99:10703–12. https:// doi. org/ 10. 1007/ s00253- 015- 6884-7.

 81. Wei H, Wang L, Hassan M, Xie B. Succession of the functional microbial 
communities and the metabolic functions in maize straw composting 
process. Bioresour Technol. 2018;256:333–41. https:// doi. org/ 10. 1016/j. 
biort ech. 2018. 02. 050.

 82. Wang C, Dong D, Wang H, Müller K, Qin Y, Wang H, Wu W. Metagenomic 
analysis of microbial consortia enriched from compost: new insights into 
the role of Actinobacteria in lignocellulose decomposition. Biotechnol 
Biofuels. 2016;9:1–17. https:// doi. org/ 10. 1186/ s13068- 016- 0440-2.

 83. Papale M, Romano I, Finore I, Lo Giudice A, Piccolo A, Cangemi S, Di Meo 
V, Nicolaus B, Poli A. Prokaryotic diversity of the composting thermophilic 
phase: the case of ground coffee compost. Microorganisms. 2021;9:1–19. 
https:// doi. org/ 10. 3390/ micro organ isms9 020218.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/srep38915
https://doi.org/10.1016/j.biortech.2014.03.145
https://doi.org/10.1016/j.biortech.2014.03.145
https://doi.org/10.1016/j.biortech.2013.07.122
https://doi.org/10.1007/s00253-015-6884-7
https://doi.org/10.1016/j.biortech.2018.02.050
https://doi.org/10.1016/j.biortech.2018.02.050
https://doi.org/10.1186/s13068-016-0440-2
https://doi.org/10.3390/microorganisms9020218

	Thermophilic bacteria and their thermozymes in composting processes: a review
	Abstract 
	Introduction
	Thermodynamics of the composting process
	Degradation method (DD)
	O2 consumption method (OC)
	Heat balance method (HB)
	CO2 evolution method (CEM)
	Temperature method (TEM)
	Heating value method (HVM)

	Thermophilic microorganisms isolated from compost samples
	Bacterial enzymatic activities in the thermophilic phase of composting
	Proteases and ureases
	Cellulases, hemicellulases and lignin-modifying enzymes
	Esterases

	Composition and diversity of the microbial community during composting by metagenomics approaches
	Composting example: recovery of olive oil waste in the LIFE TIRSAV PLUS project
	Acknowledgements
	References


