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Abstract

Background The management of the organic waste recycling process determines the interest in the thermophiles
microorganisms involved in composting. Although many microbial enzymes have been isolated and studied for their
industrial and commercial uses, there is still a continuous search for microorganisms which could synthesize industri-
ally feasible enzymes, especially when the microbial diversity of cow dung itself makes a potential source of biotech-
nological enzymes.

Results The composting process studied at the Experimental Station of the University of Naples Federico Il (Castel
Volturno, Caserta, Italy) was characterized by fresh saw dust 40%, bovine manure 58%, and 2% mature compost as
raw organic substrates, and its thermophilic phase exceeded a temperature of 55 °C for at least 5 days, thus achieving
sanitation. Six microbial strains were isolated and designated as follow: CV1-1, CV1-2, CV2-1, CV2-2, CV2-3 and CV2-4.
Based on 165 rRNA gene sequence, HRMAS-NMR spectroscopy, and biochemical investigations, they were ascribed
to the genera Geobacillus and Bacillus. All the microbial isolates were qualitatively screened on plates for the presence
of hydrolytic activities, and they were quantitatively screened in liquid for glycoside hydrolase enzymes in the extra-
cellular, cell-bound, and cytosolic fractions. Based on these results, strains CV2-1 and CV2-3 were also quantitatively
screened for the presence of cellulase and pectinase activities, and pH and temperature optimum plus thermostabil-
ity of cellulase from CV2-1 were analyzed.

Conclusions The isolation and the identification of these thermophilic microorganisms such as Geobacillus toebii,
Geobacillus galactosidasius, Bacillus composti, Bacillus thermophilus and Aeribacillus composti have allowed the study of
the biodiversity of compost, with emphasis on their primary metabolome through an innovative and underutilized
technique, that is HRMAS-NMR, also highlighting it as a novel approach to bacterial cell analysis. Subsequently, this
study has permitted the identification of enzymatic activities able to degrade cellulose and other polymeric sub-
strates, such as the one investigated from strain CV2-1, which could be interesting from an industrial and a biotechno-
logical point of view, furthermore, increasing the knowledge for potential applicability in different industrial fields as
an efficient and environmentally friendly technique.
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Introduction

Composting consists of a self-heating and aerobic pro-
cess in which organic waste materials are converted
into humus-like substances through a degradation con-
ducted by microorganisms and their enzymes.

Four main phases can be found in the composting pro-
cess: (1) degradation of organic matter characterized
by a rapid increase of temperature values (temperature
range: 10-42 °C; duration: 24-72 h), (2) the thermophilic
phase (45-70 °C; from several days to several weeks)
characterized by the metabolic activities of endogenous
microorganisms that are responsible of prolonged high
temperature values, (3) the third phase is characterized
by a reduction of the temperature and the re-establish-
ment of the heat resistant microorganisms (65-50 °C;
1-2 months), and (4) the finishing-curing phase (50—
23 °C; 1-4 months), in which occurs the stabilization
produced organic matter [1-3].

However, knowledge of the microbiology of this pro-
cess is limited, particularly concerning the thermophilic
microorganisms associated with degradation of organic
materials. Several novel species of thermophiles were
isolated and characterized in different phases of the com-
posting process, such as Thermus thermophilus [4], Geo-
bacillus toebii (5], Planifilum composti 6], Geobacillus
galactosidasius [7), Geobacillus thermodenitrificans and

Aneurinibacillus thermoaerophilus [8] and Aeribacillus
composti [9].

Thermophilic microorganisms (optimum growth tem-
perature of 50 °C or above) are among the most studied
extremophiles during the last four decades. They have
attracted great attention, because they represent an
underutilized and innovative source of novel thermo-
stable enzymes, extensively studied for their use as bio-
catalysts in the food, pharmaceutical, chemical, biofuels,
and textile industries. In fact, mesophilic enzymes have
shown poor stability at high temperatures or at extreme
pH values, limiting their actual application under indus-
trial reaction settings. Biotechnological studies have,
therefore, focused on extremozymes which have high
stability in extreme conditions of temperature or pH, in
the presence of organic solvents and at high ionic con-
centrations and are better suited for industrial conditions
[10]. Therefore, due to their optimal activity and stability,
extremozymes offer new catalytic alternatives for current
industrial applications. They also represent the corner-
stone for the development of environmentally friendly
and sustainable industrial technologies exploiting their
higher activity, stability, and robustness [11]. Many
advances in industrial biocatalysts have been achieved
in recent years. However, the potential of catalysis using
extremozymes is far from being fully realized.
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Thermophilic bacteria are a potentially rich source of
hydrolases for biomass deconstruction. However, these
bacteria generally secrete low levels of glycoside hydro-
lases, especially cellulolytic enzymes [12]. The search
for new thermostable hydrolases with novel functions
and appropriate performances is of much interest, even
though hydrolases have already been employed in several
industrial applications [13], providing additional benefits
such as easy purification, higher stability, better produc-
tivity, enlarged process windows and conditions for more
favorable thermodynamics such as a shift of reaction
equilibrium [14]. These benefits make the identification
and characterization of hydrolases from hot terrestrial
environments attractive for developing various novel and
improved processes in industry. Although, many micro-
bial enzymes have been isolated and studied for their
industrial and commercial uses, there is still a continuous
search for microorganisms that can potentially synthe-
size industrially feasible enzymes, especially when micro-
bial diversity of cow dung makes it a potential source for
the said purpose.

Considering an increasing demand for enzymes, such
as glycohydrolyses, proteases, polymerases, nucleases,
and lipases, it is becoming extremely difficult to ignore
the importance of hydrolytic enzymes as potential bio-
catalysts in a wide variety of industries, including chemi-
cal processing, dairy, agrochemicals, paper, cosmetics,
pharmaceuticals, surfactants, detergents, polymers,
and biofuel synthesis. A wide number of enzymes from
thermophilic microorganisms have been characterized,
such as cellulases, amylases, pullulanases, xylanases,
mannanases, pectinases, chitinases, proteases, lipases,
esterases, and phytases [15]. In particular, cellulases,
hemicellulases, and xylanases have had important appli-
cations in the bleaching of paper and in environmen-
tal decontamination [16]. Today, biodetergents possess
enzymes such as amylase, protease, cellulase, and lipase
that are resistant to washing conditions. Additionally,
thermozymes have been used in the creation of optical
nanosensors and analytes creating innovation in develop-
ing nano-biomedicines and sensoristics [17].

Moreover, thermophilic bacteria isolated from com-
post capable to convert lignocellulosic biomass to obtain
mono- and oligosaccharides, have also been described.
They belonged to Bacillus species, such as B. clade sub-
tilis [18], isolated from raw composting materials. The
study of cellulolytic activity of these microorganisms
was performed highlighting their potential for cellu-
lose conversion and subsequently, for second generation
bioethanol production that represents one of the best
alternatives to the fossil fuels [19]. Recently, Lépez et al.
[20] described the characterization of thermophilic lig-
nocellulolytic microorganisms in composting process of
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mixed shredded tomato plant waste (stalks and leaves)
with pine chips. The studies revealed that while the
complete fungal thermophilic population was character-
ized by lignocellulose-degrading enzymes, instead only
8-10% of the thermophilic bacteria exhibited them, and
in particular enzymatic activities regarding the hemi-
cellulose degradation. The xylanolytic bacterial isolates
belonged mainly to the Firmicutes phylum (96%), with
few representatives belonging to Actinobacteria (2%)
and Proteobacteria (2%). In particular, the majority of the
isolated species have been identified as Bacillus licheni-
formis and Aeribacillus pallidus, in addition to strains of
Caldibacillus thermoamylovorans [18] and Geobacillus
thermodenitrificans, that exhibited considerable enzyme
activities. Since cellulose is the main polysaccharide in
plant biomass, while xylans, f-glucans and mannans are
the most important constituents of hemicellulose in plant
cell walls, the determination of the activities of cellulase,
xylanase, B-glucanase and mannanase can indicate the
cellulolytic and hemicellulolytic degradation potential of
a microorganism.

The aim of this work was the isolation of new ther-
mophilic microorganisms, from composting plant of
the Experimental Station, University of Naples Federico
II at Castel Volturno (Caserta, Italy), capable to digest
and to valorize polymeric waste biomass, such as cellu-
lose, xylan and starch. In this study, a culture-dependent
approach was employed to proceed with the isolation of
the single species and exploit the applicative potential of
microorganisms and their active biomolecules. The start-
ing material for bacterial isolation was represented by
compost which contained manly bovine manure (58%).
The molecular composition and the metabolomic finger-
print of isolated species was innovatively identified by the
HRMAS NMR spectroscopy through a semisolid state
analysis. This technique was combined with 16S rRNA
gene sequencing to determine the phylogenetic trees. To
identify enzymatic activities able to degrade cellulose and
other polymeric substrates, a biochemical characteriza-
tion was performed: all the microbial isolates were quali-
tatively screened on plates for the presence of hydrolytic
activities, and they were quantitatively screened in liquid
for glycoside hydrolase enzymes in the extracellular, cell-
bound, and cytosolic fractions.

Materials and methods

Composting site

Composting processes have been carried out at the com-
posting plant of the Experimental Station of the Univer-
sity of Naples Federico II at Castel Volturno (Caserta,
3’ N 13° 59 E, Campania region, Italy) by mixing raw
organic materials (saw dust 40%, bovine manure 58%,
mature compost as starter 2%). The choice of material to
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be delivered to the plant was determined after a feasibil-
ity study based on the availability of agricultural residues
present in the company and in the territory surrounding.
The presence of livestock farms and buffaloes (related to
milk and mozzarella cheese production, typical of Cam-
pania region) has, therefore, oriented the choice toward
a farm composting system (on-farm), based on the intake
of manure from surrounding farms, mixed with farm
residues, mainly from maize cultivation. The process was
carried out under shed with covered surface of 400 m?
and it was obtained through 45 day on-farm compost-
ing (active or thermophilic phase) with forced aeration of
static piles, followed by a 2 month curing period. In the
composting system, assembled within farming facilities, a
forced air distribution system with rotary pump and per-
forated pipes made of polyethylene, 10 m long and 0.15 m
in diameter was temperature-controlled and assured by
air injection through a basal net of tubes connected to a
blower. The temperatures and the air requirements are
automatically controlled by a control unit and a data-log-
ger system with probes for continuous recording temper-
ature, humidity and oxygen levels inside the heaps. Pile
wetting was done through an irrigation system, manually
activated when it was gravimetrically determined that the
relative humidity (RH) was <50%. Composting tempera-
tures were measured by PT100 thermo-sensors placed
in the core of pile. During the thermophilic phase, pile

Raw organic starting materials

Thermophilic phase

Curing phase

Mature compost

Day 15'" compost sample “1CV” (43.6 °C)

Day 30*: compost sample “2CV” (58.8 °C)
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heating has exceeded 55 °C for at least 5 days, to achieve
disinfection. Composting pile samples on the 15th day
from the start of the process (temperature of 43.6 °C)
were named “1CV’, while composting samples collected
on the 30th day from the start of the process (tempera-
ture of 58.8 °C) were named “2CV” and they represented
the starting material for microbial isolation by culture-
dependent approach (Fig. 1).

Microbial isolation by culture-dependent approach

One wet gram of each compost samples, 1CV and 2CV,
were separately dissolved in 200 ml sterilized 50 mM
phosphate buffer (pH 7.0) with agitation (120 rpm) for
24 h, temperature of 60 °C. The suspensions obtained
were used to inoculate 10 ml of growth medium A con-
taining (g/l): peptone, 8 g; yeast extract, 4 g and NaCl,
2 g. After 48 h at 60 °C, the microbial growth occurred
and 100 pl, in duplicate, were used as an inoculum for the
same solid medium, obtained by adding agar (Oxoid™)
(1.8%, w/v). After 48 h incubation at 60 °C the colonies
that appeared have been isolated and purified through
the method of the serial dilution-plating, by means of
re-streaking on new petri dish containing the same solid
medium. Sub-culturing was conducted in Trypton Soy
Broth-TSB (Oxoid) for 24 h at 60 °C and maintained as
glycerol (Oxoid) stocks at —20 °C for further study. To
determine the purity of the isolates, the cell shape has

Microbial isolation by
culture-dependent
approach

Strains:

CV1-1 and CV1-2

Cv2-1, CV2-2,
CV2-3 and CV2-4

Fig. 1 Composting scheme and experimental design of microbial isolation of thermophilic microorganisms
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been studied under phase-contrast microscopy (Nikon
Eclipse E400, Nikon Europe, Badhoevedorp, The Neth-
erlands), while the homogeneity of the colonies has been
analysed under a stereomicroscope (M8, Leica, Leica
Microsystems, Mannheim, Germany). A fraction of iso-
lates was freeze-dried and stored until the NMR analysis.

Growth and morphologic characteristics

To define the optimal culture conditions of each isolate,
growth ranges and optima of salinity, pH, and tempera-
ture were determined in a liquid medium A under aero-
bic conditions. The NaCl requirement for growth was
assayed in a medium A containing various NaCl con-
centrations (0%, 0.5%, 1%, 5%, 7.5%, 10%, 15% and 20%,
w/v). The pH and temperature range for growth was
determined by incubating microorganisms at various pH
values (5-10) and temperature values (40-80 °C), respec-
tively. Growth was determined by measuring culture
turbidity at A 540 nm. The morphological characteris-
tics of strains CV1-1, CV1-2, CV2-1, CV2-2, CV2-3, and
CV2-4 were investigated using cultures grown on Tryp-
ton Soy Agar (TSA) (Oxoid) medium, at 50 °C for 24 h
and observed using phase-contrast microscopy (Nikon
Eclipse E400). Colony morphology was analyzed on a
solid medium by stereomicroscopy (M8, Leica).

Strain biochemical characteristics

All biochemical tests were performed at the optimal
growth temperature pH and NaCl concentration. Gram-
staining was performed according to Halebian et al. [21].
Oxidase activity was determined by assessing the oxida-
tion of tetramethyl-p-phenylenediamine and catalase
activity was determined by assessing bubble production
in a 3% (v/v) hydrogen peroxide solution [7, 9].

Phylogeny

For the DNA analysis, the collection of the cells has been
performed through centrifugation at 5000 rcf for 15 min
after 24 h of incubation at a temperature of 60 °C. The
isolation of genomic DNA has been done employing
DNAzol (Molecular Research Center, Inc., Cincinnati,
OH, USA) according to the manufacturer’s instructions.
The genomic DNA amplification through polymer-
ase chain reaction (PCR) has been performed in a 50 pl
PCR reaction mixture containing: 100 ng genomic DNA,
5 ul PCR buffer 10x, 2 mM MgCl,, 200 uM dNTPs, 2
units of Platinum® Taq DNA polymerase (Invitrogen),
0.25 pM for each 8F (5-AGAGTTTGATCCTGGCTC
AG-3) and 1517R (5-ACGGCTACCTTGTTACGA
CTT-3') and H,O to 50 pl. The mixtures were amplified
in a thermocycler iCycler® (Bio Rad). The amplification
profile consisted of an initial denaturation of 3 min at
94 °C and 30 cycles of 30 s at 94 °C, annealing for 30 s
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at 55 °C and elongation for 1 min at 72 °C. A final exten-
sion step of 7 min was carried out at 72 °C. PCR prod-
ucts (5 pl) were electrophoresed on 2% agarose gel
[22-24]. The 16S rRNA gene sequences of strains CV1-
1, CV1-2, CV2-1, CV2-3, and CV2-4 were deposited in
Gen-Bank/EMBL/DDBJ under the following accession
numbers: LT883163.1, OL343526, OL343527, OL348060
and OL343528, respectively. The EzTaxon-e server
(https://www.ezbiocloud.net) has been used to analyze
the nucleotide sequences of 16S rRNA genes, and it has
also been used to determine the values for the pairwise
16S rRNA gene sequence similarities between the clos-
est species [25]. The software package MEGA X (version
10.1 https://www.megasoftware.net/show_eua) has been
used to reconstruct the phylogenetic trees after multiple
alignments of the data using CLUSTAL X [26].

Distances (distance options according to Kimura’s
two-parameter model) and clustering were based on the
neighbour-joining and maximum-likelihood algorithms
[27-29]. Tree topologies were re-examined by the boot-
strap method of resampling [30] using 1000 replications,
and next to the branches it has been showed the per-
centage of trees in which the associated taxa clustered
together. The initial tree(s) for the heuristic search were
obtained automatically through the application of the
neighbor-joining and BioN] algorithms to a matrix of
pairwise distances, previously estimated using the maxi-
mum composite-likelihood (MCL) approach [31], and
then selecting the topology with the superior log-likeli-
hood value.

NMR analysis of thermophilic strains isolated

from compost

The HRMAS NMR spectroscopy was applied to analyse,
in the semisolid state, the molecular composition of iso-
lated species, and to identify their primary metabolome
and metabolomic fingerprint.

Each type of freeze-dried isolate biomass (4 mg) was
packed into a HRMAS NMR 4 mm zirconia rotor, fitted
with a perforated Teflon insert, soaked with approxi-
mately 10 pl of a phosphate buffer (brought to pH 7.0)
and sealed with a Kel-F cap (Rototech-Spintech GmbH,
Griesheim, Germany). The rotor was spun at a rate of
5000+2 Hz. All NMR experiments were conducted
at 25 °C on a 400 MHz Avance magnet (Bruker Bio-
spin, Rheinstetten, Germany), equipped with a 'H-'3C
HRMAS probe, working at '3C and 'H frequencies
of 101.5 and 400.13 MHz, respectively. Sample meta-
bolic profile was investigated via proton spectroscopy
by conducting three types of 'H experiments: (i) a con-
ventional pulse technique (CONV); (ii) a Carr—Pur-
cell-Meiboom-Gill (eCPMG) pulse sequence based on
a T, filter, enabling the selective suppression of short
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spin—spin relaxing compounds; (iii) a diffusion-based
pulse sequence, enabling the exclusive preservation of
proton signals of relatively larger molecules (eDIFF).
The three mono-dimensional 'H experiments were con-
ducted by setting a 90-pulse length ranging between 5.8
and 9.1 ps and 2 s of thermal equilibrium. Respectively,
the spectral width and the number of scans were set to
32k and 200, for exp i and ii, and 16k and 256, for exp iii.
eCPMG experiments were carried out by applying a total
spin-echo time of 800 ms (based on cyclic n-repetitions
of 2 ms single spin-echoes); eDIFF experiments were
conducted through a stimulated echo pulse sequence and
setting bipolar gradients (2 ms long sine-shaped pulses),
a diffusion time of 200 ms and reaching 32.030 G m™" as
maximal gradient strength. In all cases the aqueous sol-
vent signal was suppressed through on-resonance presat-
uration technique (54—65 db of power level attenuation),
for experiments i and ii, and through 3-9-19 watergate
technique, for experiment iii.

Structural identification of compounds detected in
microbial isolates was assessed by two-dimensional (2D)
NMR experiments, such as homonuclear 'H-'H correla-
tion spectroscopy (COSY), total correlation spectroscopy
(TOCSY), as well as heteronuclear 'H-'3C heteronuclear
single-quantum correlation (HSQC) and heteronuclear
multiple-bond correlation (HMBC). All 2D experiments
were acquired with a spectral width of 16 (6410.3 Hz)
and 300 (30 186.8 Hz) ppm for 'H and '*C nuclei, respec-
tively, and a time domain of 2048 points (F2) and 256
experiments (F1). Homonuclear 2D spectra were based
on 16 dummy scans and 64 total transients. Addition-
ally, a mixing time of 80 ms and a trim pulse length of
2500 ms were set for the TOCSY experiment. HSQC and
HMBC heteronuclear experiments were acquired with 16
dummy scans, 80 total transients, and 0.5 ps of trim pulse
length. The experiments were optimized by considering
145 and 6.5 Hz as the optimal 'H-'2C short- and long-
range ] couplings, respectively.

Spectra were processed using both Bruker Topspin
software (version 2.1, BrukerBiospin, Rheinstetten, Ger-
many) and MNOVA software (version 9.0, Mestrelab
Research, Santiago de Compostela, Spain). Phase and
baseline corrections were applied to all mono- and bidi-
mensional spectra. The apodization was conducted for all
proton 1D spectra by applying a 1 Hz factor, in case of
CONYV and eCPMG spectra, and 4 Hz for eDiff. No zero
filling was applied during Fourier Transformation (FT).
'H and 3C axes were calibrated by associating the center
of the p-CH, glutamine signal to 2.14 and 27.3 ppm,
respectively.
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Enzyme activities

Fractionation of cell components

Culture broths were centrifuged through Beckman
Coulter JA-14 centrifuge at 15,344 rcf for 40 min at 4 °C
and cell-free supernatants were concentrated with 80%
(NH,),SO, and then dialyzed against 50 mM TRIS—-HCI
pH 7.0. Cells were suspended in 50 mM TRIS-HCI pH
7.0 and treated with lysozyme (3 mg of lysozyme g
of wet cell) at temperature of 37 °C for 1 h, followed by
ultrasonic treatment (Heat Systems Instrument) for
15 min, obtaining the cell homogenates. Cell extracts
were separated by centrifugation through Hermle
LaborTechnik Z 216 MK centrifuge at 3420 rcf for 40 min
into cytosolic fractions (supernatants) and cell-wall frac-
tions (pellets). The cell-wall fractions were suspended,
treated with 0.5% Triton X-100 for 30 min at 4 °C under
agitation, and centrifuged through Hermle LaborTechnik
Z 216 MK centrifuge at 21,380 rcf for 40 min (cell-bound
fractions). The three cellular compartments (extracellu-
lar partially purified with ammonium sulphate indicated
by “PP(NH,),SO,’, cytosolic and cell-bound fractions)
were assayed for protein content using Bio-Rad protein
assay kit with bovine serum albumin as standard protein
according to Bradford [32].

Chromogenic substrate hydrolysis: screening of glycoside
hydrolase (GH) activities
The compounds p-nitrophenyl
p-nitrophenyl  [-p-maltoside,
lactopyranoside, p-nitrophenyl [-D-cellobioside and
o-nitrophenyl [-D-cellobioside, p-nitrophenyl [-D-
glucopyranoside and o-nitrophenyl B-p-glucopyranoside,
p-nitrophenyl  B-D-galactopyranoside and o-nitro-
phenyl p-p-galactopyranoside, p-nitrophenyl o-L-
arabinopyranoside, p-nitrophenyl a-L-arabinofuranoside,
p-nitrophenyl  a-bD-maltoside,  p-nitrophenyl  o-D-
glucopyranoside and lastly p-nitrophenyl a-D-
galactopyranoside were used as colorimetric substrates
for PB-xylosidase (EC 3.2.1.37), p-maltosidase (EC
3.2.1.23), B-lactase (EC 3.2.1.108), exoglucanase (cello-
biohydrolase) (EC 3.2.1.91), B-glucosidase (EC 3.2.1.21),
B-galactosidase (EC 3.2.1.23), a-arabinopiranosidase
(EC 3.2.1.55), a-arabinofuranosidase (EC 3.2.1.55),
a-maltosidase (EC 3.2.1.20), a-glucosidase (EC 3.2.1.21),
and lastly a-galactosidase (EC 3.2.1.22) enzymatic activi-
ties, respectively, and were purchased by Sigma-Aldrich.
After mixing 50 pl of substrate (100 mM solution) with
37 ug of protein sample (selecting the same and suitable
protein amount of each different samples, to be able to
set up the assay reaction in the desiderate final volume),

[-D-xylopyranoside,
p-nitrophenyl  -D-
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they have been suspended in 50 mM TRIS-HCI pH 7.0
(0.5 ml final volume), and the reactions have been incu-
bated at 60 °C for 20 min. The release of the chromo-
phore nitrophenol (NP) from the chromogenic substrates
was checked by absorbance at 1 420 nm (¢ 420 nm
p-nitrophenol 15,000 M~! cm™). One unit of activity
was defined as the activity releasing 1 umol of nitrophe-
nol under the above assay conditions in 20 min [7, 25,
33]. Experiments were carried out in duplicate.

Qualitative enzymatic test on agar plates

All the isolates obtained from the compost sampling
were screened for an evaluation of enzymatic activities
of biotechnological interest. TSA medium containing
0.2% (w/v) starch was employed to verify the hydrolysis
of starch using Lugol’s iodine solution to flood cultures.
Moreover, the hydrolysis of xylan and cellulose has been
tested using 0.1% (w/v) Congo red (Sigma-Aldrich) to
flood cultures, followed by the use of 1 M NaCl on TSA
medium containing 0.2% (w/v) xylan or carboxymethyl-
cellulose (CMC), respectively [34]. For proteinase and
lipase detection, TSA medium plus 5.0% (w/v) skimmed
milk and 1.0% (v/v) Tween 80 were used, respectively
[9]. The presence of pectinase activity was assayed on
agar plates containing polygalacturonic acid (0.2%, w/v)
(ICN Biomedicals Inc.) as substrate. To verify the inducer
effect of substrate, 100 pl of supernatant deriving from
cultivation of strains (24 h) in TSB medium with and
without polygalacturonic acid (0.2%, w/v), were disposed
in the five millimeters wells bored into the agar plates.
In addition, 100 pl of cell homogenate from a cultivation
of 24 h in TSB medium were also tested. After incuba-
tion at 50 °C for 24 h, pH 7.0, the plates were stained with
10 ml of Ruthenium red solution (0.05%, w/v) for 20 min
followed by washes with distillated water for 30 min. The
presence of the clear halo around the wells indicated that
the hydrolysis of specific substrates occurred suggesting
the presence of enzymatic activities [35].

The presence of Gellan-lyase activity was assayed
on hungry-agar plates containing (w/v) Sodium-Azide
(0.01%), agar (1.5%) and gelzan (0.2%) (SIGMA) in H,O.
To verify the inducer effect of substrate, 100 pl of super-
natant from cultivation of strains (24 h) in TSB medium
with or without gelzan 0.2%, were disposed in the five
millimeters wells bored into the agar plates containing
gelzan (0.2%, w/v). On the other hand, 100 pl of intra-
cellular fraction deriving from a cultivation of strains
(24 h) in TSB medium at 50 °C, pH 7.0 were also inves-
tigated. Staining with Congo red (0.2%) was used as a
qualitative method for test gellan-lyase activity showing
a yellowish halo around the wells [36].
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To test the ability of strains to degrade different sub-
strates, 100 pl of extracellular and cell homogenates
deriving from a cultivation of 24 h in TSB medium in
the optimal conditions, were disposed in the five mil-
limeters wells bored into the hungry-agar plates con-
stituted of (w/v) 1.5% agar, 0.01% Sodium-Azide and
0.05% of the following Azurine cross-linked (AZCL)
substrates (MEGAZYME): Arabinoxylan, Galactoman-
nan, Curdlan, Arabinan, Dextran, Xyloglucan, Amylose,
Cellulose, Galactan, B-Glucan, Chitosan, Pullulan, Col-
lagen and Xylan. The plates were incubated for 72 h at
50 °C [37].

Quantitative enzymatic liquid test: cellulase, inulinase,
pullulanase and gellan lyase

The activities were assayed using the supernatant deriv-
ing from a microbial growth of 24 h in TSB medium
with and without the corresponding substrate carboxy
methyl cellulose, inulin, pullulan and gelzan (0.2%)
(ICN Biomedicals Inc.), respectively, as substrate and
the raw cell homogenate from a microbial growth of
24 h in TSB medium at 50 °C, pH 7.0. The enzymatic
assay was prepared as follows: 50 pl of 1% substrate in
50 mM TRIS-HCI pH 7 + 50 pl of sample. The reaction
mixtures were incubated at 60 °C for 30 min on shaker
(120 rpm) for all enzymes except for cellulase. Then,
reactions were stopped by adding 100 pl of 3,5-dinitro-
salicylic acid (DNS) then were placed in boiling water
for 10 min. The absorbance was measured at A 540 nm.
The activities were expressed as Relative Activity (%)
in appropriate incubation time [38]. The determina-
tion of the optimum pH for cytosolic cellulase from
strain CV2-1 has been performed. The following buff-
ers were employed glycine—HCI buffer (pH 3.0), acetate
buffer (pH 3.5-4.0-4.6-5.0-5.6), phosphate buffer (pH
6.0-6.5), Tris—HCI (pH 7.0) and glycine—NaOH buffer
(pH 8.6-9.0-10.0). For temperature optimum determi-
nation, the enzyme activity was carried out in 100 mM
acetate buffer pH 4.6 at temperatures ranging from 35
to 105 °C.

The thermal stability determination of the cellulase
enzyme from CV2-1 has been performed through the
pre-incubation of the enzyme solutions in a temperature
range 45-95 °C, also evaluating different time intervals;
following the determination of the residual activities
under standard assay conditions (at 55 °C), they have
been expressed as percentage of the same enzyme tested
without pre-incubation (100%). In detail, the enzyme was
tested pre-incubating the solution at 45, 55, 85 and 95 °C
for 2 h and at 45 and 55 °C for 24 h [39].
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Results

Bacterial isolation from compost, growth, and morphologic
characteristics

Bacterial strains designate with the following lab codes,
by means of CV1-1, CV1-2, CV2-1, CV2-2, CV2-3 and
CV2-4, represented the fastest growing microorgan-
isms in medium A, and they were the only colony-form-
ing strains at the highest dilutions. In particular, strains
CV1-1 and CV1-2 were obtained from the sample named
1CV, while four strains, namely, CV2-1, CV2-2, CV2-3
and CV2-4 were isolated from the sample named 2CV.
All isolates exhibited optimal growth in a medium TSB
at 50 °C, with the exception of strain CV1-2 that grew at
60 °C (Fig. 2).

The optimal NaCl concentration requirement for the
microbial growth was found (w/v) at 0.5% for all strains,
as well as the optimal pH value of growth medium was
found neutral. The isolates were all Gram-positive, rod-
shaped and oxidase positive. Strains CV1-1 and CV1-2
showed creamy colonies with irregular edges, while CV2-
1, CV2-3 and CV2-4 exhibited shiny, opaque, and white
surface colonies, respectively (Additional file 1: Table S1).

Phylogeny of isolates from compost

The EzTaxon-e server (http://www.ezbiocloud.net/
eztaxon) has been used to identify the bacterial isolates,
and the 16S rRNA gene sequences, the gold standard
for understanding the phylogeny of life, have allowed
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to strongly relate strains CV1-1 and CV1-2 to Geoba-
cillus thermodenitrificans subsp. calidus (99.93% and
99.85% gene similarity, respectively); strains CV2-1,
CV2-2, CV2-3 and CV2-4 were strongly related to Bacil-
lus licheniformis (99.7%, 99.63%, 99.71% and 99.56%
gene similarity, respectively). Based on 16S rRNA gene
sequences, strains CV2-2 and CV2-3 showed 100% simi-
larity (Additional file 1: Table S2); therefore, the fur-
ther studies have concerned only the strain CV2-3 as it
showed faster growth in both liquid broth and agar plate
compared to strain CV2-2. The newly identified isolates
were compared to appropriate type species within each
genus of the phylogenetic trees using the maximum-like-
lihood algorithm (Fig. 3) or neighbor-joining algorithm
(Additional file 1: Fig. S1), and analogous phylogenetic
information regarding the isolates were obtained. All
strains shared more than 97% identity with their closest
phylogenetic relatives, thus suggesting that they could be
considered at the same species level. Furthermore, strains
CV1-1 and CV1-2 formed a clade with Geobacillus ther-
modenitrificans subsps. calidus, while strains CV2-1,
CV2-3 and CV2-4 formed a clade with Bacillus licheni-
formis and Bacillus aerius.

NMR characterization of bacterial isolates

HRMAS NMR spectroscopy permitted to examine all
bacterial isolates in the semi-solid state, after rehydration
with a neutral phosphate buffer. Samples were evaluated

0.0
40 45 50

60 70 80

Temperature (°C)

—CV1l-1l —CV1-2 CV2-1

Cv2-2 —(CV2-3 —CV2+4

Fig. 2 Effect of temperature on growth of bacterial strains isolated from compost. The optical density was determined measuring the absorbance
at A 540 nm and the reported values represent the average of five determinations
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Geobacillus proteiniphilus 1017 (GU459251)

Geobacillus jurassicus DS1 (4Y312404)

Geobacillus uzenensis U (AF276304)

Geobacillus icigianus Glwl (MK622844)
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Geobacillus subterraneus subsp. aromaticivorans Gel (HE613733)
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s Geobacillus thermodenitrifi subsp. thermodenitrifi KCTC 3902 (CP017694)
Geobacillus thermodenitrificans subsp. calidus strain CV1-1 (LT883163.1)
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100 I_ Bacillus sonorensis NBRC 101234 (AYTN01000016)
89 | Bacillus paralicheniformis KJ-16 (KY694465)
Bacillus glycinifermentans GO-13 (LECW01000063)
Bacillus haynesii NRRL B-41327 (MRBL01000076)
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82" Bacillus licheniformis strain CV2-4 (OL343528)
Aneurinibacillus thermoaerophilus strain DSM 10154 (X94196)

—
0010
Fig. 3 Construction of the evolutionary phylogenetic tree has been done through the maximum-likelihood method, showing the relationship
between the strains CV1-1, CV1-2, CV2-1, CV2-3 and CV2-4 and the related taxa based on partial 165 rRNA gene (Kimura 2-parameter method) with
1000 bootstrap replications. The scale represents a genetic distance of 0.010 nucleotide substitutions. The strains isolated in this work are reported
in bold. Aneurinibacillus thermoaerophilus strain DSM 10154 (X94196) was used as an outgroup
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through conventional 'H pulse technique (CONV),
T,-filtered Carr—Purcel-Meiboom-Gill NMR pulse
sequence (eCPMG@G), and Diffusion-filtered Stimulated
Echo sequence (eDIFF) (Fig. 4). While the former spec-
trum indiscriminately provided signals of all molecules
present in the isolates, the last two techniques produced
spectra deprived of signals deriving from large and small
molecules, respectively. The experimental application of
the last two edited pulse techniques to bacterial isolates
was effective in showing signals which were totally or
partially hidden in the conventional 'H spectrum, due to
peaks overlapping. This spectral clarification avoided to
resort on possibly interfering deconvolution techniques,
thereby allowing a more reliable compounds identifica-
tion and a better semiquantitive signal evaluation.

The assignment of most signals in the 'H spectra was
reached on the basis of previous literature [40-43] and
the analysis of 2D NMR spectra revealed 'H-'H and
'"H-3C correlations (Additional file 1: Fig. S2). The
identification of peaks detected in the representative
'"H CONV spectrum of strain CV2-1 is shown in Fig. 5.
Remarkably, the assignment of compounds, such as argi-
nine and acetaldehyde, was possible only via eCPMG
technique (Additional file 1: Fig. S3) which simplified the
spectra by removing the presence of overlapping signals,
ascribable to slow-diffusing molecules. On the contrary,
eDIFF spectra permitted to clearly and neatly isolate and
observe the signals of slow-moving compounds, mostly

Lipidic moieties

I Carbohydrates
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ascribable to lipids and glycoproteins (Additional file 1:
Fig. S4).

A comparison between CONV (Fig. 6, Additional file 1:
Fig. S3), eCPMG (Additional file 1: Fig. S4) and eDIFF
(Additional file 1: Fig. S5) spectra of the CV1 and CV2
series permitted to both explore their metabolic profile,
at different molecular levels, and appreciate peculiar
differences.

The conventional "H-HRMAS NMR technique (Fig. 6,
Additional file 1: Fig. S3), that enables detection of mostly
unalerted primary metabolome of bacterial isolates, was
efficient in revealing a specific profile for each CV. First,
it was detected a neat difference between CV1 and CV2
series, consisting in a larger content of both glutamic acid
(signals at 2.05 and 2.35 ppm) and saccharidic moieties
(region between 3.7 and 4.2 ppm and peaks at 4.5 and
5.3 ppm) in Bacillus species (Fig. 6, Additional file 1: Fig.
S3). Conversely, both Geobacillus thermodenitrificans
isolates exhibited a larger content in alanine (1.38 ppm),
accompanied by a lower concentration of lactic acid
(1.25 ppm). Moreover, by comparing the two Geobacillus
thermodenitrificans isolates (CV1-1 and CV1-2), it was
noted that the CV1-1 sample presented a much larger
amount of choline, alanine and glycinbetaine than CV1-
2. Interestingly, the HRMAS profiles of isolated ther-
mophilic microorganisms, all identified as GRAM+, are
very similar to those of bacteria Gram-positive isolated
form alga laminaria digitata [43].
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Fig. 6 'H HRMAS-NMR CONV spectra of bacterial species isolated from composting pile at the fifteenth (CV1-1 and CV1-2) and at thirtieth (CV2-1,

CV2-2,CV2-3, CV2-4) day after the beginning of the composting process

The application of the eCPMG pulse technique pro-
duced simplified spectra (Additional file 1: Fig. S4) as
compared to conventional 'H spectra, by preserving only
the peaks of low molecular weight compounds, includ-
ing amino acids, organic acids, alcohols, and nucleo-
tides. Their analysis not only confirmed findings for the
'H conventional HRMAS spectra but also allowed to
identify clearly other metabolites present in bacterial
isolates, such as valine, acetylcholine, lactate, alanine,
aspartate, and formic acids, which were significantly vari-
able according to bacterial isolates (Additional file 1: Fig.
S4; these specific peaks are highlighted with arrows in
Additional file 1: Fig. S4). Remarkably, all of the eCPMG
profiles of Bacillus series showed large similarity among
them, except for CV2-3, that showed a slightly greater
content of arginine and valine, and a smaller amount of
formic acid. The eCPMG spectra of two Geobacillus ther-
modenitrificans were significantly different from those of
bacillus series, while CV1-2 exhibited a more abundant
content of lactic acid (peaks at 1.3 and 4.2 ppm) and a
lower content of alanine. Similarly, CV1-1 presented
much more intense signals in both the 1.7-2.2 ppm and
3.45-3.65 ppm regions.

Finally, the eDIFF spectra showed only signals per-
taining to slow diffusing molecules, presumably of large
molecular mass (Additional file 1: Fig. S5). Again, eDIFF
spectra allowed to neatly differentiate CV1 from CV2 bac-
terial species, while, in line with eCPMG spectra, the pro-
files of all of CV2 series were very similar to each other.
The eDIFF spectra of Geobacillus thermodentrificans
revealed neat differences from those of Bacillus species
(CV2 series), mostly due to a marked smaller abundance
of carbohydrates in CV1 than CV2. Moreover, the profile
of CV1-1 was significantly different from that of CV1-2

due to both the presence of much more intense signals in
the alkyl region (2.3-1.8 ppm) and a very large content of
choline (about 3.3 ppm, Additional file 1: Fig. S5).

Qualitative enzymatic tests of extracellular fractions

All isolates showed positive hydrolysis of starch and
negative for polygalacturonic acid and Tween 80 degra-
dation; all strains were negative for hydrolyses of AZCL-
galactomannan, dextran, curdulan and chitosan, while
only strains CV1-1 and CV1-2 were positive for xylan
and pullulan degradation. Strains CV2-1, CV2-3 and
CV2-4 were positive for protease, gelzan-lyase and cel-
lulase activities; in addition, strain CV2-1 exhibited a
degradation capability on pullulan and inulin (Table 1).
Examples of enzymatic detection on agar plates are
reported in Additional file 1: Fig. S6.

Quantitative enzymatic tests
Screening of glycoside hydrolase (GH) activities
by chromogenic substrate
Glycoside hydrolase activities (U mg™') of the studied
three cellular compartments are reported in Table 2.
Nitrophenyl glycosides have been used as substrates for
enzymatic assays at temperature of 60 °C. After 20 min
of incubation, the enzymatic solutions exhibited low
amount of galactosidase activity, except for strain CV2-3
that showed an intermediate value of galactosidase, in
both cytosolic and cell-bound fractions, when reacted on
saccharidic moieties linked to NP through alpha bond;
in addition, no reaction was produced in case of alpha
bond linked to ring in ortho position; higher alpha galac-
tosidase was detected in cell-bound enzymatic solution
of strain CV2-1 (Table 2, entry 1-4). None of the tests
performed revealed the presence of glucosidase activity
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Table 1 Main biochemical characteristics of isolates (extracellular fractions). Hydrolysis of the selected polymers and AZCL-substrates
on agar plate

CVl-1 CV1-2 CV2-1 CV2-3 CV24 Legend
Xylan Absence of hydrolysis (0%)
Starch Very low hydrolysis (<25%)
Carboxymethyl cellulose Low hydrolysis (<50%)
Casein High hydrolysis (>50%)
Gelzan . Complete hydrolysis (100%)

Polymers

Pullulan

Inulin

Arabinoxylan

Arabinan

Xyloglucan

Amylose

Cellulose

Galactan
B-Glucan

Pullulan

AZCL- substrates

Collagen

Xylan

Table 2 Glycoside hydrolase (GH) activities (expressed as U mg™") detected through nitrophenyl glycosides in the extracellular
ammonium-sulphate precipitates PP(NH,),SO,, cytosolic and cell-bound fractions of isolates

Nitrophenyl Glycosides

Strains 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

o CVI-1 16 0 15 12 15 11 10 9 12 19 16 22 38 17 25
2 CV1-2 16 0 15 22 17 16 11 16 19 27 23 20 54 19 26
= CV2-1 14 0 18 22 16 22 20 19 19 25 21 22 39 25 24
Z CV2-3 27 0 15 15 17 17 10 36 19 14 17 25 115 19 24
& CV2-4 20 0 28 26 14 25 9 54 19 18 31 28 141 19 25

CVI-1 0 8 7 0 8 5 12 0 5 24 34 6 83 234 11
% CV1-2 0 0 0 0 6 3 11 0 0 14 6 0 32 118 0
2 CV2-1 23 9 4 1 2 1 9 35 0 7 7 0 1033 10 0
?; CV2-3 128 3 2 6 0 4 10 406 2 5 8 0 0 38 2

CV2-4 71 9 12 7 0 11 11 155 3 10 10 7 533 9 0
- CVI-1 16 8 24 15 15 12 8 27 0 57 78 47 163 0 33
E CVI1-2 27 12 33 15 18 25 22 25 0 35 34 43 39 51 31
.g CV2-1 598 10 22 5 11 22 28 1212 0 18 28 35 326 126 16
= CV2-3 224 0 20 1 5 9 0 1598 0 7 19 35 376 168 179
u CV2-4 30 0 28 8 11 14 4 105 0 16 27 38 175 0 74

Legend

Absence of activity (0 U)

Very low activity (<50 U)

Low activity (>50 U)

High activity (>100 U)

1 Very high activity (>1000 U)

Units of GH activities, expressed as pmol of p-NP released under the assay conditions. 1 = p-nitrophenyl a-o-galactopyranoside; 2 = p-nitrophenyl -o-
galactopyranoside; 3 = o-nitrophenyl a-p-galactopyranoside; 4 = o-nitrophenyl 3-p-galactopyranoside; 5= p-nitrophenyl a-b-glucopyranoside; 6 = p-nitrophenyl 3-p-
glucopyranoside; 7 = o-nitrophenyl B-p-glucopyranoside, 8 = p-nitrophenyl a-p-maltoside; 9 = p-nitrophenyl -b-maltoside; 10 = p-nitrophenyl a-t-arabinofuranoside;
11 =p-nitrophenyl a-L-arabinopyranoside; 12 = p-nitrophenyl! B-p-xylopyranoside; 13 = p-nitrophenyl B-p-cellobioside; 14 = o-nitrophenyl 3-p-cellobioside;

15 =p-nitrophenyl -b-lactopyranoside. All values are averages of two determinations.
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(Table 2, entry 5-7). B. licheniformis strains showed an
alpha-maltosidase activity in cytosolic and cell-bound
fractions, particularly present in cell-bound samples of
strains CV2-1 and CV2-3 (Table 2, entry 8, 9). Low alpha-
arabinofuranosidase, alpha-arabinopiranosidase and
beta-xylosidase activities were detected in all reactions
(Table 2, entry 10-12), while, even if with different distri-
bution among the various cellular compartments, all the
strains have been shown to possess a beta-cellobiohydro-
lase with a preference for the beta bond connected to the
ring in the para rather than ortho position (Table 2, entry
13, 14). Strains CV2-3 and CV2-4 showed a beta-lactase
activity in cell-bound fraction (Table 2, entry 15).

Cellulase and pectinase activities of the selected strains
CV2-1and CV2-3

Since strain CV2-1 showed the highest cellobiohydrolase
enzyme activity (Table 2) in cytosolic fraction (1033 total
U mg™!), further investigation of hydrolytic capability
on carboxymethyl cellulose (reaction substrate) was car-
ried out using the raw cell homogenate fraction of strain
CV2-1. Carboxymethyl cellulose was selected as unique
substrate to show the synergic actions of both cellobiohy-
drolase and endo-cellulase (here indicated as generic “cel-
lulase”). Endo-cellulase presence was also revealed in the
raw cell homogenate fraction of strain CV2-1 (data not
shown). Cellulase enzyme of strain CV2-1 was active in a
large range of pH values, between 3.0 and 9.0, with opti-
mum at 4.6. The relative activities at pH 3.0 and 9.0 were
about 87% and 40%, respectively, compared to the activ-
ity recorded at pH 4.6 (Fig. 7A). Cellulase was found to be
active in a temperature range between 35 and 105 °C with
maximal activity at 55 and 95 °C (Fig. 7B).

The thermal stability assay of cell-bound cellulase from
strain CV2-1 was set up in 100 mM acetate buffer pH 4.6
and the enzyme reaction was incubated at 55 °C. For all
tested conducted at 45 and 55 °C, no decrease of relative
activity of cellulase was observed, except at 55 °C after
24 h of pre-incubation, in which a reduction of reducing
sugars up to 97% was detected. Moreover, the relative cel-
lulase activity, measured after 2 h of pre-incubation at 85
and 95 °C, was 89% and 82%, respectively.

Strains CV2-1 and CV2-3 showed pectinase activity
in the cell homogenates fraction, measured with soluble
polygalacturonic acid as a substrate in the reaction of
enzymatic assay. The major activity was present in the
cell homogenates of strain CV2-3 at 60 °C and pH 7. The
pectinase activity of strain CV2-1 was 86% in compari-
son with CV2-3; in addition, the inulinase activity was
predominant in the cell homogenates of strain CV2-1 at
60 °C and pH 7, and the activity of strain CV2-3 was 28%
in comparison with CV2-1.
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Fig. 7 pH (A) and temperature (B) curves of cellulase enzyme

in the cell homogenate fraction of strain CV2-1. The values were
expressed as Relative Activity (%). Buffer solutions employed: Glycine
pH 3 (G3), Acetate pH 3.5 (A3.5), Acetate pH 4 (A4), Acetate pH 4.6
(A4.6), Acetate pH 5 (A5), Acetate pH 5.6 (A5.6), Phosphate pH 6 (P6);
Phosphate pH 6.5 (P6.5), Phosphate pH 7 (P7), Phosphate pH 8 (P8),
Phosphate pH 8.6 (P8.6), Glycine pH 9 (G9) and pH 10 (G10). The
values after 1 h of incubation were expressed as relative activity (%)
and they were subtracted from the contribution by the single sample
and substrate at the time zero. The reported values are an average of
three replicates and bars are the corresponding standard deviations

Discussion

Composting is a spontaneous process carried out by
nature to convert complex substances into simpler sub-
stances available for plants. The main actors of the com-
posting process are the thermophilic microorganisms,
which efficiently operate the conversion of organic mat-
ter. This natural process, a part of generating fertilizer,
commonly used in agriculture, is an interesting source
for the study of the microorganisms which operate
during this process. In fact, it is known that they pro-
duce biocatalysts capable of operating at high tempera-
tures and in the presence of polluting substances; they
are specialized and efficient biological systems. This
manuscript reports the results deriving from the bacte-
rial isolation from compost samples (collected during
the thermophilic phase) produced in the experimental
plant of Naples University Federico II located at Cas-
tel Volturno (Caserta, Italy), with the following mixture
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composition: saw dust 40%, bovine manure 58%, mature
compost as starter 2%. The isolated microorganisms were
identified using a genetic approach based on 16S rRNA
gene sequence, while their primary metabolome was
determined through an HRMAS-NMR spectroscopic
investigation.

This latter is a promising and still underutilized
method to determine the metabolome of intact bacterial
cells, identify specific strains and provide a more accurate
snapshot of the actual physiological state of cells [41].
In this work HRMAS-NMR spectroscopy allowed to (i)
identify, for the first time at the best of our knowledge,
the primary metabolome of extremophilic microorgan-
ism isolated from compost, (ii) prove that the applica-
tion of edited HRMAS spectra to intact cells enables a
detailed molecular information of microbial species with-
out resorting in any preliminary extraction, (iii) verify
that the profile of Bacillus series was very different from
that of Geobacillus thermodentrificans, and that each sin-
gle isolate exhibited a diagnostic and peculiar metabo-
lome, although at a relatively different extent. HRMAS
represents a novel approach to bacterial cell analysis. It
is fast and provides important information, which, in
certain controlled conditions and microbial species, may
even help to follow and understand processes involv-
ing their primary metabolome. Future HRMAS studies
may lead to define microbial potentials without neces-
sarily going through wet-lab experiments. Hopefully, by
comparing the collection of metabolites of a species, one
can prospect its ecological role or its biological activity/
pathogenicity. This technique should prove a helpful tool
in gene function validation, the study of pathogenesis
mechanisms, the classification of microbial strains into
functional/clinical groups, and the testing of bacterial
molecules as performed here [44].

In addition, in this paper the compost was used as a
starting material to study enzymatic activities able to
convert lignocellulosic biomass wastes to obtain prod-
ucts with several potential biotechnological applications
in different types of sectors. Therefore, these thermo-
philic strains were researched for enzymatic activities,
such as cellulase, xylanase, pectinase and amylase which
could have possible applications in industrial practice.
For example, both the qualitative enzymatic test on agar
plates and the quantitative enzymatic screening with
chromogenic substrates highlighted the presence of inter-
esting amylase enzyme in the strains CV2-1 and CV2-
3, while they showed a cellulase activity for the strains
CV2-1 and CV2-4. These results elucidated a microbial
diversity of cow dung (as main components of compost-
ing mixture) as a potential source of microorganisms and
their enzymes for biotechnological proposals.
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The global enzyme market is proposed to reach USD
6.30 billion by 2023 at a Compound Annual Growth
Rate (CAGR) of 5.8% from 2017 [44]. To enhance the
efficiency of the composting process it is required to
deeply comprehend the thermophilic microbial com-
munity involved in these biotransformations, which can
be of particular importance to supply, at the same time,
thermostable biomass-degrading enzymes for the biore-
finery processes. Valorization of enzymes produced by
thermophiles is one of the mail pillars of the “biorefinery”
approach: in fact, in this context, waste is not considered
material to be disposed of, but it can be used as a source
of renewable energy and value-added chemicals [45, 46].
The enzymes produced by the new discovered thermo-
philic microorganisms will be used to degrade the ligno-
cellulosic biomass obtaining monosaccharide units and
oligosaccharides [34, 47]. The first, as they are ferment-
able sugars, could be used for biofuel production, while
the oligosaccharides could be studied for their chemical
and physical properties and biological activities and find
employment in nutraceutical applications [48, 49]. One
of the preferred environments for the recovery of ligno-
cellulose-degrading microorganisms is exactly the com-
posting processes [50].

Cellulase are the major industrially used enzymes,
indeed it is reported that they occupy the third position
in the world enzyme market [51]. The annual production
of cellulose waste biomass is almost 4.0 x 107 units [52],
and it represents an important source of renewable mate-
rial. Liang et al. [53] reported that compost samples are a
valuable font of cellulolytic thermostable enzymes. They
differ from other hydrolases for their ability to produce
glucose syrup through p1,4-glycosidic linkage breakage.
Conventionally, the term “cellulase” is used to indicate an
enzymatic system comprising three classes of enzymes,
such as exoglucanases (EC 3.2.1.91), endoglucanase (EC
3.2.1.4), and B-glycosidase (EC 3.2.1.21). Among vari-
ous microorganisms, bacteria are an appreciate source
of cellulases thanks to their wide environmental adapt-
ability, rapid generation time and high thermostability
[54]. Many industrial applications are reported for cel-
lulases synthetized by bacteria, fungi, and actinobacteria
[55-57]. The most extensive studied microbial cellulases
belong to the Clostridium, Cellulomonas, Bacillus, Cel-
lulovibrio, Thermomonospora and Paenibacillus genera
[58]. Recently, the attention of researchers is essentially
focused on thermophilic microorganisms having a
broader range of industrial applications, including bio-
conversion processes for production of molecules with
high added value. In this paper, it has been described the
presence of cell-bound cellulase fraction (raw fraction
comprising synergic actions of both cellobiohydrolase
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and endo-cellulase) produced by Bacillus licheniformis
strain CV2-1; this fraction showed optimal activity at 55
and 95 °C (range 35-105 °C), suggesting that the release
of reducing sugars monitored by DNS method was due to
the simultaneous action of at least two enzymes, confirm-
ing its raw nature. Moreover, an optimum pH of 4.6 was
detected, even if its pH range was between 3.0 and 9.0
offering a wide range for industrial purposes. In addition,
thermal stability assays revealed the potential suitability
of cellulase from strain CV2-1 for long time industrial
applications at 45 and 55 °C; indeed, almost all activity
was retained after 24 h of pre-incubation at both temper-
atures. Further thermal stability experiments, set up near
to the other optimal working temperature, showed that
this enzyme solution can greatly act on CMC, even after
a pre-incubation at high temperatures such as 95 °C for 2
h; in fact, the measured residual activity was 82%. There-
fore, the high temperature resistance kept by the cell-
bound cellulase from Bacillus licheniformis strain CV2-1
makes it a good candidate for severe industrial processes.

Bacillus licheniformis JK7, isolated from the rumen
of Korean goat, showed cellulolytic activity with an
optimum of temperature for endoglucanase activity of
70 °C [59]. Bacillus licheniformis A5, isolated from liq-
uor industrial production process, exhibited cellulase
with pH optimum of 6.0 and temperature optimum of
50 °C and it retained 82% of its activity after 120 min at
80 °C [60]. On the other hand, several cases of cellulases
obtained from Bacillus spp. isolated from compost have
been reported in the literature [61-64]; however, they are
predominantly extracellular cellulases, tested as crude
enzyme, without any purification step (Table 3); moreo-
ver, to make a comparison between enzymatic activities
it is necessary to also consider the activity of the enzymes
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itself, and this is made complex, because in the literature,
most of the papers report their data as U mL™!, with-
out indications regarding the protein concentrations.
Rather wide operating ranges of pH are reported: an
activity greater than 40% is indicated about at pH range
3-10 for the protein precipitates PP(NH,),SO, obtained
from Bacillus licheniformis strain B7 and 2D55, and from
Bacillus sp. DUSELR13. Regarding the temperature opti-
mum, data in literature indicate 50, 60, 65 and 70 °C for
Bacillus licheniformis strain B7, strain 380, strain 2D55
and for Bacillus sp. DUSELR13, respectively, with range
of activity greater than 40% at 20 °C with respect to the
optimum. Kazem et al. [56] reported that the isolation of
cell-bound cellulases and xylanases from Bacillus sp. is
a topic mostly not covered in the literature; additionally,
in their work they found the highest cellulase activity in
the extracellular fraction, while the cytosolic and the cell-
bound activities showed a lower expression.

Therefore, this work provided an additional improve-
ment in the clarification of the microbial role in the
deconstruction of organic matter, and it has laid the
foundations for setting-up controlled eco-sustainable
bioconversion reactions. Composting of agricultural bio-
mass waste fits in the research field of the quality of soil,
crop protection, and plant health, enhanced by the need
of a circular economy in an effort to exploit the most
prominent compost-based formulations, also accord-
ing to the demands of the market and to the government
policies [65].

In addition, this research highlighted how enzymatic
degradation, characterized by high yield, low energy con-
sumption, and enhanced selectivity, could be the most
efficient and environmentally friendly technique for con-
verting complex lignocellulose polymers to fermentable

Table 3 Main biochemical properties of cellulases from Bacillus spp. isolated from compost

Strain Cellulase localization pHoptimumand Toptimumand  Thermostability: residual activity (%) after Ref.

range of activity range of activity pre-incubation at temperature (°C) for time
(h)

B. licheniformis CV2-1  Cell-bound 46 55and 95 °C ~100% at 55 °C for 24 h This work
>80%: 3.0-4.6 82% at95°Cfor2 h
>60%: 7.0-5.0

B. licheniformis 380 Extracellular 7-9 60 °C not determined [61]

B. licheniformis B7 Extracellular 67 50°C not determined [62]
>40%: ~3-10 >40%: ~30-70 °C
>80%: ~6-8 >80%: ~50-60 °C

B. licheniformis 2D55  Extracellular 75 65 °C 809% at 50-70 °Cfor 24 h [63]
>40%: ~3-10.5
>80%: ~4.5-9.5

Bacillus sp. DUSELR13  Extracellular 50 75°C 97% at 60 °C for 24 h [64]
>40%: ~3-10 >40%: ~50-90°C  78% at 70 °C for 24 h

>80%: ~4-8

>80%: ~65-85 °C
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monosaccharides, and it is expected to make cellulases
and xylanases the most demanded industrial enzymes
[66]. In literature there are other examples of applica-
tions of functional bacteria derived from compost for
industrial purposes and applied in a variety of different
other productions. For instance, in the work by Tashiro
et al. [67], the authors applied a bacteria consortium
from marine—animal-resource composts rich in Bacil-
lus strains on kitchen waste, an abundant and sustainable
biomass resource, to produce L-lactic acid. A combina-
tion of the strains Weizmannia coagulans MN-07, Caldi-
bacillus thermoamylovorans OM55-6, and Caldibacillus
hisashii N-11 from marine—animal-resource composts
in combination with a pH control strategy was used by
Yue et al. [68] for the same final product, given the role
of L-lactic acid as a precursor in the production of poly-
lactic acid. Another interesting area of research applies
the functional thermophilic bacteria isolated from com-
post to animals. This was discussed in the work by Inabu
et al. [69], where the administration of the thermophile
Caldibacillus hisashii to Japanese black calves contrib-
uted to an improve of growth performances, and it was
also examined in the research by Miyamoto et al. [70],
where the isolation of Bacillus thermoamylovorans and
Bacillus coagulans from compost-fed mice suggested the
potential of thermophilic probiotic bacteria derived from
agricultural compost.

All these aspects combined, with the addiction of
what it was highlighted by this same research, revealed
the wide range of possibilities to enhance the scientific
value of microbial systems as cell factories, which can be
achieved through an in-dept analysis of their genomes
and through the use of cloning to study high expression
of their enzymatic activities.

Abbreviations

AZCL Azurine cross-linked

CAGR Compound annual growth rate
CMC Carboxymethyl-cellulose
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eDIFF Diffusion-filtered stimulated echo pulse
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HMBC Heteronuclear multiple-bond correlation
HSQC Heteronuclear single-quantum correlation
MCL Maximum composite-likelihood

NP Nitrophenol

PCR Polymerase chain reaction

RH Relative humidity

TOCSY Total correlation spectroscopy

TSA Trypton soy agar

TSB Trypton soy broth

2D Two-dimensional
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Additional file 1: Figure S1. Neighbour-joining phylogenetic tree based
on 16S rRNA gene sequences showing the relationship between isolated
strains and related taxa. The scale represents a genetic distance of 0.010
nucleotide substitutions. The isolates obtained from this work are reported
in bold. Aneurinibacillus thermoaerophilus strain DSM 10154 (X94196)

was used as an outgroup. Bar, 0.01 substitutions per nucleotide position.
Figure $2. 2D NMR "H-"H COSY (A) and "H-"3C HSQC (B) spectra of CV1-1
bacterial isolate. Figure S3. Edited HRMAS-NMR eCPMG spectra of bacte-
rial isolates. Yellow arrows indicate signals visible in these spectra which
were not detected in conventional 'H-HRMAS-NMR spectra. Figure S4.
Edited HRMAS-NMR eCPMG spectra of bacterial isolates. Yellow arrows
highlight the signals whose presence and intensities changed significantly
as a function of specific bacterial strain. Figure S5. Edited HRMAS-NMR
eDIFF spectra of bacterial isolates. Figure S6. Qualitative enzyme activities
detection on agar plates: a xylanase activity from strain CV1-1 revealed

by Congo red; B amylase activity from strain CV1-2 revealed by iodine
solution; C cellulase activity from strain CV2-1 revealed by Congo red; D
proteinase activity from strain CV2-3 revealed by halo-casein degradation;
E-AZCl-galactan hydrolyses from strain CV2-4. Table S1. Microbial isolates
deriving from composting plant of the Experimental Station of the Univer-
sity of Naples Federico Il at Castel Volturno (Caserta, Italy). Table S2. Pair-
wise identity matrix created by CLUSTAL of 16S rRNA gene sequences of
isolated strains. The percentage of identity score between two sequences
was indicated. Table S3. Integrated areas of chemical shift intervals for
conventional "H-HRMAS spectra as normalized to the 3.49 ppm signal.
Table S4. Integrated areas of chemical shift intervals for 'H-HRMAS-NMR
CPMG edited spectra as normalized to the 3.84 ppm signal. Table S5.
Integrated areas of chemical shift intervals for "H-HRMAS-NMR DIFFUSION
edited spectra as normalized to the 0.833 ppm signal.
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