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a b s t r a c t

Many microorganisms feed on the tissue and recalcitrant bone materials from dead animals, however lit-
tle is known about the collaborative effort and characteristics of their enzymes. In this study, microbial
metagenomes from symbionts of the marine bone-dwelling worm Osedax mucofloris, and from microbial
biofilms growing on experimentally deployed bone surfaces were screened for specialized bone-
degrading enzymes. A total of 2,043 taxonomically (closest match within 40 phyla) and functionally (1
proteolytic and 9 glycohydrolytic activities) diverse and non-redundant sequences (median pairwise
identity of 23.6%) encoding such enzymes were retrieved. The taxonomic assignation and the median
identity of 72.2% to homologous proteins reflect microbial and functional novelty associated to a special-
ized bone-degrading marine community. Binning suggests that only one generalist hosting all ten tar-
geted activities, working in synergy with multiple specialists hosting a few or individual activities.
Collagenases were the most abundant enzyme class, representing 48% of the total hits. A total of 47
diverse enzymes, representing 8 hydrolytic activities, were produced in Escherichia coli, whereof 13 were
soluble and active. The biochemical analyses revealed a wide range of optimal pH (4.0–7.0), optimal tem-
perature (5–65 �C), and of accepted substrates, specific to each microbial enzyme. This versatility may
contribute to a high environmental plasticity of bone-degrading marine consortia that can be confronted
to diverse habitats and bone materials. Through bone-meal degradation tests, we further demonstrated
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that some of these enzymes, particularly those from Flavobacteriaceae and Marinifilaceae, may be an asset
for development of new value chains in the biorefinery industry.
� 2021 Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Bio-

technology.
1. Introduction

Bone biodegradation in terrestrial and marine environments
has been and is of great interest in the archaeological sector. For
example, the degree of preservation of bones has been associated,
in some cases, with the presence of microorganisms capable of
degrading them [1,2]. A recent study has also demonstrated the
impact of bacterial colonization in animal bone health and bone
loss [3], and therefore, its composition must be considered during
microbiota reconstitution trials. Despite the impact that microor-
ganisms can have in the archaeological and health sectors, their
relevance in the biotechnological sector needs to be highlighted.
Indeed, meat production will be financially hit by carbon tax and
other measures to reduce consumption as a way to limit
methane/CO2 release and climate change [4,5]. This is why refine-
ment processes are being increasingly developed with meat/bone-
waste streams to increase revenue by, for example, producing
hydrolysates with blood pressure lowering [6] and antihyperten-
sive [7] properties, as well as peptide- and lipid-enriched hydroly-
sates useful in microbiological media [6] and human consumption
[8]. However, the breakthrough in the degradation of bones is
impaired by the lack of efficient enzymes to degrade the heteroge-
neous and dense phases within bone tissue [9–12]: a mineral
phase (hydroxyapatite crystals), water, and an organic phase that
includes proteins such as collagen (90% of the protein content)
and structural glycoproteins (e.g., containing mannose, galactose,
amino hexose sugars and sialic acid), and lipids such as cholesterol.
Among these components, the most recalcitrant is collagen. While
there are numerous microorganisms in the soil and marine sedi-
ments that produce collagenases, none have ever been demon-
strated to degrade mineralized collagen, because the bond
between hydroxyapatite and collagen is at the molecular level
[12]. Even the active sites of collagenases produced by microorgan-
isms and osteoclasts cannot access collagen and therefore they
must secrete acids to demineralise the crystalline structure first,
before collagenases can act [13]. Streamlining discovery of
enzymes capable of degrading bone materials, from the most recal-
citrant components such as collagen to those that attack the intri-
cate polysaccharides and polypeptide framework, is thus of
considerable interest.

The discovery of such enzymes can principally be achieved by
selectively prospecting enzymes encoded by genes of non-
cultivable soil and marine microorganisms, in combination with
methodological advancements and characterization efforts. Two
relevant such sources are the microbial biofilms that develop on
the surface of bones from shallow and deep water marine environ-
ments, and the symbionts of bone-dwelling worms, e.g., Osedax
mucofloris. These bio-resources have been shown to have a wide
microbial diversity, whose compositions and involvement in the
various and successive events involved in the degradation of
mature bone, have been investigated to some detail [14–27]. In this
process, recent metagenome sequence analyses suggested that, as
mentioned above, the acidification by some organisms is key
before the hydrolysis of bone matrix is initiated by other commu-
nity members [27]. They all together produce a broad set of
enzymes whose characteristics and biotechnological potential
remains to be elucidated [28]. Indeed, the available biochemical
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knowledge is restricted to identification of peptidolytic/col-
lagenolytic activity in Osedax tissues enriched in certain symbionts
[19,29,30].

In this study, we asked the following questions: from an envi-
ronmental point of view, how diverse and novel is the bone-
degrading enzyme repertoire in marine bone-associated microbial
consortia? From a technological point of view, do such enzymes
have a potential for the emerging bio-based economy, in particular,
for the valorisation of bone residues from the meat processing
industry? To answer these questions, herein we established a
multi-disciplinary approach that includes I) field experiments in
combination with metagenomics and targeted screening for micro-
bial enzymes with proteolytic/collagenolytic and glycohydrolytic
activity, II) gene synthesis, heterologous protein expression and
detailed biochemical and structural characterization, and III) pre-
industrial trials on bone meal degradation using enzyme cocktails.
Altogether, this study deepens into the diversity and presumptive
microbial interactions to promote bone degradation in marine
bone-associated microbiomes, and their use as potential biological
resources for highly versatile and performance hydrolytic enzymes
whose potential for bone biorefinery process is also evaluated.

2. Materials and methods

2.1. Source and profiling of enzymes and taxonomic assignation

In this study we used a curated database with diverse protein
sequences featuring enzyme families relevant to bone degradation
to identify by homology BLAST-search similar sequences in Meta-
genome Assembled Genomes (MAGs) and contigs not binned as
MAGs from marine bone associated microbiomes [27]. The
sequences encoding targeted bone-degrading enzymes were
selected by HMM [27] and DIAMOND [31]. The tools were applied
to raw sequencing reads deposited in the sequence read archive
(SRA) of NCBI under the BioProject ID PRJNA606180 and with the
BioSample accession numbers given in Table 1. In both cases, a cus-
tom database containing 17,072 taxonomically diverse protein
sequences, representing ten key enzyme families targeting bone
components [27] were used (see details in Table S1). For HMM
based searches, multiple alignments of each enzyme family were
generated with ClustalW version 2.1 [32] and HMMER version
3.1b1 [33] was employed to construct the models for each family
with hmmbuild and hmmsearch to search, keeping those with a bit-
score greater than or equal to 100 [27]. For DIAMOND searches,
blastp with default parameters was used, selecting the best match
(percent identity � 60%; alignment length � 70; e-value � 1e�5).
Taxonomic affiliation of candidate sequences was performed as
described by Borchert et al. [27] as well as by MetaErg version
1.2.1 [34].

2.2. Chemicals

Fetuin from fetal bovine serum, 30-sialyllactose, 60-sialyllactose,
galactose-a-1,3-galactose globotriaosylceramide, globotriaosyl-
sphingosine, Neu5Ac-GM2, Neu5Ac-GM3, acetylchitobiose,
acetylchitotriose, acetylchitotetraose, N-[3-(2-furyl)acryloyl]-L-leu
cyl-glycyl-L-prolyl-L-alanine (FALGPA), pNP-aAFur, pNP-aAPyr,



Table 1
Samples, sequencing statistics and bone metagenome size.

ID1 Bone type2 Collection date (dd.mm.yyyy) Assembly size (Mbp) Nr. of bone-degrading enzymes3 Frequency4 BioSample5

OBC0 Cow (tibia) 08.01.2017 263.32 15 0.057 SAMN14086996
OBS0 Sheep (lower leg) 08.01.2017 343.32 154 0.45 SAMN14086997
OBT0 Turkey (femur) 08.01.2017 375.17 241 0.64 SAMN14086998
OBT1 Turkey (femur) 08.02.2017 303.49 34 0.11 SAMN14087000
OBT2 Turkey (femur) 14.04.2017 228.14 6 0.026 SAMN14087003
BBT0 Turkey (femur) 27.01.2017 1028.74 776 0.75 SAMN14087007
BBT1 Turkey (femur) 08.02.2017 349.28 300 0.86 SAMN14087005
BBT2 Turkey (femur) 11.12.2017 453.81 170 0.37 SAMN14087006
BBC0 Cow (tibia) 11.01.2017 549.12 345 0.63 SAMN14087008

1 OBC0, BBC0, OBS0 and OBT0 were obtained as follows: Turkey thigh bones, and sheep and cow lower leg bones were deposited in Byfjorden (60,238185N, 5,181210E)
outside Bergen, Norway at a depth of 68 m in May 2016, incubated for nine months and retrieved using a small ROV throughout 2017. Microbial mats were scrapped off the
bone surfaces and O. mucoflorisworms dissected, and O. mucofloris-associated Bone symbiotic microbiomes from Cow (OBC0), Sheep (OBS0) and Turkey bones (OBT0), as well as
Bone surface-associated Biofilms (BB) microbiomes from Cow lower leg bones (BBC0), were isolated and sequenced, and reads quality-filtered and assembled to generate non-
redundant metasequences, as previously described [27]. OBT1 and BBT1 were obtained as follows: OB and BB microbiomes from turkey thigh bones that after nine months
deposited in Byfjorden were further maintained in aquaria for one (OBT1 and BBT1) and three (OBT2 and BBT2) months, were processed as before. Note: samples OBT0, OBT1,
OBT2, BBT0, BBT1, BBT2, and BBC0 were referred to as samples A5, A9, B4, I1, D1, D2 and I3, respectively, in Borchert et al. [27]. Samples OBC0 and OBS0 are herein reported for first
time.

2 Cow: Bos taurus; Turkey: Meleagris gallopavo; Sheep: Ovis aries.
3 As identified in the microbiomes by HMM and DIAMOND searches.
4 Frequency corresponds to the nr. of candidate hits per Mbp.
5 BioProject nr. PRJNA606180.
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pNP-bAPyr, pNP-bCel, pNP-aFuc, pNP-bFuc, pNP-aGal, pNP-bGal,
pNP-aGlu, pNP-bGlu, pNP-bGlucur, pNP-bLac, pNP-aMal, pNP-
aMan, pNP-bMan, pNP-NAbGal, pNP-NAbGlu, pNP-Neu5Ac, pNP-
aRham, pNP-aXyl, and pNP-bXyl, were ordered from Merck Life
Science S.L.U., (Madrid, Spain). Prior to use, all these chemicals
were solubilized in dimethylsulfoxide (DMSO) to prepare a
10 mg ml�1 stock solution. Note: all sugar-based substrates were
tested for all enzymes herein characterized, and only for those
for which activity was observed, biochemical parameters were
determined.

2.3. Enzyme selection, production and purification

For selecting gene sequences most likely encoding full-length
enzymes to be further synthesized, the following protocol was
applied: i) bioinformatically-selected with CD-HIT [35] sequences
from Table S2 with a percentage of identity over 90% are removed,
keeping the longest, to avoid redundancy; ii) sequences with a
length below the median length of its family in the custom data-
base were removed; iii) sequences are analyzed by BLAST [36] as
well as homology modeling programs Swissmodel [37] and Phyre2
[38] to identify those encoding full-length enzymes containing all
domain composition; iv) taxonomic affiliation is also considered
for covering a broader diversity; v) the presence of a predicted sig-
nal peptide (according to signalP v5.0) for extracellular export is
also taken as a positive feature. In total, 47 enzymes were selected
for further expression.

The 47 selected sequences were synthesized as codon-
optimized DNA from Twist Biosciences (San Francisco, US), with
flanking inward-oriented SapI sites for directional fragment
exchange (FX) cloning. Leader sequences were omitted from the
final gene construct, allowing proteins to be expressed intracellu-
larly. The synthetic ORFs (T0182 to T0228) were delivered in a
propagation plasmid, which was directly used as entry plasmid
in parallel FX cloning [39] into two different plasmids (p1 and
p12) that supply different solubility and affinity tags for expression
in E. coli [40], namely, N- or C-terminally histidine (his) tagged pro-
teins, respectively. The soluble His-tagged proteins were produced
at 16 �C (or 12 �C in case of T0182) in Luria-Bertani (LB) medium
(10 g l�1 tryptone, 10 g 1�1 NaCl, 5 g 1�1 yeast extract) supple-
mented with 100 mg ml�1 ampicillin, and purified at 4 �C after
binding to a Ni-NTA His-Bind resin (Merck Life Science S.L.U.,
Madrid, Spain) as described [41]. The purity was assessed
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as > 98% using SDS-PAGE analysis in a Mini PROTEAN electrophore-
sis system (Bio-Rad, Madrid, Spain). Purified protein was stored at
�86 �C until use at a concentration of 10 mg ml�1 in 40 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH
7.0). A total of about 0.5–32mg total purified recombinant proteins
were obtained from 1-liter culture, depending on the protein.

2.4. Determination of substrate specificity, and kinetic and optimal
parameters of glycosidases

Hydrolytic activity towards the 21 pNP-sugars described in Sec-
tion 2.2 was performed, for all enzymes, in 96-well plates in a Syn-
ergy HT Multi-Mode Microplate Reader in continuous mode at
348 nm (isosbestic point p-nitrophenol, e = 4,147 M�1 cm�1) over
30 min, and the absorbance per minute was determined from the
slopes generated, as previously described [42]. One unit (U) of
enzyme activity was defined as the amount of enzyme required
to transform 1 mmol of substrate in 1 min under the assay condi-
tions using the reported extinction coefficient. Unless otherwise
indicated, for Km and Vmax determination - [protein]: 1–50 lg ml�1,
depending on the protein; [substrate]: 0–14 mM; reaction volume:
200 ll; T (Temperature): 30 �C; pH: 7.0 (50 mM Britton and Robin-
son buffer); time: 30 min. For kcat determination – [protein]: 0–
0.4 mg ml�1; [substrate]: 10 mM; reaction volume: 200 ll; T:
30 �C; pH: 7.0 (50 mM Britton and Robinson buffer); time: 30 min.

Hydrolytic activity towards fetuin, 30-sialyllactose, 60-
sialyllactose, Neu5Ac-GM2 and Neu5Ac-GM3, galactose-a-1,3-
galactose, globotriaosylceramide, and globotriaosylsphingosine
was determined as follows. A volume of 2 ml of a stock substrate
solution (10 mg ml�1 in DMSO) was added to 196 ml of 50 mM Brit-
ton and Robinson buffer, pH 7.0. Then, 2 ml of protein (from a
10 mg ml�1 in 40 mM HEPES buffer pH 7.0) were immediately
added. The total reaction volume was 200 ml and the temperature
set at 30 �C, for a total time of 24 h. Oligosaccharides were ana-
lyzed by High Performance Anion-Exchange Chromatography with
Pulsed Amperometric Detection (HPAEC-PAD) (see Section 2.8).

For optimal pH determination of glycosidases [protein]: 0.002–
0.04 mg ml�1 (stock solution: 10 mg ml�1, 40 mM HEPES pH 7.0),
depending on the protein; [substrate]: 0.3 mg ml�1 (stock:
10 mg ml�1, DMSO); buffer: 50 mM Britton and Robinson buffer,
pH 3.0–8.5; volume: 200 ll; T: 30 �C; time: 30 min. For optimal
temperature determination of glycosidases [protein]: 0.002–0.04
mg ml�1 (stock: 10 mg ml�1), depending on the protein; [sub-
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strate]: 0.3 mg ml�1 (stock: 10 mg ml�1); buffer: 50 mM Britton
and Robinson buffer, pH 7.0; volume: 200 ll; T: 5–85 �C; time:
30 min. For pH and temperature determinations, substrates with
best transformation rates were used.

All assays were performed in triplicate, and values were cor-
rected for non-enzymatic transformation.

2.5. Characterization of collagenases

The collagenase assay was based on the ability of peptidases to
hydrolyse fluorescent-labelled casein as described by Thompson
et al. [43]. Briefly, the substrate used was a green fluorescent-
labelled (BODIPY-FL) casein (Molecular Probes, #E6638) and the
working solutions were all prepared and assay conditions per-
formed, as recommended by the provider, with small modifica-
tions. Briefly, 100 ml of BODIPY-FL casein stock solution
(10 mg ml�1) was added to each well in a 96-microtitre plate and
subsequently topped with 90 ml of the 50 mM Britton and Robinson
buffer, pH 3.0–8.5. The plate was temperature equilibrated in an
oven at the particular assay temperature for 3 min covered with
an adhesive foil to limit evaporation. The plate was then placed
in fluorescence plate reader before adding 10 ml of the enzyme
preparation solution (10 mg ml�1) to each microtitre plate well
with the use of a multichannel pipette. The fluorescence readings
in all wells were measured immediately after the plate was gently
shaken for 3 s. The rate of hydrolysis in each assay was recorded at
15 s intervals over 20 min. Measurements were carried out using a
fluorescence plate reader (Synergy HT Multi-Mode Microplate
Reader). The assays were performed for each pH (3.0–8.5, using
50 mM Britton and Robinson buffer) at 30 �C and temperature
ranging from 5 to 80 �C, at pH 7.0 (using 50 mM Britton and Robin-
son buffer). The fluorescence readings for the reaction steady state
(within the first minute of the assay) were used to generate a pro-
gress curve (arbitrary fluorescence unit vs. time) from which a line
slope value was determined. Enzyme unit was calculated as
described by Lee et al. [44]. All assays were performed in triplicate,
and values were corrected for non-enzymatic transformation.

Collagenase activity was also measured using FALGPA. Enzyme
assays, in triplicates, were performed as detailed in the manufac-
ture’s protocol (Merck Life Science S.L.U., Madrid, Spain). Unless
otherwise indicated, for Km determination – [protein]: 1 mg ml�1;
[substrate]: 0–10 mM; reaction volume: 200 ml; T: 30 �C; pH: 7.0
(50 mM Britton and Robinson buffer); time: 30 min. For kcat deter-
mination – [protein]: 0–0.4 mg ml�1; [substrate]: 10 mM; reaction
volume: 200 ml; T: 30 �C; pH: 7.0 (50 mM Britton and Robinson
buffer); time: 30 min. Absorbance was monitored at 324 nm (e
of 2,250 mM�1 cm�1). One unit was defined as the amount of
enzyme required to hydrolyse 1 mmol FALGPA in 1 min under
the indicated assay condition.

2.6. Chromogenic bone-meal degradation tests

Bone meal (Weibulls, Sweden) was purchased from a local nurs-
ery and rendered chromogenic by GlycoSpot (Søborg, Denmark) as
described previously [45]. Prior to the assays, the working solu-
tions were all prepared and assay conditions performed, as recom-
mended by GlycoSpot. Two hundred microlitres of 50 mM Britton
and Robinson buffer, pH 7.0, were added to each of wells. The plate
was then placed in a Synergy HT Multi-Mode Microplate Reader to
equilibrate to 30 �C. Thereafter 10 ml of the enzyme solutions were
added to each microtitre plate well using a multichannel pipette
and the absorbance readings in all wells were measured immedi-
ately after the plate was gently shaken for 3 s. The enzyme solu-
tions consist of: I) 10 mg ml�1 purified T0182; II) 10 mg ml�1 of
each of the T0193, T0199, T0204, T0207, T0209, T0215, and
T0216 purified proteins (herein after referred as glycohydrolytic
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cocktail); III) 10 mg ml�1 purified T0182 and all proteins constitut-
ing the glycohydrolytic cocktail; and VI) buffer without protein
(control sample). The absorbance readings at 517 nm for the reac-
tion steady state (within the first 20 s of the assay) were used to
generate a progress curve (arbitrary fluorescence units vs. time)
from which a line slope value was determined. Enzyme unit was
calculated as D absorbance per min. All assays were performed
in triplicates, and values were corrected for non-enzymatic
transformation.
2.7. Chicken thigh bone degradation tests

Chicken thigh bone, sourced from a local butcher shop, was
used for additional degradation tests. The bone (about 12 g) was
demineralized by immersion in a test tube containing 120 ml of
3 M HCl solution (Merck Life Science S.L.U., Madrid, Spain). After
overnight incubation at room temperature, the bone was removed
and washed extensively with distilled water. The demineralized
bone, which now had turned elastic, was then cleaned to remove
non-collagenous proteins and then freeze dried in liquid nitrogen,
lyophilized to fully eliminate the water, and finally pulverized with
a coffee grinder (Moulinex Super Junior S). For the degradation test
a protocol commonly employed for preparation of sugar-polymers
for biomass degradation tests, was adapted [46]. Briefly, 1 g of pul-
verized dry bone material thus obtained was added to a 100 ml
Erlenmeyer flask containing 60 ml pre-warmed buffer (50 mM
Britton and Robinson buffer, pH 7.0) at 60 �C. The mixture was kept
overnight at 60 �C under agitation with a magnetic stirrer, after
which 40 ml of the same buffer was added, to achieve a final sub-
strate concentration of 1% (w/v). For the tests, 20 ml of the enzyme
solutions (10 mg ml�1), were added to 480 ml bone solution pre-
pared as above, in a 1.5 ml Eppendorf. The enzyme solutions tested
were the I)-IV) described in Section 2.6. The reactions, done in trip-
licates, were kept at 30 �C at 900 rpm in a thermal block. Degrada-
tion level was followed by measuring the concentration of
reducing sugars released by the dinitrosalicylic acid (DNS) method
adapted to a 96-well microplate scale [47] and the degradation
products profile by HPAEC-PAD (see Section 2.8).
2.8. HPAEC-PAD analysis

Sample aliquots (300 ll) were firstly mixed with absolute etha-
nol until the final ethanol concentration was 70% in order to pre-
cipitate protein material. They were subsequently centrifuged
(10000 g, 5 min) and filtered with 0.45 lm nylon filters (Cosela,
Sevilla, Spain). Then, the samples were desiccated with a vacuum
concentrator 5301 (Eppendorf) at 30 �C, and 200 ml of filtered aque-
ous solution were added for the analysis by HPAEC-PAD. The anal-
ysis was carried out at 30 �C by HPAEC-PAD, Dionex ICS3000
system (Sunnyvale, CA, USA), an anion-exchange CarboPack PA-
100 column (4 � 250 mm) connected to a CarboPac PA-100 guard
column (4 � 50 mm), and an autosampler (model AS-HV). The ini-
tial mobile phase was 30 mM NaOH at 0.5 ml min�1 and a gradient
from 30 to 60 mM NaOH was performed in 15 min. Then, a second
gradient was carried out going from 60 to 120 mM NaOH and
increasing sodium acetate until 64 mM in 35 min. In the next
10 min, sodium acetate was increased until 160 mM and NaOH
was changed from 120 mM to 90 mM. In another 10 min, NaOH
was increased from 90 mM to 110 mM and sodium acetate
decreased until 96 mM. Finally, the mobile phase was changed
back to the initial conditions (30 mM NaOH) in 1 min and main-
tained for 15 min. Eluents were degassed by flushing with helium
and peaks were analyzed using Chromeleon software.
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2.9. Three dimensional modeling

The analysis of the sequences performed using BLAST [36]
allowed the identification of the domain composition within each
protein. Models of each domain were built using the homology
modeling programs Swissmodel [37] and Phyre2 [38]. From the
different outcomes, the best-ranked models were selected for each
protein to be presented in this work. PDB codes used as templates
are shown in the results section.
3. Results and discussion

3.1. Selection of bone-degrading enzymes

We have recently established and manually curated a database
with 17,072 taxonomically diverse protein sequences (Table S1)
featuring ten key enzyme families, potentially targeting different
bone matrix components [27]. They include enzymes covering
one peptidolytic/collagenolytic [collagenases U32 (COG0826) and
M9 (Pfam01752) and peptidases families S1 (COG0265), S8/S53
(and Pfam00082) and M61 (Pfam17899) peptidases] and nine gly-
cohydrolytic [a-mannosidases (COG0383), a-sialidases (COG4409),
a-fucosidases (COG3669), a-N-acetyl-hexosaminidases
(pfam16499), b-N-acetyl-hexosaminidases (COG1472), a-
galactosidase (Pfam16499), b-galactosidases (COG3250), a-
rhamnosidases (Pfam17132), and b-glucosidase (COG1472)]
activities.

A total of 733 candidate hits, homologous to the aforemen-
tioned families, were previously extracted by HMM profiling from
59 MAGs reconstructed from marine bone associated microbiomes
retrieved from turkey and cow bone deployment field experiments,
detailed in Table 1 [27]. In this study, the same protocol was
applied to further search for additional candidate hits in contigs
(>500 bp in length) not assembled as MAGs in this set of samples
[27], as well as in contigs (>500 bp in length) from microbiomes
newly retrieved from new field experiments with cow and sheep
bones (see Table 1). As a complementary tool, DIAMOND [31]
was applied (for parameters see Section 2.1) to all samples in
Table 1.

A total of 1,301 additional candidate hits were retrieved, which
together with those previously identified, make a total of 2,043
sequences, distributed among all 10 targeted families (Tables S2
and S3). A set of 1,977 of those hits were identified by HMM, while
338 by DIAMOND (Table S2). Only 272 (13.3%) were identified by
both methods, demonstrating their complementary utility for
enzyme search.

As summarized in Table S2, the 2,043 proteins exhibited amino
acid sequence identities ranging from 28.6 to 100% to homologous
proteins in the non-redundant (nr) NCBI database (calculated using
DIAMOND) with a median value of 72.2% (23.4% interquartile
range (IQR)). The pairwise global alignment (Needleman-Wunsch
algorithm) percentage of identity for all sequences within each of
the families ranged from 2.7 to 100%, with a median value of
23.6% (3.7% IQR). To conclude, the 2,043 hits consist of diverse
and non-redundant protein sequences, distantly related in many
cases to known homologues, as expected from a pecialized micro-
bial community in the marine environment involved in degrada-
tion of bones.
3.2. Microbial source of bone-degrading enzymes

In this work we provide an understanding of how bone-
associated marine microbes and enzymes presumptively function
together to degrade bone material as a whole. The interest in this
type of studies lies in the fact that marine microbial bone degrada-
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tion has only been scarcely studied previously, most research
focused on the degradation machinery of the bone-eating worm
Osedax [13,15,23,29] and its bacterial endosymbionts, which are
ultimately not directly involved in the degradation of bone compo-
nents [19,30]. The biofilms developing independently from Osedax
on the bone outside have been studied so far only with different
DNA sequencing methods, but functional prove is lacking
[21,25,28,48].

As shown in Table S2, a total of 45 enzymes could be assigned
only at phylum level, 164 at class level, 386 at family level, 1,195
at genus level, and 93 remained as unclassified, according to the
automated pipelines for annotating metagenome-assembled con-
tigs described previously [27] and MetaErg [34]. By focusing at
phylum level, the 1,949 enzymes potentially involved in bone
degradation with unambiguous taxonomic assignation, affiliated
to 40 phyla (Fig. 1). Members of the Bacteroidota were the only
ones hosting all 10 targeted proteolytic/collagenolytic and glyco-
hydrolytic activities and thus, they could potentially use recalci-
trant bone material as a sole carbon source. Within it, only
members of the families Flavobacteriaceae and Marinifilaceae (rep-
resenting 53% of total Bacteroidota hits) hosted all 10 activities
(Table S2). This is in consonance with their previous role assigned
through the analysis of MAGs [27]. As shown in Fig. 1 and Table S2,
members of other phyla significantly contributed also to the bone
degradation by hosting 6–7 activities each: i) Proteobacteria, e.g.,
Beggiatoaceae, Nitrincolaceae, Alteromonadaceae, and Kangiellaceae
representing 36% total hits; ii) Chloroflexota, e.g., Anaerolineae rep-
resenting 95% total hits; iii) Firmicutes, e.g., Paenibacillaceae and
Clostridiaceae representing 30% total hits; iv) Campylobacterota,
e.g., Sulfurimonadaceae, Sulfurospirillaceae, Sulfurovaceae, and
Thiovulaceae representing 83% total hits; v) Verrucomicrobiota,
e.g., Kiritimatiellae, Lentisphaeria and Verrucomicrobiae representing
98% total hits; and vi) Spirochaetota, e.g., Spirochaetaceae, repre-
senting 61% total hits. In contrast, 21 bacterial phyla do show a
high specialization, as they contributed with single hydrolytic
activities.

At the functional level, peptidases (including U32 and M09 col-
lagenases; [51]), a-mannosidases, b-glucosidases and b-
galactosidases were the enzymes associated to or hosted by a
higher number of taxonomically diverse microbes (29, 19, 16 and
14 phyla, respectively), followed by a-fucosidases (twelve phyla)
and b-N-acetyl-hexosaminidases (nine phyla) (Fig. 1). In contrast,
sialidases (three phyla), a-galactosidases (two phyla), a-N-acetyl-
hexosaminidases (two phyla), and a-rhamnosidases (one phylum),
were the ones associated to the fewest number of phyla.

The fact that members of 29 phyla produced peptidases, includ-
ing U32 and M09 collagenases [51], and that they represent about
48% of the total hydrolytic enzymes identified (Tables S2 and S3), is
consistent with the fact that around 30% of mature bone is com-
posed of organic compounds, of which 90–95% is collagen [9–12].
Thus, given its abundance in mature bone, a massive proteolytic/-
collagenolytic effort is required. Based on the data presented in
Fig. 1 and Table S2, this effort is primarily driven by four members
of the community that combined produced 92% of all U32 and M09
collagenolytic hydrolases: i) Proteobacteria, e.g., Beggiatoaceae,
Nitrincolaceae, Alteromonadaceae, and Kangiellaceae, representing
43% of the hits, hosting both M09 and U32 collagenases; and ii)
Bacteroidota (e.g., Flavobacteriaceae and Marinifilaceae, 63% hits),
Desulfobacterota (e.g., Desulfobacteraceae, 61% hits) and Campy-
lobacterota (e.g., Sulfurimonadaceae, Sulfurospirillaceae, Sul-
furovaceae, and Thiovulaceae, 78% hits) hosting only U32
collagenases. The fact that different microbial members host differ-
ent families of collagenases suggests they have different ways to
attack the collagenolytic material, with Proteobacteria most likely
contributing with a wider degradation capacity by hosting M09
and U32 families.



Fig. 1. Heatmap representing the relative abundance (%) of bone-hydrolytic enzymes per family assigned to different microorganisms at phylum level. Here, the data for all
marine bone-associated microbiomes in Table 1 are shown. Values indicate the relative abundance level of enzymes, involved in the degradation of each bone component,
binned to each taxonomic group. For abbreviations see abbreviation lists in page 1. The plot was made with gplot R package version 3.1.1 [49,50].
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Bones also contain sialo/glycoproteins that confer recalcitrant
character [11]. Based on taxonomic affiliations in Fig. 1 and
Table S2, we hypothesized that the hydrolysis of sialoproteins will
be driven by three members, namely, Bacteroidota (particularly,
Flavobacteriaceae and Marinifilaceae, 51% hits), and to much lower
extend Verrucomicrobiota (only one hit) and Krumholzibacteriota
(only one hit), each containing a different set of sialidases.

A wide cooperation is suggested for the hydrolysis of glycopro-
teins, for which 7 phyla are the main contributors according to the
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relative abundance (%) of enzymes (Fig. 1): i) Bacteroidota, particu-
larly Flavobacteriaceae and Marinifilaceae (51% hits), which host
enzymes presumably degrading all targeted sugar components,
including a-mannose, b-N-acetyl-hexosamine, a-galactose,
a-rhamnose, b-glucose, a-N-acetyl-hexosamine, a-fucose, and
b-galactose; ii) Firmicutes, e.g., Paenibacillaceae and Clostridiaceae,
likely contributing to attack a-mannose and a-N-acetyl-
hexosamine residues; iii) Proteobacteria, e.g., Alteromonadaceae,
Kangiellaceae and Nitrincolaceae, likely contributing to degrade
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b-N-acetyl-hexosamine and to less extend b-glucose and
b-galactose; iv) Planctomycetota, likely contributing to degrade
a-galactose and a-mannose; v) Campylobacterota, e.g.,
Sulfurimonadaceae and Sulfurovaceae, likely degrading b-N-acetyl-
hexosamine and to less extend b-glucose; vi) Spirochaetota, e.g.,
Spirochaetaceae, likely degrading a-mannose; and vii)
Verrucomicrobiota, e.g., Victivallaceae, likely degrading a-mannose.
It is noteworthy that this contribution is based on the number of
distinct enzymes assigned to each taxonomic group, although
in vivo it may depend on the bacterial cell number, and the
in situ expression level and performance of the enzymes assigned
to each taxonomic group.

To conclude, in marine bone-associated microbial consortia an
extensive functional redundancy among microorganisms poten-
tially participating in bone degradation exists, as well as a high
degree of functional specialization. Results also point to the rele-
vant role of Flavobacteriaceae and Marinifilaceae as being general-
ists (i.e., multiple bone-degrading enzyme producers) in marine
bone-associated microbiomes, in close cooperation with specialists
enzyme producers that included at least Alteromonadaceae, Anaero-
lineae, Clostridiaceae, Desulfobacteraceae, Kangiellaceae, Kiritimatiel-
lae, Krumholzibacteriota, Lentisphaeria, Nitrincolaceae,
Paenibacillaceae, Planctomycetota, Spirochaetaceae, Sulfurimon-
adaceae, Sulfurospirillaceae, Sulfurovaceae, Verrucomicrobiae, and
Victivallaceae. To date, no studies focusing on the taxonomic anal-
ysis of enzymes involved in bone degradation have been reported
and it is therefore difficult to detail the extent to which these tax-
onomic groups and the enzymes they contain are different from
those present in other environments and bones. That said, the bone
degrading community herein reported significantly differs from
those in femora or humeri of domestic swine [25], other defleshed
bones [21] and whale fall [28] deposited or submerged in marine
associated environments; metabarcoding revealed they are
enriched in Firmicutes (e.g., families Lachnosppiraceae and
Clostridiaceae), Bacteriodetes (e.g., family Marinilabiaceae),
sulfate-reducing families of the phyla Fusobacteria (e.g., Fusobacte-
riaceae), Proteobacteria (e.g., Pseudomonadaceae, Desulfovibri-
onaceae, Helicobacteraceae and Rhodobacteraceae) and
Thermotogae (e.g., Thermotogaceae). Although these differences
may be due to different depositional environments, the results
reflect functional novelty associated to a specialized bone-
degrading marine community herein investigated.

Therefore, in this study we have expanded the range of micro-
bial players involved in the bone degradation process in marine
bone associated microbiomes, even compared to our previous
study that gave a leading role only to Bacteroidota (Flavobacteri-
aceae and Marinifiliaceae) and c-Proteobacteria (Alteromonadaceae
and Kangiellaceae) [27]. It is worth mentioning that the capacity
of these members to degrade polysaccharides and polypeptides
like collagen, gelatin, agar, chitin, ulvan, alginate, carrageen, cellu-
lose, xylan, elastin, spongin, or others are known [see ref. in 27],
and here we have provided further evidences they may also be ver-
satile degraders of other complex molecules including collagen and
sialoproteins. Sulfur-metabolizing bacteria of Desulfobacteraceae,
Sulfurovaceae, Sulfurimonadaceae, Sulfurospirillaceae, Krumholzibac-
teriota and Spirochaetaceae families have been suggested to mostly
contribute bone degradation by promoting acidification [27], but
their presumptive role in also contributing to the degradation of
collagen and specific polysaccharides was first suggested in this
study. Results highlight also that nitrogen metabolizing bacteria
such as members of Nitrincolaceae [52] can also potentially con-
tribute to collagen metabolism. It is to highlight that there are a
small number of microorganisms that can secrete both acids and
collagenases, and that this study suggest that these microorgan-
isms are enriched in bone-associated microbiomes where sulfur,
and also nitrogen, polysaccharides and polypeptides biogeochem-
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istry co-exists. Finally, biochemical knowledge for members of Vic-
tivallaceae and Kiritimatiellae, from which few cultured
representatives are available [53,54], is limited; in this study, their
capacity to presumptively degrade collagen, and a-mannose, a-
fucose and b-galactose residues is suggested. Opposite, this study
reinforces the carbohydrate-based fermentative lifestyle of mem-
bers of Anaerolineae, Clostridiaceae, Lentisphaeria, Paenibacillaceae,
Planctomycetota, and Verrucomicrobiae, which being enriched in
key genes catalyzing the hydrolysis of multiple of polysaccharides
are also common inhabitants of the gut.

Whether the differences in the number of enzymes produced by
generalists (r-selected or copiotrophic) or specialist (k-selected or
oligotrophic) can also be translated into biochemical differences,
e.g., lower or higher affinity for substrates, will be further explored
in the future.

3.3. Biochemical characterization of bone-degrading enzymes

In order to characterize the bone bioprocessing potential of the
identified enzymes, a set of the 2,043 identified such proteins were
selected (for details see Section 2.3). A total of 47 non-redundant
and taxonomically diverse sequences most likely encoding full-
length enzymes covering eight hydrolytic activities, were selected
(Table S4): U32 and M9 collagenases (10), b-galactosidases (7), a-
fucosidases (6), b-N-acetyl-hexosaminidases (6), sialidases (6), a-
mannosidases (6), a-rhamnosidases (4), and a-galactosidases (2).
They were assigned to multiple phylogenetic groups, namely, Bac-
teroidota (33), Proteobacteria (6), Chloroflexota (6), Desulfobacterota
(1), and Krumholzibacteriota (1); the phylogeny of two sequences
remained unclear. Maximum identity to homologous proteins in
NCBI nr database ranged from 92.4 to 46.1% and query coverages
from 100 to 58% (calculated using DIAMOND) (Table S4). Proteins
were recombinantly produced in two vectors encoding affinity-
tags (total number of 94 protein-encoding constructs). A set of
13 out of the 47 protein targets were found to be produced in sol-
uble and active formwhen produced at 12–16 �C in E. coli (Table 2).

The proteins produced in soluble-active form were recovered
from samples BBT0 (T0182, T0193, T0216, T0217, T0218, T0220,
T0201, T0215, T0199), BBC0 (T0204), OBT0 (T0207 and T0209) and
OBT1 (T0191), whose origin is detailed in Table 1. They do show
closest match within Bacteroidota (9), Proteobacteria (3) and Chlo-
roflexota (1), and covered eight families of hydrolytic activities
(Figs. 2 and 3). Five of these enzymes were successfully expressed
with an N-terminal his-tag (p1-vector: T0191, T0193, T0199,
T0209, T0215), and eight with a C-terminal his-tag (p12-vector:
T0182, T0201, T0204, T0207, T0216, T0217, T0218, T0220). This
result shows the advantage of using a multi-construct strategy in
enzyme discovery. According to signalP v5.0, all the proteins
except for T0204 have predicted signal peptides for secretion to
the extracellular medium. After expression and purification (pu-
rity > 98%), all thirteen enzymes were characterized to determine
their optimal parameters for activity (Table 2, Fig. 2, Fig. 3,
Table S5) and kinetic performances towards multiple substrates
(Table 2). Their structures were also evaluated by homology mod-
eling (Fig. 4, Table S6).

Characterization of collagenases. One collagenase, T0182, was
successfully expressed. T0182 is a 1,112 amino acid (AA)-long
polypeptide, with residues 85–616 encoding a peptidase family
M9 domain structure. Two extra non-proteolytic domains were
predicted: three Polycystic Kidney Disease (PKD) domains (from
624 to 995), and a pre-peptidase C-terminal domain (from 1,010
to 1,112) (Fig. 4). T0182 is 52% identical (in 67% of its sequence)
to Clostridium histolyticum ColG collagenase (Protein Data Bank
[PDB] code 2Y50; [56]), with which it shares similar domain archi-
tecture. However, T0182 contains a PKD domain, which is not
found in ColG or any other homologues. T0182 showed proteolytic



Table 2
Kinetic parameters of bone-degrading enzymes.

Protein Substrate Km (mM)3 Vmax (U mg�1)3 kcat (s�1)3 kcat/Km (mM�1 s�1)3

T0182 BODIPY-FL casein1 n.d. 125 ± 182 n.d. n.d.
FALGPA 4.24 ± 0.1 n.d. 1.77 ± 0.30 0.42 ± 0.04

T0191 pNP-Neu5Ac 0.18 ± 0.03 6.35 ± 0.45 511.71 ± 32.71 2,955 ± 674
3-Sialyllactose 0.031 ± 0.001 n.d. 921.5 ± 3.17 29,725 ± 15
6-Sialyllactose 0.053 ± 0.001 n.d. 550.5 ± 15.16 10,386 ± 20

T0193 pNP-Neu5Ac 0.55 ± 0.17 4.79 ± 0.79 508.05 ± 35.85 1,044 ± 388
3-Sialyllactose 0.082 ± 0.06 n.d. 294.2 ± 9.6 3,587 ± 16
Neu5Ac-GM2 0.735 ± 0.031 n.d. 48.09 ± 3.84 65.42 ± 5.30
pNP-bNAGlu 6.17 ± 0.92 n.d. 53.40 ± 2.58 8.65 ± 1.53
Acetylchitotetraose 0.062 ± 0.051 n.d. 47.54 ± 8.16 766.8 ± 16
Acetylchitotriose 9.96 ± 0.74 n.d. 26.71 ± 0.97 2.68 ± 0.13
Glycoprotein feutin2 n.d. 948.3 ± 18.46 n.d. n.d.

T0216 pNP-NAbGlu 0.025 ± 0.006 3.33 ± 0.28 1,194 ± 2 47,811 ± 2,424
pNP-NAbGal 2.78 ± 1.09 0.28 ± 0.05 36.35 ± 1.51 15.7 ± 6.7
Glycoprotein feutin2 n.d. 0.14 ± 0.05 n.d. n.d.

T0217 pNP-NAbGlu 0.028 ± 0.012 0.030 ± 0.004 9.88 ± 0.25 436.9 ± 19.2

T0218 pNP-NAbGlu 0.134 ± 0.015 121.5 ± 3.59 83,512 ± 3,179 633,820 ± 946
pNP-NAbGal 0.326 ± 0.037 4.66 ± 0.12 2,191 ± 54 6,833 ± 96
Glycoprotein feutin2 n.d. 7.80 ± 0.31 n.d. n.d.

T0220 pNP-NAbGlu 0.042 ± 0.004 0.07 ± 0.002 23.37 ± 0.92 563.6 ± 75.6
pNP-NAbGal 2.30 ± 0.17 0.03 ± 0.001 1.15 ± 0.03 0.5 ± 0.05

T0201 pNP-aGal 6.22 ± 0.93 10.44 ± 0.54 343.06 ± 10.39 56.67 ± 10.14

T0215 pNP-aGal 0.062 ± 0.008 0.12 ± 0.008 79.83 ± 3.71 1,317 ± 230
pNP-bAPyr 3.30 ± 0.73 0.42 ± 0.04 21.53 ± 1.66 6.98 ± 2.05
Galactose-a-1,3-galactose 0.048 ± 0.009 n.d. 98.51 ± 8.51 2,052 ± 95
Globotriaosylceramide 0.096 ± 0.001 n.d. 72.01 ± 6.4 750.1 ± 64
Globotriaosylsphingosine 0.058 ± 0.007 n.d. 93.45 ± 4.13 1,611 ± 50

T0199 pNP-aRham 1.08 ± 0.15 2.29 ± 0.11 1,542 ± 1308 1,473 ± 325

T0204 pNP-bMan 0.127 ± 0.036 12.1 ± 0.95 1,622 ± 82 14,090 ± 4,637

T0207 pNP-b-Fuc 0.0118 ± 0.003 1.92 ± 0.12 2,273 ± 31 206,615 ± 5,513
pNP-bGal 0.199 ± 0.032 1.87 ± 0.07 1,222 ± 33 6,334 ± 1,186
pNP-aAPyr 1.732 ± 0.461 9.13 ± 1.64 602.86 ± 34.62 380.7 ± 121.2

T0209 pNP-aFuc 30.53 ± 17.64 5.91 ± 2.52 136.4 ± 5.98 6.88 ± 4.17

1 Values in Dfluorescence min�1.
2 Activity as mg sialic acid mg�1 feutin.
3 For comparisons, all reactions were performed in 50 mM Britton and Robinson buffer, pH 7.0 and 30 �C.
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activity against BODIPY-FL casein (Table 2), and retained more that
70% of its optimal activity at pH from 5.0 to 8.0 (Fig. 2) and temper-
atures from 5 to 30 �C (Fig. 3). The catalytic performance of T0182
was compared to that of ColG by using FALGPA, a typical synthetic
collagenase substrate that Resemble the Gly-X-Pro pattern com-
monly often found in collagen sequence [57]. T0182 showed a cat-
alytic efficiency (kcat/Km) value of 0.42 ± 0.04 s�1 mM�1, which is
about 3.2-fold higher than that of ColG at 25 �C and pH 7 [57].

Characterization of sialidases. Two sialidases, T0191 and T0193,
were successfully produced. T0191, a 533 AA-long polypeptide, is
42% identical (in 90% of its sequence) to the two-domain Family
33 Glycosyl Hydrolase (GH) 6MRX from Bacteroides (Fig. 4), which
exhibits preference for red meat-associated carbohydrates [58].
T0193 is a 631 AA-long polypeptide, organized in three-domains
(Fig. 4): i) residues 64–397 are 26% identical to family glycoside
hydrolase GH33 trans-sialidase 4XE9 (Streptococcus pneumoniae
TIGR4) ii) residues 405–463 are related to the chitobiase/b-hexosa
minidase C-terminal domain from Serratia marcescens (13 % iden-
tity); and iii) residues 527–626 correspond to a PA14 domain,
likely involved in binding. There is no sialidase with this domain-
structure neither characterized nor crystallized. No significant sim-
ilarity (e-value > 10) was found when comparing T0191 to T0193.

As shown in Table 2, T0191 was found to be highly active
towards the model substrate pNP-Neu5Ac, and it was also capable
of cleaving both 2,30- and 2,60-linked sialic acid in the trisaccharide
substrate sialyllactose, which were the preferred substrates (e.g.,
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up to 10-fold higher kcat/Km compared to substrate pNP-Neu5Ac).
Sialidase T0193 hydrolyzed at 3-fold lower kcat/Km pNP-Neu5Ac,
and 2-30-linked sialic acid in the trisaccharide substrate 3-
sialyllactose (8-fold lower kcat/Km), but not 2-30-linked sialic acid
in 6-sialyllactose. As this enzyme contains a chitobiase/b-hexosami
nidase C-terminal domain (residues 405–463), the capacity of
T0193 to degrade known b-hexosaminidase substrates, such as
Neu5Ac-GM2, Neu5Ac-GM3, pNP-NAbGlu, pNP-NAbGal, chitin-like
oligosaccharides such as acetylchitobiose, acetylchitotriose and
acetylchitotetraose, as well as the glycoprotein fetuin, was also
evaluated. As shown in Table 2, T0193 was capable of efficiently
degrading acetylchitotetraose, pNP-NAbGlu and acetylchitotriose,
in this order, as well as fetuin and the ganglioside Neu5Ac-GM2

which contain a terminal N-acetyl-b-galactosamine and a nega-
tively charged sialic acid moiety [59]. None of these substrates
were hydrolyzed by T0191. The fact that T0193, but not T0191,
hydrolyzed fetuin might be related to its high content in hexosami-
nes (ca. 5.5%), which may be linked to T01930s capacity to degrade
b-N-acetylglucosamine (Table 2).

Determination of optimal parameters further showed that
whereas T0191 retained 70% of maximal activity at pH 6.5–7.0
(Fig. 2) and temperatures from 30 to 40 �C (Fig. 3), T0193 was
active at lower pH (4.5) and temperature (20–35 �C) values.

Characterization of b-N-acetyl-hexosaminidases. Four b-N-acetyl-
hexosaminidases were successfully produced in soluble form,
namely, T0216 (559 AA-long polypeptide), T0217 (399 AA-long



Fig. 2. Heatmap representing the pH profiles for the purified enzymes. Abbreviations as in Fig. 1. The data represent the relative percentages of specific activity, determined
as follows: [protein], 0.002–0.04 mg ml�1; [substrate], 0.3 mg ml�1; pH, 3.0–9.0; T, 30 �C; reaction volume, 200 ll. The plot was made with heatmap3 R package version 1.9.1
[55]. The raw data are available in Table S5.
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polypeptide), T0218 (995 AA-long polypeptide) and T0220 (558
AA-long polypeptide). These were 34.94, 33.78, 35.16, and 34.54
% identical (coverage: 93, 86, 84, and 89 %), respectively, to the
GH3-NagZ catalytic domain of the N-acetylglucosaminidase
3BMX from Bacillus subtilis [60], although presenting different
domain composition as is frequently encountered within the GH3
family (Fig. 4). Thus, the four enzymes contain at their N-
terminal catalytic domains the Asp nucleophile and a conserved
motif including the His/Asp dyad located in a flexible loop, which
is characteristic of the GH3-NagZ subfamily. Pairwise identities
range from 29.5% (T0216 vs T0217) to 49.9% (T0217 vs T0220).
As shown in Table 2, T0218, T0220 and T0216 showed high activity
towards pNP-NAbGlu, in this order from higher to lower activity,
and to less extent towards pNP-NabGal. This specificity differs to
that of T0217, only capable of hydrolyzing pNP-NabGlu, which
was also the less catalytically efficient enzyme. T0218, and to
lower extend T0216 (56-fold in terms of Vmax) were also capable
of hydrolyzing fetuin, which contain N-acetyl-b-glucosamine
[59,61].

T0216 retained 70% of maximal activity at pH 6.5 and 5–40 �C,
T0217 at pH 4.0–4.5 and 45–65 �C, T0218 at pH 6.0–7.0 and 20–
35 �C, and T0220 at pH 6.0–7.0 and 40–45 �C (Figs. 2 and 3).

Characterization of a-galactosidases. Two a-N-galactosidases
were successfully produced, namely, T0215 (403 AA-long polypep-
tide) and T0201 (404 AA-long polypeptide). They are both 43%
identical to GH27 a-galactosidase 6F4C from Nicotiana benthami-
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ana [62] (Fig. 4). Pairwise comparison revealed an identity of
39.8% between T0201 and T0215. As shown in Table 2, T0215
was active towards pNP-aGal and to lower extend pNP-bAPyr
(188-fold lower kcat/Km). By contrast, T0201 was only able to cleave
pNP-aGal, at 23-fold lower kcat/Km. Since glycoproteins in red meat
and mature bone also tend to contain a high proportion of galac-
tose, complex substrates containing such molecules were also
tested. In this regard, we found that T0215 was also capable of
degrading galactose-a-1,3-galactose, globotriaosylsphingosine
and globotriaosylceramide, in this order. None of these substrates
were hydrolyzed by T0201. This suggest T0215 is capable of cleav-
ing terminal a-linked galactose residues from glycoconjugates.

T0215 retained 70% of maximal activity at pH 5.0–6.5 and 35–
45 �C, whereas T0201 at pH 4.0–6.0 and 30–40 �C (Figs. 2 and 3).

Characterization of a-rhamnosidase. T0199, a 1,156 AA-long
polypeptide, was the only a-rhamnosidase successfully produced.
Residues 20–917 are 40% identical to GH78 a-rhamnosidase 6I60
from Dictyoglomus thermophilum [63] (Fig. 4). T0199 was found
to be active towards pNP-aRham (Table 2), and retained 70% of
maximal activity at pH 5.0–6.5 (Fig. 2), and 20–40 �C (Fig. 3).

Characterization of b-mannosidases. Only one b-mannosidase
was successfully produced, T0204, a 890 AA-long polypeptide,
33% identical to b-mannosidase 2JE8 from Bacteroides thetaiotaomi-
cron VPI-5482 [64]; it also showed low similarity to GH2 b-
galactosidase 6ED1 (25%) and exo- b-D-glucosaminidase 2VZT
from Amycolatopsis orientalis (21%) [65] (Fig. 4). T0204 was only



Fig. 3. Heatmap representing the temperature profiles for the purified enzymes. Abbreviations as in Fig. 1. The data represent the relative percentages of specific activity,
determined in triplicate as follows: [protein], 0.002–0.04 mg ml�1; [substrate], 0.3 mg ml�1; pH 7.0; T, 5–80 �C; reaction volume, 200 ml. The plot was made with heatmap3 R
package version 1.9.1 [55]. The raw data are available in Table S5.
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capable of hydrolyzing pNP-bMan (Table 2) and retained 70% of
maximal activity at pH 5.5–6.5 (Fig. 2) and temperatures ranging
from 15 to 30 �C (Fig. 3).

Characterization of b-galactosidases. One b-galactosidase was
successfully produced, T0207, a 820 AA-long polypeptide which
is 39% identical to GH2 b-galactosidase 6B6L from Bacteroides cel-
lulosilyticus (Fig. 4). T0207 showed activity against pNP-bFuc,
pNP-bGal, and pNP-aAPyr, in this order (Table 2), and retained
70% of maximal activity at pH 6.0–6.5 (Fig. 2) and 15–30 �C (Fig. 3).

Characterization of a-fucosidases. T0209, a 836-long polypeptide,
was the only a-fucosidase successfully produced. It contains an
atypical domain structure (Fig. 4): i) residues 44–348 feature an
undefined GH 43, 62 or 117-like domain (clan GH-F, with no clear
activity assigned; and ii) residues 367–835 comprise a a-
fucosidase domain. Most similar characterized homologue (41%)
is a-fucosidase from Thermotoga maritima MSB8 (1ODU; [66]).
T0209 was only found active against pNP-aFuc (Table 2), and
retained 70% of maximal activity at pH 5.0–6.0 (Fig. 2) and 30–
45 �C (Fig. 3).
3.4. The bone-degrading marine microbiomes contain biochemically
versatile hydrolytic enzymes

The biochemical analyses presented in Section 3.3 demonstrate
that some of the recovered enzymes, e.g., sialidases T0191 and
T0193, a-galactosidase T0215 and b-N-acetylhexosaminidase
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T0216 from Flavobacteriaceae and Marinifilaceae (Bacteroidota phy-
lum), showed high performances for the degradation of complex
glycoproteins present in mature bones (Table 2) at a broad range
of pH (Fig. 2) and temperature (Fig. 3) values. Remarkably, results
also revealed that enzymes from bone-degrading microbiomes
optimally work at different temperature ranges, e.g., those
assigned to Kangiellaceae (Proteobacteria phylum) were most active
at temperatures from 5 to 30 �C, whereas those assigned to
Flavobacteriaceae (Bacteroidota phylum) and Anaerolineae (Chlo-
roflexota phylum) were so at temperatures from 15 to 40 �C, and
those assigned to Marinifilaceae (Bacteroidota phylum) had a
slightly higher but narrower temperature range (30–45 �C). Finally,
those assigned to Sulfurovaceae and Sulfurimonadaceae (Campy-
lobacterota phylum) showed the highest temperature range, as
high as 40–65 �C. These variations in thermal profiles contrast with
the in situ temperatures at the sampling site, which range from 4 to
6 �C [27], and with the fact that all but one (T0204) of the enzymes
have a predicted leader sequence for secretion. These differences
were also observed at the level of substrate range, which was
broader for enzymes from Flavobacteriaceae (e.g., T0193 and
T0216) and Marinifilaceae (e.g., T0191 and T0215) compared to
similar microbial counterparts (see Table 2). This profile diversity
indicates that a community effort is needed to degrade bones
[27] with each microorganism hosting and contributing to differ-
ent families of target collagenases and glycosidases, but also that
each microbial member harbours distinct activity profiles.



Fig. 4. (a) Domain structure for the purified enzymes defined by BLAST, and modelled by Swissmodel and Phyre2. PDB codes used as templates are shown in Table S6. (b)
Domain structure for the purified enzymes defined by BLAST, and modelled by Swissmodel and Phyre2. PDB codes used as templates are shown in Table S6.
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The results also suggest that members of Flavobacteriaceae and
Marinifilaceae, which contribute to 22% of all the hydrolytic
enzymes studied (hosting 9 out 10 hydrolytic families herein tar-
geted) (Table S7), may represent a promising starting point for
the development of enzyme cocktails to degrade complex and
recalcitrant protein-rich residues, such as bones. Moreover, some
of the enzymes did show novelty at the sequence and domain
architecture level. Thus, whereas seven enzymes were 30–50 %
identical in all their sequences to proteins deposited in the PDB,
five (T0193, T0199, T0209, T0218 and T0220) were 25–40 % iden-
tical only partially to structurally homologous proteins. However,
the sequence databases contain proteins with the same domain
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architecture to all these five. On the other hand, collagenase
T0182 seems unique in that the closest reported sequences lack
one PKD repeat.

3.5. Multi-enzyme formulations from marine bone microbiomes allow
bone meal degradation in vitro

Chromogenic bone meal (see Section 2.6) was used to evaluate
the potential of a multi-enzymatic cocktail for degrading recalci-
trant deboning residues. Collagenase T0182 was used alone or in
combination with a cocktail of the best performing glycohydrolytic
enzymes in terms of catalytic efficiency and broader substrate



Fig. 4 (continued)
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range (Table 2). The glycohydrolytic cocktail included enzymes
covering seven different families, namely, T0193 (sialidase),
T0199 (a-rhamnosidase), T0204 (b-mannosidase), T0207 (b-
galactosidase), T0209 (a-fucosidase), T0215 (a-galactosidase),
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and T0216 (b-N-acetylhexosaminidase). As shown in Table 3, when
collagenase T0182 was assayed alone with the bone meal at pH 7.0
and 30 �C, the signal was almost 21 times higher than the back-
ground. In addition, in the absence of T0182 collagenase, the glyco-



Table 3
Bone-meal degradation tests.

Sample1 Dabsorbance (a.u.) per min

Control 0.325 ± 0.027
T0182 6.800 ± 0.212
Glycohydrolytic cocktail 0.341 ± 0.011
T0182 + glycohydrolytic cocktail 15.498 ± 0.37

1 Shown is the Dabsorbance at 517 nm per min, determined as follows: [protein],
1 mg; pH, 50 mM Britton and Robinson buffer pH 7.0; T, 30 �C; reaction volume,
200 ll; reaction time, 20 min.

Fig. 5. Representative HPAEC-PAD chromatograms of the reaction products when
chicken thigh demineralized bone was enzymatically treated during 72 h. Reaction
conditions: [bone material]: 1% (w/v) in 480 ml of 50 mM Britton and Robinson
buffer, pH 7.0; [protein]: 20 ml of the enzyme solutions (10 mg ml�1); Temperature:
30 �C; Incubation time: 72 h. Samples were as in Table 3. The peak at 25–28 min
corresponds to buffer. The peaks detected in sample T0182 are likely collagenolytic
short peptides. The peaks detected in samples where the glycohydrolytic cocktail
was mixed with T0182 might correspond to collagenolytic short peptides and/or
oligosaccharides. The nature of these reaction products remains to be further
evaluated. Note: the asterisk indicated a peak that most likely represent a
monosaccharide (e.g., galactose or glucose, but not xylose) based on the elution
compared to standards.
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hydrolytic cocktail did not render any significant activity towards
the bone-meal substrate, with absorbance values similar to back-
ground. Interestingly, the activity was approximately 48 times
higher than the background when T0182 was combined with the
glycohydrolytic cocktail.

Degradation tests were also performed using demineralized
chicken thigh bone (Section 2.7), as another model substrate. The
bones were acid-treated and then extensively and manually
cleaned to remove cellular remnants and non-collagenous proteins
at the surface, before they were freeze-dried. Then, 1% (w/v) lyo-
philized acid-treated bone material (Fig. S1) was incubated at pH
7.0 and 30 �C, in the presence of enzymatic materials (see Table 3),
and the reaction products were analyzed after 72 h incubations by
HPAEC-PAD. After 72 h, no reaction products were observed in the
control reaction nor in the presence of the glycohydrolytic cocktail
(Fig. 5). However, degradation products were clearly observed in
the presence of the collagenase T0182. Moreover, the product pro-
file when T0182 and the cocktail were combined, significantly dif-
fers from that in the presence of T0182 alone. We hypothesized
that differences were due to the formation of peptides with differ-
ent degree of glycosylations, which was later confirmed by quanti-
fying the reducing sugars released by the DNS method. Indeed, the
reducing sugars in the 72 h samples containing either the control
(no enzyme), the glycohydrolytic cocktail or the collagenase
T0182 samples were below detection limit. However, when
T0182 was combined with the glycohydrolytic cocktail, reducing
sugars reached 11.4 ± 0.1 mg mg �1 of bone material.

Although the assay conditions (incubation time, enzyme to
bone material ratio, pH, temperature, etc.) and the enzymes con-
forming the cocktail have not been optimized and the nature of
the degradation products remains to be determined, these results
demonstrate that the combined use of enzymes retrieved from
bone-degrading microbiomes, particularly, through the integration
of glycosidic and collagenolytic hydrolases, significantly promotes
the degradation of bone material. A suitable design of enzyme
cocktails and careful selection of the assay conditions may allow
the development of industrial processes for the efficient hydrolysis
of recalcitrant protein-rich materials.
4. Conclusions

The microbial diversity of bone-degrading microbiomes and the
synergistic mechanisms by which their enzymes degrade bones are
beginning to be understood. Our goal was to accumulate data on
the characteristics of the enzymes in bone-degrading microbiomes
and to evaluate their versatility and biotechnological potential, for
which little is known to date. By using a multi-disciplinary
approach, combining bone-degradation field experiments,
sequencing, bioinformatics, three-dimensional modeling, gene
synthesis and expression, activity and bone deployment assess-
ments, we were able to recover 2,043 taxonomically and function-
ally diverse hydrolytic enzymes presumptively degrading bone
material components, and to report the characteristics of thirteen
6340
of them. The main outcomes of our combined analyses conducted
in this study are I) that only members of Bacteroidota produce all
enzymes capable of degrading complex sialo/glycoproteins present
in mature bones, with the rest of microbial members being special-
ists; II) that enzymes are highly versatile, acting against a broad
range of sialo/glyco-proteins at a broad range of pH and tempera-
tures, a feature that can contribute to a high environmental plastic-
ity of bone-degrading marine microbiomes (e.g., degradation of
multiple types of bones under multiple conditions); and III) that
enzymes, particularly those from Flavobacteriaceae and Marinifi-
laceae, not only play a major role in the bone degradation in vivo,
but also represent a promising starting point for the development
of cocktails to degrade recalcitrant protein-rich deboning residues.

It is worth mentioning that the purposes of this research is not
to elucidate the precise action of collagenases and other glycosi-
dases, nor to investigate mineralisation of collagen and complex
carbohydrates that constitute bones. Rather, to evaluate and utilise
bone-associated microbiomes as potential biological resource for
such enzymes and to evaluate their use for the valorisation of bone
residues in the biorefinery industry. Extending the analysis carried
out in this study to a larger number of enzymes and optimizing the
design of enzyme cocktails and the bone degradation process will
help to gain a deeper insight into the real potential of bone-
degrading marine microbiomes in the biorefinery industry. Our
knowledge base on which microorganisms and enzymes are most
versatile will help in the process of selecting and evaluating of such
new enzymes. The limitations of the present work in terms of
understanding the degradation of hydroxyapatite-polypeptides
(collagen)-polysaccharide networks at the molecular level, will fur-
ther benefit from a deeper structural and biochemical analysis of
the enzymes herein identified. Other limitation is that some of
the specialized phyla suggested to play a role in bone degradation
may not contribute in vivo to bone degradation, since their hydro-
lytic enzymes are too distantly related to assume isofunctions.
Extending the characterization efforts to other sets of distantly
related enzymes herein identified may help clarifying this.
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