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An artificial selection procedure enriches
for known and suspected chitin degraders
from the prokaryotic rare biosphere

of multiple marine biotopes
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Abstract

Background Biological chitin degradation is a major process in the ocean, governed primarily by the action of
microorganisms. It is known that the structure and taxonomic profile of chitin-degrading microbial communities
change across marine biotopes, but efforts to isolate chitin degraders within these communities in the laboratory
have seldom been attempted. We characterized the prokaryotic communities associated with the marine
sponge Sarcotragus spinosulus, the octocoral Eunicella labiata, and their surrounding sediment and seawater

and applied an artificial selection procedure to enrich bacterial consortia capable of degrading chitin from the
abovementioned biotopes. Throughout the procedure, chitin degradation was monitored, and the taxonomic
composition was studied along four successive enrichment cultures from each biotope.

Results The naturally occurring prokaryotic communities of the two host species (Sarcotragus spinosulus and
Eunicella labiata) were distinct from each other and from those of seawater and sediments, even though they were
co-inhabiting the same geographic area. We found that low-abundance bacteria from the rare biosphere were
recruited in the enrichment cultures from all biotopes, while dominant bacterial symbionts likely to play a role in
chitin degradation within marine sponges and octocorals remained “unculturable” under our experimental conditions.
Well-known chitin degraders such as Vibrio, Pseudoalteromonas and Aquimarina, as well as other taxa not known

or poorly known for their role(s) in chitin degradation such as Aureivirga, Halodesulfovibrio, Motilimonas, Muricauda,
Psychromonas, Poseidonibacter, Reichenbachiella, and Thalassotalea, among others, were enriched using our artificial
selection approach. Distinct chitin-degrading consortia were enriched from each marine biotope, highlighting
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chromatography

the feasibility of this approach in fostering the discovery of novel microorganisms and enzymes involved in chitin
degradation pathways of relevance in applied biotechnology.

Conclusion This study unveils distinct bacterial consortia possessing moderate to high efficiency at degrading
chitin. They were composed of a mix of known chitin degraders, known chitin utilizers and many taxa poorly or not
yet known for their role(s) in chitin degradation such as Aureivirga, Psychromonas, Motilimonas, Reichenbachiella, or
Halodesulfovibrio. The latter taxa are potential key players in marine chitin degradation whose study could lead to the
discovery of novel enzyme variants able to degrade chitin and its derivatives.

Keywords Prokaryotic communities, Enrichment cultures, Chitinase, Marine sponge, Octocoral, Size exclusion

Introduction

Chitin is the most abundant biopolymer in the marine
environment, and chitin degradation is a major process
dictating the cycling of carbon and nitrogen in the ocean
[1]. Importantly, chitin does not accumulate in the ocean
[2] but undergoes a rapid turnover due to the activity of
chitin-degrading microorganisms. Chitin degradation
can be mediated by autochthonous marine microorgan-
isms [1] attached to chitinous exoskeletons or particulate
detritus in the seawater column [3] or living in symbiosis
with macroeukaryotic hosts such as crustaceans [1, 4],
marine sponges [5] and octocorals [5, 6]. Chitin degrad-
ing bacteria are also found in large numbers in marine
sediment [7]. Microbial chitin degradation leads to the
production of small organic molecules such as N-acetyl-
glucosamine (GIcNAc), glucosamine (GIcN), acetate,
glucose (Glc) and deacetylated forms of chitin such as
chitosan [8, 9]. These chitin degradation products can
be assimilated by bacteria for cell material synthesis or
mineralized into CO, and NH," [9]. Microorganisms that
directly act on the chitin polymer through the action of
endochitinases or deacetylases are usually referred to as
“chitin degraders’, whereas microorganisms which con-
sume chitin degradation products such as chitooligo-
saccharides (COSs) and chitosan, through the action of
exo-chitinases and chitosanases are referred to as “chitin
utilizers” or “consumers” [9]. Endo- and exochitinases
degrade chitin through a chitinolytic pathway, meaning
that they hydrolyze the glycosidic bonds between the
GlcNAc units of the chitin polymers (endochitinase) or
of the COSs (exochitinases) [9].

Currently, molecular-based evidence suggests that
distinct marine biotopes host taxonomically divergent
chitin-degrading communities [5, 10, 11]. This indi-
cates that a multitude of chitin degrading enzymes and
accessory proteins (e.g., endochitinases, exochitinases,
deacetylases, Lytic Polysaccharides MonoOxygenases
(LPMOs), chitin-binding modules) with distinct sub-
strate affinities and physical-chemical optima, produced
by diverse chitin-degrading bacteria, remain unexplored
and unknown. Current knowledge of the chitin degrada-
tion potential within symbiotic communities of sessile

marine invertebrates is growing, as recent hypotheses
have been raised on the roles of canonical symbionts
of octocorals (Endozoicomonadaceae) [6] and marine
sponges (Rhodothermales) [12] in the cycling of chitin in
benthic ecosystems. However, despite the chitin catalytic
potential existing within marine microbial communities,
studies designed to harness the metabolism of chitino-
lytic marine consortia in the laboratory have seldom been
attempted [13, 14]. Artificial selection (i.e., the making
of enrichment cultures from environmental samples) is
a powerful technique that allows to select communities
efficient at degrading complex compounds such as pollut-
ants or natural polymers like cellulose or chitin [14-17].
It consists of utilizing a natural prokaryotic community
as inoculum in a specific medium (e.g., a medium with
chitin as the sole source of carbon and nitrogen). Then,
successive transfers to fresh culture medium help to pro-
gressively select a microbial community specialized in a
particular biochemical process or pathway (e.g., chitin
degradation). We posit that artificial selection proce-
dures may increase the discoverability of chitin-degrad-
ing enzymes and organisms, holding promise for diverse
industrial sectors. For example, chitinolytic enzymes can
be used to create natural fungicides and insecticides that
undermine the cell wall of fungi and the exoskeleton of
insects [18—-20]. They can also be used to generate COSs
and chitosan from chitinous waste in a more ecofriendly
manner than the conventional industrial processes based
on concentrated acids and strong alkali at high tempera-
ture [21-24]. Those COSs and chitosan products bear
potential for applications in various fields such as agricul-
ture, water treatment, medicine, textiles, and more [18,
19].

In this study, we describe the prokaryotic community
structures of a model High Microbial Abundance sponge
(Sarcotragus spinosulus) and of a model octocoral (Euni-
cella labiata) species co-inhabiting the same geographic
location (Algarve coast, Portugal), and those of their
surrounding seawater and sediments (hereafter denoted
“biotopes”), and assess their suitability as sources of novel
chitin-degrading and utilizing bacteria. To this end, we
employed an artificial selection procedure to enrich
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chitin-degrading consortia from these four marine bio-
topes and examined whether contrasting biotopes lead
to taxonomically distinct chitin-degrading communities
in the laboratory. During the artificial selection process,
chitin degradation was assessed by measuring the change
in molecular weight of the chitin polymer by Size Exclu-
sion Chromatography (SEC) instead of using commer-
cial kits that measure a potential degradation activity on
short oligomers. Finally, we examined whether chitin-
degrading microorganisms recruited during the artifi-
cial selection procedure correspond to so-far unknown
microbial lineages taking part in chitin/chitin-derivative
degradation processes, and whether they represent domi-
nant or otherwise low-abundant (“rare”) organisms in
the original communities. This study highlights putative
novel chitinolytic bacteria by artificial selection from
multiple marine biotopes.

Material and methods

Sampling

Sarcotragus spinosulus (Schmitt, 1862; Porifera, Demo-
spongiae, Keratosa, Irciniidae) (three biological repli-
cates: SP1, SP2, SP3) and Eunicella labiata (Thomson,
1927; Cnidaria, Anthozoa, Octocorallia, Eunicellidae)
(three biological replicates: OC1, OC2, OC3) specimens
and their surrounding seawater and sediment (three bio-
logical replicates each: SW1, SW2 and SW3 for seawater
and SD1, SD2, SD3 for sediment) were collected off the
Algarve coast, southern Portugal (“Pedra da Greta™ Lat.
36° 58'47.2N, Long. 7° 59’ 20.8W) at a depth of 18-19 m
(bottom water pH was 8.13, temperature 19 °C, and salin-
ity 36.41 ppt) on the 29th of September 2020 by scuba
diving. Pieces of marine sponge and branches of octo-
coral specimens (about 5 g each) were cut with a sterile
scalpel and placed individually with surrounding seawa-
ter into Ziploc® bags. Surface sediment was sampled with
a sterile spoon (c. 2 g/replicate) at ¢. 1 m distance to the
animals and kept in sterile pots. Finally, seawater samples
(c. 2 L/replicate) were collected ¢. 1 m above the animals
and stored in sterile bottles. Samples were transported to
the laboratory in a cooling box (c. 30 min transport time)
and sample processing started immediately upon arrival
in the laboratory.

Sample processing

In a laminar hood, marine sponges were handled with
sterilized tweezers to remove macroscopic epibionts and
extracellular endobionts such as mussels, gastropods,
worms, and algae. Afterwards, marine sponge speci-
mens were washed with sterile Artificial Seawater (ASW)
(ASW: 23.38 g L—1 NaCl, 2.41 g L-1 MgSO, * 7H20,
1.90 gL-1 MgCl,*6H,0, 1.11 g L-1 CaCl,*2H,0,
0.75 g L-1 KCl and 0.17 g L-1 NaHCO,) and cut into
small pieces with a sterile scalpel. The octocoral branches
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were also checked for epibionts (which, if present, were
removed), washed with sterile ASW and the tissue was
then scraped off the internal, scleroprotein (“gorgonin”)-
based skeleton of the samples with the help of a sterile
scalpel and cut into small pieces. Several replicates of
0.25 g of tissue of each marine sponge and octocoral
specimen were stored in sterile 2.0 mL microcentrifuge
tubes at —80 °C until DNA extraction. Seawater samples
(c. 500 mL) were filtered through 0.22 pm pore-size
nitrocellulose membranes (Millipore, MERCK) with the
help of a vacuum pump. Seawater filters and sediment
samples (0.25 g/replicate) were stored in sterile 2.0 mL
microcentrifuge tubes at —~80 °C until DNA extraction.

Microbial cell pellets were obtained from 1 g of marine
sponge and octocoral tissue according to the method
described by [25] with minor modifications, as well as
from 1 L of seawater and 1 g of sediment. The protocols
to obtain the pellets are detailed in Supplementary File
S1. Each cell pellet (seawater, sediment, marine sponge,
and octocoral) was resuspended in 830 pL of sterile ASW
and transferred into sterile, 2 mL cryo-vials equipped
with 150 uL of sterile 100% glycerol and 20 pL of pure,
100% DMSO. These glycerol stocks were stored at —80 °C
until further use.

Artificial selection procedure

Glycerol stocks of microbial cell suspensions from the
four biotopes (marine sponge, octocoral, sediment and
seawater; three biological replicates each) were used as
the starting material for artificial selection of microbial
communities through successive transfers of enrich-
ment cultures in a chitin-containing culture medium
(described below). In total, twelve artificial selection
experiments were initiated in this study.

The experimental setup for artificially selecting micro-
bial communities is depicted in Fig. 1. The artificial selec-
tion process consisted of one pre-culture (referred to
as “enrichment culture PC”) and three successive cul-
tures (so-called “enrichment cultures C1, C2 and C3”).
Briefly, 100 puL of each glycerol stock was inoculated
into 100 mL of pre-culture medium at 20 °C and 85 rpm.
After 8 days of incubation, 1 mL of this PC was added to
100 mL of enrichment culture medium. After 7 days of
incubation, 1 mL of enrichment culture C1 was trans-
ferred to 100 mL of the same fresh enrichment culture
medium (C2). This step was repeated once more to gen-
erate enrichment culture C3. The culture medium for
the preparation of the enrichment cultures (C1, C2 and
C3) was composed of 100 mL of autoclaved ASW, 0.15 g
of KH,PO,, 1 g of chitin powder extracted from shrimp
shells (C7170 from Sigma-Aldrich/MERCK, Germany)
and 160 pL of a solution of trace elements (for details, see
Table S1). The same medium was amended with 0.01 g of
tryptone in the preparation of the pre-culture medium
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Chitin degradation
assays

i AR AR

Preservation Pre-culture Culture 1 Culture 2 Culture 3
and storage Chitin + tryptone Chitin Chitin Chitin
(glycerol) 8 days 7 days 7 days 7 days
1

Cell viability assays
Sequencing of 16S rRNA gene amplicons (V4 region, Illumina)

Fig. 1 Experimental design of the artificial selection process. SEC, Size Exclusion Chromatography. Image created with BioRender.com

(PC) to boost the growth of bacteria at the beginning of
the process (Fig. 1).

After each incubation period, the viability of the enrich-
ment cultures was directly assessed using the MTT cell
viability assay (detailed in Supplementary File S1). Briefly,
the MTT viability assay is a colorimetric method used
to measure cell metabolic activity and indirectly assess
cell viability. In addition, the following samples were col-
lected: i) 5 mL for semi-quantitative assessment of chi-
tin degradation (as described below; only for enrichment
cultures C2) followed by qualitative characterization of
the chitin degradation products by size exclusion chro-
matography (SEC; only for enrichment culture C2) after
storage of the samples at —80 °C, and ii) 5 mL for DNA
extraction after centrifugation (10,000 g for 10 min) and
storage of the pellet at —20 °C.

Chitin degradation assessments

Assessments of chitin degradation were performed on
the enrichment cultures C2 of each artificial selection
experiment (in triplicates). Indeed, chitin was usually
observed to be more effectively degraded in C2 cultures,
as indicated by preliminary measurements of the amount
of decanted chitin left in culture flasks by the end of each
enrichment culture C1, C2 and C3.

Two approaches were used to assess chitin degrada-
tion: the measurement of remaining chitin weight in
the cultures and size exclusion chromatography (SEC).
Those techniques are complementary since measuring
chitin weight constitutes an easy albeit not very precise
approach, being explored in a semi-quantitative fashion
in this study, while SEC provides qualitative information
on the average size of the chitin polymer in the enrich-
ment cultures (a decrease in polymer size indicates chitin
degradation) and the size variations within the cultures
(an increase in size variation suggests that the chitin
polymer has been degraded into a range of diverse sizes).

First, to record the weight of chitin remaining in the
enrichment cultures at the end of the C2 incubation

period (semi-quantitative assessment), the chitin pow-
der in the liquid culture (5 mL) was first centrifuged at
2,000 g for 5 min and the pellet washed twice with MilliQ
water. The chitin pellet was then dried at 70 °C in heating
blocks (DRB200; Hach, USA) until reaching a constant
weight and weighted. The chitin weight loss for each
enrichment culture C2 was calculated by subtracting
the remaining chitin weight from the initial chitin mass,
dividing by the initial mass, and then multiplying by 100.

Second, for a detailed assessment of chitin degrada-
tion dynamics, SEC was used to determine the molecu-
lar mass parameters of the chitin polymers: (i) numbered
average molecular weight (Mn), defined as total weight
of polymer divided by the total number of molecules; (ii)
weight average molecular weight (Mw), which depends
on the number of molecules present and on the weight
of each molecule; and (iii) polydispersity (PDI), defined
as the ratio of the weight average molecular weight to the
number average molecular weight, giving a measure of
the distribution of the molecular weight within a sample
[26], with three technical replicates conducted for each
sample. The molecular mass parameters of the chitin
polymers were also determined for the negative control
(C-; in triplicate) and were calculated as detailed in Sup-
plementary File S1. The SEC protocol was applied to dry
chitin pellets obtained from 5 mL of the C2 enrichment
cultures and is described in detail in Supplementary File
S1 (Fig. S1).

Finally, estimates of chitin weight loss and Mn; values
(“numbered average molecular weight” given by SEC)
calculated as described above were integrated to clas-
sify the chitin degradation efficiency of samples analyzed
in this study as “high’, “good’, “moderate” and “low” (see
Table S2 for details).

Total community DNA extraction and 16S rRNA gene
sequencing

DNA was directly extracted from 0.25 g of the inner
marine sponge tissue, octocoral tissue, sediment and
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from membranes on which seawater had been filtered for
the environmental (in situ) samples; and from the micro-
bial cell pellets recovered from 5 mL of each enrichment
culture (PC, C1, C2 and C3). DNA was extracted using
the “DNeasy PowerSoil Pro kit” from Qiagen (ID: 47,014)
according to the manufacturer’s protocol. The filters were
cut into small pieces using sterile scissors prior to DNA
extraction. The DNA quantity (ng/pL) and quality (A260/
A280 and A260/A230) was estimated with a NanoDrop
ND 2000 UV-VIS spectrophotometer (Thermo Fisher
Scientific, Waltham, US) and DNA samples were kept
at —20 °C until further analyses. 16S rRNA gene ampli-
fication and sequencing from DNA samples were car-
ried out at StarSeq (Mainz, Germany) using Illumina
MiSeq sequencing. The V4 region of the 16S rRNA gene
was sequenced following a 2x 300 paired-end approach
using the primers 515F (5-GTG YCA GCM GCC GCG
GTAA-3’) and 806 Rb (5-GGA CTA CNV GGG TWT
CTA AT-3’) [27, 28]. An average of 100,000 paired-end
sequences was generated per sample. The library of reads
was demultiplexed by StarSeq.

Processing of the 16S rRNA gene sequencing data

All 16S rRNA gene fragment sequences were processed
using standard procedures within DADA2 (Divisive
Amplicon Denoising Algorithm) v.1.8 (in R; [29]). Briefly,
all raw reads with Ns were removed, bacteriophage
PhiX control reads [30] were filtered out, and primer
sequences were removed by trimming at the 5 -end of
each read. Forward and reverse reads were truncated to
240 nt (forward) and 150 nt (reverse) and filtered using
default parameters. Error rates were computed to iden-
tify unique sequences, forward and reverse reads were
merged, and chimeras were filtered out of the final ASV
table (see Supplementary File S1 for details). Taxonomy
of each ASV was then assigned using the SILVA database
version 138.1 [31, 32].

The ASVs versus samples table and taxonomy profile
table were then imported into R as a phyloseq object
using the phyloseq package (v1.38.0; [33]) to perform
diversity and taxonomic composition analyses. The data-
set was filtered using the subset_taxa function within
phyloseq to eliminate mitochondria, chloroplast and
eukaryote sequences. The final dataset consisted of 60
samples (all sample types included) thoroughly profiled
via 16S rRNA gene sequencing. A total of 5,685,383 fil-
tered reads were generated and 5,389 bacterial and 284
archaeal ASVs were found.

Analysis of 16S rRNA gene fragments

Data wrangling and visualization were performed in R
using phyloseq (v1.38.0; [33]), dplyr (v1.8.6; [34]), and
ggplot2 (v3.4.0; [35]). Briefly, stacked bar charts were
used to illustrate taxonomic composition at the phylum,
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class, and ASV levels. Alpha diversity was evaluated
using observed ASV richness and the Shannon—Wie-
ner index. Statistical differences between groups were
tested via ANOVA, repeated measure ANOVA, and
post-hoc (pairwise) tests. Beta diversity analyses com-
pared prokaryotic community structures among envi-
ronmental samples (seawater, sediment, marine sponge,
octocoral) and between enrichment cultures derived
from each biotope and from each biotope replicate.
ASV data were Hellinger-transformed, then Bray—Curtis
similarity matrices were calculated and used for Princi-
pal Coordinates Analysis (PCoA). Significant differences
in community structure of environmental samples and/
or enrichment cultures were looked for using PER-
MANOVA or Welch MANOVA, depending on variance
homogeneity. For a detailed description of the methodol-
ogy employed in the analysis of 16S rRNA gene profiles,
see Supplementary File S1.

Genome-wide inspection of chitin degradation and
utilization features among artificially enriched and poorly
studied bacterial genera

We searched the NCBI Genome Database (https://ww
w.ncbi.nlm.nih.gov/datasets/genome/) for representa
tive genomes of bacterial genera that were dominant in
the enrichment cultures but remain poorly characterized
or unknown in the context of chitin metabolism. Those
genera were: Motilimonas, Pseudophaeobacter, Reichen-
bachiella, Halodesulfovibrio, Aureivirga, Epibacterium,
Psychromonas, Muricauda, Poseidonibacter, and Thalas-
sotalea. We analyzed whether those genomes contained
genes involved in chitin catabolism to hypothesize their
potential roles in chitin degradation and utilization. Our
approach consisted of thorough protein family (Pfam)
annotation of all genomes available on DOE JGI’s Inte-
grated Microbial Genomes & Microbiomes (IMG/M)
data management system v.7 [36] for the bacterial taxa
under inspection. Specifically, we scanned 102 genomes
from ten artificially-selected genera for the presence
of 15 Pfam categories representing protein domains
involved in hydrolysis of the large chitin polymer (endo-
chitinases of GH families 18 and 19—EC 3.2.1.14, chitin-
binding proteins), hydrolysis of chitin non-reducing ends
(exo-chitinases, EC 3.2.1.52), chitin deacetylation (poly-
saccharide deacetylases), and N-acetylglucosamine bind-
ing and utilization.

Results

Prokaryotic community structure in environmental
samples

Observed ASV richness and Shannon diversity indices
varied significantly across biotopes (S. Spinosulus, E.
labiata, seawater, and sediment) (ANOVA, p<0.05; File
S1, Fig. S2). Host-associated prokaryotic communities
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were less rich and diverse than those in seawater and
sediment (Tukey test, p <0.05). While the marine sponge
and octocoral samples had similar ASV counts (Tukey
test, p>0.05), the Shannon index of sponge communities
was significantly higher than that of coral communities,
reflecting a greater evenness (Tukey test, p<0.05).

Moreover, the 16S rRNA gene sequencing approach
and statistical analyses revealed that the examined bio-
topes displayed different prokaryotic taxonomic pro-
files from one another at the phylum, class, and ASV
levels (File S1, Supplementary Results and Figs. S2 and
S3). S. spinosulus and E. labiata harboured prokary-
otic communities that were distinct from those of their
environmental vicinities (seawater and sediments), but
also significantly different from each other in terms of
structure and taxonomic composition (Figs. S2 and S3).
Although all biotopes were dominated by the phyla Pseu-
domonadota and Bacteroidota, the relative abundance of
these phyla changed considerably across biotopes, with
the former displaying a pronounced dominance in octo-
corals and the latter showing higher relative abundances
in seawater and sediments than in sponges and octo-
corals (File S1, Fig. S2). The same trend was observed for
the two most dominant Pseudomonadota classes, Alpha-
proteobacteria and Gammaproteobacteria, which pre-
sented distinct relative abundances across all biotopes,
with the former class being more abundant in octocorals
and the latter displaying higher relative abundances in
octocorals and seawater than in sponges and sediments
(File S1, Fig. S3).

At the ASV level, the prokaryotic communities of the
four biotopes were clearly unique and contrasting, thus
providing support to the original motivation of this
study. Indeed, a Principal Coordinates Analysis (PCoA)
performed on the ASV profiles of the environmental
prokaryotic communities revealed a sharp separation
of the four biotopes (marine sponge, octocoral, seawa-
ter and sediment; p=0.001, pairwise adonis<0.05) (Fig.
S2). Among the 20 most differentiating ASVs (according
to the SIMPER test), those classified as Endozoicomo-
nas (ASV23), Aquimarina (ASV22), besides two ASVs
belonging to the Class Alphaproteobacteria (ASV46 and
235) and one ASV belonging to the family Arenicellaceae
(Class Gammaproteobacteria, ASV128) — were associ-
ated with the E. labiata samples. Other ASVs such as
Constrictibacter (ASV164), Subgroup 10 (Acidobacte-
riota, Thermoanaerobaculaceae) (ASV62 and 48) and
ASVs only classified at high taxonomic ranks such as
Ancké (ASV146), Dadabacteriales (ASV78), Chloroflexi
(ASV172), Rhodothermaceae (ASV90), Sphingomonad-
ales (ASV120), subgroup 9 (Acidobacteriota, Vicinami-
bacteria) (ASV117) and Nitrosopumilaceae (ASV114)
were associated with S. spinosulus. ASV39, affiliated with
Nitrosopumilaceae was located between the octocoral
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and the marine sponge samples, congruent with its pres-
ence in both host-associated biotopes while not being
detected in the surrounding environments (Table S3).
Moreover, a Nitrosopumilus phylotype (ASV56) was
shared between the seawater and the marine sponge
samples. Some other ASVs classified as Clade Ia (Alp-
haproteobacteria) (ASV44) and Synechoccocus CC9902
(ASV34 and 32) were located between the seawater and
the octocoral and marine sponge samples, being indeed
present in these three biotopes. None of the 20 most dif-
ferentiating ASVs clustered close to the sediment group,
although some of the abovementioned ASVs (ASV56,
44, 34 and 32) occurred in the sediment samples as well
(Table S3).

Table S3 provides the abundance distributions of
all ASVs (n=5,673) detected across all environmental
and enrichment culture samples analyzed in this study
(n=60).

Artificial selection experiments

Enrichment cultures develop differentially according to their
biotope of origin

Multivariate analysis of all enrichment cultures showed a
clear separation of the cultures according to their source
biotope (Fig. 2). Moreover, within each biotope, we
observed that enrichment cultures also formed distin-
guishable clusters according to the replicate experiment
(Fig. 2). The separation of all enrichment cultures accord-
ing to the source biotope (marine sponge, octocoral,
seawater, and sediment) was statistically confirmed by a
Welch MANOVA test (p-value=0.001; pairwise adonis
p-value=0.006 for all pairs of biotopes). Furthermore,
separate clustering of enrichment cultures (PC, C1, C2
and C3) derived from the same biotope but from different
replicate experiments was confirmed by a PERMANOVA
test (p-value=0.001; pairwise adonis p-value=[0.018—
0.042] for each pair of replicates). Moreover, the disper-
sion among the enrichment cultures PC, C1, C2 and C3
was higher than in their respective environmental sam-
ples (see PERMDISP values; Table S4) with one exception
(for octocorals, PCs were less dispersed than the environ-
mental samples).

Assessments of chitin polymer molecular weight suggest
efficient chitin degradation in some cultures

Using SEC, we could tap into the process of chitin deg-
radation in the enrichment cultures. Indeed, a decrease
in the polymer size (Mn,) indicates chitin degradation.
Moreover, an increase in size variation (PDI,;) suggests
that the chitin polymer has been degraded in a range of
diverse sizes. The Mn; values of all C2 enrichment cul-
tures, corresponding to the average size of the chitin
polymer in these samples, were lower than the Mn, value
of the negative control, which consisted of chitin medium
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alone and was estimated at 887 KDa (Fig. 3; Tables S2,
S5). This indicates that chitin degradation occurred in
all enrichment cultures. However, we observed that esti-
mated Mn; values ranged from 693 KDa in sample SD1
to 869 KDa in sample SW2, being, overall, positively cor-
related with chitin weight measures (the lower the Mn,
estimate, the lower the weight of the remaining chitin)
and negatively correlated with polydispersity (the lower
the Mn,; estimate, the higher the polydispersity) (Fig.
3A and B, Table S5). In summary, the communities that
exhibited low chitin weight usually broke down large

chitin polymers into smaller molecules of a more diverse
size range, resulting in a decrease in average size (Mn,)
and an increase in size variation (PDI;) of chitin.

The trends above prompted us to establish a semi-
quantitative rank of “chitin degradation efficiencies”
based on the integration of chitin weight measures and
Mn, estimates (Table 1, see Table S2 for details). Accord-
ing to this scheme, we classified enrichment cultures
SD1, SD3 and SW3 as “highly efficient” at degrading chi-
tin, enrichment culture SD2 as “good’, cultures SP1-SP3,
OC1-0C3, and SW1 as “moderate’, and culture SW2 as
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Table 1 Simplified categorization of enrichment cultures into chitin degradation efficiencies based on chitin weight loss

Chitin degradation efficiency Enrichment cultures

Weight loss (%) Mn1 range (Da)

High SW3, SD1, SD3 >45% 6.93—7.37+05
Good SD2 25—45% 7.65+05
Moderate SP1,5P2,5P3, SW1, OC1, 0C2, 0C3 10—25% 7.36°—8.56+05
Low SW2 <10% 8.69+05

2low Mn; values, suggesting high chitin degradation efficiency, were estimated for octocoral samples 2 and 3, which presented, however, moderate estimates of
chitin weight loss according to the chitin weight measurement methodology employed in this study

“low efficient” (Table 1). It is important to note that the
dynamics of chitin degradation across all enrichment
cultures could not be fully depicted using one single
estimate or index alone. For instance, despite the corre-
lations noted above, enrichment cultures OC2 and OC3
presented low Mn, estimates, equivalent to that of cul-
ture SD3 (a “highly efficient” chitin degrading one) while
presenting chitin weight loss of c. 25%, in the range of
several “moderately efficient” consortia, being thus classi-
fied as “moderate” according to our conservative scheme
(Table 1). This exemplifies that chitin weight measures
alone, for instance, do not fully portray the chitin deg-
radation dynamics in the samples. Altogether, sedi-
ment enrichment cultures were the most efficient and
consistent at degrading chitin, followed by sponge and
octocoral enrichment cultures (consistent “moderate”
efficiencies) while seawater-derived cultures exhibited
large variation in chitin degradation efficiencies.

Sharp taxonomy shifts between environmental samples

and enrichment cultures were marked by the selection of
potentially novel chitin-degrading taxa

Figures 4 and 5 display genus-level taxonomic composi-
tion, ASV richness and diversity, and activity indicators
of enrichment cultures derived from host-associated
(Fig. 4A-E) and free-living (Fig. 5, A-E) biotopes. The
repeated measure ANOVA tests performed on each bio-
tope revealed significant differences in alpha-diversity
measures, marked by a decrease in observed ASV rich-
ness and Shannon diversity indices, between the envi-
ronmental samples and their corresponding enrichment
cultures (p-value =[7.44 e-10—0.000122] for all samples
from every biotope except for one octocoral sample (rep-
licate #1). Post-hoc Tukey tests revealed significant differ-
ences in alpha-diversity only between the environmental
samples and the PC, C1, C2 and C3 (p-value = [0.00293—
3.44e-11]), again for every sample within each biotope
except for octocoral replicate sample #1. In contrast,
ASV richness and Shannon index did not change signif-
icantly further on in the selection process for each bio-
tope, neither between PC and C1, nor between C1 and
C2 or between C2 and C3 cultures (Tukey tests p-val-
ues=[0.396-1] for observed ASV richness and Tukey
tests p-values=[0.479-1] for Shannon index). Further-
more, many of the dominant taxa in the environmental

samples were not abundant (<0.03%) or even undetect-
able in the enrichment cultures (Figs. 4A, B; and 5A, B).
Conversely, dominant taxa in the enrichment cultures
were poorly represented (<0.1%) or absent in their cor-
responding environmental samples (Figs. 4A, B; and 5A,
B; Table S6).

Respiratory activity (low to high) was recorded for all
samples (Figs. 4E and 5E, Table S2). Vibrio ASV1 was
consistently enriched in the cultures from all biotopes
(Table S3). Psychromonas ASV26 was enriched in all cul-
tures for which chitin degradation efficiency was classi-
fied as “good” or “high” (SD1, SD2, SD3, SW3) (Fig. 5A,
Table S3), and a negative correlation was observed
between the relative abundance of ASV26 and remain-
ing chitin weight (Fig. S4). In all sediment cultures, Vib-
rio ASV13 was enriched. The enrichment cultures from
sediment samples SD1 and SD3 were further dominated
by Halodesulfovibrio ASV6, Amphritea ASV43, Pro-
fundimonas ASV60, Fusibacter ASV113 (in SD1) and
ASV140 (in SD3), and Pseudovibrio ASV9. Unclassified
Rhodobacteraceae (Alphaproteobacteria) ASV91 and
Pseudophaeobacter ASV27 were also enriched in SD2
enrichment cultures; Alteromonas ASV29 was enriched
in SD3- and Psychrobium ASV72 in SD1- enrichment
cultures (Fig. 5A, Table S3).

Regarding the enrichment cultures from seawater
SW3, perceived as highly efficient at degrading chitin
according to our classification scheme (Table 1), CI,
C2 and C3 were strongly dominated by Poseidonibacter
ASV11. Of note, ASV11 was not enriched in the cultures
from the two other seawater samples (SW1 and SW2,
Fig. 5B) where chitin degradation was perceived as “mod-
erate” or “low” (Table S2). Other dominant taxa in SW3
enrichment cultures were Vibrio ASV17, Halodesulfovi-
brio ASV6 and Marinobacterium ASV65. Halarcobacter
ASV76 was abundant in the enrichment culture C2 of
SW3. In SW1- and SW2- enrichment cultures, other taxa
were enriched such as Pseudomonas ASV64, Shewanella
ASV14 and Alteromonas ASV29. In the SW1 final enrich-
ment culture, Vibrio ASV40 was also highly enriched
and in SW2 enrichment cultures, Pseudoalteromonas
ASV10 was highly enriched (Fig. 5B). All enriched com-
munities from the marine sponge samples were domi-
nated by Pseudophaeobacter ASV27, Vibrio ASV1 (a
dominant ASV in sediment and seawater cultures as
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Fig. 4 Taxonomic composition, alpha diversity and respiratory activity indicators of prokaryotic communities from marine sponges and octocorals dur-
ing the artificial selection experiments. A and B Genus-level taxonomic composition of prokaryotic communities in environmental marine sponge and
octocoral samples (ES) and their corresponding enrichment cultures (PC, C1, C2, and C3). In each of the six sub-datasets (one for each experiment), genera
whose relative abundance was below 0.03% were merged into the category “Others”. C Observed ASV richness and D corresponding Shannon diversity
index of prokaryotic communities from environmental samples and their corresponding enrichment cultures. E) Microbial activity assessments based on
MTT assay results (Absorbance at 570 nm). Absorbance values of negative controls were subtracted from the values shown on the Y-axis

well) and ASV13, and by Pseudovibrio ASV9 (Fig. 4A,
Table S3). Enrichment cultures of marine sponge samples
SP1 and SP2 were also dominated by Shewanella ASV45
(in SP1) and ASV15 (in SP2) (Fig. 4A). SP2-derived cul-
tures showed high abundance of Vibrio ASV17, and SP3-
derived cultures of Enterovibrio ASV16 (Fig. 4A). Finally,
the octocoral-derived enrichment cultures were largely
dominated by Aquimarina ASV12 (sample OC2) and by
Vibrio ASV1 (sample OC3), while OC1-enriched cultures
were co-dominated by many taxa such as Shewanella
ASV14, Pseudoalteromonas ASV10, Flavobacteriaceae
ASV21 and Motilimonas ASV3 (Fig. 4B).

Genome prospection reveals putative novel chitin
degraders and consumers in artificially selected consortia
We performed a thorough analysis of chitin degradation
and chitin-derivative utilization features across 102 pub-
licly available bacterial genomes belonging to the genera
Aureivirga, Epibacterium, Halodesulfovibrio, Muricauda,
Motilimonas, Pseudophaeobacter, Poseidonibacter, Psy-
chromonas, Reichenbachiella and Thalassotalea (Tables
2 and S7A,B). These genera were targeted because they
were detected as dominant taxa in the experiments in
which chitin was efficiently degraded (Fig. 3) whereas,
to the best of our knowledge, current evidence for their
roles as chitin degraders or consumers is either non-
existent or scarce. Sequences coding for endochitinase
domains were detected in the genome of all Motilimonas,
Reichenbachiella and Aureivirga strains surveyed, and
some Halodesulfovibrio, Psychromonas, Muricauda, and
Thalassotalea strains (for details, see Table S7B). Exochi-
tinase protein domains were detected in the genome of
all Motilimonas strains and some Reichenbachiella, Epi-
bacterium, Psychromonas, Muricauda and Thalassotalea
strains. Sequences coding for polysaccharide deacety-
lase and N-acetylglucosamine utilization domains were
detected in the genomes of the great majority of strains
belonging to the different genera. Finally, sequences cod-
ing for chitin-binding protein domains were detected
in the genomes of all Motilimonas strains and of some
Halodesulfovibrio and Psychromonas strains. Compared
to the other genomes, those of Motilimonas presented a
considerably higher number of targeted sequences: 17 to
24 sequences per genome coding for domains of endo-
chitinases, 3 to 4 for exochitinases, 5 to 11 for CBP and
3 to 4 for polysaccharide deacetylases (Table 2). Motil-
imonas was the single genus for which a positive score

was recorded for all the searched functions across all
genomes surveyed (Table S7B). Interestingly, genomes
in the genera Pseudophaeobacter (found to be enriched
in samples SD2 and SP2) and Poseidonibacter (sharply
enriched in sample SW3, classified as “highly efficient”
for chitin degradation) did not possess any endochitinase
nor exochitinase coding sequences, but possessed poly-
saccharide deacetylation and N-acetyl-glucosamine uti-
lization features. Based on these analyses, we proposed
putative roles in chitin/chitin-derivative degradation and
utilization for the ten bacterial genera examined more
thoroughly in this study (Table 2).

Discussion

This study employs artificial selection to enrich chitin-
degrading microbial consortia from contrasting marine
biotopes (sponges, octocorals, sediments and seawater).
We highlight the recruitment of potential chitin degrad-
ers and utilizers from the original communities, plac-
ing a focus on the coding potential of enriched bacterial
genera so far not described to play fundamental roles in
the degradation of chitin and its derivatives. A detailed
discussion on the structure of natural prokaryotic com-
munities associated with each biotope is provided in Sup-
plementary File S1.

Chitin-based artificial selection applied to prokaryotic
communities from marine biotopes leads to distinct chitin
degrading consortia

This study demonstrates that applying a strictly equal
artificial selection procedure to prokaryotic communi-
ties from four marine biotopes leads to different chitin
degrading consortia. The natural prokaryotic commu-
nities of each biotope were clearly distinct from one
another, which is line with earlier microbiome surveys
of S. spinosulus and E. labiata specimens from the North
Atlantic [25, 37] (for details, see Supplementary File S1).
Moreover, artificial selection was found, in this study,
to increase the natural variation among replicate sam-
ples (from the same biotope) observed in the environ-
ment. This can be explained by the likely combination
of two factors: (1) natural differences that we observed
in prokaryotic community assembly (i.e., initial relative
abundances of taxa in the biological replicates) driving
distinct enrichment trajectories, and (2) sample process-
ing procedures (e.g., transportation, handling, glycerol
preservation of the communities) which could alter the
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taxonomic composition of the inocula used for the selec-
tion experiments. This picture aligns with the concept of
priority effects on microbiome assembly [38], whereby
the final structure of a given community may rely on the
order/timing of arrival of their founding members, which
may be considerably influenced by stochastic events yet
simultaneously dictate the successional changes under-
lying the assembly process. Priority effects have been
evoked to explain sample-to-sample variability in algal
[39] and fish larvae microbiomes [40, 41] and are con-
sidered a relevant phenomenon in the assembly of host-
associated and free-living microbial communities across
marine, freshwater and terrestrial ecosystems [38]. These
outcomes revealed that each experiment was unique to
some extent, even though deterministic factors (such as
the ability to degrade chitin or utilizing COSs) simulta-
neously shaped the assembly of the enrichment cultures
based on their source biotope. Moreover, although the
same processing protocol was applied to all samples
from the same biotope, slight variations in cell recov-
ery and cell preservation efficiency (in glycerol stocks)
might have as well contributed to the differences among
enrichment cultures of the same origin observed in this
study. To reduce variability among replicate enrichments
from the same biotope, future studies may attempt pool-
ing several subsamples (e.g., multiple excisions from the
same sponge or coral specimen) to form a composite,
representative sample of each replicate. Altogether, our
data suggest that applying artificial selection to a range of
distinct marine biotopes was successful and can increase
the discoverability of novel chitin-degrading taxa and
consortia which can be further studied by means of both
phenotyping and genotyping.

Artificial selection recruits low-abundance chitin degraders
and utilizers

The artificial selection procedure employed in this study
promotes low-abundance chitin degraders and utiliz-
ers within each biotope. Indeed, it was a consistent pat-
tern that dominant taxa in the enrichment cultures were
poorly represented or even not detectable in their cor-
responding environmental samples with the sequence
depth employed. This suggests that the culturable bac-
teria from the marine sponge, octocoral, seawater, and
sediment biotopes used in this study likely belong to
the microbial rare biosphere within their natural envi-
ronment. Microbial cultivation bias is a well-known
phenomenon previously shown by several studies of free-
living [42—-44] and host-associated bacterial communities
[45-47]. The high diversity of low abundance taxa pres-
ent in natural microbial communities represents a vast
collection of genetic features that contribute to a broad
range of both established and potentially undiscovered
microbial functions [48, 49]. It is also well established
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that low abundance, “rare” taxa can grow abundant under
certain culture conditions [50] and degrade diverse pol-
lutants, aromatic hydrocarbons [51-53], as well as com-
plex polymers such as chitin as observed in this study.
Enrichment of low abundance, chitin degrading microor-
ganisms might as well occur in the natural environment
under certain circumstances. Indeed, it has been recently
shown that species in the known chitin degrading genus
Aquimarina [5] usually belong to the rare biosphere of
distinct marine biotopes [54] and may increase in abun-
dance under certain conditions (e.g., in necrotic octo-
coral tissue [6, 55] and on the carapace of injured lobsters
(56]).

Hardoim and colleagues suggested that the culturable
fraction of bacterial symbionts of the marine sponges
Sarcotragus spinosulus and Ircinia variabilis consisted
primarily of low abundance species [37]. Conversely,
dominant symbionts belonging to the Rhodothermales
order and the Endozoicomonas genus were recently sug-
gested, through genome-resolved metagenomics studies,
to play a key role in chitin degradation in marine sponges
[12] and octocorals [6], respectively. However, although
these taxa were abundant in the here examined S. spino-
sulus (Rhodothermaceae ASV90; Fig. 3) and E. labiata
(Endozoicomonas ASV23; Fig. 3) specimens, respectively,
they escaped enrichment via artificial selection as
attempted in this study. This is likely due to the sampling,
transportation and cultivation procedures employed for
artificial selection (including the retrieval of microbial
cell homogenates from the samples, their conservation,
the culture medium, and incubation conditions). There-
fore, alternative techniques to recover these symbionts in
culture need to be implemented to harness their metabo-
lism. These include varying culture conditions (adjust-
ing pH, temperature, and physical-chemical conditions),
modifying the composition of the medium (for instance,
by incorporating host chemical cues, other forms of
chitin or chitin derived from different host animals), or
adopting gentler sampling processing methods. Another
future step could be to express the chitin-degrading
enzymes of these symbionts, such as chitinases, without
the need for cultivation. This can be achieved through
targeted gene cloning and expression for chitinase genes
[57, 58] or directly by chitinase gene synthesis based on
their metagenomic sequences and subsequent cloning
and expression.

Consortia from host-associated and free-living

communities show different chitin degradation efficiencies
We found that chitin degradation efficiency varied across
enrichment cultures, both within and across biotopes, as
indicated by chitin weight loss and Mn1 estimates. This
outcome may be explained by several factors. First, sedi-
ment and seawater harbor greater microbial diversity
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Fig. 5 Taxonomic composition, alpha diversity, and bioactivity indicators of prokaryotic communities from seawater and sediments during the artificial
selection experiments. A and B Genus-level taxonomic composition of prokaryotic communities in environmental sediment and seawater samples (ES)
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(Absorbance at 570 nm). Absorbance values of negative controls were subtracted from the values shown on the Y-axis
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than host-associated environments, as shown in this
study and previous research [59, 60]. A higher diversity
increases the likelihood of selecting microbes that thrive
under specific enrichment conditions. Second, differ-
ences in chitin degradation potential have been reported
for the different biotopes. Indeed, in a previous study [5],
seawater, sediment, marine sponge, and octocoral com-
munities from the same location exhibited distinct chitin
degradation gene distributions. Seawater and sediment
metagenomes contained significantly higher proportions
of endochitinase genes than those of marine sponges,
which might explain why our consortia enriched from
the former biotopes exhibited higher chitin degrada-
tion efficiency. Additionally, sediments and seawater
metagenomes harbored significantly more exochitinase
and N-acetylglucosamine utilization genes than those
of octocorals. No major differences in deacetylase gene
abundances were detected between the metagenomes
of the different biotopes. Thus, it was hypothesized that
free-living and host-associated bacterial communities
could primarily degrade chitin via different mechanisms,
with hydrolysis and deacetylation being, eventually,
favoured in the former and latter communities. However,
chitin deacetylase activity is less detectable by SEC and
by measuring the chitin weight loss, as it mainly modifies
the chemical structure (removing acetyl groups) without
significantly altering polymer size [61]. Regarding the
only experiment in which chitin degradation efficiency
was low (SW2), although speculative, it is possible that
fewer active cells from the glycerol stock were introduced
into the culture, affecting chitin degradation dynamics.

Cross-feeding may promote co-existence of chitin
degraders and utilizers in enrichment cultures

Many well-known chitin degraders were enriched in the
cultures derived from host-associated consortia, such as
Vibrio (5, 62], Shewanella (5, 63], Pseudoalteromonas [5,
64], Pseudomonas [65, 66], Aquimarina [5, 67], Alteromo-
nas [68], and Enterovibrio [5]. In the enrichment cultures
derived from sediment and seawater bacterial communi-
ties, some of the enriched taxa were also already known
to be chitin degraders such as Vibrio [5, 62], Alteromo-
nas [68] and Pseudoalteromonas [5, 64]. Some others
are known to be chitin utilizers such as representatives
of the Rhodobacteraceae (Alphaproteobacteria) family [5,
6] and of the genus Pseudovibrio in the Stappiaceae fam-
ily [5]. This suggests the co-existence of chitin degraders
and utilizers through hypothesized cross-feeding mecha-
nisms. Indeed, chitin degraders might make excess chitin
degradation products available (COSs, chitosan, GlcNAc)
which are used by other chitinolytic bacteria (i.e., chitin
utilizers). This process, although difficult to demonstrate
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experimentally, was already suggested in previous studies
[5, 6, 9, 69-71]. Moreover, to the best of our knowledge,
many other genera enriched in cultures from all bio-
topes are so far unknown or understudied for their role
as chitin degraders and/or utilizers. Among them, the
roles of ten representative genera were inferred in this
study based on functional annotation of several dozens
of genomes publicly available. We suggest that Motilimo-
nas, Reichenbachiella, Halodesulfovibrio, Aureivirga and
Psychromonas are potential chitin degraders by means
of hydrolysis. Epibacterium may have a role in chitin uti-
lization/COSs degradation via hydrolysis. Pseudopha-
eobacter and Poseidonibacter may have a role in chitin
degradation via deacetylation and in GlcNAc consump-
tion. Moreover, all genera examined, except Aureivirga,
are classified as potential GIcNAc utilisers. Wright and
colleagues [14] applied an artificial selection process on
microbial communities from bulk marine debris (Devon,
UK) using varying incubation times (e.g., 4 days and
9 days) over several transfers, observing a few enriched
taxa in common with our study. These include well-
known chitin degraders such as Vibrio, Alteromonas and
Pseudoalteromonas and other taxa less known for their
role in chitin degradation such as Muricauda and Thalas-
sotalea. Genomes available for these two taxa were found,
in our study, to possess endochitinase genes, suggesting
a potential role for these organisms as chitin degraders
by means of hydrolysis in multiple biotopes. Performing
artificial selection on several marine biotopes may thus
increase the chance of obtaining different taxa involved in
chitin degradation. Moreover, Wright and colleagues [14]
suggested that successive transfers over short time peri-
ods (e.g., 4 days) favours the selection of chitin-degrading
bacteria in the Gammaproteobacteria class while reduc-
ing the abundance of chitin utilizers/“grazers” of COSs,
such as representative members of the Alphaproteobac-
teria class. The seven-day incubation period employed
in our study led to the promotion of relatively stable
communities most likely composed of a mix of chitin
degraders and utilizers over the course of the experiment
(29 days from pre-culture to culture C3). Taken together,
our results suggest that a versatile chitin catabolism,
involving the breakdown of chitin and COSs via endo and
exochitinase-mediated hydrolysis, deacetylation into chi-
tosan, and N-acetylglucosamine utilization features, was
assembled in enrichment cultures via artificial selection
from multiple marine biotopes. This indicates that sub-
strate cross-feeding among bacteria is a possible mech-
anism maintaining the diversity of chitin degraders and
chitin-derivative utilizers in the enrichment cultures, as
observed experimentally by Pontrelli and colleagues for
specific combinations of marine bacteria [71].
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Conclusion
In this study, distinct bacterial consortia efficient at
degrading chitin composed by known chitin degraders,
known chitin utilizers and many taxa not yet known or
only poorly studied for their role(s) in chitin degrada-
tion were selected from several marine biotopes. The
latter taxa (e.g., Motilimonas, Muricauda, Halodesulfo-
vibrio, Psychromonas, Reichenbachiella, among others)
are potential key players in marine chitin degradation.
Future research may employ top-down methods to iso-
late strains from the enriched communities, studying the
chitin degradation abilities of individual strains through
commercially available chitinase assays and/or chitin
degradation activity screenings on colloidal chitin agar
plates, and reconstructing even simpler communities. In
addition, bottom-up techniques may include diluting the
communities to specifically select the most active chitin
degraders and utilizers. Recently, DNA-Stable Isotope
Probing (DNA-SIP) has been implemented to monitor
the incorporation of '*C labelled chitin by natural micro-
bial communities [72]. Such an approach holds promise
in unveiling chitin degraders, utilizers and scavengers
(those not directly acting on chitin or COSs but feeding
on metabolic by-products of chitin degraders and utiliz-
ers — see e.g., [71]) in future artificial selection experi-
ments, possibly strengthening cross-feeding hypotheses
often raised to explain the co-existence of chitin-trans-
forming microorganisms in natural and artificial settings.
As a future perspective, isolating the dominant taxa
from enriched cultures and characterizing their chitin
degradation capacities through functional assays and
genome sequencing will provide deeper insights into
their metabolic potential. Additionally, metagenomic
sequencing of chitin-degrading consortia represents a
powerful approach to elucidate the ecological roles of
individual taxa and to uncover novel chitinolytic enzymes
from marine environments.
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