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Abstract
Marine Porifera (sponges) are known to produce several bioactive metabolites having a biotechnological potential, mostly 
derived from their bacterial symbionts; however, current knowledge on the production of metabolites such as enzymes and 
antibacterial molecules in sponges living in Antarctic environments is not fully exhaustive and needs further deepened investi-
gation. The interest in discovering the broad spectrum of natural products potentially derived from species adapted to colonize 
extreme environments stimulates the research toward Antarctic sponge bioprospection. In this study, whole homogenates of 
Antarctic Demospongiae, belonging to five different species [Haliclona (Rhizoniera) sp., Haliclona (Rhizoniera) dancoi, 
Microxina sarai, Dendrilla antarctica, and Mycale acerata] were collected from Terra Nova Bay (Ross Sea) and examined 
for presence and activity of enzymes, including lysozyme, and antibacterial substances. Enzyme activities (leucine amin-
opeptidase, beta-glucosidase, and alkaline phosphatase) were measured using fluorogenic substrates; lysozyme content was 
determined on plates containing lyophilized Micrococcus lysodeikticus cell walls as a substrate. Homogenates were screened 
in microtiter plates for their antibacterial activity against Antarctic bacterial isolates, and the absorbance reduction was 
measured with a microplate reader. All homogenates exhibited proteolytic, glycolytic, and phosphatasic activities, lysozyme 
and antibacterial activities at near “in situ” temperature (5 °C), with some differences among the examined species. Results 
confirmed that Antarctic sponge homogenates are interesting sources of different bioactive substances, likely produced from 
associated bacterial symbionts, and that could have great potential to be used in medicine or industrial applications.

Keywords Sponges · Secondary metabolites · Enzyme activities · Lysozyme · Antibacterial activities · Antarctica

Introduction

Within marine Antarctic benthic communities, Porifera rep-
resent one of the most important phyla in terms of spatial 
coverage, biomass, and species richness (Rios and Cris-
tobo 2014). Sponges have a typical filter-feeding behavior, 
through which they are able to entrap and concentrate differ-
ent microorganisms including prokaryotes and eukaryotes, 
which represent their trophic resources (Steinert et al. 2019). 
By ingestion, sponges can accumulate in their tissue contam-
inants, including bacterial pathogens; indeed, the produc-
tion of secondary metabolites, such as enzymes or molecules 
with antimicrobial properties, represents a common defense 
mechanism in benthic invertebrates (Krug 2006).

Despite of the widespread distribution of Porifera in the 
Antarctic region, studies on these organisms in polar regions 
are still quite limited (Webster et al. 2004) and therefore 
their biotechnological potentialities have not been fully 
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investigated (Lo Giudice and Rizzo 2018; Cárdenas et al. 
2019; Savoca et al. 2019; Steinert et al. 2019; Papale et al. 
2020). Antarctic Porifera, and more in general marine ben-
thic invertebrates, represent a still inexhaustible source of 
natural compounds for biodiscovery; this topic has been 
recently reviewed (Avila and Angulo-Preckler 2021). Evalu-
ating the enzymatic and antimicrobial activities of sponges 
is a critical step to discover the biotechnological potential 
of these organisms. Among marine invertebrates, sponges 
are largely studied in relation to the complex microbial com-
munities that colonize their outer surfaces, ostia and oscula, 
as well as for the production of a wide range of molecules, 
including enzymes and secondary metabolites (Angulo-
Precker et al. 2018; Parte et al. 2018; Avila and Angulo-
Preckler 2021). Marine sponges host a large richness of 
associated microbial communities, acting as “hot-spots” of 
microbial diversity, and most sponge symbionts are taxo-
nomically different from microbes inhabiting the surround-
ing waters (Taylor et al. 2013). Symbiotic microorganisms, 
which adhere to the sponge surface forming 3D-structure 
biofilms, are consortia of microbial species included into 
a mesohyl matrix of proteinaceous nature (Webster et al. 
2001).

Many enzymes including hydrolases (such as pro-
teases, lipases, a-amylase, cellulase, chitinase, glucosidase, 
invertase, pectinase, and xylanase) and oxidoreductases 
(laccase and superoxide dismutase) of microbial origin are 
usually found in sponges (Wang 2006; Andriyono et al. 
2015; Parte et al. 2018); they can be produced by fungi 
(Poveda et al. 2018), yeasts (Vaca et al. 2013) or bacteria 
(Moreno-Pino et al. 2020; Ruocco et al. 2021) associated 
with sponges. Hydrolytic enzymes (such as alpha-amylase 
and alkaline phosphatase) were found in Gammaproteobac-
teria associated with the marine sponges Dysidea granu-
losa and Sigmadocia fibulata, as well as in the actinomycete 
Streptomyces sp. isolated from the sponge Ircinia sp. (Feby 
and Nair 2010; Krishnakumar et al. 2015). In Haliclona sp., 
amylase, protease and cellulase enzymes produced by bac-
terial isolates, and especially by Bacillus sp., were detected 
(Andriyono et al. 2015). Many of these molecules (proteases, 
alpha-amylases and carboxymethylcellulase, alkaline phos-
phatases, ureases, and acethylcolinesterases) have attracted 
interest for their wide applications in food and pharmaceuti-
cal production, wastewater treatment, leather and textile pro-
cessing (Mohapatra et al. 2003; Wang 2006). In several Ant-
arctic ecosystems, cold-active enzymes are also produced 
by free-living microorganisms and represent an important 
mechanism for microbial survival strategy (Cavicchioli et al. 
2002; Marx et al. 2007; Duarte et al. 2018).

Sponge microbial symbionts are recognized to be a 
source of complex metabolites (Bibi et al. 2017; Brink-
mann et al. 2017), some of which having a defense role. 
Chemical defense mechanisms were first detected in several 

marine Antarctic organisms belonging to Porifera, Cnidaria, 
Tunicata, Mollusca, and Echinodermata (McClintock and 
Baker 1997; Taboada Moreno 2012; Mehbub et al. 2014). 
In Antarctic sponges, molecules with toxic properties were 
produced by the species Cinachyra sp., Latrunculia sp., and 
Polymastia sp. (Battershill 1990). Defense molecules play a 
functional role in the response to predation and competition, 
acting also as antifoulants. Extracts of Antarctic sponges 
were found to be able to cause mortality in goldfish or inhibit 
the growth of allopatric microorganisms (McClintock and 
Gauthier 1992). Baker et al. (1993, 1994, 1995) reported the 
presence of diterpene metabolites such as dendrillin, pico-
linic acid, 9,11-dihydrogracilin A, and membranolide in the 
tissue of Dendrilla membranosa; in Latrunculia apicalis 
cytotoxic pigments such as discorhabdin were also isolated.

Porifera, which are the oldest metazoan phylum, possess 
an active innate immune system that consists of molecules 
structurally similar to those involved in the immune system 
in mammals (Müller et al. 1999). As a component of the 
first line of defense against bacteria or other foreign com-
ponents, lysozyme is a naturally occurring bacteriolytic 
enzyme involved in the non-specific immune responses of 
both invertebrates and vertebrate organisms; it has a ubiq-
uitous distribution among living organisms being present in 
mucus, lymphoid tissue, plasma and other body fluids and 
tissues (Van Herreweghe and Michiels 2012; Ferraboschi 
et al. 2021). The search for new molecules with antimi-
crobial activity against bacteria and pathogenic fungi is an 
important scientific challenge that assumes an added value 
in the light of the recently increased antibiotic resistance 
reports (WHO 2015; Vestergaard et al. 2019). Due to its 
ability to kill not only Gram-positive but also Gram-negative 
bacteria, lysozyme has been suggested as an alternative anti-
biotic (Ferraboschi et al. 2021).

A wide range of active substances, including mol-
ecules with antibiotic properties belonging to alkaloids, 
terpenoids, peptides, lectins, fatty acids and glycolipids, 
macrolides, have been reported from marine sponges 
(Laport et al. 2009). Reports documenting the production 
of antibacterial substances in Antarctic sponges are avail-
able (Taboada Moreno 2012; Angulo-Precker et al. 2018; 
and references cited herein). Antarctic bacteria also pos-
sess defensive chemistry mechanisms: the culture media 
of a strain of Pseudomonas aeruginosa isolated from 
the Antarctic sponge Isodictya setifera (Jayatilake et al. 
1996) showed strong antibacterial activity and contained 
antibacterial active metabolites identified as a new dike-
topiperazine, cyclo-(L-proline-L-methionine) together 
with two phenazine alkaloids. From the southern Austral-
ian sponge Negombata sp. and an Antarctic Latrunculia 
sp. Ford and Capon (2000) isolated discorhabdin R, an 
antibacterial pyrroloiminoquinone alkaloid responsible for 
the antibacterial activity against Gram-positive bacteria 
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(Staphylococcus aureus and Micrococcus luteus) and 
Gram-negative bacteria (Escherichia coli and Serratia 
marcescens). Potential antagonistic activity against foul-
ing bacteria was observed in sponge-associated bacteria, 
suggesting epibiotic defense of host sponge (Thakur et al. 
2004; Kanagasabhapathy et al. 2005; Duarte et al. 2018).

Within the research program “Antarctic Porifera: 
hot-spots for Prokaryotic diversity and biotechnological 
Potentialities—P3” funded by the Italian Research Pro-
gram in Antarctica (PNRA16_00020) particular atten-
tion was given to the characterization of active secondary 
molecules present in sponges inhabiting the Tethys Bay 
(Terra Nova Bay, Ross Sea), to extend current knowledge 
on the biological properties of sponges. In this study, we 
refer about the first characterization of enzymatic, includ-
ing lysozyme, and antibacterial activities of whole crude 
homogenates of Antarctic Demospongiae. To explore the 
biotechnological potentialities and ecological role of such 
organisms, different features were considered: enzymatic 
activity measurements were used to investigate the role of 
sponges as fouling organisms, while sponge lysozyme and 
antibacterial assays aimed at providing information on the 
chemical defense against sympatric bacteria and potential 
competitors.

Materials and methods

Collection of the sponge specimens

During the XXXIII and XXXIV Italian expeditions in 
Antarctica (Nov-2018 and Nov-2019, respectively) sponge 
specimens belonging to the Demospongiae (Porifera) spe-
cies Haliclona (Rhizoniera) sp., H. dancoi, Microxina sarai, 
Mycale acerata, and D. antarctica were collected from the 
Tethys Bay (Terra Nova Bay, Antarctica) (Fig. 1). Sponges 
were collected by SCUBA at a depth ranging between 10 
and 18 m. Sponge fragments were deposited at the Italian 
National Antarctic Museum (MNA, Section of Genoa, Italy). 
Sponge identification was performed as reported by Papale 
et al. (2020). The list of collected samples is reported in 
Table 1.

At the Mario Zucchelli Italian Station sampling activi-
ties were carried out with the necessary care to minimize 
human disturbance to the Tethys Bay area, and limit sponge 
collection to the minimum necessary to meet the scientific 
needs. Sponge collection was authorized by the PNRA pro-
ject, conformably to the Antarctic Treaty legislation and the 
SCAR Code of Conduct for the Use of Animals for Scien-
tific Purposes in Antarctica (SCAR 2011). The collected 

Fig. 1  Terra Nova Bay (Antarctica). Map of the sampling sites, with 
indication of the retrieved sponge specimens. In particular all the 
sponges sampled during the XXXIII Antarctic campaign are reported 
in the left part of the figure, and were collected from the same sam-

pling point, whereas the sponges collected during the XXXIV Ant-
arctic campaign (marked with the acronym Sp) were retrieved from 
different sites
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specimens were drained from seawater to avoid that the 
retained water could have altered the biochemical measure-
ments and were frozen as whole organisms at − 20 °C for 
further analyses, which were performed upon their arrival 
in Italy. At the laboratory, the samples were thawed before 
their treatment; the organisms were dissected into the endo-
derm and ectoderm, then portions of endoderm (2 g) were 
taken with a sterile scalpel, diluted in sterile pre-filtered 
(0.22 µm pore size of the filters) seawater, in a volume of 
liquid 50 times the amount of sample, and homogenized in 
a Potter Elvehjem tissue grinder. After sedimentation, the 
obtained supernatant, representing the enzyme extract, was 
collected and treated differently according to the parameters 
(enzymes, lysozyme content, antibacterial activities) to be 
measured. The analyses were performed separately for each 
sample replicate. During the sample processing, samples 
were treated on ice keeping the temperature at around 4 °C 
to avoid sample degradation by temperature.

Enzymatic activities

For the determination of enzymatic activities on organic 
polymers (proteins, polysaccharides, organic phosphates) 

three replicates of each sponge homogenate were used in the 
analytical protocol based on fluorogenic substrates specific 
for the determination of proteolytic (leucine aminopepti-
dase), glycolytic (beta-glucosidase), and phosphatasic (alka-
line phosphatase) activities, described in detail by Caruso 
(2010); this method involves the addition of increasing vol-
umes of substrates (10, 50, 100 µL) to a 5 mL volume of the 
enzyme extract, according to a multiconcentration analyti-
cal procedure. Stock solutions in methyl cellosolve (5 mM 
concentration) of l-leucine-7-amido-4-methylcoumarin 
(Leu-MCA), 4-methylumbelliferyl-beta-d-glucopyranoside 
(MUF-beta-d-glu), and 4-methylumbelliferyl phosphate 
(MUF-phosphate) in methyl cellosolve (Merck, Milan, 
Italy) were used for the measurement of the activity rates of 
the enzymes leucine aminopeptidase, beta-glucosidase, and 
alkaline phosphatase, respectively. Methylcoumarine (MCA) 
and methylumbelliferone (MUF) at known concentrations 
(50, 100, 200, 400 nmol  L−1  h−1) were used as the standards 
for Leu-MCA and for MUF-beta-d-glu and MUF-phosphate 
measurements, respectively. One negative control (blank) 
made of physiological saline without addition of the sponge 
homogenate was also included in the assay. Substrate con-
centrations were plotted versus the increase of fluorescence 

Table 1  List of the examined 
species

Species Expeditions and sample codes 
(MNA voucher code)

Haliclona (Rhizoniera) sp. XXXIV 1Sp1a (MNA 11744)
XXXIV 1Sp1b (MNA 11745)
XXXIV 1Sp1c (MNA 11746)
XXXIII C1 (MNA 11770)
XXXIII C2 (MNA 11771)
XXXIII C3 (MNA 11772)

Haliclona (Rhizoniera) dancoi (Topsent, 1901) XXXIV 1Sp2a (MNA 11747)
XXXIII B1 (MNA 11767)
XXXIII B3 (MNA 11769)

Microxina sarai (Calcinai & Pansini, 2000) XXXIV 1Sp2b (MNA 11755)
XXXIV 1Sp2c (MNA 11756)
XXXIII B2 (MNA 11768)

Dendrilla antarctica (Topsent, 1905) XXXIV 1Sp3a (MNA 11748)
XXXIV 1Sp3b (MNA 11757)
XXXIV 1Sp3c (MNA 11758)
XXXIV 2Sp3a (MNA 11749)
XXXIV 2Sp3b (MNA 11750)
XXXIV 2Sp3c (MNA 11754)
XXIII A1 (MNA 11764)
XXIIIA2 (MNA 11765)
XXIII A3 (MNA 11766)

Mycale acerata (Kirkpatrick, 1907) XXXIV 2Sp4a (MNA 11751)
XXXIV 2Sp4b (MNA 11752)
XXXIV 2Sp4c (MNA 11753)
XXXIV 3Sp4d (MNA 11759)
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recorded between time 0 (immediately after the addition of 
the substrate) and after 2 h of incubation at + 4 °C; fluo-
rescence measurements were performed at 380/440 nm 
and 365/455 nm excitation/emission wavelengths for LAP 
and for B-GLU/AP, respectively. The enzyme activity rate 
was obtained from the slope of the regression curve and 
expressed in mmol  h−1  g−1, taking into account the initial 
dilution of the sponge sample.

Determination of lysozyme content

Lysozyme (muramidase, EC 3.2.1.17) is an enzyme able to 
hydrolyze the β-(1–4)-glucosidic linkage between N-acetyl-
muraminic acid and N-acetyl-d-glucosamine residues pre-
sent in the mucopolysaccharide cell wall of bacteria; the 
enzymatic assay relies on the measurement of the hydrolysis 
of the cell walls of M. lysodeikticus. The lysozyme activity 
was measured by the lysoplate method based on the radial 
diffusion method in 1% agarose plates containing 0.05% 
lyophilised M. lysodeikticus (Merck) as the substrate, dis-
solved in a 0.067 M, 0.1% NaCl, pH 6.3 phosphate buffer 
solution (Ossermann and Lawlor 1966). Briefly, wells were 
produced with a gel puncher (diameter 6 mm) in the aga-
rose plate and 15 µL of each homogenate in triplicate were 
distributed into individual wells. One control well with 15 
µL of physiological saline was also included. Plates were 
incubated at 5 °C for 48 h. Lysozyme activity was shown by 
the presence of lytic halos around the well. Halo diameter 
was proportional to the lysozyme content, and it was con-
verted into Units of lysozyme per g of enzyme extract (U  g−1 
homogenate) using a standard of hen egg-white lysozyme 
(Merck). Known concentrations of egg-white lysozyme 
(0.001, 0.01, 0.1, and 1 mg) were used to create a standard 
calibration curve in which increasing concentrations of the 
lysozyme were plotted versus the diameter of lysis; the lysis 
diameter was converted into the U  g−1 homogenate using the 
obtained regression curve.

Assay of antibacterial activity

Homogenate samples were tested to evaluate the possi-
ble presence of antibacterial activity against four bacte-
rial strains (strains 2, 94, 101, and 238) previously iso-
lated from Antarctic biofilms during the research project 
PNRA16_00105 (ANT-Biofilm) and identified by a bio-
chemical miniaturized system (API 20NE strips, Biomer-
ieux, Marcy l’Etoile, France) as Burkholderia cepacia 
(Caruso G., personal communication). The choice of these 
microorganisms was based on their frequent recovery within 
the biofilm bacterial flora covering the surface of some arti-
ficial structures anchored at the bottom; therefore, our assay 
was thought to ascertain whether bacterial biofilm isolates 
were also able to inhibit other bacterial strains associated 

with sponges, which shared with the biofilm strains a com-
mon autochthonous origin being both benthic microorgan-
isms. Fresh cultures of each bacterial strain were prepared 
spreading a single inoculum onto Marine agar plates incu-
bated at 5 °C for 5 days; single colonies were incubated 
overnight in sterile physiological solution (0.85% NaCl) and 
serial dilutions were performed to obtain per each strain a 
bacterial suspension of  108 cells  mL−1 (standard inoculum). 
This final concentration was checked via Optical Density 
(Absorbance) measurement at 600 nm. The assay was con-
ducted in three replicates in 96 wells-microtiter plates, using 
the protocol of antibacterial assay reported by Audoin et al. 
(2013). Wells were seeded with increasing volumes (20, 60, 
80, and 100 µL) of sponge homogenates, to which a constant 
volume (100 µL) of bacterial inoculum was added. To adjust 
the final volume to 200 µL per well, the needed amount of 
sterile physiological saline was added. One control, consist-
ing of 100 µL of the bacterial inoculum added with an equal 
volume of sterile physiological solution, was also included 
to each assay. Absorbance was spectrophotometrically meas-
ured at 600 nm at the start (Time zero, T0) and after 24 h of 
incubation (T1) of the plates at 5 °C.

Bacterial growth inhibition was calculated, per each sam-
ple volume, according to the following equation:

where  Abssample was the difference T0−T1 recorded in 
the Absorbance of the sample and  Abscontrol the difference 
T0−T1 recorded in the Absorbance of the control. The 
highest inhibition value shown by the different volumes 
of sponge homogenate was recorded as the percentage of 
inhibition.

Statistical analysis of the data

The results obtained per each examined parameter were 
expressed as mean values ± Standard Deviation per each 
experimental group. A normality test of the whole dataset 
was performed using the PAST version 4.0 software (Ham-
mer et al. 2001) to verify whether data satisfied the assump-
tion of normal (Gaussian) distribution prior to examine the 
occurrence of statistical differences among the sponge spe-
cies by analysis of variance (ANOVA). A Kruskall-Wallis 
analysis (a non-parametric one-way ANOVA on ranks) was 
applied to those variables that were not normally distributed; 
a difference was considered significant at a p < 0.05 prob-
ability level.

The normal distribution of the antibacterial activities 
was verified by using the Shapiro–Wilk test and homo-
scedasticity was evaluated by using the Levene test. When 
both assumptions were verified then one-way ANOVA was 
applied to explore the occurrence of statistical differences 

100 × [(Abssample − Abscontrol)(Abscontrol)
−1],
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between the inhibitory activities of sponge homogenates. 
When ANOVA outputs were significant, Tukey’s pairwise 
comparisons were applied as a post-hoc analysis to find 
those groups that were significantly different from each 
other.

To search for possible links between enzymatic (includ-
ing lysozyme) and antibacterial activities in the examined 
sponge species, Pearson’s correlation coefficients and heat-
maps were computed, using the PAST software.

Results

Enzymatic activities

The enzymatic activities measured in the sponge 
homogenates (Fig.  2) depicted a decreasing pattern 
in the order LAP > AP > B-GLU. LAP ranged from 
0.023 to 28.36  mmol   h−1   g−1, with a mean value of 
9.56 ± 7.39  mmol   h−1   g−1, B-GLU values were com-
prised between 0.035 and 6.66 mmol  h−1  g−1, while its 
mean value was 0.87 ± 1.46 mmol   h−1   g−1. AP ranged 
from 0.091 to 34.15 mmol   h−1   g−1, with a mean value 
of 5.70 ± 7.69 mmol  h−1  g−1. Haliclona (Rhizoniera) sp. 

exhibited the highest values of LAP; D. antarctica showed 
the maximum values of B-GLU and AP. Minimum hydro-
lytic activities were measured in M. acerata for all the 
enzymes.

Normality test showed that LAP and AP distributions 
complied with the normality assumption, while B-GLU 
did not (Shapiro Wilk W24 = 0.747, p = 0.0281, data not 
shown in Table). ANOVA revealed significant (p < 0.01) 
differences in LAP and AP activity rates between M. acer-
ata and all the other sponges, which did not differ signifi-
cantly from one another, as well as differences between 
Haliclona sp. and D. antarctica for B-GLU activity rates.

Lysozyme content

Lysozyme values ranged from 0.187 to 1.06 U  g−1 sponge 
homogenate (Fig. 3), with similarly lowest values recorded 
in M. acerata and H. dancoi and highest ones in Hali-
clona sp. and D. antarctica. The maximum lytic activity 
was displayed by the homogenate of M. sarai. Lysozyme 
values were normally distributed (Shapiro–Wilk W24 = 
0.933, p = 0.6168, data not shown). ANOVA confirmed 
significant (p < 0.01) differences for M. sarai lysozyme 
compared to M. acerata and H. dancoi.

Fig. 2  Mean ± standard deviation (n = 3 replicates) of enzyme activ-
ity rates (in  mmol−1   h−1   g−1) measured in the sponge homogenates. 
LAP leucine aminopeptidase (proteolytic activity), B-GLU Beta Glu-

cosidase (glycolytic activity), AP alkaline phosphatase (phosphatasic 
activity). Different letters indicate significant differences among the 
values by ANOVA at a 5% p level
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Antibacterial activity assay

The results of the antibacterial assay are shown in Table 2, 
where the percentage of inhibition exhibited by each sponge 
homogenate against the reference bacterial isolates is 
reported.

The inhibitory activity exhibited by sponge homogenates 
against the four bacterial tests (as percentage of inhibition) 
ranged from 26.35 ± 28.90% (D. antarctica against B. cepa-
cia strain 2) to 77.75 ± 8.00% (M. acerata against B. cepacia 
strain 2). Globally, the highest values of inhibitory activity 
have been obtained by the homogenates of Haliclona (Rhi-
zoniera) sp. and M. acerata against all the tested strains. H. 
dancoi and M. sarai homogenates resulted less effective, 
with a weak antibacterial activity (lower than 10%) exhibited 
against B. cepacia strain 101 (8.50 ± 0.00%) and B. cepacia 
strain 94 (1.13 ± 0.00%), respectively (Table 2, Fig. 4).

The Shapiro–Wilk and the Levene tests confirmed a 
normal distribution of the data, as shown by Shapiro–Wilk 
W24 values ranging from 0.799 to 0.875, p from 0.08053 
to 0.2873, data not shown in Table). Significative differ-
ences have been evidenced by one-way ANOVA between 
inhibitory activity of H. dancoi and M. sarai and the other 
sponge homogenates, resulting in a significantly lower activ-
ity (p < 0.05).

Relationships among the assayed parameters

The relationship linking enzymatic (including lysozyme) and 
antibacterial activities in each sponge species was evaluated 
by a heatmap that allows to visualize potential associations 
among the assayed parameters; the statistical significance of 
the relationships was assessed by Pearson correlation analy-
sis (Fig. 5). High enzymatic activity levels and high anti-
bacterial effects of the sponge homogenate were observed 
in Haliclona sp. while in M. acerata these trends were 
uncoupled. No Pearson’s correlations were found between 
the enzymatic activity rates and the lysozyme content, as 
well as between the lysozyme content and the antibacterial 
activities, which rather appeared slightly inversely corre-
lated (Pearson correlation r = − 0.25, n = 25, p = 0.6780). A 
possible reason to explain the lack of association between 
enzymatic activity rates and lysozyme relies on the differ-
ent functional role played by these parameters (one mostly 
related to organic matter decomposition for LAP, B-GLU, 
and AP, whereas to host defense for lysozyme). Moreover, 
not all the enzymes have antibacterial properties, either anti-
bacterial activities are not all mediated by lysozyme, but 
might involve other defense mechanisms/molecules, result-
ing in the low or inverse relationship between antibacterial 
activities and the levels of lysozyme.

Fig. 3  Mean ± standard 
deviation (n = 3 replicates) of 
lysozyme (in Units  g−1) found 
in the sponge homogenates. Dif-
ferent letters indicate significant 
differences among the values by 
ANOVA at a 5% p level

Table 2  Mean percentages of 
inhibition ± standard deviation 
(n = 3 replicates) per each of 
the assayed sponge species 
against the bacterial isolates, as 
obtained from the antibacterial 
activity assay

Different letters indicate significant differences among the values by ANOVA at a 5% p level

Species n B. cepacia strain 2 B. cepacia strain 101 B. cepacia strain 94 B. cepacia strain 238

Haliclona sp. 6 68.98 ± 19.40a 58.42 ± 21.20a 65.48 ± 26.40a 52.80 ± 31.47a

H. dancoi 3 0 8.50 ± 0.00b 0 0
M. sarai 3 0 0 1.13 ± 0.00b 0
D. antarctica 9 26.35 ± 28.90a 47.33 ± 24.50a 49.32 ± 27.00a 41.89 ± 28.00a

M. acerata 4 77.75 ± 8.00a 57.78 ± 8.20a 67.17 ± 9.00a 17.14 ± 24.20a
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Discussion

Benthic organisms such as sponges have been rec-
ognized as a source of unique and diverse secondary 
metabolites (Faulkner 1984; Berne et al. 2016; Avila and 

Angulo-Preckler 2021) that have not only a pharmaceuti-
cal interest (in terms of anti-bacterial, anti-fungal, anti-
viral, and anti-tumor properties) but also an ecological 
role, being involved in the prevention of fouling, defense 
against predators, competition for space.

Fig. 4  Antibacterial activity (as inhibitory activity %) exhibited by the Antarctic sponge homogenates (n = 3 replicates) against four strains of 
Burkholderia cepacia 

Fig. 5  Outputs of statistical analysis. Heatmap (on the left) and 
Pearson correlation analysis (on the right) carried out on the vari-
ables measured in the homogenates of each sponge (LAP leucine 

aminopeptidase, GLU beta-glucosidase, AP alkaline phosphatase; 
lysozyme content; antibacterial activity against four Burkholderia 
cepacia strains)
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This study investigated the active molecules produced by 
Antarctic sponges that could have biotechnological potential, 
focusing on their whole crude homogenates. The integrated 
approach adopted in this research allowed to acquire new 
data on sponges’ capability to colonize benthic habitats, 
thanks to their enzymatic and antibacterial activity profiles 
as well as to their defense mechanisms against potential 
sympatric bacteria, in relation to their lysozyme content.

Quantitative differences were found in the enzyme activ-
ity rates of the examined species, with high B-GLU and AP 
activity rates in D. antarctica. This suggested that the micro-
bial community associated with this species was more effec-
tive to hydrolyze available organic substrates and provide 
monomers to the host. Conversely, M. acerata showed the 
lowest proteolytic, glycolytic, and phosphatasic activities.

To our knowledge, no data are available in literature 
on the presence of the same enzymes (LAP, B-GLU, and 
AP) assayed in this study in extracts of sponges or marine 
invertebrates. In a previous study, Berne et al. (2016) also 
reported that current knowledge on the potential effects of 
extracts of Antarctic marine sponges against carbohydrate 
metabolizing enzymes is still limited, except for one study 
(Shaaban et al. 2012) on marine sponge extracts from the 
Red Sea (genera Smenospongia, Callyspongia, Niphates, 
Stylissa) where inhibitory effects on amylase of a Callyspon-
gia extract were observed. Berne et al. (2016) found that 
four of 24 ethanolic extracts of sponges (Isodictya lankes-
teri and Inflatella belli) showed inhibitory effects against 
alpha-amylase.

Compared to sponge extracts, a greater number of studies 
are available on enzymes produced by bacteria isolated from 
different species of Antarctic sponges. Due to their charac-
teristics of remote and cold regions, Antarctic environments 
are extremely interesting study areas for the prospection of 
new microorganisms (such as bacteria, fungi, yeasts) pro-
ducing cold enzymes (Danilovich et al. 2018). Interest in 
the bioprospection of Antarctic samples for the search of 
new enzymes relies on the possibility of exploiting such 
enzymes, active at a cold temperature, in biotechnological 
processes where low temperature is required. On the other 
hand, bacterial adaptation to the cold is mediated by the 
structural flexibility of enzymes at their active site, as well as 
high specific activity at low temperatures and low substrate 
affinity (Chattopadhyay 2006).

Protease-producing psychrophilic bacteria were isolated 
from several Antarctic environments such as soil, fresh and 
marine waters and sea sediments of King George Islands 
(Vazquez et al. 1995); amylase-producing bacteria have been 
reported from Antarctic samples, including marine sponges 
and invertebrates, sediments and soil biofilm (Ronzella 
Ottoni et al. 2020). Also, proteolytic and glycolytic enzymes 
are produced by bacterial strains isolated from black lichens 
of Galindez Island (Antarctica) (Borzova et al. 2021). Other 

than bacteria, also filamentous fungi, like Geomyces sp. iso-
lated from marine sponges collected in King George Island, 
were recently found to be potential producers of pectinases 
(Poveda et al. 2018) that may be potentially suitable for bio-
technological applications. New antimicrobial and enzymes 
with several hydrolytic, hemolytic, and bio-emulsifying 
activities were detected in bacterial isolates from the waters 
of Antarctic Peninsula and South Shetlands, confirming that 
bioprospecting in the Antarctic environment is still an open 
research field (Danilovich et al. 2018).

Antarctic Porifera, which represent a hot spot of biodi-
versity with their associated cold-adapted bacteria, have 
recently been reviewed as a source of biomolecules (Berne 
et al. 2016; Rizzo and Lo Giudice 2018). Also in inverte-
brates other than Porifera, enzymes adapted to extreme cold 
conditions have been reported (Rizzo and Lo Giudice 2018). 
The oligochaete Grania sp. has been the only benthic inver-
tebrate from a polar marine environment in which intestinal 
bacteria belonging to Pseudomonas, Flavobacterium, and 
Psychrobacter genera, able to produce proteases, esterases, 
amylases, cellulases, and agarases, have been used as a 
source of hydrolytic enzymes (Herrera et al. 2017).

In addition, the production of defense molecules makes 
sponges interesting animal model organisms (Avila and 
Angulo-Preckler 2021). Our results showed that M. sarai 
was the species with the highest lysozyme content, followed 
by Haliclona sp. and D. antarctica, while M. acerata and 
H. dancoi exhibited the lowest lytic activity. Since the first 
Metchnikoff’s studies on phagocytosis dating back to 1892, 
it appeared clear that sponges can eliminate microorganisms 
through active humoral and cellular defense/immune mech-
anisms (Metchnikoff 1892). This is not surprising, being 
sponges exposed to large amounts of bacteria present in their 
surrounding aqueous milieu, which they also concentrate by 
their filter-feeding ability. Sponges were previously shown 
to possess pathogen recognition receptors for bacteria and 
fungi (Wiens et al. 2007). In Antarctic organisms, however, 
the modulating role of chemical defenses played by ecologi-
cal factors need to be elucidated yet.

Most of the molecular and cellular studies on the immune 
mechanisms in sponges were performed in the demosponge 
Suberites domuncula (Müller et al. 1999). Thakur et al. 
(2005) demonstrated that this species possesses a gene that 
codes for lysozyme, which hydrolyzes the peptidoglycan, 
typical cell wall component of gram-positive bacteria; these 
authors demonstrated that sponge cells can react to pepti-
doglycan from S. aureus with a rapid activation of endocy-
tosis, followed by the release of lysozyme. Lysozyme i-type 
found in S. domuncula was suggested to play not only a 
defensive role, but also a role in the digestion of captured 
bacteria, that are lysed in the mesohyl (Thakur et al. 2005); 
the involvement in digestive processes is a common capa-
bility suggested for filter-feeding invertebrates that feed on 
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bacteria (Van Herreweghe and Michiels 2012). Therefore, 
the high content of lysozyme measured in our study in the 
species M. sarai, Haliclona sp. and D. antarctica indicated 
that these organisms was more able to digest bacteria than 
the other examined species, with a competitive advantage to 
their survival and growth.

Chemical defenses are a powerful tool that many ben-
thic organisms possess to counteract microbial colonization 
and prevent possible infections from potential pathogens 
(Faulkner 1984). Several reports have documented the anti-
microbial activity possessed by sponge extracts (McClintock 
and Gauthier 1992; Becerro et al. 2003; Kelman 2004; Graça 
et al. 2015). Peters et al. (2010) screened the hydrophilic 
and lipophilic extracts from 25 species of Antarctic Dem-
osponges for their potential activities against 20 bacterial 
isolates (16 Gammaproteobacteria, one Flavobacterium, and 
three unidentified species) and one diatom species collected 
off the western Antarctic Peninsula; the lipophilic extracts 
were found to be more effective than the hydrophilic ones 
(96 versus 60%), showing higher activities against diatoms 
than bacteria. Similarly to the results obtained in our study, 
extracts of the Antarctic sponge Haliclona sp. caused growth 
inhibition in one strain of the gram-negative bacterium 
Klebsiella pneumoniae (McClintock and Gauthier 1992). 
Antimicrobial activity against B. cepacia complex bacteria 
was detected in sponge-associated Antarctic microbial com-
munities by Papaleo et al., who found that volatile organic 
compounds were responsible for this activity (Papaleo et al. 
2012, 2013). Extracts from deep-sea inhabiting Antarctic 
sponges belonging to the Latrunculia genus exhibited anti-
bacterial activities against a wide range of bacteria, together 
with hemolytic and cytotoxic properties (Turk et al. 2013). 
The occurrence of antagonistic interactions among the culti-
vable bacteria associated with the Antarctic sponges Anoxy-
calyx joubini and Lissodendoryx nobilis collected from Terra 
Nova Bay (Ross-Sea) (Mangano et al. 2009), as well as of 
anti-biofilm inhibitory activity against Pseudomonas aer-
uginosa and Staphylococcus aureus (Rizzo et al. 2021) was 
also reported.

The lypophilic extracts of eighteen species of Antarc-
tic shallow-water sponges collected from Deception Island 
showed antibacterial activity against both Antarctic and 
pathogenic bacteria. Particularly in Haliclona sp. a weak 
to moderate inhibition activity against sympatric bacteria 
(Micrococcus sp., Bacillus aquamaris and Paracoccus sp.) 
and bacterial pathogens (Ps. aeruginosa NCTC 10332T and 
E. coli O157:H7, ATCC 43888) was observed, while in M. 
acerata only a weak antibacterial activity against Micrococ-
cus sp. and B. aquamaris was found (Angulo-Preckler et al. 
2018).

In our study the sponge homogenates were assayed using 
the same concentrations of sponge homogenates per each 
of the assayed species and, within each species, per each 

replicate; this allowed to compare the antibacterial activi-
ties exhibited by the different sponge species and repli-
cates. The results of the antibacterial test obtained from this 
study highlight how Antarctic sponges are among the most 
promising sources of bioactive molecules with antibacterial 
properties, especially Haliclona sp., D. antarctica, and M. 
acerata; consequently, their homogenates should deserve to 
be further characterized for their chemical composition. The 
availability of a range of enzymes provides to Haliclona sp. 
an important advantage for effective colonization and com-
petition for nutrients in environments (like Antarctic waters), 
where they may be in limiting concentrations; in addition, 
the antibacterial activities represent an effective strategy 
that sponges can use to inhibit the growth of neighboring 
microorganisms.

Conclusion

This study shows that the examined sponges are a source 
of different marine bioactive compounds, likely produced 
from associated bacterial symbionts, that could have great 
potential to be used in medicine or industrial applications. 
The sponge homogenates showed significant variability in 
terms of both enzyme and antibacterial activities; M. acerata 
was the species characterized by the lowest enzyme activity 
rates, while exhibited high antibacterial activity. However, 
more information is needed to study the possible influence 
played by abiotic and biotic variables on the patterns of 
chemical defense. Future studies on these focal points should 
be addressed to continue the discovery of novel antimicro-
bial compounds of interest for natural product chemistry.
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