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Editorial

Coming New Age of Marine Glycomics: The Fundamental,
Medical, and Ecological Aspects

Yuki Fujii 1,*, Marco Gerdol 2,* and Yasuhiro Ozeki 3,*

1 Graduate School of Pharmaceutical Sciences, Nagasaki International University, 2825-7 Huis Ten Bosch,
Sasebo 859-3298, Japan

2 Department of Life Sciences, University of Trieste, Via Licio Giorgieri 5, 34127 Trieste, Italy
3 Graduate School of NanoBio Sciences, Yokohama City University, 22-2 Seto, Kanazawa-ku,

Yokohama 236-0027, Japan
* Correspondence: yfujii@niu.ac.jp (Y.F.); mgerdol@units.it (M.G.); ozeki@yokohama-cu.ac.jp (Y.O.);

Tel.: +81-956205642 (Y.F.); +39-0405588627 (M.G.); +81-457872221 (Y.O.)

This Special Issue “Marine Glycomics” (https://www.mdpi.com/journal/marinedrugs/
special_issues/Marine_Glycomics, accessed on 12 September 2022) provided new approaches
and information on bioactive compounds, such as glycans and lectins from marine animals,
seaweeds, and microorganisms for the application of clinical therapy and elucidation of the
physiological functions of marine organisms.

Marine glycomics is a discipline which concerns the study of glycans and their binding
partners, i.e., lectins, in marine species. First, we would like to introduce the articles and
reviews related to glycans that were published in this Special Issue.

A review by Fonseca and Mourao discusses the pharmacological activity of sulfated
fucose-rich polysaccharides, which can be administered orally [1]. Many reports of polysac-
charides’ pharmacological effects were examined using experimental animal models. These
polysaccharides are available from echinoderms (sea urchins and sea cucumbers) and algae.
This review describes several functions of polysaccharides, such as their antilipidemic, anti-
cancer, and immunomodulatory activities, as well as their effects on diabetes, thrombosis,
and hemostasis. Finally, this review summarizes the potential of oral treatment of various
diseases by utilizing sulfated polysaccharides.

Lin, Li, Gao et al. introduce the anticoagulation function of fucosylated glycosamino-
glycan (FG) derived from two species of sea cucumber, Thelenota bananas and Holothuria
fuscopunctata [2]. Both high and low (depolymerized) molecular weight of FG showed
anticoagulation properties. Nevertheless, the injection of high molecular weight FG caused
the death of rats due to the induction of hypotension through the activation of rat plasma
kallikrein and an increase in the level of the vasoactive peptide bradykinin. On the other
hand, low molecular weight FG did not show any side effects. The authors argue that
depolymerized FG will be able to specifically target iXase, allowing its use as a safe antico-
agulant compared to native FG.

A review by Besednova, Zaporozhets, Andryukov et al. discusses the antiparasitic
activity of sulfated polysaccharides (SPS) obtained from marine algae and invertebrates [3].
SPS has potential for the treatment and prevention of infections caused by several types
of protozoa, as well as the prevention of helminthiasis. The combination treatment of
silver nanoparticles and fucoidans from brown algae showed an antitrypanosomal effect.
Some SPS, such as fucoidans or their derivatives, have also reported trypanocidal activity.
Cryptosporidiosis and trichomoniasis are also potential therapeutic targets of SPS. These
findings will not only contribute to the design of novel SPS-based drugs, but also to
the development of biologically active food additives and functional food products with
antiparasitic activity.

Mar. Drugs 2022, 20, 613. https://doi.org/10.3390/md20100613 https://www.mdpi.com/journal/marinedrugs1
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A review by Qi, Zhou, Shen et al. discusses the considerable potential of bioactive
compounds, including peptides and polysaccharides derived from peanut worms (Annel-
ida, Sipuncula), which may find application both in food and pharmaceutical industry [4].
Peanut worms (e.g., Sipunculus nudus) are used in traditional Chinese medicine for the
treatment of different medical conditions, such as hypertension, neurosis, and cough, and
for many other purposes. The 162 known species of peanut worms, all living in shallow
water, have a significant potential for the discovery of novel bioactive compounds. Peanut
worm-based molecules endowed with antioxidant, anti-inflammatory, antihypertensive,
anticancer, and wound healing activities have already been reported. Based on these ob-
servations, the authors discuss the great potential that peanut worms might have for the
discovery of new peptides and polysaccharides with antidiabetic, antimicrobial, and many
other biologically relevant properties.

Ren, Gao, Dai et al. report the bioactivity of light-yellow pigmented bacterial strains,
which were newly isolated from the strongly toxic and dinoflagellate Alexandrium catenella,
associated with harmful algal blooms [5]. Taxonomic and phenotypic analyses allowed the
identification of this bacteria as a Mameliella alba strain. Nevertheless, the authors found
an extraordinary production of bioflocculanting exopolysaccharides. Interestingly, the
portion of exopolysaccharides containing glucose and fucose positively contributed to this
flocculant ability. These findings revealed the potential pharmaceutical, environmental,
and biotechnological implications of active EPS produced by this new Mameliella alba strain.
It also highlighted the importance of studying bacteria associated with harmful algae due
to the presence of unique compounds that still remain to be uncovered.

Next, we would like to introduce advanced findings published in this species issue
related to the identification and functional characterization of marine lectins.

Gerdol provides a first insight into the diversity of secretory glycan-binding lectin
gene from Rotifera, a phylum of small aquatic animals belonging to Lophotrochozoa [6].
While a high number of lectins have been described in lophotrochozoans, no information
was previously available about rotifer lectins. The author identified secretory lectin-like
sequences from the genomes of from six rotifer species, Brachionus calyciflorus, Brachionus
plicatilis, Proales similis (class Monogononta), Adineta ricciae, Didymodactylos carnosus, and
Rotaria sordida (class Bdelloidea). At least nine lectin families were identified, includ-
ing fibrinogen-related domain-containing proteins (FreDs), C-type lectins, C1q domain-
containing proteins, galectins, R-type lectins, F-type lectins, SUEL-type lectins, H-type
lectins, and jacalin-type lectins. Each of the lectin families is characterized by a different
structural fold. Interestingly, several unique features were identified in rotifer lectins, sup-
porting the importance of expanding the range of organisms targeted by lectins research in
order to elucidate their role in the future.

Takeuchi, Jimbo, Tanimoto et al. describe the symbiosis between the coral Acropora
tenuis and Symbiodiniaceae cells, discussing the involvement of a coral lectin in this inter-
action [7]. The coral N-acetyl-d-glucosamine-binding lectin ActL plays a fundamental role
in attracting the Symbiodiniaceae cells to establish symbiosis. ActL is a unique coral lectin
because it does not attract all Symbiodiniaceae cells, but selectively allows an interaction
with only some species, including Symbiodinium tridacnidorum, Symbiodinium tridacnidorum,
Durusdinium trenchii, and Breviolum sp. The finding that ActL is a main contributor in the
acquisition of Symbiodiniaceae cell in the coral A. tenuis is valuable, since it supports the
role of coral lectins in regulating the attraction and phagocytosis of Symbiodiniaceae cells.
This exciting model, supported by strong experimental evidence, encourages us to keep
investigating the physiological endogenous role played by lectins in marine organisms.

Wang, Zhou, Liu et al. demonstrate the construction of a oncoVV-WCL recombinant
virus, obtained though the insertion of the white-spotted charr lectin (WCL) gene into an
oncolytic vaccinia virus (oncoVV) vector [8]. WCL is a rhamnose-binding lectin belonging
to the SUEL-type lectin family, identified from white-spotted Charr (Salvelinus leucomaenis)
eggs based on its primary structure. The viewpoint of this study is quite new, because it is
the first to report the combination between a rhamnose-binding lectin and an oncoVV vector.
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OncoVV-WCL showed an anticancer effect against hepatocellular carcinoma Huh-7cells
through activation of caspase-9 and -3. In addition, oncoVV-WCL stimulates the production
of IFN-alpha and beta in Huh-7 cells. The anticancer activity of oncoVV-WCL was further
demonstrated by inoculating Huh-7 cells into hepatocellular carcinoma tumor-bearing
Balb/c nude mice to investigate its function in vivo.

Swarna, Asaduzzaman, Kabir et al. elucidated the diverse immune functions of the
sea hare Aplysia kurodai egg lectin, AKL-40 [9]. AKL-40 showed cytotoxic activity against
human erythroleukemia cells through the activation of signal transduction molecules, but
not in human B-lymphoma cells or rat basophilic leukemia cells. The cytotoxic effect was
also demonstrated though an in vivo study. AKL-40 was administered to Ehrlich ascites
carcinoma cells injected into Swiss albino mice, inducing the reduction of cell viability
and cell aggregation. AKL-40 also showed strong antifungal activity against Talaromyces
verruculosus and antibacterial activity against some bacteria, including Staphylococcus aureus.
The present study suggests that AKL-40 may contribute to the embryo defense of sea hares.

Grinchenko, Kriegsheim, Shved et al., have reported the biochemical properties of
the novel C1q domain containing protein, MkC1qDC, from the hemolymph of the bivalve
mollusk Modiolus kurilensis [10]. MkC1qDC showed a lectin-like activity by binding galac-
tose and mannose with a requirement of Ca2+. Moreover, it showed antibacterial activity
by aggregating both gram positive and negative strains. Among the many compounds
tested, alginate, κ-carrageenan, fucoidan, and pectin showed the highest inhibition of
MkC1qDC activity. Interestingly, this study implies the potential of biomedical application
of MkC1qDC by demonstrating the anticancer effect it exerts on human adenocarcinoma
HeLa cells in a dose dependent manner.

Andreeva, Budenkova, Babich et al. report unique and original research which sup-
ports the use of carbohydrate additives to increase the biomass and carbohydrate content
of cultured microalgae [11]. This finding is highly relevant, since it demonstrates that
the nutrient medium can stimulate carbohydrate accumulation in microalgae utilized for
biofuel production. In this study, a nutrient medium containing carbohydrate additives was
supplied to several species of microalgae, including Arthrospira platensis, Chlorella vulgaris,
and Dunaliella salina. The authors have already reported stirring during cultivation as a
key factor in reducing carbohydrate production in microalgae. This study provides novel
information for improving the culture of microalgae with high carbohydrate content, which
may be used for biofuel production.

We are delighted to share these new publications with the scientific community, since
we have taken all the necessary steps to ensure their high quality and novelty. We hope
that many scientists will enjoy these articles and contribute to start the collaboration with
these authors and experts in other scientific areas to develop research fields. Fortunately,
the efforts of this Special Issue will be followed by a new Special Issue concerning the same
themes, entitled “Marine Glycomics 2.0” (https://www.mdpi.com/journal/marinedrugs/
special_issues/marine_glycomics_2, accessed on 12 September 2022).

We invite you to consider submitting manuscripts focused on your recent work for
our consideration for a possible publication in this new, upcoming Special Issue. Yuki Fujii,
Marco Gerdol, Yasuhiro Ozeki.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Many corals establish symbiosis with Symbiodiniaceae cells from surrounding environ-
ments, but very few Symbiodiniaceae cells exist in the water column. Given that the N-acetyl-D-
glucosamine-binding lectin ActL attracts Symbiodiniaceae cells, we hypothesized that corals must
attract Symbiodiniaceae cells using ActL to acquire them. Anti-ActL antibody inhibited acquisition of
Symbiodiniaceae cells, and rearing seawater for juvenile Acropora tenuis contained ActL, suggesting
that juvenile A. tenuis discharge ActL to attract these cells. Among eight Symbiodiniaceae cultured
strains, ActL attracted NBRC102920 (Symbiodinium tridacnidorum) most strongly followed by CS-
161 (Symbiodinium tridacnidorum), CCMP2556 (Durusdinium trenchii), and CCMP1633 (Breviolum sp.);
however, it did not attract GTP-A6-Sy (Symbiodinium natans), CCMP421 (Effrenium voratum), FKM0207
(Fugacium sp.), and CS-156 (Fugacium sp.). Juvenile polyps of A. tenuis acquired limited Symbiodini-
aceae cell strains, and the number of acquired Symbiodiniaceae cells in a polyp also differed from each
other. The number of Symbiodiniaceae cells acquired by juvenile polyps of A. tenuis was correlated
with the ActL chemotactic activity. Thus, ActL could be used to attract select Symbiodiniaceae cells
and help Symbiodiniaceae cell acquisition in juvenile polyps of A. tenuis, facilitating establishment of
symbiosis between A. tenuis and Symbiodiniaceae cells.

Keywords: Acropora tenuis; coral; chemoattraction; lectin

1. Introduction

Most reef-building corals establish symbiosis with symbiotic dinoflagellates, which
belong to the family of Symbiodiniaceae cells. Symbiodiniaceae cells provide photosyn-
thetic products, which enables corals to effloresce in sub-tropical and tropical regions.
When corals lose symbiont cells or photosynthetic pigments of these cells, this event,
bleaching, results in coral death [1,2]. Therefore, it is important for corals to symbiose with
Symbiodiniaceae cells.

Symbiodiniaceae cells are divided into nine phylogenetically distinct genetic groups
(clades A–I) [3,4], and recently, these clades have been proposed as different genera [5]. Each
species of coral was reported to have maintained mainly specific genera of Symbiodiniaceae
cells [6]. It has been reported that juvenile polyps of Acropora sp. acquired Symbiodinium
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and Durusdinium, although these genera were rare in the water column [7]. The number of
Symbiodiniaceae cells acquired from juvenile polyps of Acropora tenuis differed according
to the genus of Symbiodiniaceae cells [8,9], suggesting that some selection mechanism
exists. Recently, Yamashita et al. reported that juvenile A. tenuis attracts some of the genera
of Symbiodiniaceae cells during the initial stage of symbiosis [10]. Based on these results,
they suggested that Acropora corals acquire a few specific genera of Symbiodiniaceae cells
at the initial attraction step, followed by subsequent selective uptake by the coral.

Although the mechanism of selective acquisition of Symbiodiniaceae cells is not
apparent, some factors for selection have been proposed. It has been reported that artifi-
cial green-fluorescent objects under blue LED light attracted free-living Symbiodiniaceae
cells [11,12]. On the other hand, Fitt (1981) reported that cnidarians Aiptasia sp. and
Cassiopeia xamachana attracted Symbiodiniaceae cells using ammonium derivatives [13]. In
contrast, the planula larvae of Lobactis scutaria (referred to as Fungia scutaria) attracted these
cells by using trehalose, which is also a low-molecular-weight compound [14]. Green fluo-
rescent protein, ammonium derivatives, and trehalose are common substances for corals,
and it seems difficult to explain the strict specificity of host–symbiont relationships by
these compounds. Recently, Biquand et al. reported that smaller sizes of Symbiodiniaceae
cells tend to be acquired by corals more readily [15], but this selection is the last step of
Symbiodiniaceae cell acquisition. In the case of A. tenuis, it could not explain the acquisition
of clades A and D in the larval stage, because they are rare genera in the water column [7].

Nowadays, sugar-binding proteins, lectins, of corals have attracted attention as can-
didates for the acquisition of Symbiodiniaceae cells. Lectins are involved in symbiosis
as well as immunity, development, and differentiation [16–18]. In the case of the Nema-
tode Laxus oneistus, a C-type lectin, Mermaid, maintained the symbiotic bacteria on their
surface, and the subtle differences in their amino acid sequences resulted in the binding
of different symbiotic bacteria [19]. In a solitary coral Lobactis scutaria, exogenous lectins
and some carbohydrates inhibited acquisition of Symbiodiniaceae cells, suggesting that
lectins/glycans are involved in the acquisition of Symbiodiniaceae cells in corals. Coral
lectins are found in many corals [9,10,16,20], and some of them are involved in coral–
Symbiodiniaceae symbiosis. A C-type lectin, Millectin, which was purified from a coral,
Acropora millepora, bound to bacterial pathogens and Symbiodiniaceae cells [21], and was
localized around symbiont cells in the host cells and in nematocysts [22], suggesting that
Millectin is involved in immunity and symbiosis. Moreover, a lectin gene, Pdc-Lectin,
found in the coral Pocillopora damicornis, was downregulated six days before a bleaching
event [23]. These findings suggest the importance of lectins in symbiosis, but their function
has not been examined.

Recently, we examined the function of lectins purified from the hard coral A. tenuis.
A. tenuis is a model organism for examining the acquisition of Symbiodiniaceae cells be-
cause the planulae of this coral can survive for over a month in glass bottles [24], and
they metamorphose easily by treatment with a hydra neuropeptide, Hym-248 [25]. More-
over, metamorphosed juvenile A. tenuis polyps acquired particular Symbiodiniaceae cell
culture strains containing NBRC102920 (Symbiodinium tridacnidorum) [9,10]. We purified
two lectins, AtTL-2 and ActL, from A. tenuis [10,26]. AtTL-2 is an N-acetyl galactosamine
(GalNAc)/N-acetyl glucosamine (GlcNAc)-binding lectin and is similar to Tachylectin-2,
which was isolated from a horseshoe crab, Tachypleus tridentatus. The lectin antibody
inhibited the acquisition of the Symbiodiniaceae strain NBRC102920 [10]. Another lectin,
ActL, was purified, and its N-terminal amino acid sequence was found to differ from that
of AtTL-2 [26]. ActL binds to N-acetyl-D-glucosamine (GlcNAc) and shows chemotac-
tic activity toward the Symbiodiniaceae strain NBRC102920. Moreover, GlcNAc inhibits
the chemotactic activity of ActL, suggesting that ActL attracts NBRC102920 by binding
to Symbiodiniaceae cell-surface carbohydrates. Since cell-surface carbohydrates differ
among Symbiodiniaceae strains [27], it is feasible that ActL differentially binds to spe-
cific Symbiodiniaceae strains to attract them toward the corals. This may lead to the
acquisition of specific Symbiodiniaceae cells by corals. In the present study, we examined
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whether GlcNAc-binding lectin ActL attracts specific Symbiodiniaceae strains for A. tenuis
to acquire them.

2. Results

2.1. Carbohydrate Specificity of ActL

The sugar specificity of ActL was examined using rabbit erythrocytes. The hemagglu-
tination activity of ActL was inhibited by GlcNAc and N-acetyl-D-neuramic acid (NANA),
and the minimum inhibitory concentrations of GlcNAc and NANA were 1.56 mM and
3.13 mM, respectively.

2.2. Participation of ActL in Acquisition of Symbiodiniaceae Cells by Juvenile A. tenuis Polyps

Previously, we showed that the chemotaxis of Symbiodiniaceae cells to crude ex-
tract of A. tenuis was inhibited by GlcNAc [26]. To elucidate whether Symbiodiniaceae
cell acquisition by polyps was also inhibited by GlcNAc, polyps were incubated with
Symbiodiniaceae NBRC102920 cells in the presence of sugars, each at 20 mM concentra-
tion (Figure 1a). Symbiodiniaceae cell acquisition was significantly inhibited by GlcNAc
(31.0 ± 13.8 cells/polyp, p < 0.05) and NANA (6.3 ± 2.2 cells/polyp, p < 0.001) compared
with that in the absence of sugar (60.0 ± 22.1 cells/polyp) (Figure 1a), suggesting that ActL
participates in the Symbiodiniaceae cell acquisition.

 

(a) (b) 

Figure 1. Inhibition of Symbiodiniaceae cell acquisition by carbohydrates or anti-ActL antibody. Juvenile Acropora tenuis
polyps were incubated at 25 ◦C with inhibitors for 1 h. Then, polyps were incubated with Symbiodiniaceae NBRC102920
cells for 6 h. The number of Symbiodiniaceae cells in juvenile A. tenuis polyps was counted using in vivo chlorophyll a
fluorescence. (a) Juvenile polyps were incubated with sugars. GlcNAc, NANA, and Suc indicate N-acetyl-D-glucosamine,
N-acetyl-D-neuramic acid, and sucrose, respectively. Control indicates no carbohydrate addition. Values are the mean ± SD
(n = 4). (b) Juvenile polyps were incubated without antibodies, with normal rabbit IgG, or with anti-ActL antibody. Values
are the mean ± SD (n = 12). Different letters indicate significant differences between antibody treatments (p < 0.05, Tukey’s
multiple comparisons test).

Anti-ActL antibody treatment selectively abolished the hemagglutination activity of
ActL against rabbit erythrocytes (data not shown). Using this antibody, we examined the
participation of ActL on Symbiodiniaceae NBRC102920 cell acquisition. The number of
cells acquired by polyps in the presence of the anti-ActL antibody (9.3 ± 5.0 cells/polyp,
p < 0.05, Tukey’s multiple comparisons test) was significantly reduced compared to that
without the antibody (26.3 ± 17.3 cells/polyp) (Figure 1b). These results suggest that ActL
participates in Symbiodiniaceae cell acquisition by polyps.
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2.3. Detection of ActL from A. tenuis Rearing Seawater

Using the anti-ActL antibody, we examined by dot blotting, whether ActL was dis-
charged from juvenile A. tenuis polyps. Anti-ActL antibody reacted with rearing seawater
of juvenile A. tenuis polyps (Figure 2a). However, the antibody could also bind to antigens
other than ActL, since it was purified using Protein A affinity chromatography. When
the anti-ActL antibody was preincubated with ActL and this reaction mixture was used
instead of the purified antibody in the experiment, it did not react with rearing seawater
(Figure 2b). This indicates that the rearing seawater contained ActL, and juvenile A. tenuis
polyps discharged ActL outside the body.

Figure 2. Examination of the occurrence of ActL in rearing seawater of juvenile A. tenuis by dot
blotting assay. Samples were spotted on the PVDF membrane and detected using the anti-ActL
antibody. Samples were 0.1 mg of bovine serum albumin (BSA), 0.1 mg of ActL, and artificial seawater
(ASW), where 10 juvenile polyps were kept for 1 d. Binding of the anti-ActL antibody to purified
ActL and rearing ASW of juvenile A. tenuis polyps was examined. (a) Each sample solution dot
blotted onto a PVDF membrane. BSA was used as a negative control. Purified ActL was used as a
positive control. (b) Anti-ActL antibody was preincubated with ActL, and the mixture was used for
dot blotting assay instead of the purified anti-ActL antibody.

2.4. Chemotactic Activity of ActL to Each Symbiodiniaceae Strain

It is not known whether and how Symbiodiniaceae cells move toward ActL, although
the chemotactic activity assay showed that ActL attracts Symbiodiniaceae NBRC102920
cells [26]. To clarify the chemotactic activity of ActL in detail, the movements of Sym-
biodiniaceae cells toward ActL were recorded (Figure 3a). The Symbiodiniaceae cells
around the capillary moved toward the capillary, whereas the cells distant from the cap-
illary moved linearly in different directions. Since Symbiodiniaceae NBRC102920 cells
typically showed circular movement at the same point, this result indicated that ActL
attracts Symbiodiniaceae cells.
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(a) (b) 

Figure 3. The chemotactic activity of various Symbiodiniaceae strains. (a) A capillary containing ActL was placed
in NBRC102920 culture in a 35 mm dish. The movements of the Symbiodiniaceae cells were video-recorded. White
circle indicates the insertion point of the capillary, red indicates Symbiodiniaceae cells, and cyan lines indicate traces of
Symbiodiniaceae cells. (b) The chemotactic assay was conducted for 1 h using Symbiodiniaceae cells at a concentration
of 1 × 106 cells/mL. One unit (U) of chemotactic activity was defined as the activity at which 40 Symbiodiniaceae cells
were attracted by sample solutions in 60 min. Values are the mean ± SD (n = 3). Different letters indicate a significant
difference in chemotactic activity (p < 0.05, Tukey’s multiple comparisons test). The letters in parentheses indicate genera
of Symbiodiniaceae; A = genus Symbiodinium, B = genus Breviolum, D = genus Durusdinium, E = genus Effrenium, and
F = genus Fugacium.

Next, we measured the chemotactic activity of ActL toward each Symbiodiniaceae
strain using chemotactic activity assay [26]. The chemotactic activity was greatest for
strain NBRC102920 (3.0 ± 0.2 U), CCMP2556 (2.5 ± 0.8 U), and CS-161 (2.3 ± 0.4 U),
followed by CCMP1633 (0.9 ± 0.4 U), GTP-A6-Sy (0.1 ± 0.2 U), CCMP421 (−0.1 ± 0.1 U),
FKM0207 (−0.1 ± 0.2 U), and CS-156 (−0.1 ± 0.2 U) (Figure 3). When the chemotactic
activity of ActL decreased, the cell movement toward the capillary also decreased (data
not shown). This result indicates that the chemotactic activity of ActL varies depending on
the Symbiodiniaceae strains. Interestingly, the chemotactic activity is different even in the
same genus, but different species.

2.5. The Number of Acquired Symbiodiniaceae Cells by Juvenile A. tenuis Polyps

The number of acquired Symbiodiniaceae cells was the largest for NBRC1029020
(22.8 ± 9.9 cells/polyp) and CCMP2556 (17.0 ± 11.9 cells/polyp), followed by CCMP1633
(8.9 ± 7.1 cells/polyp), CS-161 (4.7± 4.3 cells/polyp), GTP-A6-Sy (1.2± 2.9 cells/polyp), CS-156
(0.8 ± 2.5 cells/polyp), CCMP421 (0.2 ± 0.6 cells/polyp), and FKM0207 (0.0 ± 0.0 cells/polyp)
(Figure 4).

Next, we explored the correlation between the number of acquired cells and chemotac-
tic activity to examine whether chemoattraction by ActL participates in Symbiodiniaceae
cell acquisition (Figure 5). The Pearson’s correlation coefficient showed a positive correla-
tion (r = 0.87). The point far from the regression line is a dataset of CS-161. When the point
was removed, the Pearson’s correlation coefficient decreased to 0.99.
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Figure 4. The number of acquired Symbiodiniaceae cells by juvenile A. tenuis polyps. Juvenile
Acropora tenuis polyps were incubated with each Symbiodiniaceae cell strain for 24 h. Symbiodini-
aceae cells acquired by juvenile A. tenuis polyps were counted using in vivo chlorophyll a fluorescence.
Values are the mean ± SD (n = 10). Different letters indicate significant differences between Symbio-
diniaceae strains (p < 0.05, Tukey’s multiple comparisons test). The letters in parentheses indicate
genera of Symbiodiniaceae; A = genus Symbiodinium, B = genus Breviolum, D = genus Durusdinium,
E = genus Effrenium, and F = genus Fugacium.

Figure 5. Correlation between the numbers of acquired cells and attracted cells. Pearson’s correlation
coefficient was calculated, resulting in a positive correlation (r = 0.87).

3. Discussion

Corals maintain particular Symbiodiniaceae according to the coral species, and many
corals acquire Symbiodiniaceae cells from their surrounding environments. The acquisi-
tion process of Symbiodiniaceae cells could mainly be separated into the following two
steps: (1) attraction of Symbiodiniaceae cells by corals and (2) phagocytosis of them. Many
molecules should participate in this process, but few have been found. We previously
purified a GlcNAc-binding lectin ActL from A. tenuis [26]. This lectin attracted the Sym-
biodiniaceae strain NBRC102920, but it was not obvious whether ActL was involved in
the acquisition of Symbiodiniaceae cells by the A. tenuis polyps. In the present study,
we found that the anti-ActL antibody inhibited the acquisition of the Symbiodiniaceae
strain NBRC102920 (Figure 1). We also found that GlcNAc inhibited the chemoattraction
of ActL [26]. Moreover, rearing artificial seawater (ASW) of A. tenuis contained ActL
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(Figure 2). These results supported our hypothesis that juvenile polyps released ActL to
acquire Symbiodiniaceae cells through chemotaxis.

In previous reports, some factors were found to participate in the attraction, including
nitrogen-containing compounds such as nitrates and trehalose [13,14]. Many chemotactic
compounds are low-molecular-weight substances, and they have the ability to diffuse
rapidly and distantly. On the other hand, peptides and proteins, with their high molecular
weights, cannot diffuse efficiently and seem not to be attractants. However, some proteins
such as startrak have been shown to attract the sperm of starfish [27]. Thus, ActL could
be an attractant for Symbiodiniaceae cells. It is possible that ActL could attract Symbio-
diniaceae cells in regions close to polyps, since corals live in shallow coral reefs that are
exposed to tidal currents and the attractant will be easily diluted. Recently, it has been
shown that green fluorescence attracted Symbiodiniaceae cells [12]. Since light could reach
a distant location and ActL could become attracted to within a very short range of the
polyps, Symbiodiniaceae cells distant from polyps are likely to be attracted by light, and
then attracted by ActL later in the process.

A few reports have described the selective attraction of Symbiodiniaceae cells. Blue
light may be a factor of selective attraction (Yamashita et al., under review). In this
study, Symbiodiniaceae strains were differentially attracted by ActL and A. tenuis juvenile
polyps. When the number of Symbiodiniaceae strains attracted to ActL was plotted
against the number of cells acquired by polyps (Figures 3 and 4), the number of attracted
Symbiodiniaceae cells was positively correlated with the number of cells acquired by
juvenile polyps (r = 0.87, Figure 5). These results indicate that ActL participates in the
selection of Symbiodiniaceae strains during acquisition by A. tenuis through attraction,
except for the Symbiodiniaceae strain CS-161.

CS-161 was highly attracted to ActL, but the number of cells acquired by juvenile
polyps was low among the other strains tested (Figure 5). Symbiodiniaceae cell acquisition
by juvenile polyps involves several steps, such as attraction and entry into the gastrodermal
cells of polyps. Factors related to other steps also affect the number of Symbiodiniaceae
cells acquired by juvenile polyps. Indeed, the cell size of Symbiodiniaceae affects the
number of cells acquired by juvenile polyps [15]. The factors related to acquisition, except
attraction, may inhibit the acquisition of CS-161 by polyps, and this may be a reason why
the dataset of CS-161 is an outlier in Figure 5.

Since carbohydrates on the cell surface were different among each strain of Sym-
biodiniaceae cells [27], ActL could differentially bind to Symbiodiniaceae strains. It was
reported that Symbiodiniaceae isolated from the soft coral Plexaura kuna had similar lectin
binding specificity, although they belonged to different clades [28]. This means that the
coral P. kuna selectively maintained specific Symbiodiniaceae according to the carbohydrate
chains on its cell surface, regardless of clades. The fact that the corals maintained particular
genera of Symbiodiniaceae leads to the hypothesis that the selection of Symbiodiniaceae
cells by host corals is due to the binding of lectins with Symbiodiniaceae surface carbohy-
drates. Thus, ActL can attract particular Symbiodiniaceae genera to help polyps to acquire
Symbiodiniaceae cells in A. tenuis and to maintain particular genera of Symbiodiniaceae. In
addition, it is possible that coral colonies also select Symbiodiniaceae cells for maintenance.

On the other hand, Parkinson et al. reported that subtle differences in symbiont
cell surface glycan did not explain species-specific colonization rate in the sea anemone,
Exaiptasia pallida [29]. They showed that lectin masking did not inhibit Symbiodiniaceae
cell acquisition by the host E. pallida. The paper mentioned that this resulted from the
use of adult animals instead of larvae, and the different ages of the animals used. We
used different cell densities of added Symbiodiniaceae, while the previously mentioned
paper examined the acquisition assay at a very high density of Symbiodiniaceae cells
(1 × 106 cells/mL), although Symbiodiniaceae cells at 2000 cells/mL were used in this
study. Under high cell density conditions, A. tenuis larvae acquire even free-living-type
Symbiodiniaceae; however, this was not achieved under low cell density conditions [10]. In
our experience, when the density of Symbiodiniaceae cells is very high, Symbiodiniaceae
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cells will be acquired randomly by hosts (data not shown), and it seems difficult to examine
whether Symbiodiniaceae cells will be selectively acquired by the host.

ActL attracted the strains that tend to be acquired; however, there are some conflicts.
Although the Symbiodiniaceae strain CS-161 was attracted by ActL at the same level
as CCMP2556, CS-161 was acquired less than CCMP2556 by polyps (Figure 5). It was
reported that another lectin, N-acetyl-D-galactosamine (GalNAc), which is called AtTL-2,
participated in Symbiodinium acquisition by A. tenuis polyps [9]. Since AtTL-2 did not show
chemotactic activity in our capillary assay (data not shown), AtTL-2 might participate in
other steps of Symbiodiniaceae cell acquisition except attraction, and the low number of
acquisitions of CS-161 may be due to the lack of binding of CS-161 to AtTL-2. Light may
also be another factor affecting attraction. This indicates that there are other variables that
should be identified in the molecular mechanisms of Symbiodiniaceae cells in A. tenuis. In
this study, we used purified ActL by GlcNAc-affinity chromatography, which is able to
bind to AtTL-2. Purified ActL may contain a small amount of AtTL-2. In the future, we
must examine whether AtTL-2 participates in chemoattraction and unveil the mechanism
of selective chemoattraction by corals.

4. Materials and Methods

4.1. Materials

S. tridacnidorum-cultured strain NBRC102920 (clade A) [30], which was isolated from
the giant clam Tridacna maxima in Palau, was obtained from the National Institute of Tech-
nology and Evaluation (Tokyo, Japan). Cultured strains GTP-A6-Sy (Symbiodinium natans)
and FKM0207 (Fugacium sp.) were originally isolated by Yamashita and Koike (2013) [31].
Cultured strains of CCMP1633 (Breviolum sp.), CCMP2556 (Durusdinium trenchii), and
CCMP421 (Effrenium voratum) were obtained from the National Center for Marine Algae
and Microbiota (East Boothbay, ME, USA). Cultured strains of CS-161 (S. tridacnidorum)
and CS-156 (Fugacium sp.) were obtained from the Commonwealth Scientific & Industrial
Research Organization (Castray Esplanade, Tasmania, Australia). These strains were cul-
tured in IMK medium for marine microalgae (FUJIJFILM Wako Pure Chemical Corporation,
Osaka, Japan) at 25 ◦C with illumination at 80 μmol photons/m2/s (12 h:12 h light/dark
cycle; 08:00–20:00, light). Unless otherwise specified, all reagents were purchased from
FUJIJFILM Wako Pure Chemical Corporation. A. tenuis specimens were collected from
Sesoko Island, Okinawa, Japan. Collected A. tenuis were maintained in an aquarium for
several days and then frozen at −70 ◦C in a freezer until use.

4.2. Preparation of ActL

ActL was prepared according to Takeuchi et al. [26]. Briefly, a piece of A. tenuis
(typically 19 g) was extracted with three volumes of extraction solution (150 mM NaCl,
50 mM Tris–HCl (pH 8.5), and 10 mM CaCl2). ActL was purified using a GlcNAc-binding
Sepharose 6B column (1 mL) with 0.2 M GlcNAc in extraction solution. The ActL was
dialyzed against 1000 volumes of IMK medium at 4 ◦C for more than 3 h. This process was
repeated three times.

4.3. Hemagglutination Assay

Purified ActL (20 μL) was serially diluted two-fold using 50 mM Tris–HCl (pH 8.5)
containing 150 mM NaCl and 10 mM CaCl2 in a V-bottom 96-well microtiter plate. The
well was supplemented with 4% rabbit erythrocyte suspension (20 μL) and incubated at
25 ◦C for 60 min. The titer of the maximum dilution showing positive agglutination was
recorded, and the hemagglutination titer was defined as the reciprocal of the highest dilu-
tion. Hemagglutination units (HU) were calculated by multiplying the hemagglutination
titer by the sample volume.
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4.4. Carbohydrate Inhibition Test

Purified ActL was diluted to 16 HU using 50 mM Tris–HCl (pH 8.5) containing 150 mM
NaCl and 10 mM CaCl2. The diluted ActL (20 μL) was incubated for 1 h at 25 ◦C with
diluted carbohydrates. Next, 4% rabbit erythrocyte suspension (20 μL) was added to
the mixture, which was then incubated at 25 ◦C for 30 min, and hemagglutination was
measured. The results are expressed as the minimum concentration of carbohydrates.
The following carbohydrates were used: L-arabinose, L-fucose, D-ribose, deoxy-D-ribose,
D-xylose, D-glucose, D-galactose, L-rhamnose, D-mannose, lactose, melibiose, maltose,
D-glucosamine, D-galactosamine, D-mannosamine, N-acetyl-D-glucosamine, N-acetyl-D-
galactosamine, and N-acetyl-D-neuramic acid.

4.5. Inhibition of Symbiodiniaceae Cell Acquisition by Carbohydrates and Anti-ActL Antibody

Juvenile polyps were prepared as described previously [9]. After 72 h, carbohydrates
(GlcNAc, NANA, and sucrose) at 20 mM, rabbit IgG, or anti-ActL antibody (final concen-
tration was 1 μg/mL) was added to ASW-containing juvenile A. tenuis polyps, which were
then incubated at 25 ◦C for 1 h before the addition of 2000 NBRC102920 Symbiodiniaceae
cells. After an additional incubation at 25 ◦C for 6 h, the number of Symbiodiniaceae cells
within the juvenile A. tenuis polyps was counted based on the images obtained by confocal
microscopy, as mentioned above.

4.6. Dot Blotting Using the Anti-ActL Antibody

Eight wells in a chamber cover grass were filled with 500 μL ASW, and 10 juvenile
polyps were kept for 1 d in each of the eight wells. The ASW of 8 wells was then collected,
and 30 mL of ice-cold acetone was added and the samples were kept overnight at −35 ◦C.
The sample was centrifuged at 15,000× g for 15 min at 0 ◦C, the supernatant was removed,
and the pellet was resuspended in 4 mL of ultrapure water. The solution was subjected to
dialysis against 3000 mL ultrapure water at 4 ◦C for 3 h. This dialysis was repeated three
times and the rearing ASW concentrate was obtained. 50 μL of the rearing ASW concentrate
and ActL (0.1 mg/mL) were applied to a polyvinylidene difluoride membrane FluoroTrans®

W (Pall, Port Washington, NY, USA) using a Bio-Dot apparatus (Bio-Rad Laboratories).
After being washed with phosphate-buffered saline (PBS), the membrane was set to a SNAP
i.d. 2.0 (Merck Millipore, Bedford, MA, USA), and dot blotting was carried out according
to the manufacturer’s protocol with some modifications. The membrane was then blocked
with Blocking One (Nacalai Tesque, Kyoto, Japan). Next, it was soaked in 100 μg/mL of
anti-ActL antibody diluted using Can Get Signal Solution 1 (TOYOBO, Osaka, Japan) for 10
min and washed with 0.1% Tween-20 in PBS (PBS-T). After that, the membrane was soaked
in secondary antibody horseradish peroxidase (HRP)-labeled anti-rabbit IgG antibody
(FUJIJFILM Wako Pure Chemical Corporation) in Can Get Signal Solution 2 (TOYOBO)
for 10 min. After being washed with PBS-T, the membrane was then transferred onto a
wrap and soaked in Luminata Forte Western HRP Substrate (MilliporeSigma, Brington,
MA, USA) for 5 min, and the signal was detected using Ez-Capture MG (Atto, Tokyo,
Japan). When performing the antibody adsorption test, 1 μg/mL of anti-ActL antibody
was incubated with 100 μg/mL of ActL for 16 h. This mixture was then used instead of the
anti-ActL antibody. Bovine serum albumin (0.1 mg/mL) was used as the negative control.

4.7. Chemotactic Activity Assay

The movements of Symbiodiniaceae cells toward ActL were examined as follows.
IMK (2 mL) was added to a 35 mm dish, and a microcapillary containing 2 μL of ActL
(100 μg/mL) in IMK medium was added to this dish. After addition of NBRC102920
(1 × 104 cells/mL), the motion around the capillary was video-recorded for 30 s. Symbio-
diniaceae cell movements were traced using Particle Track, and analysis (https://github.
com/arayoshipta/projectPTAj (accessed on 11 March 2021)).

The chemotactic assay was conducted according to Takeuchi et al. [26]. Briefly,
1.0 × 105 of Symbiodiniaceae cells containing the IMK medium were added to 1.5 mL
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PROKEEP low protein binding tubes (Fukae Kasei, Kobe, Japan) and subjected to centrifu-
gation at 860× g for 5 min at 25 ◦C. After removing the supernatant, 100 μL of the IMK
medium was added to the pellet. The tubes containing pellets were allowed to stand for
24 h to hasten the recovery of Symbiodiniaceae motility, and then the capillaries (Capillary
Calibrated Pipettes, Drummond Scientific Company, Broomall, PA, USA) containing 2 μL
of sample solutions were inserted into the tubes containing the cells. After 60 min, the
capillaries were removed from the tubes, and the solution around the capillary surface
was carefully wiped off to remove attached Symbiodiniaceae cells. The solution in the
capillaries was blown by mouth into a hemocytometer, and Symbiodiniaceae cells were
counted under a microscope. The number of attracted cells was quantified by subtracting
the number of Symbiodiniaceae cells in a capillary containing the IMK medium from that
containing ActL. The chemotactic activity was calculated according to a standard curve
of the number of attracted cells vs. protein concentrations of crude A. tenuis extract [26].
One unit (U) of chemotactic activity was defined as the activity at which 40 Symbiodini-
aceae cells were attracted by sample solutions in 60 min. Each experiment was performed
in triplicate.

4.8. Statistical Analysis

All data were analyzed using GraphPad Prism 6.0 for Macintosh (GraphPad Software,
La Jolla, CA, USA). Results were analyzed by a one-way repeated-measures ANOVA
followed by a Tukey’s multiple comparisons test (p < 0.05).
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Abstract: Oncolytic vaccina virus (oncoVV) used for cancer therapy has progressed in recent years.
Here, a gene encoding white-spotted charr lectin (WCL) was inserted into an oncoVV vector to
form an oncoVV-WCL recombinant virus. OncoVV-WCL induced higher levels of apoptosis and
cytotoxicity, and replicated faster than control virus in cancer cells. OncoVV-WCL promoted IRF-3
transcriptional activity to induce higher levels of type I interferons (IFNs) and blocked the IFN-
induced antiviral response by inhibiting the activity of IFN-stimulated responsive element (ISRE)
and the expression of interferon-stimulated genes (ISGs). The higher levels of viral replication and
antitumor activity of oncoVV-WCL were further demonstrated in a mouse xenograft tumor model.
Therefore, the engineered oncoVV expressing WCL might provide a new avenue for anticancer
gene therapy.

Keywords: white-spotted charr lectin; oncolytic vaccinia virus; interferon; antiviral response

1. Introduction

Lectins are a group of proteins that bind carbohydrates reversibly and specifically,
and play important roles in various biological processes such as cell division, fertilization,
congenital immunity, and cell recognition [1]. Lectins are widely distributed in marine
bioresources such as marine cyanobacteria, algae, invertebrate animals and fish. In addition,
lectins have shown remarkable abilities in inducing apoptosis and inhibiting angiogenesis,
suggesting the future use in treating cancers [2,3]. For example, Eucheuma serra agglutinin
in red macroalga induced apoptosis in various colon adenocarcinoma, breast cancer and
osteosarcoma cells [4–6]. Crenomytilus grayanus lectin extracted from homonymous bivalve
showed globotriaosylceramide (Gb3)-dependent cytotoxicity in breast cancer and Burkitt’s
lymphoma cells [7,8]. N-acetyl sugar-binding lectin isolated from Ibacus novemdentatus
elicited acytotoxic effects on various cancer cells through glycoconjugate interaction [9].

Vaccinia viruses can be used as replicating vectors harboring therapeutic genes to
directly lyse tumor cells, or as cancer vaccines to stimulate antitumor immunity [10–12]. JX-
594, the most famous oncolytic vaccinia virus carrying a human granulocyte-macrophage
colony-stimulating factor (GM-CSF) gene with the thymidine kinase (TK) gene deletion,
has been advanced to clinical phase III for the treatment of advanced hepatocellular car-
cinoma (HCC) and clinical phase II trial for renal cell carcinoma [13–17]. In our previous
work, genes encoding marine lectins Tachypleus tridentatus lectin (TTL) and Aphrocallistes
vastus lectin (AVL) were inserted into the oncolytic vaccinia virus (oncoVV) vector, form-
ing oncoVV-TTL and oncoVV-AVL recombinant viruses, respectively [18,19]. Compared
with the control virus, both oncoVV-TTL and oncoVV-AVL showed faster replication and
significant antitumor activities in vitro and in vivo.

Previously, some marine fish lectins have been shown to elicit antitumor effects [2].
In the presented studies, we constructed a new recombinant vaccinia virus oncoVV-WCL,
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which was generated by inserting a gene encoding white-spotted charr lectin (WCL) into
the oncoVV vector. WCL is a type of rhamnose-binding lectin from white-spotted Charr
(Salvelinus leucomaenis) eggs [20], which has not been previously investigated in oncoVV
vectors. We then investigated the antitumor effect of oncoVV-WCL mainly on hepatocel-
lular carcinoma in vitro and in vivo. Lung and cervical cancer cell lines were also used
for verification. Simultaneously, the underlying mechanisms of oncoVV-WCL involved in
interferon (IFN) production and the IFN-induced antiviral response were elucidated.

2. Results

2.1. Cytotoxicity of oncoVV-WCL in Cancer Cells

Hepatocellular carcinoma cells PLC/PRF/5 and Huh-7, as well as lung carcinoma cell
H460, were infected with oncoVV or oncoVV-WCL at five multiplicities of infection (MOI)
or 15MOI for 48 h and 72 h. An assay of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTT) was performed to determine cell viability.
PBS served as the negative control. The cell viability of the oncoVV-WCL group was
decreased compared to the oncoVV group (Figure 1a). The results indicate that exogenous
WCL expression enhanced the cytotoxicity of oncoVV in H460, PLC/PRF/5 and Huh-7
cell lines.

Figure 1. The antiproliferative effect of oncoVV-WCL in tumor cells. Cell viability was measured
by MTT assay in Huh-7 cells (a), PLC/PRF/5 cells (b), H460 cells (c). Data are expressed as the
mean ± SEM from at least three separate experiments. (* p < 0.05).
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2.2. Apoptotic Effect of oncoVV-WCL in Huh-7 Cells

To investigate whether the oncoVV-WCL can induce the apoptosis in cancer cells,
Huh-7 cells were treated with oncoVV, oncoVV-WCL and PBS respectively, followed
by apoptotic analysis through flow cytometry analysis and Western blot. As shown
in Figure 2a,b, compared with PBS and oncoVV, 5 MOI oncoVV-WCL triggered higher
apoptosis rates. The infection of oncoVV-WCL increased the expression of caspase-3 and
cleaved caspase-9 (Figure 2c), suggesting that the intrinsic apoptotic pathway may play a
role in oncoVV-WCL induced cell death.

Figure 2. VV-WCL inducing apoptosis in Huh-7 cells. (a) Flow cytometric examination. Huh-7 cells were treated with
oncoVV or oncoVV-WCL at 5MOI as well as PBS control for 72 h. Cells were stained with Annexin V-FITC and PI followed
by analysis under a flow cytometer; (b) the percentage of apoptotic cells. Three repeats are represented as mean ± SEM
(* p < 0.05). (c) The expression of Caspase-3, Caspase-9 and FLAG. The expression level was detected by Western blot.
GAPDH served as a loading control.

2.3. Replication of Oncolytic Vaccinia Virus Improved by WCL

To clarify the underlying mechanism of the antiproliferative effect of oncoVV-WCL,
the replication abilities of oncoVV and oncoVV-WCL were tested through the TCID50
method in different cancer cells. The results demonstrated that the reproductive number
of oncoVV-WCL was much higher than that of oncoVV in Huh-7 cells (Figure 3a), H460
cells (Figure 3b) and Hela-S3 cells (Figure 3c). The expression level of protein A27L,
which is located on the surface of the intracellular mature virus [21], was also detected
in hepatocellular carcinoma cells Huh-7 and PLC/PRF/5 (Figure 3d). We found the
expression level of A27L in oncoVV-WCL treatment group was significantly higher than
that in oncoVV treatment group, suggesting that WCL harboring dramatically promotes
the replication of vaccinia virus.
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Figure 3. oncoVV-WCL replication in multiple tumor cell lines. The replication of oncoVV-WCL and oncoVV control in
Huh-7 cells (a), H460 cells (b), Hela-S3 cells (c). Viral replication was determined by TCID50 assay. Data are expressed as
the mean ± SEM from at least three separate experiments. (* p < 0.05). (d) The expression level of A27L was detected by
Western blot. PBS served as negative treatment control, GAPDH served as a loading control.

2.4. Onco VV-WCL Stimulated the Production of Type I IFNs

It is well-recognized that IFNs are secreted glycoproteins and are produced from
cells in response to virus infection [22]. Vaccinia virus infection activates IFN regulatory
factor 3 (IRF3) and IRF7 pathways, and further causes translocation of transcription factors
NF-κB and AP-1 into the nucleus, and finally IRF3/7, NF-κB and AP-1 form a complex
known as the enhanceosome, driving the transcription of type I IFNs [22]. To investigate
the production of interferons by oncoVV-WCL, RNA was extracted from infected Huh-7
cells, and the mRNA levels of IFN-α and IFN-β were evaluated by qRT-PCR. The results
demonstrated that the transcription of IFN-α and IFN-β in oncoVV-WCL-treated Huh-7
cells increased dramatically as compared to oncoVV-treated cells (Figure 4a), indicating
that WCL enhanced the oncoVV induced production of type I IFNs.

We next preformed the dual-luciferase reporter assay to access the effect of oncoVV-
WCL on IRF-3, IRF-7, NF-κB and AP-1 transcription factors. As shown in Figure 4b, the
activity of IRF-3 promoters in the oncoVV-WCL treatment group significantly increased
compared to that of oncoVV treatment group, while there was no significant difference
between oncoVV-WCL and oncoVV treatment groups in IRF-7, AP-1 and NF-κB reporter
assays (Figure 4c–e). Therefore, the results suggest that WCL harboring may promote IRF-3
transcription activity to induce the expression of type I IFNs.

2.5. OncoVV-WCL Regulated the IFN-Induced Signaling and the Expression of
IFN-Stimulated Genes

Because IFNs can induce the transcription of hundreds of interferon-stimulated genes
(ISGs) [22], it is reasonable to further profile the effect of oncoVV-WCL on hepatocellular
carcinoma cells. Therefore, the gene expressions of Huh-7 cells treated with oncoVV-WCL,
oncoVV and PBS were examined through transcriptomic analysis, then a heatmap was
created to graphical visualization of differential gene expression. The results showed
that 34 genes related to response/defense response to virus were differentially expressed,
and among them 25 genes expressions were downregulated by oncoVV-WCL as com-
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pared to oncoVV control (Figure 5a). Results suggested that oncoVV-WCL downregulated
ISGs expression.

Figure 4. oncoVV-WCL regulates interferon transcription. (a) Quantitative RT-PCR evaluations of
IFNα/β transcription 48 h after infection of Huh-7 cells with oncoVV or oncoVV-WCL. PBS served
as the negative control. The comparative Ct (cycle threshold) method was used to determine RNA
expression. Statistically significant differences are presented as * p < 0.05. (b) oncoVV-WCL activated
the transcription activity of IRF-3. Transfection efficiencies were normalized to the pTK-RL luciferase
plasmid. Data are expressed as the mean ± SEM from at least three separate experiments. (* p < 0.05).
Reporter assays of IRF-7 (c), AP-1 (d), NF-κB (e) were detected as described above.

The IFNs induced by virus infection can engage with their cognate receptors and
induce Janus-associated kinase (JAK) and the signal transducer and activator of the tran-
scription (STAT) pathway [22,23]. In IFN-α and IFN-β signaling, STAT1 and STAT2 form
heterodimers, then associate with IFN regulatory factor 9 (IRF9) to form a trimeric complex,
which further translocate into the nucleus to drive the transcription of ISGs associated
with the IFN-stimulated responsive element (ISRE) [22,23]. Given that ISGs such as ISG15
and OASL were downregulated (Figure 5a), we postulated that the JAK-STAT signaling
cascade pathway might be influenced by the infection of oncoVV-WCL. Therefore, STAT1
expression was tested by Western blot, and the ISRE activity was monitored with the
dual-luciferase reporter assay. The results showed that oncoVV-WCL downregulated the
activity of ISRE and led to STAT1 cleavage (Figure 5b,c), suggesting that oncoVV-WCL
regulated the antiviral response in cancer cells through STAT1 cleavage.
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Figure 5. Transcriptomic validation of oncoVV-WCL. (a) Heatmap of genes. Huh-7 cells were infected with oncoVV and
oncoVV-WCL at 5 MOI for 24 h followed by transcriptomic analysis. The key includes a histogram of the distribution of log2

fold change values for all the included genes. (b) Activity of ISRE promoter was analyzed through a dual-luciferase reporter
assay kit. The transcription activity of ISRE was evaluated by the dual-luciferase reporter assay. Data are represented as
mean ± SEM from at least three independent experiments (* p < 0.05). (c) The expression level of STAT1 was detected by
Western blot. GAPDH was used as a loading control.

2.6. OncoVV-WCL Suppressed Hepatocellular Carcinoma Cell Growth In Vivo

To investigate the antitumor efficacy of oncoVV-WCL in vivo, subcutaneous tumors
were established in Balb/c nude mice with Huh-7 cells and then administrated with
saline, oncoVV and oncoVV-WCL, respectively. As shown in Figure 6a, the oncoVV-WCL
treatment group demonstrated a significant antitumor effect compared with the saline and
oncoVV treatment groups. Subsequently, RNA and proteins were extracted from the mice
tumors, and semiquantitative PCR and Western blot were performed to test the expression
of A27L of virus (Figure 6b,c). Furthermore, the A27L level of oncoVV-WCL and control
treatment in mice tumors were also confirmed by immunohistochemistry assay (Figure 6d).
The results suggest that the remarkable antitumor effect of oncoVV-WCL may be due to
the increasing replication of viruses harboring WCL.
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Figure 6. The antitumor effect of oncoVV-WCL in vivo. (a) Huh-7 cells were inoculated into the
Balb/c nude mice on the back. Tumors were then injected with saline, oncoVV, or oncoVV-WCL,
respectively. Data are expressed as the mean ± SEM. (* p < 0.05). (b) Semiquantitative PCR validated
A27L gene expression at the level of RNA. GAPDH served as a loading control. The extracted RNA
was reverse transcribed into cDNA and performed this cDNA to semiquantitative PCR followed by
agarose gel electrophoresis. GAPDH served as a loading control. (c) The expression level of A27L
was detected by Western blot. GAPDH served as a loading control. (d) The immunohistochemical
results of A27L on Huh-7 tumors. Scale bars show 100 μm.

3. Discussion

WCL, a family member of lectin, was originally isolated from white-spotted charr eggs
in Salmonidae [20]. Since the first report of WCL, there have been few reports studying
the function of this protein. Based on our previous study, utilizing an adenovirus or a
vaccinia virus carrying a specific lectin manifested a strong antitumor effect. Therefore,
investigating the function of an unknown WCL by means of the vaccinia virus intrigued
us. To our knowledge, this is the first demonstration of combining a WCL gene with
vaccinia virus. This study reports oncoVV harboring WCL can effectively inhibit tumor cell
growth both in vitro and in vivo. We further revealed that the recombinant oncoVV-WCL
demonstrates high replication in tumor cells and induces type I IFNs production, while
inhibiting the expression of ISGs via downregulating the JAK-STAT signaling pathway.

VV used for antitumor therapy has progressed in the past decades [10,24–27]. It is
well recognized that immediately after VV invasion, the innate immunity of the host is
activated and then a cascade of signaling pathways involved. To restrict VV replication
and spread, the host cells secrete IFNs which launch an immediate large response to attack
the virus. Consequently, the viruses express many proteins and evolve multiple strategies
to hinder the effect that IFNs produce, including preventing production of IFN, blocking
binding of IFNs to IFN receptors, blocking IFN-induced signaling pathways and blocking
the antiviral action of ISGs [22]. In our previous reports, oncoVV carrying lectin TTL
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suppressed the production of IFN-β [18], while in the present study, oncoVV carrying
lectin WCL promoted the expression of IFN-α and IFN-β in liver cancer cells. Given that
IRF3 NF-κB and AP-1 forming the enhanceosome and binding to IFN-β gene promoter are
necessary for the expression of the antiviral IFN-β gene [22,28], our further investigation
showed the induction of IFNs might be due to the activation of the key transcription factor
IRF-3. Since the VV can impede the effect of IFNs by interfering with the IFN-induced
JAK-STAT signaling pathway and the production of ISGs, testing the changes of the JAK-
STAT signaling pathway and ISGs is necessary. As shown in the transcriptomic analysis,
some ISGs were downregulated by oncoVV-WCL. ISG15 is a ubiquitin-like protein which is
induced by viral infection, and IFN-α and -β, and can conjugate to target proteins such as
IRF3 [22,29]. IFIT1/2/3 are strongly induced ISGs and function as both sensor and effector
molecules of the cellular innate immune system [30,31]. OASL is also a member of ISGs
and induced by virus infection rapidly via IFN signaling [32]. The IFIH1 gene encodes
a RIG-I-like receptor involved in the sensing of viral RNA [33]. The downregulation of
these ISGs might help oncoVV-WCL escape the intracellular antiviral response, thereby
achieving a significantly higher level of viral replication in cancer cells both in vitro and
in vivo.

We present a novel WCL expressing oncoVV in this study. OncoVV-WCL not only
induced type I IFN production, which could elicit antitumor activity but also inhibit IFN-
induced ISG production, possibly due to STAT1 cleavage, which helps oncoVV escape
elimination. However, oncoVV-WCL only elicited a weak antitumor effect in vivo, as
shown. Further investigations into signaling pathways regulating oncoVV-WCL could
help to enhance its antitumor activity.

4. Materials and Methods

4.1. Cell Culture

The human embryonic kidney cell line 293A, hepatocellular carcinoma cell lines Huh-7
and PLC/PRF/5, lung carcinoma cell line H460 and cervical carcinoma cell lines HELA-S3
were provided by the Chinese Academy of Sciences. Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM)/high glucose medium (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (HyClone Laboratories)
and 1% Penicillin-Streptomycin on the condition of 37 ◦C and 5% CO2.

4.2. Recombination of oncoVV-WCL

The WCL gene (GenBank: AB077045.1) was synthesized in Shanghai Generay Biotech
Co., Ltd. (Shanghai, China). The oncoVV-WCL recombinant virus was constructed fol-
lowing the steps described previously [18,19]. Briefly, the pCB-Flag-WCL plasmid was
constructed by inserting the WCL gene into a pCB vector with a thymidine kinase (TK)
gene deletion. The 293A cells were infected by wild type vaccinia virus (Western Reverse)
for about 3 h and then transfected with pCB-Flag-WCL. The recombinant oncolytic vac-
cinia viruses were formed 48 h later. Subsequently, the selection of mycophenolic acid,
hypoxanthine and dioxopurine were used to select for effective oncoVV-WCL. After three
repetitions, purified viruses were obtained. The titers of oncoVV-WCL were determined by
TCID50 (median tissue culture infective dose).

4.3. Western Blot

After cell extraction, equal amounts of proteins were electrophoresed by SDS-PAGE
and transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA).
Then, the membranes were blocked with 5% bovine serum albumin solution at room
temperature for 2 h, followed by incubating with primary antibodies at 4 ◦C overnight.
The membranes were washed and incubated with secondary antibodies for 1 h at room
temperature. After washing, the membranes were detected using a Tanon 5500 chemi-
luminescence image system (Tanon Inc., Shanghai, China). The following primary and
secondary antibodies were used: Caspase-9 (Abcam, Cambridge, UK, ab202068,1:2000),
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caspase-3 (Cell Signaling Technology, Danvers, MA, USA, 9662, 1:1000), STAT1 (Santa Cruz,
Dallas, TX, USA, sc-346,1:1000), A27L (Abcam, ab35219,1:2000), GAPDH (Cell Signaling
Technology, 2118 s, 1:1000), HRP conjugated Goat antiRabbit IgG(H + L) (ABclonal, AS014,
1:5000), HRP conjugated Goat antiMouse IgG(H + L) (ABclonal, Woburn, MA, USA, AS003,
1:5000), and AntiDDDDK-tag pAb (Medical & Biological Laboratories, PM020, 1:1000).

4.4. Animal Experiments

Hepatocellular carcinoma tumor-bearing mouse models were built using 6-week-old
female Balb/c nude mice (Shanghai Slack Animal Laboratory, Shanghai, China). Mice were
housed and raised in accordance with the standards of Animal Care and Use Committee
of Zhejiang Sci-Tech University. Huh-7 cells (5 × 106) were subcutaneously inoculated
into the back region of mice. When the tumor had grown to reach approximately 250 mm3

in size, 1 × 107 plaque-forming units (PFU) oncoVV or oncoVV-WCL, as well as saline,
were injected in situ, respectively. Then, tumor volume was recorded and measured
every five days. Tumor volume (V) was calculated using the formula: V(mm3) = 1/2
(length × width × width) [34,35]. Width was considered as the shorter diameter and
length as the longer diameter of the tumor in mm.

4.5. Cell Viability Detection and Flow Cytometry Assay

Seeding of 5 × 103/well cells was done in 96-well plates. Cells were infected with
oncoVV or oncoVV-WCL at MOIs of 5 and 15. Cell viability was detected by MTT assay.
Apoptosis analysis was carried out using the Annexin V-FITC Apoptosis Detection Kit
(BD Biosciences, San Jose, CA, USA) according to the manufacturer‘s instructions, and then
analyzed by flow cytometer (Accuri C6; BD Biosciences).

4.6. Virus Replication Assay

To test the replication of the virus in different cell lines, cells were plated on 24-well
plates at a density of 6 × 104/well. Different cells were infected with oncoVV, oncoVV-WCL
at and MOI of 5 for 0 h, 3 h, 12 h, 24 h, 36 h and 48 h, respectively. The viral titers were
determined through TCID50 assay on 293A cells.

4.7. Reporter Assay

The dual-luciferase assay kit (GeneCopoeia, Inc., Rockville, MD, USA) was used
to perform the reporter assay according to the manufacturer’s instructions. Huh-7 cells
were cotransfected with 0.005 μg of pTK-RL plasmid, an internal control encoding Renilla
luciferase, and 0.25 μg luciferase reporter plasmids for IRF3, IRF7, NF-κB, AP-1 and ISRE,
and then treated with PBS at 5 MOI of oncoVV or oncoVV-WCL for 48 h. After the cells were
lysed, the luciferase activities were assessed. The transfection efficiency was normalized to
the internal control pTK-RL. All experiments were carried out at least three times.

4.8. RNA Extraction and Semi-Quantitative PCR

Total RNA was extracted using Trizol (Invitrogen) reagent according to the manu-
facturer’s protocol. Then, 2 μg of total RNA was reverse transcribed into complementary
DNA (cDNA) using the Sigma Enhanced Avian HS RT–PCR Kit. The products of re-
verse transcription were used for semiquantitative PCR and detected the expression level
of mRNA.

4.9. qRT-PCR

IFN-α and IFN-β expression in Huh-7 cells was evaluated by qRT-PCR after infection
with oncoVV and oncoVV-WCL for 48 h. After RNA extraction, cDNA was obtained.
The qRT-PCR reaction was carried out using a MYiQ single-color real-time PCR detection
system. The reaction volume of 20μL contained 1 uL cDNA,320 nM each primer and 10 uL
iQSYBR green supermix. The reaction performed at 95 ◦C for 10 min, then 40 PCR cycles of
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denaturation at 95 ◦C for 10 s and annealing at 60 ◦C for 1 min. Targeted gene expression
was normalized to GAPDH messenger RNA. Experiments were repeated three times.

4.10. Transcriptomic Analysis

Huh-7 cells were infected with oncoVV and oncoVV-WCL at five MOI for 24 h.
PBS treatment served as negative control. The cells were harvested in TRIzol reagent
(Invitrogen, Waltham, MA, USA) and submitted to Shanghai Baygene Biotechnologies
Co., Ltd. (Shanghai, China) for analysis and profiling the differentially expressed gene.
Briefly, the total RNA was extracted using Trizol and a gene chip assay was performed
using Clariom D human Affymetrix gene chip (Affymetrix, Shanghai, China), GeneChip
WT PLUS Reagent Kit (Affymetrix, 902923), and GeneChip Hybridization, Wash and Stain
Kit (Affymetrix, 900720).

4.11. Immunohistochemistry

On day 10 post-injection of viruses, the tumors were harvested for immunohistochem-
istry (IHC) analysis. The IHC was performed by HaoKe Biotechnology Co. Ltd. (Hangzhou,
China). Briefly, after fixation, the tumors were embedded in paraffin, deparaffinized with
xylene, and rehydrated with graded alcohol washes and H2O2. Antigen retrieval was per-
formed with EDTA retrieval buffer. The endogenous peroxidase of samples was blocked
followed by protein block with 3% BSA. Subsequently, slides were incubated with primary
AntiA27L rabbit antibody at 4 ◦C overnight, washed with PBS and incubated with sec-
ondary HRP conjugated goat antiRabbit IgG (Abcam, ab97051, 1:200) for 50 min at room
temperature then stained with DAB solution, counterstained with hematoxylin, dehydrated
and mounted for examination. The PBS treatment group served as negative control.

4.12. Statistical Analysis

Statistical analysis was determined by student’s t-test. Significance was considered as
p < 0.05.

5. Conclusions

Our study showed the newly constructed oncoVV-WCL induced significant apoptotic
cell death in hepatocellular carcinoma cells and lung carcinoma cells. The animal experi-
ments verified the in vivo antitumor activity of oncoVV-WCL. WCL harboring promoted
vaccinia virus replication and production of type I IFNs via upregulation of IRF-3 activity
in hepatocellular carcinoma cells. The underlying mechanisms of antitumor activity of
oncoVV-WCL might be due to the inhibition of the transcriptional activity of ISRE and
the expression of ISGs thereby resulted in the inhibition of the antiviral response and
the promotion of viral replication in cancer cells. Our findings may provide insights into
oncolytic viral therapies armed with WCL.
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Abstract: Our study focused on investigating the possibilities of controlling the accumulation of
carbohydrates in certain microalgae species (Arthrospira platensis Gomont, Chlorella vulgaris Beijer, and
Dunaliella salina Teod) to determine their potential in biofuel production (biohydrogen). It was found
that after the introduction of carbohydrates (0.05 g·L−1) into the nutrient medium, the growth rate
of the microalgae biomass increased, and the accumulation of carbohydrates reached 41.1%, 47.9%,
and 31.7% for Arthrospira platensis, Chlorella vulgaris, and Dunaliella salina, respectively. Chlorella
vulgaris had the highest total carbohydrate content (a mixture of glucose, fructose, sucrose, and
maltose, 16.97%) among the studied microalgae, while for Arthrospira platensis and Dunaliella salina,
the accumulation of total carbohydrates was 9.59% and 8.68%, respectively. Thus, the introduction of
carbohydrates into the nutrient medium can stimulate their accumulation in the microalgae biomass,
an application of biofuel production (biohydrogen).

Keywords: Chlorella vulgaris; Dunaliella salina; Arthrospira platensis; growth rate; accumulation of
carbohydrates; biohydrogen

1. Introduction

Recently, microalgae have attracted attention as a new raw material for biofuel pro-
duction [1]. Algae biomass has several advantages over land-based energy crops in biofuel
production. Microalgae are considered to be the most efficient organisms in converting so-
lar energy. Additionally, microalgae do not require cultivated land, so they do not compete
with food crops on arable land [2,3].

Today, microalgae cultivation for lipid production is receiving a large amount of
attention [4,5]. After esterification, lipids are used to produce biofuels [6]. Current mi-
croalgae research focuses on culture technology to optimize the lipid content of microalgae
biomass [7]. However, as an alternative, other algal biomass components can also be used
to produce biofuels using biotechnology and thermochemical conversion technology [8,9].

Algae biomass contains different amounts of the most important organic compounds:
carbohydrates, proteins, and lipids. Although carbohydrates have a lower energy value
compared to other microalgae compounds, they are the best choice or primary raw material
for the production of biofuels (such as bioethanol, biobutanol, and biohydrogen) through
biotechnological conversion [10–12].
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Microalgae produce carbohydrates for two main purposes: they serve as a structural
component in the cell wall and as a component for intracellular storage [13,14]. As a storage
compound, carbohydrates provide the energy needed for the metabolism of the microalgae
and allow them to survive temporarily in the dark when needed [15,16]. Microalgae
components (such as proteins, lipids, and carbohydrates) allow them to adapt to changing
environmental conditions for their growth [17,18]. Carbohydrates are a broad category that
includes sugars (monosaccharides) and their polymers (disaccharides, oligosaccharides,
and polysaccharides) [19,20].

The content of carbohydrates in biomass depends on the type of microalgae and
growth conditions [21,22]. Certain species of microalgae, for example, Porphyridium cruen-
tum (40–57%), and Spirogyra sp. (33–64%), contain many carbohydrates [23,24]. However,
to maximize biofuel production, it is necessary to combine a high carbohydrate content
with the ability of microalgae to produce biomass in significant quantities. Therefore, if the
microalgae have a high growth rate or other advantages, the cultivation conditions can be
controlled to obtain a higher carbohydrate value. Microalgae carbohydrates are used for
the production of biofuels, especially biohydrogen [25,26].

The main factors affecting the carbohydrate content of microalgae are nutrient content,
salt stress, light intensity, temperature, and metabolism (autotrophic, heterotrophic, and
polytrophic). Besides solar energy and carbon dioxide, microalgae also need nutrients, such
as nitrogen, phosphorus, and potassium, to grow. The strategy of decreasing or increasing
the amount of nutrients is considered an affordable way to produce carbohydrate-rich
microalgae [27]. This is possible as it is relatively easy to control the nutrient content of the
medium [27,28].

The biomass accumulation level and carbohydrate productivity are important effec-
tiveness indicators of a microalgae strain intended for use in third-generation biofuel
production processes. These parameters are influenced by many conditions, including
the concentration and composition of nutrients, temperature, pH, and light. A change
in these parameters leads to a change in the biomass composition; often the content and
composition of various substances (including carbohydrates) can vary significantly in
microalgae, which must be considered when scaling the biomass production process. The
optimum growth temperature for the most commonly used microalgae is in the 15–35 ◦C
range, depending on the strain. Certain microalgae strains are highly stress-resistant at
high temperatures and high concentrations of CO2 and NO [29].

In general, the pH values for microalgae cultivation are in the range of pH 4.4–7.9,
depending on the strain. The pH of the medium influences not only the microalgae, but
also the solubility of CO2 required for their growth. In certain cases, a steady increase
in the microalgae biomass is observed at extremely low pH values. The illumination
intensity influences the photosynthesis in chloroplasts of microalgae. The microalgae
growth stops with photoinhibition, which occurs after the saturation of their photosystem
with photons and the formation of active oxygen forms [30]. In addition to the illumination
intensity, the spectral characteristics of light and the light cycle also influence microalgae
cultivation. Both a light flux with a wide spectrum (white light) and various LEDs with
different spectral characteristics are used, since microalgae absorb light in a narrow range
corresponding to the photosynthesis process (up to 700 nm). Several studies have shown
that the intensity and spectral characteristics of light affect the accumulation of biomass
and carbohydrates [31].

Microalgae absorb organic substances through various mechanisms, such as phos-
phorylation (for sugars), simple diffusion into cells (for glycerol) or through membrane
proteins (for organic acids) [32]. With a mixed [32] or heterotrophic diet [33], Chlorella can
be high in carbohydrates [34,35]. However, there is no research into the effect of culture
methods on carbohydrate accumulation.

This study aimed to investigate the possibilities of controlling the accumulation
of carbohydrates in certain microalgae species (Arthrospira platensis Gomont, Chlorella
vulgaris Beijer, and Dunaliella salina Teod) to determine their potential in biofuel production
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(biohydrogen). To achieve this goal, we planned to sample microalgae, determine their
morphology, study the introduction of carbohydrate additives into the nutrient medium,
extract chlorophyll, isolate the carbohydrate fraction, determine the carbohydrate content
and conduct a statistical analysis of the results.

2. Results

2.1. Microalgae Identification Results

A comparative analysis of the sequences of 16S rRNA and 18S rRNA genes of mi-
croalgae is presented in Appendix A, Appendix B, Appendix C. It was found that Chlorella
vulgaris Beijer, Dunaliella salina Teod, and Arthrospira platensis Gomont were isolated from
natural sources (soil, water, and sand).

2.2. The Results of the Introduction of Carbohydrates into Nutrient Media for Microalgae
Cultivation

Fructose, sucrose, maltose, and glucose were studied as carbohydrates accumulated in
microalgae. The results of studies of Chlorella vulgaris, Arthrospira platensis, and Dunaliella
salina cultivation processes with the introduction of carbohydrates to the nutrient medium
are presented in Figures 1–4.
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Figure 1. Dependence of the Chlorella vulgaris biomass on various sugars: (a) fructose, (b) glucose, (c) maltose, and (d)
sucrose at various concentrations: 1—control (0.00 g·L−1); 2—0.05 g·L−1; 3—0.10 g·L−1; 4—1.00 g·L−1; 5—2.00 g·L−1;
6—5.00 g·L−1.
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Figure 2. Dependence of the Arthrospira platensis biomass on various sugars: (a) fructose, (b) glucose, (c) maltose, and
(d) sucrose at various concentrations1—control (0.00 g·L−1); 2—0.05 g·L−1; 3—0.10 g·L−1; 4—1.00 g·L−1; 5—2.00 g·L−1;
6—5.00 g·L−1.
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Statistically significant differences (p-value < 0.05, Duncan’s test) in biomass accumula-
tion were observed for Chlorella vulgaris (Figure 1) upon application of fructose of different
concentrations (from 0 to 5 g·L−1). No differences were observed at concentrations of 0.00,
0.05, or 5.00 g·L−1, as well as at 0.10 or 1.00 g·L−1. The concentrations of 0.00 and 0.05
are not sufficient to significantly affect the biomass growth, while 5.00 g·L−1, despite a
significant increase at the initial stage, did not lead to significant biomass accumulation,
apparently being the concentration of saturation of the medium with this carbohydrate.
This is confirmed by the data corresponding to the concentration of 2.00 g·L−1. The intro-
duction of glucose at a concentration from 1.00 to 5.00 g·L−1 caused significant biomass
accumulation, while the biomass growth indicators did not differ significantly. Despite a
significant increase in the initial period (up to 3 days) at a concentration of 5.00 g·L−1, the
concentration of maltose introduced into the cultivation medium did not significantly affect
the biomass growth. However, at a concentration of 0.01 g·L−1 with a shorter cultivation
period (10 days), a slight increase was observed compared to other cultivation modes.
The introduction of sucrose in an amount of 5.00 g·L−1 led to a significant increase in
biomass at the initial stage (3 days), the values of which were not exceeded either at lower
concentrations of sucrose or with an increase in the cultivation duration to 14 days. The
highest biomass growth rates were achieved with the introduction of fructose and glucose
with approximately equal effects.

For Arthrospira platensis (Figure 2), statistically significant differences in the accumula-
tion of biomass were observed upon the introduction of fructose at various concentrations
(from 0 to 5 g·L−1). The introduction of fructose at a concentration of up to 1.0 g·L−1 led
to an increase in microalgae biomass. At the same time, an increase in the concentration
of fructose of 2.00 g·L−1 and above led to a significant decrease in biomass accumulation
compared to the control. There were no significant differences at concentrations from 0.05
to 1.00 g·L−1, or from 2.00 to 5.00 g·L−1. The dependence of the biomass accumulation
upon the addition of glucose at a concentration from 0.05 to 5.00 g·L−1 had the opposite
effect; with an increase in the glucose concentration, the biomass accumulated more slowly.
The greatest increase in biomass was observed at a concentration of 0.05 and 0.10 g·L−1

(p-value < 0.05, Duncan’s test). At the initial stage of concentration (up to 3 days), no
significant differences in biomass accumulation dependent on the maltose concentration
were observed. With further cultivation (more than 7 days), the process of biomass ac-
cumulation at a maltose concentration in the cultivation medium from 0.05 to 1.00 g·L−1

significantly differed from the control and from the cultivation process at high maltose
concentrations (p-value = 0.918–0.922 and 0.894–0.942, respectively). The introduction of su-
crose in an amount of more than 2.00 g·L−1 led to the inhibition of overall biomass growth
throughout the entire time interval of cultivation. When cultured for more than 7 days,
the biomass accumulation was significantly different (p-value > 0.05, Duncan’s test) at a
carbohydrate concentration from 0.05 to 2.00 g·L−1. The greatest biomass growth indicators
were achieved with the introduction of fructose, glucose, or maltose, with approximately
equal effects.

The addition of maltose at a concentration of 5.00 g·L−1 had a statistically significant
effect on Dunaliella salina biomass accumulation (Figure 3) compared to the control cultiva-
tion. A lower maltose concentration led to a decrease in the growth rate of the biomass of
this microalga. The introduction of sucrose led to a significant decrease in the accumulation
of biomass in comparison with the control.

The highest indicators of biomass growth were achieved with the introduction of
maltose; the rest of the carbohydrates led to a negative impact on the biomass during
cultivation.

Thus, for Chlorella vulgaris, the maximum biomass growth rate was observed dur-
ing cultivation with intermittent stirring and the introduction of glucose (1–5 g·L−1),
fructose (0.1–1.0 g·L−1), maltose (2–5 g·L−1), and sucrose (5 g·L−1). When a higher con-
centration of carbohydrates (at least 1 g·L−1) was introduced into the medium, strong
adhesion/aggregation of cells was noted, which complicated mixing and sampling. The
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contamination risk also increased. The optimal results were achieved by introducing glu-
cose and fructose additives at a concentration of up to 1 g·L−1. For Dunaliella salina, the
maximum biomass growth rate was observed during cultivation under constant stirring
and the introduction of maltose to the medium at a rate of 0.05 g·L−1 two weeks after
the start of growth. The introduction of maltose with a higher concentration and the
introduction of fructose, sucrose, and maltose did not significantly affect the growth rate.
For Arthrospira platensis Gomont, the maximum biomass growth rate was observed during
cultivation with constant stirring and the introduction of glucose to the medium at a rate of
0.05–1.00 g·L−1 two weeks after the start of growth. The introduction of glucose in a higher
concentration and the introduction of fructose, sucrose, and maltose led to the inhibition of
culture growth, aggregation of algal cells, and death.

No significant differences (p-value > 0.05, Duncan’s test) were observed when intro-
ducing carbohydrates (fructose, glucose, maltose, or sucrose) of the same concentration
(0.05 g·L−1) to the culture medium (Figure 4) of Chlorella vulgaris. The introduction of
carbohydrates led to a significantly negative effect on the Arthrospira platensis biomass
growth compared to the control, while maltose had a positive effect on Dunaliella salina.

2.3. Results of Determining the Content of Carbohydrates in Microalgae

The results of determining the content of carbohydrates in microalgae are presented
in Table 1.

Table 1. Microalgae carbohydrate content before extraction.

Carbohydrates

Concentration, % of Dry Matter

I II III

exp. Control exp. Control exp. Control

1 0.12 ± 0.02 a 0.10 ± 0.01 0.39 ± 0.08 a 0.42 ± 0.05 0.38 ± 0.01 a 0.33 ± 0.01
2 11.26 ± 0.72 b 9.78 ± 0.22 3.41 ± 0.62 b 2.32 ± 0.30 1.78 ± 0.29 b 1.60 ± 0.22
3 0.12 ± 0.03 a 0.11 ± 0.02 0.21 ± 0.02 a 0.20 ± 0.02 0.21 ± 0.01 a 0.22 ± 0.01
4 0.33 ± 0.06 a 0.27 ± 0.03 0.31 ± 0.09 a 0.32 ± 0.07 0.11 ± 0.06 a 0.10 ± 0.02
5 16.97 ± 0.64 c 15.12 ± 0.48 9.59 ± 0.20 c 7.81 ± 0.76 8.68 ± 0.74 c 7.54 ± 0.30

1—fructose; 2—lucose; 3—maltose; 4—sucrose; 5—total glucose, fructose, sucrose, and maltose; I—Chlorella vulgaris; II—Arthrospira platensis;
III—Dunaliella salina; exp.—experimental samples; control—no added carbohydrates. Data presented as a mean ± SD (n = 3). Values in a
columns followed by the same letter do not differ significantly (p-value > 0.05), as assessed by the post hoc test (Duncan’s test).

No significant difference (p-value < 0.05, Duncan’s test) was found in the accumulation
of fructose, maltose, and sucrose in all microalgae under the chosen culture regime. At the
same time, the accumulation of glucose significantly differed both between the samples of
different microalgae and compared to the control. The same was observed for the complex
of carbohydrates; apparently, the greatest contribution of its quantitative formation also
relates to glucose.

After the introduction of a carbohydrate additive to the nutrient medium, the ac-
cumulation of carbohydrates in the microalgae biomass was 46.4%, 47.9%, 42.3%, and
38.4% for Chlorella vulgaris; 35.9%, 41.1%, 37.1%, and 30.2% for Arthrospira platensis; 28.6%,
31.7%, 27.6%, and 25.3% for Dunaliella salina, respectively, of fructose, glucose, maltose,
sucrose, and total carbohydrates (Table 1). Chlorella vulgaris was distinguished by the
highest content of total carbohydrates (a mixture of glucose, fructose, sucrose, and maltose,
16.97%) among the studied microalgae. While for Arthrospira platensis and Dunaliella salina,
this figure was only 9.59% and 8.68%, respectively.

Chlorella vulgaris had the greatest glucose content (11.26%); the lowest content was
observed in Dunaliella salina (1.78%). Fructose content prevailed in Arthrospira platensis
(0.39%); the lowest content was observed in Chlorella vulgaris (0.12%). Chlorella vulgaris had
the greatest sucrose content (0.33%). The highest maltose content was found in Arthrospira
platensis (0.31%), and the same amount (0.21%) in Arthrospira platensis and Dunaliella salina.

The carbohydrate content of microalgae after extraction is shown in Table 2.
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Table 2. Amount of carbohydrate in microalgae after extraction.

Carbohydrates

Concentration, % of Dry Matter

I II III

exp. Control exp. Control exp. Control

1 0.11 ± 0.02 a 0.10 ± 0.01 0.37 ± 0.08 a 0.42 ± 0.05 0.33 ± 0.01 a 0.33 ± 0.01
2 10.48 ± 0.72 b 9.78 ± 0.22 3.40 ± 0.62 b 2.32 ± 0.30 1.76 ± 0.29 b 1.60 ± 0.22
3 0.11 ± 0.03 a 0.11 ± 0.02 0.19 ± 0.02 a 0.20 ± 0.02 0.20 ± 0.01 a 0.22 ± 0.01
4 0.29 ± 0.06 a 0.27 ± 0.03 0.30 ± 0.09 a 0.32 ± 0.07 0.10 ± 0.06 a 0.10 ± 0.02
5 15.99 ± 0.64 c 15.12 ± 0.48 8.98 ± 0.20 c 7.81 ± 0.76 8.66 ± 0.74 c 7.54 ± 0.30

1—fructose; 2—lucose; 3—maltose; 4—sucrose; 5—total glucose, fructose, sucrose, and maltose; I—Chlorella vulgaris; II—Arthrospira platensis;
III—Dunaliella salina; exp.—experimental samples; control—no added carbohydrates. Data presented as a mean ± SD (n = 3). Values in a
columns followed by the same letter do not differ significantly (p > 0.05), as assessed by the post hoc test (Duncan’s test).

The concentration of carbohydrates (Tables 1 and 2) remained practically unchanged
after extraction, which indicates that almost all carbohydrates were transferred to the
extract.

The amount of residual carbohydrates in nutrient media after microalgae cultivation
was determined spectrophotometrically after acid hydrolysis. The results of determining
the residual amount of carbohydrates in the nutrient medium are presented in Table 3. The
dynamics of the total consumption of sugars over time by microalgae during cultivation is
presented in Table 4.

Table 3. Residual amounts of carbohydrates in nutrient media.

Carbohydrates
Concentration, % of Dry Matter

I II III

1 1.0 ± 0.2 a 3.0 ± 0.6 a 2.3 ± 0.3 a

2 1.3 ± 0.2 a 4.1 ± 0.5 b 9.1 ± 0.6 b

3 2.1 ± 0.3 b 1.2 ± 0.2 c 2.0 ± 0.1 a

4 2.0 ± 0.3 b 2.0 ± 0.3 c 1.1 ± 0.2 c

5 1.9 ± 0.4 b 1.1 ± 0.2 c 0.9 ± 0.4 c

1—fructose; 2—glucose; 3—maltose; 4—sucrose; 5—total glucose, fructose, sucrose, and maltose; I—Chlorella
vulgaris culture medium; II—Arthrospira platensis culture medium; III—Dunaliella salina culture medium; exp.
—experimental samples; control—no added carbohydrates. Data presented as a mean ± SD (n = 3). Values in a
columns followed by the same letter a, b or c do not differ significantly (p-value > 0.05), as assessed by the post
hoc test (Duncan’s test).

Table 4. Total consumption of sugars by microalgae over time.

Cultivation Time,
Days

Concentration, % of Dry Matter

I II III

0 0.08 ± 0.02 a 0.09 ± 0.03 a 0.02 ±0.06 a

4 2.43 ± 0.31 b 1.59 ± 0.05 b 0.45 ± 0.14 b

8 9.88 ± 0.46 c 5.29 ± 0.18 c 0.78 ± 0.23 b

12 16.97 ± 0.64 d 9.59 ± 0.20 d 1.13 ± 0.51 c

16 4.58 ± 0.34 e 2.62 ± 0.12 e 1.27 ± 0.62 c

20 - - 1.69 ± 0.66 c

24 - - 2.37 ±0.71 d

28 - - 8.68 ± 0.74 e

30 - - 0.97 ± 0.47 b

I—Chlorella vulgaris; II—Arthrospira platensis; III—Dunaliella salina; exp.—experimental samples; control—no
added carbohydrates. Data presented as a mean ± SD (n = 3). Values in a columns followed by the same letter a,
b, c, d or e do not differ significantly (p-value > 0.05), as assessed by the post hoc test (Duncan’s test).

A significant decrease in the content of residual carbohydrates in nutrient media
after microalgae cultivation (Table 3) and the dynamics of total consumption of sugars
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by microalgae (Table 4) lead to the conclusion that most carbohydrates transfer from the
nutrient medium into microalgae.

No significant effect (p-value < 0.05, Duncan’s test) of the fructose, maltose or su-
crose introduction into the cultivation medium on the carbohydrate content in the culture
medium or on the biomass of microalgae (Tables 2 and 3) was found. Glucose and a
mixture of carbohydrates had a statistically significant effect. The residual amount of
carbohydrates in nutrient media after growing microalgae decreased by approximately
10 times (Table 2). Such a sharp decrease in the amount of carbohydrates indicates that
most of the carbohydrates converted into microalgae biomass during cultivation. After
extraction, the amount of carbohydrates was almost identical to that in the algae biomass
before extraction.

The total carbohydrate content significantly differed in specialized media (with carbo-
hydrate content) from the control after 8 h of cultivation for all studied algae species. The
accumulation of the total amount of carbohydrates during microalgae cultivation period
occurred gradually.

3. Discussion

Microalgae attract the interest of researchers as a potential source of useful components,
including carbohydrates. Ho et al. [36] studied three microalgae isolates for their ability to
produce carbohydrates. Among them, Chlorella vulgaris FSP-E demonstrated a relatively
high rate of cell growth and carbohydrate accumulation. The ability of C. vulgaris FSP-
E to produce carbohydrates has been further improved through engineering strategies.
The results show that using a suitable light intensity and a reasonable inoculum volume
was accompanied by cell growth and increased carbohydrate productivity. As a result of
nitrogen starvation for 4 days, the carbohydrate content in microalgae reached 51.3%. In
our case, the accumulation of carbohydrates ranged from 30.2% in Arthrospira platensis
to 47.9% in Chlorella vulgaris. Under optimal conditions, the maximum productivity of
biomass and carbohydrates was 1.437 and 0.631 g·L−1 per day−1, respectively. Since
glucose accounts for almost 93% of the carbohydrates accumulated in C. vulgaris FSP-E,
microalgae are a promising raw material for bioethanol fermentation.

Markou et al. [18] reported that during the cultivation of microalgae, the carbohydrate
content increased with the development of cultivation, and the protein content increased
with the later cultivation of diatoms Rhodomonas sp., and decreased in I. galbana, P. lutheri,
and T. suecica. Rhodomonas sp., and C. calcitrans showed lower daily productivity in semi-
continuous cultivation. Carbohydrates increased with culture growth, reaching 53.10% and
48.35%, respectively. When comparing the data, we concluded that the results of studying
the accumulation of carbohydrates during the cultivation of microalgae, obtained by us
and Markou et al. [18], agree, since the studied microalgae and those in our study are
multicellular organisms. Microalgae were cultivated at changing operating characteristics
(concentration and composition of nutrients, temperature, pH, and light). Changes in these
parameters had a significant effect on microalgae biomass composition, as in our studies.

For Rhodomonas sp., the highest carbohydrate level peaked in the late resting stage and
was 40.24%. In the case of T. suecica, carbohydrates accumulate during growth, accounting
for 43.23%. A continuous increase in carbohydrate content was observed in the diatoms P.
tricornutum and C. calcitruns, reaching 25.0% and 11.32%, respectively. Except for hybrids,
carbohydrate levels (expressed as a percentage) in all tested species increased as the
reproductive process intensified.

Chou et al. [37] confirm this trend for T. suecicu. In a semi-continuous culture, the
production of all carbohydrates is limited, except for H. akashiwo.

Liu et al. [38] proposed a method for obtaining carbohydrates from Arthrospira platensis.
In open industrial reservoirs, microalgae grew in conditions of nitrogen deficiency. The
maximum yield of biomass and carbohydrates was 27.5 and 26.2 g/m2 per day, respectively.
By homogenization under pressure, the carbohydrates were extracted with hot water and
purified by flocculation. In our study, Arthrospira platensis accumulated slightly more
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carbohydrates—30.2%, as carbohydrates were introduced not independently, but in a
complex (glucose, fructose, and maltose).

El-Ahmady El-Naggar et al. [39] extracted and identified water-soluble polysaccha-
rides from the microalga Chlorella to use as a plant growth stimulant.

Gaignard et al. [40] studied 166 species of marine microalgae and cyanobacteria to
identify strains producing original extracellular polysaccharides. Furthermore, 45 strains
with the required characteristics were isolated. Eight new genera of microalgae have been
discovered that produce extracellular polysaccharides, including polymers with an original
composition.

Dolganyuk et al. [41] found during their study that, in comparison with other cells of
microalgae, cultures of microalgae, Chlorella vulgaris Beijer, Arthrospira platensis Gomont, and
Dunaliella salina Teod, have characteristics of increased carbohydrate content: 27.36% ± 0.76%
and 21.95% ± 0.74%, respectively. The mass fraction of carbohydrates in the biomass of
Cellulopsis obliquus reached 13.69 ± 0.34 g/m2 per day. The content of carbohydrates in
the biomass of the microalga Nannochloropsis gaditana was 15.34 ± 0.51 g/m2 per day. The
amount of synthetic carbohydrates in Chlamydomonas reinhardtii and Neochloris cohaerens
was 12.48% ± 0.34% and 12.58% ± 0.34% g/m2 per day, respectively [41]. In our study,
the microalgae biomass accumulated more carbohydrates (Chlorella vulgaris by 13–14%;
Arthrospira platensis by 3–4%; Dunaliella salina by 20–22%), apparently due to the well-chosen
dosages of carbohydrates added to the cultivation medium.

In all the studies [36–41], stirring during the cultivation of microalgae was a factor
that reduces their ability to produce carbohydrates, as in our study.

4. Materials and Methods

4.1. Microalgae Sampling

To determine the research objects, samples of microalgae were taken from natural
sources (water, sand, and soil) in the period from October 2020 to December 2020 in various
regions of the Kaliningrad Oblast Lake Vištytis (54◦25′37′′ N 22◦43′30′′ E), Lake Chaika
(56◦03′49′′ N 29◦04′50′′ E), Lake Yantarnoye (56◦01′44′′ N 30◦44′03′′ E), Curonian Lagoon
(55◦07′00′′ N 21◦01′00′′ E), Strait of Baltiysk (59◦43′ N 28◦24′ E), Baltic Sea coast (54◦42.4′0′′
N 20◦ 30.4′0′′ E), and Lake Krasnoye (54◦25′59′′ N 22◦30′27′′ E)).

Microalgae were sampled with a box-shaped bottom sampler [42], developed at the
Institute for Biology of Inland Waters of the Russian Academy of Sciences (IBIW) (Borok,
Russia), covering a square area of the bottom 160 × 160 mm in size with a maximum im-
mersion depth of 440 mm in bottom sediments; a 400 mm2 sample was taken. Immediately
after transportation to the shore, test cores were taken using plastic tubes with an inner
diameter of 45 mm. The tubes were sealed at both ends and stored in an upright position
at +4 ◦C. In the laboratory, the core was cut lengthwise and halved using two thin stainless
steel plates inserted into the cut. The core halves were then divided into transverse samples
(slices) with a step of 5–10 mm. All samples were stored at –20 ◦C in the dark, in air-tight
plastic bags, from which samples of microalgae were taken for research [42].

Pure microalgae cultures were isolated, and strains capable of actively accumulating
biomass and target products (lipids, proteins, and carbohydrate–mineral complex) and
suitable for cultivation in laboratory conditions from enrichment cultures in which their
growth was observed, were identified. The studied samples of natural sources (water,
sand, and soil) were introduced into a standard BBM nutrient medium (Stylab, Moscow,
Russia) to obtain enrichment cultures to obtain enrichment cultures, purchased from
Stylab, Moscow, Russia. For this research, 128 samples of natural sources, taken in various
regions of the Kaliningrad region, were used, of which 27 samples showed the growth and
development of microalgae at the initial stage of obtaining enrichment cultures.

To identify isolated from the enrichment culture strains of microorganisms (microal-
gae), partial sequences of the 18S and/or 16S rRNA gene were determined, after which
a comparative analysis was performed with the known sequences from the Genbank
database. The results of the comparative analysis (Appendix A, Appendix B, Appendix C)
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of the 18S rRNA gene sequence indicate that the following microalgae were isolated from
natural sources (soil, water, and sand): Chlorella vulgaris Beijer, Dunaliella salina Teod, and
Arthrospira platensis Gomont.

4.2. Microalgae Biomass Cultivation

Microalgae cultivation and the biomass production were carried out on a standard
nutrient medium recommended by IPPAS (cellreg.org) (UNIQUE SCIENTIFIC INSTAL-
LATION COLLECTION OF MICROALGAE AND CYANOBACTERIA IPPAS IPP RAS,
Moscow, Russia) under conditions of red-white light (~80 ± 10 μE m−2 s−1), at a tem-
perature of 25 ± 1 ◦C, with constant and intermittent stirring for 16 days in the case of
Arthrospira platensis Gomot and Chlorella vulgaris Beijer and 30 days in the case of Dunaliella
salina Teod. Further cultivation is futile and leads to a decrease in the accumulation of
microalgae biomass. Shihira-Ishikawa medium (LLC “MicroTech”, Moscow, Russia) was
used to culture Chlorella vulgaris Beijer; Zarrouk medium (LLC “MicroTech”, Moscow, Rus-
sia) was used to culture Arthrospira platensis Gomont and produce its biomass; Omarov’s
medium (LLC “MicroTech”, Moscow, Russia) was used to produce Dunaliella salina Teod
biomass. The culture media were sterilized by autoclaving. The microelements of the
Zarruk medium were sterilized by filtration through a filter with a pore diameter of
0.22 μm and added after autoclaving into culture media cooled to room temperature [43].
The biomass growth was assessed through the absorption levels of algae samples in the
culture medium at 750 nm (Shimadzu, Kyoto, Japan).

Microalgae were cultivated until the required amount of biomass of the studied
samples was obtained.

The cell concentration was counted under an AxioScope A1 microscope (Zeiss, Oberko-
chen, Germany) applying Goryaev’s cell counting chamber (MiniMed LLC, Bryansk
region, Russia) by direct counting of the total number of cells in 1 mL of suspension
(OFS.1.7.2.0008.15 determination of concentration microbial cells, Ministry of Health of the
Russian Federation). The number of cells in 5 horizontal and 15 diagonal large squares
was counted, and the number of cells (X) in 1 mL of the suspension under study was
determined by the following equation:

X = a·12499·b, (1)

where a—number of cells in 20 squares; b—dilution of the initial microorganism suspen-
sion.

The relative increase in the microalgae biomass was determined by the following
equation [44]:

X =
(m1 − m2)

m1
·100%, (2)

where m1—microalgae mass through the entire growing period, mg; m2—microalgae mass
each cultivation day.

4.3. Microalgae Morphology Determination

The morphology of microalgae was determined at 40× magnification using a binocular
microscope MC-300 (Micros, Vienna, Austria) [45].

4.4. Introduction of Carbohydrate Additives to the Nutrient Medium

Fructose, sucrose, maltose, and glucose (LLC “Moskhimtorg”, Moscow, Russia) were
used as carbohydrate additives. Carbohydrates were added to the nutrient medium in
amounts of 0.05, 0.10, 1.00, 2.00, and 5.00 g·L−1. Control—cultivation medium without
added carbohydrates.

4.5. Chlorophyll Extraction

A 1 mL microalgae suspension sample was centrifuged for 20 min at 3400 rpm, and
the supernatant was removed. After that, 10 mL of ethanol (96%) was added. The mixture
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was incubated for 10 min at 25 ◦C in a water bath and centrifuged for 20 min at 3400 rpm
(the sediment is the discolored algae biomass; the liquid phase is the pigment extract).
Then, 0.3 g of activated carbon was added to the liquid phase, gently mixed for several
seconds, and filtered (to prevent partial ingress of pigments in the liquid phase into the
precipitate) [46]. All reagents were purchased from LLC “Moskhimtorg”, Moscow, Russia.

4.6. Carbohydrate Fraction Isolation

The carbohydrate fraction was isolated as follows. An amount of 1 mL of sulfuric acid
(72%) was added to a weighed portion of dry algae (100 mg) in a glass flask, incubated
at 30 ◦C for 1 h, and 28 mL of distilled water was added, then it was autoclaved for
1 h at 120 ◦C. Furthermore, it was quickly cooled, and 1 mL of the sample was taken
and centrifuged at 8000 rpm for 5 min. Hydrochloric acid was used to isolate fructose.
All reagents were purchased from LLC “Moskhimtorg”, Moscow, Russia. Additionally,
the method of high-performance liquid chromatography (HPLC) was used applying an
HPLC NGC chromatograph (Bio-rad, Berkeley, CA, USA) on a Uno-Q1 column (Bio-rad,
Berkeley, CA, USA) in the mode of gradient pH 2.5–8.9. The eluent comprised the following
buffer solutions: phase A—citrate-phosphate buffer with pH 2.5; B—tris-glycine buffer
pH 8.5; gradient phase B 0—100% for 15 column volumes (1 column volume—1 mL).
Chromatography parameters were as follows: run: 04; trace type: λ 3 (280 nm); best fit: 8;
slope: 10; sensitivity: medium; size: N/A.

4.7. Determination of Carbohydrate Content

Experimental samples were cultured under conditions similar to those previously
described. The carbohydrate additive was a mixture of glucose, fructose, and maltose; the
concentration of each carbohydrate was 0.1 g·L−1. The concentrated carbohydrate solution
was sterilized and added to the experimental flasks with the medium (20 μL each). Samples
for analysis were taken at regular intervals once a day under sterile conditions.

The content of carbohydrates in the sample was determined by the phenol-sulfuric
acid method; a weighed portion of dry algae (10 mg) was dissolved in distilled water
(10 mL). Then, 1 mL of the sample was introduced into a glass flask, and 3 mL of sulfuric
acid (72%) and 1 mL of phenol (5%) were added. To determine the fructose content, 1 mL
of resorcinol (0.1%) and 3 mL of concentrated hydrochloric acid were added to the sample
and kept in a water bath for 5 min at 90 ◦C. Next, calibration solutions were prepared with
a known concentration of carbohydrates (glucose, fructose, sucrose, and maltose mixture),
and the absorption was measured on a spectrophotometer at 490 nm relative to glucose and
fructose, and at 440 nm for sucrose and at 545 nm for maltose (the absorption maximum
was checked using standard solutions in fivefold repetition). The carbohydrate content
determination was carried out on cultures in the exponential growth phase (determined
spectrophotometrically, 750 nm). The spectrophotometer was calibrated using the dry
weight method. The dry residue of the biomass of multicellular microalgae was dissolved
in carbon tetrachloride (to obtain a solution with a microalgae content of 200 mg/mL), and
the light absorption of the solution was investigated at 5.0–9.0 nm with respect to carbon
tetrachloride. The applied method guaranteed the accuracy of the data obtained [43]. All
reagents were purchased from LLC “Moskhimtorg”, Moscow, Russia.

4.8. Determination of the Residual Amount of Sugars in Nutrient Media

Acid hydrolysis was used to extract residual sugar from the culture medium. A
fixed amount of the collected culture medium (15 g/L, resuspended in distilled H2O)
was used as a substrate for analyses. Various concentrations of sulfuric acid (47, 94, 188,
281, and 563 mM) were tested to determine the most effective concentration. Hydrolysis
analyses were performed in Erlenmeyer flasks. The reaction proceeded at 100 ◦C for 30 min
(Waiser Lab. Products NC EST–011). Samples were cooled at room temperature and then
centrifuged at 3200× g at 20 ◦C for 8 min (Excelsa ®II model 206 BL). The supernatant
containing residual sugars was collected, and its pH was adjusted to 5.5 using 1 M NaOH.
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The residual sugar concentration was analyzed by the DNS (dinitrosalicylic acid) method
with glucose as the standard for the calibration curves. After mixing 0.75 mL of glucose
with 0.5 mL of DNS reagent, the samples were heated at 100 ◦C for 5 min. The samples
were cooled to room temperature, and then 3 mL of water was added. Sugar concentrations
were determined spectrophotometrically (Varian, Inc. Cary ®50 UV-Vis) at 540 nm.

4.9. Statistical Analysis

One-way analysis of variance (ANOVA) was performed to minimize the risk of
misjudgment of a type 1 error in the case of multiple comparisons. The correspondence
of the samples used to the normal distribution was checked by the t-test (mathematical
expectations) for independent samples and Fisher’s test (variance). Post hoc analysis
(Duncan’s test) was undertaken to identify samples that were significantly different from
each other. The equality of the variances of the extracted samples was checked using the
Levene test [47]. Significant differences were considered as a p-value < 0.05.

5. Conclusions

The accumulation of carbohydrates in certain species of microalgae (Arthrospira platen-
sis Gomont, Chlorella vulgaris Beijer, and Dunaliella salina Teod) was studied to determine
their potential for biofuel production (biohydrogen). It was found that after the intro-
duction of carbohydrates (0.05 g·L−1) into the nutrient medium, the growth rate of the
microalgae biomass increased, and the accumulation of carbohydrates reached 41.1%,
47.9%, and 31.7% for Arthrospira platensis, Chlorella vulgaris, and Dunaliella salina, respec-
tively. Chlorella vulgaris had the highest total carbohydrate content (the sum of glucose,
fructose, sucrose, and maltose was 16.97%).

The introduction of carbohydrates to culture media can be used to produce microalgal
biomass enriched with these biopolymers. For certain technologies, carbohydrates play a
key role in biomass conversion.

However, the accumulation of carbohydrates in biomass is significantly influenced
by the species of microalgae and the initial growth conditions; therefore, further research
focused on optimizing, and, where possible, standardizing the conditions for cultivating
microalgae is needed. The high carbohydrate content in microalgae, especially monosaccha-
rides, such as glucose, contributes to the biofuel production process. Carbohydrate-rich mi-
croalgae can also be used as raw materials to produce ethylene glycol and 1,2-propanediol
using environmentally friendly chemical reactions. Therefore, an urgent and important
task is to obtain the biomass of microalgae enriched with carbohydrates or starch, which
can be used as a raw material for subsequent chemical or biochemical transformations [13].
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Appendix A. Sequences of the 18S Ribosomal RNA Gene of the Chlorella
vulgaris Beijer

TGTAGTCATATGCTTGTCTCAAA GATTAAGCCATGCATGTCTAAGTATAAACT
GCTTTATACTGTGAAACTGCGAATGGCTCAT TAAATCAGTTATAGTTTATTTGATG-
GTACCTAC TACTCGGATACCCGTAGTAAATCTAGAGCTA ATACGTGCGTAAATC-
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CCGACTTCTGGA AGGGACGTATTTATTAGATAAAAG GCCGACCGGGCTCTGCCC-
GACTCGCGGT GAATCATGATAACTTCACGAATCGCATGGC CTTGTGCCGGCGAT-
GTTTCATTCAAAT TTCTGCCCTATCAACTTTCGATGGT AGGATAGAGGCCTACCATG-
GTGGTA ACGGGTGACGGAGGATTAGGGTTCGAT TCCGGAGAGGGAGCCTGAGAA
ACG GCTACCACATCCAAGGAAGGC AGCAGGCGCGCAAATT ACCCAATCCTGA-
CACAG GGAGGTAGTGACAATAAAT AACAATACTGGGCCTTT TCAGGTCTGGTAAT
TGGA ATGAGTACAATCTAAA CCCCTTAACGAGGATCAA TTGGAGGGCAAGTCTG-
GTGC CAGCAGCCGCGGTAAT TCCAGCTCCAATAGCGTA TATTTAAGTTGCTGCA
GTTAAA AAGCTCGTAGT TGGATTTCGGGTGGGGCC TGCCGGTCCGCCGTTTCGG
TGTGCACTGGCAGGGCCC ACCTTGTTGCCGGGGACGG GCTCCTGGGCTTCACT-
GTC CGGGACTCGGAGTCGGCGC TGTTACTTTGAGTAAATTAG AGTGTTCAAAGCAG
G CCTACGCTCTGAATACA TTAGCATGGAATAACAC GATAGGACTCTGGCCTAT CCT-
GTTGGTCTGTAGGACC GGAGTAATGATTAAGAGGGA CAGTCGGGGGCATTCGTAT
TTCA TTGTCAGAGGTGAAATTCTTGGATT TATGAAAGACGAACTACTGCGAAAG-
CAT TTGCCAAGGATGTTTTCATTAATCAAGAACGAA AGTTGGGGGCTCGAAGAC-
GATTAGATACCGTCCTAGTCTCAA CCATAAACGATGCCGACTAG GGATCG GCG-
GATGTTTCTTCGATGA CTCCGCCGGCACCTTATGAGAAATCAAAGTTTTTGGGT TC-
CGGGGGGAGTATGGTCGCA AGGCTGAAACTTAAAGGA ATTGACGGAAGGGCAC-
CACCAG GCGTGGAGCCTGCGGCTTAATTTGACTCA ACACGGGAAAACTTACCAGG
TCCAGACATAGTGAG GATTGACAGATTGAGAGCTCT TTCTTGATTCTATGGGTG-
GTGGTGCATG GCCGTTCTTAGTTGGTGGGTTGCC TGTCAGGTTGATTCCGGTAAC-
GAACGAG ACCTCAGCCTGCTAAATAGTC ACGGTTGGCTCGCCAGCCGGCGGACT
TCTT AGAGGGACTATTGGCGACTAGCC AATGAAGCATGAGGCAATAA CAGGTCT-
GTGATGCCCTTAGATGTT CTGGG CCGCACGCGCGCTACACTGATGC ATTCAAC-
GAGCTTAGCCTTGGCCGAGAG GCCCGGGTAATCTTTGAAACTGCATC GTGATGG
GGATAGATTATTGCAA TTATTAATCTTCAACGAGGAATGCCT AGTAAGCGCAAGT-
CATCAGCTTGCGTTG ATTACGTCCCTGCCCTTTGTACACACCGCCC GTCGCTCC-
TACCGATTGGGTGTGC TGGTGAAGTGTTCGGATTGGC GACCGGGGGCGGTCTC-
CGCTCTCG GCCGCCGAGAAGTTCATTAAACC CTCCCACCTAGAGGAAGGAG AAG
TCGTAACAAG GTTTCCGTAGGTGAACCTGCGGAAGGATCA

Appendix B. Sequences of the 18S Ribosomal RNA Gene of the Arthrospira
platensis Gomont

AGAGTTTGATCCTGGCTCAGGATGAACGCT GGCGGT CTGCTTAACACATG-
CAAGTCGAACGGGCT CTTCGGAGCTAGTGGC GGACGGGTGAGTAACACGTGA-
GAATCTGGCT CCCGGTCGGGGACAACAGAGGGAAACT TCTGCTAATCCCGGAT-
GAG CCGA AAGGTAAAAGATTTATCG CCGGGAGATGAGCTCG CGTCTGATTAGC-
TAGTTGGT GAGGTAAAGGCTCACCAAG GCGACGATCAGTAGCTGGT CTGAGAG-
GATGATCAGCCACA CTGGGACTGAG ACACGGCC CAG ACTCC TACGGG AGGCA
GCAGTGGAGAATTTTCCGC AATGGGCG CAA GCCTG ACGG AGCAAGACCGCG
TGGGGGAGGAAGGCTCTTG GGTTGTAAACCCCTTTTCTCAAGGAAGA ACACAAT-
GACGGTACTTGAGGAATAAGCC TCGGCTAACTCCGTGCCAGCAGCCGCG GTAAT-
ACGGAGGAGGCAAGCGTTATCC GGAATGATTGGGCGTAAAGCGTCCGTAGG TG-
GCAGTTCAAGTCTGCTGT CAA AG ACAGTAG CTCAACTACTGAAAGGCAGTG-
GAAAC TGAACAGCTAGAGTACG GTAGGGGCAGAGGGAA TTCCCGGTGTAGCG-
GTGAAATGCGTAGATATCGGGAAGAACAC CGGTGGCGAAAGCGCTCTGCT GGGC-
CGTAACTGACACTGAGGGACGAAA GCTAGGGGAGCGAATGGGATTAGATACCC
CAGTAG TCCTAGCCGTAAACGATGGAAACTAGGTGTAGCCTGTAT CGACCCGGGCT-
GTGCCGAAGCTAACGCGTTA AGTTTCCCGCCTGGGGAGTACGCACGCAAG TGT-
GAAACTCAAAGGAATTGACGGGGGCCC GCACAAGCGGTGGAGTATGTGG TTTAAT
TCGATGCAACGCGAAGAACCTT ACCAGGGCTTGACATGTCCGGAATCTTGGTG AAA
GCCGAGAGTGCCTTCGGGAGCC GGAACACAGGTGGTGCATGGCTG TCGTCAGCTC
GTGTCGTGAGGTGTT GGGTTAAGTCCCGCAACGAGCGCAAC CCTCGTCCTTAGTTG
CCATCATTCA GTTGGGCACTTTAGGGAGACTGCC GGTGACAAACCGGAGGAAG-
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GTGGGGA TGACGTCAAGTCATCATGCCCCTTAC GTCCTGGGCTACACACGTACTA-
CAATGG GGGGGACAAAGGGTAGCCAAGACGCGA GTCTGAGCCAATCCCGTAAA
CCTCT CCTCAGTTCAGATTGCAGGCTGC AACTCGCCTGCATGAAGGAGGAATC GC-
TAGTAATCGCAGGTCAGCATACTGCG GTGAATCCGTTCCCGGGCCTTGTACACAC-
CGC CCGTCACACCATGGAAGTTAGCCACG CCCGAAGTCGTTACTCTAACCGTTCGC
GG AG GAGGATGCCGAAGGCAGGGCTGATGAC TGGGGTG AAGTCGTAACAAG-
GTAGCCGT AC CGGAAGGTGTGGCTGGATCACCTCCTT TTTAGGGAG ACCTAC
TTCGAGATATCGC GCCTTAACAACTATAGCCGTGTCTTGA GGTCATCCTTAGGTCG-
GATGGGG CGGTCAGAGAGCTTTCAA ACTTTAGGGTTCGTGTTATGG GCTATTAGCT
CAGGTGGTTAGA GCGCACCCCTGATAAGG GTGAGGTC CCTGGTTCAAGTCCAGGA
TG GCCCACA TCCACCCCAAACTGGGGGTATAGCTCAGT TGGTAGAGCGCTGC-
CTTTGCACGGCAG AAGTCAGCGGTTCGAGTCCGCTT ACCTCCACTCTCCTTTGT-
GATGGTGCT AGTTGGGGTGAGATGAGATGAGATGAC CTCTGATAGATAATTTAT-
CACTGTAC AGCTCCTAAATCTTTAGATGTTAGT CTGAGATTGGATAGCTGGACATCTG
TT CCAG TCAGAACCTTGAAAACTGCAT AGAGAAAAGCATAATGGTGTAGGAAAA
CGTCGTAAAGACAATTCCAATG TAGGTCAAGCTACAAAGGGCTAACGG TGGAAC-
CTAGGCAC ACAGAGCGGCCGCAAA

Appendix C. Sequences of the 18S Ribosomal RNA Gene of the Dunaliella
salina Teod

CTGGTTGATCCTGCCAGTAGTCATAT GCTTGTCTCAAAGATTAAGCC ATGCAT-
GTCTAAGTATAA ACTGCTTATACTGTGAAA CTGCGAATGGCTCATTAAA TCAGT-
TATAGTTTATTTGAT GGTACCTTTACTCGGATAAC CGTAGTAATTCTAGAGCTAAT-
ACGT GCGTAAATCCAGACTTCTGGAAGGG ACGTATTTATTAGATAAAAGGCCAG
CCGGGCTTGCCCGACTCTTGGCG AATCATGATAACTTCACGAATCG CACGGCTT-
TATGCCGGCGATG TTTCATTCAAATTTCTGCCCT ATCAACTTTCGATGGTAGGATA
GAGGCCTACCATGGTGGTAAC GGGTGACGGAGGATTAGGG TTCGATTCCGGAGAG
GGAG CCTGAGAAACGGCTACCAC ATCCAAGGAAGGCAGCAGG CGCGCAAAT-
TACCCAATCC CAACACGGGGAGGTAGTG ACAATAAATAACAATACCG GGCATTTT
TGTCTGGTAAT T GGAATGAGTACAATCTAAAT CCCTTAACGAGTATCCATTG GAG
GGCAAGTCTGGTGCCA GCAGCCGCGGTAATTCCAGCT CCAATAGCGTATATTTAAG
TTGT TGCAGTTAAAAAGCTCGTAGT TGGATTTCGGGTGGGTTGT AGCGGTCAGC-
CTTTGGTTA GTACTGCTACGGCCTACCTT TCTGCCGGGGACGAG CTCCTGGGCT-
TAAC TGTCCGGGACT CGG AATCGGCGAGGTTA CTTTGAGTAAATTAG AGTGTTCAA
A GCAAGC CTACGCTCTGAATAC ATTAGCATGGAATA ACACGATAGGACTC TGGCT-
TATCTTGTTGGT CTGTAAGACCGGAGTAA TGATTAAGAGGGACAGT CGGGGGCATT
CGTATTTCA TTGTCAGAGGTGAAATTC TTGGATTTATGAAAG ACGAACTTCTGCG
AAAGCATTTGCCAAGG ATGTTTTCATTAATCAA GAACGAAAGTTGGGGG CTCGAA-
GACGATTAGATACCGTCGTAGTCTCAA CCATAAACGATGCCG ACTAGGGATTGCCA
G GTGTTTCGTTGATGA CCCTGCCAGCACCTTA TGAGAAATCAAAGTTTT TGGGTTC-
CGGGGGGAGT ATGGTCGCAAGGCTGAAA CTTAAAGGAATTGACGGA AGGGCAC-
CACCAGGCGT TAACTTAGCAGCAAGCT CAGCGCCTCAAAGTCG AAGGGAAAC-
CTTTGG CTAGTATCTGGGTGT AGATTTCACCTAAGT GCAACACTGTTCAAA TTGCGG
GAAAGCC CTAAAGCTTTGCTAACC AAGCTGTCCTAGAAATG GGATGGTGGCCAGG
TG AAAGACCTTGGGTACG GTAAAATCAGCAAAGA TGCAACAATGGGCAAT CCGCA
GCCAAGCTCCT ACGGGCTGTCAAAGC CTATGGAGAAGGTTCA GAGACTAAATG-
GCAGT GGGCAAGCATGGC AATG CTTGCTTAAGATATAGT CCGTCCCAGCTGAGAA
GCTGCCTATGAGAGGAAT GCCGTAAGGCAGGAGAGCT AATAGGAAGTAAGTGTC
TTTAATCAACTTACTTGG ATTCCACGGGAGCCTGCG GCTTAATTTGACTCAACA CGG
GAAAACTTACCAGGT CCAGACACGGGGAGGATT GACAGATTGAGAGCTCTT TCTT
GATTCTGTGGGTGG TGGTGCATGGCCGTTCTTAG TTGGTGGGTTGCCTTGTCAG GTT
GATTCCGGTAACGAACG AGACCTCAGCCTGCTAAATA GTCACGTCTACCTCGGTA
GG CGCCTGACTTCTTAGAGGGA CTATTGGCGTTTAGCCAATG GAAGTGTGAGGCA
ATAACAG GTCTGTGATGCCCTTAGATGT TCTGGGCCGCACGCGCGCT ACACTGAT-
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GCATTCAACGAGCCTATCCTTGGCCGAGAGGTCCG GGTAATCTTTGAAACTGCATC
GTGATGGGGATAGATTATTGCA ATTATTAGTCTTCAACGAG GAATGCCTAGTAAGCG
CGA GTCAT CAG CT CGC GTT GA TTACGTCCCTGCC CTTTGTACACACCGCCCG
TCGCTCCTACCGATT GGGTGTGCTGGTGAAGT GTTTGGATCGGTACCAATGG GGGG
AAACCTCTGTTGGT ACTGAGAAGAACATTAAACCCT CC CAC CTAGAGGAAGGA-
GAAGTCGTAACAAGGTTTCCGTAGGTGAACCT GCAGAAGGATCA
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Abstract: In recent years, there has been considerable interest in lectins from marine invertebrates.
In this study, the biological activities of a lectin protein isolated from the eggs of Sea hare (Aplysia
kurodai) were evaluated. The 40 kDa Aplysia kurodai egg lectin (or AKL-40) binds to D-galacturonic
acid and D-galactose sugars similar to previously purified isotypes with various molecular weights
(32/30 and 16 kDa). The N-terminal sequence of AKL-40 was similar to other sea hare egg lectins. The
lectin was shown to be moderately toxic to brine shrimp nauplii, with an LC50 value of 63.63 μg/mL.
It agglutinated Ehrlich ascites carcinoma cells and reduced their growth, up to 58.3% in vivo when
injected into Swiss albino mice at a rate of 2 mg/kg/day. The morphology of these cells apparently
changed due to AKL-40, while the expression of apoptosis-related genes (p53, Bax, and Bcl-XL)
suggested a possible apoptotic pathway of cell death. AKL-40 also inhibited the growth of human
erythroleukemia cells, probably via activating the MAPK/ERK pathway, but did not affect human
B-lymphoma cells (Raji) or rat basophilic leukemia cells (RBL-1). In vitro, lectin suppressed the
growth of Ehrlich ascites carcinoma and U937 cells by 37.9% and 31.8%, respectively. Along with
strong antifungal activity against Talaromyces verruculosus, AKL showed antibacterial activity against
Staphylococcus aureus, Shigella sonnei, and Bacillus cereus whereas the growth of Escherichia coli was not
affected by the lectin. This study explores the antiproliferative and antimicrobial potentials of AKL
as well as its involvement in embryo defense of sea hare.

Keywords: antibacterial activity; anticancer activity; antifungal activity; Aplysia kurodai; apoptosis;
Ehrlich ascites carcinoma; lectin

1. Introduction

Lectins are carbohydrate-binding proteins, omnipresent in almost all life forms, which
specially recognize carbohydrate structures of glycoproteins and glycolipids present on the
cell surface [1]. Marine invertebrates possess diverse classes of lectins with various protein
foldings and different carbohydrate-binding specificities [1–5]. Many of these lectins
show affinity towards galactose-related carbohydrates and perform biological functions
including antitumor and antimicrobial activities.

Endogenous lectins interact with cell-surface glycans to mediate numerous biological
functions in cells [6]. Compared to normal cells, glycosylation pattern of cancer cells are
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altered, which affects multiple cellular mechanisms performed by lectins through their
association with corresponding glycans [7]. As a result, this alteration supports their
neoplastic progression [8,9]. For example, galactose-binding lectins or galectins aid the
binding of tumor cells through the interaction with galactose-containing carbohydrate
ligands on tumor cells [9]. Many marine invertebrate lectins have been reported to bind
with glycans on the tumor cell surface and killed those inducing apoptosis [3,10–12]. On
the other hand, lectins can also modulate the entry and subcellular targeting of drugs into
cancer cells [13,14]. Both these phenomena exhibit considerable influence of lectin–glycan
interaction on the proliferation and regulation of tumor cells [5,10–12,14].

As a component of innate immunity, lectins present in marine invertebrates agglutinate
both Gram-negative and Gram-positive bacteria through the interaction with lipopolysac-
charides and peptidoglycans on their cell walls [4,5,15,16]. Galactose residues present as
terminal sugars in lipopolysaccharides (LPS) of bacteria impact the intracellular compo-
sition of bacteria and maintain the synthesis of UDP-galactose for LPS [17,18]. Bacterial
endotoxins also possess galactose as a constituent [19]. On the contrary, antifungal activity
of lectins is not well reported yet.

Sea hares are marine gastropod mollusks found in common coastal areas. Various
lectins have been reported to be present in eggs and gonads of sea hares due to their
possible roles in early development and body defense. D-galacturonic acid and D-galactose-
binding lectins with molecular masses 16–34 kDa have been obtained from the eggs of
Aplysia kurodai [11,20–22] and other Aplysia species (A. depilans, A. dactylomela, and A.
californica) [23–25]. Primary structures of all these previously purified egg lectins possess
a novel triple tandem repeating sequence consisting of 210–230 amino acids and show
striking similarities to domain DUF3011 of some uncharacterized bacterial proteins [26].

These Aplysia egg lectins showed cytotoxic activities against certain tumor cells and
were involved with organogenesis in early developmental stages. They might have played
protective roles in marine organisms as well. Hasan et al. reported an α-galactose-binding
40 kDa lectin from eggs of AKL in 2014 that inhibited streptolysin O-induced hemolysis
and growth of Streptococcus pyogenes [22].

The 40 kDa lectin from Aplysia kurodai eggs will be designated here as AKL-40, to differ-
entiate it from other AKLs. We characterized this egg lectin and determined its N-terminal
sequence. Previously, in vitro antiproliferative activity of two AKLs was reported [11,21].
In this study, antiproliferative activities of this particular lectin were determined for the
first time in vivo, using Swiss albino mice. In addition, other biological properties, such as
in vitro anticancer activity against different cancer cell lines and antibacterial potential of
the lectin, was further evaluated along with its antifungal activity.

2. Results

2.1. Purification, Confirmation of the Molecular Mass and Hemagglutination Activity of Aplysia
kurodai Egg Lectin (AKL-40)

Affinity chromatography showed different molecular masses of AKLs found in the
eggs of Aplysia kurodai (Figure 1). After applying the crude protein sample, the melibosyl-
agarose affinity chromatography column was washed with TBS and bound lectins were
eluted with 10 mM D-galacturonic acid or D-galactose-containing TBS. Each polypeptide
was separated with gel filtration chromatography by using Sephacryl S-200HR, (Cytiva,
Marlborough, MA, USA) (data not shown). In the reducing condition, polypeptides with
molecular weights of 40 kDa, 32/30 kDa, and 16 kDa were denoted as AKL-40, AKL,
and AKL-2, respectively, in this study (Figure 1: white triangle: AKL-40; black triangles:
AKL and AKL-2). The minimum concentration of AKL-40 to agglutinate human and mice
erythrocytes was found to be 24 and 32 μg/mL, respectively.
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Figure 1. Different molecular masses of AKLs found in the eggs of Aplysia kurodai. AKL mixtures
obtained from the melibiose column were combined and separated by using Sephacryl S-200 gel
filtration column (black triangles show the polypeptides indicating AKLs). AKL-40: 40 kDa species
(used in this study), AKL: 32/30 kDa species, and AKL-2: 16 kDa species. M: standard markers
of Phosphorylase b (94 kDa), serum albumin (66 kDa), ovalbumin (42 kDa), carbonic anhydrase
(30 kDa), trypsin inhibitor (21 kDa), and lysozyme (14 kDa). All samples are separated in the reducing
condition and 15% polyacrylamide gels are used except AKL-2, which was separated by a 12% gel.

2.2. N-Terminal Amino Acid Sequence of AKL-40

The N-terminal region of AKL-40, including the first 35 amino acids of the polypeptide,
was determined by Edman degradation with a repetitive yield of 84.19% (Supplementary
Figure S1). This partial N-terminal sequence of AKL-40 fitted with those of AKL-a to -d
and ADEL, showing similarities (Figure 2). Unlike others, AKL-40 possessed a forward
extension comprising four additional amino acids.

Figure 2. Comparison of N-terminal amino acid sequences of AKL-40 and other Aplysia egg lectins.
Thirty-five amino acids of the N-terminal sequence of AKL-40 were indicated by the single-letter
amino acid code. Identical amino acids in the N-terminal sequences of 32–30 kDa Aplysia egg
lectins isolated as AKL-a to -d [25] and ADEL [23] were shown as bold letters. X: unidentified, Gray
box: skipped.

2.3. Toxicity of AKL-40 against Brine Shrimp Artemia nauplii

A dose-dependent graph showed that 70% of shrimp nauplii died at a concentration
of 160 μg/mL of AKL-40 (Figure 3). The LC50 value was determined to be 63.63 μg/mL
indicating AKL-40 as a moderately toxic protein.

2.4. In Vivo Anticancer Activity of AKL-40 against Ehrlich Ascites Carcinoma Cells, Their
Morphological Changes, and Expression of Apoptosis-Related Genes

After administering 1 mg/kg/day and 2 mg/kg/day of AKL-40 for five days, growth
of EAC-cells in the lectin-treated mice (Groups B and C) was inhibited to 28.7% and
58.3%, compared to the untreated (or control) mice from group A (Figure 4A). Weight of
the treated mice reduced significantly compared to the untreated mice (data not shown).
EAC cells from untreated mice were spherical and regular-sized (Figure 4B, column 0).
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Irregular-shaped kidney-bean-like EAC cells from the treated mice groups (Figure 4B,
column 1 and 2). Upregulation of p53 gene expression was observed in EAC cells from
group C, though it was a weak one. Expression of Bax gene was there in EAC cells from
lectin-treated mice whereas no expression was found in EAC cells from untreated mice.
Cells from AKL-40-treated mice showed no expression of the Bcl-XL gene whereas, in EAC
cells from control mice, it was visible. Expression of GAPDH gene in EAC cells from both
untreated and lectin-treated mice confirmed the quality of mRNA isolated (Figure 4C).

Figure 3. Toxicity of AKL-40 against shrimp nauplii at different concentrations. Data are expressed
in mean ± SD (n = 10). The results were statistically significant (* p < 0.05, when mortality percentage
of lectin-treated shrimps were compared to untreated shrimps).

Figure 4. In vivo anticancer activity of AKL-40. (A). Growth inhibition in AKL-40 treated mice
compared to the untreated mice. The lectin was administrated to mice at doses 0 (untreated), 1 and
2 mg/kg/day (treated). Data are expressed in mean ± SD (n = 6). The results were statistically
significant (* p < 0.05, when cells from lectin-treated mice were compared to cells from untreated
mice). (B). Change of morphology in Hoechst-stained EAC cells harvested from AKL-40 treated
mice. EAC cells from untreated and treated (with 1 mg/kg/day and 2 mg/kg/day of AKL-40, for
five days) mice were observed by a fluorescence microscope. White arrows show changes in the
morphology of cells. Scale bar: 25 μm. (C). Expression of apoptosis-related genes (Bcl-XL, p53 and
Bax) and GAPDH. L, 1000 bp DNA ladder; T, RNA of EAC cells from AKL-40 treated mice; C, RNA
of EAC cells from untreated (control) mice.
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2.5. In Vitro Anticancer Activity of AKL-40 against Different Cancer Cells and Activation of
Signal Transduction Molecules

AKL-40 significantly inhibited the growth of K562 cells at a concentration of 100 μg/mL
or more (Figure 5A, orange bar). On the other hand, the lectin could not influence
the growth of human B-lymphoma cells (Raji) and rat basophilic leukemia cells (RBL-1)
(Figure 5A, blue and gray bars). During a period of 24 h, extracellular signal-regulated
kinase (ERK)1/2 and p38kinase molecules became phosphorylated in AKL-40 treated K562
cells, as shown by western blotting (Figure 5B).

Figure 5. In vitro antiproliferative activity of AKL-40 against different cancer cell lines. (A). Antipro-
liferative activity of AKL-40 against erythroleukemia (K562), human B-lymphoma (Raji), and rat
basophilic leukemia (RBL-1) cells. Orange, blue, and gray bars denote the growth of K562, Raji, and
RBL-1 cells, respectively, at different concentrations of AKL-40. Data are expressed in mean ± SD.
(B). Activation of MAPK pathway in AKL-40 treated K562 cells was observed during a period of
24 h. Phosphorylation of P38 was observed from a 3 to 12 h treatment and it diminished at 24 h
(surrounded in red). Phosphorylation of Erk1/2 was also shown after the treatment for 12 to 24 h
(surrounded in blue). No phosphorylation of JNK was observed. (C). Anticancer activity of AKL-40
against EAC and U937 cells. After treating with 100–250 μg/mL of AKL-40, percentages of growth
inhibition were determined by MTT assay (n = 3, mean ± SD). Gray and black bars indicate EAC and
U937 cells, respectively. The results were statistically significant (* p < 0.05, when lectin-treated cells
were compared to untreated cells). The results were statistically significant (** p < 0.01 and * p < 0.05,
when lectin-treated cells were compared to untreated cells).

Minimum agglutination concentrations of AKL-40 for EAC and U937 cells were 20 and
24 μg/mL, respectively. The dose-dependent effect of AKL-40 against U937 and EAC cells
was observed by MTT assay. At lower concentrations (100 μg/mL), growth inhibition of
both cell types was similar, but at higher concentrations, AKL-40 showed slightly higher
activity against EAC cells. At the concentration of 250 μg/mL, the percentage of growth
inhibition for EAC cells was 37.9%, compared to 31.8% for U937 cells (Figure 5C).

2.6. Antimicrobial Activity of AKL-40

AKL-40 showed antibacterial activity against Staphylococcus aureus, Bacillus cereus, and
Shigella sonnei. No zone of inhibition was there for Escherichia coli. Slightly larger zones
were observed around the disks soaked with higher doses (100 μg/disc) of AKL-40 in case
of every susceptible bacterial species (Figure 6A). Maximum activity of AKL-40 was found
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against Staphylococcus aureus in terms of the inhibition zones formed. Growth of Talaromyces
verruculosus was also very efficiently inhibited by AKL-40. The fungi rapidly grew and
after two weeks, nearly covered the whole petri dish. However, when discs soaked with
AKL-40 were placed in the fungal media, almost no growth of the mold was observed
(Figure 6B).

Figure 6. Antimicrobial activity of AKL-40. (A). Disc diffusion assay of the antibacterial activity of AKL-40; 1, 2, 3, and 4
shows the activity for Staphylococcus aureus, Bacillus cereus, Shigella sonnei, and Escherichia coli, respectively. Moreover, 50
and 100 on discs soaked with 50 and 100 μg/disc of AKL, respectively. PBS is the negative control (soaked with PBS) and
Ampicillin indicated 15 μg of ampicillin (positive control). Black arrows mark the zone of inhibition. (B). AKL-40 showed
time-dependent antifungal activity against Talaromyces verruculosus. A and B show the petri dishes containing three discs
soaked with 400 μg/mL of AKL-40 after one week and two weeks of fungal inoculation, respectively). C and D are the
petri dishes with no AKL-40 (control) after one week and two weeks of inoculation, respectively. Orange and black arrows
indicate the pigment produced by the fungus and its subsequent growth, respectively.

3. Discussion

Following the purification of two lectins AKL and AKL-2 from Aplysia kurodai eggs,
a third lectin with different molecular mass (40 kDa) had been purified [11,21,22]. This
study focused on the biological activities of AKL-40 and the comparison of those activities
to other marine lectins, specially isolated from mollusks. A number of lectin families
have been reported in the phylum Mollusca whereas the Aplysia egg lectin family is
structurally unique consisting of various isotypes. Galacturonic acid has been found in
polysaccharides present in mollusks, such as cuttlefish [27]. Eggs of Aplysia kurodai also
contained galactose/galacturonic acid-binding lectins as a mixture of 40, 32/30, and 16 kDa
polypeptides (Figure 1). Such diversity of galactose/galacturonic acid-binding lectins in
Aplysia eggs perhaps is a result of their response to changing marine environments. It
might be interesting to find out the function of each molecular species of Aplysia egg
lectins during each developmental stage of the embryo. The primary structure of the sea
hare egg lectin family is different from other lectins because of the presence of homolog
sequences that are also found in organisms, such as bacteria and brachiopods [26]. A
partial but novel N-terminal sequence of AKL-40, consisting of 35 amino acids, indicated
that this polypeptide was different from other variants (such as AKL-a to -d) by having
a four-amino acid forward extension (Figure 2). This result also showed low sequence
similarity of AKL-40 to ADEL.

Determining the level of toxicity of lectins could be important to study and predict
their structures, physiological functions, and biological applications. With an LC50 value
of 63.63, AKL-40 was moderately toxic to brine shrimp nauplii (Figure 3) whereas AKL-2,
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the lactose-binding counterpart, was more than three times toxic [28]. However, toxicity
of lectins is not always related to cell regulatory effects as their interactions with glycans
play vital roles in cell signaling. Despite having much lower LC50 value (384.53 μg/mL),
MytiLec-1, a lectin from another marine mussel, could kill Burkitt lymphoma and U937
cells in vitro, as well as Ehrlich ascites carcinoma cells in vivo [3,29]. A variable level of
toxicity with different LC50 values (850.1, 142.1, 9.5, and 6.4 μg/mL) was also observed in
lectins purified from marine sponges and a sea cucumber [30,31].

Ehrlich ascites carcinoma cells originated from mammary tissues, are spontaneous,
differentiated, transplantable, and aggressive in nature. These cells grow in certain mice
strains and are approved worldwide as a standard mice model [32]. AKL-40 agglutinated
EAC cells via galactosyl ligands present in their cell membrane [33,34]. In a previous report,
another Molluscan D-Gal-binding lectin, MytiLec-1 strongly agglutinated EAC cells at a
minimum concentration of 16 μg/mL and inhibited 28 and 49% of their growth at doses
of 1 and 2 mg/kg/day, respectively [29]. In the present study, minimum agglutination
concentration of AKL-40 for EAC cells was 20 μg/mL and, compared to MytiLec-1, similar
growth inhibition activities (28.70% and 58.32% at doses of 1 and 2 mg/kg/day) have been
observed (Figure 4A). Lectin-treated cancer cells presented Irregular shapes and nuclear
condensation compared to the control (or untreated) cells (Figure 4B).

Appearance of a faint band of p53 indicated to the transcription of a pro-apoptotic
gene like Bax in AKL-40 treated Ehrlich ascites carcinoma cells. Expression of Bcl-XL,
an anti-apoptotic gene had also become downregulated in the treated cells (Figure 4C).
Similar expressions of p53, Bax, and Bcl-XL genes have been found when MytiLec-1 was
applied on EAC cells [29]. A previous study reported a lactose-binding lectin from the
marine sponge Cinachyrella apion to induce the apoptotic death of HeLa cells through
activation of Bax protein. The anti-apoptotic Bcl-2 protein showed no significant change
in expression, compared to the control [35]. Evaluation of gene expression of MCF-7 cells
revealed that marine red alga Solieria filiformis triggered caspase-dependent apoptosis.
The anti-apoptotic gene Bcl-2 became down expressed, whereas the pro-apoptotic Bax
gene underwent over-expression [36]. Downregulation of the anti-apoptotic factor Bcl-2
was determined also in the case of two other lectins from Sea bass (Dicentrarchus labrax)
and sea urchin (Strongylocentrotus purpuratus) [37]. Therefore, it can be suggested that
AKL-40 possibly calling the Bcl-2 apoptotic protein family into play marks its ability to
promote apoptosis.

Marine invertebrate lectins have already been reported to exhibit antiproliferative
properties, promote apoptosis, and block angiogenesis. In contrast, tumor-derived galactose-
binding lectins, especially galectins, could compromise the anti-tumor immune response
of CD8+ T cells to escape from the host immune surveillance [38,39]. AKL-40 signifi-
cantly reduced the growth of erythroleukemia K562 cells compared to Raji and RBL-1 cells
(Figure 5A). Phosphorylation of two major mitogen-activated protein kinases, p38 and
ERK 1/2 became significantly upregulated by the administration of AKL-40, whereas no
phosphorylation was observed for and c-Jun N-terminal kinase (JNK) (Figure 5B). It can be
suggested that like other lectins previously reported, the lectin might have participated in
a signaling cascade controlling cellular responses, probably leading to apoptosis [3,5,14].
In another in vitro study, AKL-40 inhibited the growth of two other cell lines, EAC and
U937 (Figure 5B). U937 is a monocytic human myeloid leukemia cell line frequently used
in biomedical research [40]. Compared to AKL-40, MytiLec-1 and Ricin inhibited growth
of these cells in vitro at much lower concentrations, which also indicates the difference of
glycan recognition for these three lectins [30,41,42].

In marine organisms, lectins recognize and bind to the surface polysaccharides of a
variety of bacteria. They have ability to kill bacteria or inhibit their growth and thereby
contribute to defense against infection as a part of the innate immune system [43,44].
Similar to AKL, AKL-40 also exhibited growth inhibitory activity against both Gram-
positive and Gram-negative organisms (Figure 6A) [45]. Staphylococcus aureus were the most
susceptible bacteria to both lectins. Unlike AKL, another egg lectin from Aplysia dactylomela
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(ADEL) agglutinated Staphylococcus aureus cells, but could not inhibit their growth [24]. A
mannose/galactose-binding C-type lectin isolated from bay scallop Argopectenirradians also
displayed this property against Gram-positive Staphylococcus aureus and Gram-negative
Escherichia coli and Vibrio anguillarum [46]. However, due to unknown reasons, AKL, AKL-
40, and ADEL could not affect the growth of Escherichia coli [24]. On the other hand, CvL
from marine sponge Cliona varians showed cytotoxic effect on Gram-positive bacteria, such
as Bacillus subtilis and Staphylococcus aureus, but could not inhibit the growth of Gram-
negative bacteria like Escherichia coli and Pseudomonas aeruginosa [15]. These results suggest
that the bactericidal activity of lectins depend not only on glycan-binding specificities, but
also on multiple systems, such as multivalency or binding constancy.

Antifungal properties are not very common in lectins isolated from marine inverte-
brates [47]. Aplysia depilans gonad lectin was previously used to study the distribution of
galacturonic acids in the cell walls of some pathogenic fungi [48]. In this study, high con-
centration (400 μg/mL) of AKL-40 totally inhibited the growth of Talaromyces verruculosus
(Figure 6B). A study by Ruperez et al. reported the presence of galactose sugars in the
cell wall of Talaromyces verruculosus, which justified our findings [49]. Another antifungal
protein (Aplysianin E) from Aplysia kurodai eggs completely suppressed the growth of
Saccharomyces cerevisiae and Candida albicans at a concentration of 16 μg/mL [50]. AKL
also repressed the mycelial growth of Curvularia lunata at 100 μg/mL whereas growth
inhibitory effects of two other lectins from Japanese black sponge (Halichondria okadai) and
mussel (Crenomytilus grayanus) were found against Aspergillus niger and Pichia pastoris,
respectively [5,45,51]. It can be postulated that certain polysaccharides present in fungal
cell walls interacted with these lectins and inhibited their growth by disturbing spore
germination, growth of mycelium, and synthesis of chitin, to alter the fungal cell wall [52].
Like eggs from other organisms, sea hare eggs are found lying exposed in the seashore,
vulnerable to the attack of predators and microbes [53]. Therefore, egg lectins might have a
role to serve as protective molecules.

4. Materials and Methods

4.1. Preparation of the Crude Extract

The eggs of sea hare were gathered from the Zushi coast, Kanagawa, Japan. Eggs were
crushed in a mortar, solubilized with Tris-buffered saline or TBS (10 mM Tris(hydroxymethyl)
aminomethane-HCl, pH 7.4, with 150 mM NaCl). Then, crushed eggs were blended with
10 volumes of TBS containing a protease inhibitor (10 mM, Protease Inhibitor Cocktail
100X, Wako Pure Chemical Corp, Osaka, Japan).The homogenized sample was filled up
in 500-mL centrifuge bottles and centrifuged at 14,720× g for 1 h at 4 ◦C. A Suprema 21
centrifuge equipped with an NA-18HS rotor (TOMY Co. Ltd., Tokyo, Japan) was used for
this step. After repeated centrifugation of the supernatant at the same speed for the same
duration, a clear solution was prepared and stored as the crude extract.

4.2. Purification of the Lectin

The lectin was purified according to a previously described procedure [22]. The crude
extract was twice centrifuged at 27,500× g for 1 h at 4◦C and was administered to a 5 mL
melibiose-agarose affinity column (J-Oil Mills Inc., Tokyo, Japan). This column was con-
nected to a 5 mL Sephadex G-75 pre-column. After loading on the crude protein sample, the
column was washed well with TBS. Lectins bound to the column were eluted with 10 mM
D-galacturonic acid or D-galactose-containing TBS. The mixture of AKLs was separated
by using a gel filtration chromatography of Sephacryl S-200 (Cytiva, Marlborough, MA,
USA) connected to a fraction collector (FRC-10A, Shimadzu Corporation, Tokyo, Japan).
Molecular weights of the lectins were confirmed by SDS-PAGE using standard marker
proteins [54]. The 40 kDa polypeptide species was denoted as ‘AKL-40′ in this study.
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4.3. Determination of N-Terminal Partial Amino Acid Sequence of AKL-40

The N-terminal sequence of the 35 amino acids of AKL-40 was determined with
automated Edman degradation by using a protein/peptide sequencer PPSQ (Shimadzu
Corporation, Kyoto, Japan) [55].

4.4. Determination of the Toxicity of AKL-40 by Brine Shrimp Nauplii Lethality Assay

The assay was performed according to a method reported earlier [29]; 4 mL of artificial
seawater was taken in test tubes. Ten brine shrimp nauplii were taken in each vial and
AKL-40 was added to these vials to adjust its concentrations from 10 to 160 μg/mL. There
were control vials containing only seawater and nauplii, but no lectin. The experiment was
repeated thrice at 30 ◦C for 24 h with 6 h of light exposure. Percentages of mortality of the
nauplii were determined for each concentration and the LC50 value of AKL-40 was also
determined according to the method of Finney [56].

4.5. In Vivo Anticancer Activity of AKL-40 against Ehrlich Ascites Carcinoma Cells Grown in
Swiss Albino Mice

The in vivo experiment was approved by the Institutional Animal, Medical Ethics, Bio-
safety and Bio-security Committee (IAMEBBC) for experimentations on animals, human,
microbes, and living natural sources, Institute of Biological Sciences (IBSc), University
of Rajshahi, Bangladesh (memo no. 102(6)/320-IAMEBBC/IBSc). Four to six weeks old
Swiss albino mice (weight range 25–30 g) of both genders were collected from ICDDR’B
(International Center for Diarrheal Diseases Research, Bangladesh) and EAC cells were
propagated into these mice by a bi-weekly intraperitoneal transformation. Cells in ascitic
fluid were drawn from a donor mouse bearing 6–7 days old tumor cells and with the help
of a hemocytometer, adjusted to 2 × 106 cells/mL. Normal saline was used for the dilution.
Viability of tumor cells was checked by 0.4% trypan blue assay.

The mice were randomly distributed into three groups, consisting of six mice in each
group. These groups were denoted as ‘A’ or control, ‘B’ or lectin-treated with lower dose (1
mg/kg/day)’ and ‘C’ or lectin-treated with higher dose (2 mg/kg/day). Moreover, 0.1 mL
of cellular suspension containing viable EAC cells was injected intraperitoneally to each
Swiss albino mouse. After 24 h, both lectin-treated groups (B and C) were treated for five
days with an intraperitoneal injection of AKL-40 at doses of 1.0 and 2.0 mg/kg/day. All
mice in groups A, B, and C were weighed to check the rate of tumor growth. Mice were
sacrificed on the sixth day and EAC cells were collected from the ascitic fluid. The total
number of viable EAC cells in every mouse of the treated groups (B and C) was compared
to those of the control group (A) using the following formula:

Percentage of inhibition = 100 − {(cells from AKL-40 treated mice/cells from control mice) × 100}

4.6. Morphological Observation of AKL-40 Treated EAC Cells by Fluorescence Microscope

Morphological changes of control (or untreated) and AKL-40 treated EAC cells were
observed using fluorescence microscopy (Olympus iX71, Seoul, Korea). EAC cells from
mice treated with and without AKL-40 for five consecutive days were collected. After
washing with phosphate buffer saline (PBS), the cells were stained with 0.1 μg/mL of
Hoechst-33342 at 37 ◦C for 20 min in dark, washed again with PBS, and observed in
the microscope.

4.7. RNA Isolation and Checking the Expression of Apoptosis-Related Genes from Ehrlich Ascites
Carcinoma Cells

EAC cells from mice treated with and without AKL-40 were collected and the total
RNA was isolated using a reagent kit (Tiangen Biotech Co., Beijing, China). Concentration
and purity of the isolated RNA were checked at 260 and 280 nm using a spectrophotometer.
cDNA samples were prepared following the protocol of Applied Biosystems, Waltham,
MA, USA, and bands for all PCR reactions were visualized in 1.4% agarose gel with a
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gel documentation system (Cleaver Scientific Ltd., Rugby, UK). Ten μg/mL of ethidium
bromide solution was used to stain the gel. GAPDH was used as a housekeeping gene to
compare with the standard. GeneRuler 1000 bp DNA ladder (Fermentas, Waltham, MA,
USA) was used as marker. Specific oligonucleotides (Integrated DNA Technologies or IDT,
Singapore) like p53, Bax, Bcl-XL and GAPDH generated 458 bp, 477 bp, 780 bp, and 475 bp
amplification products, respectively. Primer sequences of these genes under study are
provided in Table 1.

Table 1. Primer constructions for apoptosis related and housekeeping genes.

Primer Forward Reverse

p53 5′-GCGTCTTAGAGACAGTTGCCT-3′ 5′-GGATAGGTCGGCGGTTCATGC-3′
Bax 5′-GGCCCACCAGCTCTGAGCAGA-3′ 5′-GCCACGTGGGCGTCCCAAAGT-3′

Bcl-XL 5′-TTGGACAATGGACTGGTTGA-3′ 5′-GTAGAGTGGATGGTCAGTG-3′
GAPDH 5′-GTGGAAGGACTCATGACCACAG-3′ 5′-CTGGTGCTCAGTGTAGCCCAG-3′

For gene amplification, a program was set in a thermal cycler (Gene, Atlas 482, Tokyo,
Japan) at 95 ◦C for 3 min, followed by 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for
50 s, finally at 72 ◦C for 10 min, and then was eventually held at 20 ◦C. In case of Bax and
Bcl-XL, the annealing temperature was 54 ◦C instead of 55 ◦C.

4.8. Determination of Cytotoxic Activity of AKL-40 against Cancer Cell Lines and Detection of
Activated Signal Transduction Molecules

Cytotoxic activity of AKL-40 against cancer cell lines was evaluated according to a
previous report [5]. Three leukemia cell lines K562, Raji, and RBL-1 (2 × 105 cells) were
seeded into a 96-well titer plate and treated with different concentrations of AKL-40 for
24 h at 37 ◦C. Ten micro liter of WST-8 solution was added to each well and incubated
for 4 h at the same temperature. The absorbance was measured at 450 nm to assay the
reduction in proportion of living cells by a GloMax Multi Detection System (Promega,
Madison, WI, USA).

K562, Raji, and RBL-1 (2 × 105 cells) were cultured with AKL-40 (0–1600 μg/mL)
for 24 h, and lysed with 200 μL cell lysis buffer M. The cell lysate was separated by SDS-
PAGE and electroblotted onto PVDF membrane. Primary antibodies used were directed to
phospho-ERK1/2 (extracellular signal-regulated kinase), phospho-P38 (P38 MAP kinase),
and phospho-JNK (c-Jun N-terminal kinase) by using each mouse mAb (Becton Dickinson,
Franklin Lakes, NJ, USA) at the dilution of 1/3000. Membrane was masked with TBS
containing 1% BSA, soaked with 2% Triton X-100 at RT, incubated with HRP-conjugated
goat anti-mouse IgG for mouse mAb (Tokyo Chemical Industry Co., Tokyo, Japan) for 1 h,
and colored with EzWestBlue (ATTO Corp., Tokyo, Japan).

4.9. Determination of the Minimum Agglutination Concentration of EAC and U937 Cells by AKL-40

U937 cells (ATCC CRL-3253) were collected from Yokohama City University, Japan.
Fifty μL of 20 mM Tris-HCl buffer saline containing 10 mM CaCl2 (pH 7.8) was taken
in each well of two U-bottomed 96-well microtiter plates (one for EAC and the other for
U937 cells). AKL-40 (50 μL) was added to the titer plates through serial dilution. The
number of EAC and U937 cells in RPMI-1640 media was counted using a hemocytometer
(Hirschmann EM Techcolor, Eberstadt, Germany) and around 5 × 105 cells were seeded in
each well of the two plates. The plates were agitated for 5 min in a microshaker, kept at
room temperature for 30 min, and agglutination titers for both cell types were recorded.

4.10. Anticancer Activity of AKL-40 in Vitro against U937 and Ehrlich Ascites Carcinoma Cells

One hundred μL of RPMI-1640 media was taken in two 96-well flat bottom titer
plates (one for EAC and the other for U937 cells). AKL-40 was added to the wells at final
concentrations of 0, 100, 200, and 250 μg/mL. 100 μL of EAC cells (collected from mice)
and U937 cells were added to each well (5 × 105 cells/well). There were three control
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wells containing only cancer cells. After an incubation period of 24 h in 5% CO2 incubator
at 37 ◦C, the clear supernatant was carefully removed from each well. Then 180 μL of
PBS and 20 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide or MTT
(5 mg/mL) were added and both plates were kept in the incubator for 8 h at 37 ◦C. The
supernatant was removed again from each well, 200 μL of acidic isopropanol was added,
and absorbance of each well was recorded by a titer plate reader at 570 nm. Percentages of
cell proliferation inhibition were calculated by the following equation:

Proliferation inhibition ratio (%) = (A − B) × 100/A

where A is the OD570 nm of the cellular homogenate from control wells and B is the OD570
nm of the cellular homogenate from wells treated with AKL-40.

4.11. Bactericidal Activity of AKL against Pathogenic Bacteria

Antibacterial activity of AKL-40 was determined by agar disc diffusion method against
four bacteria—two Gram-positive (Staphylococcus aureus and Bacillus cereus) and two Gram-
negative (Shigella sonnei and Escherichia coli). Petri dishes containing lysogeny broth (LB)
media for each bacterial species were prepared and four paper discs (control, high dose,
low dose, and antibiotic) were placed on each petri dish. Moreover, two hundred and
one hundred μg of AKL-40 were used as high and low doses, respectively, whereas the
antibiotic disc contained 15 μg of ampicillin. Control disc was soaked only with LB media.
After keeping at 37 ◦C for 24 h in an incubator, zones of inhibition around the discs were
observed in each petri dish.

4.12. Antifungal Activity of AKL-40 against Talaromyces verruculosus

Talaromyces verruculosus, a fungus from the division ascomycota, was cultured in petri
dishes with potato dextrose agar (HiMedia Laboratories Pvt. Ltd., Mumbai, India) as a
medium following the standard procedure. In the ‘Test’ petri dish, three discs soaked with
400 μg/mL of AKL-40 were placed around whereas the ‘Control’ petri dish had only one
disc, soaked only with media. After keeping at 25 ◦C for 1 week in an incubator, growth
of the fungi in these petri dishes was observed. After another week, there was a second
observation to find any growth inhibition.

4.13. Statistical Analysis

All experiments of this research work were performed in three replicates. Experimental
data were expressed as mean ± SD. To test differences between experimental conditions,
one way ANOVA and Dunnett’s post-test correction was used. The results were statistically
significant when ** p < 0.01 and * p < 0.05.

5. Conclusions

This study might be the start of isolating and sequencing amino acids in the spe-
cific peptides/proteins accountable for the observed antiproliferative effects of AKL-40.
Abolition of biological activities by AKL-40 was not checked in the presence of inhibiting
sugars, such as D-galacturonic acid or D-galactose, which is a limitation of this study.
Determination of MIC and MBC values for the bacteria and fungi could also be performed.
Additional investigations are required to investigate the association of lectin in infection
and pathogenesis of different bacteria, as well as to recognize the molecular mechanism
of signaling pathways activated during infection, which could help in the development
of new therapeutic approaches. It is quite interesting to predict that a protein domain
from bacteria was evolved in the course of time to exert antimicrobial effects in marine
organisms. Such predictions could be evaluated in the future via a combined study of
functional genomics, transcriptomics, and glycobiology of Aplysia lectins.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19070394/s1. Figure S1: N-terminal region of AKL-40, including the first 35 amino acids of
the polypeptide determined by Edman degradation.
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Abstract: Marine organisms are a source of active biomolecules with immense therapeutic and
nutraceutical potential. Sulfated fucose-rich polysaccharides are present in large quantities in
these organisms with important pharmacological effects in several biological systems. These
polysaccharides include sulfated fucan (as fucoidan) and fucosylated chondroitin sulfate. The
development of these polysaccharides as new drugs involves several important steps, among
them, demonstration of the effectiveness of these compounds after oral administration. The
oral route is the more practical, comfortable and preferred by patients for long-term treatments.
In the past 20 years, reports of various pharmacological effects of these polysaccharides orally
administered in several animal experimental models and some trials in humans have sparked
the possibility for the development of drugs based on sulfated polysaccharides and/or the use
of these marine organisms as functional food. This review focuses on the main pharmacolog-
ical effects of sulfated fucose-rich polysaccharides, with an emphasis on the antidislipidemic,
immunomodulatory, antitumor, hypoglycemic and hemostatic effects.

Keywords: sulfated fucose-rich polysaccharides; sulfated fucan; fucosylated chondroitin sulfate;
fucoidan; oral administration; anticoagulant activity

1. Introduction

Sulfated fucose-rich polysaccharides have been described in seaweed for approxi-
mately a century and are denominated as fucoidan [1]. The structural complexity of these
polysaccharides resulted in contradictory reports about their molecular structure since
the analytical methods did not allow their detailed characterization. More recently, with
the advance of new analytical methodologies, especially high resolution nuclear magnetic
resonance, the structure of these polysaccharides has been elucidated [2,3]. Although
these studies are restricted to a limited number of species, a high variability is observed
among them [4]. Figure 1 shows examples of fucoidans already characterized. One of
them contains alternating α (1→3)- and α (1→4)-linked fucose units, while the other is
composed exclusively by α (1→3) units (Figure 1a). In both cases, the polysaccharide
possesses a heterogeneous sulfation pattern and branches of sulfated and non-sulfated
fucose. In addition to fucose, many other sugars are present in these fucoidans, such as
galactose, xylose, mannose and uronic acid. It is not possible to clarify whether these
sugars are part of the fucoidan molecule or a result of incomplete purification. In terms
of the chemical structure, fucoidan could be designated as sulfated fucan (SF). However,
“fucoidan” is a traditional denomination and also expresses the heterogeneous composition
of these molecules.

Mar. Drugs 2021, 19, 425. https://doi.org/10.3390/md19080425 https://www.mdpi.com/journal/marinedrugs61
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Figure 1. Structure of the sulfated fucose-rich polysaccharides from brown algae and echinoderms.
(a) Fucoidans from brown algae are composed of α (1→3)-linked fucose units or alternating α

(1→3)- and α (1→4)-linked fucose units. Mannose, galactose, xylose, uronic acid and branches
of other monosaccharides make this polysaccharide highly variable and with complex structures.
(b) SFs from echinoderms are made up of a repetitive tetrasaccharide units, formed by α (1→3)
units and with a regular sulfation pattern at positions 2 and 4. (c) Structure of a fucCS from sea
cucumbers. This polysaccharide has a chondroitin sulfate-like backbone, with branches of α-fucose
linked to position 3 of the β-glucuronic acid of the central core. These fucose branches varies among
species. In the specie L. grisea, for example, three types of branches are observed: α-Fuc-2,4diSO4,
α-Fuc-3,4diSO4 and disaccharides composed of α-Fuc1→2-α-Fuc-3SO4→. The sulfated fucose-rich
polysaccharides from echinoderms have a more regular and repetitive structures compared with
brown algae polysaccharides.

In the last 30 years, the study of polysaccharides rich in sulfated fucose was extended
to echinoderms (sea urchins and cucumbers) [5–7]. In clear contrast with the fucoidans
from marine algae, SFs from echinoderms have regular and repetitive structures [8]. Ini-
tially, these studies were concentrated on SFs from sea urchins, which are involved in the
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fertilization process of the invertebrate [9,10]. These SFs are obtained in very small quanti-
ties and cannot be tested in in vivo experimental models that require high doses. However,
it soon became clear that sea cucumbers also have these SFs, which are present in more
expressive quantities. Sea cucumbers contain SFs made up of repetitive tetrasaccharide
units, formed by α (1→3) units and with a regular sulfation pattern at positions 2 and 4,
which varies among species [11]. Figure 1b shows a representative structure of one of these
SFs. In the case of echinoderms, the term SF is appropriate since it denominates chemically
homogeneous molecules, distinct from fucoidan.

Moreover, sea cucumbers possess another polysaccharide rich in sulfated fucose,
denominated as fucosylated chondroitin sulfate (fucCS) [12]. This compound has a central
chain similar to chondroitin sulfate from vertebrates, but it has branches of fucose linked
to position 3 of glucuronic acid of the central core. The structure of these fucose branches
varies between species. Figure 1c shows the structure of this sulfated polysaccharide.
Tables 1 and 2 show the structural characteristics of fucoidans and fucCS cited in this
manuscript. It is important to emphasize that fucoidans can show structural variation
according to the source, extraction method and time of the year [13].

These sulfated polysaccharides from echinoderms allowed a significant advance in
the attempts to correlate structure and biological activities of these molecules, which is
difficult to establish with fucoidans [14]. Many studies report the biological effects of
the fucose-rich sulfated polysaccharides administered intravascularly, subcutaneously or
intraperitoneally [15–19]. More recently, studies have emerged reporting several pharma-
cological effects of these polysaccharides after oral administration [20,21]. The observation
that these compounds have a therapeutic effect after their oral administration is very
significant since it opens the perspective of the use of these molecules for the development
of new drugs. The oral route is more practical, comfortable and preferred by patients for
long term treatments.

The purpose of this review was to conduct a systematic analysis of the effects observed
after oral administration of the sulfated fucose-rich polysaccharides. We distinguished
the effects observed with the complex fucoidans from algae from those obtained with the
echinoderm polysaccharides. The use of fucCS and SFs is an important pharmacological
tool to define structure versus therapeutic effects of polysaccharides rich in fucose as a
basis for the development of new drugs.

Table 1. Structural characteristics of fucoidans with pharmacological activities after oral administration.

Species Structure Sugar and Sulfate Content Mw (kDa) Ref

A. nodosum 1→3)-α-L-Fucp and a few (1→4)-α-L-Fucp
with →3-α-L-(2 and/or 4 Fucp)

The carbohydrate and sulfate content of the
fraction A3 were 74.7% and 12.0%,

respectively.
97.52 [22]

S. henslowianum →3)-α-L-Fucp(2 SO3
−)-(1→3)-α-L-Fucp (4

SO3
−)-(1→

Fucose and glucose as main sugars. Sulfate
content: 25.20%. ND [23]

F. evanescens →3)-α-L-Fucp(2 SO3
−)-(1→4)-α-L-Fucp(2

SO3
−)-(1→

Fucose, sulfate and acetyl groups at a molar
ratio of 1:1.23:0.36 and trace amounts of

galactose and xylose.
10–100 [24]

F. vesiculosus →3)-α-L-Fucp(2
SO3

−)-(1→4)-α-L-Fucp(2,3-SO3
−)-(1→3)

55.9% of carbohydrates, 27.0% of sulfate
residues and 5.7% of uronic acid.

Carbohydrates were represented mainly by
fucose (38%), galactose (3.5%), xylose (2.7%).

20.7 [25]

C. okamuranus →3)-α-L-Fucp (SO3
−)-(1→3)-α-L-Fucp(4

SO3
−)-(1→

The glucuronic acid residues are linked to the
C-2 positions of the fucose residues, which

are not substituted by a sulfate group. Sulfate
content ~15%.

92.1 [26]

U. pinnatifida →3)-α-L-Fucp(2
SO3

−)-(1→4)-α-L-Fucp(2,3-di SO3
−)-(1→3)

This sulphated galactofucan is composed of:
galactose 44.6% and fucose 50.9%. Xylose

(4.2%), mannose (0.3%). Sulfate content 15%.
A significant number of O-acetyl groups.

378 [27]

S. japonica →3)-α-L-Fucp(2
SO3

−)-(1→4)-α-L-Fucp(2,3-di SO3
−)-(1→3)

79.49% of fucose and 16.76% of galactose.
Sulfate content ~30.72%. 30 [28]
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Table 1. Cont.

Species Structure Sugar and Sulfate Content Mw (kDa) Ref

Mozuku (High molecular
weight fraction) ND Sulfate content: 13%. 240 [29]

L. japonica →3)-α-L-Fucp(4 SO3
−)-(1→

46.5% fucoxanthin, 8.01% lipids and 45.4%
carbohydrates of mostly cellulose. Sulfate

content: 13%.
300 [30]

ND: not determined.

Table 2. Structural characteristics of fucCS with pharmacological activities after oral administration.

Species Proportions of the Branching Sulfated Fucose Units Mw (kDa) Ref

P. graeffei 81.6% α-Fuc-4SO4, 18.4% α-Fuc-2,4diSO4 49 kDa [31]

I. badionotus 4.1% α-Fuc-4SO4, 95.9% α-Fuc-2,4diSO4 70.4 kDa [32]

L. grisea ~27% α-Fuc-2,4diSO4; ~20% α-Fuc3,4diSO4 and ~53% disaccharides composed
of α-Fuc1→2-α-Fuc-3SO4→ 40 kDa [20]

C. frondosa The chemical composition contained mainly glucuronic acid, galactosamine and
fucose in the molar ratio of 1:1.50:1.16, with 30.07% sulfate content. 14.76 kDa [33]

2. Antidislipidemic Effect

Dyslipidemia refers to a spectrum of metabolic disorders characterized by either
an excess or a deficiency of lipoprotein particles, resulting in elevated plasma con-
centrations of total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C) or
triglyceride (TG) and/or depressed high-density lipoprotein cholesterol (HDL-C). Blood
levels of different lipoproteins are strongly associated with the risk of cardiovascular
diseases [34]. Thus, the management of blood lipid levels has an enormous significance
for the control of these diseases. However, many patients fail to reach target levels of
lipids with currently available drugs and still experience adverse clinical evolution [35].
Thus, additional pharmaceutical strategies are required to fill these gaps in efficacy
and tolerability. There is some research reporting the lipid-lowering effect of sulfated
polysaccharide administered by oral route (Table 3).

Initial studies of the antidislipidemic effect of sulfated fucose-rich polysaccharides
were performed with sulfated polysaccharide from sea cucumber. A hypolipidemic effect
was observed on rats fed with a cholesterol-rich diet and simultaneously received orally SF
and fucCS for 6 weeks [36]. The echinoderm polysaccharides significantly decreased TC,
LDL-C and the atherogenic index. The authors proposed that these effects may be due to
inhibition of Hydroxymethylglutaryl-CoA reductase and/or increased lipoprotein lipase
activity, although they did not provide any data regarding this mechanism.

Oral administration of fucoidan from Ascophyllum nodosum for 4 weeks improves
reverse cholesterol transport in mice [22]. Plasma levels of TC and triglycerides were
reduced, as well as fat pad index. The proposed mechanism is related to improvement of
the hepatic lipids uptake by activating scavenger receptor B1 and LDL Receptor (LDLR),
thus decreasing plasma LDL levels. Another study from the same group showed that oral
administration of fucoidan ameliorated atherosclerotic lesion and lipid profiles in a dose-
dependent manner in the apolipoprotein (apo) E-deficient mice fed with a high-fat diet [37].
Oil red staining revealed a decrease in the lesion/lumen ratio and in the liver lipid deposi-
tion with oral fucoidan-treated apoE−/− mice. Moreover, animals treated with the high
dose of fucoidan showed reduction of the morphological changes of the kidney induced
by high-fat diet. It also reduced triacylglycerol levels and plasma alanine transaminase,
suggesting reduction in the high-fat-induced toxicity. Moreover, oral fucoidan increases
plasma lipoprotein lipase (LPL) activity, apoA1 and peroxisome proliferator-activated re-
ceptor (PPAR) α/β levels. The combination of these effects can improve fatty acid oxidation
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and lower triglycerides. Another study showed that oral administration of fucoidan from
Sargassum henslowianum decreased TC, triglyceride and LDL-C levels on obese mice [23].

Subsequent studies attempted to correlate the effect of sulfated fucose-rich polysaccha-
rides on lipid levels with their molecular dynamics using compounds from echinoderms
with well-defined chemical structure [38]. FucCS from Isostichopus badionotus and SF from
Pearsonothuria graeffei showed potent effects on triglyceride lowering after oral adminis-
tration. In contrast, SF from I. badionotus showed only weak effects. The distinct effects
of these polysaccharides were correlated with their dynamics in solution: fucCS and SF
from P. graeffei and fucCS from I. badionotus form random linear chains in solution with a
few spherical aggregations, while SF from I. badionotus assumes a spherical conformation
in solution and exhibited high viscosity. This study shows a new perspective to explore
the structure versus pharmacological effect of sulfated fucose-rich polysaccharides at a
molecular level.

Table 3. Antidislipidemic effects of sulfated fucose-rich polysaccharides after oral administration.

Polysaccharide Dosage Regimen and Species Major Observations and Mechanism Proposed Ref.

Fucoidan from A. nodosum 100 mg/kg/day, 4 weeks, Mice

Improvement of reverse cholesterol transport and bile acid
synthesis related genes expression.

Reduction of plasma TC (~23.2%) and triglyceride (~48.7%)
levels.

[22]

Fucoidan from A. nodosum
50 and 100 mg/kg/day, 8 weeks,

ApoE−/− mice

Reduction of hepatotoxicity induced by high-fat diet;
increased plasma LPL activity, apoA1 level and protein
expression of PPARα/β (∼2-fold), improved fatty acid

oxidation and TG lowering (∼24.5%).

[37]

Fucoidan from S. henslowianum 100 mg/kg/day, 4 weeks, Obese
mice

Decreased cholesterol and LDL levels by ~23% and 18%,
respectively. [23]

Glycosaminoglycans from
M. scabra

5, 10, 20 and 50 mg/kg, 6 weeks,
Rats

Inhibition of HMG-CoA reductase and/or increased
lipoprotein lipase activity and metabolism of cholesterol. [36]

FucCS and sulfated fucan from
P. graeffei and from I. badionotus

40 mg/kg, 8 days, Rats on
high-fat diet

Hypolipidemic activity of sulfated polysaccharides is
determined by the molecular dynamics of the sulfated

polysaccharide.
[38]

LPL: lipoprotein lipase; PPAR: peroxisome proliferator-activated receptor; TG: triglycerides; HMG-CoA: 3-hidroxi-3-methyl-glutaril-
CoA reductase. Results obtained with fucoidans from marine brown algae are in blue while those with polysaccharides from
echinoderms are in red.

3. Anticancer Effect

Cancer is a leading cause of death, along with cardiovascular diseases. The hallmark
of cancer treatment has been conventional chemotherapy. Chemotherapeutic drugs target
rapidly dividing cells, such as cancer cells; however, these drugs also target normal cells,
such as intestinal epithelium, bone marrow and hair follicles. In an attempt to target
only cancer cells, a new generation of anticancer drugs arises using specific monoclonal
antibodies, small molecule inhibitors and immunotoxins [39]. However, side effects and
emerging resistance are still an issue, which increase the demand for new compounds that
could act as adjuvant therapy and/or increase efficacy [40]. Regarding this issue, some
data in the literature explore the anticancer effect of sulfated polysaccharides after oral
administration. Table 4 summarizes the major observations.

An example of the beneficial effect of these polysaccharides as anticancer drugs is the
observation that oral doses of fucoidan from Fucus vesiculosus delayed tumor growth in a
xenograft model and increased cytolytic activity of natural killer cells [41]. Athymic mice
were pre-treated with fucoidan daily for 2 weeks and then a human acute promyelocytic
leukemia cell line was injected subcutaneously. Significant antitumor activity was observed
without any sign of toxicity. Tumor development was clearly slower in the oral fucoidan-
treated mice than in the control group. An enhancement of the cytotoxic activity of splenic
natural killer cells in mice that were orally treated with fucoidan was also observed, which
could be in part responsible for its pharmacological effect. Interestingly, when fucoidan
from the same specie were orally administered for 21 days, starting on the seventh day
post-tumor implantation, significant reduction in tumor volume and tumor weight was
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observed when compared with the control group [42]. In vitro assays showed that fucoidan
could induce G0/G1 cell cycle arrest and caspase-dependent apoptosis in diffuse large
B-cell lymphoma culture. This indicates that oral fucoidan administration can inhibit tumor
growth and development.

Another observation of the anticancer effect of orally administered fucoidan was
obtained with Lewis lung carcinoma cells (LLC) [43]. These cells were inoculated into
the hypodermic dorsum of mice, and the tumor growth rate was assessed over 21 days.
A marked dose-dependent reduction in tumor volume and weight was observed in the
fucoidan-treated group, with the maximum effect observed with 144 mg/kg daily oral
dose. Expression of growth factors receptors showed a decrease in fucoidan-treated mice
compared with the control group. No signs of liver toxicity due to fucoidan administration
were observed. Continuous oral administration of fucoidan has a greater efficacy in
suppressing tumorigenesis than discontinuous doses, as expected.

In another xenograft model using human prostate carcinoma cells, oral administration
of fucoidan for 28 days significantly hindered the tumor growth and tumor vascular density,
as indicated by hemoglobin quantification assay [44]. The mRNA expression level of CD31
and CD105, biomarkers of endothelium, also declined. Analysis of the protein expression
and gene promoters related to angiogenesis showed that their levels were reduced after
oral fucoidan treatment, suggesting that fucoidan hindered tumor growth by inhibiting the
formation of new blood vessels.

The anticancer effect of fucoidan was also observed using the polysaccharide from
brown alga Fucus evanescens using a xenograft model. Colon cancer cells were inoculated
into athymic nude mice [24]. Oral treatment with fucoidan for 21 days inhibited tumor
growth compared with the vehicle-treated group. The antitumor effect of fucoidan was
associated with its inhibition of lymphokine-activated killer T-cell-originated protein kinase
(TOPK), highly expressed in many cancers. Tissues from each group were analyzed for
phosphorylation of TOPK downstream targets, and the expression of these markers was
decreased after 20 days of oral fucoidan treatment. Additional in vitro assays showed
that this fucoidan modulates EGF-induced neoplastic transformation of mouse epidermal
cells in a concentration-dependent manner. This pathway is related to the machinery
that controls fundamental cellular processes, such as growth, proliferation, differentiation,
migration and apoptosis. The polysaccharide also binds and decreases TOPK kinase activity
in vitro, although a high concentration is required for this effect. The antitumoral activity
of the echinoderm polysaccharides has not been tested so far after oral administration.
These well-defined structures may help to clarify the effect of sulfated polysaccharides on
cancer cells.

Table 4. Anticancer effects of sulfated fucose-rich polysaccharides after oral administration.

Polysaccharide Dosage Regimen and Species Major Observations and Mechanism Proposed Ref.

Fucoidan from F. evanescens 1–50 mg/ kg, 3 times/week/ up
to 21 days, Rats

Inhibition of lymphokine-activated killer T-cell-originated protein
kinase (TOPK) (64% at 400 μg/mL) and EGF-downstream

signaling. ↓Tumor growth 72% at 50 mg/kg.
[24]

Fucoidan from F. vesiculosus 150 mg/kg/body weight,
2 weeks, Athymic mice

Enhancement of the cytotoxic activity of splenic NK cells (~2.3
fold). [41]

Fucoidan from F. vesiculosus
100 mg/kg, 21 days starting on

the seventh day pos tumor
implantation, Mice

Induces G0/G1 cell cycle arrest (2–10%) and caspase-dependent
apoptosis. [42]

Fucoidan from F. vesiculosus 144 mg/kg, 26 days, Mice
Reduction of Transforming Growth Factor Receptor (TGFR)

levels (↓~50%) and its downstream signaling pathways.
Enhancement of TGFR degradation.

[43]

Fucoidan from F. vesiculosus 20 mg/kg, 28 days, Athymic
mice

Inhibition of angiogenesis by decreasing mRNA expression level
of angiogenesis related markers (↓~70%) and gene promoters. [44]

TOPK: Lymphokine-activated killer T-cell-originated protein kinase; EGF: epidermal growth factor; NK: natural killer; TGFR: transforming
growth factor receptor. Results obtained with fucoidans from marine brown algae are in blue.
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4. Immunomodulatory Effect

Immunomodulatory drugs can act at different levels of the immune system. Therefore,
different kinds of drugs have been developed that selectively either inhibit or intensify
the specific populations of immune responsive cells, i.e., lymphocytes, macrophages,
neutrophils, natural killer cells, and cytotoxic T lymphocytes. Immunomodulators affect
the cells systems by producing soluble mediators such as cytokines. Therefore, the rational
use of drugs with anti-inflammatory effects is necessary to avoid excessive inflammation
triggered by external agents or autoimmune diseases and drugs with immunostimulatory
effects to increase the immune response such as the production of specific antibodies. In
this context, oral administration of sulfated fucose-rich polysaccharides has also shown
some interesting effects. A summary of these effects is shown in Table 5.

Oral administration of fucoidan from Cladosiphon okamuranus had an antifibrogenesis
effect in an N-nitrosodiethylamine-induced liver fibrosis model in rats [26]. Two fractions of
fucoidan with distinct molecular weight were tested on this model after oral administration
for 12 weeks. A high-molecular-weight fraction of fucoidan prevents liver fibrosis, as
indicated by histological examination and hydroxyproline measurement. It also prevents
the increase in plasma levels of bilirubin, which occurs as a consequence of liver damage.
A low-molecular-weight fraction of fucoidan had only a modest effect on hydroxyproline
and bilirubin levels. This observation indicates that the biological effects of fucoidan may
differ depending on the molecular weight of the molecule. TGF-β1 appears to play a
major role in liver fibrosis and that the mRNA expression of this cytokine is upregulated
in this experimental model. The expression of this cytokine decreases significantly in oral
fucoidan-treated animals. Furthermore, a chemokine ligand, denominated CXCL12, is
markedly stained in the liver epithelium after the induction of experimental fibrosis. Oral
treatment with fucoidan prevents the increase of this chemokine expression.

Fucoidan from F. vesiculosus was tested on a model of alcohol-induced hepatic dis-
function [45]. Seven days of oral administration of this polysaccharide to mice prevents
the increase of transaminase levels. It also prevents the expression of TGF-β1 and COX-2,
both in the liver from the animal experimental model and in the hepatic cells in cul-
ture. Oral fucoidan also decreases mRNA expressions of hepatic inflammatory matrix
metalloproteinase-2. Histopathological evaluation showed that macrovesicular steatosis
of hepatocytes and focal hepatic necrosis associated with inflammatory cells infiltration
induced by high-fat diet was clearly reduced in rats treated with oral fucoidan.

The therapeutic effect of oral fucoidan on non-alcoholic fatty liver disease was tested
in rats using an experimental model induced by a high-fat diet [46]. Oral administration of
fucoidan for 4 weeks resulted in a decrease of body and liver index and aminotransferase
levels when compared with the non-treated group. Total cholesterol and triglycerides also
decreased in serum and liver, as well as serum fasting glucose, insulin levels and liver
inflammation of the animals fed with fucoidan.

Prevention of arthritis encompasses a variety of the immunomodulatory effects of
sulfated polysaccharides. In this particular event, oral administration of fucoidan from
Undaria pinnatifida for 25 days showed an anti-arthritic effect in a carrageenan-induced paw
edema model in rats [27]. Animals treated with fucoidan exhibited significant reduction
in paw edema, compared with a standard anti-inflammatory drug, although the doses
required to achieve similar protection differ significantly (150 vs 10 mg/kg body weight).
Histological analysis revealed that oral fucoidan and standard drug-treated groups ex-
hibited protective effects on joint architecture, such as less edema, cell infiltrations and
cartilage destruction. Furthermore, the increase in several biochemical parameters were
ameliorated by oral fucoidan administration, and this polysaccharide showed no signs
of toxicity at doses up to 1000 mg/kg. Fucoidan demonstrated concentration-dependent
antioxidant and anti-inflammatory activities in various in vitro assays, suggesting that its
anti-arthritic properties might be related to suppression of prostaglandin production and
other inflammatory mediators.
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Another study showed that oral administration of fucoidan from F. vesiculosus for
13 weeks to Goto-Kakizaki rats, which spontaneously develop mild hyperglycemia and
hyperinsulinemia, protected the animals from diabetes nephropathy [47]. The increased
fasting blood glucose, urea, serum creatinine and urine protein levels observed in positive
control animals were significantly decreased in GK rats that received fucoidan orally at
both doses. Fucoidan diminished levels of collagen IV in the renal cortex and decreased
expression of TGF-β1 and fibronectin in the renal cortex and in the glomerular mesangial
cells. Histopathological analysis revealed vacuolation of renal tubular epithelial cells and
inflammatory cell infiltration in the renal interstitium of the kidneys from the diabetic rats
compared with those from the control and fucoidan-treated rats. The increased expression
of NF-κB in the nuclei of glomerular mesangial cells was also attenuated significantly
by the oral administration of fucoidan, suggesting that this pathway is involved in the
nephropathy and in the anti-inflammatory activity of the polysaccharide.

Suppression of allergic symptoms is another event related to immunomodulatory
activity of fucoidan [28]. The effect of the polysaccharide in this particular event was inves-
tigated using fucoidan from S. japonica orally administered for 4 days to mice submitted to
a passive cutaneous anaphylaxis reaction. The ear edema was evaluated 2 h after antigen
challenge. Fucoidan showed an inhibitory effect only after oral but not intraperitoneal
administration. The mechanism proposed is related to an increase in galectin-9 expression
in intestinal epithelial cells and in the blood of mice fed with fucoidan. In fact, adminis-
tration of anti-galectin 9 antibody suppressed fucoidan effects on ear edema. Moreover,
this polysaccharide prevented the interaction of IgE and mast cells, an important event
that mediates allergic responses. These data suggest that dietary intake of fucoidan from
Saccharina japonica may prevent allergic symptoms.

The impact of the molecular weight on the anti-inflammatory activity of sulfated
fucan from the sea cucumber Acaudina molpadioides with varying degrees of polymerization
was also reported [48]. The SF was tested on an animal model of intestinal mucositis after
oral administration for 26 days. Histological analysis revealed that morphology of the
intestinal mucosa of fucoidan-treated animals was similar to the healthy group and that
this effect was more pronounced with the high-molecular-weight fractions. Interestingly,
these fractions regulated Th1/Th2 immune balance processes by altering IFN-γ/IL-4 ratio,
while the oral administration of intact fucoidan had no effect. Intact SF and the high-
molecular-weight fractions enhanced IgA protein expression levels in intestinal mucosa
and strengthened intestinal adaptive immunity. Another interesting aspect of this work
was the analysis of plasma concentration achieved by the oral administration of the SF.
The low-molecular-weight fractions achieved high plasma levels when compared with
unfractioned polysaccharide; therefore, the absorption and bioavailability of SF are likely
to depend on the molecular size of the polysaccharide.

Another approach investigated the anti-inflammatory effect of oral administration
of fucCS from the sea cucumber I. badionotus for 7 days. In contrast with the highly
heterogeneous fucoidan from brown algae, this polysaccharide has a regular repetitive
structure containing mostly 2,4 disulfated fucose units, as shown in Figure 1c. When tested
on an experimental model of colitis induced by dextran sulfate, oral fucCS attenuated
the body weight loss, expression of colonic TNF-α gene and colon shortening caused by
experimental colitis. The authors proposed that this protective effect might be due to
downregulation of NF-kB and downstream genes such as COX-2 and TNF-α and a benefic
profile on gut microbiota [49].
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Table 5. Immunomodulatory effects of sulfated fucose-rich polysaccharides after oral administration.

Immunomodulatory
Effect

Polysaccharide Dosage Regimen and Species
Major Observations and Mechanism

Proposed
Ref.

Antifibrotic effect Fucoidan from C. okamuranus

Free access to drinking water
containing 2% low (28.8 kDa)

or high (41.4 kDa) MW
fractions, 12 weeks, Rats

↓TGF-β1 mRNA expression and the
levels of chemokine ligand CXCL12 in

the liver (~3 fold).
[26]

Hepatoprotection Fucoidan from F. vesiculosus 30 or 60 mg/kg, 7 days, Mice ↓expression of liver TGF-β1(~40%)
and COX-2, ↑antioxidant pathways. [45]

Hepatoprotection Fucoidan from F. vesiculosus 100 mg/kg, 4 weeks, Rats on
high-fat diet

↓TNF-α, IL-1β and MMP-2 mRNA
expressions (~50–70%). Prevention of

the increase in serum lipids and
glucose levels induced by HFD.

[46]

Nephroprotection Fucoidan from F. vesiculosus 50 and 75 mg/kg, 13 weeks,
Rats

Decreased levels of collagen IV, NF-κB,
TGF-β1 and fibronectin in the renal

cortex and in the glomerular mesangial
cells.

[47]

Anti-arthritic and
antioxidant effects Fucoidan from U. pinnatifida 50 or 150 mg/kg, 25 days, Rats

Downregulation of COX-2 and other
inflammatory mediators (68%

inhibition of in vivo inflammation).
[27]

Immunostimulatory
effects Fucoidan from U. pinnatifida 300 mg daily,20 weeks, Human

Higher immunogenicity of influenza
trivalent vaccine than control group

and increase of natural killer cell
activity.

[50]

Suppression of allergic
symptoms Fucoidan from S. japonica 100–400 μg/day,4 days, Rats

Prevention of the interaction of IgE
and mast cells via an increase in

galectin-9 mRNA expression (↑~50%)
in intestinal epithelial cells.

[28]

Anti-inflammatory effect FucCS from I. badionotus 80 m/kg, 7 days, Rats

Downregulation of NF-kB and
downstream genes such as COX-2 and

TNF-α and a benefic effect on gut
microbiota.

[49]

Anti-inflammatory effect

Sulfated fucan from
A. molpadioides with varying
degrees of polymerization

(10–500 kDa)

50 mg/kg, 26 days, Mice

Regulation of IFN-γ/IL-4 ratio (0.53 to
0.70) and Th1/Th2 response, IL-6 and

IL-10 levels, enhanced IgA protein
expression levels (~35%) in intestinal

mucosa.

[48]

CXCL12: C-X-C motif chemokine ligand 12; TNF-α: tumor necrosis factor; TGF-β: transforming growth factor beta; NF-kB: nuclear factor
kappa B; COX-2: ciclooxigenase 2; IFN-γ: interferon gamma; IgA: immunoglobulin A; HFD: high-fat diet. Results obtained with fucoidans
from marine brown algae are in blue while those with polysaccharides from echinoderms are in red.

5. Effects on Diabetes

Diabetes is a highly prevalent disease characterized by high levels of blood sugar, due
to deficiency of insulin concentration and/or activity. Pharmacological therapy may be
required in order to maintain normal level of blood glucose and to delay or prevent the
development of diabetes-related health problems. The first choice in type 2 diabetes is oral
hypoglycemic drugs, but side effects, toxicity and unwanted drug–drug interactions can
compromise the effectiveness of the treatment [51]. Nevertheless, the idea of a diet rich in
sulfated fucose-rich polysaccharides with hypoglycemic effect as adjuvant therapy may be
an interesting alternative. A summary of these effects is shown in Table 6.

Oral administration of fucoidan from F. vesiculosus for 13 weeks to Goto-Kakizaki rats
reduced high blood glucose and recovers serum insulin levels [52]. Moreover, histopatho-
logical analysis of the pancreas also demonstrated that fucoidan markedly reduced islet
atrophy, fibrosis and inflammation. Additional in vitro assays showed that treatment with
the phosphodiesterase inhibitor significantly increased fucoidan-induced insulin secretion,
whereas treatment with the adenylyl cyclase inhibitor significantly decreased fucoidan-
induced insulin secretion. These results suggested that the cAMP signaling pathway may
be important in the antidiabetic effect of fucoidan. A further study showed that the polysac-
charide inhibits dipeptidyl peptidase-IV, which prolongs the action of incretins, reduces
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glucose and increases insulin production. This is another possible mechanism involved in
the antihyperglycemic effect of fucoidan [25].

A detailed study about the effect of oral sulfated fucose-rich polysaccharides on
diabetes employed an experimental model in mice inducing type 2 diabetes by high
fat/sucrose diet [53]. The authors tested a fucCS from the sea cucumber Cucumaria frondose.
Oral administration for 19 weeks stimulated insulin-dependent glucose uptake in skeletal
muscle cells and improved insulin sensitivity. Oral fucCS treatment promoted insulin-
stimulated phosphorylation of phosphoinositide 3-kinase and protein kinase B, the major
regulators of glucose uptake response to insulin in skeletal muscle and increased GLUT4
translocation. It also increased mRNA expression levels of these regulators in the skeletal
muscle of oral polysaccharide-treated mice. Furthermore, fucCS increased hepatic glycogen
content and restored the activities of key enzymes for glucose metabolism in the liver to
near-control levels [54]. Therefore, oral fucCS can promote hepatic glycogen synthesis by
regulating gene expression.

A further study attempted to investigate the mechanisms involved in the favorable
effect of fucCS on experimental diabetes [33]. Animals were submitted to a high-fat/sucrose
diet, which disrupts insulin signaling and thus results in endoplasmic reticulum stress
and inflammation. After oral administration of oral fucCS for 19 weeks, several cytokines
and inflammatory markers were reduced in the serum and in the liver of treated animals.
Analysis of mRNA expression showed that the polysaccharide attenuates the increase of
several markers of liver endoplasmic reticulum stress, inhibits important inflammatory
signaling pathways and improves insulin sensitivity in the liver.

The antidiabetic effect of sulfated fucose-rich polysaccharides extracted from 10 low-
edible-value sea cucumber species was tested after oral administration for 8 weeks using a
classic experimental model of diabetes induced by streptozotocin in rats [32]. A variety
of effects were observed, such as reduced polyphagia and loss of body weight, decreased
fasting blood glucose level and improved glucose tolerance by increasing insulin secretion
and enhancement of its sensitivity. A significant improvement of antioxidant enzymes
was also observed indicating a decrease in inflammatory status and oxidative stress. The
sulfated polysaccharides decrease the levels of transaminases, suggesting a repair of liver
damage associated with the experimental model. They also restored normal levels of
TNF-α content in the serum and enhanced synthesis of liver glycogen to decrease blood
glucose level. Furthermore, they reduced levels of serum triacylglycerol, TC and LDL-C
and increased HDL-C/LDL-C values, which indicates that oral administration of sulfated
fucose-rich polysaccharides can alleviate dyslipidemia resulting from diabetes. In this study,
the authors did not show a clear correlation between the structure of the polysaccharide
and its biological effect. Nevertheless, the sulfated polysaccharides from C. frondosa and
Thelenota ananás seem to show more potent effects.

Table 6. Hypoglycemic effects of sulfated fucose-rich polysaccharides after oral administration.

Polysaccharide Dosage Regimen and Species Major Observations and Mechanism Proposed Ref.

Fucoidan from F. vesiculosus 75 m/kg, 13 weeks, Rats
Reduced islet atrophy, fibrosis and inflammation

mediated by cAMP signaling pathway.
Inhibition of dipeptidyl peptidase-IV.

[25,52]

High molecular weight fucoidan
from Mozuku (C. okamuranus) 1620 mg, 12 weeks, Human

Alterations in GLP-1 (from 6.42 ± 3.52 to
4.93 ± 1.88 pmol/L) and hemoglobin A1c levels

(from 6.73 ± 1.00 to 6.59 ± 1.00).
[29]

Fucoidan extract from
Laminaria ssp. 500 mg, 3 months, Human

Decrease in diastolic blood pressure and
LDL-C (↓13%) with increase in insulin levels (↑

30%), HOMA β-cell, and HOMA IR.
[29,55]

FucCS from C. frondosa 20 or 80 mg/kg, 19 weeks, Mice

↑insulin-stimulated phosphorylation of PI3K and
PKB;

↑GLUT4 translocation
↑glycogen synthesis-related gene expression;

↓liver ER stress markers, ROS, TNF-α and other
inflammatory markers levels in serum and liver;
↓inflammatory signaling pathways in the liver.

[33,53,54]
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Table 6. Cont.

Polysaccharide Dosage Regimen and Species Major Observations and Mechanism Proposed Ref.

Sulfated polysaccharides from
10 sea cucumber species 200 or 400 mg/kg, 8 weeks, Rats

↓TNF-α, ↑antioxidant enzymes;
↑glucose metabolism related gene signaling

pathway.
[32]

GLP-1: glucagon-like peptide 1; PI3K: phosphatidylinositol 3-kinase; PKB: protein kinase B; GLUT4: glucose transporter 4; ER: endoplasmic
reticulum; ROS: reactive oxygen species. Results obtained with fucoidans from marine brown algae are in blue while those with polysaccharides
from echinoderms are in red.

6. Thrombosis and Hemostasis

Thromboembolic events are expanding due to the aging of the population and a more
precise diagnosis. Heparin is the classic anticoagulant used in the treatment and prevention
of thrombosis, but its use is limited to the intravenous or subcutaneous route, and it has
significant adverse effects [56–58]. New oral anticoagulants are available, but bleeding is
still a concern [59]. Therefore, there is a demand for new antithrombotic drugs.

The antithrombotic effects were the first significant pharmacological effects reported
for the sulfated fucose-rich polysaccharides [60–62]. Several authors addressed the par-
enteral use of fucoidan and echinoderm polysaccharides in experimental models of venous
and arterial thrombosis [63–65]. The initial studies associate the mechanism of action of
these molecules with heparin, the most traditional anticoagulant sulfated polysaccharide.
However, recent studies using sea cucumber fucCS showed that the anticoagulant mecha-
nism of this compound is serpin-independent, inhibiting the assembly of the tenase and
prothrombinase complexes and the generation of thrombin and factor Xa [66]. In addition
to the distinct mechanism of action, the preserved antithrombotic effect after oral adminis-
tration has made this sulfated polysaccharide an interesting candidate for the development
of new drugs [20,67]. Table 7 summarizes the effects of sulfated fucose-rich polysaccharide
in hemostasis.

An initial study about the antithrombotic effect of oral fucoidan employed a low-
molecular-weight fraction obtained by chemical degradation of the native polysaccharide
from L. japonica [68]. After oral administration for 30 days to rats, the polysaccharide
prolonged aPTT and TT values, increased TFPI and suppressed thromboxane levels in rat
plasma. It also inhibited thrombin-induced platelet aggregation and enhanced fibrinolysis.
The antithrombotic effect was tested in an arterial thrombosis model induced by electrical
stimulus. The low-molecular-weight fucoidan prolonged the time for formation of the
thrombus. Unlike aspirin, the low-molecular-weight fucoidan did not decrease platelet
number and fibrinogen level after oral administration for 30 days, which suggest a safe
antithrombotic profile.

The first report of the antithrombotic effect of an echinoderm polysaccharide after oral
administration employed a fucCS from the sea cucumber Ludwigothurea grisea [20]. The
polysaccharide increased aPTT and TT values and decreased thrombin residual activity.
A dose-dependent antithrombotic effect is observed using a vena cava and an arterial
shunt thrombosis models in rats. After removal of the fucose branches, the antithrombotic
activity of the polysaccharide was abolished. The dose necessary to achieve complete
inhibition of the thrombus formation was 50 mg/kg administered in aqueous solution. A
great achievement was the encapsulation of the polysaccharide on gastro-resistant tablets,
which prevents the degradation in the acid juice fluid [67]. This approach allowed the
dose of fucCS to be decreased to 25 mg/kg and to still observe the same anticoagulant and
antithrombotic effects. FucCS does not alter bleeding tendency or arterial pressure after
oral administration, which is the major concern with this polysaccharide due to activation
of the contact system and the release of bradykinin [69].

Recently, oligosaccharides containing 6→18 units were obtained by controlled depoly-
merization of fucCS from the sea cucumber P. graeffei [70]. These oligosaccharides were
the active ingredient of gastro-resistant microcapsules using a chitosan-coated alginate
system and were orally administered to rats in a single dose of 10 or 50 mg/kg. Micro-
capsules containing the oligosaccharides prolonged aPTT values with a stronger intensity
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compared with microcapsules containing native fucCS. In a venous thrombosis model, oral
administration of 50 mg/kg fucCS oligomers delivered by aqueous solution exhibited a
weaker antithrombotic effect than observed with gastro-resistant microcapsules, probably
due to the partial removal of sulfated fucose branches in the acid gastric fluid. No bleeding
tendency was observed for fucCS oligomers tested on gastro-resistant microcapsules. Using
an intestinal Caco-2 cell system, the authors confirmed that fucCS oligomers showed higher
absorption than native polysaccharide.

A very curious observation comes from a study involving fucoidan from F. vesiculosus
and Laminaria japonica orally administered twice daily in a multiweek dose-escalation
study of dogs with hemophilia A [71]. A dose-dependent decrease in bleeding time
score and improved clotting dynamics was observed, indicating a procoagulant effect of
these polysaccharides after oral administration. In vitro assays showed that this fucoidan
inhibited exogenous TFPI activity and accelerated the clotting time of human hemophilia
A and B plasma. Current methods of hemophilia treatment are expensive, challenging and
involve regular administration of clotting factors. While gene therapy is expensive and
still under investigation, additional therapeutic options have already explored heparin-
like sulfated polysaccharides, including pentosan polysulfate and fucoidan, with unique
procoagulant activity for bleeding disorders [72]. These results explore another aspect of
the effects of sulfated polysaccharides on the coagulation system. Interestingly, sulfated
polysaccharides from red algae have already shown a dual effect on coagulation either as a
pro- or anticoagulant drug [73].

Table 7. Effects on hemostasis of sulfated fucose-rich polysaccharides after oral administration.

Polysaccharide Dosage Regimen and Species Major Observations and Mechanism Proposed Ref.

Low molecular weight fucoidan
(Mw7.6 kDa) from L. japonica 400 and 800 mg/kg 30 days, Rats

↑TFPI (4.5 to 110.2 U/mL) and 6-keto-PGF1α
levels (32.8 to 50.4 U/mL).

↑Fibrinolysis (tPA and PAI-1 levels)
↓Thromboxane A2 levels.

[68]

Fucoidan from L. japonica 400 mg for 5 weeks to humans ↑6-keto-PGF1a (44 to 113 ng/L)
↑fibrinolysis. [30]

Fucoidans from F. vesiculosus and
L. japonica

5–20 mg/kg, Twice daily in a
multiweek escalation dose, Dogs Procoagulant effect, Inhibition of TFPI activity. [71]

Native and gastro-resistant tablets of
fucCS from L. grisea

5–50 mg/kg, Single dose or
5 days, Rats

Serpin-independent anticoagulant effect by
inhibiting the formation of factor Xa and/or IIa

through the procoagulants tenase and
prothrombinase complexes.

Antithrombotic effects at 50 mg/kg: ~85% vs. 55%
inhibition of the venous and arterial thrombus

weight, respectively.

[20,66,67]

Gastro-resistant tablets containing
FucCS oligomers (6 to 18 saccharide
units, Mw 3,4 kDa) from P. graeffei

10 or 50 mg/kg
Single dose,

Rats

Anticoagulant and antithrombotic effects (82% of
venous thrombosis inhibition at 50 mg/kg). [70]

TFPI: tissue factor pathway inhibitor; 6-keto PGF1α: 6-keto prostaglandin F1α; tPA: tissue plasminogen activator; PAI-1: plasminogen activator
inhibitor. Results obtained with fucoidans from marine brown algae are in blue while those with polysaccharides from echinoderms are in red.

7. Clinical Trials

Preclinical studies using animal models are important to assess the effectiveness of
fucose-rich polysaccharides in different pathologies and to elucidate the mechanisms in-
volved in their mechanism of action. Clinical trials are the next step for the development
of these polysaccharides as new drugs and/or using marine organisms as a food supple-
ment, and some studies in the literature address this issue. These aspects are also under
investigation, and we describe the major observations in this review.

Very few studies report the anticancer effect of fucoidan in humans. Some clinical trials
report an improvement in the quality of life of patients who have used fucoidan orally as
an adjuvant therapy. Cancer patients receiving oral fucoidan for 4 weeks showed reduced
levels of proinflammatory cytokines, including IL-1β, IL-6 and TNF-α [74]. Interestingly,
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the responsiveness of IL-1β was significantly correlated with overall survival, suggesting
that this might be a useful prognostic biomarker for advanced cancer patients receiving
fucoidan. Another study examined the effects of fucoidan extracted from C. okamuranus
on natural killer cell activity in cancer survivors [75]. Male patients treated with 3 g of
fucoidan for 6 months showed an enhanced activation of natural killer cells. Fucoidan
also has the potential for adjuvant therapy and may also reduce chemotherapy toxicity for
cancer patients [76,77].

Another study in humans involves the immunogenicity response to influenza trivalent
vaccine in the elderly, whose antibody production is generally attenuated [50]. Oral intake
of fucoidan from seaweed U. pinnatifida for 20 weeks (300 mg daily) increased antibody
titers, which is most evident against influenza B strain. This effect may be related to NK
cell activity. This suggest that popular seaweeds containing fucoidan that are eaten daily
in Japan could have immunostimulatory effects in enhancing vaccination efficacy. Another
study showed no decrease of osteoarthritis symptoms after a 300 mg daily oral dose of
F. vesiculosus extract (85% fucoidan) over a 12-week period [78].

Studies of the effect of sulfated polysaccharides on diabetes after oral adminis-
tration were also reported in humans [29]. Thirty patients with type 2 diabetes were
selected for oral intake of a high-molecular-weight fucoidan from Mozuku seaweed
for a 12-week period. Oral fucoidan altered hemoglobin A1c and levels of glucagon-
like peptide-1 and increased the number of bowel movements and stool frequency.
These effects were associated with a beneficial control of diabetes. Another random-
ized, double-blind, placebo-controlled clinical trial was carried out with 25 overweight
volunteers to evaluate the effect of fucoidan administration on insulin secretion and
sensitivity [55]. A total of 13 patients received an oral dose of 500 mg of fucoidan once
daily before breakfast and 12 patients received placebo for 3 months. A significant
decrease in diastolic blood pressure and LDL levels with an increase in insulin levels
were observed after oral fucoidan administration. There were no significant adverse
events associated with the long-term intake of fucoidan in both studies.

Human studies reporting the effect of sulfated polysaccharides on hemostasis are
scarce, as in the case of other biological effect. In one study, oral administration of capsules
containing 400 mg fucoidan from L. japonica to healthy participants for 5 weeks resulted in
increased fibrinolysis and antiplatelet effects [30]. Fucoidan was not detected in the plasma,
probably due to low polysaccharide concentrations and/or the sensitivity of the method
used. This is one of the challenges associated with assessing the pharmacokinetics of orally
administered sulfated polysaccharides.

8. Future Perspectives: Pharmacokinetics Studies and Prebiotic Effects

This review summarizes the therapeutic effects achieved after oral administration of
sulfated polysaccharides in a variety of pathological processes. These observations were
obtained mainly using animal experimental models, although some preliminary data have
already been reported in humans. These results are not limited to the therapeutic effect
but also highlight the proposed molecular mechanisms involved in the pharmacological
action of these polysaccharides. Further studies are necessary to further understand their
pharmacokinetic and the modulating effect on the intestinal microbiota.

In the case of heparin, a paradigm of an anticoagulant drug with carbohydrate
structure, the transition from intravenous to subcutaneous administration was associ-
ated with the development of low-molecular-weight heparin. This led to the develop-
ment of new analytical methods to study its pharmacodynamics, resulting in the now
widespread methods to determine the plasma concentration of heparins based on anti-
FXa and anti-FIIa assays [56]. Likewise, there is a need to develop sensitive methods for
the study of the pharmacokinetics/pharmacodynamics of fucose-rich polysaccharides
after their oral administration.

A similar approach was employed for oral administration of fucCS. The plasma con-
centration of the polysaccharide was determined using ex vivo coagulation assays and
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purified proteases [67]. The results allowed the correlation of the anticoagulant with its
antithrombotic effects. However, it was not possible to evaluate tissue distribution, minor
structural modifications and urinary elimination of the compound. Such analyses are lim-
ited by the very low concentration achieved by the polysaccharide after oral administration.
We need to validate new methods for fucCS labeling and quantification as a critical step for
the pharmacokinetic studies.

A partially depolymerized fucCS, administered as a single oral dose of 50 mg/kg,
was detected in plasma between 0.5 and 7.5 h using a chromatographic method. Only
0.1% of the dose was detected in the urine accumulated during 24 h [79]. It is very
challenging to measure the plasma levels of these polysaccharides analytically because of
the heterogeneous molecular weight, branched structure and similarity in monosaccharide
composition to mammalian polysaccharides.

Some studies report other sensitive methods to assess the pharmacodynamics of
fucose-rich polysaccharides after oral administration. In one study, the authors employed
an antibody against fucoidan extracted from C. okamuranus and developed a sensitive ELISA
method for the measurement of its serum and urinary concentration after a single oral dose
of fucoidan (1 g) in ten healthy volunteers [80]. The anti-fucoidan antibody specifically
recognized fucoidan from C. okamuranus and F. vesiculosus with different specificities, with
low cross-reactivity with heparin and heparin-like substances. Fucoidan concentration in
serum and urine was detectable 3 h and mostly 6 h after its administration. The time and
peak concentrations varied among individuals, suggesting a high variability of fucoidan
absorption in the intestine. The concentration of fucoidan was higher in the urine than
in the serum. The molecular weight of the ingested fucoidan remained unchanged in the
serum, whereas the fucoidan excreted in the urine showed an expressive decrease in size.
Possibly, fucoidan degradation occurs mostly in the excretory system but not during its
absorption through the gastrointestinal tract by local microbiota. Using the same method,
a further study confirmed fucoidan in the urine of Japanese volunteers after 100 g of oral
intake of seaweed C. okamuranus [81].

Another work using fucoidan antibody revealed that the polysaccharide accumulated
in jejunal epithelial cells, mononuclear cells in the jejunal lamina propria and sinusoidal
non-parenchymal cells in the liver of rats fed standard chow containing 2% fucoidan for
one or two weeks [82]. Fucoidan was detected in the sinusoids of hepatic lobules, which
suggested its internalization by macrophages. The intestinal absorption was also observed
using an intestinal Caco-2 cells system in vitro.

One of the major challenges associated with assessing the bioavailability of orally
administered fucoidan has been the lack of a sensitive and accurate analytical method that
can quantify fucoidans in the blood since this polysaccharide exhibits low anti-FXa and
anti-FIIa activities compared with heparin. However, one study evaluated the pharmacoki-
netics and tissue distribution of fucoidan in rats after a single-dose oral administration of
100 mg/kg of fucoidan from F. vesiculosus based on its anti-Xa activity. The Cmax in plasma
was observed at 4 h after oral administration. Fucoidan accumulated mainly in the kidney
and was also present in liver and spleen and showed a relatively long absorption time and
extended circulation in the blood [83]. Different analytical methods are reported for the
evaluation of pharmacokinetic parameters of marine-derived drugs [84].

The classic mechanism of action proposed for the sulfated fucose-rich polysaccharides
after oral administration is summarized in Figure 2A. The polysaccharides are absorbed
through the gastrointestinal tract, probably by endocytosis due to their high molecular
weights [85], reach appropriate plasma concentration and exert their therapeutic action.
Subsequently, the polysaccharides are distributed to different tissues, metabolized and
excreted. Structural modifications might occur during these processes.

Moreover, there is evidence for another mechanism involved in the therapeutic effect
of fucose-rich sulfated polysaccharides administered orally, which involves modification
of the gut microbiota induced by the polysaccharides [86]. Probiotics are important mi-
croorganisms in the intestinal microflora. When colonized in adequate amounts, they
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confer a health benefit to the host by modulating several physiological activities [87]. Gut
microbiota degrade polysaccharides and produce short-chain fatty acids, which might play
an important role in maintaining the epithelial barrier function, regulating the immune
responses and metabolic processes as well as inhibiting tumor development [88–91]. Mod-
els of gut microbe cultivation in vitro provide a convenient way to study the structural
modifications of polysaccharides during digestion and absorption in the gastrointestinal
tract and have already demonstrated a large number of applications in the field of intestinal
fermentation of polysaccharides and oligosaccharides [92,93].

Figure 2. Pharmacological effects of sulfated polysaccharides after oral administration. (A) As the
polysaccharides pass through the gastrointestinal tract, they are absorbed, probably by endocytosis
due to their high-molecular-weight, and reach the bloodstream. Subsequently, they are distributed
among various tissues and excreted unchanged and/or metabolized, as classically described for
orally active drugs. (B) Alternatively, polysaccharides can exert a prebiotic effect by modulating
the intestinal microbiota, which will produce short-chain fatty acids that can pass the intestinal
mucosa by passive diffusion and reach the bloodstream, inhibiting cholesterol synthesis and reducing
cardiovascular risk.

This particular aspect was investigated using a fucCS from the sea cucumber
P. graefei [31]. The incubation of the polysaccharide with human intestinal flora in a
simulated intestinal digestion model in vitro induced changes of intestinal microflora and
degradation of the polysaccharide. Three samples of these bacteria utilize fucCS as a carbon
source for their growth and produced short-chain fatty acids that decreased the pH of
the media. A high content of acetate, propionate and butyrate was observed, indicating
that they were the major products of microbial metabolism. Propionic acid can inhibit
cholesterol synthesis in the liver, promote redistribution of cholesterol in plasma and liver,
inhibit lipogenesis enzymes and reduce plasma lipid levels [94]. This activity could be
responsible, in part, for the hypolipidemic effect of fucCS after oral administration. Bifi-
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dobacterium, Bacteriodes prevotella and three species of Clostridium seemed to be involved in
the metabolism of fucCS. These observations are summarized in Figure 2B.

Another study reported that fucCS from S. japonicas was not broken down under
salivary and gastrointestinal digestion [95]. Due to the inhibition of pancreatic lipase
in vitro by increasing concentrations of fucCS, the authors hypothesized that fucCS may
work at the level of the gastrointestinal tract itself and/or after its absorption for the
hypolipidemic effect.

The intestinal flora of part of the human population can ferment fucoidan to afford
low-molecular-weight oligosaccharides [96], while another research had a different conclu-
sion [97]. This suggests that the consumption of non-sterile marine foods with associated
bacteria may have been the route by which these novel enzymes were acquired in human
gut. Interestingly, the consumption of C. okamuranus algae by Japanese volunteers was
associated with increased oral absorption of fucoidan contained in algae [98,99]; therefore,
these contradictory results may be due to individual differences between species and strain
level, which results in different metabolic capabilities of the microbiota to hydrolyze the
molecules. Obviously, it also may depend on the polysaccharide structure. Further research
is necessary to assess whether these changes in both bacterial composition and sulfated
polysaccharide degradation also occur in vivo, and critically, whether such changes are
responsible for some of the biological effects of these sulfated fucose-rich polysaccharides
after oral administration.

9. Conclusions

Sulfated fucose-rich polysaccharides from marine organisms are unique molecules
with various pharmacological effects. They might have promising therapeutic applications
in different diseases. There has been an increasing interest in the therapeutic use of natural
products for treatment of chronic cardiovascular and/or inflammatory diseases. The
fact that these sulfated polysaccharides preserve their pharmacological effect after oral
administration opens the perspective for the development of new drugs and/or the use of
marine organisms as a source of functional food. High doses of the orally administered
sulfated polysaccharides from marine organisms are employed in most studies. This limits
their therapeutic use. Further larger trials are required to establish the role of fucoidan
in several diseases. More efficient techniques of labeling sulfated polysaccharides will
help to understand the pharmacokinetic parameters of these molecules. In recent years,
much attention has been given to the prebiotic function of bioactive polysaccharides.
Elucidating the linkage between the sulfated polysaccharides and gut microbiota will help
to understand the biological effects of these molecules after oral administration.
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Abstract: Fucosylated glycosaminoglycan (FG) from sea cucumber is a potent anticoagulant by
inhibiting intrinsic coagulation tenase (iXase). However, high-molecular-weight FGs can activate
platelets and plasma contact system, and induce hypotension in rats, which limits its application.
Herein, we found that FG from T. ananas (TaFG) and FG from H. fuscopunctata (HfFG) at 4.0 mg/kg
(i.v.) could cause significant cardiovascular and respiratory dysfunction in rats, even lethality, while
their depolymerized products had no obvious side effects. After injection, native FG increased rat
plasma kallikrein activity and levels of the vasoactive peptide bradykinin (BK), consistent with their
contact activation activity, which was assumed to be the cause of hypotension in rats. However, the
hemodynamic effects of native FG cannot be prevented by the BK receptor antagonist. Further study
showed that native FG induced in vivo procoagulation, thrombocytopenia, and pulmonary embolism.
Additionally, its lethal effect could be prevented by anticoagulant combined with antiplatelet drugs.
In summary, the acute toxicity of native FG is mainly ascribed to pulmonary microvessel embolism
due to platelet aggregation and contact activation-mediated coagulation, while depolymerized FG is
a safe anticoagulant candidate by selectively targeting iXase.

Keywords: fucosylated glycosaminoglycan; anticoagulant; platelet aggregation; contact activation;
hypotension; pulmonary embolism

1. Introduction

Fucosylated glycosaminoglycan (FG) is a sulfated polysaccharide isolated from sea
cucumber (Echinodermata, Holothuroidea), a nutritious food widely consumed in Asia. FG
has a unique chemical structure comprised of the backbone of mammal chondroitin sulfate
and side chains of sulfated fucoses [1]. Previous study showed that it’s a potent serpin-
independent anticoagulant by targeting intrinsic coagulation factor Xase (iXase, FIXa-FVIIIa
complex), the last and rate-limiting enzyme in the intrinsic coagulation pathway [2–4].
This novel anticoagulant target justifies FG to be a lead compound for safe and effective
antithrombosis, the detailed information can be found in a recent review published in
Blood Reviews [5]. After depolymerization, the obtained low-molecular-weight FGs
(Mw 6~12 kDa) are a selective iXase inhibitor with potent anticoagulant and antithrom-
botic activities, without obvious bleeding risk [6,7]. Particularly, dHG-5 (Mw 5 kDa),
depolymerized from the natural FG from Holothuria Fuscopunctata (HfFG) by β-elimination,
is an anticoagulant candidate showing superior pharmacological activity compared to
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enoxaparin in preclinical studies [8–10]. Moreover, the clinical trial application of dHG-5 is
recently approved by the Food and Drug Administration (IND 153953).

However, native FGs with high molecular weights (Mw > 50 kDa) have multiple
pharmacological targets. Among others, they also have the contradictory activities of
plasma contact activation (FXII activation) and platelet aggregation [11,12]. These contrary
activities may offset their anticoagulant potency, and the lack of selectivity may cause
undesired and severe off-target side effects. For instance, a natural FG from Thelenota ananas
(TaFG) exhibited weaker in vivo antithrombotic activity than its depolymerized product in
a stasis-induced venous thrombosis rat model [7]. Native FGs from Ludwigothurea grisea,
Isostichopus badionotus, and Pearsonothuria graeffei could cause obvious hypotension and
reduced heart rate in rats after intravenous injection [13,14]. However, the underlying
mechanism is not clear, and how the undesired activities of FG are related to its in vivo
toxicology remains to be studied.

In 2008, heparin contaminated with oversulfated chondroitin sulfate (OSCS) was
found to cause an adverse reaction of hypotension in the clinic [15–17]. Investigation
showed that OSCS induced severe anaphylactoid reactions by activating the plasma contact
system, which led to the production of vasoactive bradykinin (BK) and anaphylatoxins
(C3a, C5a) [17]. The plasma contact system contains the coagulation factor XII (FXII)
and prekallikrein reciprocal activation loop. Contact activation can result in coagulation
and inflammation, mediated by coagulation factor XI activation and the kallikrein-kinin
pathway, respectively [18]. The contact system can be activated by negatively charged
macromolecules such as sulfated polysaccharide [19,20]. Both OSCS and native FG are
sulfated polysaccharide and both can potently enhance plasma contact activation; thus, it
is assumed that the native FG has the same mechanism as OSCS in inducing hypotension
in rats.

In this work, the in vivo toxicology of TaFG, HfFG, and their depolymerized products
dTaFG13 (13 kDa) and dHG-5 were studied. Our results reveal that the systemic treatment
of native FGs causes severe acute toxicity in rats and the main toxic mechanism was
clarified. dTaFG13 had only a very weak effect on rat blood pressure and the anticoagulant
candidate dHG-5 showed no side effect in all the assays. Although native FGs have various
bioactivities such as antithrombosis, anti-inflammation, anticancer, antivirus, and pro-
angiogenesis [1], according to these results, the application of any of their pharmacological
activity should be approached cautiously. By contrast, the safety of low-molecular-weight
FG as a promising novel anticoagulant is further demonstrated.

2. Results and Discussion

2.1. In Vivo Effects of FGs in Rats

It is reported that high-molecular-weight FG can potently activate the plasma contact
system and cause hypotension in rats, similar to OSCS [13,14,16]. Herein, the in vivo effect
of TaFG, HfFG, and their depolymerized products were studied. Both TaFG (65.8 kDa)
and HfFG (61.1 kDa) have high molecular weights but have different sulfation pattern:
58% of the fucose branches of TaFG are di-sulfated (Fuc2S4S), while 85% of HfFG are
di-sulfated (Fuc3S4S) (Figure 1). Unexpectedly, after intravenously injection of TaFG or
HfFG (4.0 mg/kg) into the rats, respiration apnea followed by tachypnea could be observed
macroscopically, and even death occurred within 5 min. Whereas, the depolymerized FGs
caused no obvious macroscopic change. By continuously monitoring some physiological
parameters, we found that native FGs caused severe and acute cardiovascular dysfunction
and respiratory failure.
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Figure 1. The chemical structures of TaFG and HfFG.

2.1.1. Effects of FGs on Rat Blood Pressure

TaFG and HfFG at 4.0 mg/kg injected into the rats caused an immediate drop of arterial
pressure (AP) by 55% and 63%, respectively, and their activity was stronger than OSCS,
which resulted in hypotension by 35% (Figures 2 and 3 and Table S1). The dTaFG13 injection
caused mild and a delayed drop of rat blood pressure, while dHG-5 and heparin (UFH)
had no obvious effects. The dose–effect relationship of HfFG was also studied (Figure 3
and Table S1). Rats treated with HfFG (0.125~4.0 mg/kg) showed severe hypotension with
the similar peak effect at about 1 min, while the recovery time was increased with the dose.
HfFG showed the lethal effect at 1 mg/kg and above, and had no obvious effect on blood
pressure at 0.0625 mg/kg.

 
Figure 2. Rat typical arterial pressure response after treatment. Data were recorded by a multi-
channel physiological signal-collecting instrument before and after treatment. Arrows indicate the
administration of the test compound. Representative graphs are shown, n ≥ 8.
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Figure 3. Effects of FG on rat arterial pressure. Effects of different polysaccharides on rat blood pressure (a). Effects of different
doses of HfFG on rat blood pressure (b). After the 10-min adaptation period, rats were treated with a single intravenous bolus
of the test compound. The arterial pressure and heart rate were detected for 10 min before and 30 min after treatment. Arrows
indicate the administration of the test compound. Mean ± SEM, n ≥ 8. Abbreviation: AP, arterial pressure.

The results are unexpected as such severe side effects of high molecular FG have not
been reported by others. Fonseca et al. reported that an FG from sea cucumber L. grisea
caused a ~40% drop of AP and a slight decrease of heart rate, which was not statistically
significant in Wistar rats that received an intravenous dose of 3.5 mg/kg and showed no
hypotensive effect when below 3.0 mg/kg [13]. These differences are possibly ascribed to
the different types of FG and animal species. Additionally, TaFG and HfFG induced much
more acute and severe responses than OSCS, which was reported to induce the human
hypotension and anaphylactoid reaction in clinic, mediated by plasma contact system
activation [16,17].

2.1.2. Effects of FGs on the Rat Cardiac Function

Then, we investigated the effects of FGs on the rat cardiac function. After TaFG or
HfFG (4.0 mg/kg) injection, the rat heart rate (HR), left ventricular pressure (LVP), and
maximal rate of rise of ventricular pressure (+dp/dtmax, indicating the cardiac contractility)
were dramatically decreased, reaching to the maximal effect at about 30 s (Table 1 and
Figure S1). These changes occurred before the blood pressure drop (described above). A
representative graph is shown in Figure 4, TaFG and HfFG reduced LVP by 61% and 68%,
respectively, and reduced the heart rate by more than 70% (Table 1). Compared with native
FGs, their depolymerized products had no obvious effects on rat cardiac function. OSCS
and UFH also had no such effects, to confirm the result, the dose of OSCS was increased
up to 8 mg/kg and no obvious change in rat heart rate was observed (data not shown).

Table 1. Effects of FGs on the rat cardiac function (mean ± SEM, n ≥ 8).

Treatment
(mg/kg)

mLVP0

(mmHg)
mLVP1

(mmHg)
(+dP/dtmax)0

(103 mmHg/s)
(+dP/dtmax)1

(103 mmHg/s)
ΔHR (%)

Vehicle 47.2 ± 3.3 48.7 ± 2.3 4.8 ± 0.3 4.9 ± 0.3 −0.7 ± 1.4
TaFG (4.0) 47.4 ± 2.3 18.3 ± 3.2 *** 3.8 ± 0.4 1.4 ± 0.2 *** −71.0 ± 5.8

dTaFG13 (4.0) 39.5 ± 2.5 44.9 ± 3.0 4.3 ± 0.6 4.5 ± 0.5 −3.9 ± 2.1
HfFG (4.0) 47.8 ± 2.3 15.4 ± 2.5 *** 3.8 ± 0.4 1.4 ± 0.2 *** −72.9 ± 5.0

dHG-5 (4.0) 42.4 ± 2.2 42.5 ± 2.4 4.0 ± 0.4 4.2 ± 0.5 3.8 ± 2.3
OSCS (4.0) 46.6 ± 3.2 35.0 ± 2.3 * 3.3 ± 0.3 3.2 ± 0.4 14.1 ± 7.1
UFH (4.0) 43.5 ± 2.4 47.3 ± 2.3 3.7 ± 0.4 4.3 ± 0.5 5.3 ± 7.4
HfFG (1.0) 46.3 ± 3.2 16.5 ± 1.8 *** 3.7 ± 0.4 1.2 ± 0.1 *** −77.7 ± 2.7

HfFG (0.25) 45.1 ± 2.4 17.1 ± 2.1 *** 3.1 ± 0.4 1.4 ± 0.2 ** −63.7 ± 6.6
* p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001 vs. pretreatment, two-tail t-test. The subscript 0 and 1 indicate the value
before and after treatment, respectively. Abbreviations: mLVP, mean left ventricular pressure; +dP/dtmax, the
maximal rates of rise of ventricular pressure; and ΔHR, the change of heart rate.
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Figure 4. Effect of HfFG (i.v.) on rat left ventricular pressure (upper) and electrocardiogram (below).
Data were recorded by a multi-channel physiological signal-collecting instrument before and after
treatment. For the left ventricular pressure, different time scales were shown. For the electrocardio-
gram, different time points (A–D) in the left ventricular pressure recording were shown, time scale
of (A–D) was 80 ms/div. Arrows indicate the administration of the test compound. Representative
graphs are shown, n ≥ 8.

2.1.3. Effects of Native FGs on the Rat Respiration

The effects of TaFG and HfFG on the rat respiratory function were detected simultane-
ously with the ECG detection. The results showed that after injection of TaFG or HfFG, rats
had accelerated respiration, followed immediately by respiratory failure or apnea before
the heart rate reduction (Figure 5). This indicates that after native FGs injection, both rat
hypotension and cardiac dysfunction occurred secondarily to respiratory dysfunction.
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Figure 5. Effects of HfFG (i.v.) on rat ECG and the respiratory wave. Data were recorded by a
multi-channel physiological signal-collecting instrument before and after treatment. HfFG was at
4.0 mg/kg and arrows indicate the administration of the test compound. Representative graph is
shown and the experiment was repeated three times. Abbreviation: ECG, electrocardiogram.

2.2. Native FGs Activated the Plasma Contact System in Rats

Previously, in vitro assays showed that native FGs exhibit potent activity in plasma
contact activation and platelet aggregation [11,12]. As expected, the injection of TaFG
and HfFG significantly increased the kallikrein activity of rat plasma, and their activities
were comparable to OSCS (Figure 6a). Compared with the control, dTaFG13 slightly
enhanced the activation of the contact system in rat plasma, while UFH and dHG-5 caused
no significant change. Once the contact system is activated, the reciprocal activation
between prekallikrein and FXII produces more kallikrein [18]. Kallikrein can cleave high
molecular weight kininogen (HMWK) to generate the vasoactive peptide BK, and mediate
the generation of anaphylatoxins C3a and C5a [21–23]. These downstream products were
detected, plasmas from rats treated with OSCS, TaFG, or HfFG had significantly increased
levels of BK, C3a, and C5a, but not those treated with dTaFG13 and dHG-5 (Figure 6b–d).

△

Figure 6. Amidolytic activity (a) and levels of BK (b), C3a (c), and C5a (d) in rat plasmas. Amidolytic activity was detected
by the chromogenic substrate method and the concentrations of BK, C3a, and C5a were determined by ELISA kits. For each
parameter, the value was compared with that of the control (vehicle) group. * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001, two-tail
t-test. Each sample was measured in duplicates and results were expressed as mean ± SEM, n = 3. Abbreviation: BK, bradykinin.
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After production from the plasma contact activation–kallikrein/kinin pathway, BK can
cause hypotension effect via kinin B2 receptors (B2R) on endothelial cells [24,25]. Similar
to OSCS, native FGs are also negatively charged macromolecules that can potently activate
the plasma contact system, leading to the production of vasoactive factor BK. We next
investigated the involvement of BK in the toxic effect of native FGs using the B2R antagonist
HOE140.

2.3. Effects of Inhibitors on the Lethality of Native FGs

HOE140 at 10 μg/kg could completely offset the hypotension induced by 4.0 mg/kg
of OSCS or dTaFG13 in rats. However, the hypotension effect of native FGs could not be
diminished or abolished by HOE140 (Figure S2). Even rats pretreated with HOE140 at a
dose of up to 200 μg/kg showed severe hypotension after TaFG injection. This indicates
that the hypotensive effect of native FGs was not mediated by BK, and that their toxic
mechanism is different from OSCS. Thus, alternative mechanisms were explored.

Pre-treatment of antiallergic drugs, cholinergic antagonists, and antiasthmatic drugs
also cannot prevent the effects of native FGs, whereas we found that pre-treatment of
an anticoagulant (heparin or bivalirudin) or antiplatelet (cangrelor) agent can partially
mitigate the lethal effect of HfFG (Table 2). In addition, combined the pre-treatment of
bivalirudin and cangrelor could completely offset the lethal effect of HfFG. The results
indicate that the acute toxic effect of native FGs is mainly caused by thrombosis-mediated
embolism, and that their effects of anaphylactoid reaction and cardiovascular failure were
secondary pathological changes.

Table 2. Effects of inhibitors on rat mortality induced by FGs (i.v.).

Treatment Pre-Treatment Mortality/Total a Average Death Time
Post-Dose

HfFG
(4.0 mg/kg)

Saline (1 mL/kg) 4/4 5 min
Heparin (5.0 mg/kg) 1/3 -

Bivalirudin (2.5 mg/kg) 3/3 15 min
Cangrelor (0.5 mg/kg) 1/3 -

Bivalirudin (2.5 mg/kg),
Cangrelor (0.5 mg/kg) 0/5 -

a The ratio of death numbers to total rats within 60 min after treatment.

Moreover, the direct effects of native FGs on the vessel vascular tension, rat isolated
heart, human myocardial cells, and human Ether-a-go-go Related Gene (hERG) potassium
channel were also investigated. The results showed that native FGs exhibited no vasodila-
tive activity and had no direct effects on the functions of the rat isolated heart, myocardial
cells (cell proliferation, beat rate, and contractility), and hERG channel (Figures S2–S6)

2.4. Effect of FG on Rat Coagulation Function and Platelets

Despite the fact that FG is a potent iXase inhibitor and anticoagulant, high-molecular-
weight FGs can also activate FXII and platelets, which may contribute to thrombosis.
Previous study showed that, although TaFG had stronger in vitro anticoagulant activity
than its depolymerized product, it exhibited weaker in vivo antithrombotic activity in
a rat thrombosis model. This may be due to its contradictory activities. Previously, the
antithrombotic effect of TaFG was evaluated after subcutaneous injection for 1 h, while the
immediate effect of FG after intravenously injection has not been reported.

The anti-iXase IC50 values of HfFG and its depolymerized product dHG-5 were
42 ng/mL and 70 ng/mL, respectively [10]. In this work, HfFG and dHG-5 were injected
intravenously into rats at 4.0 mg/kg and 6.7 mg/kg, respectively, which were equivalent
doses for anti-iXase. Then, the coagulation function was analyzed.

After injection, TaFG and HfFG at 4.0 mg/kg significantly prolonged rat plasma APTT
due to their anti-iXase activity, while shortening PT (Table 3). At 15 min, TaFG-treated rats
not only had the largest APTT but also had prolonged PT. This indicates that native FG
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exhibited procoagulant activity in vivo immediately after injection, while coagulopathy
occurred later due to the coagulation factor consumption. By comparison, dHG-5 at
6.7 mg/kg prolonged rat plasma APTT and had no effect on PT. According to APTT, TaFG
showed stronger anticoagulant activity than HfFG. We also found that TaFG only slightly
increased the D-dimer, while HfFG significantly increased the D-dimer level in rat plasmas
(Table S2). Combined with the finding of suspected pulmonary embolism in the autopsy of
rats treated with native FGs, these results may explain the finding that HfFG (6/6) caused
more death than TaFG (2/8).

Table 3. Effects of FGs (i.v.) on the rat coagulation function (mean ± SEM).

Treatment Dose (i.v.) Animals Mortality a Blood Collection
Time b APTT (s) c,d PT (s) d

TaFG 4.0 mg/kg 8 2

−1 min 15.5 ± 0.3 23.4 ± 0.6
1 min 295.2 ± 3.8 *** 15.8 ± 0.7 ***
5 min 208.0 ± 39.9 * 16.7 ± 0.4 ***
15 min 300.0 ± 0.0 *** 36.5 ± 3.6 **

HfFG 4.0 mg/kg 6 6

−1 min 16.1 ± 0.6 25.1 ± 1.0
1 min 227.9 ± 10.3 *** 16.2 ± 0.7 ***
5 min 116.0 ± 6.2 *** 16.1 ± 1.1 ***
15 min - -

dHG-5 6.7 mg/kg 5 0

−1 min 16.2 ± 0.7 26.9 ± 1.1
1 min 196.8 ± 27.3 ** 27.2 ± 1.2
5 min 73.5 ± 7.7 ** 27.4 ± 0.8
15 min 42.4 ± 4.4 ** 26.8 ± 1.3

a The death numbers within 15 min after drug treatment. b Animals were treated with FG at 0 min (−1 min was before treatment).
c The APTT beyond detection limit (>300 s) was recordedas 300 s. d Compared with the control (before treatment): * p < 0.05, ** p < 0.01,
and *** p < 0.001 (two-tail t-test).

After injection, TaFG and HfFG at 4.0 mg/kg dramatically decreased the platelet count
by 84.6% and 86.4%, respectively, while dHG-5 at 6.7 mg/kg had no such effect (Table 4).
The platelet reduction in blood may be due to the platelet aggregation induced by native
FGs, which is consistent with their in vitro activity of platelet activation [5].

Table 4. Effects of FGs (i.v.) on the rat platelet count (mean ± SEM, n = 3).

Treatment Dose
Platelet Count (109/L) Platelet Count

Reduction (%)Pretreatment 1 min Post-Dose

Control - 363 ± 19 337 ± 8 7.1
TaFG 4.0 mg/kg 331 ± 25 51 ± 9 *** 84.6
HfFG 4.0 mg/kg 250 ± 32 34 ± 8 ** 86.4

dHG-5 6.7 mg/kg 327 ± 37 354 ± 28 −8.3
** p < 0.01, and *** p < 0.001 vs. pretreatment (two-tail t-test).

2.5. Native FGs Induced Rat Pulmonary Embolism

We then further studied the histopathology of rat essential organs including the lung
and heart after FG injection. Consistent with their in vivo procoagulant effect, TaFG and
HfFG at 4.0 mg/kg caused microvessel embolism and fibrin deposition in rat lungs, while
dHG-5 had no effect on lung histology (Figure 7). No microthrombus was found in the
heart pathological section in all groups (Table S3). Taken together, the lethal effect of native
FG may be mediated by pulmonary embolism due to their activities in the contact system
and platelet activation, as confirmed by the remedy effect of pretreated antithrombotic
drugs (anticoagulant bivalirudin combined with antiplatelet cangrelor). In addition, after
injection of TaFG or HfFG, rats had apnea or respiratory failure prior to cardiovascular
dysfunction.
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Figure 7. Rat pulmonary microvessel embolism induced by native FGs. Rat were i.v. injected with
TaFG (4.0 mg/kg), HfFG (4.0 mg/kg), dHG-5 (6.7 mg/kg), or the vehicle and after 5 min the lung was
collected for histopathological assays. Experiments were conducted in triplicates and represented
results are shown.

Apart from the activity of procoagulation and inducing the platelet aggregation, the
increased production of C3a and C5a by TaFG or HfFG may also contribute to the accu-
mulation and degradation of platelets in the lung, as the involvement of the complement
system in lipopolysaccharide-induced anaphylaxis-like shock has been reported [23,26–28].

3. Conclusions

Previous study reported that FGs from sea cucumber have various bioactivities. How-
ever, the results of our work indicate that native FGs (TaFG and HfFG) injected intra-
venously showed strong and acute toxicity in rats. The toxic effect and practical significance
of native FGs should be noted when conducting pharmacological studies, especially those
involving systemic treatment.

After the injection into rats, the acute toxic effects of TaFG and HfFG involved a dra-
matic reduction of blood pressure, cardiac dysfunction, respiratory failure, coagulopathy,
and decreased platelet count. Although TaFG and HfFG were similar to OSCS in activating
the plasma contact system, they showed much more severe toxic effects and the underlying
toxic mechanisms were different from OSCS. Pre-treatment of a BK receptor antagonist
completely offset the hypotension induced by OSCS, while it had no effect on that induced
by TaFG and HfFG. By applying the prophylactic drugs, we found that anticoagulant com-
bined with an antiplatelet can completely prevent the lethality of TaFG and HfFG, while
other inhibitors had no obvious preventive effects. This indicates that thrombosis is an
initial key factor in the lethal toxicity of these native FGs. Previously, in vitro assays have
shown that native FGs can activate platelets and trigger contact activation–coagulation
pathway. In this work, these effects were also detected in the rat blood or plasma after
treatment. Additionally, TaFG and HfFG caused disseminated pulmonary embolism as
revealed by the histopathological analysis.

In summary, the main mechanism of the acute toxicity of native FG was ascribed to
the pro-coagulation and platelet activation, which further led to pulmonary embolism and
respiratory failure. The side effect of FG depends on the high molecular weight but not the
sulfation pattern. After chemical depolymerization, dTaFG13 (13 kDa) and dHG-5 (5 kDa)
had no obvious effects on all the tested physiology parameters, which is consistent with
their lack of platelet and contact activation activities in vitro. Therefore, depolymerized
FG can be safe and effective anticoagulant candidate by selectively targeting the intrinsic
coagulation pathway.
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4. Materials and Methods

4.1. Drugs and Chemicals

The preparation and physicochemical characteristics of FGs with various molecular
weight were described in previous studies [6,7,29]. The compound TaFG and HfFG were
prepared from T. ananas and H. fuscopunctata, respectively. Depolymerized dTaFG13 (13 kD)
and dHG-5 (5 kD) were prepared from TaFG and HfFG, respectively. OSCS and heparin (UFH,
197 IU/mg) were purchased from the National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China). CS31(02) (D-Pro-Phe-Arg-pNa, Kallikrein chro-
mogenic substrate) was obtained from Hyphen BioMed (Neuville-sur-Oise, France). HOE140
(B2R antagonist) and the protease inhibitor cocktail were obtained from Sigma-Aldrich. Bi-
valirudin and cangrelor were obtained from Targetmol. The Rat BK, C3a, and C5a ELISA kits
were obtained from Shanghai Guyan Real Co., Ltd. (Shanghai, China). The activated partial
thromboplastin time (APTT) and prothrombin time (PT) were obtained from TECO GmbH
(Neufahrn, Germany). The Rat D-Dimer (D2D) ELISA Kit was obtained from SAB (Baltimore,
MD, USA). All other chemicals were of reagent grade and were obtained commercially.

4.2. Animals and Biological Samples

Male Sprague-Dawley rats (body weight of 250~350 g) were obtained from Hunan
SJA Laboratory Animal Co. Ltd. (Changsha, China). Rats were housed in animal rooms
with controlled temperatures (18–25 ◦C) and relative humidity (40~60%), and were allowed
to eat and drink ad libitum before experiments. These experiments were reviewed and
approved by the Animal Ethics Committee of the Kunming Institute of Botany, Chinese
Academy of Sciences (SYXK (Dian) K2018-0005).

Rat blood were collected using a polyethylene catheter from the jugular vein before
and after 1, 5, and 15 min following the treatment with FG, OSCS, UFH, or the vehicle
(normal saline). Nine volumes of blood was anticoagulated with one volume of 1% EDTA
(for the blood used for the clotting assays, 3.8% sodium citrate was used instead). Then, rat
plasmas were obtained after centrifugation (1000× g, 15 min). Plasma samples were stored
at −80 ◦C or assayed immediately. For the plasma using for BK detection, 10% Protease
Inhibitor Cocktail was added.

4.3. Rat Plasma Contact Activation Analysis

Rat blood (0.3 mL) was collected before and after 1 min, 5 min, and 15 min of each
treatment. Rat plasma samples were obtained as described in Section 4.2. After dilution
with 4 volumes of TS buffer (50 M Tris-HCl, 150 M NaCl, pH 7.4), 100 μL of rat plasma was
added into a microwell plate and incubated at 37.0 ◦C for 60 s. Then, the amidolytic activity
of the plasma was assessed by adding 30 μL of 1 mM CS31(02) (chromogenic substrate of
kellikrein). The optical density at 405 nM (OD405nm) was recorded at 37.0 ◦C for 20 min
using the Bio-Tek Microplate Reader (ELx 808, Winooski, VT, USA) and change of OD405nm
was calculated and expressed as ΔOD405nm.

4.4. Rat Plasma Levels of BK, C3a, and C5a Determination

The concentration of BK, C3a, and C5a in plasma samples collected from rats after
1 min of treatment with FG, OSCS, or normal saline were assayed by means of ELISA
(enzyme-linked immunosorbent assay), as specified in the manufacturer’s instructions.

4.5. Rat Blood Pressure and Cardiac Function Detection

After rats were anesthetized and fixed, the left jugular vein and right common carotid
artery were separated from the tissue and intubated. The inserted catheters were filled with
heparinized (125 U/mL) normal saline, the free end of the vein catheter was connected to an
injection syringe for drug injection/blood collection, and the artery catheter was connected
to a pressure amplifier for blood/ventricular pressure detection. In some experiments, rat
electrocardiograms (ECG) were recorded simultaneously by electrodes. Data were acquired
by a multi-channel physiological signal-collecting instrument (RM6240, Chengdu, China)
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with a continuous recording pattern. After a stable period, the compound (1 mL/kg) was
intravenously injected.

The systolic blood pressure (SBP), diastolic blood pressure (SDP), and the left ventric-
ular pressure (LVP), were recorded for 10 min before and 30 min after treatment, and the
heart rate (HR), mean arterial pressure (AP), pulse pressure (SBP-DBP), and maximal rates
of rise of ventricular pressure (+dP/dtmax) were calculated. The change of AP (ΔAP), HR
(ΔHR), or LVP (ΔLVP) were calculated by subtracting the average value of the peak effect
after treatment from the average value before treatment (if there was no obvious effect,
the value of around 1 min post-dose was used). The change rate, such as ΔAP (%), was
calculated as: ΔAP/AP(pre-dose) ∗ 100%.

4.6. Rat Respiratory Function Detection

After rats were anesthetized and fixed, the trachea was exposed and intubated. The
free end of the catheter was connected to a respiratory flow head which linked to PowerLab
(AD instruments, New South Wales, Australia). The respiratory wave was recorded
3 min before and 30 min after treatment. Rat electrocardiograms (ECG) were recorded
simultaneously by electrodes connecting to PowerLab.

4.7. Effect of the B2R Antagonist on Rat Hypotension

Anesthetized rats were intravenously injected with 40 μg/kg of HOE140, a highly
specific B2R antagonist, 3 min prior to the treatment with FGs or OSCS at 4.0 mg/kg. The
record of the rat blood pressure and heart rate were as described in Section 4.5. The dosage
of HOE140 was in reference to the literature which stated that 10 μg/ml of HOE140 could
fully inhibit the hypotensive effect of 30 μg/kg of BK [16] and validated our pre-experiment.

4.8. Effects of Antithrombotic Drugs on the Toxicity of Native FG

Anesthetized rats were intravenously injected with 1 mL/kg of heparin, bivalirudin,
cangrelor bivalirudin combined with cangrelor, or normal saline (control). After 3 min, rats
were injected with 4.0 mg/kg of HfFG. The responses of rats after treatment were observed
for 1 h and the death time within 1 h was recorded.

4.9. Rat Coagulation Function and Platelet Count Analysis

Rats were anesthetized and the left jugular vein was separated and intubated for drug
injection/blood collection. The inserted catheter was filled with normal saline. Rat blood
was collected before and after FG treatment, and plasma was obtained as described in
Section 4.2. The plasma APTT and PT were detected by a coagulometer (TECO MC-4000,
Neufahrn, Germany) using APTT and PT reagents. The plasma D-dimer level was assayed
by means of ELISA as specified in the manufacturer’s instructions.

4.10. Rat Histopathologic Analysis after Treatment

Anesthetized rats were intravenously injected with FG or saline and after 5 min of
treatment, the lung and heart were collected and immersed in 4% paraformaldehyde.
After 24 h, the tissue samples were embedded in paraffin, cut into 4 μm thin sections, and
stained with hematoxylin-eosine. The samples were examined using the Nikon Eclipse
Ci-L microscope and analyzed by 3DHISTECH software (Budapest, Hungary).

4.11. Statistical Analysis

All data are given as the mean ± SEM. The data were analyzed using Student’s t-test
(two-tail) compared with the control group or pretreated values. P values less than 0.05
were considered statistically significant (* p < 0.05, ** p < 0.01, or *** p < 0.001).
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Abstract: This review presents materials characterizing sulfated polysaccharides (SPS) of marine
hydrobionts (algae and invertebrates) as potential means for the prevention and treatment of protozoa
and helminthiasis. The authors have summarized the literature on the pathogenetic targets of
protozoa on the host cells and on the antiparasitic potential of polysaccharides from red, brown
and green algae as well as certain marine invertebrates. Information about the mechanisms of
action of these unique compounds in diseases caused by protozoa has also been summarized. SPS
is distinguished by high antiparasitic activity, good solubility and an almost complete absence of
toxicity. In the long term, this allows for the consideration of these compounds as effective and
attractive candidates on which to base drugs, biologically active food additives and functional food
products with antiparasitic activity.

Keywords: sulfated polysaccharides; marine hydrobionts; antiparasitic activity; protozoa; malaria;
leishmaniasis; trypanosomiasis; schistosomiasis; cryptosporidiosis; trichomoniasis

1. Introduction

Protozoal infections (protozoans) caused by parasites belonging to unicellular proto-
zoa remain among the most common human diseases. Protozoa cause severe and often
fatal diseases in humans as well as domestic and game animals. About 50 species of
protozoa are known to cause disease in humans [1].

Parasites are a very diverse group of organisms that have developed various strategies
for infecting hosts and living off them, parasitizing in various organs and tissues including
the blood, intestines, central nervous system, liver, lungs, etc. These pathogenic microor-
ganisms can be transmitted to humans through the alimentary route, through arthropod
vectors, and sexually. There are three main classes of human pathogenic parasites: protozoa,
helminths, and ectoparasites.

Among protozoal infections, malaria [2], leishmaniasis [3,4], trypanosomiasis [5] and
intestinal protozoa [6] are of the most significant medical and social importance. Many of
the drugs currently used to treat protozoal infections do not meet modern requirements due
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to toxicity, gradual loss of effectiveness, and the emergence of drug resistance in parasites.
Thus, there is an urgent need for new drugs.

Sources of new drugs for the treatment of protozoal infections can be natural prod-
ucts, synthetic molecules, or existing drugs with an extended spectrum of indications. A
combination of new methods, including genetic modification of pathogens, bioimaging,
molecular docking [7], and robotics has led to the standardization of high-throughput
screening platforms for drug discovery [8]. For the treatment of protozoal infections, new
effective agents are needed which do not cause at all or cause a minimum of side effects
and to which protozoa will not develop resistance in a short time.

Extracts of many seaweeds have pronounced antiparasitic properties [9–12], and have
therefore been studied on a wide range of human parasites, such as protozoa (Plasmodium
spp., Leishmania spp., Trichomonas spp., etc.) [10,13,14] and helminths (Neobenedenia spp.) [15].
Algae extracts can inhibit the binding of parasites to target cells or have a direct toxic effect
on protozoa. Thus, R. Moo-Puc et al. [13] showed direct antiprotozoal activity of organic
extracts obtained from several algae against the trophozoites of Trichomonas vaginalis. At
the same time, 44% of the studied seaweed varieties exhibited high or moderate antitri-
chomonal activity. M.S. Coutinho [16] reported a strong larvicidal effect of extracts of two
algae, Fucus vesiculosus and Ulva lactuca (sea lettuce) against the larval stages of the Aedes
aegypti mosquito.

However, the authors of this review do not set the goal of a detailed analysis of the
results of studying the biological effectiveness of extracts of marine aquatic organisms, since
these contain many biologically active substances with different chemical natures. Further
in-depth research is required to determine the active component of each. In addition, the
chemical composition of the extracts of aquatic organisms depends on the type of algae,
the region of extraction, the method of extraction, extragents, and many other factors.

In this regard, sulfated polysaccharides (SPS)—sulfated homo- and heteropolysac-
charides which are agonists of receptors of innate and adaptive immunity cells—are of
great interest in this regard. They are characterized by low toxicity and the absence of side
effects (except in cases of allergic-type reactions when using heparin with an admixture
of highly sulfated polysaccharides [15,16]). These biopolymers have various biological
actions including antiviral and antibacterial, anti-inflammatory, and immunomodulatory
activity [17–19]. SPS encompasses a diverse group of anionic polymers found in various
marine organisms from macroalgae to mammals, but have not been found in terrestrial
plants [19].

It is known that the most common heteropolysaccharides in the human body are gly-
cosaminoglycans (GAGs), negatively charged long unbranched polymeric polysaccharides
consisting of repeating units of disaccharides [20]. The binding of glycosamines to various
ligands leads to post-translational modifications that ensure cell migration, proliferation,
differentiation, etc. Among GAGs, heparin/heparan sulfates are of particular interest.
These substances are present in basement membranes, in the extracellular matrix, and
on the surface of cells as part of membranes. They can specifically interact with macro-
molecules of the extracellular matrix (fibronectin, laminin), enzymes, and a wide class of
heparin-binding molecules (growth factors, chemokines) [21]. GAG mimetics, including
heparin/heparan sulfates, bind to other macromolecules and interfere with signal trans-
duction pathways in cells, which provides a wide range of biological effects. The natural
mimetics of heparan sulfates are the sulfated polysaccharides of seaweed. Fucoidans,
carrageenans, and ulvans, isolated from brown, red and green algae, respectively, can
mimic the action of endogenous factors and regulate the functions of macroorganism
systems through key receptors of cells and enzymes. In this regard, SPS can bind to various
receptors on the host cell’s surface and compete with viruses, bacteria, and parasites for
glycoprotein receptors [20,21].

An essential aspect of the action of SPS is their antiadhesive activity, which largely ex-
plains their antibacterial [22], antiviral [23], and as will be shown below, antiparasitic activity.
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Fucoidans, SPS derived from brown algae, are the most commonly used in exper-
iments. This is because fucoidans are an essential structural component of algae and
account for up to 30% of their dry weight. Furthermore, the pharmacological safety of the
polysaccharide is confirmed by absence of toxicity to humans even when consumed in
amounts up to 3 g per day [24]. In addition, these biopolymers have a systemic effect, as
evidenced by their detection in blood plasma [24].

There are many reports in the literature in which the results of experiments are
presented indicating the effectiveness of using SPS from marine aquatic organisms (in
most cases, marine macroalgae) as an antiprotozoal agent. In this regard, the purpose of
this work is to generalize the available data on the interaction of these compounds with
protozoan pathogens and assess the prospects for using them as a basis to create a new
generation of antiparasitic drugs.

2. Malaria

Malaria is a life-threatening transmission parasitic disease that is transmitted to hu-
mans through the bites of infected female Anopheles mosquitoes [25]. This infection con-
tinues to be relevant for global health [26]; in 2019, 229 million people fell ill with malaria
worldwide, and 409,000 people died. Most malaria cases and deaths, 94%, are reported
in the African continent [27]. The most vulnerable contingent for this disease is children
under five years of age [28].

The etiological agents of malaria are parasites of the genus Plasmodium, whose life
cycle occurs in the body of two hosts: a human (intermediate host) and female Anopheles
mosquitoes (final host). To date, more than 200 Plasmodium species have been officially
described, each of which infects a certain range of hosts [29]. In humans, malaria is
caused by five species of Plasmodium: P. falciparum (tropical malaria agent), P. vivax (the
causative agent of three-day malaria), P. malariae, P. ovale (the causative agent of malaria
oval), and P. knowlesi. The first four species are pathogenic to humans, while P. knowlesi
causes infection in primates and causes zoonotic malaria in Southeast Asia [29]. The most
dangerous are P. falciparum (mainly distributed in Africa) and P. vivax (distributed in the
American continent).

All Plasmodium species possess high genetic plasticity, allowing parasites to adapt to
changes in environmental parameters and rapidly develop resistance to antimalarial thera-
peutic agents [29]. When an infected female mosquito bites a person, malaria plasmodia at
the sporozoite stage enter the bloodstream with insect saliva [26]. Within 10–30 min, they
move freely with blood flow and then settle in the liver cells. Active tissue schizonts divide
after 6–15 days with the formation of many tissue merozoites, which enter the blood after
1–6 weeks when the infected liver cells are destroyed. The merozoites then penetrate into
the erythrocytes, after which the second cycle of erythrocytic schizogony begins.

Penetration of merozoites into erythrocytes is carried out in several stages: (a) initial
contact and slight deformation of erythrocytes with the participation of surface antigens of
merozoites; (b) severe deformation of erythrocytes with the participation of microneme
proteins, rhoptry proteins and the actin–myosin motor of the parasite; (c) opening of pores
between the parasite and erythrocytes; (d) internalization [30].

The attachment of merozoites to the membrane of erythrocytes and their invagination
into membranes occurs due to the presence of specific receptors on their surface. In
the erythrocyte, the merozoites go through four stages of development: i—stage of the
ring (trophozoite); ii—stage of amoeboid schizont; iii—stage of morula (fragmentation);
iv—formation of erythrocytic merozoites. The erythrocyte membrane is destroyed, and
merozoites and their metabolic products are released into the plasma. At this time, the
patient begins to suffer an attack of malaria (fever, anemia, and splenomegaly and, in
tropical malaria, organ damage). Some of the blood merozoites again penetrate into the
erythrocytes and repeat the entire cycle of erythrocytic schizogony. The duration of the
erythrocytic schizogony phase is 72 h in P. malariae and 48 h in other plasmodia species [31].
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Since erythrocytes cannot recycle the parasite and present antigens, the early stages of
the erythrocyte ring remain invisible to the immune system until the later stages, tropho-
zoites and schizonts, which modify the erythrocyte membrane in accordance with their
needs for membrane transport [32,33]. Thus, the erythrocyte (clinical) stage of schizogony
begins [34].

Some of the merozoites turns into gametocytes (immature germ cells). This process is
called gametocytogeny. P. falciparum gametocytes develop in the deeply located vessels of
internal organs. After maturation over a period of 12 days they appear in the peripheral
blood, where they can remain viable anywhere from several days to up to 6 weeks. Game-
tocytes of other plasmodium species develop in peripheral vessels within 2–3 days and,
after maturation, die after a few hours.

The most well-characterized is the surface protein of the parasite merozoite-1 (MSP-1),
which is of great importance for the successful invasion of erythrocytes [35,36]. It is the
largest, and covers the surface of the parasite. After binding to the erythrocyte, it reorients
itself so that the apical end of the parasite is aligned with the erythrocyte membrane. This
reorientation involves the apical membrane antigen, a transmembrane protein localized at
the apical end of the merozoite and binding erythrocytes. The peripheral surface proteins
of merozoites, MSP3, MSP6, MSPDBL1, MSPDBL2, and MSP7, bind directly to MSP1
independently of each other to form multiple forms of the MSP1 complex on the parasite’s
surface. These complexes perform overlapping functions and directly interact with human
erythrocytes [35].

Apicomplexan-type parasites, including Plasmodium spp., contain three unusual se-
cretory organelles (microneme, rhoptries, and dense granules) required to infect new host
cells [37]. Micronemes are located in the apical third of the plasmodium. These organelles
secrete several proteins, including the apical membrane protein-1 of P. falciparum (PfAMA-
1) and proteins of the EBA (erythrocyte binding antigen) family, which bind to receptors
on the surface of red blood cells and facilitate the entry of plasmodium into them. It has
been suggested that micronemes act in concert with roptria. While micronemes initiate
erythrocyte binding, rhoptries secrete proteins to create a PVM, or parasitophorous vacuole
membrane, in which the parasite can survive and reproduce [38,39].

Erythrocytes infected with mature forms of plasmodia bind to endothelial cells in
capillaries by sequestration, which allows the parasite to multiply and evade destruction
in the spleen [40]. Infected erythrocytes can adhere to uninfected ones, forming rosettes
that can form clots by binding to other red blood cells mediated by platelets, which can
lead to occlusion of the circulatory bed [41].

A significant problem is the ability of the parasite to develop resistance to antimalarial
drugs such as chloroquine and sulfadoxine–pyrimethamine. Resistance also develops
to artemisinin, part of the malaria elimination program [42,43]. This alarming situation
requires the search for and development of new antimalarial agents with an original
mechanism of action.

In developing antimalarial drugs, several approaches can be used, ranging from
modifying existing agents to developing new agents that act against new targets [44].
Currently, most licensed antimalarial drugs target the intra-erythrocytic stage of the parasite.
However, the invasion of merozoites—a pivotal moment in the development of parasites—
has been shown by the studies of many authors to have great potential for affecting the
surface proteins of plasmodia. Therefore, it is possible to use agents that inhibit the
invasion of merozoites in combination with drugs aimed at destroying intraerythrocytic
parasites [42,43,45–47].

The invasion of merozoites involves multiple ligand–receptor interactions and mul-
tiple pathways of parasitic invasion in host cells [46], which can be blocked by SPS and
heparin-like molecules. The surface antigens of the parasite play a vital role in the process
of Plasmodium invasion.

Studies have shown that SPS, in particular heparin (acidic sulfur-containing GAG) and
heparin-like polysaccharides, have an antimalarial effect [47]. Heparin inhibits cytoadhe-
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sion and thus reduces parasitemia. On the apical surface of merozoites, various molecules
are expressed that interact with receptors on the surface of erythrocytes. Heparin targets a
large number of molecules on the parasite’s surface that mediate its invasion of red blood
cells. In this regard, the authors believe that the risk of developing heparin resistance is
very low because, apparently, many molecules at once will not be able to quickly acquire
resistance to the polysaccharide. [48].

Heparin binds to proteins of the DBL and RBL families of the parasite; in its presence
the interaction between the apical end of merozoites and the surface of erythrocytes is
inhibited, and invasion does not occur. In this case, localization is limited only by the apical
surface of the parasite, and the polysaccharide has only a slight effect on erythrocytes. A.
Leitgeb et al. found that heparin equally inhibits both sialic acid-dependent and sialic
acid-independent invasion of P. falciparum merozoites [49]. In addition, in the presence of
heparin, deformation of the erythrocyte membrane is suppressed. However, heparin was
discontinued due to the induction of severe bleeding in patients [45,49].

As an alternative, sevuparin was proposed, a heparin derivative with low antico-
agulant activity and high anti-adhesive properties, which destroyed the rosettes (50% at
a dose of 250 μg/mL). Sevuparin inhibits the cytoadhesion of plasmodia to epithelial
cells, suppresses the invasion of merozoites into erythrocytes, and removes blockage of
microcirculation, which alleviates life-threatening symptoms in children [50,51].

Studies carried out on the model of heparin and merozoites of P. falciparum have
provided an understanding of the mechanism by which other SPS and similar molecules
exert antimalarial effects.

SPS from marine plants and invertebrates, which have molecular structures similar to
heparin, also exhibited an anticoagulant effect [52,53]. These compounds are an exciting
and promising alternative to heparin for antimalarial therapy and contain structures similar
to pRBC-binding GAGs [54,55]. For quite a long time [56], the inhibitory effect of fucoidan
(SPS of brown alga) on the formation of erythrocyte rosettes by plasmodia has been known;
this activity extends to both wild and laboratory strains of the parasite. It has been shown
that fucoidans inhibit the invasion of sporozoites into hepatocytes as well as the reinvasion
of merozoites into erythrocytes (Figure 1).

Finally, in 2009, Chen et al. [57] presented the results of a study on the antimalarial
effect of three fractions of fucoidan from the brown alga Undaria pinnatifida.

Experiments were carried out in vitro on P. falciparum culture and in vivo on mice
infected with P. berghei. It was shown that all three fractions of the polysaccharide at a dose
of 5 μg/mL were able to significantly inhibit the invasion of merozoites into erythrocytes,
and the IC50 was similar for both chloroquine-sensitive P. falciparum 3D7 strain and K1
strain resistant to this drug. The most active was the fraction with the highest sulfate
content. The survival rate of mice in the group of animals infected with P. berghei and
receiving fucoidan (100 mg/kg) was 37.12 ± 0.37%, while among mice of the control group
receiving chloroquine it was (5 mg/kg)—94.37 ± 0.94%. The protective effect of fucoidan
was significantly lower in this case, but compared with the intact control (mice without
treatment), the effect did take place. The lifespan of the infected mice was about four days
longer than that of the intact animals.
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Figure 1. SPS from marine hydrobionts, in particular heparin, heparin-like polysaccharides, and fucoidans as well as the
drug sevuparin developed on the same basis, all have antimalarial effects.

Thus, it was shown that fucoidan from U. pinnatifida suppresses the invasion of P.
falciparum merozoites into erythrocytes both in vitro and in vivo, inhibiting the adhesion
interaction between merozoites and erythrocytes through the binding of fucoidan sulfate
to ligands on the cell surface of host cells, thereby inhibiting parasites. The authors
recommended using a dose of fucoidan no higher than 100 mg/kg, as higher doses may
have an anticoagulant effect [57]. To search for antimalarial compounds, red algae were
also studied.

J. Marques et al. [53] presented the antimalarial and anticoagulant properties of
sulfated galactan from the red alga Botryocladia occidentalis. The antimalarial activity of
this compound is similar to that of heparin. In in vitro cultures, it significantly inhibited
the growth of P. falciparum. The IC50 for galactan was 3.5 μg/mL, IC90—6.8 μg/mL (for
comparison: for heparin, the IC50 was 4.1 μg/mL, IC90—8.0 μg/mL).

The authors did not establish a correlation between the molecular weight of the
polysaccharide and growth inhibition of P. falciparum because the two best results were
noted for galactan from the red alga B. occidentalis (Mw~700 kDa) and polysaccharide
from the mollusc L. grisea (Mw~30 kDa). Compared with other SPS used by the authors in
the experiment, galactan had the most pronounced anticoagulant properties. It has been
suggested that the anticoagulant activity and antimalarial properties of galactan are not
directly related.

Galactan actively suppressed the penetration of plasmodia into erythrocytes. Mi-
croscopic examination 20 h after treating erythrocytes with polysaccharides at a dose of
4 μg/mL showed an apparent decrease in the annular stages, i.e., delayed development
of the parasite compared to samples untreated with galactan. Untreated control erythro-
cytes contained only trophozoites and schizonts. Under the influence of galactan, the
rate of invasion of erythrocytes decreased (untreated—3.60 ± 0.10; those treated with
galactan—1.10 ± 0.10); however, the maturation rate did not change dramatically (un-
treated erythrocytes—0.96 ± 0.06; erythrocytes treated with galactan—1.14 ± 0.08). Thus,
the main mechanism of the antimalarial action of galactan is inhibition of the invasion of
the parasite into erythrocytes [53].

It should be noted that free merozoites are present in the blood for a short period.
This allowed the authors to assume that the binding process can also occur inside the
erythrocyte. To confirm this position, heparin was added to the culture. Using confocal
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microscopy, it was shown that heparin penetrated living erythrocytes and bound intra-
erythrocyte-developing merozoites [53].

In experiments on mice infected with P. yoelii and treated with intravenous galactan,
this polysaccharide was shown to significantly reduce parasitemia compared to untreated
animals. There were no side effects when the polysaccharide was administered to mice.
Antibodies to Plasmodium antigens were found.

After 72 days, the mice were infected with plasmodia for the second time. All animals
treated with galactan survived without any additional treatment and without disease
symptoms until 42 days after the untreated secondary infection (follow-up period). On the
positive side, galactan is not obtained from an animal object, i.e., in this case, there is no
danger of prion contamination [53].

It is still impossible to talk about the biosynthesis of this promising compound because
the mechanism of its enzymatic biosynthesis is unknown. However, an ample supply of
algae in nature (found in abundance in Brazil) will make it possible to obtain sulfated
galactan in sufficient quantities since its content in dry algae is about 50% [58].

SPS of red algae—galactans including carrageenans—are very promising antimalarial
compounds. In [52], the authors investigated the antimalarial properties of a large panel
of 50 compounds with inhibitory activity above 20%. Of these, 14 samples had high
antimalarial activity at a concentration of 2 μg/mL. In this series, algal SPS were represented
by highly sulfated carrageenans, lambda and iota. The authors believe that SPS inhibits
the binding of merozoites to erythrocytes by disrupting the interaction of the receptor–
ligand with sulfated receptors. It is believed that a variety of merozoite surface proteins
mediate these initial contact effects through low-affinity interactions with the erythrocyte
surface. Since many of these interactions are likely to be associated with surface sulfate
receptors, the ability of heparin-like substances including those from algae to disrupt
multiple interactions at several stages of invasion will probably be able to ensure the
effectiveness of SPS for all strains of parasites and limit the emergence of drug resistance.
This is especially true for SPS of seaweed.

The main mechanism of the pathogenic action of plasmodia is associated with a
change in the properties of affected erythrocytes due to the formation of malarial tubercles
(“knob structures”, “knobs”) on their surface, on the top of which there are special “handle”
structures formed by the parasitic protein PfEMP1 (P. falciparum erythrocyte membrane
protein 1). This protein plays the role of the main virulence factor. Moreover, the genome
regions on which polypeptides exported by the parasite to the surface of erythrocytes are
synthesized are highly polymorphic. The changes caused by exported proteins mediate
the transformation of the physical characteristics of erythrocytes and impart adhesion
properties to them [59]. Among the exported proteins, the PHIST family, containing 89
proteins, plays a significant role in enhancing the cytoadhesion of the reconstructed host
cell [60]. The authors showed that sulfated polysaccharides can deactivate the proteins
exported by the parasite, associated with control of the main virulent factor of the parasite
P. falciparum erythrocyte membrane protein (PfEMP1) [61].

J.M. Mutisya et al. [62] devoted their work using the molecular docking method to the
search for agents among SPS that inhibit the PHIST target. Using Sanger sequencing, 86
complete sequences were obtained among which 11 medicinal compounds with antiplas-
modial activity were identified. In addition, ten compounds interacted with amino acid
residues in the PHISTb (P. helical interspersed sub-telomeric b) and RESA (ring-infected
erythrocyte surface antigen) domains, demonstrating potential activity against these pro-
teins. At the same time, α-carrageenan from red alga interacted with both the reference
and mutant proteins.

As potential sources of antimalarial agents, polysaccharides not only of different
species of algae but also invertebrates can be used [63,64]. Thus, fucosylated chondroitin
sulfate (FucCS), a unique highly sulfated GAG isolated from some marine organisms,
was effective as an inhibitor of P. falciparum cytoadhesion to human lung endothelial cells
and placental cryosection under static and flow conditions. This compound is low-toxic,
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rapidly destroyed the rosettes in a dose-dependent fashion, and blocked the development
of various phenotypes of parasites, preventing the invasion of merozoites into erythrocytes.
The authors proposed FucCS as a candidate for adjunctive therapy in patients with severe
malaria. FucCS was also effective in preventing the parasite from adhering to the human
placenta, eliminating it. Removal of the sulfated fucose branches from the compound
practically eliminated the inhibitory effect, which indicates the central role of these branches
in the inhibitory effect of the compound. The effect of FucCS appears to be similar to that
of heparin, which inhibits invasion, adhesion, and rosette formation by binding to PfMP-1
regions and the surface protein of MSP-1 merozoites. FucCS can block the interaction of
adhesion and invasion proteins with host receptors, which are glycoproteins constitutively
expressed in erythrocytes, by binding to conserved regions of these proteins, such as the
RII region [64].

FucCS treatment (1 mg/kg/animal per day) slowed down the death of C57Bl/6 mice
infected with Plasmodium berghei ANKA (PbA) in an experimental model of cerebral malaria.
The compound had a weaker anticoagulant and antithrombotic effect than heparin, and acted
in vivo and in vitro at concentrations lower than those required to trigger its anticoagulant
effect. Thus, the authors proposed FucCS as a promising candidate for the adjuvant therapy of
severe malaria and the prevention of exacerbations of the disease [63,64].

The later work of M.F. Bastos et al. [65] presented materials on the study of anti-
malarial effect and the ability to inhibit cytoadhesion of heparan sulfate from the scallop
Nodipecten nodosus. The polysaccharide is formed by repeating the disaccharide units of
β-D-glucuronic acid 1 → 4 N-acetyl-α-D-glucosamine containing rare sulfate groups at the
C2 or C3 positions of glucuronic acid. The polysaccharide blocked invasion up to 91% at
the maximum dose (1000 μg/mL). It inhibited P. falciparum cytoadhesion to endothelial
cells even at the lowest dose tested (1 μg/mL), and reached 86% and 100% inhibition of
Pf-iEsCSA and Pf- iEsICAM-1, respectively, at the maximum dose (1000 μg/mL). The
polysaccharide dose-dependently destroyed the rosettes at a rate similar to heparin, and
showed antithrombotic activity without causing bleeding. Like the previous heparan sul-
fate, the authors recommended this compound for the adjunctive therapy of severe malaria.

A therapeutic composition consisting of chloroquine (100 nM) and fucoidan (20 μg/mL)
has been proposed as a new agent for the prevention and treatment of malaria. The agent
prevented the penetration of plasmodium into erythrocytes and did not give side effects,
helping to overcome the resistance of the parasite to chloroquine [66].

Placental malaria is characterized by the cytoadhesion of infected erythrocytes and
the expression of TNFα in the intervillous tissue, which can interfere with the transport
of nutrients to the fetus and negatively affect its development. TNFα stimulates the
cytoadhesion of erythrocytes in the capillaries of the placenta by enhancing the ligand
bonds of P. falciparum Protein-1 (PfMP-1) with chondroitin sulfate A receptors.

The effectiveness of the combined use of SPS and drugs was also demonstrated in
the work of Z. Rahmah et al. [67]. They investigated the effects of the seaweed extract
of Eucheuma cottonii in combination with DHP (dihydroartemisinin-piperaquine) on the
degree of parasitemia, cytoadhesion, TNFα level and fetal development in mice infected
with P. berghei. DHP contains artemisin and chloroquine. E. cottonii is a red alga most
abundant in Indonesia and containing SPS carrageenan in quantities ranging from 54% to
73%, depending on the place of growth and the type of algae.

The mice in the experiment were divided into four groups: (A)—intact, did not receive
treatment with carrageenan; (B)—received DPH; (C)—animals were infected with P. berghey
and given an extract; (D)—malaria-infected animals which received DHP and extract.
Isolation of the placenta and fetus was performed on the 18th day after mating the mice.

Group A showed a high degree of parasitemia, TNFα expression, low fetal weight,
and high cytoadhesion in the placenta.

In Group B, DHP therapy reduced parasitemia and cytoadhesion in the placenta. The
same was true for the level of TNFα; however, the drug did not prevent low birth weight.
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In Group C, there was a significant decrease in parasitemia and cytoadhesion in the
placenta, a decrease in TNFα, and no decrease in birth weight.

In Group D, in comparison with group C, all indicators decreased even more. There
was no low birth weight, i.e., the combination of the DHP drug with red algae extract
containing a large amount of SPS carrageenan was experimentally effective against malaria,
reducing cytoadhesion, parasitemia and the level of the proinflammatory cytokine TNFα
and eliminating fetal developmental disorders.

Thus, SPS from marine hydrobionts (algae and marine invertebrates) can be a promis-
ing basis for creating antimalarial drugs that will have an effect both as independent
treatments and as an addition to existing therapy for this protozoal infection.

3. Leishmaniasis

Leishmaniasis is a transmissible disease of humans and animals. The disease occurs
in the tropics and subtropics on all continents except Australia [4]. Every year, about one
million new cases of infection are registered in the world, up to 75,000 people die from
leishmaniasis, and about 400 million people are at risk of getting sick [5].

The disease is caused by 20 species of protozoa of the genus Leishmania transmit-
ted by the bite of infected female mosquitoes of the genus Phlebotomus (more than 90
species) [68]. Leishmaniasis ranks third among vector-borne diseases after malaria and
lymphatic filariasis [69].

In humans and other vertebrates (dogs, rodents, monkeys), leishmanias exist in an
immobile stage, or amastigote, in the intestine of the carrier (as opposed to the flagellar
stage, or promastigote. When mosquitoes bite infected mammals (a reservoir of about
70 species of animals, including humans) leishmanias enter the intestines of mosquitoes,
where they begin to multiply. In the gastrointestinal tract of insects, amastigotes turn into
promastigotes, which the female mosquito spits up at the site of the bite on the human skin,
while anywhere from 100 to 100,000 amastigotes get into the wound. Here, they multiply
in the cytoplasm of the cells of the reticuloendothelial system.

Neutrophils that appear at the entrance gate absorb parasites that do not multiply in
these cells. During apoptosis, macrophages absorb neutrophils, where leishmanias turn
within 2–5 days into an intracellular morphological form without flagellum, the amastigote.
The breeding cycle of amastigotes is 24 h. In the phagolysosomes of macrophages, the
parasite replicates and survives due to its resistance to the microbicidal mechanisms of
these cells, NO and ROS [70]. The process begins in the skin at the point of penetration of
the parasite in the form of a granuloma (leishmanioma).

There are three main forms of leishmaniasis: visceral (VL, black disease, kala-azar,
causative agent Leishmania donovani), cutaneous (CL, pendinsky ulcer, causative agent
L. tropica), and mucocutaneous (espundia, causative agent L. brasiliensis). In visceral
leishmaniasis, the foci of infection are formed in the organs of the reticuloendothelial
system [68].

The currently available list of antileishmanial drugs that affect various metabolic
pathways of the parasite is limited, and the growing resistance to them is of concern. For
the treatment of leishmaniasis, pentavalent antimony compounds, amphotericin B, lipid
forms of amphotericin B, miltefosine, and azole preparations are mainly used. However,
antimony, like other drugs, has a wide range of side effects and causes high mortality in
HIV patients [71,72]. These circumstances have necessitated a search for more harmless
means for the treatment and prevention of leishmaniasis.

As presented in the previous section on antimalarial agents, marine macroalgae and
invertebrates contain compounds that can control certain pathogens. There is evidence
that heparin-binding proteins (HBP) are present on the surface of leishmania and may
play a significant role in the parasite’s life cycle, determining the success of the binding
of the parasite to the host tissue. Thus, L.M.C. Cortes et al. [73] fractionated L. braziliensis
promastigotes and isolated two heparin-binding proteins present on the promastigote
surface. These proteins are involved in the adhesion of these parasites to Lulo cells (this
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insect cell line is a model for studying the interaction of insects and leishmania as it
partially models adhesion events in the intestines of mosquitoes) or to a surface covered
with heparin. About 860,000 HBP units are present on the surface of promastigotes. They
inhibit the activity of protein kinase C (which will be discussed below) in the host organism
by binding to heparin. In addition, the expression of HBP in L. donovani is associated with
infectious forms of this parasite; HBP predominates in stationary-phase promastigotes, and
successive culture passages of these parasites lead to a loss of the ability to bind to heparin.

Since SPSs have a molecular structure similar to heparin, they can bind various ligands,
including protein receptors on the surface of the host cell [74].

Thus, to study this antileishmania effect, C.L. Pires et al. [75] used highly purified SPS
obtained from extracts of the red algae Solieria filiformis (Sf), Botryocladia occidentalis (Bo),
Caulerpa racemosa (Cr), and Gracilaria caudata (Gc). The authors evaluated their toxic effects
and effects on the growth of L. amazonensis amastigotes (Figure 2).

Figure 2. Highly purified SPS obtained from extracts of the red algae Solieria filiformis, Botryocladia occidentalis, and Caulerpa
racemosa showed antileishmania activity.

The molecular weight of the polysaccharides was more than 200 kDa (Gc, Sf), 30 kDa
(Bo), and 25 kDa (Cr), respectively.

Three of the four SPS were active against L. amazonensis (except for Gc), and they
dose-dependently reduced the viability of amastigotes. The most active was extract Cr,
which significantly reduced the viability of parasites (EC50—34.5 μg/mL). Polysaccharides
derived from Bo and Sf showed moderate antileishmania activity, with EC50 of 63.7 μg/mL
and 137.4 μg/mL, respectively. All polysaccharides reduced the survival of the J774
macrophage cell line, with CC50 values of 27.3 μg/mL, 49.3 μg/mL, 73.2 μg/mL and
99.8 μg/mL for Bo, Cr, Gc and Sf, respectively.

However, none of the polysaccharides decreased the viability of peritoneal macrophages.
The authors suggested that the cytotoxicity of the compounds was responsible for the de-
struction of leishmania rather than any direct effect on the parasite. High molecular weight
polysaccharides exhibited weak antileishmania activity. The authors proposed SPS as an
alternative to heparin for the treatment of leishmaniasis, as they are more effective than
alkaloids, terpenoids, and other natural algae products.
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A more detailed study of the effectiveness of SPS as an antileishmanial agent is
presented in the work of S.A. Minicante et al. [76]. The authors evaluated the effect
of polysaccharides of seven species of algae (green, red, and brown) on cell cultures
DH82, Vero, L929, MDCK, and U937. Polysaccharides in the studied concentrations (up
to 160 μg/mL) did not have a toxic effect on cell cultures and showed an antileishmania
effect against L. infant (except for two, Agardhiella subulata and Hypnea cornuta). In addition,
a convincing result was obtained using SPS from U. pinnatifida and Sargassum muticum. At
the maximum concentration of polysaccharides (160 μg/mL), the death rate of parasites
was 100%, which was confirmed by morphological studies.

At an SPS concentration of 20 μg/mL, inhibition of the growth of leishmania and
the presence of an abnormal and round shape of parasites took place. In cultures with a
polysaccharide concentration of 80 μg/mL, leishmania cells were aggregated, rounded, and
included individuals without flagella. In cultures with an SPS concentration of 160 μg/mL,
it was impossible to find whole forms of protozoa, and only apoptotic bodies were de-
termined. Noteworthy is the fact that SPS from S. muticum and U. pinnatifida at the same
concentrations did not act on Trypanosoma cruzi, which indicates their specific action
against leishmania.

Fucoidan was used orally three times a day for four weeks, starting 15 days post-
challenge, at a dose of 200 mg/kg/day in a six-week experiment in BALB/c mice infected
with both antimony-sensitive and resistant leishmania strains. The results obtained allowed
Kar et al. to establish that this polysaccharide had an inhibitory effect on the multiplication
of amastigotes of both strains in macrophages (inhibition > 93% at 50 μg/mL) and also
eliminated the parasitic load in the liver and spleen of animals [77].

The participation of NO in the inhibition of intracellular reproduction of amastigotes
by fucoidan was established. For this, an iNOS inhibitor (2-amino-5,6-dihydro-6-methyl-
4H-1,3-thiazine (AMT)) was used. The in vitro inhibitory effect of fucoidan was markedly
reduced after 24 h in the presence of AMT (86% and 77% reductions for AG83 and GE1F8R,
respectively). Fucoidan had no direct effect on the viability of promastigotes at doses of 25
and 50 μg/mL. However, slight inhibition (9% and 7% for AG83 and GE1F8R, respectively)
was found when the polysaccharide was exposed to a dose of 100 μg/mL for 48 h. The
viability of mouse peritoneal macrophages remained unchanged up to 150 μg/mL fucoidan.

In vivo experiments on mice intravenously infected with L. donovani promastigotes of
strains AG83 and GE1F8R investigated the parasitic load in the liver and spleen. After six
weeks all animals treated with fucoidan remained healthy and none of the groups showed
a decrease in body weight. The action of fucoidan was dose-dependent and changed
over time.

At a lower dose (25 μg/mL), the percentage of parasite death varied between antimony-
sensitive (62%) and resistant (45%) strains. However, at a 50 μg/mL concentration for 24 h,
inhibition was almost complete (96% and 93% for AG83 and GE1F8R, respectively).

To clarify whether fucoidan provides long-term protection, the cured mice were re-
infected two months after the initial infection. The parasite load progressed rapidly in the
placebo-treated mice, while the fucoidan-treated mice treated with the polysaccharide at a
dose of 200 mg/kg/day were resistant to reinfection, which was observed up to 7 weeks;
i.e., fucoidan therapy can form acquired immunity against both susceptible and resistant
strains of leishmania. However, the authors emphasized that the mouse model does not
reproduce all the features of active human visceral leishmaniasis.

Visceral leishmaniasis is accompanied by impaired proliferation of T-lymphocytes. In
this regard, S. Kar et al. [77] conducted a study of the effect of fucoidan on this process.
Four weeks after fucoidan treatment, mice infected with AG83 and GE1F8R showed a
12.8- and 11.2-fold increase in spleen T cell proliferation. A comparison of the cytokine
expression profile was performed, and it was shown that in both groups of infected animals
(AG83 and GE1F8R) the IFNγ, IL-12, and TNFα indices increased after four weeks in AG83
mice, by 7.5, 6.4 and 5.8 times, respectively, and in GE1F8R animals by 6.5, 5.4 and 5.8
times, respectively. IL-10 and TGFβ decreased in AG83 mice treated with fucoidan by
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79% and 75%, respectively, and in GE1F8R mice treated with polysaccharide by 72% and
70%, respectively.

Thus, in in vivo situations, fucoidan can provide protection against both antimony-
sensitive and resistant strains by direct action on the induction of NO and ROS, stimulation
of splenocyte proliferation, and switching the balance of cytokines from the TH2 to the
TH1 regime, which creates host protection against leishmania [77].

Leishmanias survive in a hostile environment in macrophages by inhibiting their
defense mechanisms, namely, the formation of nitric oxide (NO) and the production of
reactive oxygen species (ROS). Parasites use strategies to interfere with a wide range of
signalling processes in macrophages, including protein kinase C (PKC), the JAK2/STAT1
cascade, and the MAP kinase pathway [78]. PKC signalling activates NF-kB, a universal
transcription factor involved in expressing protective molecules [79,80]. Lipophosphogly-
can on the cell surface of Leishmania promastigotes is a potent inhibitor of PKC activity
in vitro in intact macrophages.

Depletion of PKC creates favourable conditions for the proliferation of L. donovani
and promotes the survival of the parasite in host cells. At the same time, the expression
of atypical isoforms (PKCε and PKCζ) increases, while Ca2+-dependent PKC-β decreases
in patients with leishmaniasis. Deactivation of PKCβ correlates with increased IL-10
production and disease progression. Furthermore, PKC signal transduction activates NF-
kB, a universal transcription factor involved in expressing protective molecules [79,80]. In
addition, there is evidence that Leishmania themselves express phosphatases targeting host
cell molecules, which also contributes to the intracellular survival of the parasite [81].

Earlier [77], it was found that oral administration of fucoidan in mice at a dose of
200 mg/kg/day for three weeks infected with antimony-sensitive L. donovani strain re-
sulted in the relieving of parasitic load in the liver and the inhibition of >93% of amastigotes
in macrophages. As mentioned earlier, this healing effect is associated with a Th2 to Th1
switch. In addition, splenocytes from mice treated with fucoidan produced higher levels of
NO and ROS.

G. Sharma et al. [70] investigated the cellular mechanisms underlying the antileishma-
nial effect of fucoidan in macrophage culture in vitro using a model of visceral leishmania-
sis. A commercial preparation of fucoidan from Fucus vesiculosus contained 97% fucose
and trace amounts of galactose, xylose and uronic acid.

When using monoclonal antibodies against IFNγ, TNFα and IL-12, a significant decrease
in the protective effect of fucoidan was observed (parasite suppression was 57%, 52% and 63%,
respectively) compared to mice receiving fucoidan (parasite inhibition was 99%).

In another series of experiments, mice were infected and then treated with fucoidan
and AMT (2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine). This compound is a known
inhibitor of the enzyme NO synthase (NOS) [82]. Mice treated with AMT had a weaker
reduction in parasitic load than those treated with fucoidan. The mRNA levels of iNOS
(the main enzyme that promotes NO formation) four weeks after infection were increased
in infected mice treated with fucoidan (induction 9.15-fold), and remained at the same
level after six weeks. Fucoidan mediated the induction of iNOS and proinflammatory
cytokines dependent on the activation of p38 and ERK1/2 MAPK, which ultimately led to
the activation of NF-kB and the associated antileishmanial response.

Treatment of infected macrophages with fucoidan induced a time-dependent increase
in PKC-a, -b1 and b-2 kinase activities. The maximum PKC-a activity was 2.1 times higher
60 min after treatment, and the PKC-b1 and b2 activity were 2.7 and 2.67 times higher than
in the untreated control, respectively.

Thus, fucoidan not only protects against leishmanias, it also activates the host’s
immune response. The results obtained by the reviewed authors indicate the effectiveness
of this polysaccharide as a powerful immunoregulator for inclusion in the treatment of
visceral leishmaniasis, including when caused by antimony-resistant leishmanias.

As a new therapeutic method for leishmaniasis, M.H.M. Hoseini et al. [83] suggested
using chitin. To prove this, the authors injected female BALB/c mice subcutaneously with
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Leishmania promastigotes and microparticles of chitin and/or chitosan for two weeks. The
animals were sacrificed 12 weeks later, except for one group two weeks after infection. In
the groups receiving chitin (0.6 ± 0.12 mm) and chitosan (1.2 ± 0.8 mm), the mean lesion
sizes were significantly smaller than in the control group (6.2 ± 1.7 mm).

The parasite load in the lymph nodes of the polysaccharide-treated mice was con-
siderably lower than in the lymph nodes of the control animals. Chitin microparticles
induced cell proliferation and increased the production of TNFα and IL-10, that is, they
acted as immunomodulators. Moreover, chitin was more effective in experimental leish-
maniasis than chitosan. On the other hand, Riezk et al. [84] showed that chitosan and
its derivatives at pH 6.5 were approximately 7–20 times more active than at pH 7.5, both
against extracellular promastigotes and against intracellular amastigotes of L. major and L.
mexicana. In this case, chitosan with a high molecular weight was more active. This pattern
stimulated the production of nitric oxide and reactive oxygen species in both infected
and non-infected leishmania macrophages in a time and dose-dependent manner. The
rhodamine-labelled polysaccharide was absorbed by pinocytosis and accumulated in the
parasitophorous vacuole of macrophages infected with leishmania. Thus, chitosan and
chitin require further research as antileishmania drugs.

4. Trypanosomiasis

Trypanosomiasis is a group of transmissible protozoal diseases caused by flagellate
protozoa of the genus Trypanosoma. The World Health Organization lists these diseases as
one of the six most dangerous tropical diseases, distinguishing between American (Chagas
disease) and African trypanosomiasis.

There are three stages in the developmental cycle of trypanosomes: (i) the invasive
stage, in which the tripomastigote has an elongated shape and the flagellum is an undulat-
ing membrane and is therefore very mobile; (ii) the epimastigote exists inside of the carrier;
and (iii) the immobile amastigote exists as an intracellular parasite of vertebrates.

The causative agent of American trypanosomiasis, Trypanosoma cruzi, is spread by
the bite of a triatomine bug and is endemic to the continental region of Latin America.
However, in recent years the disease has been found in the United States, Canada, and
many European countries [85]. To date, about 6–7 million people around the world are sick
with trypanosomiasis and the population at risk of infection is about 65 million.

The invasive stage for the vector, as well as for a vertebrate animal, are metacyclic
trypomastigotes, which insects receive when feeding on animals and humans. The faeces
of these insects carry the trypomastigotes into wounds or scratches on the skin and cause
infection [86]. Moreover, they are also able to invade any germline host cells [86].

The main sites of parasitic trypanosomes are the smooth muscles of the heart and
gastrointestinal tract. The life cycle ends when uninfected triatomaceous bugs feed on the
blood of infected mammalian hosts and ingest parasites, which grow and differentiate in
the insect’s gastrointestinal tract and eventually migrate to the hindgut.

The disease can be transmitted through insect vectors, through the placenta from
mother to fetus, through blood and tissue transplants, through ingestion of parasitized
meat or freshly squeezed fruit juice, or as a result of intra-laboratory infection.

The causative agents of African trypanosomiasis (African sleeping sickness) are Tri-
panosoma brucei gambiense and Tripanosoma brucei rhodesiense; the carrier is the tsetse fly. The
insect receives metacyclic trypomastigotes from humans or animals (pigs, antelopes, cattle)
which act as the host for this parasite. The most anthropophilic insect species is G. palpalis.
In 2019, 992 cases of African trypanosomiasis were reported. The population at risk of
infection is about 65 million.

The minimum invasive dose of trypanosomes is 300–400 parasites. A fly gives off
about 400,000 trypanosomes in one bite. One bite of an infected fly is enough for a person
to fall ill with sleeping sickness. From about ten days after the bite, a person becomes a
source of infestation.
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Once inside the host, trypomastigotes migrate and spread throughout the body
through the circulatory and lymphatic systems, after which they begin to multiply by
binary fission. Ultimately, they disrupt the blood–brain barrier, which leads to infection of
the central nervous system and the death of almost 100% of untreated patients [87].

Specific therapy is based on using nifurtimox and benznidazole, both of which are ni-
troheterocyclic agents that induce the formation of reactive oxygen species. However, these
drugs have low efficacy and adverse side effects (impaired liver function, pancreas, skin irri-
tation) [88]. In addition, the annual global cost of treating infected patients is approximately
USD 24.7 billion, with 10% of this in the United States and Canada [89]. In connection with
this situation, the search for inexpensive, effective and low-toxic compounds that can be
used against trypanosomes continues.

As such agents, D. Leal et al. [90] used SPS from brown algae Lessonia spp. In addition
to alginic acid, brown algae contain sulfated polysaccharides consisting mainly of L-
fucopyranose residues linked by α1 → 3 and α1 → 4 glycosidic bonds. It has already
been said above that sulfated fucoidans are of great interest due to their multifaceted high
biological activity.

From the extract of Lessonia spp. blades, fucoidan was isolated and structurally
characterized, then further investigated for trypanocidal activity against epimastigotes, a
non-infectious replicative form found in the intestine of insect vectors.

The IC50 of fucoidan for epimastigous T. cruzi was 250 ± 3.92 μg/mL. The activity
of fucoidan was lower than that of the drug nifurtimox (28.84 ± 0.84 μg/mL). However,
the polysaccharide showed low toxicity in mammalian cells, with a selectivity index of
1.47 towards the T. cruzi parasite. S. Kar et al. [77] reported that commercial fucoidan
significantly increased ROS and NO levels in L. donovani-infected macrophages. The
authors showed that fucoidan’s possible mechanism of action in this case is associated with
an increase in ROS, causing oxidative stress in parasites which lack endogenous antioxidant
systems and are therefore susceptible to oxidative stress.

At the same time, if the polysaccharide has antioxidant activity [91] and partially
reduces the concentration of free radicals, this can lead to a decrease in the trypanocidal
activity of the SPS.

To expand the possibilities for practical application of SPS, W.M. Souza et al. [92]
used a sulfated polysaccharide as raw material for the preparation of an anti-trypanosome
nanopreparation. To increase SPS activity, the authors synthesized a preparation containing
silver nanoparticles and fucoidan obtained from the brown alga Spatoglossum schroederi.

These algae synthesize three types of bioactive heterofucans, A, B, and C, of which
A has the highest content of fucoidan in comparison with others. Furthermore, it was
previously shown in animal studies that the studied polysaccharides were not genotoxic or
mutagenic either in vitro or in vivo [93,94].

W.M. Souza et al. [92] obtained seven fractions rich in sulfated fucoidans from the
algae extract, which were analyzed by electrophoresis in agarose gel after staining with
toluidine blue. Only one band was detected in fractions FO, 5v, and FO6v, which indicated
the purity of the obtained polysaccharides. Afterwards, the fucoidans were used to obtain
nanoparticles based on silver (Ag). The darkening of the solution marked the completion
of the nanoparticle formation process.

The study of the antiparasitic activity of AgFuc, Ag and the FO, 5v fraction showed that
at the lowest concentration (25 μg) all of the samples were inactive. Silver had the lowest
toxicity against the parasite. FO, 5v affected the epimastigote form of trypanosomes only
at the highest concentration used (100 μg). Moreover, its influence was more pronounced
after 48 h (59.4 ± 1.4%). The highest time-dependent effect was obtained with AgFuc
nanoparticles (after 24 h, the inhibition rate was 58.9 ± 1.2%; after 48 h, 67.3 ± 2.1%).
Sample FO, 5v did not kill the parasites. Instead, AgFuc significantly increased the number
of necrotic and apoptotic cells (Figure 3).
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Figure 3. Sulfated biopolymers from marine hydrobiont fucoidans (brown algae) in combination with silver nanoparticles,
as well as chitosan from crustaceans, have an antitrypanosomal effect.

Rhodamine is a marker of mitochondrial function. Application of FO, 5v reduced
the number of rhodamine-stained parasites. AgFuc caused damage to the function of
mitochondria in parasites, resulting in their death. According to the authors, parasites
may have receptors that recognize polysaccharides, particularly fucoidans, facilitating
the penetration of nanoparticles into the parasite’s cytoplasm. Inside the parasite, they
decompose and the silver component causes the formation of ROS, damaging mitochondria
and causing the death of the parasite. These results are very interesting and promising for
creating antitrypanosomal drugs; however, they require further in-depth studies.

Cell labelling with annexin V-FITC and P1 helps differentiate apoptotic, necrotic and
viable cells. AgFuc significantly increased the number of cells stained with P1, indicating
a higher level of necrosis than control samples. There were also many cells stained with
annexin (19.7%), which indicated the apoptotic effect of the nanopreparation.

Another promising study concerns the use of chitosan oligosaccharides [95]. We
present data on chitosan among the results obtained using SPS since the mechanisms of
antiparasitic action of these compounds are similar.

The commercial preparation of chitin is obtained from the shells of marine arthropods.
Every year in the world, seafood processing generates from 6 to 8 million tons of shell waste
of which, most is thrown away [96]. Chitosan is a copolymer of N-acetyl-D-glucosamine
(GlcNAc) and D-glucosamine (GlcN) obtained by partial deacetylation of chitin. Chitosan
is biocompatible, nontoxic and biodegradable, and is therefore widely used in many
fields [97]. In addition, the cationic nature of chitosan leads to enhanced bioadhesion on
the membranes of microorganisms and fungi [98].

DaSilva et al. [95] used this property of chitosan against trypanosomes. However, its
high molecular weight, degree of deacetylation, and, most importantly, poor solubility
remains major obstacles to its widespread use in medicine. Therefore, the authors obtained
small soluble chitooligosaccharides (COS) by enzymatic hydrolysis of chitosan using
chitosanase from B. toyonensis.

Under the microscope, trypanosomes looked like elongated cells with a single thin
flagellum and a smooth surface. After 72 h of incubation with COS, a network was
observed on the surface of epimastigote forms of T. cruzi which adhered to the parasites,
forming aggregates. The use of energy-dispersive X-ray spectroscopy (EDS) made it
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possible to establish that the grid consisted of organic material. The authors were unable
to determine whether the network was COS or an extravasate of the internal contents of
the parasites. Still, it appeared to be a combination of an oligomer and an extravasate.
Thus, studies have shown that COS can form a polymer network that interacts with
the parasite, preventing movement or possibly the exchange of nutrients by the parasite
through membrane receptors by disrupting its metabolism. The oligomers also caused a
time-dependent inhibition of the epimastigote forms of trypanosomes.

Thus, COS can be used to control T. cruzi, possibly in combination with drugs or in
drug delivery systems, to enhance their action or overcome drug resistance.

5. Schistosomiasis

Schistosomes, or blood flukes, are the causative agents of schistosomiasis. In humans,
the three species are most often found are Shistosoma haematobium, the causative agent of
genitourinary schistosomiasis, and S. japonicum and S. mansoni, the causative agents of
intestinal schistosomiasis [68]. It is estimated that at least 236.6 million people required
treatment in 2019, of whom only 105.4 million received treatment. Helminthiasis occurs
primarily in tropical and subtropical developing countries [99].

The main pathological manifestations of Japanese schistosomiasis are granuloma and
subsequent liver fibrosis caused by the retention of worm eggs in this organ, which leads to
fatal irreversible damage in the liver and intestines of the host [100,101]. At the same time,
a dominant CD4 + Th2 immune response mediated by IL-4 and IL-13 develops, leading
to the development of granulomas and fibrosis. During the development of liver fibrosis,
macrophages of the M2 phenotype act as a key cell population (30%). These cells play
a critical role in the immune response, as they contribute to the TH2 response and are
required to suppress the Th1 response.

It is known that fucoidans have anti-inflammatory effects, inhibiting LPS-induced
inflammation in macrophages and blocking the signalling pathway of the nuclear factor
NF-kB, TLR4 [102]. A commercial preparation of fucoidan from the brown alga Sargassum
hemiphyllum reduced the expression of cytokines (TIMP-1, CXCL-1, MCP-1, and MIP-2),
reducing the intensity of the development of lung fibrosis in mice [103].

X. Bai et al. [104] used fucoidan obtained from the brown alga F. vesiculosus as an
anti-inflammatory and hepatoprotective agent in experimental schistosomiasis (500 mg/kg
twice a day for 40 days). When using fucoidan to treat mice infected with schistosomes, a
significant decrease in the size of liver granulomas and the degree of fibrosis was observed
during the infectious process. The levels of mRNA and anti-inflammatory cytokines (IL-4
and IL-13) increased, as did infiltration of the liver and spleen tissue with Treg cells as well
as the levels of IL-10 and TGFβ mRNA.

Among the splenocytes stimulated in vitro by fucoidan, the number of Treg cells
increased along with increased expression of chemokine receptors CCR4 and CXCR5 on
Treg-cells. In addition, an increase in the levels of IL-4 and IL-13 mRNA was observed
in macrophages.

Thus, the use of fucoidan in schistosomiasis reduces pathological changes in the liver
and prevents the progression of the process caused by S. japonica, which may be a new
potential strategy for the treatment of patients with pathology caused by this helminthiasis
in the future.

6. Cryptosporidiosis

Cryptosporidiosis is a parasitic disease of the intestinal tract of mammals, including
humans, caused by the protozoa Cryptosporidium parvum. Cryptosporidia are capable of
multiplying not only in cells but also extracellularly [105]. Cryptosporidiosis is spread
by food, often through contaminated water. The agent causes severe watery diarrhea in
humans and other mammals [106], and is especially dangerous for immunocompromised
individuals. Cryptosporidiosis is a major problem for animal farming, as these protozoa
are one of the most common enteropathogens in young farm animals and poultry, resulting
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in large economic losses [107]. In Europe, about 4.7 million disease cases are registered
annually, with about 500 deaths per year [108].

The only drug approved by the Food and Drug Administration (FDA, Silver Spring,
MD, USA) for the treatment of immunocompromised people with cryptosporidiosis is
nitazoxanide, the effectiveness of which is low; therefore, as with other parasitic diseases, a
search is underway for effective new drugs for the treatment and prevention of this disease.

Infection with cryptosporidia occurs when the host animal swallows the oocysts of
the pathogen, after which they secrete sporozoites as they pass through the stomach and
duodenum. Sporozoites attach to intestinal epithelial cells, envelop the host cell membrane,
and develop into trophozoites.

Sporozoites, however, cannot directly interact with intestinal epithelial cells. Instead,
they contain a glycocalyx, a filamentous layer of branched carbohydrates [109]. This acts as
a protective barrier [110] and includes a high level of transmembrane mucin glycoproteins
of the proteoglycan type [111]. Proteoglycans are macromolecules located on the cell surface
or in the extracellular matrix in which one or more glycosamine chains are covalently linked
to a membrane or secreted protein. Various pathogens use these structures to invade host
cells [112–114].

A. Inomata et al. [115] suggested that C. parvum interacts with GAG on host cells, and
some polysaccharides can inhibit the parasite’s attachment to cells [116]. The authors eval-
uated the anticryptosporidial effects of five sulfated polysaccharides on parasite invasion
and found that they all have an inhibitory effect on this process. In this case, the most
powerful effect was exerted by heparin at a dose of 1 μg/mL. Among the studied SPS was
fucoidan, which had a dose-dependent inhibitory effect, reducing the invasion of parasites
by about 50% at a concentration of 100 μg/mL.

The results of this study also indicated that polysaccharides (in particular, this was
shown in the fucoidan model) compete with some factor(s) on the surface of the parasite
and that this is are involved in the invasion of HCT-8 cells. It has also been shown that cell
surface heparan sulfate plays a role in C. parvum invasion in vitro.

The authors did not aim to study the antiparasitic action of fucoidan in detail. How-
ever, they showed the mechanism of action of SPS when interacting with parasites and cells,
as well as the need to continue research in this direction in order to create new effective
drugs against cryptosporidiosis.

H. Maruyama et al. [116] investigated the effect of native (obtained from the sporo-
phylls of U. pinnatifida) and desulfated fucoidans on the adhesion of cryptosporidia to the
cell culture of human intestinal epithelium (Intestinal 407), as well as the infectious process
in newborn mice. The adhesion of C. parvum to intestinal cells was significantly reduced
when the cells were treated with a low dose of fucoidan (1%, 50 μg/mL). The number of C.
parvum oocysts in mice receiving fucoidan decreased by almost five times compared with
control animals that did not receive the polysaccharide. Thus, the authors have convinc-
ingly proven that fucoidan effectively inhibits the growth of C. parvum in mice and also
prevents the adhesion of parasites to the epithelial cells of the human intestine. At the same
time, fucoidan can inhibit cryptosporidium due to direct binding to functional mediators
derived from C. parvum in the intestinal epithelial cells of newborn mice. However, the
desulfated fucoidan had little effect on the growth of parasites.

Chitosan has promising potential in the prevention and treatment of cryptosporid-
iosis. To assess the effect of two chitosans (Chitosan NAG and Chitosan Mix) on oocyst
secretion in newborn CD-1 mice, C. parvum oocysts were orally inoculated, treated with
chitosans and compared with those of untreated animals [117]. Paromomycin, a classic
drug used in veterinary medicine, was used as a control. Treatment with both chitosans
and paromomycin significantly reduced the release of parasites in infected animals that
received chitosan (−56%, −34.5%, 58%, respectively).

In the in vitro experiments, after 24 h incubation at 37 ◦C a significant decrease in the
viability of cryptosporidium oocysts was observed (>95%). In addition, paromomycin,
chitosan NAG, and chitosan Mix all dose-dependently inhibited the reproduction of C.
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parvum in the NCT-8 and Caco-2 cell lines. The authors considered these results as the first
evidence of the effectiveness of chitosan as an anticryptosporidial compound.

7. Trichomoniasis

Trichomonas vaginalis is a flagellated protozoan that causes trichomoniasis, a sexually
transmitted disease in humans. Infection is possible through non-sterile gynecological
instruments and gloves. The parasite lives on the surface of the epithelium of the urogenital
tract of women and men. The parasite replicates by binary fission of the nucleus. The
trophozoite form is the only stage of this protozoan [118].

The disease is widespread. According to the WHO, about 170 million people are
infected with vaginal trichomonas. In developed countries, the prevalence of this pathology
is 2–10%; in developing countries, it reaches 40%. 5-nitroimidazole is used to treat the
disease [119]. Oral administration of this medication remains the recommended treatment
regimen for trichomoniasis. However, the adverse side effects on the gastrointestinal tract,
allergenic profile, and increasing drug resistance of parasites necessitate a search for new
ways to combat trichomonas [120].

As with other parasitic diseases, scientists are searching for new effective compounds
in order to create drugs against this infection, including among biologically active sub-
stances from marine hydrobionts, particularly algae. Thus, C.B.S. Telles et al. [121] analyzed
the activity of five heterofucans from the brown alga S. filipendula, which have strong an-
tiproliferative and antioxidant effects. Two out of the five polysaccharides were inactive
towards Trichomonas trophozoites

Three fucans showed activity after 24 h of vaginal treatment in mice. The polysaccha-
rides exerted a cytotoxic effect on protozoa, almost completely suppressing their viability.
As shown in this work, the degree of sulfation of fucans is an essential factor in anti-T.
vaginalis activity. The authors placed great hopes on algal polysaccharides; however, they
also drew attention to the fact that further serious research is needed in order to clarify the
complete structure of these polysaccharides, the configuration of glycosidic bonds, their
position, and the number of sulfate groups and branch points.

8. Conclusions

As follows from the above materials, SPS from marine hydrobionts are promising
antiparasitic compounds. Parasites’ development of resistance to traditional drugs leads
to the loss of the effectiveness of existing drugs as therapy. In addition, the toxicity and
adverse side effects of many drugs used to treat parasitic infections stimulates the search for
alternative remedies. Active screening of biologically active natural compounds, including
among the metabolites of marine aquatic organisms on which basis effective drugs can be
obtained, has led to the development of new strategies in the therapy and prevention of
parasitic diseases.

SPS from marine algae and invertebrates are practically nontoxic, and only in rare
cases slightly toxic in the body. Polysaccharides such as, for example, fucoidan, have long
been widely used by the population of many countries and are produced in the form of
food additives [17,18].

However, the mechanisms of the antiparasitic action of these unique compounds at
the cellular and molecular levels are far from being fully understood. It can be considered
that at present there is an accumulation of knowledge, and attempts are being made to
explain many processes, as the interaction of each type of parasite with different SPS is
specific and each requires a special approach.

Numerous studies have shown that both algae extracts and the metabolites of these
aquatic organisms, including SPS, have not only powerful antiparasitic, but also antioxi-
dant, anti-inflammatory, immunomodulatory and antitoxic potential [18,122,123], which
cannot but enhance their action against parasitic invasion. Therefore, it is necessary to
study polysaccharides with a characterized structure in order to determine how such
important structural parameters as monosaccharide composition, type of glycoside bond,
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molecular weight, the content of sulfate groups, and uronic acids affect the antiparasitic
activity of SPS. Such materials have already been obtained when studying the effective-
ness of SPS in bacterial and viral infections [124] and, to a lesser extent, in parasitic inva-
sions [53,57,125]. This also seems to occur in the interaction of SPE with parasites of various
taxonomic groups [53,57]. Thus, it is necessary to expand research on compounds with a
high antiparasitic effect in order to determine the relationship between their structure and
biological activity.

Of great interest is the study of the nature of the direct action of SPS on protozoa using
contemporary methods, as is the case in the study of the interaction between bacteria and
polysaccharides. These compounds bind to the surface of the bacteria, causing damage to
the membrane or leakage of nutrients from the microorganism. This is confirmed by the
discovery of nucleic acids [126] and proteins [127] released after the treatment of bacteria
with SPS. It is possible to carry out the same research with unicellular and multicellular
parasites. It is also possible that SPS traps and binds nutrients in the environment, leading
to a loss of bioavailable of nutrients for parasites and causing a decrease in viability or even
death in protozoa.

A careful approach in determining the antiparasitic action of SPS requires an adequate
extrapolation of the data [128] obtained in vitro to the field of application in vivo, given
that most studies of marine polysaccharides at present are conducted outside the body.
The possibility of a discrepancy between the concentrations of drugs used for in vitro
experiments to affecting the body’s cells and protozoans and the actual conditions of the
human body should be borne in mind.

Questions about the targets for the SPS of marine hydrobionts on each species of
protozoa, as well as about whether parasites can develop resistance to these compounds,
also require in-depth study.

Despite the abundance of unresolved issues, SPS from marine hydrobionts, which
combine high antiparasitic potential with antitoxic, anti-inflammatory, immunomodulatory
and antioxidant properties, are a promising basis for creating new drugs, food supplements,
and functional food products to fight parasitic infections. It is also necessary to conduct
in-depth studies of the possibility of the combined use of antiparasitic drugs and SPS
to reduce the toxicity of antiparasitic drugs and eliminate their undesirable side effects.
The multivalent action of SPS has been realized at the cellular and molecular level. It is a
significant factor in increasing the antiparasitic therapeutic potential of biologically active
substances in aquatic organisms. SPS, unlike many drugs, has a substantial number of
targets for the implementation of their action, and their antiparasitic effect is a combination
of several possible mechanisms leading to the death of parasites.

Difficulties in the development of drugs based on SPS remain, largely due to the
complexity of their standardization as they need to be standardized in terms of such
physicochemical parameters as molecular weight, monosaccharide composition and degree
of sulfation, and structure of side chains as well as the type or combination of types of
bonds between fucose and other residual monosaccharides that make up the SPS. Obtaining
chemically pure, structurally characterized and homogeneous samples with low molecular
weight or oligomeric fractions with polydispersity indices close to unity from native
polysaccharides is a difficult task. One of the approaches to solving it consists in the use of
polysaccharide-degrading enzymes such as fucoidan hydrolases (fucoidanase), alginate
lyase, and carrageenans sulfatases [129,130].

Despite this, the combination of new methods including genetic modification of
pathogens, molecular docking, bioimaging, and the use of physicochemical methods for
research, which led to the standardization of high-throughput screening platforms in drug
development, will undoubtedly allow these strategies to be applied to the creation of
antiparasitic drugs based on biologically active substances from marine hydrobionts.
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Abstract: C1q domain-containing (C1qDC) proteins are a group of biopolymers involved in immune
response as pattern recognition receptors (PRRs) in a lectin-like manner. A new protein MkC1qDC
from the hemolymph plasma of Modiolus kurilensis bivalve mollusk widespread in the Northwest
Pacific was purified. The isolation procedure included ammonium sulfate precipitation followed by
affinity chromatography on pectin-Sepharose. The full-length MkC1qDC sequence was assembled
using de novo mass-spectrometry peptide sequencing complemented with N-terminal Edman’s
degradation, and included 176 amino acid residues with molecular mass of 19 kDa displaying high
homology to bivalve C1qDC proteins. MkC1qDC demonstrated antibacterial properties against
Gram-negative and Gram-positive strains. MkC1qDC binds to a number of saccharides in Ca2+-
dependent manner which characterized by structural meta-similarity in acidic group enrichment of
galactose and mannose derivatives incorporated in diversified molecular species of glycans. Alginate,
κ-carrageenan, fucoidan, and pectin were found to be highly effective inhibitors of MkC1qDC activity.
Yeast mannan, lipopolysaccharide (LPS), peptidoglycan (PGN) and mucin showed an inhibitory effect
at concentrations three orders of magnitude greater than for the most effective saccharides. MkC1qDC
localized to the mussel hemal system and interstitial compartment. Intriguingly, MkC1qDC was
found to suppress proliferation of human adenocarcinoma HeLa cells in a dose-dependent manner,
indicating to the biomedical potential of MkC1qDC protein.

Keywords: bivalve mollusk; C1q domain-containing; lectin-like; pattern recognition receptor;
polysaccharides; interstitial compartment

1. Introduction

The specific interaction of proteins with carbohydrate underlies a variety of cell-
to-cell communications and cooperation with extracellular matrix (ECM). Cell surface
forms unique glycosylation patterns, which play a significant role in the immune defense
providing the self and non-self-discrimination abilities. Meanwhile, the most known group
of carbohydrate binding proteins are lectins, which demonstrated diversified affinity to
a variety of carbohydrate determinants. Initially all carbohydrate binding proteins were
recognized as lectins. However, extensive genomic research distinguished separate groups
of proteins recognizing glycans of pathogen-associated molecular patterns (PAMPs) [1].
Among these biopolymers, the C1qDC proteins form very interesting family widespread in
different groups of invertebrates that probably predicts an origin of vertebrates complement
system involved in the immune response.
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In the vertebrates, the C1q protein is a key component of the complement system,
triggering the classical pathway of its activation. In invertebrates, C1q domains and
corresponding proteins show a wide range of ligands, including a variety of PAMPs.
Interestingly, the largest number of genes encoding C1qDC proteins was found in bivalve
species genomes: 337 in Crassostrea gigas [2], 296 in Pinctada fucata [3], 445 in Modiolus
philippinarum [4], 1182 in Ruditapes philippinarum [5], 554 in Saccostrea glomerata [6] and 476
in Crassostrea virginica [7]. This unusually large number of genes probably arose due to
multiple duplications of genomic fragments. Studies suggest that this process occurred
independently in different species [5,7]. Presumably, the abundance of C1qDC proteins
allows covering the protective needs of the bivalve against various pathogens due to
the potential structural diversity of PAMPs. Many bivalve C1qDC proteins are soluble,
secreting PRRs that agglutinate and opsonize foreign agents by PAMPs recognizing [8–12],
but several studies also have shown that they are involved in embryogenesis [9,10,13], shell
formation [14–16] and interaction with predators [14]. Until recent years, some bivalve
C1qDC proteins are classified either as lectins [8,17–19] or as lectin-like proteins, which
emphasizes their probable origin as lectins with subsequent diversification [2,7,20].

Currently, lectins as biomedical and biotechnological tools are a very active area of
research [21–25]. In recent years, great attention has been paid to carbohydrate binding
proteins derived from marine organisms. Bivalves have the most extensive repertoires of
lectins, which allows them to thrive in an environment saturated with pathogens [26]. In
addition to antimicrobial properties, bivalve lectins show promising antitumor and antiviral
activity [22,24]. Bivalve C1qCD proteins are a large group of carbohydrate-recognizing
molecules which are interesting due to functional and property similarities with lectins
and can be a new object of biotechnological usage.

In this work, a novel C1qDC bivalve protein from M. kurilensis (MkC1qDC) was identi-
fied and an effective protocol for its isolation was developed. Immunohistochemical detec-
tion showed intracellular localization of target protein only in hemocytes and MkC1qDC
presence to the hemal system, ECM and interstitial components. The physicochemical
and functional properties of MkC1qDC was characterized, including the carbohydrate
specificity and antimicrobial activity. Furthermore, MkC1qDC demonstrated the inhibition
of HeLa proliferation in a dose-dependent manner, suggesting biomedical potential of this
protein.

2. Results

2.1. MkC1qDC Purification and Electrophoretic Properties

Cell-free hemolymph (plasma) of M. kurilensis is characterized by the highest hemag-
glutination (HA) activity towards human erythrocytes equally for all groups of the AB0
system displaying 1/64–1/256 titers against 6 × 107 cells per mL. Analysis of the carbohy-
drate specificity of M. kurilensis plasma agglutinins by hemagglutination inhibition (HAI)
assay showed that mucins type II and type III, mannan, N-acetyl-D-galactosamine, N-
acetyl-D-glucosamine, sialic acid, D-(–)-ribose, as well as D-glucuronic and D-galacturonic
acids, were inhibitory. Fraction 0–15% of ammonium sulfate precipitation of plasma pro-
teins had no agglutinating activity. Fractions 15−30%, 30−45%, 45−60%, 60−75% and
75−85% had agglutinating activity, but only 60−75% and 75−85% was inhibited by uronic
acids and citrus pectin containing a polygalacturonic acid structure. The inhibition activity
was Ca2+-dependent as 30 mM Na2EDTA disposed of it. Thus, in the presented final
scheme for the isolation of the target protein (Figure 1a), ammonium sulfate precipitation
was reduced to two fractions: 0–60% and 60–85%. Many of the major plasma proteins
(Figure 1b, Lane 1), such as 41 kDa, 36 kDa, 29 kDa and some others, was found only in the
0–60% fraction (Figure 1b, Lane 2), while in the fraction 60–85% there were significantly
fewer bands, but as a result of concentration, a band with a mass of 19 kDa, correspond-
ing to the target MkC1qDC protein, appears (Figure 1b, Lane 3). After chromatography
purification of the 60−85% fraction using pectin-immobilized affinity column (Figure 1c)
the band disappeared in the flow-through (Figure 1b, Lane 4), but was recovered in the
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Ca2+-binding eluate (Figure 1b, Lane 5). Typically, the protein eluted as a narrow peak
upon changing the eluate solution, as noticed by an increase in conductivity (Figure 1c).
On average, we were able to purify 2-4 mg of MkC1qDC from 1000 mL of M. kurilensis
hemolymph plasma.

Figure 1. The scheme of MkC1qDC isolation (a); sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
of samples obtained at different stages of MkC1qDC isolation (b); MkC1qDC band labeled; elution profile of affinity
chromatography on pectin-Sepharose CL-4B (c). 1—cell-free hemolymph; 2—sample after precipitation by ammonium
sulfate 0–60% saturation; 3—second precipitation by ammonium sulfate before affinity chromatography; 4—flow-through
of affinity chromatography; 5—eluted fraction; Mr—molecular weight standards.

2.2. Sequencing Analysis

We initially sequenced the protein by Edman sequencing. MkC1qDC samples were
purified independently at five different time points, and we were able to sequence 13 to
41 residues (Figure 2a). However, we were unable to find any significant matches against
any of the public databases when using the Basic Local Alignment Search Tool (BLAST,
https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 26 May 2021).
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Figure 2. Amino acids sequencing of MkC1qDC: N-terminal peptides from Edman’s degradation (a); alignment of two
fragments obtained by mass-spectrometric de novo sequencing (b) identical to Edman’s degradation results (c); alignment
of three de novo peptides (d) that had high quality of matches with C1qDC or C1q-like proteins from other Bivalvia (e);
alignment of full-length MkC1qDC sequence assembly with nearest homologues (f).
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To complement the data, we applied de novo mass spectrometry peptide sequencing
to determine the amino acid sequence of the protein. The purified protein was digested
with trypsin and several peptides of up to 50 residues with an Average Local Confidence
>80% were identified. Analysis of these fragments allowed us to assemble a sequence that
matched to data obtained by Edman sequencing (Figure 2b,c). In addition, a 70 amino acids
sequence was generated by alignment of three overlapping peptides (Figure 2d). Analysis
of this fragment by BLAST found a match with C1qDC or C1q-like proteins of Bivalvia with
high statistical significance and up to 67% identity for CBX41653.1 (Figure 2e and Figure S1).
The full-length MkC1qDC sequence (Figure S2) was subsequently assembled using the
longer stretches obtained by using the de Bruijn assembler ALPS [27] and CBX41653.1 as
a reference. Analysis of assembled MkC1qDC sequence by BLAST detected a putative
conserved C1q superfamily domain and high homology to other Bivalvia C1qDC proteins:
CBX41653.1; CAC5364865.1; CAG2251157.1; XP_022294274.1; XP_034307311.1 (Figure 2f).
The homologous proteins had one C1q domain at the C-terminus, a short unique N-
terminus and were in the range of 177−206 residues. Full-length MkC1qDC has 176 amino
acids in length, a predicted molecular weight of 19181 Da and a pI 5.2.

2.3. Physicochemical Properties

To further explore the properties of MkC1qDC we used 2D electrophoresis. Purified
MkC1qDC was found to be a single polypeptide with a molecular mass of 19 kDa mass
(Figure 3a) and a pI of 5.2, both of which match the theoretical pI and molecular weight.

Purified MkC1qDC had high agglutinating activity after incubation for 1 h at temper-
atures of 0–40 ◦C, which slightly decreased at 50 ◦C, and were completely lost at 60 ◦C or
higher (Figure 3b). At the same time, the maximum HA activity was detected after 1 h
of incubation in the pH range of 7–8 (Figure 3c). Increasing the pH to nine led to a slight
decrease in activity and no activity was detected above pH 10. Acidic solutions up to pH 3
had only a weak effect on HA activity, indicating the wide range of pH stability.

Figure 3. Basic physicochemical properties of the MkC1qDC: 2D electrophoresis of purified MkC1qDC (a); the activity after
1 h of incubation at different temperatures (b) or pH (c). HA: hemagglutination.
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2.4. Carbohydrate Specificity

The highest MkC1qDC agglutination activity was against human erythrocytes with
no prevalence with respect to blood group. Therefore, all succeeding experiments was
performed only with human group 0 erythrocytes.

Among 23 monosaccharides tested by the HAI assay, only six were inhibitory (Table 1).
L-gulose, sialic (N-acetylneuraminic), D-galacturonic and D-glucuronic acids showed the
highest inhibitory effect among monosaccharides with half maximal inhibitory concen-
tration (IC50) in the range of 1.16–1.46 mg/mL. D-galactose and 2-deoxy-D-galactose
were effective in the range of 2.46–5.4 mg/mL. Furthermore, disaccharides such as 2α-
mannobiose and D-lactose were noted as inhibitory molecules displaying IC50s starting
from 5.13 mg/mL. Mannan from Saccharomyces cerevisiae, LPS from Escherichia coli, PDG
from Staphylococcus aureus and mucin type II from porcine stomach were moderately in-
hibitory at concentrations three orders of magnitude greater than for the most effective
saccharides (0.10–0.49 mg/mL). Alginate, κ-carrageenans, fucoidan and citrus pectin were
highly effective inhibitors characterized by the lowest IC50 (less than 0.002 mg/mL).

Table 1. Carbohydrates used in the hemagglutination inhibition with MkC1qDC.

Carbohydrates IC50s

Polysaccharides

alginate <0.30 μg/mL
κ-carrageenan <0.66 μg/mL

fucoidan <0.62 μg/mL
pectin 1.6 μg/mL

mannan 101 μg/mL
LPS 125 μg/mL
PDG 250 μg/mL

mucin type II 493 μg/mL
hyaluronic acid —

chitosan —
agarose —
dextran —

Oligosaccharides

D-lactose 15 mM, 5.13 mg/mL
2α- mannobiose 30 mM, 10.26 mg/mL

N-acetyl-D-lactosamine —
D-melibiose —
D-maltose —
D-raffinose —

Monosaccharides

N-acetylneuraminic (sialic) acid 3.75 mM, 1.16 mg/mL
D-galacturonic acid 7.5 mM, 1.46 mg/mL
D-glucuronic acid 7.5 mM, 1.46 mg/mL

L-gulose 7.5 mM, 1.35 mg/mL
2-deoxy-D-galactose 15 mM, 2.46 mg/mL

D-galactose 30 mM, 5.40 mg/mL
D-mannose —
D-glucose —
D-fucose —
L-fucose —

N-acetyl-D-galactosamine —
N-acetyl-D-glucosamine —

N-acetyl-D-mannosamine —
D-glucosamine —

α-methyl-D-glucopyranose —
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Table 1. Cont.

Carbohydrates IC50s

Monosaccharides

L-rhamnose —
D-ribose —

myo-inositol —
DL-arabinose —

D-xylose —
L-sorbose —

methyl-β-xylopyranose —
D-glucurono-6,3-lactone —

2.5. Bacterial Agglutination and Antimicrobial Activity

MkC1qDC had antibacterial activity against both Gram-positive (Bacillus subtilis, S.
aureus) and Gram-negative (Vibrio sp., Ruegeria sp., E. coli, Pseudoalteromonas sp.) bacteria
(Figure 4). At the same time, agglutination occurred most effectively in the cases of
Pseudoalteromonas sp. and B. subtilis, which in the presence of MkC1qDC formed the largest
conglomerates, in contrast to Vibrio sp., which were united into small sparse groups of
4–15 cells. In addition, MkC1qDC showed bacteriostatic properties against most of the
above strains as significant growth suppression started after 4–12 h (p < 0.05). The only
exception was Vibrio sp. The decrease in the density of the Vibrio sp. cultures in the presence
of MkC1qDC occurred only after 26 h of cultivation (p < 0.05) when the control was in a
stationary phase (Figure 4).

2.6. Antibody Production and Immunohistochemical Localization of MkC1qDC in Mussel Tissues

To further characterize MkC1qDC polyclonal antibodies were raised in rabbits. The
antibody reacted strongly with purified MkC1qDC as well as a polypeptide with the same
molecular weight in the plasma of M. kurilensis (Figure 5a,b). The upper ~40 kDa band
appeared to be an incompletely dissociated dimer, as evidenced by its molecular weight,
an increase in this fraction during storage and the disappearance of the component when
2-mercaptoethanol is replaced by dithiothreitol. Finally, antisera and purified immunoglob-
ulin G fraction were tested in indirect enzyme-linked immunosorbent assay (ELISA) and
Western blotting, and proved to be suitable for an investigation of tissue-specific MkC1qDC
localization taking 1/500 dilution as a working titer.

The intracellular localization of MkC1qDC was most obvious in hemocytes (Figure 5c).
A subset of the large cells had stained granules that could occupy almost the entire cyto-
plasm. In contrast, most of the agranulocytes and all small juvenile hemocytes were not
stained. Control samples with pre-immune rabbit serum treatment showed no staining
(Figure 5d).
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Figure 4. Antibacterial properties of MkC1qDC (0.1 mg/mL) against paraformaldehyde fixed FITC-
labeled bacteria (a), and live bacterial cultures (b). The data on the graphs are presented as a
mean ± 95% confidence interval. Scale bars: 10 μm.
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Figure 5. Detection of MkC1qDC (narrow labeled) in the components of M. kurilensis hemolymph: in plasma (a,b) and
in hemocytes (c,d). (a) Electrophoresis; (b) Western blotting (1—purified MkC1qDC; 2—plasma; Mr—molecular weight
standards); (c1,c2) treatment with MkC1qDC antibodies; (d1,d2) control with pre-immune rabbit serum. Nuclei are colored
in blue by DAPI. Scale bars: 10 μm.

In paraffin sections MkC1qDC was found in structures associated with the hemal
system (Figure 6). The protein was mainly in hemocytes and the walls of hemal sinuses
and vessels, as well as in the ECM of connective tissue and interstitial space. Gills were
one of the organs expressing the highest levels of the protein. Intense immunofluorescent
staining was well defined to the walls of bronchial sinuses inside the ctenidia. Moreover,
hemocytes that were present in large numbers inside the sinus, including the abfrontal
narrowing, were brightly stained and stood out, particularly compared to other organs
(Figure 6a). Mantle, another organ with massive contact with the water environment,
had some differences with respect to MkC1qDC localization. As in the previous case,
staining was detected along the walls of the hemal sinuses and in the hemocytes located
inside them. In addition, intensely stained hemocytes were found in the epithelial wall of
the papillae. However, fibrous components were stained most evidently in the marginal
zone of the mantle (Figure 6b). The distribution pattern of MkC1qDC in the internal
epithelium of different parts of the intestine was identical: the walls of hemal sinuses and
hemocytes located inside them or intercalated in between cells of the internal epithelium
were stained most intensely (Figure 6c). The digestive gland of M. kurilensis, which is
formed by the digestive tubules surrounded by the interstitium, hemocytes, as well as the
walls of the interstitial space and fibers of relatively large fibrous formations, were positive
for MkC1qDC (Figure 6d). The staining for MkC1qDC was weak in the kidney tubules,
formed by nephrocytes with concretions and large vacuoles, while the relatively narrow
interstitial space between the tubules, filled with fibrous tissue with hemocytes, was stained
more intensely. In addition, the walls of concretions, which contain collagen, had slightly
more intense staining compared to the control (Figure 6e). In gonads, which are mainly
filled with gametes in different stages of development, intense fluorescence was confined
to the interstitial space formed by the connective tissue, in which the walls and hemocytes
were best stained (Figure 6f). In general, the intensity of the signal in the pericardium
was intense, which might be explained by the abundance of hemal canals and hemocytes
located within. Additionally, the pericardial epithelium was characterized by slightly more
intense fluorescence (Figure 6g). Analysis of the posterior adductor muscle also showed

129



Mar. Drugs 2021, 19, 668

the presence of MkC1qDC at the edge of the hemal vessels and in the hemocytes located
inside them with a slight color of the tissue (Figure 6h).

Figure 6. The MkC1qDC localization in organs of M. kurilensis: (a1,a2) gills; (b1,b2) mantle; (c1,c2) intestine; (d1,d2)
digestive gland; (e1,e2) kidney; (f1,f2) gonad; (g1,g2) pericardium; (h1,h2) muscle; (a1–h1) fluorescence with phase contrast;
(a2–h2) fluorescence only. Abfrontal zone: az; acinus: a; hemocytes: h; hemal sinuses/vessels: hs; intermediate zone: iz;
bronchial sinus: bs; interstitial space: is; concretions: c; lateral zone: lz; muscle fibers: mf ; nephrocytes: n; digestive tubule:
dt; connective tissue fibers: ctf ; epithelium: e. Scale bars: 20 μm.

2.7. Antiproliferative Activity on HeLa Cell Line

Finally, we tested if MkC1qDC may have antiproliferative activity in a mammalian
context. To determine this, we monitored HeLa proliferation using high-content, time-
lapse microscopy. We used a machine-learning algorithm to segment individual cells
and determined cell proliferation in the presence or absence of MkC1qDC. Significant
differences between control and treated groups were detected after 4 h (4 μg/mL of
MkC1qDC) or 16 h (1 and 2 μg/mL) (Figure 7). Further analysis showed that MkC1qDCa
elicited a dose-dependent antiproliferative effect. At the highest concentration, we detected
next to no cell proliferation and most cells displayed morphology akin to dead cells.
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Figure 7. The MkC1qDC effect on HeLa cell line proliferation. Time-lapse cell monitoring and dynamic count based on
Cell iQ machine learning during 90 h MkC1qDC treatment (a); the HeLa cell cultures after 90 h cultivation with MkC1qDC
concentrations 0 μg/mL (control, b), 1 μg/mL (c), 2 μg/mL (d) and 4 μg/mL (e). Scale bars: 50 μm.

3. Discussion

Using a HAI technique to study the carbohydrate specificity of the M. kurilensis plasma,
we observed a strong inhibitory effect on D-glucuronic acids. Earlier, in a closely related
species Modiolus modiolus, the same analysis did not reveal the same specificity [28]. Lectins
modiolin H and E isolated from M. modiolus had a different molecular weight [28,29] from
lectin-like MkC1qDC observed in this study (Figures 1b and 3a). Obtaining N-terminal
sequence of 41 amino acids, any significant homology matches were not identified, which
indicates the uniqueness of the protein’s N-terminus. All obtained data indicate that a new
protein with unique carbohydrate-recognizing properties has been isolated. From mass
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spectrometry and de novo assembling we observed the full-length MkC1qDC sequence
with high similarity to MgC1q4 (Figure 2d–f). We find out that MkC1qDC has similar
structure to the group of Bivalvia sialic acid-binding lectins determined as C1qDC [30].
Moreover, molecular weight and pI of MkC1qDC were very similar to that of other globular
head C1qDC bivalve proteins isolated from Chlamys farreri (CfC1qDC) and Argopecten
irradians (AiC1qDC-1) [8,9].

C1qDC proteins have been found to be immune factors in many cases. Various
pathogens and their components induce an increase in C1qDC proteins expression, as
well as C1qDC proteins demonstrating the ability to bind PDG, LPS, poly I:C, man-
nan, β-1,3-glucan, yeast glucan and live bacteria, generally indicating their role as PRRs
[9–13,18–20,31–38]. Agglutinating activity of MkC1qDC was observed against Gram-
positive and Gram-negative bacteria, but with slightly more pronounced selectivity for
certain strains, such as Pseudoalteromonas sp. and B. subtilis (Figure 4). Agglutinating activ-
ity similar to that discussed in this study was observed for recombinant proteins from C.
farreri (CfC1qDC) and A. irradians (AiC1qDC-1, AiC1qDC-2) scallops [8,9,11]. Interestingly,
HA correlates with the content of the 19 kDa polypeptide in the M. kurilensis plasma [39],
which probably means the importance of MkC1qDC as a soluble PRR with agglutinating
function.

It is currently known that C1qDC proteins in the bivalve can be expressed in in
all organs [8,16,17,20,37], especially in hepatopancreas [9,11,19,33], hemocytes [12,13,40],
mantle [12,18] and gills [19]. However, transcription in hemocytes invariably increased
upon immune stimulation. This fact indicates the clearly inducible nature of C1qDC
synthesis and their involvement in the immune response with hemolymph. MkC1qDC
was found in all organs of the mollusk; however, the only structures with intracellular
localization were hemocytes (Figure 5), which are ubiquitous in the elements of the hemal
system or sometimes migrate in the epithelium of the mantle and the intestine. In all other
cases, MkC1qDC was associated with extracellular structures, mainly with the walls of the
hemal system and interstitial space, as well as with ECM fibers (Figure 6). Organs with
the highest expression are the gills, the edge of the mantle and the pericardium—these are
tissues with the highest exposure to pathogens. Thus, it can be assumed that the main cells
synthesizing MkC1qDC are hemocytes, and due to good solubility, it circulates throughout
the body and further can be fixed on the components of the extracellular matrix, performing
immune or other possible additional functions.

The role of C1qDC proteins as PRRs implies their specificity for various PAMPs; this
study also showed the high sensitivity of MkC1qDC towards mannan, LPS and PDG
(Table 1). However, the specificity toward alginate, κ-carrageenan, fucoidan and pectin
was significantly higher, making MkC1qDC protein characterized by most pronounced
specificity to glycans enriched with acid galactans and mannans. These polysaccharides are
mainly components of algal cell walls, which explains some of their structural similarity.
Besides their obvious feeding role, microalgae can be invasive in bivalve and initiate
some pathogenicity processes. In particular, earlier this was shown for M. kurilensis and
Coccomyxa parasitica [41]. At the same time, for Chlorophyta the content of alginate and
pectin in the cell walls is known [42]. Regarding selectivity to monosaccharides, the
affinity of bivalve C1qDC proteins for sialic acid was only shown [17,18,30], while in the
current study the highest activity was detected for sialic acid, but also for other acetylated
monosaccharides such as uronic acids, as well as for D-galactose, 2-deoxy-D-galactose,
L-gulose and disaccharides D-lactose and 2α-mannobiose. At the same time, many lectins
showed the wide spectrum of carbohydrate specificity, especially for oligosaccharide with
different structures [43,44]. It was also demonstrated that point amino acid substitutions in
the carbohydrate-recognition domain of C-type lectin can lead to a significant change in
affinity from mannose to methyl L-fucosides [45] or galactose [46] as well as a ricin-B chain-
like galactose-binding protein which was obtained from sialic acid-binding lectin [47].

The range of carbohydrate specificity determines the potential in the use of lectins
and lectin-like proteins in biotechnology and biomedical science. During tumor cells

132



Mar. Drugs 2021, 19, 668

transformation, a change in the carbohydrates types of their surface occurs. Therefore, the
lectins and lectin-like proteins that are able to recognize particular carbohydrate patterns
also show antitumor activity. Impotence of cell surface sialylation in tumorigenesis and
metastasis was known for a long time [48,49]. The sialic acid-binding lectin from the
mollusk Haliotis discus discus, which is also a representative of the C1qDC proteins [30],
possesses pronounced antitumor properties [50–52]. Other important saccharides for
tumorigenic cell surface alteration are mannosides [53]. Hence, the mannose binding
lectin was already used in designing a selective drug delivery system [54,55]. Additionally,
oncodiagnostic applications of different lectins with affinity to β-branched galactosides,
mannosides, as well as to sialylation and fucosylation glycoconjugates, was shown [56,57].
In the current study, MkC1qDC, which showed sialic acid binding lectin-like activity and
the highest affinity to acidic galactans and mannans, significantly inhibited the growth of
HeLa at the concentration 1 mg/mL, while at 4 mg/mL caused death of most of the cells,
resulting in the absence of the significant growth of cell line even after 90 h of cultivation
(Figure 7). This result is only a preliminary indicator of the biomedical potential of the new
protein, and further analysis should include the study of both normal and cancer cell lines
in order to identify the mechanisms of the antiproliferative activity of MkC1qDC.

Thus, this study first described a novel C1qDC protein, which has immune functions
and is associated with the hemal system and interstitial compartment of the marine mollusk
M. kurilensis. The PRR properties such as antibacterial activity and interactions with PAMPs
(mannan, LPS, PDG) were observed. At the same time, agglutination activity and growth
inhibition of bacteria had various effects on different strains, although MkC1qDC properties
were not associated with their Gram classification. The investigated range of carbohydrate
affinity of C1qDC protein has a unique character that, together with its ability to inhibit
the growth of the HeLa cells, indicates possible implementation of MkC1qDC protein in
biotechnology and biomedicine. Taking into account that the MkC1qDC protein is capable
of recognizing acidic galactans and mannans, it may be of interest for creating systems
for targeted delivery of therapeutic agents to cancer cells, and can also be included in
diagnostic kits for phenotyping the cell surface carbohydrate profile. This is of interest for
further research and development involving both native and recombinant MkC1qDC.

4. Materials and Methods

4.1. Purification and Electrophoretic Properties of the MkC1qDC

The MkC1qDC was purified from cell-free hemolymph (plasma) of M. kurilensis.
Healthy adult mollusks with shells over 70 mm in length were selected from Peter the
Great Bay, Sea of Japan (42.892078◦ N, 132.737502◦ E and 43.200788◦ N, 131.914084◦ E).
Hemolymph was isolated immediately from the hemal sinus of the dorsal adductor muscle.
Cells were removed by centrifugation for 15 min at 4 ◦C and 300× g. Plasma from different
individuals was mixed, clarified by centrifugation for 30 min at 4000× g and 4 ◦C and
stored at −80 ◦C until the next stage.

The isolation of MkC1qDC was carried out in a few steps. Firstly, ammonium sulfate
precipitation [58] of M. kurilensis plasma proteins with 0−15%, 15−30%, 30−45%, 45−60%,
60−75% and 75−85% salt saturation at 0 ◦C was produced. Protein coagulates were
centrifuged for 30 min at 4000× g and 0 ◦C to precipitate. The obtained precipitates were
dissolved in Tris buffer saline (TBS: 10 mM Tris-HCl, 150 mM NaCl, pH 7.5), dialyzed
against a large volume of TBS three times at 4 ◦C, clarified by centrifugation (30 min,
10,000× g, 4 ◦C) and added CaCl2 up to 15 mM just before using. The target activity
was determined by hemagglutination assays described below, and included inhibition by
uronic (D-glucuronic, D-galacturonic) acids and adding chelants (EDTA, and EGTA) for
Ca2+-dependence determination.

Citrus pectin (Copenhagen Pectin A/S) covalently linked to Sepharose CL-4B (Sigma-
Aldrich, St. Louis, MO, USA) by divinyl sulfone (Sigma-Aldrich, St. Louis, MO, USA) was
applied for affinity chromatography on the final purification step. Loading of prepared
fractions with target activity and column washing from unbound components was per-
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formed in TBS with 15 mM CaCl2. The elution was carried out with a large buffer solution
containing a chelant (200 mM Tris-HCl, 150 mM NaCl, 30 mM Na2EDTA, pH 7.5). All
stages were performed with the flow 0.2 mL/min. The eluate was dialyzed against TBS at
4 ◦C and divided into aliquots containing 100 μg of protein in cryovials, which were frozen
and stored in liquid nitrogen at −196 ◦C.

Protein concentration was determined by the Bradford method [59], using BSA as
standard, and measured by NanoPhotometer P360 (Implen) at a wavelength of 595 nm.

To analyze the quality of protein isolation at each stage, SDS-PAGE based on 12% poly-
acrylamide gel stained with Coomassie Brilliant Blue G-250 solution was produced [60].

The isoelectric point (pI) and composition of the purified MkC1qDC were determined
by 2D electrophoresis using ReadyStrip™ IPG strips pH of 4−7 (Bio-Rad, Hercules, CA,
USA) in the first dimension and a gradient of 4−20% polyacrylamide gel in the second
dimension.

4.2. Amino Acid Sequencing

N-terminal sequencing was performed according to Edman’s degradation method [61]
by a Procise 492 Protein Sequencer (Applied Biosystems, Waltham, MA, USA), using the
manufacturer’s protocol.

For mass spectrometry, MkC1qDC was dissolved in 6 M guanidinium-HCl, 100 mM
Tris pH 8, 10 mM chloroacetamide, 5 mM Tris (2-carboxyethyl) phosphine hydrochlo-
ride, heated at 95 ◦C for 5 min. The sample was diluted with water 10-fold and 1/100
trypsin/substrate was added. Digestion was performed at 37 ◦C for 4 h. The digest
was acidified to 1% trifluoroacetic acid final concentration, spun at 15,000× g for 10 min
and desalted on homemade C18 stage tips as described previously [62]. Peptides were
analyzed on a Fusion Lumos mass spectrometer (Thermo Fisher Scientific, Milan, Italy)
coupled to an RSLnano uHPLC pump (Thermo Fisher Scientific, Milan, Italy). Peptides
were separated on a 15 cm C18 Aurora column (IonOptiks, Victoria, Australia) using a
40 min gradient from 5−35% acetonitrile with 0.05% acetic acid. The instrument was
operating in a high/high mode with a resolution of 120k/35k (MS and MS/MS). De novo
sequencing was performed using the PEAKS software suite (Bioinformatics Solutions)
with 5 ppm/0.01 Da mass accuracy (MS and MS/MS). Cysteine carbamylation fixed and
Methionine oxidation (Variable) were selected as modification; trypsin was selected as
protease with 2 missed cleavages. The list of peptides was trimmed using a cut-off of 80%
Average Local Confidence Score. These high-confidence peptides were assembled into
longer stretches using ALPS, a de Bruijn assembler, using a k-value of 7 as described [27].
This resulted in the assembly of 11 protein sequences. Initial BLAST searching against a
non-redundant Bivalvia sequence database revealed a significant homology to CBX41653.1.
Therefore, it was used as a template to stitch the peptides together by aligning them to
CBX41653.1 using Clustal Omega [63]. The theoretical molecular weight and pI of as-
sembled MkC1qDC were determined by ExPASy (http://web.expasy.org/compute_pi/,
accessed on 26 May 2021).

4.3. Hemagglutination, Carbohydrate Specificity Assay, pH and Temperature Effects

Hemagglutination (HA) was performed as described previously [64], using fixed
human (0, A, B, AB), rabbit, rat and sheep erythrocytes. In the case of purified MkC1qDC
the protein concentration of 0.1 mg/mL was used.

To investigate the carbohydrate specificity of MkC1qDC, a hemagglutination inhi-
bition (HAI) test with the presence of one of 41 different saccharides was performed, 12
of which were polymers, 6 were oligomers and others were monomers (Table 1). Each
carbohydrate was used in a series concentration of two-fold dilutions from 30 to 0.0029
mM (for polymers, concentration was calculated based on average monomers weight), and
the inhibitory effect was determined by a decrease in the lectin HA activity (titer decline
for one 2-fold dilution).
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Isotonic (150 mM NaCl) buffer solutions were used to determine the pH dependence:
glycine-HCl (pH 3), sodium acetate-acetic acid (pH 4, pH 5), sodium cacodylate-HCl
(pH 6, pH 7), Tris-HCl (pH 8), glycine-NaOH (pH 9) and carbonate-bicarbonate (pH 10)
at a concentration of 20 mM. HA activity was checked after 1 h of incubation at room
temperature in TBS/Ca2+ with high buffering capacity (50 mM Tris-HCl, 150 mM NaCl,
15 mM CaCl2, pH 7.5).

To study the thermal lability, MkC1qDC samples were incubated for 1 h at temper-
atures of 0, 10, 20, 30, 40, 50, 60 and 70 ◦C and then were brought to room temperature
before HA reaction.

4.4. Bacterial Agglutination and Bacteriostatic Assays

Gram-negative (Vibrio sp., Ruegeria sp., E. coli, Pseudoalteromonas sp.) and Gram-
positive (S. aureus, B. subtilis) bacteria from marine organisms were used for analysis.
Strains grew for 2-4 days to log-phase at room temperature in the liquid medium based on
sterile-filtered sea water [65].

Agglutination assay was performed as described previously [66] with some modifi-
cations. After that, growing bacteria were collected by centrifugation (3000× g, 20 min
at 4 ◦C), washed three times with HEPES buffer saline (HBS: 0.1 M HEPES-NaOH, 1.5 M
NaCl, pH 7.4) and fixed by 4% PFA solution in HBS. Next, bacterial cells were stained with
a fluorescent dye Fluorescein isothiocyanate (FITC, Thermo Fisher Scientific, Milan, Italy)
with a final concentration of 0.1 mg/mL, vortexed at 800 rpm for 1 h, and washed 3 times
in HBS. The stained suspensions with a final optical density (A600) of 1 were mixed in HBS
with 50 mM CaCl2 and 0.1 mg/mL MkC1qDC, or without it as control (3 replicates for
each condition). The mixtures were vortexed at 100 rpm for 1 h at room temperature. Visu-
alization was performed using laser scanning microscope FV1200MPE-FV12M-5XX-3XX
(Olympus).

For the evaluation of MkC1qDC antimicrobial activity, bacteria were diluted in poor
broth medium (PBM: 1.5% peptone, 1.5% NaCl, pH 7.2) to A600 = 0.05 and 50 μL placed
into each well of the 96-well flat-bottom microplate. Then 50 μL of 0.2 mg/mL MkC1qDC
solution in PBM was added in experimental wells, or 50 μL PBM as a positive growth
control, or 50 μL antibiotic solution (penicillin 2000 units/mL and streptomycin 2 mg/mL)
in PBM as negative control (6 replicates for each condition). The results of bacterial growth
inhibition were estimated at 600 nm using the Cytation 5 Cell Imaging Multi-Mode Reader
(BioTek). The inhibition efficiency was evaluated by the delay time in the bacteria growth
in the presence of lectin vs the positive control.

4.5. Preparation and Validation of Polyclonal Antibodies

The commonly used immunization protocols [67] with some modifications were
employed to generate the rabbit polyclonal antibody to MkC1qDC. Briefly, the first intra-
muscular injection of purified MkC1qDC was performed with complete Freund’s adjuvant;
then two consecutive injections of the immunogen with incomplete Freund’s adjuvant
were given at intervals of 20 and 60 days, respectively; the boost was carried out in 14 days
by a subcutaneous injection of MkC1qDC in sterile TBS. Each injection contained 250 μg of
purified MkC1qDC. Blood was taken 10-14 days after each injection from the ear vein, and
the isolated serum was stored at –80 ◦C.

The immunoglobulin fraction was purified by standard protocol [68] using ammonium
sulfate precipitation and Sephadex G-25 (GE Healthcare, Chicago, IL, USA) gel filtration
for desalting.

Primary antibody activity was measured by the commonly used protocol of in-
direct ELISA [69] with horseradish peroxidase-conjugated secondary antibody and o-
phenylenediamine as substrate. Results were detected by iMark Microplate Absorbance
Reader (Bio-Rad, Hercules, CA, USA) at 492 nm.

In addition, antibody validation using Western blotting was performed by Mini
Trans-Blot®Module for Mini-PROTEAN®Tetra Cell (Bio-Rad, Hercules, CA, USA). After
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electrophoresis, samples were transferred onto the PVDF membrane and placed for 2 h in
a 3% BSA solution in TBS with 0.05% Tween-20 (TBST). The purified primary antibody was
used at 1/2500, 1/5000 and 1/10000 dilutions (calculated based on ELISA result) in 0.5%
BSA prepared on TBST, followed by incubation at 23 ◦C for 2 h. Then it was incubated with
mouse antirabbit secondary antibody conjugated with horseradish peroxidase (Thermo
Fisher Scientific, Milan, Italy) at 1/20000 dilution in TBST, and incubated for 1 h at 23 ◦C.
After that, a substrate for chemiluminescent staining Pierce ECL Plus Western Blotting
Substrate (Thermo Fisher Scientific, Milan, Italy) was applied to the membrane according
to the industrial protocol. The result was recorded on a ChemiDoc Touch Imaging System
(Bio-Rad, Hercules, CA, USA). Analysis was performed using native M. kurilensis plasma
and purified MkC1qDC as samples.

4.6. Immunohistochemistry and Protein Localization

Tissue fragments of the intestine, mantle, muscle, pericardium, gills, gonads, digestive
gland and kidney were excised and immediately fixed for 2 h in paraformaldehyde (PFA)
solution in phosphate buffered saline (PBS: 10 mM Na2HPO4-KH2PO4, 137 mM NaCl,
2.7 mM KCl, pH 7.4), washed 10 times in PBS and dehydrated through a progressive series
of ethanol, infiltrated by xylene and embedded in paraffin. Tissue sections with a thickness
of 10 μm were obtained using an HM-360 rotary microtome (MICROM International GmbH,
Germany). The paraffin sections were dewaxed and washed 3 times in PBS with 0.05%
Tween-20 (PBST) with further staining without drying.

Suspension of live hemocytes was obtained as previously described [64], diluted in
RPMI-1640 culture medium (PanEco, Tokyo, Japan) and placed in an 8-well chamber (Ibidi
GmbH, Gräfelfing, Germany) for 30 min at 10 ◦C for their adhesion. Then the cells were
fixed for 10 min at 23 ◦C by adding a 16% PFA in artificial sea water (ASW: 460 mM NaCl,
9.4 mM KCl, 48.3 mM MgCl2, 6 mM NaHCO3, 10.8 mM CaCl2, 10 mM HEPES, pH 7.5)
directly to the culture medium to a final concentration of 1.5%. Then the liquid was taken
from the wells, 300 μL of cold methanol was added to them and left at 4 ◦C for 10 min,
after which the chamber was left for longer storage at –20 ◦C. Immediately before staining,
hemocyte preparations were washed 3 times with PBST solution.

Further, in order to permeabilize the membranes, PBS with 0.5% Triton X-100 was
applied to the sections and hemocytes for 10 min at 23 ◦C. The primary antibodies in PBS
with 0.5% BSA at a dilution of 1/500 were incubated with preparations for 2 h at 23 ◦C;
secondary goat antibodies conjugated with Alexa Fluor-488 (Thermo Fisher Scientific,
Milan, Italy) with the same dilution were incubated for 1 h at 23 ◦C; nuclei were stained
by DAPI (4,6-diamino-2-phenylindole, dihydrochloride; Invitrogen) with a concentration
of 1 μg/mL in PBS for 5 min at 23 ◦C. Between all steps, samples were washed 3 times
for 10 min in PBST and, after the last step of staining, embedded in the water-soluble
medium Mowiol 4-88 (Sigma-Aldrich, St. Louis, MO, USA). The described procedure
with pre-immune rabbit serum as primary antibody was used as a control. The samples
were analyzed using FluoView FV1200MPE-FV12M-5XX-3XX laser scanning microscope
(Olympus).

4.7. Human Cell Culture and Proliferation Assay

Cell proliferation assay was performed using a high-content imaging system Cell-
iQ MLF (CM Technologies). Human adenocarcinoma cell line HeLa (ATCC) was plated
in tissue-culture grade 24-well plates at a density of 15,000 cells/cm2. The cells were
cultured at 37 ◦C and 5% CO2 in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco)
supplemented with 10% FBS. The cells were cultured for their adhesion and growth
stabilization for 18 h, then treated with 1, 2 and 4 μg/mL of MkC1qDC and monitored for
90 h applying time-lapse phase-contrast imaging. Untreated wells were utilized as a control
sample group. All series were cultivated and analyzed in six replicates. Cell proliferation
data are presented as growth curves indicating total cell count produced automatically
based on machine learning.
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4.8. Experimental Design and Statistical Rationales

Proteomics experiments were conducted on one purified protein sample. For the
analysis of MkC1qDC effect on bacteria and HeLa growing, the Mann–Whitney U test and
Kruskal–Wallis H test were used. A p-value less than 0.05 was considered to be statistically
significant. Experimental results are presented as a mean ±95% confidence interval.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md19120668/s1, Figure S1: Mass spectrometry data of peptides using for alignment with
N-terminus peptides obtained by Edman’s degradation (a, b) and for construction 70 amino acids
sequence (c–e) with high homology to Bivalvia C1qDC proteins (see Figure 2), Figure S2: The
full-length MkC1qDC amino acids sequence in fasta format.
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Abstract: Peanut worms (Sipunculids) are unsegmented marine worms that usually inhabit shallow
waters. Peanut worms are good source of bioactive compounds including peptides and polysaccha-
rides. Many recent studies have investigated the bioactive properties of peptides and polysaccharides
derived from peanut worms in order to enhance their applications in food and pharmaceutical
industries. The peptides and polysaccharides isolated from peanut worms have been reported to
possess anti-hypertensive, anti-oxidant, immunomodulatory, anti-inflammatory, anti-cancer, anti-
hypoxia and wound healing activities through the modulation of various molecular mechanisms.
Most researchers used in vitro, cell culture and animal models for the determination of bioactivities
of peanut worm derived compounds. However, studies in humans have not been performed con-
siderably. Therefore, it is important to conduct more human studies for better utilization of marine
bioactive compounds (peptides and polysaccharides) derived from peanut worms. This review
mainly focuses on the bioactive properties of peptides and polysaccharides of peanut worms and
their molecular mechanisms.

Keywords: marine worms; sipunculids; bioactive properties; peptides; polysaccharides

1. Introduction

Peanut worms are a group of unsegmented marine worms that belong to the in-
vertebrate phylum Sipuncula. There are about 162 species of peanut worms. They are
mostly under 10 cm long and live in shallow waters. Peanut worms are edible and consid-
ered as a delicacy in several southeast Asian countries including China, Philippines and
Vietnam [1]. Some peanut worms (e.g., Sipunculus nudus) have been used in traditional
Chinese medicine for the treatment/management of various ailments including hyperten-
sion, neurosis, coughing with dyspnea, nocturia, carbuncles, sternalgia, physical weakness,
tuberculosis and regulating the functions of stomach and spleen [1,2].

Nutritional composition of foods plays an important role in providing essential nutri-
ents for maintaining good health. The nutritional/chemical composition of peanut worms
has been investigated [1,3]. The major components of peanut worms are proteins, carbohy-
drates and ash. For example, the protein content of P. esculenta was found to be 74.5% with
high quality amino acids, and carbohydrates were 6.2% [3]. Since peanut worms contain
significant quantities of nutritional and bioactive compounds, it is important to exploit the
peanut worms for identification and isolation of active bioactive compounds for various
food and pharmaceutical applications.

Mar. Drugs 2022, 20, 10. https://doi.org/10.3390/md20010010 https://www.mdpi.com/journal/marinedrugs141
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Many recent investigations have demonstrated the isolation of diverse peptides and
polysaccharides, with various biological properties such as anti-oxidant, anti-cancer, im-
munomodulatory, anti-inflammatory and anti-hypertensive activities, from a number of
marine organisms with great potential for industrial and therapeutic applications [4–6].
Food derived bioactive peptides are usually short chains of amino acids and generally
possess 2–20 amino acid residues. Bioactive peptides are inactive within the sequence
of parent protein. However, the bioactive peptides can be generated by using in vitro
enzymatic hydrolysis, fermentation and during food processing and gastrointestinal di-
gestion. In vitro enzymatic hydrolysis is the most widely used method for the production
of bioactive peptides from various food sources. Bioactive peptides are easily digestible
and absorbable with less or no side effects [7]. Therefore, recently bioactive peptides have
attracted great interest among scientists and consumers due to their health benefiting
properties [8]. Numerous bioactive peptides with diverse health promoting properties have
been reported from various marine species and other food sources including fish, molluscs,
crustaceans, algae, milk, egg and plant sources [7,9,10].

Polysaccharides are complex natural macromolecular polymers composed of monosac-
charide units linked by glycosidic bonds. Polysaccharides are widely present in plants, ani-
mals, microorganisms and marine organisms and play a vital role in the development of
living organisms [11]. In recent years, polysaccharides derived from natural sources have
attracted great attention due to their biocompatibility, non-toxicity, biodegradability and ap-
plications in food and pharmaceutical industries [12]. It has been documented that polysac-
charides isolated from natural edible sources exhibit significant bioactive properties [13].

Several recent studies have demonstrated that the peptides and polysaccharides
obtained from peanut worms possessed numerous health benefiting functions, namely, anti-
inflammatory, anti-hypertensive, immunomodulatory, anti-cancer, wound healing, anti-
oxidant and anti-hypoxia activities [14–20] (Figure 1). However, the biological properties of
peptides and polysaccharides of peanut worms have not been reviewed in the literature so
far. This prompted the authors to review the literature on various bioactivities of peptides
and polysaccharides derived from peanut worms and their molecular mechanisms of action.

Figure 1. Various major bioactivities of peptides and polysaccharides derived from peanut worms.

2. Anti-Oxidative Properties of Peptides and Polysaccharides Derived from Peanut Worms

Cellular respiration in humans and other aerobic organisms generates reactive oxygen
species (ROS) and free radicals. The anti-oxidant mechanisms (e.g., superoxide dismutase,
catalase and glutathione peroxidase) in the body neutralize the excess production of free
radicals and thereby maintain the balance between antioxidants and oxidative stress. The
ROS and free radicals contain unpaired electrons and cause damage to important cellular
components including lipids, proteins and DNA. The over production of ROS and free radi-
cals has been linked to various diseases such as cancer, diabetes, atherosclerosis, Alzheimer
disease and cardiovascular disorders [21–23]. Recently, there has been great interest in
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identification and isolation of anti-oxidant bioactive compounds from natural food sources
(marine organisms, fish, milk, egg, algae, plant sources) due to their increased applications
as safe alternatives to synthetic anti-oxidants in food and pharmaceutical industries.

Numerous peptides and polysaccharides with anti-oxidant activities have been iden-
tified and isolated from marine organisms for application as functional foods/health
foods [24–26]. Peptides play an important role in the inhibition of free radicals and oxida-
tive stress. It has been reported that the anti-oxidant mechanism of food originated peptides
depends on composition, sequence and length [27,28]. Additionally, it was demonstrated
that peptides with more hydrophobic (Ala, Val, Gly, Leu, Ile, Phe, Pro) amino acid residues
can enhance anti-oxidant ability [15,29,30]. Most anti-oxidant peptides possess 3–15 amino
acid residues [27,31–34]. Table 1 shows the molecular mechanisms of anti-oxidant peptides
produced from various peanut worms.

Table 1. Molecular mechanisms of anti-oxidant peptides derived from peanut worms.

Peanut
Worm
Name

Enzyme Used
to Produce
Peptides

Peptide Sequence
and Molecular

Weight

In Vitro/Cell Culture/
Animals/Humans
Used for the Study

Dose and
Duration

Mechanism of Action/
Activities/Effects

Showed
Ref.

Sipunculus
nudus Papain Peptides 5868 Da

In vitro hydroxyl
Radical scavenging

activity
——-

The polypeptide showed
great hydroxyl radical

scavenging activity with
95.42% inhibition.

[35]

Phascolosoma
esculenta Pancreatin Peptides < 3 kDa Mice

50, 100 and
150 mg/kg
for 15 days

Peptides dose-dependently
improved the oxidative

stress status (GSH-Px, SOD,
TAC andMDA) in mice

[15]

Phascolosoma
esculenta Papain ———– In vitro total

anti-oxidant capacity ———

Collagen peptides from
Phascolosoma esculenta

showed total anti-oxidant
capacity with 3.8 U/mg

[36]

There have been several investigations that reported the anti-oxidant capacity of
peptides derived from peanut worms. The anti-oxidant activities exhibited by the peanut
worms derived peptides were due to the inhibition of free radicals and enhancing the
secretion of endogenous antioxidant enzymes such as SOD and glutathione peroxidase
(GSH-Px). Zhu et al. [35] produced peptides from Sipunculus nudus by hydrolyzing with
papain and found that peptides with molecular weight of 5868 Da showed excellent
hydroxyl radical scavenging activity with 95% inhibition. Peptides generated from collagen
of Phascolosoma esculenta have been reported to possess anti-oxidant capacity in vitro [36].
Liu et al. [15] prepared peptides (<3 kDa) from Phascolosoma esculenta by using pancreatin
and investigated the anti-oxidant capacity of the peptides using mice model. It was found
that peptide’s administration at 50, 100 and 150 mg/kg for 15 days dose-dependently
improved the oxidative stress parameters such as GSH-Px, SOD, TAC and MDA in mice.

Apart from peptides, many studies have demonstrated that polysaccharides derived
from peanut worms exhibit antioxidant activity through several ways including inhibition
of DPPH, hydroxyl, superoxide free radicals, having reducing power, enhancing the antiox-
idant enzymes such as superoxide dismutase, glutathione peroxidase and upregulation of
Nrf2 signaling pathway [16,19,37,38]. Anti-oxidant properties of polysaccharides produced
from various peanut worms are presented in Table 2.

143



Mar. Drugs 2022, 20, 10

T
a

b
le

2
.

M
ol

ec
ul

ar
m

ec
ha

ni
sm

s
of

an
ti

-o
xi

da
nt

ac
ti

vi
ti

es
of

po
ly

sa
cc

ha
ri

de
s

de
ri

ve
d

fr
om

va
ri

ou
s

pe
an

ut
w

or
m

s.

S
o

u
rc

e
C

o
m

p
o

si
ti

o
n

o
f

P
o

ly
sa

cc
h

a
ri

d
e

E
x

tr
a

ct
C

e
ll

C
u

lt
u

re
/

A
n

im
a

l
M

o
d

e
ls

D
o

se
a

n
d

D
u

ra
ti

o
n

M
o

le
cu

la
r

M
e

ch
a

n
is

m
s/

E
ff

e
ct

s
R

e
f.

Si
pu

nc
ul

us
nu

du
s

Po
ly

sa
cc

ha
ri

de
w

as
co

m
-p

os
ed

of
m

an
no

se
,r

ha
m

no
se

,g
al

ac
tu

ro
ni

c
ac

id
,g

lu
co

se
,a

ra
bi

no
se

an
d

fu
co

se

In
vi

tr
o

hy
dr

ox
yl

ra
di

ca
la

ct
iv

it
y.

0.
25

,0
.5

,1
.0

,2
.0

,
5.

0,
10

.0
,2

0.
0

m
g/

m
L

fo
r

30
m

in

Po
ly

sa
cc

ha
ri

de
sh

ow
ed

po
w

er
fu

ls
ca

ve
ng

in
g

ac
ti

vi
ty

on
hy

dr
ox

yl
ra

di
ca

li
n

a
do

se
de

pe
nd

en
tm

an
ne

r.
[3

9]

Si
pu

nc
ul

us
nu

du
s

—
—

—
—

—
–

In
vi

tr
o

re
du

ci
ng

po
w

er
,

hy
dr

ox
yl

an
d

su
pe

ro
xi

de
ra

di
ca

ls
in

hi
bi

ti
on

as
sa

y

20
0–

10
00

μ
g/

m
L

fo
r

30
m

in

S.
nu

du
s

po
ly

sa
cc

ha
ri

de
s

sh
ow

ed
do

se
de

pe
nd

en
t

in
hi

bi
ti

on
of

hy
dr

ox
yl

an
d

su
pe

ro
xi

de
ra

di
ca

ls
an

d
ex

hi
bi

te
d

gr
ea

tr
ed

uc
in

g
po

w
er

.
[3

7]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

D
-g

lu
co

sy
l,

D
-g

al
ac

to
sy

l,
w

it
h

sm
al

la
m

ou
nt

of
D

-m
an

no
sy

l,
D

-a
ra

bi
no

sy
la

nd
re

si
du

es
w

ith
a-

an
d

b-
ty

pe
lin

ka
ge

.

M
ic

e
1,

10
an

d
5

m
g/

m
L

fo
r

30
da

ys

O
lig

os
ac

ch
ar

id
es

fr
om

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

en
ha

nc
ed

th
e

en
zy

m
e

ac
ti

vi
ti

es
of

G
SH

-P
x

an
d

SO
D

by
up

re
gu

la
ti

ng
N

rf
2

m
R

N
A

ex
pr

es
si

on
in

se
ps

is
m

ic
e

m
od

el
.

[1
6]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

M
an

no
se

,r
ib

os
e,

rh
am

no
se

,
gl

uc
ur

on
ic

ac
id

,g
lu

co
se

,
ga

la
ct

os
e,

xy
lo

se
,a

ra
bi

no
se

an
d

fu
co

se

In
vi

tr
o

D
PP

H
,

su
pe

ro
xi

de
an

io
n,

hy
dr

ox
yl

ra
di

ca
ls

an
d

fe
rr

ou
s

io
n

ch
el

at
in

g
an

d
m

ic
e

m
od

el

0.
2,

0.
4

an
d

0.
8

g/
kg

BW
fo

r
25

d

Po
ly

sa
cc

ha
ri

de
s

fr
om

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

sc
av

en
ge

d
fr

ee
ra

di
ca

ls
do

se
-d

ep
en

de
nt

ly
an

d
sh

ow
ed

an
tio

xi
da

nt
ac

ti
vi

ti
es

in
m

ic
e

by
en

ha
nc

in
g

su
pe

ro
xi

de
di

sm
ut

as
e

(S
O

D
)(

10
.2

–2
2.

2%
an

d
18

.8
–2

6.
9%

),
gl

ut
at

hi
on

e
pe

ro
xi

da
se

(G
SH

-P
x)

(1
1.

9–
15

.4
%

an
d

26
.6

–3
0.

4%
)

ac
ti

vi
ti

es
in

se
ru

m
an

d
liv

er
.

[3
8]

Si
pu

nc
ul

us
nu

du
s

—
—

—
–

In
vi

tr
o

D
PP

H
an

d
hy

dr
ox

yl
ra

di
ca

l
sc

av
en

gi
ng

ac
ti

vi
ti

es
0.

2
m

g/
m

L

Fr
ee

ra
di

ca
ls

ca
ve

ng
in

g
ra

te
s

in
cr

ea
se

d
si

gn
ifi

ca
nt

ly
w

it
h

th
e

in
cr

ea
se

of
co

nc
en

tr
at

io
n.

T
he

sc
av

en
gi

ng
ac

ti
vi

ti
es

of
hy

dr
ox

yl
ra

di
ca

la
nd

D
PP

H
ra

di
ca

lw
er

e
fo

un
d

to
be

12
.5

8%
at

th
e

co
nc

en
tr

at
io

n
of

0.
20

m
g/

m
L.

[3
9]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

po
ly

sa
cc

ha
ri

de
co

nt
ai

ne
d

gl
uc

os
e

w
it

h
ac

et
yl

am
in

oa
nd

py
ra

n
ri

ng
s

an
d

co
nn

ec
te

d
by

α
-g

ly
co

si
di

c
bo

nd
s

In
vi

tr
o

re
du

ci
ng

po
w

er
,

D
PP

H
an

d
hy

dr
ox

yl
ra

di
ca

ls
ca

ve
ng

in
g

ac
ti

vi
ti

es

1,
5,

10
,1

5,
20

,a
nd

25
m

g/
m

L
fo

r
30

m
in

Po
ly

sa
cc

ha
ri

de
sh

ow
ed

D
PP

H
an

d
hy

dr
ox

yl
ra

di
ca

l
sc

av
en

gi
ng

an
d

re
du

ci
ng

po
w

er
w

it
h

IC
50

of
0.

56
7

an
d

0.
60

5,
2.

97
6

m
g/

m
L,

re
sp

ec
ti

ve
ly

.
[1

9]

144



Mar. Drugs 2022, 20, 10

Researchers used various in vitro, and animal models to study the antioxidant capacity
of polysaccharides derived from peanut worms. Studies conducted by Li et al. [39] and
Qin et al. [37] documented that polysaccharides extracted from Sipunculus nudus showed a
dose dependent inhibition of hydroxyl and superoxide radicals. Zhihao et al. [16] found
that oligosaccharides from Phascolosoma esculenta exhibited anti-oxidative effects in sepsis
mice model through the enhancement of enzyme activities of GSH-Px and SOD by activa-
tion of Nrf2 signaling pathway. Polysaccharide, composed of mannose, ribose, rhamnose,
glucuronic acid, glucose, galactose, xylose, arabinose and fucose, derived from Phascolosoma
esculenta have shown antioxidant activities in mice by enhancing superoxide dismutase
(10–26%), glutathione peroxidase (11–30%) activities in serum and liver [38]. In a recent
study, Yiqiao et al. [19] determined the radical scavenging activity and reducing power
of polysaccharide isolated from Phascolosoma esculenta and reported the IC50 values of
0.567 and 0.605, 2.976 mg/mL respectively for DPPH and hydroxyl radicals and reduc-
ing power.

Most studies used in vitro and mice models for the determination of anti-oxidant
activity of peptides and polysaccharides from peanut worms. However, cell culture and
human studies are scanty. Therefore, further research is needed in humans and cells to
verify the anti-oxidant benefits of these bioactive compounds of peanut worms.

3. Anti-Inflammatory Activities of Peptides and Polysaccharides Derived from
Peanut Worms

Inflammation is a natural and complex defense mechanism of the immune system
against a variety of harmful stimuli including pathogens, damaged cells, toxic chemi-
cals, and irradiation. Generally, acute inflammation is beneficial to the body. However,
chronic and uncontrolled inflammation can lead to various diseases such as cancer, di-
abetes, atherosclerosis, chronic kidney disease, arthritis and neurodegenerative disor-
ders [40,41]. NSAIDs (non-steroidal anti-inflammatory drugs) are commonly used drugs
for the treatment of inflammation. However, side effects associated with cardiovascu-
lar/renal/gastrointestinal systems have limited the application of NSAIDs. Therefore,
recently there is a great interest in the use of food derived bioactive components (e.g., pep-
tides and polysaccharides) for treatment or management of inflammation/inflammatory
diseases due to their food origin and no/less side effects. Research has revealed that food
derived bioactive compounds play an important role in the mitigation of inflamma-
tion/inflammatory diseases.

Numerous recent studies have shown that bioactive compounds (peptides, polyphe-
nols, proteins, lipids and polysaccharides) derived from several food sources (fish, milk,
egg, marine organisms and plant foods) possess anti-inflammatory properties [42–46].
Marine peanut worms have been investigated for anti-inflammatory compounds. Peptides
and polysaccharides isolated from peanut worms have demonstrated to modulate the in-
flammatory response by inhibiting the production of pro-inflammatory mediators, TNF-α,
IL-1β and TGF-β1, and reducing the activity of enzymes, cyclooxygenase-2 (COX-2) and
inducible nitric oxide synthase (iNOS).

Recently, anti-inflammatory peptides have been identified and isolated from few
peanut worms after hydrolysis with proteolytic enzymes. Peptides isolated from Sipunculus
nudus have shown anti-inflammatory effects through the modulation of several mechanisms
such as reduction of expression of pro-inflammatory mediators, TNF-α, IL-1β, IL-6, iNOS
and COX-2 and inhibition of NO production [1,20]. The anti-inflammatory effects of
peptides isolated from peanut worms are presented in Table 3.

The food originated anti-inflammatory peptides are usually 2–10 amino acids in length.
In addition to the peptide’s length, composition and sequence of peptides also play an
important role in anti-inflammatory activity [47,48]. In recent years, researchers have doc-
umented the extraction of anti-inflammatory peptides from peanut worm, Sipunculus nudus.
Sangtanoo et al. [1] isolated two peptides, LSPLLAAH (821.48 Da) and TVNLAYY (843.42 Da),
from Sipunculus nudus after hydrolysis with neutrase, flavourzyme, and Alcalase and re-
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ported that both peptides showed strong anti-inflammatory activity in LPS-stimulated
RAW264.7 macrophages by decreasing the expression of pro-inflammatory mediators,
iNOS, IL-6, TNF-α and COX-2 after treatment with 30, 60, 120 mM for 12 h. In another
recent study, Lin et al. [20] produced collagen peptides from Sipunculus nudus by using
animal hydrolytic protease and flavor protease and demonstrated that peptides inhibited
inflammation in the wound of mice skin through the reduction of mRNA levels of TGF-β1,
TNF-α and IL-1β.

Table 3. Molecular mechanisms of anti-inflammatory peptides derived from peanut worms.

Peanut
Worm
Name

Enzyme Used to
Produce
Peptides

Peptide Sequence
and Molecular

Weight

In Vitro/Cell Culture/
Animals/Humans
Used for the Study

Dose and
Duration

Mechanism of
Action/Activities/Effects

Showed
Ref.

Sipunculus
nudus

Neutrase,
Flavourzyme,
and Alcalase

LSPLLAAH
(821.48 Da) and

TVNLAYY
(843.42 Da).

RAW 264.7
macrophages

30, 60,
120 mm
for 12 h

Peptides (LSPLLAAH and
TVNLAYY) inhibited NO

production and decreased the
expression of pro-inflammatory
mediators, iNOS, IL-6, TNF-α,
and COX-2, in LPS-stimulated

RAW264.7 macrophages.

[1]

Sipunculus
nudus

Animal
hydrolytic
protease

(3000 U/g) and
flavor protease

Collagen
peptides < 5 kDa Mice

2 g/mL
for

7 days

Peptides showed
anti-inflammatory activity
through the reduction of
mRNA levels of TGF-β1,
TNF-α and IL-1β in the

wound of mice skin.

[20]

Apart from the peptides, the anti-inflammatory effects of polysaccharides isolated
from peanut worms have also been studied considerably in recent years (Table 4). Chen-
Xiao et al. [2] investigated the anti-inflammatory activities of water soluble polysaccharides
of Sipunculus nudus using different mouse and rat models of inflammation. It was found
that polysaccharide treatment at 50, 100 and 200 mg/kgBW for 6 days dose-dependently
reduced the inflammation of carrageenan-induced paw oedema, dextran-induced rat
paw oedema, carrageenan-induced peritonitis, xylene-induced ear oedema, and acetic
acid-induced vascular permeability in mice. Zhihao et al. [16] extracted oligosaccharides,
composed of D-glucosyl, and D-galactosyl residues with α- and β-type linkages, from
Phascolosoma esculenta and demonstrated that administration of oligosaccharides at 1, 10 and
5 mg/mL for 30 days noticeably decreased the production of IL-1β and TNF-α and en-
hanced IL-10 in mice with sepsis induced inflammation.

The anti-inflammatory properties shown by the peptides and polysaccharides of
peanut worms could be due to the suppression of nuclear factor kappa B (NF-κB) activation.
Inhibition of NF-κB activation decreases the expression of COX-2 and iNOS and production
of TNF-α and IL-1β, and therefore reduces inflammation. Though the anti-inflammatory
activities have been reported for the peptides and polysaccharides of peanut worms, the
underlying molecular mechanisms of anti-inflammatory activity have not been explored
extensively so far. Therefore, further research is needed to determine the exact molecular
mechanisms of action of these anti-inflammatory bioactive components (peptides and
polysaccharides) isolated from peanut worms. This would enhance the applications of
these bioactive compounds in food and pharmaceutical industries.
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Table 4. Molecular mechanisms of anti-inflammatory activity of polysaccharides derived from
various peanut worms.

Source
Composition of

Polysaccharide Extract
Cell Culture/

Animal Models
Dose and
Duration

Molecular Mechanisms/Effects Ref.

Sipunculus
nudus Water extract

Mouse and rat
oedema paw

models

50, 100 and
200 mg/kg
for 6 days

Water extract from the body wall of
Sipunculus nudus showed dose-dependent

anti-inflammatory activity in the
carrageenan-induced paw oedema,

dextran-induced rat paw oedema, cotton
pellet granuloma, carrageenan-induced
peritonitis, xylene-induced ear oedema,

and acetic acid-induced vascular
permeability models.

[2]

Phascolosoma
esculenta

D-glucosyl, D-galactosyl,
with small amount of

D-mannosyl, D-arabinosyl
and residues with α- and

β-type linkage.

Mice
1, 10 and
5 mg/mL

for 30 days

Oligosaccharides from Phascolosoma
esculenta considerably decreased the

secretion of IL-1β and TNF-α and
enhanced the IL-10 in sepsis mice.

[16]

4. Anti-Hypertensive Activity of Peptides from Peanut Worms

Hypertension (high blood pressure) is a serious medical condition that affects 1280 mil-
lion people globally aged between 30–79 years. It has been reported that several diseases
related to heart (myocardial infarction, coronary heart disease), brain (stroke) and kid-
ney (kidney failure) are linked to hypertension. Angiotensin I-converting enzyme (ACE;
EC 3.4.15.1) plays an important role in regulation of blood pressure. ACE cleaves the
two C-terminal dipeptides of inactive angiotensin I to produce angiotensin II, which is
a potent vasoconstrictor that prevents the catalytic function of bradykinin, a vasodilator.
Recent research has shown that inhibition of ACE with food derived peptides could be an
effective way in the prevention/management of hypertension. It has been demonstrated
that numerous peptides isolated from various food sources (milk, egg, fish, meat, marine
organisms and vegetables) have shown anti-hypertensive activity [49–57].

Recently, several researchers investigated the anti-hypertensive effects of peptides
derived from peanut worms such as Phascolosoma esculenta and Sipunculus nudus. Anti-
hypertensive activities of peptides originated from peanut worms have been widely studied
due to their excellent bioactive properties and safety profiles. Pepsin and trypsin are the
two proteolytic enzymes that are extensively used in the production of anti-hypertensive
peptides from peanut worms [3,17,58–61]. These enzymes specifically cleave the large
molecular weight proteins into smaller peptides. The large proteins are usually unable
to bind the active site of ACE, however, the smaller peptides generated by enzymatic
hydrolysis could easily bind to the active site of ACE as inhibitor and thereby prevent high
blood pressure [3]. It has been demonstrated that peptides derived from peanut worms
showed anti-hypertensive activity through several mechanisms including changing the
secondary structure of ACE, competitive and non-competitive inhibition of ACE, reducing
systolic blood pressure and binding to the active sites of ACE [17,58–60] (Table 5).

147



Mar. Drugs 2022, 20, 10

T
a

b
le

5
.

M
ol

ec
ul

ar
m

ec
ha

ni
sm

s
of

ac
ti

on
of

A
C

E-
in

hi
bi

to
ry

/a
nt

i-
hy

pe
rt

en
si

ve
pe

pt
id

es
de

ri
ve

d
fr

om
va

ri
ou

s
pe

an
ut

w
or

m
s.

P
e

a
n

u
t

W
o

rm
N

a
m

e

E
n

z
y

m
e

E
m

p
lo

y
e

d
to

P
ro

d
u

ce
P

e
p

ti
d

e
s

P
e

p
ti

d
e

S
e

q
u

e
n

ce
a

n
d

M
o

le
cu

la
r

W
e

ig
h

t

In
V

it
ro

/C
el

l
C

u
lt

u
re

/
A

n
im

a
ls

/H
u

m
a

n
s

U
se

d
fo

r
th

e
S

tu
d

y

IC
5

0
/E

C
5

0

V
a

lu
e

s
A

ct
iv

it
y

/M
e

ch
a

n
is

m
s

o
f

A
ct

io
n

S
h

o
w

e
d

R
e

f.

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

Pe
ps

in
A

W
LH

PG
A

PK
V

F

In
vi

tr
o

A
C

E
in

hi
bi

ti
on

as
sa

y
&

sp
on

ta
ne

ou
sl

y
hy

pe
rt

en
si

ve
ra

ts

IC
50

va
lu

e
of

13
5

M

Pe
pt

id
e

in
hi

bi
te

d
A

C
E

th
ro

ug
h

co
m

pe
ti

ti
ve

in
hi

bi
ti

on
an

d
ex

hi
bi

te
d

an
ti

-h
yp

er
te

ns
iv

e
ef

fe
ct

s
in

ra
ts

by
si

gn
ifi

ca
nt

ly
re

du
ci

ng
th

e
sy

st
ol

ic
bl

oo
d

pr
es

su
re

ar
ou

nd
30

m
m

H
g.

[6
0]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

Pe
ps

in
an

d
tr

yp
si

n
—

—
—

—
—

-

In
vi

tr
o

A
C

E
in

hi
bi

ti
on

as
sa

y
&

sp
on

ta
ne

ou
sl

y
hy

pe
rt

en
si

ve
ra

ts

IC
50

va
lu

es
of

0.
67

an
d

0.
24

m
g/

m
L

Pe
pt

id
es

si
gn

ifi
ca

nt
ly

re
du

ce
d

bo
th

di
as

to
lic

bl
oo

d
pr

es
su

re
(D

BP
)a

nd
sy

st
ol

ic
bl

oo
d

pr
es

su
re

(S
BP

)a
nd

in
hi

bi
te

d
A

C
E

in
vi

tr
o.

[3
]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

Pe
ps

in
,a

nd
tr

yp
si

n
A

Y
F,

EL
,G

LR
,H

K
,

an
d

IL
K

In
vi

tr
o

A
C

E
in

hi
bi

ti
on

as
sa

y
IC

50
va

lu
es

of
3.

43
–4

.1
8

U
/m

l

Pe
pt

id
es

ex
hi

bi
te

d
A

C
E

in
hi

bi
to

ry
ac

tiv
ity

w
it

h
IC

50
va

lu
es

in
th

e
ra

ng
e

of
3.

43
–4

.1
8

U
/m

L
[6

1]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

Pe
ps

in
an

d
tr

yp
si

n
28

4
di

-a
nd

tr
i-

pe
pt

id
es

In
vi

tr
o

A
C

E
in

hi
bi

ti
on

as
sa

y
IC

50
le

ss
th

an
50

μ
M

Pe
pt

id
es

in
hi

bi
te

d
th

e
A

C
E.

[5
8]

Si
pu

nc
ul

us
nu

du
s

Pr
ot

am
ex

IN
D

,V
EP

G
,L

A
D

EF
In

vi
tr

o
A

C
E

in
hi

bi
ti

on
as

sa
y

IC
50

va
lu

es
fo

r
A

C
E

in
hi

bi
ti

on
w

er
e

34
.7

2,
20

.5
5

an
d

22
.7

7
μ

m
ol

/L

T
he

pe
pt

id
es

IN
D

,V
EP

G
,a

nd
LA

D
EF

sh
ow

ed
A

C
E

in
hi

bi
ti

on
ac

ti
vi

ty
w

it
h

IC
50

va
lu

es
of

34
.7

2,
20

.5
5

an
d

22
.7

7
μ

m
ol

/L
,

re
sp

ec
ti

ve
ly

.

[6
2]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

Pe
ps

in
an

d
tr

yp
si

n
R

Y
D

F,
YA

SG
R

an
d

G
N

G
SG

Y
V

SR

In
vi

tr
o

A
C

E
in

hi
bi

ti
on

as
sa

y
&

sp
on

ta
ne

ou
sl

y
hy

pe
rt

en
si

ve
ra

ts

IC
50

va
lu

es
of

23
5,

18
4

an
d

29
μ

M
re

sp
ec

ti
ve

ly
fo

r
R

Y
D

F,
YA

SG
R

an
d

G
N

G
SG

Y
V

SR

T
hr

ee
pe

pt
id

es
in

hi
bi

te
d

A
C

E
th

ro
ug

h
no

n-
co

m
pe

tit
iv

e
in

hi
bi

tio
n.

G
N

G
SG

Y
V

SR
re

du
ce

d
sy

st
ol

ic
bl

oo
d

pr
es

su
re

31
m

m
H

g
at

2
h

af
te

r
or

al
ad

m
in

is
tr

at
io

n
in

sp
on

ta
ne

ou
sl

y
hy

pe
rt

en
si

ve
ra

ts
.

[5
9]

Ph
as

co
lo

so
m

a
es

cu
le

nt
a

Pe
ps

in
an

d
tr

yp
si

n
G

N
G

SG
Y

V
an

d
SR

In
vi

tr
o

A
C

E
in

hi
bi

ti
on

as
sa

y
IC

50
va

lu
e

of
17

0
μ

M

G
N

G
SG

Y
V

an
d

SR
sh

ow
ed

A
C

E
in

hi
bi

ti
on

th
ro

ug
h

sy
ne

rg
is

ti
c

ef
fe

ct
.S

R
in

it
ia

lly
at

ta
ck

ed
th

e
ca

ta
ly

ti
c

Z
n

of
A

C
E

an
d

fo
rm

ed
co

or
di

na
te

bo
nd

,a
nd

th
en

G
N

G
SG

Y
V

at
ta

ch
ed

w
it

h
th

e
re

si
du

es
of

A
C

E
ac

ti
ve

si
te

by
hy

dr
og

en
bo

nd
s.

[1
7]

148



Mar. Drugs 2022, 20, 10

The ACE inhibitory/antihypertensive activity of food derived peptides depends on the
composition, sequence and length of the peptides. Peptides with more hydrophobic amino
acids (aromatic and branched chain aliphatic) have been demonstrated to inhibit ACE
efficiently [3]. Most of the ACE inhibitory peptides isolated from peanut worms contain
2–11 amino acids residues [17,58–60,62]. Du et al. [60] used pepsin to cleave the water
soluble protein of Phascolosoma esculenta in order to obtain low molecular weight peptides
with potent angiotensin I-converting enzyme (ACE) inhibitory activity. A novel ACE
inhibitory peptide, Ala-Trp-Leu-His-Pro-Gly-Ala-Pro-Lys-Val-Phe, was isolated with IC50
value of 135 M. The authors investigated the inhibitory kinetics of the peptide and found
that the identified peptide inhibited ACE through competitive inhibition. Furthermore, the
peptide (Ala-Trp-Leu-His-Pro-Gly-Ala-Pro-Lys-Val-Phe) at 10 mg/kg dose showed anti-
hypertensive effects in spontaneously hypertensive rats (SHR) by significantly decreasing
the systolic blood pressure (SBP) around 30 mmHg. Water-soluble and insoluble proteins
of P. esculenta were extracted, by Wu et al. [3], and the fractions hydrolyzed with pepsin
and trypsin. The hydrolysates exhibited ACE inhibitory activity with IC50 values between
0.1 to 0.67 mg/mL. It was demonstrated that the peptides derived from water-soluble and
insoluble proteins significantly reduced both diastolic blood pressure (DBP) (23–45 mmHg)
and systolic blood pressure (SBP) (20–33 mmHg) in spontaneously hypertensive rats after
single oral administration at a dose of 1 g/kgBW. Protein from Sipunculus nudus was
hydrolysed with Protamex and three ACE inhibitory peptides IND, VEPG, and LADEF
were isolated with IC50 values of 34.72, 20.55 and 22.77 μmol/L, respectively [62]. In another
investigation, Guo et al. [59] identified and isolated three anti-hypertensive peptides,
RYDF, YASGR and GNGSGYVSR, from Phascolosoma esculenta. It was found that the three
peptides inhibited ACE through non-competitive inhibition with IC50 values between
29–235 μM. Furthermore, GNGSGYVSR reduced systolic blood pressure by 31 mmHg
at 2 h after oral administration in spontaneously hypertensive rats. Recently, two novel
ACE inhibitory peptides, GNGSGYV and SR, were reported from Phascolosoma esculenta
after hydrolysis with pepsin and trypsin. The two peptides showed synergistic effect on
ACE inhibition with IC50 value of 170 μM. The synergistic mechanism indicated that SR
and GNGSGYV significantly changed the secondary structure of ACE. It was also found
that the peptide SR initially formed a coordinate bond with the catalytic Zn of ACE and
then GNGSGYV attached with arginine of dipeptide (SR) and the amino acids of ACE
active site through hydrogen bonds and thereby prevent the substrate attachment with
ACE [17]. In addition to the traditional hydrolysis, virtual hydrolysis of peanut worms has
been performed by several researchers in order to identify the potential ACE inhibitory
peptides. Hongxi et al. [61] virtually hydrolyzed Phascolosoma esculenta protein with pepsin
and trypsin and identified five ACE inhibitory peptides, AYF, EL, GLR, HK and ILK, with
IC50 values in the range of 3.43–4.18 U/mL. In another study, Liu et al. [58] conducted
virtual hydrolysis of Phascolosoma esculenta with pepsin, trypsin and a mixture of pepsin
and trypsin for identification of ACE inhibitory peptides and predicted that 284 di- and
tri-peptides from Phascolosoma esculenta possess ACE inhibitory activity with IC50 less
than 50 μM.

The research indicates that anti-hypertensive peptides obtained from peanut worms
could be used as a natural component for application in health foods/nutraceuticals to
prevent/treat hypertension. However, further research is needed on the exact molecular
mechanisms of action of these anti-hypertensive peptides.

5. Immunomodulatory Activity of Polysaccharides Derived from Peanut Worms

Immune system is a complex defense network that protects the body against invading
pathogens such as bacteria, viruses, fungi, protozoans, and prevents the growth of cancer
cells. Immunomodulators are compounds that can potentially suppress or stimulate
the immune system of host by modulating various immune cells and/or their signaling
molecules (e.g., T cells, B cells, macrophages, NK cells, dendritic cells and cytokines) [63].
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Recently, several polysaccharides with immunomodulatory activity have been identified
from various food sources including mushrooms, fruits, cereals and algae [13].

Recent research has indicated that polysaccharides stimulate various immune cells
(e.g., macrophages, NK cells, dendritic cells) by binding to the cell surface receptors such
as Toll-like receptor 4 (TLR4), cluster of differentiation 14 (CD14), scavenger receptor (SR),
complement receptor 3 (CR3), mannose receptor (MR) and Dectin-1 [13,63].

It has been demonstrated that polysaccharides derived from peanut worms exert im-
munomodulatory effects through various mechanisms such as activation of macrophages,
increasing the indexes of immune organs (thymus and spleen), enhancing the secretion
of cytokines, and improving the phagocytosis function of macrophages and NK cell
activity [18,64–66]. Table 6 shows the immunomodulatory activities of polysaccharides
derived from peanut worms.

A number of studies reported the immune stimulating activity of polysaccharides
extracted from peanut worms, Sipunculus nudus and Phascolosoma esculenta. Liang et al. [64]
investigated the immunomodulatory effects of polysaccharides from P. esulenta using a
mice model and found that administration of polysaccharides at 3.0, 6.0, 9.0 mg/kgBW for
2 months considerably stimulated the Con-A activated mouse spleenocytes and increased
the index of liver, spleen and thymus of mice. A water soluble polysaccharide, composed
of rhamnose (28%), fucose (16%) and galactose (56%), extracted from Sipunculus nudus
exhibited immunomodulatory effects by activating macrophages through the upregulation
of expression of cytokines, IL-6 and TNF-α, and inducing the expression of iNOS and
COX-2 [65]. Li et al. [66] reported that polysaccharides from Sipunculus nudus enhanced
the cellular and humoral immunity in mice by increasing the phagocytosis function and
NK cell activity. Su et al. [67] used hepatoma (HepG2) bearing mice model to study the
immunomodulatory effects of polysaccharides derived from Sipunculus nudus. The mice
were treated with 50, 100, and 200 mg/kg polysaccharide for 30 days and it was found
that the polysaccharide composed of L-rhamnose, L-arabinose, D-ribose, D-glucose and
D-galactose showed immune stimulating effects through increase of thymus and spleen
indexes, and upregulated the IL-2, IFN-γ, and TNF-α cytokines in serum of mice. In another
recent study, Su et al. [18] demonstrated that polysaccharide of Sipunculus nudus increased
the index of immune organs and augmented the secretion of cytokines, IL-2, IFN-γ and
TNF-α, in hepatoma mice after treatment with 50, 100 and 200 mg/kg polysaccharides
for 16 days. These results suggest that immunomodulatory polysaccharides from peanut
worms have great potential for application as nutraceutical/health foods.

Although immunomodulatory activities of polysaccharides derived from peanut
worms have been documented, the molecular mechanisms of action and structure-function
relationship of these polysaccharides have not been investigated. Thus, more research
is needed on molecular mechanisms to decipher the immunomodulatory effects of these
polysaccharides. Additionally, the immune stimulatory effects of peptides derived peanut
worms need to be investigated considerably in order to enhance their application as
health foods.
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6. Anti-Cancer Activities of Polysaccharides Derived from Peanut Worms

Cancer is one of the major causes of death worldwide. Approximately 10 million
deaths were occurred in 2020 due to various cancers [68]. Cancer is uncontrolled growth of
cells in the body. The cancer cells attack the adjacent normal cells and spread to the other
parts of the body. Currently, many different chemo drugs are used in the cancer treatment.
However, side effects (neutropenia, nausea, vomiting, hair loss, blood clots etc.) associated
with these drugs have limited their usage. Additionally, several chemotherapy drugs kill
the normal cells along with the cancer cells. Therefore, recently there is great interest in
finding new anti-cancer agents with less side effects from natural sources such as spices,
vegetables, marine sources etc. [69,70]. Polysaccharides isolated from numerous natural
resources including plant and marine sources have been reported to have inhibition activity
on malignant cells primarily through the induction of apoptosis [71,72].

Polysaccharides extracted from peanut worms have been demonstrated to possess anti-
cancer activity against cancer cells and in vivo animal models. Most researchers determined
the anti-cancer effects of peanut worm derived polysaccharides in hepatocellular carcinoma.
Scientific evidence from recent studies showed that polysaccharides derived from peanut
worms exhibited anti-cancer effects by modulating numerous molecular mechanisms in-
cluding preventing the DNA synthesis, increasing the expression of pro-apoptosis proteins,
TNF-α, caspase-3, and Bax, decreasing the expression of the anti-apoptosis proteins, sur-
vivin, Bcl-2, and VEGF, up-regulation of caspase-3, caspase-8, and caspase-9, enhancing
the expression of ATF4, DDIT3, and IkBα and reduction of CYR61, HSP90, and VEGF
expression [18,67,73]. The mechanisms of action of anticancer activities of polysaccharides
derived from peanut worms are presented in Table 7.

Polysaccharides isolated from peanut worm Sipunculus nudus have shown anti-cancer
effects in cultured cancer cells and mice models with transplanted cancer cells. Jie et al. [73,74]
studied the molecular mechanisms of anticancer effects of polysaccharides, extracted from
Sipunculus nudus, after treating the Hepg2.2.15 cells with 0.13, 0.25, 0.5 and 1 mg/mL for
24 and 48 h and reported that Sipunculus nudus derived polysaccharides induced dose-
dependent apoptosis on Hepg2.2.15 cells by increasing the expression of pro-apoptosis
proteins, TNF-α, caspase-3, and Bax, and decreasing the expression of the anti-apoptosis
proteins, survivin, Bcl-2, and VEGF. Su et al. [67] investigated the anti-cancer effects of
polysaccharides of Sipunculus nudus using HepG2 cells-bearing mice model and demon-
strated that administration of polysaccharides at 50, 100 and 200 mg/kg for 1 month sig-
nificantly inhibited the growth of HepG2 cells through increasing the expression of ATF4,
DDIT3 and IkBα and down-regulation of CYR61, HSP90 and VEGF expression. In another
recent study, Su et al. [18] reported that polysaccharides extracted from Sipunculus nudus
showed anti-cancer effects in HepG2-bearing mice by inducing the apoptosis of tumor cells
through the up-regulation of caspase-3, caspase-8, caspase-9 and Bax, and down-regulation
of B-cell lymphoma-2 and vascular endothelial growth factor protein expression.

The above scientific evidence confirmed that polysaccharides of peanut worms could
inhibit the growth of the cancer cells. However, there are various limitations that could
hamper the use of these polysaccharides for human applications as nutraceuticals/drugs.
Firstly, more reliable and consistent scientific evidence from clinical studies about the benefi-
cial effects of these polysaccharides is needed before its use for the treatment/management
of cancer. Secondly, data about cytotoxic effects on normal cells and in-depth knowledge
of exact molecular mechanisms of anti-cancer activity of peanut worms derived polysac-
charides are required from cell culture, animal and clinical studies. Additionally, most
studies investigated the anticancer activity of polysaccharides isolated from Sipunculus
nudus, although there are many peanut worm species in phylum, Sipuncula. Therefore,
anti-cancer activity for polysaccharides of other peanut worm species needs to be explored.
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Table 7. Molecular mechanisms of anti-cancer activity of polysaccharides derived from various
peanut worms.

Source
Composition of

Polysaccharide Extract
Cell Culture/

AnimalModels
Dose and
Duration

Molecular Mechanisms/Effects Ref.

Sipunculus
nudus

Extractcontains 35.3% neutral
sugar, including Ara 10.7%,
Rha 12.6%, Gal 16.4%, Glu

31.3%, Xyl 18.2%, and
Man 10.8%.

Hepg2.2.15 cells

0.13, 0.25, 0.5,
and

1 mg/mL for
24 and 48 h

Polysaccharides showed anti-cancer
activities by preventing the DNA
synthesis of Hepg2.2.15 cells and

increasing the expression of
pro-apoptosis proteins, TNF-α,

caspase-3, and Bax, and decreasing the
expression of the anti-apoptosis

proteins survivin, Bcl-2, and VEGF.

[73]

Sipunculus
nudus

L-rhamnose, Larabinose,
D-ribose, D-glucose and

D-galactose

Hepatoma
HepG2-bearing

Mice

50,100, and
200 mg/kg,

1 month

Polysaccharides showed anti-tumor
activity by inhibiting the growth of

HepG2 cells through increase of ATF4,
DDIT3, and IkBα expression and
decrease of CYR61, HSP90, and

VEGF expression.

[67]

Sipunculus
nudus

Repeating units of
→3,4-β-D-GlcpNAC

(1→ and →4)-α-D-Glcp(1→
in the ratio of 15:1;

→2)-α-D-Galp-(1→ as a side
chain; and β-D-Galp-(1→ and
α-D-Glcp-(1→ as end groups

hepatoma
HepG2-bearing

mice

50,100, and
200 mg/kg,

16 days

Extracted polysaccharide enhanced the
apoptosis of tumour cells through the
mitochondrial apoptosis pathway by

upregulating caspase-3, caspase-8,
caspase-9 and BCL2-associated X, and

downregulating B-cell lymphoma-2
and vascular endothelial growth factor

protein expression.

[18]

7. Other Bioactivities of Peanut Worm Derived Peptides and Polysaccharides

Apart from above mentioned bioactive properties, many researchers documented
various other bioactive properties including wound healing capacity, memory improve-
ment and anti-hypoxia activity for peanut worm derived peptides and polysaccharides
(Tables 8 and 9). Chen-Xiao and Zi-Ru [14] used various hypoxia mice models to deter-
mine the anti-hypoxia activity of polysaccharides extracted from Sipunculus nudus and
revealed that polysaccharides showed significant anti-hypoxic activity on normobaric
hypoxia, chemical intoxicant hypoxia and acute cerebral ischemia hypoxia models after
treatment with 10, 30, 100 mg/kg for 6 days. Liu et al. [15] produced peptides < 3 kDa from
Phascolosoma esculenta by using pancreatin and found that administration of peptides at
50, 100 and 150 mg/kg for 15 days improved the spatial learning and memory ability in
mice through the up-regulation of NR2A, NR2B, BDNF and CREB mRNA expressions in
hippocampus. Lin et al. [20] investigated the wound healing properties of collagen peptides
derived from Sipunculus nudus and demonstrated that the peptides clearly improved the
healing rate and inhibited scar formation in mice by enhancing collagen deposition and
inhibition of TGF-β/Smads signaling pathway.

Table 8. Anti-hypoxia activity of polysaccharides derived from various peanut worms.

Source
Composition of

Polysaccharide Extract
Cell Culture/

Animal Models
Dose and
Duration

Molecular Mechanisms/Effects Ref.

Sipunculus nudus
Rhamnose (28%),
fucose (16%) and
galactose (56%).

Mice model
10, 30,

100 mg/kg
for 6 days

The extracted polysaccharide
exhibited significant anti-hypoxic
activity on normobarie hypoxia,
chemical intoxicant hypoxia and
acute cerebral ischemia hypoxia

models in mice.

[14]

153



Mar. Drugs 2022, 20, 10

Table 9. Effects of peptides derived from peanut worms on wound healing and spatial learning
and memory.

Peanut
Worm
Name

Enzyme Used
to Produce
Peptides

Peptide
Sequence and

Molecular
Weight

In Vitro/Cell Culture/
Animals/Humans
Used for the Study

Dose and
Duration

Mechanism of Action/
Activities/Effects Showed

Ref.

Sipunculus
nudus

Animal
hydrolytic
protease

(3000 U/g) and
flavor protease

(3000 U/g)

Collagen pep-
tides < 5 kDa

human umbilical
vein endothelial cells

(HUVEC), human
immortalized
keratinocytes

(HaCaT) and human
skin fibroblasts (HSF)

and mice

2 g/mL for
28 days and

500 μg/mL for
12, 24, 30, 36 h

Collagen peptides derived
from Sipunculus nudus

exhibited great capacity to
induce HUVEC, HaCaT

and HSF cells proliferation
and migration in vitro.

Peptides noticeably
improved the healing rate

and inhibited scar
formation in mice through

the mechanisms of
reducing inflammation,

enhancing collagen
deposition and

recombination and
blockade of the

TGF-β/Smads signal
pathway.

[20]

Phascolosoma
esculenta Pancreatin Peptides < 3 kDa Mice

50, 100 and
150 mg/kg for

15 days

Peptides improved the
spatial learning and

memory ability
doses-dependently

through the up-regulation
of NR2A, NR2B, BDNF

and CREB mRNA
expressions in

hippocampus of mice.
100 mg/kg group showed

better performance in
spatial learning and

memory compared with
50, and 150 mg/kg.

[15]

8. Conclusions

In this review, the various bioactive properties of peptides and polysaccharides origi-
nated from peanut worms were summarized. Peanut worms derived bioactive compounds
(peptides and polysaccharides) exhibited anti-oxidant, anti-inflammatory, immunomodula-
tory, anti-hypertensive, anti-cancer and wound healing activities through the modulation
of various molecular mechanisms. Most researchers investigated these bioactivities using
in vitro, cell culture and animal models. Clinical studies confirming these bioactivities of
peptides and polysaccharides of peanut worms are scanty in literature. Therefore, more
clinical investigations are needed to enhance the applications of these bioactive compounds
of peanut worms. Additionally, in-depth molecular mechanisms of action, bioavailability
and safety profiles of these bioactive compounds of peanut worms need to be investigated
thoroughly. Moreover, peptides produced from peanut worms could be further explored for
their potential anti-diabetic, anti-microbial, anti-obesity and anti-atherosclerosis activities.
Although there are several species in phylum sipuncula, only two species (Sipunculus nudus
and Phascolosoma esculenta) have been investigated extensively with regard to the bioactive
compound’s identification and isolation. Hence, other species of peanut worms could also be
studied for possible identification of bioactive compounds for various human applications.
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Abstract: Due to their high biodiversity and adaptation to a mutable and challenging environment,
aquatic lophotrochozoan animals are regarded as a virtually unlimited source of bioactive molecules.
Among these, lectins, i.e., proteins with remarkable carbohydrate-recognition properties involved in
immunity, reproduction, self/nonself recognition and several other biological processes, are particu-
larly attractive targets for biotechnological research. To date, lectin research in the Lophotrochozoa has
been restricted to the most widespread phyla, which are the usual targets of comparative immunology
studies, such as Mollusca and Annelida. Here we provide the first overview of the repertoire of
the secretory lectin-like molecules encoded by the genomes of six target rotifer species: Brachionus
calyciflorus, Brachionus plicatilis, Proales similis (class Monogononta), Adineta ricciae, Didymodactylos
carnosus and Rotaria sordida (class Bdelloidea). Overall, while rotifer secretory lectins display a high
molecular diversity and belong to nine different structural classes, their total number is significantly
lower than for other groups of lophotrochozoans, with no evidence of lineage-specific expansion
events. Considering the high evolutionary divergence between rotifers and the other major sister
phyla, their widespread distribution in aquatic environments and the ease of their collection and
rearing in laboratory conditions, these organisms may represent interesting targets for glycobiological
studies, which may allow the identification of novel carbohydrate-binding proteins with peculiar
biological properties.
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immunity; C-type lectins; C1q domain-containing proteins; galectins

1. Introduction

Lectin-like molecules play a fundamental role in several physiological processes
shared by all animals, including, critically, the discrimination between “self” and “nonself”
through the specific recognition of carbohydrate moieties exposed on cellular surfaces.
These glycans, when associated with microorganisms, are generally referred to as microbe-
associated molecular patterns (MAMPs) or, in the case of potentially pathogenic microbes,
pathogen-associated molecular patterns (PAMPs) [1].

The proteins expressed by the host that are involved in carbohydrate recognition are
collectively known as pattern recognition receptors (PRRs), which may exert their function
at different levels, i.e., in the extracellular environment, at the plasma membrane or within
the cell. In the context of immune response, the activity of a heterogeneous group of
small secretory PRRs usually leads to the coating of invading microbes. This process may
in turn trigger a complex response involving several additional molecular and cellular
players which vary widely along the metazoan tree of life. These include, among others,
the melanization cascade (typically observed in arthropods and other invertebrates) [2],
the production of a large arsenal of antimicrobial peptides [3], the activation of the comple-
ment system (well-described in vertebrates and present in a primitive form also in many
invertebrates) [4] and the recruitment of specialized phagocytic cells [5]. Furthermore, the
ability to recognize MAMPs and to modulate immune responses has been linked with the
maintenance of gut microbiome homeostasis [6], as well as the establishment of beneficial
bacterial symbioses [7], which are particularly relevant in aquatic environments [8].
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Besides their key role in immune recognition, lectins are involved in a number of
other physiological processes, to which they contribute thanks to their remarkable ability
to recognize glycan moieties with high specificity. For example, some lectins play an
important role in reproduction and gamete recognition [9,10], in the clearance of apoptotic
cells thanks to the recognition of damage-associated molecular patterns (DAMPs) [11],
in larval settlement and metamorphosis [12] and in the recognition of food particles in
filter-feeding bivalves [6,13].

Aquatic invertebrates have been a preferred target for lectin identification and purifica-
tion during the past three decades, as revealed by the fact that many of the best functionally
characterized lectins from non-vertebrate metazoans derive from corals, echinoderms and
mollusks [14–16]. Among the Lophotrochozoa, one of the two clades of spiralian animals
together with Ecdysozoa, most glycobiological and immunological studies have been so far
focused on species belonging to the phyla Mollusca or Annelida, amenable for research due
to their relatively large body size and the ease of sampling and laboratory handling [17].
Other lophotrochozoan phyla have been nearly completely neglected up to now, leav-
ing a remarkable gap of knowledge concerning the main molecular players involved in
carbohydrate recognition.

Among these, the phylum Rotifera, which comprises over 2000 described species
with a widespread distribution in freshwater environments, but occasionally found also in
brackish and saltwater habitats, represents a particularly intriguing unexplored resource
for lectin research. Rotifera are classically subdivided between two classes, namely, Mono-
gononta (the most species-rich class) and Bdelloidea, even though phylogenetic evidence
suggests that Seisonidea and Acanthocephala also belong to the very same monophyletic
group. Bdelloids display a few peculiar features compared with all other lophotrochozoans,
such as a remarkable ability to withstand extreme temperatures [18] and ionizing radi-
ations, which is thought to derive from efficient DNA double-strand break repair [19],
and obligatory parthenogenetic reproduction, which results from a long-term asexual
evolutionary history [20]. Another interesting feature of rotifers lies in their remarkable
genetic divergence from the other major lophotrochozoan phyla. Indeed, monogonont and
bdelloid rotifer genomes differ greatly, both in terms of size and architecture, which in
bdelloids is significantly impacted by the presence of transposable elements [21], massive
horizontal gene transfer [22] and signatures of long-term asexual reproduction [23].

Rotifers often belong to cryptic species complexes, which can only be correctly identi-
fied through DNA barcoding, and have in most cases a cosmopolitan distribution [24,25].
These organisms, which usually have a very small size (100–1000 μm), constitute a sig-
nificant fraction of microzooplankton and their biomass can be particularly relevant in
certain environments, such as coastal lagoons or shallow, acidified, metal-contaminated
lakes [26–28]. During the 1970s and 1980s, some rotifer species, such as the eurhyaline
Brachionus plicatilis, were successfully established as live feeds in marine fish aquaculture,
thanks to their fast population growth and ease of intensive culture [29–31] (i.e., up to two
billion individuals can be obtained in one day per cubic meter of culture [32]). This would
undoubtedly represent an interesting opportunity for glycobiology studies, as a sufficient
biomass could be readily available for lectin isolation and purification.

The successful adaptation of rotifers to a challenging environment, where they are
potentially exposed to a broad range of microorganisms, suggests that these small animals
might have developed carbohydrate-binding strategies similar to those described in other
aquatic invertebrates in which multiple biomolecules with high biotechnological potential
have been previously identified. Moreover, due to their peculiar features and their high
tendency to acquire novel genes by horizontal gene transfer, these small metazoans might
be considered as a potential source of isolation for a number of novel lectins with unusual
and interesting biological properties.

This work preliminarily explores the repertoire of secretory lectins from six rotifer
species belonging to the classes Monogononta and Bdelloidea. The publicly available
genomes of these species were screened to look for annotated genes encoding proteins
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bearing known carbohydrate-binding domains (CRDs). Unlike other lophotrochozoan
phyla, in which lectin-like proteins are often encoded by tandemly duplicated paralogous
genes displaying high pairwise sequence homology, rotifers do not show evidence of
massive gene family expansion events. However, they display a highly diversified arse-
nal of carbohydrate-binding proteins whose biological properties could be explored and
biotechnologically exploited in the near future.

2. Results

The screening of six rotifer genomes allowed the identification of a relatively small
number of secretory lectin-like molecules compared with other lophotrochozoans, which
are often characterized by massive gene family expansion events that involve carbohydrate-
binding proteins, as exemplified by the case of C1qDC proteins in bivalves [33–35]. Based
on available data in the literature, only lectin-like proteins displaying a canonical signal
peptide for secretion and which display no significant primary sequence conservation
among the different lectin families will be here described; the only exception is represented
by galectins, which rely on unconventional secretion.

In the class Monogononta, Brachionus calyciflorus was the species in which the highest
number of lectins was identified (38), followed by the congeneric species Brachionus plicatilis
(25) and Proales similis (14). In the class Bdelloidea, Rotaria sordida and Adineta ricciae
displayed a similar number of lectins (27 and 22, respectively), whereas the third rotifer
species, Didymodactylos carnosus, had the lowest number of associated lectin sequences in
this study (eight) (Table 1; the full list of gene accession IDs is provided in Table S1). Based
on these observations, it can be estimated that just a very tiny fraction of all protein-coding
genes in rotifers (i.e., 0.02–0.15%) encode secretory lectins characterized by the presence
of previously described conserved domains. Nevertheless, despite the lack of evident
lectin family expansions, the lectin-like proteins identified in all rotifer species displayed
a remarkable molecular diversity, as revealed by their classification within nine different
families (Table 1): (i) fibrinogen-related domain-containing proteins (FReDs) (Section 2.1);
(ii) C-type lectins (Section 2.2); (iii) C1q-domain containing (C1qDC) proteins (Section 2.3);
(iv) galectins (Section 2.4); (v) R-type lectins (Section 2.5); (vi) F-type lectins (Section 2.6);
(vii) SUEL-type lectins; (viii) H-type lectins; (ix) jacalin-like lectins (Section 2.7).

Table 1. Number of secretory lectins identified in the six rotifer species analyzed in this study. The
full list of gene accession IDs is provided in Table S1.

Bdelloidea Monogononta

Adineta ricciae Rotaria sordida Didymodactylos
carnosus Proales similis Brachionus

calyciflorus
Brachionus

plicatilis

FReDs 6 6 1 3 2 6
C-type lectins 3 2 1 3 25 17
C1qDC proteins 4 6 2 1 1 1
Galectins 4 8 2 1 1 1
R-type lectins 0 1 0 0 3 0 a

F-type lectins 3 3 1 2 3 0 b

SUEL-type lectins 0 0 0 4 3 0 c

H-type lectins 2 1 0 0 0 0
Jacalin-like lectins 0 0 1 0 0 0
Apextrins 0 0 0 0 0 0
DUF3011 lectins 0 0 0 0 0 0

a Two partial BPBT lectins (see Section 2.5), lacking a signal peptide, likely due to incorrect annotation, were
detected. b A single FTL with three CRDs, lacking a signal peptide, likely due to incorrect annotation, was
detected. c Two short single-domain SUEL-type lectins, encoded by two paralogous genes, were likely incorrectly
fused in a single gene model.

2.1. FReD-Containing Proteins

Fibrinogen-related domain-containing proteins (FReDs) share structural similarity
with the C-terminal domain of vertebrate ficolins, i.e., N-acetylglucosamine (GlcNAc)-
specific carbohydrate-binding proteins, which play a key role in the lectin pathway of
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the complement system [36,37]. The fibrinogen C-terminal domain is associated with a
number of metazoan lectins with widespread taxonomic distribution, from cnidarians to
vertebrates, which hold remarkable glycan-binding properties and often play an important
role in the context of immune recognition, as revealed by several studies carried out in
Mollusca [38–40].

A subgroup of FReDs named fibrinogen-related proteins (FREPs), which combine
one or two N-terminal immunoglobulin domains with a single C-terminal fibrinogen
domain, have been implicated in the resistance of snails to trematode infections [41,42].
Comparative immunogenomics studies have previously revealed that bona fide FREPs [43],
as well as GREPs and CREPs (i.e., FReDs associated with galectin and CTL domains,
respectively [44]), are restricted to the gastropod subclass Heterobranchia. Nevertheless,
other mollusks display a high number of proteins with a simpler architecture, comprising
a signal peptide and the fibrinogen-like domain, often paired with a coiled-coil region of
variable length, which may allow their oligomerization, in a similar fashion to collagen
in vertebrate ficolins [45]. Single-domain FReDs, which retain significant glycan-binding
properties in the Lophotrochozoa [46], underwent a significant expansion in bivalves, where
they are often found with hundreds of paralogous gene copies [47] encoding inducible
proteins with marked bacteria-agglutinating properties [48,49]. Similar expansions have
certainly occurred in other lophotrochozoan phyla, such as brachiopods, even though the
functional implications of these events are presently unclear [50].

All the rotifer species analyzed in this study had FReD genes in varying numbers,
ranging from one (in D. carnosus) to six (in R. sordida, B. plicatilis and A. ricciae) (Table 1). The
encoded proteins from bdelloid and monogonont rotifers displayed different architectures:
while all FReDs shared a single peptide and displayed a fibrinogen-like domain in a C-
terminal position, they were characterized by the presence of an N-terminal region of
variable length (Figure 1). This region was markedly shorter in bdelloid FReDs, which
usually displayed a relatively high (55–50%) primary sequence identity with horseshoe
crab tachylectins [39], and much longer in monogonont FReDs, which, on the other hand,
had a lower homology (i.e., 25–35%) with tachylectins. In all rotifer FReDs, this region
lacked detectable conserved domains and structural homologies but displayed a low level
of complexity and the occasional presence of threonine-rich amino acid stretches.

Figure 1. Schematic representation of the main type of secretory lectin-like molecules identified in
Rotifera. FBG: Fibrinogen C-terminal domain; GLECT: galectin domain; SUEL: D-galactoside/L-
rhamnose-binding SUEL lectin domain; CLECT: C-type lectin domain; FA58C: coagulation factor 5/8
C-terminal domain; EGF: epidermal growth factor domain; Cht BD2: chitin binding domain.
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2.2. C-Type Lectins

C-type lectins (CTLs) are one of the largest and most studied families of lectins in
lophotrochozoans, with several dozen proteins having been functionally characterized in
mollusks and segmented worms [51–53]. Their characterizing CRD, which displays a broad
calcium-dependent binding specificity, is often found in large multidomain membrane-
bound proteins which may or may not have a lectin function [54,55]. Their remarkable
structural diversity has led to the development of a complex classification system, which
has been subjected to multiple updates over the years [54,56,57]. Since such a classification
still appears to be strongly biased towards vertebrates, it is not fully adequate to describe
the variegate domain combinations found in animal CTLs.

Compared with their membrane-bound counterparts, secretory CTLs usually display
a simpler structure, which comprises a signal peptide, followed by either one or two
tandemly repeated CRDs. In addition, the N-terminal region may also include coiled-
coil or collagen repeats with effector functions [58,59]. Besides having a role in MAMP
recognition, the CTLs of invertebrate metazoans can regulate different aspects of the innate
immune response, including microbial opsonization, the activation of the prophenoloxidase-
mediated melanization cascade and possibly also the activation of the complement system,
mirroring the role of the mannan-binding lectin in the lectin pathway of the vertebrate
complement system [52,60,61].

As far as the Lophotrochozoa are concerned, multiple studies have previously revealed
that CTLs belong to highly expanded gene families in Mollusca [33,62], Annelida and
Brachiopoda [50]. The investigations carried out here in Rotifera revealed a highly variable
number of CTLs among species. While CTLs represented the largest group of secretory
lectins in the genus Brachionus (i.e., 25 in B. calyciflorus and 17 in B. plicatilis), only a few
proteins of this type (i.e., one to four) could be identified in the four other species (Table 1).
Most of the proteins identified in Brachionus spp. had a single CRD (Figure 1), which often
followed a relatively long (i.e., ~100 amino acids) N-terminal region with no recognizable
conserved domains. In addition, both Brachionus species displayed a few CTLs with two
consecutive CRDs, whose architecture resembled those of insect immulectins [63]. Another
type of domain combination included the presence of an epidermal growth factor (EGF)-like
domain, placed immediately before the CRD. EGF domains are often found in association
with certain large vertebrate CTLs found in the extracellular matrix or bound to the cell
membrane, such as selectins and lecticans. However, the combination of a single EGF
domain and the CTL CRD has never been described before in the Lophotrochozoa. The
third analyzed monogonont rotifer species, P. similis, only displayed three CTL genes: two
encoded short, single-domain lectins, whereas the third one had an additional EGF-like
domain, as previously described in Brachionus spp. (Figure 1).

The three bdelloid species had a smaller number of genes encoding secretory CTLs:
three were identified in A. ricciae, two in R. sordida and a single one in D. carnosus. Two
CTLs from R. sordida and one from A. ricciae were short single-domain CTLs. D. carnosus
and A. ricciae shared the presence of an orthologous sequence with two recognizable CRDs
located at the N-terminal end, followed by a long region with no detectable primary
sequence or structural homologies. The third CTL identified in A. ricciae showed an
unusually long N-terminal low-complexity region, highly enriched in threonine and serine
residues, followed by a C-terminal CRD (Figure 1).

In general, rotifer CTLs only showed a poor primary sequence homology (i.e., 20–30%)
with functionally characterized molluscan CTLs, which prevented the ascertainment of
clear orthology relationships. It is worth mentioning that a single protein belonging to
the CTL family had been previously described and functionally characterized in Rotifera.
Nevertheless, the sequences orthologous with this protein, which serves as the mate
recognition pheromone in the male individuals of Brachionus manjavacas [64], are not
reported in the present study due to the presence of a transmembrane domain.
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2.3. C1q Domain-Containing Proteins

C1q domain-containing (C1qDC) proteins belong to a widespread family of highly
versatile globular proteins with remarkable binding properties [65,66]. Besides their well-
characterized involvement in the vertebrate complement system, C1qDC proteins carry out
important functions in other biological processes which have only recently started to be
unveiled [67]. For example, thanks to the carbohydrate-binding properties demonstrated
in several metazoan phyla [68,69], C1qDC proteins should be regarded as PRRs involved
in immune recognition. This role has been investigated in detail in Mollusca [70,71], where
C1qDC proteins are associated with massive gene family expansions [34,35,72]. In bivalves,
such expansions involve C1qDC proteins that either have a very simple architecture (signal
peptide + C1q domain) or contain an additional N-terminal coiled-coil region. Moreover, in
some gastropod species, such as Littorina littorea, the C1q domain is combined with one or
two immunoglobulin-like domains, originating a small class of proteins known as QREPs,
which are upregulated in response to Himasthla elongata infections [73].

Unlike bivalves but similar to other lophotrochozoan phyla, such as annelids and
brachiopods [50,73], rotifers only display a very few secretory C1qDC proteins (Table 1).
In detail, a single orthologous C1qDC gene could be identified in the three monogonont
rotifer species, whereas the three bdelloid rotifers had a variable number of C1qDC genes,
ranging from two (in D. carnosus) to six (in R. sordida), with evidence of a few nearly
identical paralogs (further supported by phylogenetic evidence; see below). In all cases,
rotifer C1qDC proteins were relatively short (<350 aa) and displayed a single C-terminal
C1q domain (Figure 1). All proteins had a short (~30 aa long) collagen-like region placed
immediately before the start of the C1q domain, which was characterized by the presence
of nine highly conserved glycine residues (Figure 2A). This domain organization denotes
the typical structure of C1q-like proteins, which represent the most common type of C1qDC
proteins in vertebrates [50]. C1q-like proteins are present (but rare) in the lophotrochozoan
species characterized by C1qDC gene family expansions, in which collagen repeats are
usually replaced by coiled-coil regions [34].

Figure 2. (A) Schematic structure of the C1qDC proteins identified in rotifers, with a zoom on
the collagen region. (B) Bayesian phylogeny of C1qDC proteins from rotifers, obtained with
500,000 generations of an MCMC analysis, run under an LG+I+G model of molecular evolution.
The numbers shown close to each node represent posterior probability support values. Aric: A. ricciae;
Rsor: R. sordida; Psim: P. similis; Dcar: D. carnosus; Bcal: B. calyciflorus; Bpli: B. plicatilis; Lana: Lingula
anatina; Pmax: Pecten maxiumus; Ttes: Testudinalia testudinalis; Hsap: Homo sapiens. Human sequences
were used as an outgroup for tree-rooting purposes; A, B and C indicate the human C1qA, C1qB and
C1qC chains.

164



Mar. Drugs 2022, 20, 130

From a phylogenetic point of view, the C1qDC proteins of rotifers were subdivided into
three distinct groups (Figure 2B): the first included the C1qDC proteins from Monogononta,
which were clustered with high support (posterior probability = 0.99) with a few C1q-like
proteins previously identified in other lophotrochozoans and hypothesized to play a key
role in the proto-complement system [73]. The C1qDC proteins from bdelloid rotifers were
clustered in two groups: the first one, which included a few highly similar paralogous genes
in each species (two in D. carnosus and A. ricciae, four in R. sordida), comprised proteins with
high sequence homology relative to the group of C1qDC proteins from Monogononta and
other lophotrochozoans described above. These proteins displayed, as a peculiar feature, an
N-terminal low complexity Ser- and Gln-rich region. The second group of C1qDC proteins
from bdelloids only comprised sequences from A. ricciae and R. sordida, which displayed a
high divergence with all the other sequences mentioned above and may therefore represent
bdelloid innovations.

2.4. Galectins

Galectins are taxonomically widespread and structurally well-conserved β-galactosyl-
binding lectins which carry out a multitude of different functions, including cell adhesion,
cellular homeostasis and self/non-self and microbial recognition [74]. Based on their struc-
tural organization, lophotrochozoan galectins can generally be considered as belonging
to the “tandem-repeat” subtype and contain either two or four CRDs [75–78], with rare
occurrences of galectins with three CRDs [50]. Although phylogenetic analyses have previ-
ously revealed a monophyletic origin for all molluscan galectins [79], it is presently unclear
whether this consideration also applies to the galectins from other lophotrochozoan phyla.

This investigation allowed the identification of galectin genes in all the six analyzed
rotifer genomes, even though their number significantly varied among species. While
all Monogononta only had a single galectin, bdelloid genomes encoded multiple galectin
genes, ranging from two (D. carnosus) to eight (R. sordida) (Table 1). All rotifer galectins
displayed two tandemly repeated CRDs, separated by a connecting region of variable
length (Figure 1). No galectins with four CRDs could be identified, confirming the previous
observation that, within the Lophotrochozoa, this subtype is restricted to brachiopods,
phoronids and annelids [50]. Primary sequence homology with other members of the
galectin family from non-rotifer lophotrochozoans was generally in the range of 30–35%.
Consistently with previous observations in other metazoans, the encoded proteins lacked a
canonical signal peptide and might therefore use an alternative secretion route [80].

2.5. Ricin β-Trefoil Lectins

The R-type lectin (RTL) domain, originally described in the plant toxin ricin, is found
in a number of metazoan multidomain proteins with different functions, including hy-
drolases, glycosyltransferases and membrane-bound receptors [81]. Nevertheless, smaller
proteins with no additional domains can serve as lectins in the extracellular environment,
playing a role in PAMP recognition. A number of secretory R-type lectins with different
glycan-binding properties, containing either one or two consecutive CRDs, have been pre-
viously isolated in annelids [82–84] and mollusks [85]. A second family of lectins, named
mytilectins, which share the same β-trefoil three-dimensional structure but do not conform
with the canonical R-type lectin primary sequence signature, show a discontinuous distri-
bution among the Lophotrochozoa and have only been described so far in a few bivalve
mollusks and brachiopods [50,86,87].

While rotifer genomes encoded several proteins with R-type lectin domains, in most
cases these were associated with other domains known to exert catalytic activities (e.g.,
glycosylases, hydrolases, etc.) or with transmembrane domains. Strong evidence in support
of the existence of secretory RTLs could be collected only for two out of the six rotifer
species analyzed in this study, i.e., R. sordida, among bdelloids, and B. calyciflorus, among
Monogononta (Table 1).
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In detail, the three secretory RTLs identified in B. calyciflorus displayed an unusual do-
main architecture, never before reported in other metazoans. Indeed, these proteins showed
the presence of two consecutive VOMI (vitelline membrane outer layer protein I) domains,
followed by a C-terminal ricin-like CRD (Figure 1). Although the VOMI domain is typically
found in proteins found in the outer layer of the egg vitelline membrane [88], it shares a
β-prism fold that has been previously identified in other carbohydrate-binding proteins,
including jacalins, a class of plant-specific lectins [89–91], as well as in the B. thuringiensis
delta endotoxin [92]. Due to the simultaneous presence of these two structurally different
CRDs, which clearly presents an interesting path for exploration in glycobiological studies,
we defined these unusual proteins as BPBT (β-prism, β-trefoil) lectins. Two BTBP lectins,
orthologous to those found in B. calyciflorus but lacking a signal peptide (possibly due to
an incorrect annotation), were also found in the congeneric species B. plicatilis, but not in
the other species, suggesting that this domain combination may be exclusively present in
Brachionus spp.

On the other hand, the single secretory RTL found in R. sordida was unrelated to
BPBT lectins, since this protein was relatively short (i.e., 200 amino acids) and included
a chitin-binding domain in an N-terminal position [93] (Figure 1). This domain is shared
by several chitinases and other smaller chitin-binding proteins, which include some with
demonstrated effector activity in the context of invertebrate innate immunity, such as
horseshoe crab tachycytin [94] and mussel mytichitin [95], and others with presumed
lectin-like functions [96].

No sequence orthologous to brachiopod and molluscan mytilectins could be found in
rotifers, confirming the discontinuous taxonomic distribution of these β-trefoil lectins in
the Lophotrochozoa.

2.6. F-Type Lectins

F-type lectins are characterized by the presence of a β-barrel jellyroll fold which allows
fucose recognition [97] and which is also found in the C-terminal domain of coagulation
factors 5/8. Despite being associated with relatively short secretory proteins with a lectin
function, the typical CRD of FTLs is often found in large multidomain proteins with
different catalytic activities [98]. The frequent combination of this domain with several
other non-lectin domains mirrors the previously mentioned functional plasticity of the
CRDs of CTLs and RTLs. Previous studies have reported that FTLs underwent expansion
in some gastropod species [77], and some functional evidence collected in bivalves has
linked these proteins to bacterial recognition [99], in addition to the well-established role of
the FTL domain-containing proteins bindins in gamete recognition [100]. This observation
is consistent with the detection of the FTL domain in a relatively high number of rotifer
proteins, only a few of which were characterized by the presence of a signal peptide or
displayed a domain organization consistent with a lectin function (Table 1).

Two different types of secretory F-type lectin sequences were detected in rotifers. The
first type, present as a single-copy gene in the three monogonont species but missing in
the three bdelloids, was a protein displaying a low-complexity threonine- and serine-rich
N-terminal region, followed by a single CRD lacking any significant primary sequence
homology with known FTLs but showing high predicted structural similarity with human
coagulation factors [101] and discoidins [102] (Figure 1). The second type, shared by all
rotifer species (even though B. plicatilis only displayed a protein lacking the signal peptide,
likely due to incorrect annotation), displayed three consecutive FTL CRDs (Figure 1). While
the first and the second ones were well recognizable, the third one did not conform with the
canonical F-type lectin signature. These triple-CRD FTLs displayed a relatively high (i.e.,
40%) sequence identity with several proteins encoded by the genomes of other lophotro-
chozoans, including mollusks and annelids, suggesting a high degree of evolutionary
conservation.
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2.7. Other Types of Lectins

In sea urchins, a group of lectins, characterized by the presence of a D-galactoside/L-
rhamnose-binding SUEL (acronym for sea urchin egg lectin) domain, carry out egg-
protecting functions [103,104]. While this type of lectins is also found in lophotrochozoan
genomes, they have been better functionally characterized in deuterostome
invertebrates [105–107]. To date, their role in lophotrochozoans remains elusive, even
though a bivalve SUEL-type lectin was shown to promote the agglutination of Gram-
negative bacteria through LPS binding [108]. The SUEL domain was present in some large
multidomain membrane-associated proteins of bdelloids but not in secretory proteins. On
the other hand, the three monogonont rotifer genomes encoded a few short SUEL-type
lectins (Table 1), which lacked accessory conserved domains (Figure 1) and did no bear any
detectable primary sequence homology with other metazoan sequences with known func-
tions. With the exception of two sequences detected in P. similis, these proteins displayed
high pairwise primary sequence homology and clearly belonged to a monophyletic family.

H-type lectins (HTLs) represent a poorly functionally characterized family of N-
acetylgalactosamine-binding lectins, which are believed to carry out a defensive role against
bacterial infections in fertilized snail eggs [109,110]. Although very little information is
available about the involvement of HTLs in lophotrochozoan immunity, comparative
genomics analyses indicate that they do not belong to expanded gene families, neither
in Mollusca [111,112] nor in Brachiopoda [50]. Nevertheless, transcriptome scans carried
out in gastropod mollusks revealed the presence of a novel domain combination between
immunoglobulin-like domains and HTL domains in the so-called HREPs [73]. The analysis
of rotifer genomes revealed the presence of secretory H-type lectins in just two out of
the three bdelloid species (i.e., A ricciae and R. sordida). On the other hand, no HTL was
identified in Monogononta (Table 1). These proteins had a similar simple architecture, with
a single CRD, placed immediately after a well-recognizable signal peptide (Figure 1). Rotifer
HTLs were encoded by open reading frames with a relatively small size (i.e., 120 codons)
and displayed poor sequence homology with other known sequences (i.e., less than 40%
primary sequence homology vs. L. anatina). This may suggest that the apparent lack of
secretory HTLs in four out of six target species derives from missing gene models that
could not be included in the annotation tracks of the respective genomes due to poor
supporting evidence.

Section 2.5 reports the presence of BPBT lectins, which bear a jacalin-like β-prism
structural domain in combination with the RTL CRD, in Brachionus spp. The screening for
additional proteins bearing a canonical jacalin domain led to the identification of a single
protein in D. carnosus with no orthologs in other rotifer species. This lectin, which dis-
played a well recognizable signal peptide for secretion, lacked significant primary sequence
homology with other previously characterized proteins, but displayed a highly significant
structural match with a number of jacalin-like lectins from plants and with a few metazoan
proteins. These included, as the only lophotrochozoan representative, the PPL3 lectin from
the bivalve mollusk Pteria penguin, which is involved in shell mineralization [113]. Other
relevant metazoan proteins which display the same structural fold are the human pancreatic
secretory protein ZG16b, important for the condensation of pancreatic enzymes [114], the
WGA16 protein from boar sperm [115] and the zebrafish pore-forming protein Dln1 [116].

No gene encoding proteins homologous to the egg-protecting lectins from Aplysia
dactylomela, characterized by the presence of the orifera lack lectins homologous to her
metazoan sequences with known function.ked significant similarity withology DUF3011
domain [117], could be detected in Rotifera. Likewise, no apextrin-like proteins were
detected in any of the studied species. Proteins carrying an apextrin C-terminal domain
(ApeC) have been previously shown to mediate bacterial recognition in amphioxus [118].
While they are also present in bivalve mollusks and brachiopods [50,62], this study rules
out their possible involvement in immune recognition in rotifers.
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3. Discussion

Genome- or transcriptome-wide screening approaches have previously been success-
fully used to identify lectin-like proteins in several different eukaryote species, both in
the plant and animal kingdoms [77,96,112,119–122], and can be effectively used as a pre-
liminary step to investigate the repertoire of lectin-like molecules present in non-model
species. This approach might be particularly intriguing for understudied animal phyla,
which, despite the lack of previous glycobiological investigations, might be endowed
with a particularly rich repertoire of lectin-like molecules as the result of their adapta-
tion to a challenging environment. Rotifers, like other aquatic organisms, are potentially
highly exposed to ubiquitous waterborne microorganisms, which may in some cases be
pathogenic. Considering the well-described complex innate immune systems of other
lophotrochozoans, such as mollusks and annelids, rotifers appear to be good candidates for
the bioinformatics-assisted discovery of carbohydrate-binding proteins involved in MAMP
recognition. No information is presently available concerning the glycans expressed by
rotifer tissues and only a single membrane-bound C-type lectin has been described in
B. manjavacas [66] prior to this work. Hence, this represents the first investigation of this
type carried out in this relatively large and widespread but poorly studied phylum of small
aquatic animals.

Although this approach obviously suffers from some limitations, which will be de-
scribed in detail below, it has allowed: (i) the identification of the presence of secretory
lectin-like molecules belonging to at least nine different families, characterized by distinct
structural folds (Figure 3), in rotifers; (ii) the highlighting of significant differences in terms
of distribution and domain organization between the two major classes of rotifers, as well
as among species; and (iii) the ruling out of the possibility that known lectin-encoding gene
families underwent significant expansion in Rotifera, marking a clear difference with other
lophotrochozoan phyla.

Even though this in silico screening approach allowed the identification of several
proteins that are likely to be secreted to the extracellular environment and have significant
carbohydrate-binding properties, the list of the putative rotifer lectin-like proteins here
provided (detailed in Table S1) should be considered as strictly preliminary. The glycan-
binding properties of the identified proteins, as well as their possible involvement in
MAMP recognition, should be validated through functional data collected with classical
biochemical, glycobiological and immunological approaches.

Some limitations of this genome-wide bioinformatics screening approach reside in
the fact that the correct identification of lectin-like proteins depends on the accuracy of
gene annotations. While all the genomes analyzed in this work had a high quality, both
in terms of assembly metrics and in terms of BUSCO completeness [123], a few chimeric
gene models, as well as models of ORFs which were clearly subjected to 5’ or 3’ truncation
compared with other full-length orthologs and paralogs, were occasionally observed. For
the sake of consistency, these gene models were disregarded, even though the presence of
incomplete gene models in a given species was reported, whenever relevant, in Table 1. In
addition, some lectin-like proteins identified in this work were rather short, with an ORF
barely exceeding 100 codons, and lacked at the same time significant primary sequence
homology with other known sequences deposited in public databases. These factors might
have negatively impacted the annotation of other orthologous and paralogous genes,
which may therefore be apparently missing in some of the target genomes, as discussed in
Section 2.7. Hence, the completeness of our report may suffer from these uncertainties, and
the number of lectins reported in Table 1 should be considered as inherently subjected to
slight underestimates.
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Figure 3. Three-dimensional folding of the carbohydrate-recognition domains of representative
members of the nine lectin families identified in Rotifera. (A) C-type lectin domain, pdb entry: 1b6e;
(B) fibrinogen C-terminal domain, pdb entry: 1fib; (C) C1q domain, pdb entry: 4ous; (D) galectin
domain, pdb entry: 1a3k; (E) R-type lectin β-trefoil domain, pdb entry: 4iyb; (F) F-type lectin domain,
pdb entry: 1k12; (G) SUEL-type lectin domain, pdb entry: 2jx9; (H) H-type lectin domain, pdb entry:
2ces; (I) jacalin β-prism domain, pdb entry: 3apa. The figures are reproduced courtesy of PDBe
(https://www.ebi.ac.uk/pdbe/, accessed on 20 January 2022).

Another possible limitation of this work was the impossibility of proceeding with
a reliable in silico screening of candidate lectin molecules characterized by the presence
of domains which are not primarily or exclusively linked with a carbohydrate-binding
function. This was the case, for example, for I-type lectins (also known as siglecs), which
share an immunoglobulin-like fold with a very high number of other proteins involved in
a very broad range of functions [124] and which have been previously identified in some
lophotrochozoans [125]. Similarly, some chitin-binding lectins, mostly from plants [126],
are characterized by the presence of a chitinase-like domain that includes a few key muta-
tions that ablate its catalytic function. However, since these two lectin families are either
membrane-bound (siglecs) or uncommon in metazoans (chitinase-like lectins), their exclu-
sion from the set of domains included in in silico searches was unlikely to have an impact
on the identification of secretory lectins in rotifers.

Finally, it needs to be stressed that rotifer genomes are extremely gene-rich and encode
several thousand proteins which lack any significant primary sequence homology with
other sequences deposited in public databases and which have no detectable conserved
domain. We cannot exclude that some as yet uncharacterized protein families may carry out
important carbohydrate-binding functions in these animals. Nevertheless, the combination
of classical biochemical and glycobiological approaches with bioinformatics approaches
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should enable the identification of the full-length sequence of the lectins isolated from ro-
tifers starting from small peptide fragments, as previously carried out on several occasions
with other aquatic invertebrates [68,85,127].

In summary, this work allowed the confirmation of the potential interest of rotifers
as future targets for glycobiological studies focused on the identification of novel lectins.
These, based on the significant diversity of the associated structural folding, might be
endowed with different carbohydrate-binding properties, which may support the de-
velopment of new biotechnological tools, such as lectin-based biosensors with potential
applications in cancer research. Besides the interest that such molecules might have in terms
of biotechnological applications, another aspect that remains to be clarified is whether these
rotifer secretory lectins carry out biological functions similar to those previously described
in other lophotrochozoan phyla.

4. Materials and Methods

4.1. Identification of Lectin-Like Molecules

Six rotifer species with a publicly available fully sequenced genome and an associated
gene annotation track were selected (Table 2). Didymodactylos carnosus Milne 1916 [21],
Rotaria sordida Western, 1893 [21] and Adineta ricciae Segers & Shiel, 2005 [21] were selected
for the class Bdelloidea; Brachionus plicatilis Müller, 1786 [128], Brachionus calyciflorus Pal-
las, 1776 [129] and Proales similis de Beauchamp, 1907 [130] were selected for the class
Monogononta.

Table 2. List of the six rotifer species analyzed in this study, with genome size and number of
annotated protein-coding genes.

Species Name Class Genome Size (Mb) Protein-Coding Genes

Adineta ricciae Bdelloidea 173 49,015
Rotaria sordida Bdelloidea 361 61,901

Didymodactylos carnosus Bdelloidea 356 46,863
Proales similis Monogononta 33 10,785

Brachionus calyciflorus Monogononta 30 24,328
Brachionus plicatilis Monogononta 107 52,502

The proteome of each of the six target species was screened and a search was made for
secretory proteins, i.e., those including either a highly supported canonical signal peptide,
detected with SignalP v.5.0 [131], or, in the case of galectins, which are known to use a non-
canonical secretion signal, with SecretomeP v.2.0 [132]. At the same time, candidate proteins
needed to lack transmembrane regions, which were detected with TMHMM v.2.0 [133].
Signal peptide and transmembrane region predictions were further checked with Phobius
v.1.01 [134]. Putative lectins were identified based on the presence of the following PFAM
conserved domains, detected with HMMER [135] based on default threshold e-values:
fibrinogen beta and gamma chains, C-terminal globular domain (PF00147), C-type lectin
domain (PF00059), C1q domain (PF00386), galactose-binding lectin domain (PF02140),
ricin-type beta-trefoil domain (PF00652 and PF14200), F-type lectin/discoidin domain
(PF00754), galactoside-binding lectin domain (PF00337), H-type lectin domain (PF09458),
jacalin-like lectin domain (PF01419), DUF3011 (PF11218) and the C-terminal domain of
apextrin (PF16977).

The presence of other conserved domains was checked with InterProScan v.5 [136] and
the possible presence of conserved structural folds in regions lacking conserved domains
was investigated with HHpred [137]. To avoid the inclusion of proteins carrying lectin-
like domains but likely involved in non-lectin functions, sequences displaying conserved
domains with known catalytic action (e.g., glucanases, hydrolases, kinases, peptidases, etc.)
were disregarded. Protein sequences deriving from gene models annotated as “partial”, as
well as those that displayed obviously truncated characterizing domains and which might
therefore derive either from pseudogenes or from mis-annotations, were disregarded.
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4.2. Bayesian Phylogenetic Inference

All rotifer C1qDC proteins were included in a multiple sequence alignment (MSA),
prepared with MUSCLE [138], together with three selected lophotrochozoan C1q-like
sequences (i.e., XP_013399541.1 from Lingula anatina, QBA18422.1 from Testudinalia tes-
tudinalis and XP_033760315.1 from Pecten maximus). The human C1qA (NP_057075.1),
C1qB (NP_000482.3) and C1qc (NP_758957.2) chains were also added to the alignment
for tree-rooting purposes. The MSA was refined with Gblocks v.0.91b [139] to remove
unalignable, poorly informative regions. Bayesian phylogenetic analysis was carried out
with MrBayes v.3.2.7a [140], running two parallel MCMC analyses for 500,000 generations
each, sampling one tree every 1,000 generations. The analysis was run under an LG+G+I
model of molecular evolution, which was estimated to be the best fitting for this dataset,
with ModelTest-NG [141]. Run convergence was checked with Tracer v.1.7.1 [142] by de-
termining that all estimated parameters reached an effective sample size value higher
than 100.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md20020130/s1, Table S1: List of the gene accession IDs of
secretory lectin-like sequences identified in Rotifera.
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Abstract: Microalgae host varied microbial consortium harboring cross-kingdom interactions with
fundamental ecological significance in aquatic ecosystems. Revealing the complex biofunctions of
the cultivable bacteria of phycosphere microbiota is one vital basis for deeply understanding the
mechanisms governing these dynamic associations. In this study, a new light-yellow pigmented bac-
terial strain LZ-28 was isolated from the highly-toxic and harmful algal bloom-forming dinoflagellate
Alexandrium catenella LZT09. Collective phenotypic and genotypic profiles were obtained to confi-
dently identify this strain as a new Mameliella alba member. Comparative genomic analysis showed
that strain LZ-28 shared highly similar functional features with other four marine algae-derived M.
alba strains in spite of their distinctive isolation sources. Based on the bioactivity assaying, the mutual
growth-promoting effects between bacterial strain LZ-28 and algal strain LZT09 were observed. After
the culture conditions were optimized, strain LZ-28 demonstrated an extraordinary production ability
for its bioflocculanting exopolysaccharides (EPS). Moreover, the portions of two monosaccharides
glucose and fucose of the EPS were found to positively contribute to the bioflocculanting capacity.
Therefore, the present study sheds light on the similar genomic features among the selected M.
alba strains, and it also reveals the potential pharmaceutical, environmental and biotechnological
implications of active EPS produced by this new Mameliella alba strain LZ-28 recovered from toxic
bloom-forming marine dinoflagellate.

Keywords: bacterial exopolysaccharides; bioflocculanting activity; microalgae growth-promoting
bacterium; harmful algal bloom-forming dinoflagellate; Alexandrium catenella; Mameliella alba

1. Introduction

The term “phycosphere” was initially coined in 1972 to describe the region imme-
diately surrounding an individual algal cell that is enriched in organic matters, which
are exuded by the cell into its surroundings [1]. It is known as the aquatic analogue of
the rhizosphere in the soil ecosystem [2]. The aquatic phycosphere niche is regarded as
the boundary of phytoplankton holobionts and the ecological interface for algae–bacteria
interactions (ABI) [3]. The relationships that usually span mutualism, commensalism,
antagonism, parasitism, and competition, usually involve cross-kingdom exchanges of
nutrients, secondary metabolites, infochemicals, and gene-transfer agents (GTA) [4]. It
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has subsequently become apparent that these microscale interactions are far more sophis-
ticated than previously thought. It usually requires the close spatial proximity of two
sides involved in the interactions, which are usually facilitated by bacterial colonization in
the phycosphere niches [5]. Within this microscopic interface, the exopolysaccharides or
extracellular polysaccharides (EPS) contributed by both partners are the main components
of the matrix, which embeds the proliferating cells and promotes colony formation [5].
It is also the essential chemical intermedia connecting the microscale interactions [1,2,6].
Presently, it is becoming increasingly clear that these complex inter-species or intra-species
associations usually exert further ecosystem-scale influences on fundamental processes
including primary production, phycotoxin biosynthesis, biogeochemical cycles and the
microbial loop in the oceans [7].

Currently, the rapidly increasing observations show that phytoplankton-associated
bacterial communities are often limited to a small handful of taxa groups, including spe-
cific members of the Roseobacter group (Rhodobacteraceae), Flavobacteraceae, and Alteromon-
adaceae [8–10]. These observations also provide emerging evidence for the species-specific
associations between the phytoplanktons and their closely-associated bacterial consor-
tium [2–6]. Rhodobacteraceae usually accounts for an overwhelming proportion of the
bacterioplankton communities in marine environments [8,9]. Within this family, the genus
Mameliella has become one key and representative member in the Roseobacter group, al-
though it was initially established one decade ago with Mameliella alba JLT354-WT as
the type species [11]. Moreover, Mameliella members widely contributed to the marine
environments in aromatic compound degradation, biogeochemical cycles of carbon and sul-
fur, dimethylsulfoniopropionate demethylation, and the production of diverse secondary
metabolites [12]. In recent decades, four type species, Mameliella phaeodactyli, Mameliella
atlantica, Ponticoccus lacteus, and Alkalimicrobium pacificum, were reclassified later as het-
erotypic synonyms of M. alba based on their phylogenomic characterizations [13]. Nowa-
days, the genus Mameliella contains only two type species with correctly published names,
including M. alba and M. sediminis (https://lpsn.dsmz.de/genus/mameliella, accessed on
10 May 2022). Currently, over 1500 species of free-living dinoflagellates have been described,
and the harmful algal blooms (HABs)-causing group occupies over 300 species [14]. Among
them, over one quarter are toxic species that produce diverse types of phycotoxins, such as
paralytic shellfish-poisoning (PSP) toxins [15,16]. Within the toxic dinoflagellate species,
the globally distributed genus Alexandrium, in which the members were widely found in
sub-polar, temperate and tropical coastal water environments, is a particularly well-known
bloom-forming group due to its large and widespread threat to seafood production and
human health [17,18].

The importance of the phycosphere has been postulated for four decades, yet only
recent new technological progress in high-throughput pyrosequencing made it possible
to start teasing apart the complex nature of the microbial composition within this unique
microbial habitat [3–6,19–24]. The culture-independent isolation of the cultivable strains
is still the first critical step for exploring the dynamics of algae–bacteria interactions [3–6].
Previously, we conducted the Phycosphere Microbiome Project (PMP) to convey the com-
positions of varied microbial consortiums that were closely-associated with diverse HAB-
forming dinoflagellates [25–30]. During our investigation, the genus Mameliella was found
to be one predominant group and was widely distributed in the bacterial communities asso-
ciated with various marine dinoflagellates [10,19–23]. Consequently, a new red-pigmented
bacterial strain, LZ-28, was isolated from the highly toxic Alexandrium catenella LZT09.
Strain LZ-28 produced active bioflocculanting exopolysaccharides, which were also dis-
covered in other cultivable bacterial strains isolated from marine dinoflagellates [27–31].
Additionally, it demonstrated the obvious growth-promoting ability of the algal strain
LZT09, as previously verified by other marine bacteria strains derived from the same algal
host [21,30]. Thus, the present work aims to characterize the taxonomic status of this new
bacterial strain using combined taxonomic and phylogenomic approaches. Moreover, com-
parative genomic analysis is then emphatically performed for the five marine algae-derived
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strains among the ten selected M. alba strains to reveal their shared functional nature. Based
on bioactivity assaying after culture condition optimization, the contribution of the individ-
ual monosaccharide portion of the EPS produced by strain LZ-28 to the bioflocculanting
bioactivity is also characterized.

2. Results and Discussion

2.1. Characterization of the Composition of the Bacterial Community of Algal Strain LZT09

To reveal the microbial composition of the bacterial community associated with LZT09,
the high-throughput sequencing of the V3–V4 variable region of bacterial 16S rRNA was
performed. Based on the obtained result, the phylum Pseudomonadota represented the
overwhelming dominant bacterial fraction (53.9%) of the total bacterial community of
LZT09, followed by Bacteroidota (26.7%) and Cyanobacteria (15.2%). Other lineages,
including Actinomycetota, Bacillota, and Spirochaetota, were also present, but each con-
stituted less than 1.0% of the total (Figure 1). Similarly, previous studies showed that two
phyla, Pseudomonadota and Bacteroidota, were the most major bacterial groups affiliated
with the investigated bacterial community associated with marine dinoflagellates [20,21].
Moreover, members of Rhodobacteraceae were reported to be frequently present during
various stages of HABs [32,33], and also regarded as a major taxa associated with some
diatom cultures [34,35].

Figure 1. Phylogenetic tree and the number of reads of bacterial abundance at the genus level of the
bacterial community associated with algal strain LZT09 by high-throughput sequencing of the V3-V4
variable region of bacterial 16S rRNA gene. Bar: 0.05 substitutions per nucleotide position in the
phylogenetic tree.

In this study, Rhodobacteraceae was found to occupy only 8.7% of the total bacterial
community of LZT09, which held the fifth dominant group following the family Cryomor-
phaceae (22.9%), one unidentified Cyanobacteria (16.8%), Saccharospirillaceae (14.7%), and
the Hyphomonadaceae (9.7%). Cryomorphaceae is a member of the order Flavobacteriales
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within the phylum Bacteroidota, and has been found to distribute in a wide range of
marine and terrestrial systems from tropical to polar regions [36]. Moreover, molecular
phylogenetic studies show that the phylotypes related to the family Cryomorphaceae belong
to the abundant coastal phytoplankton bloom-responding flavobacterial group [37]. In
addition, at the genus level, five dominant bacterial groups, including one unidentified
Cryomorphaceae (22.9%), one unidentified Cyanobacteria (16.8%), Saccharospirillum (14.6%),
Maricaulis (5.6%), and Mameliella (5.1%), were identified, and totally accounted for 65.0% of
the total bacterial community of LZT09 (Figure 1). It is worth noting that only one genus,
Microcystis, was found in the Cyanobacteria group, which indicated that some cryptic
cyanobacterial lineages were potentially hidden by the dinoflagellate host [37].

2.2. Phenotypic and Biochemical Characteristics of Bacterial Strain LZ-28

Previously, nine cultivable bacterial strains, including strain LZ-28, were isolated from
the cultivable PM of LZT09 [10]. However, no strain was found to belong to the dominant
group Cryomorphaceae. Previous studies have shown that the most cultured Cryomorphaceae
species were mainly isolated from the low-temperature ecosystems, although the family
Cryomorphaceae was widespread in a wide range of non-extreme ecosystems. These findings
indicate the resistance of the Cryomorphaceae members towards be cultivation [36]. Thus,
the constant optimization of the isolation procedure for the cultivable bacteria strains
isolated from marine dinoflagellates still needs to be performed, especially by means of the
emergence and prevalence of modern multi-omics data [38,39]. Based on the phenotypic
characterization, the cellular colonies of strain LZ-28 grown on marine agar (MA) were
circular, smooth, and convex with light-yellow colors. Cells of strain LZ-28 were Gram-
stain-negative, rod shaped, and non-motile with the sizes of 0.7–1.0 μm for the width and
2.0–2.9 μm for the length (Figure 2).

 
Figure 2. Transmission electron micrograph of the cell of the bacterial strain LZ-28 after being grown
on MA at 28 ◦C for 2 days. Bar: 1 μm.

The physiological characterization revealed that strain LZ-28 grew at the pH ranging
from 5.0 to 10.0 with the optimum growth at pH 7.0. The growth temperature ranged
from 15 ◦C to 40 ◦C with the optimum value of 25–28 ◦C, at the presence of 1–10% (w/v)
NaCl with the optimum value of 2.5%. No bacterial growth was observed under anaerobic
conditions when grown on MA, even after three week-long incubations. The hydrolysis
of starch, L-tyrosine, and gelatin were observed. Nitrate was reduced to nitrite, but the
reduction of nitrite to nitrogen was not observed. Chemotaxonomic analysis showed that
the major cellular fatty acids of strain LZ-28 consisted of C18:0, C18:1ω7c 11-methyl, and
C19:0 cyclo. Detailed comparisons of the morphological, biochemical, and physiological
characteristics of strain LZ-28 and the other five M. alba strains are summarized in Table 1.
The differential characteristics between strain LZ-28 and other M. alba members can be easily
found, even though they share very high 16S rRNA gene-sequence similarities, for example,
the distinguished colony color, the ability for citrate utilization, the presence/absence of a
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minor fatty acid of C17:1ω8c, as well as the apparently varied polar lipid profiles among
the six compared M. alba strains.

Table 1. Phenotypic and genotypic characteristics of the bacterial strain LZ-28 and the other five M.
alba strains.

Characteristic LZ-28 JLT354-WT KD53 L6M1-5 JL351 F15

Isolation source Marine
dinoflagellate Seawater Marine diatom Deep-sea sediment Surface seawater Deep-sea sediment

Colony color Light-Yellow White Yellow Yellow–white Yellow Cream–yellow
Cell size (μm) (0.7–1.0) × (2.0–2.9) (0.7–0.9) × (2.0–3.2) (0.5–1.0) × (2.2–2.9) (0.7–0.8) × (1.0–2.0) (0.5–0.8) × (0.7–1.5) (0.7–1.2) × (1.6–3.4)

NaCl range
(optimum, w/v, %) 1.0–10.0 (2.5) 1.0–10.0 (1.0–3.0) 1.0–6.0 (3.0) 0.5–15.0 (3.0–5.0) 0.5–9.0 (1.0–4.0) 0–10.0 (3.5)

pH range
(optimum) 5.0–10.0 (7.0) 6.0–9.0 (8.0) 6.0–9.5 (7.5–8.0) 5.0–10.5 (7.0) 7.0–10.0 (8.0) 6.0–11.0 (7.0–8.0)

Temperature range
(optimum, ◦C) 15–40 (25–28) 10–30 (25) 16–37 (28) 10–41 (28–30) 15–40 (30) 4–50 (35–37)

Oxidase activity + + + − + +
Catalase activity + + − + + +

Poly-β-
hydroxybutyrate + + − − + −

API 20E test
Citrate utilization − − − w w +

Gelatinase + + − + + +
API 20NE test

Reduction of nitrite + + + + − +
Gelatin hydrolysis + + − + + +
Phenylacetic acid

utilization − + + + + −

Polar lipid profile a PC, DPG, PE AL PC, PE, AL PE, AL PC, DPG, PE, AL,
GL PC, PE, GL

Fatty acid profile b

C16:0 3.2 5.7 5.3 4.8 5.3 4.5
C17:0 1.1 tr 1.0 tr tr ND
C18:0 7 9.2 11.1 10 8.6 8.5

C12:1 3OH 4.7 3.3 2.8 3.1 3.2 3.1
C17:1ω8c − tr tr tr tr 1

C18:1ω7c 11-methyl 10.8 6.6 7.9 7.5 6.1 5.4
C19:0 cyclo ω8c 3.2 5.7 5.3 4.8 5.3 4.5

Summed feature 8 65.5 70.8 69.5 70.7 72.5 74.3
16S rRNA gene
similarity (%) − 99.70 99.77 99.92 99.62 99.40

DNA G+C content
(mol%) c 64.9 65.2 65.0 65.0 65.1 65.0

ANI value of LZ-28
(%) − 98.0 98.2 98.0 98.0 97.9

AAI value of LZ-28
(%) − 98.4 98.1 98.1 98.5 98.2

dDDH value of
LZ-28 (%) − 84.3 83.5 83.9 84.3 83.1

All data were obtained from this study unless otherwise indicated. +, positive; W, weakly positive; −, negative.
a PC, phosphatidylcholine; DPG, diphosphatidylglycerol; PE, phosphatidylethanolamine; AL, aminolipids; GL,
glycolipid. b Values represent percentage (%) of total fatty acid contents. tr, trace amount (less than 1.0%). ND,
not detected. Summed feature 8 comprises C18:1ω7c and/or C18:1ω6c. c Data were calculated from the respective
genome sequences.

2.3. Phylogenetic Analysis Based on 16S rRNA Gene Sequences

In the phylogenetic tree constructed by the maximum-likelihood (ML) algorithm us-
ing the 16S rRNA gene sequences, strain LZ-28 formed a monophyletic branch together
with the type and other non-type strains of M. alba, as well as the selected representative
Rhodobacteraceae members (Figure 3). Previously, M. phaeodactyli (type-strain KD53) [12], M.
atlantica (type-strain L6M1-5) [40], Ponticoccus lacteus (type-strain JL351) [41], and Alkalimi-
crobium pacificum (type-strain F15) [42] were later reclassified as heterotypic synonyms for
M. alba based on the phylogenomic characterizations [13]. In this study, the phylogenetic
analysis showed that strain LZ-28 shared high 16S rRNA gene similarity values of 99.70,
99.77, 99.92, 99.60, and 99.40% with five other M. alba strains, JLT354-WT; KD53; L6M1-5;
JL351; and F15, respectively, although they were obviously isolated from different sources
(Table 1). These values were all exceeding the threshold values (98.65%) generally accepted
for species delineation [43]. Thus, it collectively indicated that strain LZ-28 was affiliated
with the genus Mameliella, and was probably a new member of M. alba.
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Figure 3. Phylogenetic tree using the maximum-likelihood (ML) algorithm constructed based on 16S
rRNA gene sequences showing the relationship between Mameliella strains and other representative
type species in the family Rhodobacteraceae. Bootstrap values (≥50%) based on 1000 replications are
shown at the branch points. The five selected M. alba strains isolated from marine algae are marked in
green. Rhodococcus imtechensis RKJ300T (AY525785) was used as an outgroup. Bar, 0.02 substitutions
per site.

2.4. Genomic Features of the Selected M. alba Strains

Due to the high-similarity values of the 16S rRNA gene sequence between strain LZ-28
and its phylogenetic neighbors in the family Rhodobacteraceae, the extra phylogenomic
characterization was performed to ensure its taxonomic status. The genome sequence of
strain LZ-28 was obtained by our previous study [10], and the other nine M. alba strains with
available genomes were obtained from the NCBI database (https://www.ncbi.nlm.nih.gov,
accessed on 2 April 2022). The isolation sources and the general genomic characteristics
of the ten selected M. alba strains are summarized in Table 2. Among the ten selected M.
alba strains, only strain KU6B has a complete genome containing a 5.386 Mbp circular
chromosome and three circular plasmids of 256, 112, and 76 Kbp, respectively [44]. The
genomic size of strain LZ-28 was 5.66 Mb with a G+C content of 64.94%. It contained 5497
protein-coding DNA sequences (CDSs) and 61 RNA genes, including 8 rRNA, 50 tRNA,
and 3 other RNA genes, respectively, as well as 86 pseudogenes. The genome of strain
LZ-28 was the fifth largest, with a genome range of 5.26–5.90 Mb. However, the genomic
DNA G+C content of strain LZ-28 was the lowest (64.94 mol%) among the ten selected
M. alba strains.
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Table 2. The isolation sources and general genomic features of the ten selected Mameliella alba strains
in this study.

Strain Isolation Source and Year
Genome

Size (Mb)
G+C Content

(mol%) a Protein CDS b GenBank
Accession No.

LZ-28 Toxic marine dinoflagellate Alexandrium
catenella LZT09, East China Sea, 2018 5.66 64.94 5502 5497 JAANYX000000000

KD53 Marine diatom Phaeodactylum tricornutum,
Xiamen, China, 2013 5.42 65.10 5278 5223 NIWC00000000

Ep20 Marine dinoflagellate, Symbiodinium sp., 2015 5.51 65.04 5345 5343 QAEF00000000

PBVC088 Toxic marine dinoflagellate, Pyrodinium
bahamense var. Compressum, 2012 5.51 64.96 5689 5632 LZNT00000000

UMTAT08 Marine dinoflagellate Alexandrium
tamiyavanichii AcMS01, 1997 5.84 65.01 5761 5719 JSUQ00000000

JLT354-WT Seawater, South China Sea, 2006 5.26 65.21 5126 5132 FMZI00000000

JL351 Surface seawater (111◦00′ E, 20◦59′ N), South
China Sea, 2006 5.42 65.15 5290 5275 NIWA00000000

KU6B c Surface seawater, Boso Peninsula, Japan
(34.9◦ N, 134.89◦ E), 2011 5.83 64.95 6009 4886 AP022337-022340

L6M1-5 Deep-sea sediment (2835 m), South Atlantic
Ocean (15.18◦ S, 13.88◦ W), 2011 5.90 64.96 5821 5783 NIVZ00000000

F15 Deep-sea sediment (7118 m, 141◦59.7′ E,
10◦59.7′ N), Western Pacific Ocean, 2015 5.79 64.95 5694 5589 NIWB00000000

a Data were calculated based on the respective genome sequences. b CDS, coding DNA sequence.
c The complete genome contained a circular chromosome (AP022337) and three circular plasmids
(AP022338/AP022339/AP022340) [34].

2.5. Phylogenomic Characterization of Bacterial Strain LZ-28

To further infer the phylogenetic relationship among the ten selected M. alba strains
with available genome sequences, the phylogenomic tree using an up-to-date bacterial
core gene set (UBCG) consisting of 92 bacterial core genes was also performed. The
constructed phylogenetic tree is shown in Figure 4. It clearly shows that, among the
five marine algae-derived M. alba strains, strain LZ-28 clusters together with strain KD53,
which is isolated from marine diatom Phaeodactylum tricornutum [12]. The other three
strains, PBVC088, UMTAT08, and Ep20, were also clustered together in the UBCG tree.
Two clusters were also observed in the phylogenomic tree. One cluster was composed of
strains JLT354-WT, JL-351, and KU6B, which were all isolated from the surface seawater,
and the second cluster included two strains, L6M1-5 and F15, which were both isolated
from the deep-sea sediment. It indicated that the genome-based phylogeny plays a more
definitive role in the construction of a natural and objective taxonomy [43]. Additionally,
the comparison of the three key phylogenomic parameters, including average nucleotide
identity (ANI, Figure S1A), average amino acid identity (AAI, Figure S1B), and digital
DNA–DNA hybridization (dDDH, Figure S1C) values of strain LZ-28 and the type strain of
M. alba JLT354-WT were 98.0%, 98.4%, and 84.3%, respectively. All the values were higher
than the thresholds (95–96% for ANI, 97% for AAI, and 70% for dDDH) generally accepted
for new species delineations [43]. Accordingly, it clearly confirmed that strain LZ-28 was a
new member of M. alba, based on the obtained taxogenomic evidences.

2.6. Comparison of the Core- and Pan-Genomic Profiles among the Selected M. alba Strains

The genome sequences of the other nine selected M. alba strains were retrieved from the
NCBI database in addition to strain LZ-28. The numbers of accessory and unique genes of
the ten M. alba strains were created and shown in Figure 5A. It shows that 4472 core genes
are shared by the ten selected M. alba strains, which account for 80.8% to 90.3% of the
genome repertoire of each strain. Additionally, only 0.1% to 5.1% of the unique genes were
distributed in individual strains, depending on the varied genomic sizes. Two functional
accumulation curves were constructed according to the core- and pan-genome analyses,
respectively. The pan genome of the ten M. alba strains was fitted into a power law
function with an exponent γ = 0.15 [Fp(x) = 5160.29 × x0.15], and did not appear to reach
saturation even with the increasing genome number. Thus, it indicated that the pan
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genome was in an open state. This kind of open pan genome often exists in bacterial species
residing in multiple ecological environments, and has multiple ways of exchanging genetic
material through horizontal gene transfer (HGT) [45]. The core genome was fitted into an
exponential regression [Fc(x) = 4965.15 + e−0.01x]. Based on the two constructed functional
curves, the gene number of the pan genome increased when the species number of the
M. alba strain accumulated. Meanwhile, the tendency of the core genome, on the contrary,
implied that more strains tended to result in additional numbers of unique genes.

Figure 4. Phylogenomic tree constructed by up-to-date bacterial core gene (UBCG) set among the ten
selected M. alba strains, as well as representative type species in the family Rhodobacteraceae, and a
comparison of the five general genomic characteristics, including the genomic size, DNA G+C content
(%), and numbers of predicted protein-coding genes (CDS, rRNA, and tRNA). The gene-support
index (the number of individual gene trees presenting the same node for the total genes used) (left)
and bootstrap values (right) were presented at the nodes of the phylogenomic tree. The five selected
M. alba strains isolated from marine algae are marked with green, and the genome parameters for
strain LZ-28 were marked with yellow. Bar: 0.1 nt substitutions per site.

The phylogenetic trees of the core and pan genomes of the ten selected M. alba were
constructed and shown in Figure 6. It indicates the highly conservative evolution among
the M. alba members investigated in this study. The obvious difference of the number of
unique genes among the ten selected M. alba strains may be explained by their adaptions to
the growth conditions and possible horizontal gene-transfer events [45]. Moreover, strain
LZ-28 showed a close phylogenetic relationship with the marine algae-derived strains,
either with strains KD53 and UMTAT08 in the core-genome phylogenetic tree (Figure 6A),
or with strains KD53 and Ep20 in the pan-genome phylogenetic tree (Figure 6B). Thus,
it indicates the genome-based phylogenetic analysis provides robust evidence for the
evolutionary history of the individual M. alba strain [46].

2.7. Comparison of the Functional Classes of Predicted Genes among the Selected M. alba Strains

The functions of gene families in the genomes of the ten selected M. alba strains were
evaluated by performing the COG and KEGG categories analyses. The COG distribution
profile showed that most core (Figure S2A) and unique (Figure S2B) genes were both mainly
related to five functional groups, including carbohydrate transport and metabolism [G],
transcription [K], replication, recombination and repair [L], general function prediction
only [R], and unknown function [S]. Three strains, including strain KU6B isolated from
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surface seawater, strain KD53 from marine diatom Phaeodactylum tricornutum [12], and
strain UMTAT08 from marine dinoflagellate Alexandrium tamiyavanichii [47], harbored the
largest core gene number among the ten selected M. alba strains during COG analysis
(Figure S2A). Moreover, most unique genes were found in strains KU6B and UMTAT08
(Figure S2B). With respect to the KEGG assignment, based on the characterization of the
core and unique genomes, the genes related to general function, amino acid metabolism,
and carbohydrate metabolism, accounted for the major types of KEGG categories. In
addition, two strains, UMTAT08 and F15, harbored the largest unique gene number among
the ten selected M. alba strains during COG analysis (Figure S2D). Additionally, no unique
gene sorted in COG and KEGG categories was observed in strain JL351 isolated from the
surface seawater [41].

Figure 5. Core–pan-genome comparison of the ten selected M. alba strains based on the bacterial
pan-genome analysis (BPGA) pipeline. (A) Petal diagram of the core, accessory, and unique genes of
the pan genome. The number of core genes is displayed in the central circle. Overlapping regions
represent the number of accessory genes. Strain names are marked outside each petal, along with
the strain-specific gene number shown in the brackets. The five selected M. alba strains isolated
from marine algae are marked with green. (B) Accumulation curves for the pan and core genomes
of the ten M. alba strains. The purple and blue dots represent the number of pan- and core genes,
respectively. The equations are illustrated in each curve.

For the core-gene groups of the COG category, the five marine algae-derived M. alba
strains demonstrated a more scattered distribution pattern (Figure S2A). However, for
the unique gene groups of COG, the principal components analysis (PCA) showed two
obviously separated groups among the five marine algae-derived M. alba strains. One
group consisted of strains Ep20 and KD53, and the second group included strains LZ-28
and PBVC088. For strain UMTAT08, isolated from A. tamiyavanichii [47], it was far away
from the two clustered groups (Figure S2B). In addition, based on the two PCA analyses of
the core- (Figure S2C) and unique-KEGG (Figure S2D) profiles, it was highly noteworthy
that strain LZ-28 both showed a functional relationship similar to the other three marine
algae-derived M. alba strains, except for strain UMTAT08. Thus, it indicated that the four
selected marine algae-derived M. alba strains shared similar functional destinations in spite
of their distinctive isolation sources.

2.8. Growth-Promoting Effects of Bacterial Strain LZ-28 and Algal Strain LZT09

Based on the microalgae growth-promoting (MGP) assay [21], strain LZ-28 demonstrated
obvious growth-promoting activity when co-cultured with algal host LZT09 (Figure 7A).
Interestingly, the mutual promoting effect of the algal culture extract from LZT09 on the
bacterial growth of strain LZ-28 was also observed (Figure 7B). It indicated that the potential
association between bacterial strain LZ-28 and algal strain LZT09 in spite of the detailed
nature of action mechanism was still unclear. Furthermore, deeply unearthing the multi-
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omics information for both sides in co-culture circumstances is believed to offer substantial
insights into the detailed mechanism governing these dynamic interactions [48–52].

 

Figure 6. Phylogenetic trees constructed by core (A) and pan genomes (B) of the ten selected M.
alba strains inferred from maximum likelihood (ML) analysis using concatenated alignment of
303 pan-orthologous genes. The estimated divergence time from present (million years ago; MYA) is
given as the bar for both trees. The five bacterial strains isolated from marine algae are marked with
green.

  

Figure 7. The microalgae growth-promoting potential of the bacterial strain LZ-28 on algal strain
LZT09 (A), and the promoting effect of algal extract of LZT09 on the bacterial growth by the measure-
ments of the optical changes recorded at OD600 nm (B).

2.9. Optimization of Bacterial Growth and EPS Accumulation

Bacterial exopolysaccharides (EPSs) were revealed to serve as one essential chemical
intermedia within the microscopic phycosphere niches and mediate host–microbe interac-
tions [2–5,53]. During our previous investigations, several novel bacterial species, which
produce bioactive EPSs, were also recovered from the freshwater [26] and marine phyco-
sphere [27–31], as well as the gut microbiota of Antarctic emperor penguin [48,54,55]. In
this study, the preliminary experiment showed that temperature and carbon sources were
the main two factors influencing the bacterial growth and EPS accumulation. Therefore, ten
carbon sources, including cellbiose, fructose, galactose, glucose, glycerol, lactose, maltose,
mannose, sucrose, and trehalose, and the pH range of 5.0–9.0 were further used for the
optimization of the culture conditions. Based on the obtained result, bacterial incubation
at 37 ◦C promoted bacterial growth and shortened the incubation period of strain LZ-28,
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although the general trends of bacterial growth that were cultured at 28 ◦C and 37 ◦C
demonstrated a similar pattern. For the pH tests, strain LZ-28 grew better in the pH values
ranging from 6.0 to 9.0. Additionally, strain LZ-28 was found to achieve the fastest growth
rate when the cellobiose was used as a carbon source, and cultured at 28◦C or at 37 ◦C and
at pH 7.0 (Figure 8). Based on the EPS accumulation measurements, when cultured at 28 ◦C,
the higher EPS yield of strain LZ-28 was achieved both at pH 5.0 and pH 6.0. However,
when the culture temperature was changed to 37 ◦C, the EPS yields were observed to
gradually enhance with the increasing pH values, and reached the maximum at pH 9.0.
Under the optimized conditions, the highest EPS yield of 47.7 μg/mL was obtained when
sucrose (10 g/L) was used as a carbon source and cultured at 37 ◦C and at pH 9.0 (Figure 8).

Figure 8. Comparison of the effects of the ten carbon sources and the pH range (5.0–9.0) of the media
on bacterial growth (left; OD600) and EPS accumulation (right; unit, μg/mL) of strain LZ-28 cultured
at 28 ◦C and 37 ◦C, respectively.

2.10. Bioflocculanting-Activity Evaluation and Correlation Analysis

Based on the bacterial bioflocculanting assaying, EPS extracted from strain LZ-28
demonstrated obvious bioflocculanting activity, which showed a concentration-dependent
manner (Figure 9A). The highest efficiency of the bioflocculanting rate of 95.7 ± 8.5%
was achieved when 0.60 g·L−1 of EPS was applied. It exhibited a higher bioflocculanting
capacity compared to the other bacterial strains, which were also recovered from the
marine dinoflagellates previously reported [27–30,56–59]. To further infer whether the
type and abundance of the monosaccharides of the polymer EPSs were related to the
bioflocculanting activity, the characterizations of the monosaccharide compositions of the
EPSs and their correlations with the bioflocculanting activity were then performed. Base
on the obtained result, the relative portions of two monosaccharides, glucose and fucose, in
the crude polysaccharides demonstrated significantly positive highly strong correlations
(both p < 0.05) with the bioflocculanting capacities with the correlation coefficients of 0.9
(p = 0.03734) and 0.8 (p = 0.03101), respectively, whereas the other four monosaccharides
were found to be negatively contributed without statistical significance (Figure 9B). Despite
these findings, the detailed chemical structures of the EPSs produced by strain LZ-28
remain to be further elucidated. Moreover, more experimental data are still needed to
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dig out reliable clues to explore the structure–activity relationship of the bacterial EPSs
as promising and natural microbial bioflocculants. In addition, the genomic mining also
revealed the presence of several typical biosynthesis genes (wzx, exo, and muc) for bacterial
EPS biosynthesis in strain LZ-28. Thus, the present study indicated that strain LZ-28
could serve as a new, fresh bacterial candidate with natural potential for the production of
versatile EPS bioflocculants derived from marine microalgae with potential pharmaceutical,
environmental, and biotechnological implications [27–30,55–61].

 

 

Figure 9. Bioflocculanting activities of the bacterial exopolysaccharides (EPSs) produced by bacterial
strain LZ-28 (A), and correlation analysis (B) of the relative portions (%) of the six monosaccharides
including arabinose (Ara, pane a), fucose (Fuc, pane b), galactose (Gal, pane c), glucose (Glc, pane d),
amino-glucose (GlcN, pane e) and mannose (Man, pane f) of the bacterial EPS with the flocculanting
efficiency expressed with the bioflocculanting rate (%).

3. Materials and Methods

3.1. Algal and Bacterial Strains and Culture

Alexandrium catenella LZT09 was sampled in the Zhoushan Archipelago area in the East
China Sea during an algal bloom occurrence in July 2018, and then routinely cultured in
our ABI laboratory [10]. LZT09 produced high levels of paralytic shellfish-poisoning (PSP)
toxins [21]. LZT09 cells were cultured for 21 days in 50 mL of F/2-enriched seawater [21],
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and were exposed to a 12 h light–dark cycle at 25 ◦C (ca. 125 μmol photons m−2 s−1). Algal
cells were obtained by centrifugation (4000× g for 20 min) and the resultant cell pellet
was stored at −20 ◦C until used. The axenic LZT09 was obtained by repeated washing,
lysozyme/SDS and antibiotic treatment according to the procedure previously reported [62].
For comparative purposes, five strains, including Mameliella phaeodactyli KD53 (MCCC
1K00273), Mameliella atlantica L6M1-5 (MCCC 1A07531), and Alkalimicrobium pacificum F15
(MCCC 1A09948), purchased from the Marine Culture Collection of China (MCCC), and
strains Ponticoccus lacteus JL351 (CGMCC 1.12986) and Mameliella alba JLT354-WT (CGMCC
1.7290T) purchased from the China General Microbiological Culture Collection Center
(CGMCC) were used. All the tested strains were grown in the same conditions for the
experiments.

3.2. PCR Amplification, 16S rRNA Sequencing, and Data Analysis

Total genomic DNA (gDNA) was extracted using a Fast Bacterial Genomic DNA
Extraction Kit (Sangon Biotech Co., Ltd., Shanghai, China) according to the manufacturer’s
instructions. A general bacterial primer pair 338F/806R was used to amplify the V3–V4
variable region of the bacterial 16S rRNA gene [19,20]. The 16S rRNA sequencing libraries
for Illumina library was constructed using the TruSeq® DNA PCR-Free Sample Prepara-
tion Kit (Illumina, San Diego, CA, USA), then sequenced using a NovaSeq 6000 PE250
platform utilized at BioMajor (Shanghai, China). To analyze the microbial community
using the obtained Illumina sequencing data, the script from QIIME2 (https://qiime2.org,
accessed on 10 May 2022) was used [63]. The paired-end reads were joined using the multi-
ple_join_paired_ends.py script and quality filtered by the multiple_split_libraries_fastq.py
script. The obtained OTUs were clustered using UCLUST with a default threshold of
0.97 [64]. The OTU phylotypes were assigned using the closed-reference OTU picking
method against the QIIME modified version of the SILVA database, v128 [65]. The parame-
ters used in the above analysis were all default settings.

3.3. Morpho-Physiological and Biochemical Characterizations

The preparation of the transmission electron microscopy (TEM) sample was performed
using the negative-staining method [54,55]. Briefly, vegetative cells of strain LZ-28 were
observed from a fresh, 24 h culture inoculated in MB. The cells were fixed in 2.5% glu-
taraldehyde in a phosphate buffer (0.1 M; pH 7.2) for 2 h at 4 ◦C, then washed with the same
phosphate buffer post fixed with 1.0% OsO4. The obtained samples were dehydrated in se-
rial 30–100% ethanol, then mounted on copper grids, and observed using a JEM-1200 TEM
instrument (EOL, Tokyo, Japan). Gram-staining test was followed by the our procedures
previously described [56–58]. The hanging-drop technique was used for observing motility
during the exponential phase of the culture growth. The growth conditions of temperature
were tested using MA medium at the temperature ranges of 4, 10, 15, 20, 25, 28, 30, 33, 37,
40, 45, 50, and 55 ◦C. The optimal pH was investigated at different pH levels ranging from
4.0 to 11.0 with 0.5 unit intervals and cultured in MB at 28 ◦C for 2 days. Salt tolerance
was determined by growth in an MB medium containing various NaCl concentrations
(0–15.0%, w/v, with interval of 0.5%) while removed the original NaCl [47,48]. Catalase
and oxidase activities were detected by adding 3% (v/v) H2O2 and using oxidase reagent
(bioMérieux, Marcy-l’Étoile, France), respectively. Anaerobic growth was assessed after 1
week of cultivation in an anaerobic chamber (Bactron EZ-2; Shellab, Cornelius, OR, USA)
on MA at 28 ◦C. Tests of phenotypic and enzymatic characterizations were conducted using
API 20NE, API 20E, and API ZYM strips (bioMérieux) according to the manufacturer’s
instructions.

3.4. Analysis of Fatty Acid Profiles

For whole-cell fatty acid analysis, strain LZ-28 and the five reference strains were
grown on MA at 28 ◦C for 2 days. Sufficient cells of comparable physiological ages were
harvested from the third streak quadrant of the agar plates and cellular fatty acids were
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saponified, methylated, and extracted using the standard protocol of the Sherlock Microbial
Identification (MIDI) System (Sherlock version 6.1, Newark, Delaware, USA). Fatty acid
methyl esters were analyzed by an Agilent 6890N gas chromatography system (GC) and
identified using the MIDI TSBA6 database [66].

3.5. Phylogenetic Analysis Based on the 16S rRNA Gene Sequences

The related 16S rRNA gene sequences of species in the genus Mameliella and type
strains in the family Rhodobacteraceae were retrieved from the NCBI database, except strains
PBVC088 and Ep20 [67], which were extracted from the genome sequences by PhyloSuite
version 1.2.1 [68]. The identification of phylogenetic neighbors and the calculation of
pairwise 16S rRNA gene sequence similarities were achieved using the EzTaxon-e server
(http://eztaxon-e.ezbiocloud.net, accessed on 2 April 2022). The sequence alignments
were performed with CLUSTAL_X (http://www.clustal.org, accessed on 2 April 2022) [69].
Phylogenetic trees were reconstructed with the maximum-likelihood (ML) algorithm [70]
by the Tamura Nei model [71] in the software package MEGA version 7.0 (https://www.
megasoftware.net, accessed on 2 April 2022) [72]. The resultant tree topologies were
evaluated by bootstrap analyses [73] based on 1000 re-samplings.

3.6. Phylogenomic Calculations and UBCG Tree Construction

The draft genome sequence of LZ-28 was obtained by our previous investigation [10].
The reference genome sequences of the Mameliella alba strains, six Rhodobacteraceae strains,
and one Rhodococcus strain were retrieved from the NCBI database. The average nucleotide
identity (ANI) and the average amino acid identity (AAI) analyses were performed us-
ing the ANI/AAIMatrix genome-based distance matrix calculator (http://enve-omics.ce.
gatech.edu/g-matrix, accessed on 19 March 19 2022) and the digital DNA–DNA hybridiza-
tion (dDDH) analysis was conducted using the Genome-to- Genome Distance Calculator
(GGDC 2.1) (http://ggdc.dsmz.de/, accessed on 19 March 2022) using Formula 2 [74].
The phylogenetic tree based on the 92 bacterial core genes was constructed by using the
UBCG pipeline [75]. Further visualization and editing of the UBCG tree were accomplished
by EvolView tool (https://www.evolgenius.info/evolview, accessed on 19 March 2022).
Phylogenetic trees based on pan genes and 4472 bacterial core genes were conducted by
the bacterial pan-genome analysis (BPGA) pipeline v.1.3 [76] using USEARCH with the
default settings [77].

3.7. Pan-Genome Analysis

The BPGA pipeline was used to automate the complete pan-genome study and down-
stream analysis of the prokaryotic sequences [69]. All 11 protein sequences annotated by
Prokka [78] were used for the BPGA (sequence identity ≥50%; and E value ≤1.0 × 10−5)
tool to perform the core–pan-genome analysis. The genomic accumulation curve was
generated by the BPGA’s result via gnuplot. The core, accessory, and unique genes were
classified from the orthologous groups through the USEARCH clustering algorithm [77].

3.8. Comparative Analysis of Functional Genes

The online COG and KEGG databases accessed via BPGA were used to analyze the
functions of the genes. The core, accessory, and unique genes were sorted, and the major
concerns related to the core and the unique genes. The gene clusters were identified by
using anti-SMASH 6.0.0 [79] from the reference genome sequences of M. alba KD53. All
11 protein sequences produced by Prokka were used for the eggnog mapper to obtain an
overview of the functional genes [80]. All results were manually checked. The principal
component analysis (PCA) was performed by using CANOCO 5 (http://www.canoco5.
com/index.php/resources, accessed on 19 March 2022) to compare the correlations across
all samples based on the relative abundance of the function genes. The Spearman’s rank
correlations were determined by using the SigmaPlot program version 11.0 (Systat Software,
Inc., San Jose, CA, USA).
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3.9. Bacterial Growth and EPS-Accumulation Analysis

For the culture optimization experiment, 1 mL of 24 h fresh bacterial culture of strain
LZ-28 was obtained and mixed with 24 mL of fresh 2216 medium, then 150 μL of the
mixture was added into the wells of the 96-well microplate containing different carbon
sources and cultured with shaking at 60 rpm/min for 72 h. During the culture period, the
bacterial growth rate was monitored by the measurement of the optical density change
recorded at OD600nm every 3 hours. A total of 10 carbon sources, including cellobiose,
fructose, galactose, glucose, glycerol, lactose, maltose, mannose, sucrose, and trehalose,
added with the final concentration of 10 g/L, and the pH range of 5.0–9.0 with 1.0 as the
interval were used for the measurements cultured either at 28 ◦C or 37 ◦C. The extraction
and the quantification of EPSs were performed using the phenol sulfuric acid method, as
previously reported [81].

3.10. Characterization of the Monosaccharides of EPSs

The determinations of the monosaccharide of crude polysaccharides were analyzed by
the HPLC method as previously described [82]. Analytical standards (HPLC purity ≥ 9%)
of 6 monosaccharides, including arabinose (Ara), fucose (Fuc), galactose (Gal), glucose
(Glc), amino-glucose (GlcN), and mannose (Man) were purchased from Merck (Shanghai,
China). Qualitative analysis was performed by comparing the retention times and the peak
areas with those of the standards.

3.11. Evaluation of Bioflocculanting and MGP Bioactivities

Bioflocculating activity evaluations of the EPSs were performed according to the
procedures previously reported [27–30]. The prepared EPSs were dissolved in the distilled
water for furthering the bioactivity assay. The measurements using a kaolin clay suspension
flocculation assay calculated as the bioflocculation rate (%) were used and performed using
96-well microplates with at least 6 replicates [27–30]. Microalgae growth-promoting (MGP)
activity of bacterial strain LZ-28 toward algal strain LZT09 in a co-culture system was
evaluated, as previously reported [83]. The preparation of the algal culture extract [29,30]
and the effects on bacterial growth were analyzed by measuring the optical changes of
bacterial density recorded at OD600nm and performed in a SpectraMax M2 model 96-
well microplate reader (Molecular Devices, LLC, San Jose, CA, USA). All the results are
expressed as the means ± SD. The correlation coefficients of the monosaccharide portions
with the bioflocculanting activities and the statistics significance were both performed using
the Spearman’s rank order correlation analysis and plotted with the OriginPro (version 8.0)
(OriginLab Corp., Northampton, MA, USA). A p-value of less than 0.05 was considered to
be statistically significant for all analyses.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20050321/s1, Figure S1: Comparison of the average nucleotide identity (ANI), average
amino acid identity (AAI), and digital DNA–DNA hybridization (dDDH) values based on the
genomes of the ten M. alba strains. Figure S2: Comparison of the COG and KEGG categories among
the ten selected M. alba strains. The functional genes of the core and unique groups distributed by
COG database are shown in panes A and B, respectively. The panes C and D represent the distribution
of the core and unique genes annotated by the KEGG database, respectively. The sizes of the circles
in each pane are proportional to the numbers of the different COG or KEGG categories. The strains
isolated from marine algae are marked with green.
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68. Zhang, D.; Gao, F.; Jakovlić, I.; Zou, H.; Zhang, J.; Li, W.X.; Wang, G.T. PhyloSuite: An integrated and scalable desktop platform
for streamlined molecular sequence data management and evolutionary phylogenetics studies. Mol. Ecol. Resour. 2020, 20,
348–355. [CrossRef]

69. Jeanmougin, F.; Thompson, J.D.; Gouy, M.; Higgins, D.G.; Gibson, T.J. Multiple sequence alignment with Clustal X. Trends Biochem.
Sci. 1998, 23, 403–405. [CrossRef]

70. Thorne, J.L.; Kishino, H.; Felsenstein, J. An evolutionary model for maximum likelihood alignment of DNA sequences. J. Mol.
Evol. 1991, 33, 114–124. [CrossRef]

196



Mar. Drugs 2022, 20, 321

71. Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial DNA in humans
and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526.

72. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870–1874. [CrossRef]

73. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39, 783–791. [CrossRef]
74. Meier-Kolthoff, J.P.; Sardà Carbasse, J.; Peinado-Olarte, R.L.; Göker, M. TYGS and LPSN: A database tandem for fast and reliable

genome-based classification and nomenclature of prokaryotes. Nucleic Acid Res. 2022, 50, D801–D807. [CrossRef]
75. Na, S.I.; Kim, Y.O.; Yoon, S.H.; Ha, S.M.; Baek, I.; Chun, J. UBCG: Up-to-date bacterial core gene set and pipeline for phylogenomic

tree reconstruction. J. Microbiol. 2018, 56, 280–285. [CrossRef]
76. Chaudhari, N.M.; Gupta, V.K.; Dutta, C. BPGA-an ultra-fast pan-genome analysis pipeline. Sci. Rep. 2016, 6, 24373. [CrossRef]
77. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. PeerJ 2016, 4,

e2584. [CrossRef]
78. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
79. Blin, K.; Pascal Andreu, V.; de Los Santos, E.L.C.; Del Carratore, F.; Lee, S.Y.; Medema, M.H.; Weber, T. The antiSMASH database

version 2: A comprehensive resource on secondary metabolite biosynthetic gene clusters. Nucleic Acids Res. 2019, 47, D625–D630.
[CrossRef]

80. Huerta-Cepas, J.; Forslund, K.; Coelho, L.P.; Szklarczyk, D.; Jensen, L.J.; von Mering, C.; Bork, P. Fast Genome-Wide Functional
Annottion through Orthology Assignment by eggNOG-Mapper. Mol. Biol. Evol. 2017, 34, 2115–2122. [CrossRef]

81. Masuko, T.; Minami, A.; Iwasaki, N.; Majima, T.; Nishimura, S.; Lee, Y.C. Carbohydrate analysis by a phenol-sulfuric acid method
in microplate format. Anal. Biochem. 2005, 339, 69–72. [CrossRef]

82. Dai, J.; Wu, Y.; Chen, S.W.; Zhu, S.; Yin, H.P.; Wang, M.; Tang, J. Sugar compositional determination of polysaccharides from
Dunaliella salina by modified RP-HPLC method of precolumn derivatization with 1-phenyl-3-methyl-5-pyrazolone. Carbohydr.
Polym. 2010, 82, 629–635. [CrossRef]

83. Gonzalez, L.E.; Bashan, Y. Increased growth of the microalga Chlorella vulgaris when coimmobilized and cocultured in alginate
beads with the plant-growth-promoting bacterium Azospirillum brasilense. Appl. Environ. Microbiol. 2000, 6, 1527–1531. [CrossRef]
[PubMed]

197





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Marine Drugs Editorial Office
E-mail: marinedrugs@mdpi.com

www.mdpi.com/journal/marinedrugs





ISBN 978-3-0365-5822-6 

MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com


	A9R5o9b9h_1wn5we5_hik.pdf
	Marine Glycomics.pdf
	A9R5o9b9h_1wn5we5_hik

