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Abstract: In the aquaculture sector, the biofunctionalization of biomaterials is discussed using
materials from algae and analyzed as a possible potential strategy to overcome the challenges that
hinder the future development of the application of endolysins in this field. Derived from years of
analysis, endolysins have recently been considered as potential alternative therapeutic antibacterial
agents, due to their attributes and ability to combat multi-resistant bacterial cells when applied
externally. On the other hand, although the aquaculture sector has been characterized by its high
production rates, serious infectious diseases have led to significant economic losses that persist to
this day. Although there are currently interesting data from studies under in vitro conditions on the
application of endolysins in this sector, there is little or no information on in vivo studies. This lack
of analysis can be attributed to the relatively low stability of endolysins in marine conditions and to
the complex gastrointestinal conditions of the organisms. This review provides updated information
regarding the application of endolysins against multi-resistant bacteria of clinical and nutritional
interest, previously addressing their important characteristics (structure, properties and stability).
In addition, regarding the aquaculture sector, the biofunctionalization of biomaterials is discussed
using materials from algae and analyzed as a possible potential strategy to overcome the challenges
that hinder the future development of the application of endolysins in this field.

Keywords: endolysins; antibiotics; aquaculture; biofunctionalization

1. Introduction

Today, antibiotic resistance (AntR) represents a major threat to human health. World-
wide, by 2050, it is estimated that about 10 million deaths will be associated with AntR [1],
primarily linked to longer hospital stays and increased risk of death. In addition, it is
noteworthy that AntR will cause a projected global loss of around 100 billion dollars for
the same year. Therefore, the widespread dissemination of AntR in both developed and
developing countries results in significant costs for the public health sector [2].

Given that the development of new antibiotics is slow compared to the rapid emer-
gence of multi-resistant bacteria (MRB), the post-antibiotic era is a fact [3]. For these
reasons, there is an urgent need for the discovery and/or development of alternative
antibacterial agents.

Endolysins are enzymes encoded by bacteriophages (phages) involved in bacterial
lysis at the end of the lytic cycle and for the release of new viral progeny [4]. Because
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endolysins target the peptidoglycan (PG) layer, which is a highly conserved and unchanging
component of the bacterial cell wall, the emergence of bacterial resistance against these
enzymes has not been documented to date [5]. Consequently, endolysins have represented
promising alternatives to conventional antibiotics to combat the AntR crisis.

Although the public health sector has paid more attention to the AntR issue and, conse-
quently, promising results in the fight against MRBs, some productive sectors (for example,
aquaculture) the scientific field in this context, are in a considerable level of delay. Currently,
aquaculture has exhibited exacerbated development rates in the food production sector to
meet the growing demand for fish and shellfish [6]. The intensification and the conditions
of crops have meant favorable conditions for the appearance and rapid spread of new infec-
tious diseases, affecting the production rate and bringing with it severe economic losses [7].
Usually, the control of these diseases has been carried out with the use of antibiotics [8].
However, its excessive use has represented a public health problem due to the appearance
of MRB, as a result of the accumulation of antibiotics in the environment and cultivated
organisms [9]. Consequently, actions have been intensified that lead to promoting the
responsible use of antibacterials [8] and the search for alternative treatments [8,10,11].
Although these treatments have been effective and safe under in vitro conditions, there are
few reports of their application in vivo, presenting themselves as a factor to consider in
relation to their validation and approval as alternative antimicrobial agents.

The implementation of endolysins as therapeutic agents involves critical challenges.
In the first instance, associated with the optimal administration strategy to reach the target
of infection in appropriate concentrations without losing activity [12].

The objective of this review is, in addition to providing current information on en-
dolysins applied against MRBs of clinical and nutritional interest, to identify the challenges
that hinder the future development of their application in vivo, as well as the possible
strategies to overcome these limitations in the field of aquaculture.

2. Generalities of Endolysins

Endolysins; commonly known as lysins, are phage-encoded protein products that are
synthesized at the final stage of replication within the host bacterium. They are enzymes
capable of hydrolyzing the host cell wall. The bacterial cell wall contains peptidoglycan (PG)
as its main component. PG is a polymer consisting of repeat chains of N-acetylmuramic acid
(MurNAc) and the saccharide N-acetylglucosamine (GlcNAc), linked by β(1–4) glycosidic
bonds [13] (Figure 1). PG can withstand a turgor pressure of 20–50 atmospheres and
disruption of the PG layer leads to osmotic shock resulting in bacterial cell death. Endolysin-
mediated host lysis is regulated by proteins called holins that are also synthesized late
in phage infection. Holins accumulate in the cytoplasm of the host and, at a certain
concentration, are capable of oligomerizing to form channels through which the export of
endolysin to the peptidoglycan layer is facilitated [14,15].

2.1. Structure of Endolysins

Endolysins that have action against Gram-positive (G+) and Gram-negative (G−)
bacteria differ in their architecture due to variations in the composition of the cell wall of
both bacterial groups. In endolysins that affect G+ bacteria called globular, two distinct
domains are identified called enzymatically active domain (EAD) and cell binding domain
(CBD) [16]. The EAD has the necessary elements to catalyze and cleave the specific bonds
of the bacterial PG, while CBD binds the enzyme to the cell wall, thus limiting its diffusion
within the cell [17]. On the other hand, CBD improves the orientation of the EAD towards
the insoluble PG. This targeting effect results in increased enzyme activity despite their
irreversible binding [16]. In G− bacteria, the outer membrane (OM) limits CBD-based
collateral damage to surrounding cells and that is why most so-called modular G− en-
dolysins lack CBD. The G− active endolysin, designated KZ144, has been reported to have
a modular structure composed of a CBD and two EADs. Interestingly, this endolysin shows



Polysaccharides 2022, 3 308

a broad spectrum against various G− pathogens such as Pseudomonas aeruginosa, Bacillus
subtilis, Vibrio parahaemolyticos, among others [18].
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2.2. Classification of Endolysins

In addition to their wide structural variation, endolysins are also highly diverse in
cleavage specificity. They can be divided into five groups (I–V), which are directed to
glycosidic and amide-type bonds or peptides, present in the PG [16] (Figure 2). Glucosi-
dases hydrolyze glycosidic bonds and include: (I) N-acetyl-β-D-glucosaminidases (EC
3.2.1.52), (II) N-acetyl-β-D-muramidases (EC 3.2.1.17, also called lysozymes or murami-
dases) and (III) lytic transglycosylases (EC 3.2.1.17). N-acetyl-β-D-glucosaminidases target
the N-acetylglucosaminyl-β-1,4-N-acetylmuramine bond at the reducing end of GlcNAc.
The other two groups break the N-acetylmuramoyl-β-1,4-N-acetylglucosamine bond; how-
ever, transglycosylases catalyze an intramolecular reaction with neighboring sugar moieties
that act as electron acceptors, resulting in cleavage of the N-acetylmuramoyl-β-1,4-N-
acetylglucosamine bond to form N-acetyl-1,6-anhydrous-muramoyl. Interestingly, there are
no water molecules involved in this reaction, so lytic transglycosylases are not hydrolases,
unlike lysozymes. (IV) N-acetylmuramoyl-L-alanine amidases (EC 3.5.1.28) hydrolyze the
amide bond between MurNAc and the first amino acid of the “mother peptide” (L-alanine).
Finally, the (V)-endopeptidases (EC 3.4.XX) can be classified as parent peptide-specific en-
dopeptidases (L-alanoyl-D-glutamate endopeptidases, glutaminyl-L-lysine endopeptidases
specific for interpeptidase bridges), in which they cleave peptide bonds between two amino
acids in the parent peptide or the cross-link or bridge.
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2.3. Unique Properties of Endolysins

In vitro and in vivo studies demonstrate the enormous potential of endolysins as
antibacterial agents. Due to the proteinaceous nature of these antibacterials, doubts have
been raised regarding their immunogenicity and stability. However, many of these concerns
have been addressed and resolved, resulting in successful preclinical trials. Some of
its strengths and weaknesses are summarized in Table 1. First of all, its specificity is
noteworthy. The vast majority of antibiotics or any other antibacterial exhibit a broad
spectrum of inhibition once applied, damaging the intestinal microbiota (causing dysbiosis)
specifically against commensal strains, which play an important role in the health of the
organism at the immunological level, as in the prevention of gastrointestinal diseases as an
example. Regarding the possible development of resistance, it is known that because its site
of action is the PG, which is a structure that can hardly mutate, the probability that resistant
populations will appear is very low [17]. However, in endopeptidase-type endolysins,
which act in the crosslinking of the PG, bacteria capable of substituting one or more amino
acid residues and consequently affecting the mode of action and the effectiveness of this
type of endolysins have been reported [18,19]. In this sense, the application of endolysins
of types I–IV is recommended in future research, in such a way as to avoid this problem or
to make use of chimeric endolysins with different sites of action [18].

Table 1. Strengths and weaknesses of endolysins based on their antimicrobial designation and
protein nature.

Strengths Weakness

Specificity It does not alter the intestinal
microbiota [18,20]

Immunogenicity of
proteins

Antibodies can be generated, but they do
not neutralize in vivo the action of

endolysins, probably due to the strong
binding of CBD and the rapid kinetics of
endolysins that compete with the action

of antibodies [17,21]
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Table 1. Cont.

Strengths Weakness

Action mode

Rapid and active degradation of
peptidoglycan. In addition,
metabolically inactive (e.g.,
persistent) cells lyse [22,23]

Short half-life

Quick action and strong union may be
enough. Some endolysins have a long

half-life, several modifications are
possible to extend the service life [16]

Resistance
development

It is not observed for endolysins
that act on the glucan chain and

peptide stem, but for
endopeptidases that cleave into the
cross bridge or between the cross

bridge and stem peptide (LysK and
P128 CHAP domain). The

development of resistance is
associated with reduced virulence.

Chimeric endolysins with
triple-acting EAD further reduce

the possibility of resistance
development [24,25]

Pro-inflammatory
response

It is not observed by single or interval
administration, but by continuous
administration (proinflammatory

cytokines such as TNF-α, IL-1ß and
IFN-γ) [26,27]

Synergy and
resensibilisation

Antibiotic-resistant bacteria become
sensitive to the respective antibiotic

if endolysin is added [28]

Intracellular bacteria
are not accessible

Some native endolysins and chimeric
endolysins have the intrinsic ability to

kill intracellular bacteria. Another option
is to fuse protein transduction domains

with endolysins to facilitate absorption in
mammalian cells [24,29]

2.4. Endolysins with Activity against Gram-Negative Bacteria (G−)

Today, various sectors worldwide are facing unprecedented crises due to the appear-
ance and rapid spread of microorganisms resistant to one or more antimicrobial agents.
Even in the first list of global priority pathogens published by the WHO, nine of the twelve
identified pathogens are G− bacteria [30]. For this reason, there is an urgent need to extend
the application of endolysins directed to G-bacteria that allow them to “overcome” their
OM, which represents their first defense mechanism. Although it has been reported that
some of these endolysins have the innate ability to penetrate the OM, various strategies
have been proposed to enhance this property. Some of them involve coupling with outer
membrane permeabilizers (OMPs) and modification of endolysins by protein engineering
or by functionalization into transport systems with OM-penetrating properties (Figure 3).

Table 2 summarizes some works that describe the approaches used in the last decade
to enhance the effect of endolysins against G− bacteria. In general, it is noteworthy
that while some endolysins have a substantial bactericidal effect against multiple G−
pathogens, in other cases it is limited to a few strains of the same species. In general,
differences between endolysins are visualized in terms of their effectiveness, as well as
a dose-dependent effect. Based on Table 2, to achieve a bactericidal effect against G−
pathogens, it can be seen that higher doses are required for the case of modular endolysins
(chimeric or not) in contrast to chimeric globular endolysins, even without this particularity;
however, there is no scientific evidence which affirms this observation. In short, envisioning
future research projects, it would undeniably be recommended to carry out analyses
and apply synergistic treatments in which endolysin G− chimerics (not endopeptidases)
are included, as well as an adequate process which allows endolysin to resist different
adverse conditions in which it is produced and its enzymatic activity is compromised, a
functionalization process, for example [31].
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Table 2. Endolysins activity against bacteria of clinical and nutritional interest.

Endolysin Description Treatment Activity
Spectrum

Dose
(µg/mL) In Vitro Activity In Vivo Activity Reference

Strategy 1: Identification of endolysins with intrinsic OM pass capabilities

LysAB2

Globular with a
highly cationic
α-helix in the

C-terminal region

–

A. baumannii E.
coli

S. aureus (+)
S. sanguis (+)

500

• Active against bacteria
G+ and G−

• 2–3 log destruction of
bacteria in logarithmic
phase (~106 CFU/mL)

– [32]

PlyF307
Globular and highly

cationic in the
C-terminal region

– A. baumannii 100

• More effective (~5 log
of destruction) against
the logarithmic phase
than stationary phase
bacteria (~1.5 log of
destruction)

• >5 log of destruction
for all A. baumannii
clinical isolates tests of
106 CFU/mL

• 50% of mice
infected with lethal
bacteremia were
rescued with
PlyF307 injection
(1 mg)

• Decreased bacterial
load by ~2 log

[33]

LysPA26
Globular with a

single lysozymatic
domain

–

P. aeruginosa
K. pneumonia A.

baumannii
E. coli

500

• 2–4 log logarithmic
phase bacteria
elimination (~108

CFU/mL)
• Minor improvement

with EDTA 1 and
5 mM

– [34]

KP27
Globular with

carboxypeptidase
activity

– P. aeruginosa K.
pneumonia 400

• Has degrading
activity of PG

• Is not cytotoxic to
human cells

– [35]

PlyE146

Globular with a
muramidase activity
and highly cationic
C-terminal domain

– A. baumannii P.
aeruginosa E. coli 400

• More effective (>3 log
of destruction) against
logarithmic phase
bacteria (~5 × 106

CFU/mL) than
stationary phase
bacteria (1 log of
destruction)

– [36]

AcLys

Globular with a
terminal α-helix C
and muramidase

activity

–

A. baumannii
P. aeruginosa
K. pneumonia

E. coli

50–100
• MIC for several MRB

species ranged from
50 to 100 µg

– [37]
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Table 2. Cont.

Endolysin Description Treatment Activity
Spectrum

Dose
(µg/mL) In Vitro Activity In Vivo Activity Reference

Ply6A3 Globular with
muramidase activity –

A. baumannii
K. pneumonia

E. coli
E. faecium (+)
S. aureus (+)

–

• A. baumannii more
susceptible than other
species

• IC50 de 19 µg/mL

• Rescue 70% of mice
infected with
bacteremia with
Ply6A3 injection
(2 mg) and
combined therapy
of Ply6A3 (1 mg)
and phage PD6A3
(109 PFU/mL)

[38]

KZ144
Modular with lithic

transglycosidase
activity

–

P. putida,
P. fluorescens

E. coli
S. typhimurium

–
• PG specificity of

chemotype A1γ
(species G-)

– [18]

Strategy 2: Use of OMP and other treatments to permeate the OM

SPN9CC
Globular with

transmembrane helix
in the N-terminal

1–5 mM EDTA E. coli 300

• ~2 log destruction of
bacteria in logarithmic
phase (~106 CFU/mL)

• Enhanced activity
(4 log destruction)
with OMP

– [39]

GP110
Modular with an

N-terminal PBD and
a C-terminal EAD

0.5 mM EDTA P. aeruginosa
S. typhimurium 72.5

• ~2 log elimination of
bacteria in logarithmic
phase (106 CFU/mL)

– [40]

Ply17
Modular with an

N-terminal PBD and
a C-terminal EAD

0.1–5 mM
EDTA

P. aeruginosa
E. coli 1000

• >3 log logarithmic
phase removal
(108 CFU/mL) with
EDTA 0.5 mM

– [41]

Lys394 Globular with
muramidase activity

Poli-L-arginin
(5–15 kDa)

0–1 mM EDTA
PGLa peptide

E. coli –

• OMP caused lysis of
planktonic bacteria in
a dose-dependent
manner.

– [42]

LysABP-
01

Globular with
muramidase activity Colistin

A. baumannii
P. aeruginosa

E. coli
500 • Synergistic interaction

with colistin. – [43]

ABgp46
Globular with

acetylmuramide
activity

Citric acid
(3.65 mM)
Malic acid
(4.55 mM)

EDTA
(0.5 mM)

A. baumannii
P. aeruginosa

S. typhimurium
46.2

• Intrinsically active
(2 log destruction)
versus logarithmic
phase culture of
A. baumannii
(106 CFU/mL)

• >5 log destruction of
A. baumannii and 4 log
destruction of other
G− bacteria with
OMP

– [44]

Strategy 3: Design of endolysins to promote endolysine uptake through OM

Cpl-7S

Amino acid 15
substituted in the

CBD of Cpl-7 derived
from the

pneumococcal phage
Cp-7

0.01%
carvacrol

S. pneumonia (+)
S. pyogenes (+)

E. coli
P. putida

5

• 3 log destruction of
E. coli in logarithmic
phase (107 CFU/mL)
in presence of
carvacrol

• Increased survival
rate of zebrafish
infected with
S. pneumoniae or
S. pyogenes

[45]

Artilisina

PCNP fusion at
terminal N to two

modular lysins
(OBPgp279 and
PVP-SE1gp146)

0.5 mM EDTA
P. aeruginosa
A. baumannii

E. coli
53.3

• Increased activity due
to modification in
OBPgp279 and
PVP-SE1gp146

• 3% survival rate in a
C. elegans model
(P. aeruginosa PA14)

[46]

PlyA

Fusion of peptide
residues (1–8) of

cecropin A
(KWKLFKKI) into the

N-terminal of the
modular endolysin

OBPgp279

0–0.5 mM
EDTA

0–2 mM citric
acid

A. baumannii
P. aeruginosa 100

• More active against
bacteria in the
logarithmic phase
(5 log destruction)
than in the stationary
phase (0.5–2 log
destruction)
without OMP

• Improved activity
against stationary
phase bacteria
(2–5 log) with OMP

– [47]
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Table 2. Cont.

Endolysin Description Treatment Activity
Spectrum

Dose
(µg/mL) In Vitro Activity In Vivo Activity Reference

Strategy 4: Application of endolysins in carrier systems

4Lyz-
CBM

Fusion of a cellulose
binding module

(CBM) with globular
T4Lyz with

amphipathic and
muramidase α-helix

activity

Pre-treated
with

chloroform

E. coli
P. mendocina

M. lysodeikticus
(+)

200

• 4 log and 1.3 log death
of E. coli and
P. mendocina,
respectively

• No loss of activity
after immobilization
of the fused protein

– [31]

BSP16Lys

Cationic load
liposome BSP16Lys

encapsulated
composed of DPPC,

cholesterol and
hexadecylamine

– S. typhimurium
E. coli 94.5

• No native endolysine
activity without OMP

• Encapsulated
endolysin had a
2.2 log and 1.6 log
death against
S. Typhimurium and
E. coli, respectively
(~103 CFU/mL).

– [48]

MRB, multi-resistant bacteria; CBD, cell binding domain; MIC, minimal inhibitory concentration; DPPC, dipalmi-
toilfosfatidilcholine; EAD, enzyme-active domain; EDTA, ethylenediaminetetraacetic acid; IC50, half-maximal in-
hibitory concentration; OM, outer membrane; PBD, peptidoglycan binding domain; PCNP, polycationic nanopep-
tide; PG, peptidoglycan; OMP, outer membrane permeabilizer; PFU, plate forming units.

2.5. Stability of Endolysins

To potentially be handled as an antibacterial agent, the stability of endolysin during
processing, storage, and administration is critical. Table 3 summarizes various reports
of these antibacterials from preclinical studies, where various aspects of the stability of
endolysins against G− such as thermostability, catalytic activity in pH ranges and storage
specifications are addressed, which must be addressed for future technological develop-
ment. The fact of the numerous lines of research in which these antibacterials can be
applied is unquestionable. Based on this, issues related to stability should be addressed.
For example, if it is linked to an industrial application, the thermostability factor and pH
would be important to consider. On the other hand, if an application is glimpsed in which
it is intended to exert an effect on the intestinal microbiota of an organism; whether it
is terrestrial or marine, the pH parameter would be key, since it is known that there are
important variations in this abiotic factor. Finally, both in the industrial sector, although
more related to the field of research, the scenario of “storage for later analysis” is routine,
for which storage is an important term to consider, more so because it has been documented
that some endolysins may lose substantial effectiveness, as shown in Table 3. Due to the
above and based on what is reported in the literature, endolysin KZ144 could be postulated
as an ideal bacterial agent, since it reflects a robust enzymatic activity by maintaining its
activity above 50 ◦C, is active in slightly acid and alkaline conditions (pH 4.5–9, optimal
6.2–6.5) and does not present a loss of activity despite storage for 4 months at 4 ◦C in an
enzyme buffer, in addition to exhibiting a significant inhibition spectrum against important
G− bacteria clinical and nutritional [18].

Table 3. Abiotic factors that alter the stability of endolysin.

Endolysine Thermostability pH Range (Optimal) Storage Effect Reference

LysAB2 Stable: 20–40 ◦C 4–8 (6) – [32]

SPN9CC Active: 24–65 ◦C
Optima: 50–55 ◦C 6–10 (7.5–8.5) – [39]

PlyF307 – 6–8 (6) – [33]

LysPA26 Active: 4–100 ◦C
Optima: 37–50 ◦C 2–10 (7–8) – [34]

KP27 Stable: 50–80 ◦C 2.6–10 10% loss of activity after
1 month of storage at 4 ◦C. [35]
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Table 3. Cont.

Endolysine Thermostability pH Range (Optimal) Storage Effect Reference

PlyE146 – Negligible activity above 7 – [36]
AcLys 50% loss of activity at 37 ◦C in 2 h 5–8 (6) – [37]

KZ144 >50 ◦C gradually reduces its
activity (60 ◦C null activity) 4.5–9 (6.2–6.5)

4 months to 4 ◦C in
enzymatic buffer activity

is maintained
[18]

2.6. Commercial Endolysins

Finally, expressing more strengths than weaknesses, there are already formulations of
endolysins aimed mainly at treating diseases and their respective symptoms resulting from
the proliferation of pathogenic bacteria. Some are in the clinical phase and others are in the
preclinical phase. The results of all of them are promising in relation to the combat of MRB;
the companies and their respective products (endolysins) are illustrated in Table 4.

Table 4. Commercial endolysins and their respective manufacturing companies.

Company Market Endolysin(s) Target Bacterial Identifier

Contrafect Health care CF-301 Bacteremia of S. aureus NCT03163446

Gangagen Health care P128 S. aureus in nasal
environments NCT01746654

Intron Biotechnology Health care SAL200 (N-Rephasin® as a trade
name, Seongnamy, Korea)

Staph infections NCT03089697

Micreos Cosmetics and health
Gladskin (StaphefektTM

XDR.300, The Hague,
The Netherland)

Staph infections NCT02840955

Lysando Wound care Medolysin® (Triesenberg,
Liechtenstein)

Bacterial infection of
the wound N.R.

N.R., Not reported.

3. Strategies for the Application of Endolysins Aimed at In Vivo Studies in Aquaculture
3.1. Current Alternatives for the Treatment of Infectious Diseases

Given that infectious diseases of relevance in the aquaculture sector require contin-
uous administration treatments, it is essential to design protein antibacterials that can
be recognized by the receptors of the intestinal epithelium for their internalization and
systemic administration [49,50].

Nowadays, for the local administration of protein antibacterials through food, various
options have been used to distinguish the technology developed for enzymes applied
in animal feed, which consists of partially purified enzyme preparations that contain
additives for dry stabilization (e.g., salts with divalent ions, sugars and/or glycerol) [51,52].
However, depending on the protein antibacterial, the formulation requires a particular
design, testing different stabilizers and vehicles and an evaluation of their protective effect
during processing.

On the other hand, the administration of protein antibacterials in situ was carried out in
the first instance for human health through genetically modified lactic acid bacteria. This im-
proved over the years until its validation in patients with gastrointestinal problems [53–55].
The advantages of these as administration vehicles lie in their tolerance to gastric conditions
and bile salts (which allows them to survive their passage through the digestive tract),
as well as their ability to colonize the intestinal mucosa [56]. This technology is being
evaluated in vivo trials for aquaculture, but focused on recombinantly-produced bacterial
antigens (Streptococcus inie, Aeromonas hydrophyla, E. tarda) as an oral vaccine for fish [57–59].
In addition, some in vitro evaluations have expressed antibacterial proteins [60,61] and
type II endolysins [62]. Therefore, lactic acid bacteria have the potential for the treatment of
local bacterial diseases, as a vehicle for the administration of proteinaceous antibacterials.



Polysaccharides 2022, 3 315

A potential alternative that could be implemented for aquaculture should be consid-
ered, for example, through the administration of bioencapsulated protein antibacterials
in plant cells, which is approved by the FDA as an economically viable and safe pro-
duction system of protein antibacterials from their production in hydroponic systems in
greenhouses [49]. The advantage lies in the folding and activity because they are retained
for several years at room temperature in freeze-dried plant cells, also eliminating the
maintenance of the cold chain [63].

3.2. Main Obstacles to Overcome for the Treatment of Infectious Diseases

In contrast, endolysins are just beginning to be evaluated against pathogens of aqua-
culture importance. To date, only the lytic capacity of some endolysins against the cell wall
of some strains of interest in aquaculture, for example Vibrio parahaemolyticus, has been
demonstrated. [Lysqdvp001 endolysin [64]; LysVPp1 [65]], Vibrio campbellii, Vibrio azureus
[LysVPp1] [65] and Vibrio alginolyticus [endolisina cwlQ] [66]. The evaluations were carried
out on pre-treated bacteria in order to expose the cell wall (dead bacteria that are used
as a substrate), but their bactericidal effect was not reported, so their activity in marine
conditions was not evidenced either.

In another sense, as is now known, significant differences in the intestinal environment
can be found between carnivorous (salmon), herbivorous (tilapia) and omnivorous (catfish
and penaeid shrimp) farmed species. In other words, carnivores have higher protease activ-
ity compared to herbivores and omnivores, while non-carnivores have higher carbohydrase
activity for the digestion of plant cells. In addition, in carnivorous species part of their
digestion is carried out in acidic conditions [67]. Adding to the above, the differences in
enzymatic digestion are caused by other factors such as the age of the organism, as well
as the degree of colonization of the intestinal microbiota in different organs. The latter
represents an important point to consider from the point of view of elucidating the degree
of stress that the protein antibacterial could experience in the site(s) of action, determining
whether it would require additional protection. As a typical case, as one of the main species
of crustaceans cultivated throughout the world, we can cite Litopenaeus vannamei, whose
organs such as hepatopancreas, stomach and intestine exhibit a high rate of enzymatic activ-
ity attributed to the secretion of extracellular enzymes (amylases, chitinases, esterases and
lipases), the product of microbial metabolism, highlighting the genera Pseudoaltheromones
(sp.) and Vibrio (parahaemolyticus, harveyi, communis, campbelli, rotiferianus, alginolyticus), the
latter being the most abundant [68]. However, despite being relevant in contributing to the
digestive components of the diet, species of the Vibrio genus such as V. parahaemolyticus, V.
harveyi and V. campbelli are reported as causal agents in numerous cases of mass mortal-
ities in this cultivar; especially V. parahaemolyticus, which can induce vibriosis by certain
strains [69–71], or induce Acute Hepatopancreatic Necrosis Disease (AHPND), and that can
cause up to 100% mortality in the first 30 days of culture [72,73]. Furthermore, as we know
so far, V. parahaemolyticus is known as an opportunistic pathogen, since exposure to high
concentrations of nitrites, ammonia and some pesticides inhibits the immune responses of
L. vannamei and increases its susceptibility to V. parahaemolyticus, which eventually leads
to an increase in mortality [69,74]. Given that the immune systems of crustaceans are not
as complex as those of higher organisms, strategies for the prevention and treatment of
pathogens are required to sustain white shrimp cultures, for which alternatives such as the
addition of zinc have been proposed [73] and β-glucans [74] in the diet and, consequently,
favor the upregulated expression of TLR, a gene that reflects the immune response of white
shrimp after bacterial combat. In conclusion, there is no doubt that there is an urgent need
to improve, or, failing that, preserve the biological activity of endolysins by providing pro-
tection both for the marine environment, where the cultivar is developed, and throughout
the entire complex gastrointestinal tract. Taking into account that said protection, as it is
degraded, the released components manage to exert an immunomodulatory effect in the
organism once absorbed in the intestinal epithelium.
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3.3. Biofunctionalization of Endolysins as a Promising Strategy for Application in Aquaculture

At the beginning of the 21st century, venturing into the identification, extraction and
isolation of bioactive compounds or nutraceuticals was a challenge. However, it is currently
a highly exploited field of research. However, from the point of view of bioavailability,
these compounds have a particularity when they are immersed in the food matrix, mainly
due to their limited release profile in the digestive process, among other biotic and abiotic
factors, which is why the incorporation of these molecules into various biomaterials has
been implemented in recent years. Therefore, the generation of Biofunctionalized Polymeric
Materials (BPM) has been a promising alternative in preserving the functionality of these
compounds due to the fact that a prolonged supply has been achieved and, consequently,
they have exerted their biological effect on the organism. Cases of success can be mentioned,
including the protection of antioxidants (curcumin [75], β-carotene and α-tocopherol [76]),
anti-inflammatories (dexibuprofen) [77], bioactive compounds (mangiferin) [78], enzymes
[lactase [79], papain [80]] to name a few. Under this perspective, and in addition to the fact
that, as far as we know, there is no experimental evidence of the therapeutic effectiveness of
endolysins in aquaculture, only their preventive effect in a few evaluations and numerous
experiments are evidence of their in vitro activity. The biofunctionalization of endolysins
is seen as a viable and feasible strategy; however, it is crucial to determine the polymeric
material(s) to be used which, in addition to contributing to the stability of the enzyme,
would be interesting if they contributed significantly to the previously discussed limitations
(antibacterial activity, prebiotic effect, immunomodulatory effect).

Firstly, it is noteworthy that many polymeric materials, as well as other possible
elements that will make up the treatment, need to be related to the organism in question.
In other words, they must facilitate the ingestion of the treatment and its acceptance
(affinity to the diet), as well to be stable in seawater for at least 2.5 h due to the slow feeding
of L. vannamei. In this sense, as we know so far, polymeric materials such as cellulose,
hemicellulose, alginates and alginate oligosaccharides (AOS) have been added to shrimp
diets because they have generated substantial stability of the formulation in seawater [81].

In principle, the cellulose molecule (β-glucan) should be highlighted, since today it is
widely used for the biofunctionalization of bioactive compounds [82–84]. However, it is a
challenge to determine the spacer group that will act as a “bridge” between the enzyme
and the cellulose, as at this time there are numerous methods to achieve it [85]. Regardless,
it is worth noting the use of chlorinated compounds (acyl chlorides), since, in addition to
generating a deprotonation in the hydroxyl group (characteristic of cellulose) (ideal event
to form a covalent bond with a characteristic group of endolysins, for example amino) it
has also been shown that the reaction conditions are not strong and it does not produce
aberrant reactive species [85].

As a second aspect, it would be interesting to consider the AOS that, although their
study in various fields has been exploited in the last 20 years, has not been enough to be a
potential candidate for incorporation into a diet in L. vannamei or any other marine organ-
ism. However, the idea of designing a formulation containing these would be viable and
attractive, since they exhibit diverse biological activities as antioxidants [86–89], prebiotic
effects [90,91], immunomodulatory properties [92–94] and antibacterial effects on bacteria
of clinical and food interest [95–97], as well as bacteria of aquaculture interest such as
V. parahaemolyticus and V. harveyi [95], the latter representing a point to highlight attributed
to the potential inhibition of vibrios related to the mortality of L. vannamei. Similar to
cellulose, there are factors related to the probability of success, including that the previously
mentioned effects are exhibited by OSA, which are directly related to the chemical structure,
specifically the ratio or quotient (M/G) of mannuronic acid (M) and guluronic acid (G).
As we know so far, each monomer is related to a particular characteristic; that is, abundance
of blocks of M that G is said to exert a greater biological effect, while, in an inverse sense,
it correlates with a high stability against abiotic factors [86,88,89,93,95,98,99]. Therefore,
it could be asserted that if the objective of the treatment is for OSA to potentially exhibit
the biological effects described, then M/G > 1. However, if the objective corresponds
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to presenting substantial stability against an abiotic factor (for example, water marina),
then M/G < 1. Finally, if a scenario will be idealized in which the two phenomena will
manifest themselves as much as possible, then M/G ≈ 1, in such a way that, attending to
the double problem raised previously regarding the application of endolysins, it would be
recommended to opt for the last condition. However, it would be important to carry out
analyses corresponding to the effect of seawater on OSA (structure and bioactivity) and,
consequently, establish the ideal M/G ratio.

Thirdly, to our knowledge, zinc controls the regulatory change of the immune response;
that is, against antigenic stimuli it is an element that mediates the behavior of the immune
system. For this reason, a diet adequate in zinc is fundamental in the efficacy of the immune
system and therefore in the health of the organism. Consequently, the addition of zinc
in various diets intended for marine organisms is a fact [100–103]. However, there are
significant differences between zinc of inorganic origin (for example ZnO, ZnSO4) and that
of organic origin (for example amino zinc), with the latter class standing. Zinc methionine
(ZnMet), stands out in particular due to its excellent immune response under normal
conditions, even under events in which the health of the marine organism is compromised
(for example, reduction in the mortality rate after inoculation of species of the genus
Vibrio) [103]. Additionally, supplementation with zinc of inorganic origin could be viewed
negatively due to the fact that this type of molecule has been reported as cytotoxic and
with a broad-spectrum antibacterial effect [104,105]. As a possible result, the problem
of dysbiosis in the organism could be reflected, greatly altering numerous biochemical
processes such as the limited availability of digestive enzymes. Finally, although normal
or standard diets aimed at marine organisms have a zinc concentration (<10 mg), this
does not represent a significant content to achieve the desired biological effect. It has been
reported that an important immune response is acquired at intervals of 35 to 50 mg, For this
reason, the zinc content in the treatments should oscillate in the mentioned range, thus
guaranteeing a potential immunomodulatory effect.

Finally, determining which endolysins could have significant stability in the marine en-
vironment represents a key point in protein antibacterial formulation. In our opinion, those
endolysins that have substantial activity in conditions similar to those of seawater should
be selected as a study model [106]. Thus, the acceptance requirements would first be that
they exhibit activity in the presence of high ionic strength (NaCl concentrations > 0.3 M);
secondly, that the activity is present in a wide pH range, particularly in alkaline condi-
tions (with optimal activity at pH 7–9) and as a last criterion, as already reported, with
bactericidal activity against Gram-negative pathogens (considering that the vibrios fall into
this classification). Based on these conditions, the endolysins KZ144 [18] and LysPA26 [34]
meet these characteristics, even KZ144 exhibits potential enzymatic activity when subjected
to high concentrations of NaCl (200 mM and 500 mM~170% and 120% relative activity,
respectively), in addition to maintaining up to 80% of its activity when exposed to solutions,
with divalent cations (Mg2+ and Ca2+) characteristic of seawater [18]. In summary, it would
be recommended to select endolysin KZ144 to be biofunctionalized, due to its high activity
even under conditions of extreme salinity, its stability against divalent cations and, to a
lesser extent, to opt for LysPA26, which, although both are derived from phages that infect
G− bacteria, differ in relation to the type and amount of EAD and CBD. Therefore, it is un-
questionable to carry out various analyses to elucidate the relevance of these characteristics
in this context.

In summary, the urgent need to provide protection to endolysins is unquestionable,
since their enzymatic activity could be compromised by biotic and abiotic factors character-
istic of seawater, as well as the complex intestinal tract of L. vannamei. Therefore, the use
of polymeric materials such as cellulose and OSA would be excellent candidates to be
biofunctionalized with these enzymes, which, in addition to being part of the native diet of
this crustacean, chemically represent an ideal molecule to be loaded and reflect a robust
bioactive profile, respectively. In addition, the immune system plays an important role in
the health of the crustacean, both under normal and induced conditions, for which the



Polysaccharides 2022, 3 318

addition of zinc sources of organic origin would exacerbate this characteristic, influencing
its growth, as well as preventing it from contracting an infectious disease. Finally, it is
required that, in order for the endolysins to be biofunctionalized, they are stable when
immersed in seawater. Based on its chemical composition, KZ144 would be postulated as
ideal in this context and LysPA26 as a second option (Figure 4).
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4. Current Trends of Endolysins Applied to In Vivo Studies in Aquaculture

In the search for information, a typical process is to manually explore, describe and
organize the retrieved results. However, today, efficient and flexible technologies can be
used, capable of combining the retrieval and subsequent organization of information.

A different approach is that of grouping the results into so-called clusters. The Carrot2
program performs the “clustering” (categorization or grouping) of the documents found
based on similarities between them, without prior knowledge of their characteristics.
The user raises a general topic and can then be directed to analyze the more specific topics
created dynamically from the results of the query.

Therefore, a stratified search was performed [107] to understand the current trends
of the relevant topics of this review, which was divided into three main points: the use of
endolysins directed towards G-antibiotic-resistant bacteria, the use of OSA as a potential
antibacterial agent in marine organisms, and, finally, the use of endolysins targeting marine
bacteria using keywords and boolean operators [108]. The information obtained explaining
the main issues of this project is displayed in Figure 5.
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4.1. Current Trends in the Use of Endolysins Targeting G-Antibiotic-Resistant Bacteria

Potential trends in the use of endolysins directed at G-antibiotic-resistant bacteria
(Figure 5A) are directed at two main aspects: the discovery of endolysins from phages
of various bacteria (mainly E. coli and Salmonella spp.) that have the intrinsic ability
to penetrate the OM, as well as incorporate an exogenous agent to a native endolysin,
providing it with certain hydrophobicity or amphiphilic characteristics. In addition, it is
important to highlight that although they were isolated, purified and evaluated a few years
ago, they have attracted great interest as a potential candidate for a novel antibacterial,
both in the food and clinical sectors, due to the undesirable effects of the exacerbated use of
antibiotics in many fields.

4.2. Current Trends in the Use of OSA as an Antimicrobial Agent in Marine Bacteria

When performing a stratified exploration for the use of OSA as an antimicrobial agent
in marine bacteria (Figure 5B), limited data is presented, a trend is observed regarding
the discovery and characterization of alginate lyases and their products from various
marine bacteria (Vibrio splendidus, Marinimicrobium spp.,) obtaining AOS with ranges from
3 to 5 monomers. In addition, as mentioned previously, a particularity of OSA lies in
its prebiotic capacity, in which a recent study stands out in relation to the effect that
these have on the intestinal microbiota of marine species (Salmo solar); supplementation
with this type of carbohydrates facilitates the colonization of Proteobacteria (A. parvum,
A. insolitus) and spirochetes (B. andersonii), in which it has been reported that the prevalence
of these bacteria is associated with the production of butyric acid. Therefore, it can be seen
that supplementation with OSA to marine species is a viable and attractive alternative.
However, the generated search did not show any studies related to the antibacterial effect
of these oligosaccharides in marine bacteria. Consequently, the field becomes explorable
and presents guidelines to carry out various analyses aimed at mitigating related problems,
pointing to the eradication of one or more pathogenic bacterial genera in marine species
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(species of the genus Vibrio), where its prevalence in the organism eventually chains the
mortality of these or, failing that, represents a source of infection after ingestion.

4.3. Current Trends in the Use of Endolysins Directed towards Marine Bacteria

In Figure 5C, the use of endolysins directed towards marine bacteria can be observed,
the information found is limited and the discovery of three endolysins from phages that
infect certain marine bacteria (Pseudomonas spp. and Vibrio parahaemolyticus) is rescued,
although the stability aspects of these are not reported. In addition to this, there is no clear
trend in the information regarding the use of these enzymes directed at marine bacteria,
in such a way that it is relevant to emphasize that there are no reports that demonstrate the
enzymatic or bactericidal activity of endolysins in the marine environment and, therefore,
neither the generation of bioassays under these conditions.

5. Conclusions

With the rise of antibiotic resistance, scientists are paying increasing attention to the
discovery of antimicrobial agents other than antibiotics. In this sense, the number of publi-
cations on endolysins and their possible applications has increased considerably during the
last decade, also driven by the appearance and rapid dissemination of MRB, which makes
it necessary to identify new treatment options. However, their target specificity and ability
to combat both drug-sensitive and drug-resistant organisms makes them undoubtedly
attractive antibacterial agents.

A major difficulty for their development is the presence of OM on the cell surface of
G-bacteria which prevents the access of antibacterial enzymes to adjacent PG substrates
and, thus, limits their efficacy. There is an important focus in relation to the perme-
abilization of endolysins through the OM to exert their lytic activity against G-bacteria.
We have summarized the main approaches reported in the last few decades, in which both
in vitro and in vivo data affirm that globular endolysins are promising antimicrobial agents
against MRBs.

While understanding the safety and distribution profiles of endolysins after administra-
tion would require further in vivo studies, formulation sciences such as biofunctionalization
are a suitable tactic to improve the efficacy and stability of globular endolysins.

Aquaculture has shown substantial development rates that have led to opportune
conditions for the appearance and accelerated spread of new infectious diseases. Given
that these diseases of relevance in the aquaculture sector require treatments that are stable
in seawater and resist adverse conditions during and at the end of the complex gastroin-
testinal journey of the marine organism, it is undeniable to venture into the strategy of
biofunctionalization of endolysins. In this regard, it is crucial to consider that the molecule
to be loaded has a suitable chemical structure for this process, in addition to exhibiting a
considerable bioactive profile and, in the same way, being able to exert an immunomodu-
latory effect. This is especially crucial as the latter contributes considerably to the health
of the marine organism, including in normal conditions as in disease scenarios. We have
addressed the main candidate molecules for this complex treatment, in which cellulose,
OSA and zinc of organic origin would play relevant roles in combating MRB of aquaculture
importance, as well as represent a future potential additive in standardized diets.
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