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Endophytes are microorganisms that live inside the plant tissue without causing external
symptoms. All plants in nature harbor endophytes. Some endophytes produce and
secrete biologically active compounds, known as secondary metabolites, which can
help the host plant cope with bacterial, fungal, and other pest pathogens. Endophytes
are isolated from aquatic plants and algae. Diseases are detrimental in the aquaculture
industry where chemical pesticides and antibiotics are widely used in an attempt to cope
with fish pathogens. However, the ability to prevent disease outbreaks in aquaculture
is currently extremely limited. Here, we isolated 173 bacterial and fungal endophytes
from 16 Mediterranean seaweed and 4 algae from fresh or thermo-mineral water. We
found 88 endophytes (51%) with biological activity against four common aquaculture
pathogens. Fifty endophytes (29%) caused mortality of at least one of these four
pathogens. We identified 23 bioactive endophytes, 18 of which are from the Bacilli
class. Our findings suggest that macroalgae from different aquatic environments can
serve as a good source of potential biocontrol agents against aquaculture diseases. To
the best of our knowledge, there are no published studies demonstrating the use of
algal endophytes to control aquaculture diseases. Our study may lead to finding new
molecules for use as novel environmentally friendly products that will solve one of the
most challenging problems for the growing aquaculture industry: pathogens and pests.

Keywords: endophytes, bacteria and fungi, aquaculture, biocontrol, alga, environmentally friendly, sustainable,
disease and pathogen

INTRODUCTION

Endophytes are a group of endosymbiotic microorganisms, often bacteria or fungi, that colonize
intercellular sites in plants in natural ecosystems (Liarzi and Ezra, 2014; Gouda et al,, 2016). In
these mutualistic relations, the plant provides a living niche and food for the endophyte, while
the endophyte provides protection against pathogens and pests and induces tolerance to abiotic
stressors such as drought and salinity (Bacon and White, 2016). Some endophytes produce and
secrete biologically active compounds that prevent bacteria, fungi and plant pests from growing
in the host plant. These compounds are called secondary metabolites. They are produced by the
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endophytes and have varying roles. In recent years, endophytes
and their secondary metabolites are increasingly recognized
for their medicinal and industrial uses, as well as for the
production of new biological control agents for agriculture
(Masand et al., 2015; Ismail et al., 2016). Endophytes are also
found in aquatic plants, including algae. Several studies have
described the isolation of fungal and bacterial endophytes (Schulz
etal,, 2002; Flewelling et al., 2015; Manomi et al., 2015; Mandelare
et al., 2018) and the identification of novel compounds with
antibiotic activity from seaweed (Ismail et al., 2016).

For the last 20 years, aquaculture has been considered the
fastest growing agricultural food sector. From 1980 to 2000,
aquaculture production grew from 7.8 to 43 million tons, with
an annual growth rate of 9%. Yet, from 2000 to 2018, the growth
rate was reduced to 5.5% (43-114.5 million tons, respectively),
and still, it continues to grow faster than other major food-
producing sectors (FAO, 2018). The need to find additional
protein sources to feed a growing world population has led to this
remarkable growth rate.

Pathogens are a major and harmful factor in the aquaculture
industry, affecting aquatic vertebrates and invertebrates
worldwide. They cause huge economic losses, in excess of 6
billion USD per year (The International Bank for Reconstruction
and Development/The World Bank, 2014). In addition to
well-known parasites and viral diseases in aquaculture, other
diseases caused by bacteria, fungi and oomycetes (water molds)
are common, considered to be responsible for about 30% of
all losses in aquaculture. Today, the ability to control disease
outbreaks in aquaculture is very limited, consisting mainly of
pesticide and antibiotic use. Malachite green, a toxic chemical
compound and suspected carcinogen, was extensively used as the
major chemical control against fungal diseases and parasites. Yet,
it has been globally banned since 2000, as both the compound
and residues from its breakdown products were found in fish
flesh long after marketing (van West, 2006). Other chemicals are
used to control aquaculture diseases (e.g., formaldehyde, copper
sulfate, chlorine, hydrogen peroxide, and others). However,
growing concerns regarding eventual harm to the consumer and
environmental pollution are prompting research into alternative
sources and products to control aquaculture pathogens.

In this study, endophytes isolated from algae, originating from
different water sources and locations in Israel were tested for
their biological activity against four major aquaculture pathogens:
(i) Photobacterium damselae subsp. damselae, a gram-negative
marine bacterium causing pasteurellosis (photobacteriosis), a
disease characterized by wound infections and hemorrhagic
septicemia. It affects many economically important fish species
cultured in inland aquaculture facilities and in offshore net
cages, e.g., turbot (Psetta maxima), rainbow trout (Oncorhynchus
mykiss), eel (Anguilla spp.), gilt-head bream (Sparus aurata), and
European bass (Dicentrarchus labrax), among others (Romalde,
2002; Rivas et al., 2013; Zhang et al.,, 2019); (ii) Streptococcus
inige, a gram-positive bacterium accounting for high losses
in farmed marine and freshwater finfish in warmer regions,
causing reduced growth rates and increased mortality, as well
as changed (non-marketable) appearance. Strep. iniae affects a
wide range of cultured species, including red drum (Sciaenops

ocellatus), tilapia (Oreochromis spp.), rainbow trout, European
bass, barramundi (Lates calcarifer), common carp (Cyprinus
carpio), and more (Abutbul et al, 2004; Agnew and Barnes,
2007; Francis et al., 2014); (iii) Aeromonas salmonicida, a gram-
negative bacterium that is the causative agent of furunculosis and
fish septicemia. It affects major aquaculture species, in particular
salmonids, causing significant economic losses (Wiklundl, 1998;
Menanteau-Ledouble et al.,, 2016; Duarte et al., 2018); (iv)
Saprolegnia parasitica, an oomycete causing saprolegniosis,
a disease characterized by visible white or gray patches of
filamentous mycelium on the body or fins of freshwater fish.
Saprolegnia infections were previously controlled with Malachite
green but with its ban, this oomycete has become an important
fish pathogen, mainly of catfish (Ictalurus spp.), salmon (Salmo
spp.), and trout species (van West, 2006).

Attempts have been made to find alternatives for the chemicals
used to control these pathogens, for example, plant extracts
(rosemary and others) (Abutbul et al., 2004; District and Nadu,
2009; Genovese et al., 2012; Yonar et al, 2019). Additionally,
microorganisms are commonly applied as beneficial agents
(probiotics) in aquaculture (Hoseinifar et al., 2018; Wang et al.,
2019). Nevertheless, little is known about metabolite-secreting
endophytes or their use in controlling aquaculture diseases. The
use of active microorganisms originating from the target itself or
organisms living in the same environment, is an approach that
has often been implemented for biological control in agriculture,
but less so in aquatic environments. Therefore, this study
aimed to examine the presence of biologically active culturable
endophytes, in macroalgae collected from different water sources
and locations in Israel and assess their bioactive, in vitro potential,
as a novel source for metabolites and biological control agents in
disease control of aquaculture pathogens.

MATERIALS AND METHODS

Macroalgal Sampling

Macroalgae were collected from various marine and freshwater
sources of Israel (Table 1). Algae were collected randomly from
easily accessible locations, close to the shore. The algae were
brought to the laboratory for analysis in sealed plastic boxes
containing the ambient water. During transport, the boxes were
kept in a chilled environment (£25°C). Upon arrival at the
laboratory, algae were kept in the transport boxes and air was
bubbled through the ambient water until endophyte isolation. In
each collection site, one sample of the host algae was used for
culturable endophytes isolation as dilated in Table 1.

Isolation of Endophytes From Algae

Culturable endophytes were isolated under sterile conditions in
a laminar hood. The sampled algae were washed with freshwater
and surface-sterilized by dipping algal pieces twice for 3 s each
in 70% ethanol, followed by two 1-min washes in distilled water.
To ensure algal surface sterilization, water from the algae’s last
wash was tested for bacterial and fungal presence by inoculation
on appropriate agar media. Lack of bacterial or fungal growth
confirmed algal surface sterility. The treated algae were cut into
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TABLE 1 | Algae and isolated endophytes from different water sources in Israel, with percentage of bioactive isolates.

Collection site Habitat Algae Phylum Number of isolates Bioactive Percent
isolates? bioactive
isolates
Bacterial Fungal
Herzliya shore 32°09'28.1"’N Marine Ulva sp. Chlorophyta 12 - 3 25
34°47'41.0"E
Gracilaria sp. Rhodophyta 24 10 31
Tel Aviv shore 32°08'39.6"N Marine Alsidium corallinum Rhodophyta 5 2 3 43
34°47'27.7"E
Acanthophora 3 2 3 60
najadiformis
Padina pavonica Ochrophyta 7 4 4 36
Enteromorpha ralfsii Chlorophyta 9 1 20
Palmachim shore Marine Ulva sp. Chlorophyta 11 1 2 17
31°55'47.5""N 34°41'53.7"'E
Jania rubens Rhodophyta 9 2 5 45
Spyridia harvey 9 1 5 50
Alsidium corallinum 3 - 2 67
Laurencia papillosa 6 - 5 83
Acanthophora 4 2 1 17
najadiformis
Padina pavonica Ochrophyta 9 1 60
Ashdod shore 31°49'03.8""N Marine Ulva sp. Chlorophyta 2 2 2 50
34°38'24.9"E
Bryopsis plumosa 2 5 71
Enteromorpha 2 - 0
compressa
En Sappir spring 31°45'39.1”N Fresh water spring Pithophora sp. Chlorophyta 4 - 2 50
35°07'53.0"E
Sea of Galilee 32°42'25.3"'N Fresh water lake Pithophora sp. Chlorophyta 7 - 3 43
35°35'43.5"E
Sea of Galilee (unknown spring) Fresh water spring Pithophora sp. Chlorophyta 1 1 0 0
32°42'24.7""N 35°35'43.0"'E
Hamat Gader mineral springs Thermo- mineral spring Leptolyngbya sp. Cyano-bacteria 10 2 1 8

32°40'56.1"'N 35°39'59.2"'E

aEndophytes that inhibited at least one of the tested aquaculture pathogens in in vitro bioactivity assays. Percentage of bioactive isolates was calculated as the number
of bioactive endophytes out of all endophytes isolated from the specific alga collected. One sample of the mentioned algae was collected in each site.

small pieces (~0.5 by 0.5 cm) and placed on growth media:
nutrient agar (NA) for bacteria and potato dextrose agar (PDA)
for fungi (Acumedia, Lansing, MI, United States), in 90-mm
petri plates. At least two plates of the different media, with 10
pieces, for each algae were used for endophytes isolation and
collection. The plates were incubated at 25°C for 8 days, allowing
endophytes to grow out of the algal pieces (Figures 1A,B). The
growing bacteria and fungi were collected and reinoculated on
appropriate growth media. A single colony/spore culture was
established for each of the endophytes, to ensure culture purity.

Bioactivity Assays

Endophytic bacteria and fungi were tested for biological activity
against three bacterial pathogens (P. damselae, Strep. iniae, A.
salmonicida) and a pathogenic oomycete (S. parasitica). In vitro
assays were performed on synthetic media supporting both the
endophytes and the pathogens: tryptic soy agar (TSA, Acumedia)

for bacteria, PDA for fungi, and NPDA (1/2 NA + 1/2 PDA),
concocted in our laboratory, for both fungi and bacteria in the
same plate. The assays were performed as follows: the tested
endophytes were inoculated in a "Y shape" on the appropriate
growth medium in a 90-mm petri plate. The plates were
incubated at 25°C for 5-7 days. The pathogens were subsequently
introduced by inoculation at the edges of the plate. The plates
were then incubated for another week (25°C) and examined for
pathogen growth during that period (Figures 1C-F). S. parasitica
growth was examined quantitatively (percentage) by comparing
the growth radius of the oomycete colony to the growth of
a colony in the absence of endophyte (control). Challenged
bacterial pathogen growth was estimated qualitatively using
four levels of inhibition compared to the control: (1) very
strong inhibition - no pathogen growth (+++), (2) moderate
inhibition - low pathogen growth (++), (3) weak inhibition -
slight pathogen growth (+), and (4) no inhibition - pathogen
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growth equal to control (-) (Table 2). At least two repetitions for
each endophyte against each of the pathogens were performed.

Viability Assays

Pathogens that were fully inhibited by the endophytes were
further examined for viability. The inhibited pathogen from
the bioassay plates was re-cultured on a new growth medium
plate without endophyte and incubated under optimal growth
conditions for a week. Unlike dead pathogens, inhibited
pathogens generally grew on the new media a few days
later (Figure 1G).

Identification of Endophytes

Endophyte identification was performed to the genus level
by amplification and alignment of conserved rDNA sequences
(internal transcribed spacer [ITS] for fungi and 16S for bacteria)
and comparison with the National Center for Biotechnology
Information (NCBI) GenBank database. Identification to the
species level was done by sequencing at least three different
conserved sequences.

DNA Extraction

Single-colony cultures of bacterial endophytes were incubated
overnight at 25°C, 150 rpm, in Luria-Bertani (LB) broth medium
(Acumedia). After 24 h, the cultures were centrifuged (6000 rpm,
10 min) and 100 mg of pellet (wet weight) was used for
DNA extraction with a fungal/bacterial DNA extraction kit
according to the manufacturer’s protocol (ZYMO Research,
Irvine, CA, United States). Pure cultures of fungal endophytes
were incubated on PDA plates for 4 days, 100 mg of fungal
hypha (wet weight) were harvested, and DNA was extracted using
the DNA extraction kit according to the manufacturer’s protocol
(ZYMO Research).

Conserved-Sequence Amplification by
PCR

PCR was performed using a labcycler (SensoQuest, Gottingen,
Germany) in 25 pl PCR mixture containing 2 pl extracted DNA
(approximately 50 ng), 12.5 il DreamTaq green PCR master mix
(Thermo Fisher Scientific, Waltham, MA, United States), 1 .1 of
each primer (10 M) and 8.5 pl PCR-grade water. For bacterial
isolates, the 16S region was amplified with the primers P3AMOD
and Pc5B (Kuske et al., 1998) and the following cycling program:
95°C for 5 min, 34 cycles at 95°C for 60 s, 50°C for 60 s and
72°C for 90 s, with a final extension at 72°C for 5 min. For
fungal isolates, the ITS region was amplified with primers ITS1
and ITS4 (White et al., 1990) and the following cycling program:
96°C for 5 min, 39 cycles at 96°C for 45 s, 55°C for 45 s and
72°C for 60 s, with a final extension at 72°C for 5 min. For
identification of Bacillus spp. to the species level, rpoB, recA,
or gyrB sequences were amplified, respectively, with primers
rpoB1206 and rpoBR3202 (Ki et al., 2009) and the program: 95°C
for 3 min, 35 cycles at 95°C for 20 s, 55°C for 30 s and 72°C
for 90 s, with a final extension at 72°C for 5 min; primers recA-
F and recA-R (Mohkam et al., 2016) and the program: 95°C for
5 min, 30 cycles at 95°C for 30 s, 45°C for 30 s and 72°C for 60 s,

FIGURE 1 | Isolation and bioactivity assessment of endophytes from algae.
Endophytes were isolated by placing sterilized algal pieces on growth media
in petri plates and incubating at 25°C until initiation of bacterial and fungal
growth from the algal tissue (A,B). The endophytes were then tested in vitro in
bioactivity assays (C-F) by growing them on supporting growth media in a “Y”
shape prior to placing the pathogens as shown in (D,F). Inhibition was
measured in comparison to controls (no endophytes) (C,E). Pathogen viability
test (G) exhibited temporary inhibition or loss of viability of the pathogen. This
test was performed by transferring the pathogen from the bioactivity test to a
new growth plate in the absence of the endophyte. Regrowth of the pathogen
after 3 days of incubation indicated inhibition by the endophyte, while no
growth (G, right) indicated loss of viability. Endophytes were tested for activity
against the oomycete pathogen: S. parasitica (F,G, right) and three bacterial
pathogens: P damselae, Strep. iniae and A. salmonicida (D). Control plates:
pathogens in the absence of the endophytes (C,E,G, left).

with a final extension at 72°C for 5 min; and primers UP-1 and
UP-2r (Yamamoto and Harayama, 1995) and the program: 95°C
for 5 min, 30 cycles at 95°C for 60 s, 60°C for 60 s and 72°C for
120 s, with a final extension at 72°C for 8 min. For identification
of endophytic fungi to the species level, the B-tubulin region was
amplified with primers Btla and Btlb (Glass and Donaldson,
1995) and the following cycling program: 95°C for 5 min, 39
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TABLE 2 | Highly active endophytes from different algae, sorted by their ability to inhibit and/or kill the four major aquaculture pathogens.

Algal host Isolate Pathogens
P. damselae® Strep. iniae? A. salmonicida® S. parasitica®
Inhibition Lethality® Inhibition Lethality Inhibition Lethality % Inhibition Lethality
Jania rubens AJr3 +++ + +++ + ++ + 45 -
AJr7 +++ + - - + - 39 -
AJro +++ + +++ - +++ 89
AJr10 +++ + +++ + ++ 63
AJr15 +++ + +++ - - 37 -
Spyridia harvey PSHA1 ++ - +++ + — 61 _
PSH3 +++ + + - ++ + 20 -
PSH5 ++ +++ + ++ + 28 -
PSH6 +++ +++ - ++ + 100 +
PSH7 - - - - ++ + 100
Bryopsis plumosa ABp1 ++ - + - +++ + 100 +
ABp2 +++ + +++ + + + 69 -
ABp3 +++ - - - +++ + 100 +
ABp4 +++ - - - +++ + 100 +
ABp5 - - - - - - 100 +
Alsidium corallinum PAc1 +++ - + - +++ + 100 +
PAc2 ++ = +++ - +++ + 60 -
TAACN4 +++ + + + + - 7 -
Laurencia papillosa PLp2 +++ + +++ + ++ + 37 -
PLp5 +++ + +++ + ++ + 20 =
PLp6 +++ + +++ + ++ + 58 -
Acanthophora najadiformis PAN4 +++ + + - ++ + 0 -
TAANN1 +++ + + - + + 0 -
TAANN2 +++ + + - +++ + 0 -
TAANN3 +++ + + - + + 0 -
Padina pavonica PP1 +++ + +++ + - - 0 _
PP2 +++ + +++ + ++ + 48 -
PP3 +++ + +++ + ++ - 0 -
PP6 +++ + +++ + ++ + 60 -
PP7 ++ - +++ + + - 40 -
PP8 +++ + +++ + - - 0 -
TAPaN1 +++ + + - + 0 _
TAPaN2 +++ + + - + 0 _
TAPaN3 +++ + ++ +++ - 13 —
Pithophora spp. KM1 + - +++ +++ - 36 _
KM3 +++ + +++ +++ - 57 -
Km4 - - - - - - 100 +
FWTa1 - - - - +++ 0 —
FWTa5 - - + - 4+ 0 -
Leptolyngbya sp.d HG9 +++ + - - + - 0 _
Ulva sp. PU9 ++ - +++ + - - 100 +
PU10 ++ - +++ +++ + 100 +
AU1 +++ + ++ - ++ - 5 —
AU4d - - + - -+ - 85 +
HU4N5 +++ + ++ + +++ + 0 -
Gracilaria sp. HG2N7 4+ + + - ++ + 0 -
HG3N2 +++ + ++ ++ + 0 -
HG3M1 +++ + ++ + + 67 -
(Continued)
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TABLE 2 | Continued

Algal host Isolate Pathogens
P. damselae® Strep. iniae? A. salmonicida® S. parasitica®
Inhibition Lethality® Inhibition Lethality Inhibition Lethality % Inhibition Lethality
Enteromorpha ralfsii TAENN2 + - - - + - 100 +
TAENN4 +++ + - - ++ - 0 -

aGrowth of challenged bacterial pathogens (P damselae, Strep. iniae, A. salmonicida) estimated qualitatively using four levels of inhibition as compared to control: very
strong inhibition — no pathogen growth (+++); moderate inhibition — low pathogen growth (++); weak inhibition — Slight pathogen growth (+); no inhibition — pathogen
growth equal to control (-). bGrowth of challenged oomycete pathogen (S. parasitica) estimated quantitatively by percentage of inhibition compared to control, measured
as the radius of the pathogenic growth in millimeters: very strong inhibition, no pathogenic growth (100%); no inhibition, full pathogenic growth (0%). °Pathogen lethality
was tested in viability assays: pathogen died due to exposure to the endophyte (+); pathogen was only inhibited by the endophyte (-). IA fungal endophyte. Bioactivity of

the endophytes presented is an average of at least two reparations.

cycles at 95°C for 45 s, 54°C for 60 s and 72°C for 90 s, with a final
extension at 72°C for 5 min. In addition, the EF-1a region was
amplified using primers EF1-728F and EF1-986R (Carbone and
Kohn, 1999) and the program: 95°C for 5 min, 39 cycles at 95°C
for 45 s, 51°C for 45 s and 72°C for 90 s, with a final extension at
72°C for 5 min.

Sequencing

PCR products (3 pul) were subjected to agarose gel electrophoresis
(1.2%) and visualization under UV light, by soaking the gel
in 0.5 pg/ml ethidium bromide solution for 3 min followed
by washing in water for 5 min. PCR product (22 pl) was
purified using the fragment DNA purification kit (iNtRON
Biotechnology, South Korea). The purified PCR product (30 1
of ~20 ng/nl) was sent for sequencing (Macrogen Europe,
Netherlands). The sequencing results were compared to the
NCBI GenBank database using the Basic Local Alignment
Search Tool (BLAST)' for the identification of bacterial/fungal
species (Table 3).

Isolate ABp5 was sequenced (whole-genome sequencing,
NovoGene, Beijing, China). Genome reads were compared to
a known reference genome using gene annotations. Annotated
fragments were compared to NCBI GenBank using BLAST.

RESULTS

Macroalgal Sampling

Twenty macroalgae were collected from different locations in
Israel. Twelve different genera were sampled from different
marine and freshwater sources and locations. The algal genera
and site locations are presented in Table 1.

Isolation of Endophytes

We isolated 31 fungal and 142 bacterial endophytes from the
20 collected algae. Most of the macroalgae were collected from
the Mediterranean shoreline (Herzliya, Tel Aviv, Palmachim, and
Ashdod). The highest number of endophytes (148) were isolated
from algae collected in this environment. Amongst the selected
algal samples, Gracilaria sp. recorded the highest endophytic

Uhttps://blast.ncbi.nlm.nih.gov/Blast.cgi

bacterial strains, followed by Ulva sp. and cyanobacteria
(Table 1). Comparison of the number of bacterial endophytes
isolated from the same genus of alga from the different locations
revealed variations according to the sampling location. For
example, the Ulva sp. from Herzliya and Palmachim areas
produced a similar number of bacterial endophytes (12 and
11, respectively), compared to only two endophytes from the
Ulva sp. collected from Ashdod. In general, the Ashdod location
was poorer in endophytes than the other locations sampled
along the Mediterranean shoreline. The same was found for the
only alga collected in freshwater. We isolated more bacterial
endophytes from the Pithophora sp. collected from the Sea of
Galilee (freshwater lake) than from the Pithophora sp. collected
from a spring running into the lake (Table 1). The number of
fungal isolates was much lower than the number of bacteria in all
algae at all locations (Table 1).

Bioactivity Assays

All 173 isolates were tested for their ability to inhibit the four
aquaculture pathogens in in vitro assays (Tables 1, 2). Fifty
endophytes (1 fungal and 49 bacterial) showed strong activity
(caused loss of viability) against at least one of the four pathogens
tested, and were classified as highly active endophytes (HAE;
50 isolates); active endophytes (AE; 38 isolates) had moderate
inhibitory ability; non-active endophytes (NAE; 85 isolates) had
no bioactivity at all (Figure 2). Only one endophyte (AJr10) was
highly active against all four pathogens, while 11 were active
against all bacterial pathogens. Four endophytes were lethal only
to the oomycete (ABp5, KM4, AU4, and TAEnN2) (Figure 3
and Table 2).

We further analyzed the endophytes’ bioactivity with reference
to the sampled alga, endophyte activity against pathogens,
and sampling sites.

To analyze the distribution of active endophytes in the
collected algae, we normalized the number of bioactive isolates
from each algal genus to percentages (Figure 4 and Table 1).
The average percentage of HAE for all sampled algae was
29, with the highest percentage isolated from the seawater
alga Bryopsis plumosa and the lowest percentage from the
cyanobacterium Leptolyngbya sp. The highest percentages of
NAE (83) were isolated from Enteromorpha spp. (seawater),
whereas B. plumosa had no NAE (Figure 4). At the phylum
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TABLE 3 | Identification of the highly active endophytic bacteria and fungi.

Isolate name Species Accession numbers® Final species
identification
16S rpoB recA
AJr9 Bacillus amyloliquefaciens (99%, Bacillus subtilis Bacillus subtilis (100%, MT177330 (16S), Bacillus subtilis
CP054479.1) (98.57%, CP045824.1) CP026662.1) MT326591 (rpoB),
MT219829 (recA)
ABp5 Kocuria kristinae (100%, Kocuria flava (88.8%, Kocuria flava (87.16%, MT183699 (16S) Kocuria flava
KR230389.1) CP013254.1) CP013254.1) MT901192 (rpoB)
MT901198 (recA)
PU9 Bacillus velezensis (100%, B. velezensis (99.46%, B. velezensis (100%, MT178235 (16S), Bacillus
MW589388.1) CP043416.1) CP039380.1) MT326592 (rpoB), velezensis
MT219830 (recA)
PU10 Bacillus subtilis (99.85%, B. velezensis (100%, B. subtilis (100%, MN134034 (16S), Bacillus subtilis
CP069789.1) CP034037.1) CP009749.1) MNB306258 (rpoB),
MT123513 (recA)
HU4N52 Bacillus safensis (100%, B. safensis (100%, B. safensis (99.64%, MT232982(16S), Bacillus
MT133347.1) JX183191.1) CP043404.1) MT465311 (gyrB), safensis
MT219831 (recA)
AU4P Parengyodontium album (99.65%, Beauveria bassiana Beauveria hoplocheli MT180744 (ITS 5.89), Beauveria sp.
MK626713.1) (87.37%, AB830334.1) (97.5%, KC339710.1) MT326590 (Btla/b),
MT326593 (EF1)
AJr10 B. safensis (100%, MT133347.1) MT180808 (16S)
PSH6 B. velezensis (100%, MW589388.1) MT187620 (16S)
PSH7 B. subtilis (100%, CP069789.1) MT192301 (16S)
ABp4 B. subtilis (100%, CP069789.1) MT187638 (16S)
PLp5 B. safensis (99.8%, MT133347.1) MT186284 (16S)
PP2 Bacillus pumilus (99.27 %, MT116792 (16S)
MN581193.1)
PP6 B. pumilus (100%, MT052300.1) MT186599 (16S)
KM3 B. pumilus (99.84%, EU977799.1) MT186687 (16S)
KM4 Pseudomonas alcaligenes (100%, MT186697 (16S)
MG438507.1)
PAn4 Bacillus megaterium (100%, MT192227 (16S)
MN826585.1)
PAc1 B. subtilis (99.52%, KP318461.1) MT188131 (16S)
HG9 Lysinibacillus sp. (100%, MT188141 (16S)
MT472063.1)
HG3M1 B. subtilis (100%, CP069789.1) MT242588 (16S)
HG3N2 B. pumilus (100%, CP047089.1) MT252929 (16S)
TAPaN3 Bacillus cereus (100%, MT256171 (16S)
MT484121.1)
TAENN2 Staphylococcus haemolyticus MT272978 (16S)
(100%, CP052055.1)
TAANN2 Bacillus altitudinis (100%, MT322994 (16S)

CP054136.1)

aThe isolate HU4N5 was identified as Bacillus safensis using the conserved gene of gyrB. P The isolate AU4 was identified as Parengyodontium album, Beauveria bassiana
and Beauveria hoplocheli using the conserved genes ITS 5.8S, B-tubulin and EF-1a, respectively. °All sequences were deposited to the GeneBank database. Accession
numbers column refers to these sequences accordingly. The presented identifications correlate with the highest score of all identifications (in brackets), given by NCBI

GenBank database using BLAST.

level, algae from the phylum Rhodophyta had the highest
percentage of active isolates (eight sampled algae had 49.5%
active isolates), while the phylum Chlorophyta had nine
algae sampled with 30.6% active isolates. The alga Padina
pavonica of the phylum Ochrophyta was sampled twice and
had 48% active isolates. The only cyanobacteria sampled was
Leptolyngbya sp., and it had the lowest percentage of bioactive
isolates (Table 1).

The four pathogens used to test the bioactivity of the
endophytes isolated from the different algae represent
some of the most influential disease agents in aquaculture,
and specifically in fish farming. P. damselae was the most
susceptible pathogen to the endophytes tested in this study
(Figure 2). Thirty-three endophytes from the different algae
inhibited and caused mortality of P. damselae (Figure 3
and Table 2). Only two out of the six HAE (33%) from
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FIGURE 2 | Bioactivity of the endophytes isolated from different algae. The number of endophytes isolated from the 20 different algae, classified by bioactivity level,
is demonstrated (primary Y-axis). The highly active endophytes (HAE) are featured by their activity against each of the four pathogens (secondary Y-axis).

the freshwater algae Pithophora spp. and Leptolyngbya sp.
inhibited P. damselae, whereas 32 of the 44 HAE (73%)
from seaweed were active against this pathogen. The highest
number of active endophytes against the bacterial pathogens
were isolated from Padina pavonica (Figure 5 and Table 2).
Although these endophytes inhibited all four pathogens, none
was sufficiently active to cause mortality of the pathogenic
oomycete S. parasitica (as observed in the viability tests)
(Table 2). A. salmonicida was the second-most susceptible
pathogen to the bioactive endophytes. The only alga from
which no isolates were active against A. salmonicida was
the cyanobacterium Leptolyngbya sp. (Figure 5). In the
present study, the fungal endophyte AU4 isolated from the
seaweed Ulva sp. had the ability to inhibit, but not kill
Strep. iniae (weak inhibition) and A. salmonicida (moderate
inhibition), but had strong mortality-inducing activity (85%
inhibition) against the oomycete S. parasitica (Table 2
and Figure 5).

Although the algal sampling sites along the Mediterranean
shoreline of Israel were relatively close to one another (45 km
at most from Herzliya to Ashdod), the diversity of algal
genera, the number of endophytes isolated from the different
algae, and the activity of those endophytes were high. This
may be attributed to the differences in habitat in terms of
abiotic parameters (nutrients, temperature, salinity, pollution,
etc.) that has significantly elevated the diversity of endophytes
in the algae. Nevertheless, we found the number of isolates
from Ashdod shoreline to be somewhat low (13%), albeit with
a high percentage of HAE (54%). Herzliya, Tel Aviv, and
Palmachim shorelines produced higher numbers of endophytes
with lower percentages of active isolates (29.5, 36, and 45%,
respectively) (Table 1).

The alga collected from Hamat Gader hot springs had a
high number of isolates but a low number of active endophytes
(Table 1). Interestingly, isolates from the Sea of Galilee showed
higher bioactivity than isolates from a spring that flows into the
Sea of Galilee (NAE), even though they were isolated from the
same algal genus (Table 1).

S. iniae

A. salmonicida‘
3

‘ 1
FIGURE 3 | Venn diagram of the highly active endophytes’ distribution against
the four tested aquaculture pathogens. Fifty highly active endophytes were
isolated from the different algae and sorted according to their bioactivity
against three bacterial pathogens (A. salmonicida, Strep. iniae and

P, damselae) and one oomycete (S. parasitica). Each ellipse color represents a
pathogen. Only 1 endophyte was active against all four pathogens (yellow

number), 4 endophytes were active specifically against the oomycete
S. parasitica (blue number), and 11 were specifically active against all three

S. parasitica
4

P. damselae

4

3
5

bacterial pathogens (red number).

Molecular Identification of Endophytes

Altogether 23 active endophytes were identified at the genus
level using rDNA conserved sequences of 16S for bacterial and
ITS 5.8S for fungal isolates. Six endophytes were identified
to the species level using the conserved sequences rpoB,
recA, and gyrB for bacterial and EF-la and P-tubulin for
fungal endophytes in addition to the rDNA sequences. All
sequences were deposited to the gene bank in the NCBI and
are presented in Table 3. The molecular identification of the
endophytes revealed that most of the active ones isolated from
the different algae belong to the Bacillus spp. Isolate ABp5
of Bryopsis plumosa from Ashdod’s shoreline was identified
as Kocuria flava, HG9 of Leptolyngbya sp. from the thermal
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FIGURE 4 | Distribution of the isolated endophytes by algal genera and bioactivity level. Endophytes were isolated from the indicated algae and tested for their
bioactivity against aquaculture pathogens. The percentage of bioactivity in each alga was calculated by the number of active/non-active isolates out of the total
isolated endophytes. Black bars represent the non-active endophytes, and gray and white bars represent active and highly active isolates, respectively.
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FIGURE 5 | Distribution of the isolated endophytes by algal genus and their
activity against aquaculture pathogens. Endophytes were isolated from the
indicated algae and tested for their bioactivity against one oomycete and three
bacterial pathogens. Endophyte activity is demonstrated as the sum of all
inhibition events by the isolated endophytes of a certain alga. Each pathogen
is marked by a different pattern in the bars. * The number of active endophytes
from a particular alga can be greater than the sum of isolates from that same
alga because the same isolate can be active against more than one pathogen.

springs in Hamat Gader was identified as a Lysinibacillus sp.,
TAEnN?2 isolated from Enteromorpha ralfsii at the Tel Aviv
shoreline was identified as Staphylococcus haemolyticus, KM4
of Pithophora sp. from the Sea of Galilee (freshwater) was
identified as Pseudomonas alcaligenes and the fungal isolate
AU4 from the Ulva sp. collected at Ashdod was identified as a
Beauveria sp. (Table 3).

DISCUSSION

Nearly 200 fungal and bacterial culturable endophytes were
isolated in this study, from 20 algae belonging to 12 different
algal species sampled from varying water sources and locations
in Israel. Collection sites and algal species were chosen
randomly. All endophytes were tested for bioactivity against

aquaculture pathogens (three bacteria and one oomycete).
In general, a larger number of endophytes was isolated
from the Mediterranean shoreline with a clear dominance
of bacterial endophytes. Endophyte presence and variations
in the different algae is most probably driven by multiple
abiotic parameters including temperature, light, salinity,
nutrient pollution, etc. Here we did not investigate these
drivers. Rather, the objective of our study was to examine
the differing activities of the endophytes isolated from
the various hosts.

Several studies have shown variations in endophytic
diversity according to algal host genus (Suryanarayanan
et al., 2010; Flewelling et al,, 2013a,b). Our algal sampling is
not representative for a statistical based study of the diversity
and abundance of host-endophyte prevalence. Nevertheless
examining the number of culturable endophytes isolated from
the different algae collected, did not find substantial differences
in the number of isolates between the different algal genera. We
did isolate different numbers of endophytes from the same algal
genus at varying locations (Table 1). This supports the possibility
that the inhabitation of algae by endophytic microorganisms
is not only a factor of aptness; environmental factors may be
involved as well.

As noted above, environmental drivers (e.g., changes in
temperature, nutrients) will impact the diversity of endophytes
inhabiting the algae. Thus, different endophytes were identified
from the same host (Ulva sp.) that was collected at three
locations: Ashdod (close to both an industrial port and a
power plant), Herzliya (collected at a marina), and from
Palmachim, an open site distanced from anthropogenic inputs
(Table 1). Moreover, different isolates were identified from
the freshwater alga Pithophora sp. sampled from the Sea of
Galilee (three out of seven bacterial endophytes were active
against the pathogens) and from a small nearby spring (where
only one non-active isolate was characterized). This can be
explained by the exposure of the algae to a potentially higher

Frontiers in Marine Science | www.frontiersin.org 9

April 2021 | Volume 8 | Article 636636


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Deutsch et al.

Endophytes for Disease Control in Aquaculture

variety of microorganisms in the lake compared to the spring,
possibly due to habitat differences in abiotic parameters in the
spring vs. the lake.

To understand the significance and influence of the factors
involved, on the presence and isolation of HAE in the different
environments, we performed multiple principal component
analysis (PCA) (Figure 6). In this analysis, we tested the
influence of sampling location, aquatic habitat (type of water),
and algal-host affiliation (phyla and genera levels) on the
presence of HAE from the isolated endophytes. All together
20 possible combinations were tested (not shown) with only
one combination displaying significant correlation. We found
habitat to be the only factor significantly influencing the presence
of HAE isolates from the sampled algae (circled in light
blue). The PCA also demonstrated some degree of clustering
by location (circled in red). The majority of the algae from
Palmachim (five out of seven) and Ashdod locations provided
higher abundance of HAE, while Herzliya’s algae clustered with
lower presence of HAE. Samplings near Tel Aviv are scattered
between these two clusters. The same is seen for the Sea
of Galilee. Algae sampled from the Sea of Galilee and Ein
Sapir Spring are clustered together showing high HAE while
samples from a spring near the lake are positioned separately
and represent poor HAE. As there was only one active isolate
from the hot springs - its affiliation (and thus location on
the PCA plot) to the other endophytes cannot be determined
accurately (table 1).

Suryanarayanan et al. (2010) and Flewelling et al. (2013b)
explored the differences in endophytic numbers and diversity
from the same algal phyla. While differences in geography,
climate, and seasonality appeared to impact abundance and
diversity of endophytes (Flewelling et al., 2013b), the authors
suggested that a more statistically robust sampling of isolates is
required to make any definite conclusions. We suggest this is the
case in our study too.

Approximately 30% of the tested endophytes killed at
least one of the four pathogens tested (HAE). Of these
50 HAE, 11 killed all three bacterial pathogens, while four
isolates demonstrated effective bioactivity specifically against
the oomycete pathogen (Figures 2, 3 and Table 2). Twenty-
three HAE belonging mostly to the Bacilli (class) were
identified by genera (Table 3). Bacilli are frequently used
in agriculture for biological control of pathogens and are
known for their bioactive secondary metabolite production
(Jacobsen et al., 2004; Shafi et al., 2017). Therefore, it is not
surprising to find them among the HAE bioactive isolates
we tested. Of the pathogens tested, the marine pathogen
P. damselae was the most susceptible. When examining the
activity of endophytes isolated from the freshwater algae against
P. damselae, only 20% of the isolates were active, compared
to 75% of the active endophytes isolated from seaweed.
Antimicrobial activity against such pathogens would be expected
in the ambient environment as, throughout their evolutionary
history, endophytes may have competed with the pathogens
for different resources (i.e., pathogens spend part of their life
cycle inside or on algae as saprophytes). Thus endophytes would
have evolved strategies to combat these competitors, including

the secretion of active metabolites, as has been demonstrated
in many agricultural biocontrol studies (Liarzi and Ezra, 2014;
Masand et al., 2015).

We found the alga Bryopsis plumosa to have the highest
percentage of HAE (71%) of the 12 different algal genera
collected. No NAE were isolated from this alga. Bryopsis spp.
have extraordinary wound-repair and propagation mechanisms
whereby they form protoplasts that can survive in the absence
of a cell membrane for several minutes before regenerating
into new individuals (Hollants et al., 2011). Protection at this
sensitive stage is thus essential and resident microorganisms
may help control pathogens. Moreover, to guarantee the
involvement of specific microorganism, algae such as Bryopsis
spp. have intrinsic mechanisms that can attract, select, and
maintain endophytes of possible ecological importance
within their cells (Hollants et al, 2011). Our observation
of only HAE in Bryopsis plumosa would appear to support
this notion. We further assume these endophytes may help
protect this seaweed from marine pathogens during the
wound-repair and susceptible protoplast stages. We isolated
a relatively high number of endophytes (N = 12, Table 1)
from the cyanobacterium Leptolyngbya sp., yet only one
isolate (HG9) was highly active against one of the pathogens
(P. damselae). As we do not have a statistically representative
number of replicates, it is hard to make any conclusions
as to the reasons. This might be due to the high water
temperature at the site Leptolyngbya sp. was sampled from
(37-42°C). The literature, as much as we could find, lacks
data regarding bioactive bacteria or fungi in alga of thermo-
mineral water environments, which are sometimes also rich in
cyanobacteria. The thermophilic unicellular cyanobacterium
Gloeocapsa sp. demonstrates antibacterial and antifungal
activities (Gacheva et al, 2013). Endophytes are known to
induce tolerance to high temperatures, such as the endophytic
fungus Paecilomyces formosus that induces thermo-tolerance
in cucumber (Khan et al., 2012). This algal host would be
expected to have endophytes that help it cope with the high
temperatures and the high mineral concentrations in which
it grows. Yet, this remains unclear presently. It would be
interesting to test the ability of the endophytes isolated from
Leptolyngbya sp. to induce temperature tolerance in other
algae and plants.

Kharwar and Strobel (2010) described endophyte diversity
in a tropical rainforest, an ecosystem in which the evolutionary
race to survive is a major force; competition is high for
limited resources and selection pressure is at its peak.
Accordingly, rainforests can serve as a source for novel
biologically active compounds (Kharwar and Strobel,
2010). Endophytes, living within algal tissue avoid the
harsher marine environment outside. Yet, as in the tropical
forest, competition for space and nutrients within the
algal tissue potentially stimulates the production of highly
bioactive metabolites against competitor microorganisms.
Moreover, if this actually occurs, then some of the highly
bioactive metabolites from seaweed endophytes may
serve as a new source of bioactive metabolites protecting
aquaculture from pathogens.
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The bioactive endophytes isolated in this study from
macroalgae, secreted metabolites that were active against at
least one of the four tested aquaculture pathogens (in 51%
of the in vitro assays) (Figures 2, 3, and 5). This finding
is consistent with research demonstrating that antifungal and
antibacterial bioactivity from macroalgal endophytes, varies from
50 to 83% (Schulz et al, 2002; Flewelling et al., 2013a,b;
Girdao et al., 2019). However, we could find no reference in
the mentioned studies of the viability of the pathogens after
exposure to the endophytes. Here, using viability assays, we
show that 57% of the active isolates (51% of total isolates)
not only inhibited but also killed the pathogens to which
they were exposed.

This study evaluated the potential of endophytes isolated from
macroalgae as a source of biological control and new secondary
metabolites for use in aquaculture.

Ismail et al. (2016) were working with macroalgae and their
commensal bacteria (epiphytes) as a source for antimicrobials
against several fish pathogens. Their work demonstrates the
potential of algae associated microbes as biological control
agents against one of the most influencing problems of
aquaculture industry.

To the best of our knowledge, there are no published studies
demonstrating the use of algal endophytes to control aquaculture
diseases. Our study may lead to finding new molecules for use
as novel, environmentally friendly, products that will solve one
of the most challenging problems for the growing aquaculture
industry: pathogens and pests.

Our findings show the potential of algal endophytes for
future applications in the biological control of aquaculture
diseases. For example, one possibility is to use the endophytes
as a probiotic additive to the fish feed. It may be added
directly as bacterial biomass mixed with the feed or inside
the host algae after re introduction. Another option is
to use the active metabolites as pretreatment to inland
growth facilities or as pharmaceuticals to control diseases
in those facilities. Further study is needed to reinforce
our findings. The metabolites secreted by the active
endophytes that we isolated will be identified using analytical
chemistry methods. This first step is mandatory to eliminate
unacceptable compounds, such as carcinogens, poisons,
and other harmful metabolites, in the long procedure
of developing a new control product for disease and pest
management in aquaculture.
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