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ABSTRACT
Isolation, Phylogenetic Analysis and Antibiotic
Activity Screening of Red Sea Sponge-Associated Actinobacteria
Chen Yang

Infectious disease has always been and will continue to be a heavy burden on
human society worldwide. Terrestrial actinobacteria, notable as a source of
antibiotics, have been well investigated in the past. In constrast, marine
actinobacteria, especially sponge-associated species, have received much less
attention and isolates are sparse. With the aim of studying and discovering novel
marine actinobacteria, 11 different species of sponges were collected from the
Central Red Sea in Saudi Arabia and cultured with three different types of media.
16S rRNA gene-sequencing revealed that among all 75 isolated bacterial strains
13 belonged to the order actinomycetales. These 13 actinomycetes fall into four
different families and can be assigned to six different genera. Antibiotic activity
tests using disc diffusion assay were performed against Gram-positive bacteria
(Bacillus sp.), Gram-negative bacteria (Escherichia coli), fungi (Fusarium sp.)
and West Nile virus NS3 protease. Nine strains presented different level of
bioactivity against these pathogens. These findings provide evidence that
actinomycetes are presented in marine sponges and that they have the potential
to be good candidates in the search for new effective antibiotic, antifungal, and
antiviral compounds.
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CHAPTER ONE
PURPOSE

1. Motivation
Driven largely by social and ecological determinants, emerging and reemerging infectious disease has a strong impact on the whole society. Given the
evolutionary capacity of pathogens, novel human infections and antimicrobial
resistance strains even increase this burden. Our success in facing this perpetual
challenge partially relies on finding new antibiotics to treat new emerging
variants.
As revealed by previous studies [1-4], marine actinobacteria are good
candidates in search for new bioactive compounds. Considering that the
microbial symbionts associated with marine sponges are good sources of novel
actinobacteria, eleven Red Sea sponges from Saudi Arabia were chosen as
study objects for this project. After pure actinobacteria strains are identified and
isolated, large-scale fermentation will be used to extract bioactive compound.
Antibiotic activity against different pathogens will be screened with these raw
bacteria extracts.

2. Objectives
1. Isolation and cultivation of actinobacteria from Red Sea sponges.
2. Molecular analysis and phylogenic identification of isolated strains.
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3. Bioactive compounds screening against clinically relevant pathogenic
bacteria, fungi and virus.
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CHAPTER TWO
INTRODUCTION

The decision to study Red Sea sponge-associated actinobacteria is made
after deliberation. In the introduction part, I will discuss the current states of
infectious disease, irrespective of viral or bacterial origin. Then I will focus on the
bacterial and fungal side of things with an emphasis on antibiotic resistance,
stating the importance of testing antibacterial and antifungal activity. Basic
features of flavivirus and the urgent need for antiviral drug will be discussed in
the following paragraph. The last sub-chapter will talk about the exploitation of
marine actinobacteria.
1. Current status of infectious disease
Infectious diseases, also known as transmissible diseases, can be
characterized as diseases caused by infection of pathogenic organisms,
including bacteria, fungi, viruses, and protozoa and so on. These diseases have
some distinct features, which are significantly different from other kinds of
diseases when considered together [5]. Typically, infectious diseases are caused
by a single agent and are not inherited, although people with certain alleles are
more susceptible to certain pathogens [6, 7]. In addition, their transmission
mechanisms usually fall into four categories: airborne transmission, food and
waterborne transmission, blood transmission and sex transmission, implying that
they are relatively easy to study and control. In other words, transmissible
diseases have the potential to be prevented and eventually eradicated.
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However, a unique feature of pathogens that should not be overlooked is that
they can co-evolve with the host and gradually adapt to antimicrobial drugs. This
adaptive property forms the fundamental principle of the emergence of antibiotic
resistance. More importantly, just as Richard Krause pointed out twenty years
ago, microbial diversity and evolutionary vigor are dynamic forces that are
threatening all human beings [8]. In other words, the extraordinary adaptability
leads to emerging and re-emerging infections. This is the ultimate reason why
people have spent centuries struggling with microorganisms and this battle
seems to be continuing in next decades.
Infectious diseases, exemplified by local epidemics and great pandemics, are
highly associated with human history [9]. The current pandemic AIDS has caused
more than 24 million deaths and over 34 million people are HIV carriers
according to the United Nations Programme on HIV/AIDS estimates published in
2012 [10]. Some of the other very recent pandemics include SARS occurred in
2003 [11], and H1N1 influenza outbreak in 2009 with two million infections [12].
Lower respiratory infections and diarrheal diseases were estimated to be the top
infectious killers in 2002 by World Health Organization [13], which can be caused
by viruses, bacteria or parasites. The bacterial disease tuberculosis also remains
a global burden, with nine million new cases and 1.4 million deaths in 2010 [14].
Emerging infections are among the leading causes of human death globally,
which are estimated to be responsible for 15 million (>25%) of 57 million annual
deaths worldwide [15]. These death rates show significant disparity between
developing and developed countries. As reported by the Global Health
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Observatory, in the year 2008, only one of the top ten causes of death in highincome countries is infectious disease, while in contrast, infectious diseases
account for four of the top ten causes of death in low- and middle-income
countries [16].
The back-and-forth struggle between human beings and infectious disease
can trace back to ancient times. The most defining breakthrough is the
identification of microbes as causative agents, followed by establishment of germ
theory and Koch‟s postulates in nineteenth century [17]. This triumph led to
further achievements quickly in the following decades, including the discovery of
penicillin in 1929 and subsequent developments of antibiotics, other preventions,
and immunizations. An armamentarium of vaccines and antimicrobial drugs
saved millions of lives and improved the quality of human life. Just when the
world was ready to declare the victory against infectious diseases, this optimism
was shaken by the identification of new pathogenic microbes and drug resistance
strains. History serves as a mirror, keep reminding us of the perpetual challenge
against emerging and re-emerging infectious diseases. With respect to fighting
against this challenge, finding new bioactive compounds becomes an ultimate
way to defeat infinite variations of pathogens.

2. Antibiotics and antibiotic resistance
Antibiotics are chemical compounds produced during metabolism of bacteria,
other organisms, or artificially synthesized, which can slow down or inhibit the
growth of other bacteria or even kill them. As one of the most important
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pharmaceutical tools, antibiotics present huge advantage in the control,
prevention, and treatment of infectious disease.
Based on the mechanisms of actions, antibiotics can be classified into three
categories. The first category can interfere with the synthesis of bacterial cell wall
or cell membrane, leave the bacteria unprotected and cause cell death because
of the change of osmotic pressure or autolytic enzyme (penicillins [18]). The
second group of antimicrobials bind to lipopolysaccharides in the membrane of
bacteria (polymyxins [19]), or disrupt the integrity and increase the permeability
of the cell membrane (aminoglycosides [20]). The last group inhibits or kills
bacteria by preventing the synthesis of DNA (quinolones), RNA (rifamycin), or
proteins (lincosamides).
The discovery and introduction of antibiotics is an undeniably significant
medical event and saved millions of lives. Unfortunately, however, the intensive
use and misuse of antimicrobial drugs, as estimated up to millions of tons in
worldwide range [21], lead to serious antibiotic resistance problems. Both
medical and agricultural overuse of antibiotics has helped to select resistant
strains [22], followed by the failure of treatment, and cause the increment of
medical cost, human morbidity and mortality. The root cause of resistance is
gene mutation in the pathogen genome. Genetically, intrinsic resistance caused
by mutation and acquired resistance caused by horizontal gene transfer are two
ways of generating resistant genes. From the biochemical point of view, there are
four fundamental mechanisms pathogens utilize to exhibit resistance to
antibiotics. Enzymes produced by microorganisms can modify or deactivate
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drugs. The low permeability of cell membrane prevents the drug from entering
the cytoplasm and thus it cannot function at all. The alteration of binding sites or
drug targets and the alteration of metabolic pathway are two mechanisms
adopted by tetracycline and erythrocin.
Recent findings from metagenomic studies provided more and more evidence
supporting the existence of a resistome [23, 24], a collection of all resistance
genes and their precursors. Prokaryotes invented antibiotic compounds billions of
years ago, and on the other hand, resistance genes also have ancient origin and
evolution as a result of adaptation [25]. Future strategies against the endless
resistance strains comprise of many aspects. In spite of preventive endeavors,
the search for new bioactive compounds and precursors should never stop in
order to design effective new drugs in clinical therapy.
3. Flavivirus
Flaviviruses and Hepaciviruses are closely related and both belong to the
family flaviviridae (Fig.1) [26]. Current studies have reported the identification of
more than 70 pathogenic flaviviruses, including those that have caused great
social burden and challenges in recent years, such as Dengue virus, West Nile
virus, and Yellow Fever virus and so on. Despite of various biological features,
members of flaviviridae family share many common aspects in genome structure,
replication strategies, and virion morphology.
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Figure 1 The phylogenetic tree of flaviviridae based on NS3 helicase sequences [26].

In the history, flavivirus infections did not receive much attention because of
its relatively low mortality rate and low frequency of epidemics. In 2012, however,
they have turned into one of the most important vector-borne viral diseases,
especially DENV infections which have even higher global impact on morbidity
and economy than malaria [27]. Dengue epidemics usually occur in tropical
countries; while in contrast, WNV outbreaks take place in temperate regions of
Europe and North America [28]. After first introduced into North America in 1999,
the scope of WNV quickly expanded and have affected North-American and
South American continent [29]. In total, it has caused more than 20000 infections
in human, thousands deaths of human and hundreds of thousands deaths of
birds and horses [30].
The majority of infected people don‟t have any symptoms. Other people start
to develop West Nile Fever syndromes which can be exemplified by fever,
headache, body aches, and even inflammation of central nervous system [31].
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Despite of all the dangerous nature of WNV, no specific antiviral drug or vaccine
is available on market. Current treatment for acute infections is supportive and
more effective prevention methods are in place, including improved mosquito
control. Thus there is an urgent need to explore antiviral chemotherapies against
WNV infections.
Typically, flavivirus virions are composed of a positive-sense, single-strand
RNA of approximately ten to eleven genes long. After attached to a currently
unknown cell receptor, the genomic RNA is delivered into cytoplasm through
endosomal membrane, translated into a single polyprotein and subsequently
cleaved and modified into functional proteins [32]. This whole genome encodes
three structural proteins (capsid (C), membrane (M), envelope (E)), which are
used to form the capsule of the virus, and seven non-structural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, NS5), which are essential for RNA replication
and protein cleavage. The cleavage of this polyprotein is conducted by host
protease [33], viral serine protease NS3 [34] and its cofactor NS2B. Given its
importance, NS2B-NS3 protease becomes a promising antiviral target which can
effectively inhibit the replication of viruses while not harming the host cells. In
2011, two protease inhibitors were approved by FDA for the treatment of
Hepatitis C, which also testified the possibility of targeting NS2B-NS3 protease to
treat other members in flavividae family, such as DENV and WNV.

19

4. Marine actinobacteria
Actinobacteria are a group of Gram-positive bacteria with a complex
morphologically

differentiation

process.

Notably,

actinobacteria

have

an

extraordinary ability to produce secondary metabolites that are being used in
therapeutic applications, especially antibiotics, antivirals [35], anticancer agents
[36] and various enzymes [37]. Historically, most of the isolated actinobacteria,
which are responsible for the production of more than two thirds of natural
antibiotics, come from soil. However, the rate of discovering new compounds
from terrestrial actinomycetes is decreasing in recent years [38]. With the
antibiotic resistance problem becoming more and more serious, searching for
novel antibiotics with new mechanism of action becomes a matter of urgency.
Oceans, making up 70.8% of the surface of planet earth, contain untapped
sources of bioactive compounds from actinobacteria [39]. The unique
ecosystems in marine environments result in a completely different metabolic
pathways and defense system compared to their terrestrial counterparts. The
extreme living conditions, such as high salinity, high pressure, lack of nutrition
and low temperature, is reflected in the variations in genes and thus in
metabolites, ensuring the potential ability to produce novel antibiotics [40]. Ever
since the discovery of the first actinobacteria isolated from the sea, people have
remained skeptical about whether these actinobacteria were derived from
resistant spores of terrestrial species [41]. However, recent studies provided
concrete evidence supporting the existence of indigenous marine actinobacteria,
including the genera of Rhodococcus, Streptomyces, and newly described
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genera of Salinispora and Marinospora, both of which require seawater for
cultivation [42]. The discovery of the new genus, Salinispora, is a huge step in
the

exploration

of

marine

obligate

actinomycetes.

Subsequent

studies

demonstrated a wide presence of these new taxa in marine sediments and
ecological communities (sponges and coral reefs) in tropical and subtropical
areas [43].
According to recent findings, actinobacteria are widely distributed on the
surface and inside animals and plants, in seawater and marine sediments. The
evolutionarily-ancient metazoan phylum Porifera, (sponges), are host to a
diversiform of microorganisms and the symbionts inside sponges form a
microbial community with many specific microorganisms [44]. Microbes comprise
up to 40% of the total biomass of sponges, either intracellular within sponge cells
or extracellular in the sponge matrix [45]. The actinobacterial symbionts have
always been the focus of researches because the representatives of this phylum
are known producers of bioactive compounds. A 16S rRNA gene analysis of two
sponges Aplysina aerophoba and Theonella swinhoei, indicated that the
symbiotic microorganisms vary a lot from those inside marine sediments,
plankton and seawater, while the microbial community is also highly diverse as
the sponge species and seawater conditions change based on the sequence
analysis of actinomycetes [46]. By using both, molecular methods which are
culture-independent and conventional culture-dependent methods, several
studies have identified abundant actinobacteria associated with marine sponges
[47]. Recently, Hentschel et al. reported the isolation of 90 actinomycetes from
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11 different sponge species, including 14 putative novel strains [3]. However,
given the huge number of marine sponge species (over 15,000), current
investigations of sponge-associated actinobacteria are limited and only few
projects about actinobacteria associated with Red Sea sponges are published so
far.
Even though the exploitation of bioactive compounds from marine
actinomycetes has been an emerging field for only the most recent years, a
considerable

number

of

novel

metabolites

has

been

discovered

and

characterized. Potential pharmaceutical applications of these actinobacterial
metabolites include antibacterial, antifungal, anticancer, and anti-inflammatory
and so on. A preliminary anti-infective screening conducted by Hentschel et al.
revealed that ten crude extracts of marine sponge-associated actinobacteria
have inhibition ability against at least one pathogen [3].
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CHAPTER THREE
MATERIALS AND METHODS

This project was collaborated by Timothy Ravasi‟s lab in KAUST and Ute
Hentschel‟s lab in University of Wuerzburug, Germany. Sponges were collected
in KAUST and sent to University of Wuerzburg for isolation. Isolated strains and
bacteria extracts were shipped back to KAUST for phylogenetic analysis and
bioactivity screening.
1. Sponge collection and specimen processing
11 sponge specimen belonging to 9 species (Crella cyathophora,
Xestospongia aff. testudinaria, Amphimedon ochracea, Acarnus wolffgangi,
Amphimedon aff. chloros, Chalinula sp., Hyrtios erectus, Monanchora sp.,
Dactylospongia aff. elegans) were collected at the depth of eight to twelve meters
in Red Sea (Saudi Arabia, Makah, Thuwal, Fsar; GPS: 22‟23‟N; 39‟03‟E outer
reef) in June 2012. Amphimedon ochracea and Amphimedon aff. chloros have
two replicates. A few grams of each sample were cut from the reef, put into
falcon tubes with seawater on ice and transferred to laboratory. All specimens
were photographed (Figure 1) and one piece of each was sent for taxonomic
identification (frozen at -80℃) Nicole de Voogd (Naturalis Biodiversity Center,
Netherland). After rinsed with sterile seawater for three times, the rest samples
were cut into pieces of one gram in size with sterile scalpel. For each sample,
one gram of sponge tissue was homogenized with 10 volumes of artificial
seawater using sterile mortar and pestle. The supernatant was diluted in ten-fold
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series (1, 1:10, 1:100). Half of the sponge samples were heated at 95℃ for 10
min before plating to kill some non-spore producing bacterium. Because
actinobacteria produce spores that can resist high temperature, heating will leave
only actinobacteria spores alive in the solution. Both heated and not heated
sponge solutions were spread on three different plates (100µl/plate).

Crella cyathophora

Amphimedon ochracea No.1

Amphimedon ochracea No.2

Xestospongia aff. testudinaria

Acarnus wolffgangi

Amphimedon aff. chloros No.1
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Chalinua sp.

Amphimedon aff. chloros No.2

Hyrtios erectus

Monanchora sp.

Dactylospongia aff. elegans
Figure 2 Photographs of Red Sea sponges in situ
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2. Actinobacteria isolation
Three different media: M1 [48], ISP2 [49] and OLIGO [50] were chosen for
their distinct strength to isolate actinobacteria. All media were supplemented
cycloheximide (100µg/mL) to inhibit the growth of eukaryotic microorganisms and
nalidixic acid (25µg/mL) to inhibit the growth of fast-growing bacteria [51]. All
media were prepared with artificial seawater and the formula of each media and
ASW are shown in Table 1. Each media was sterilized at 121℃ for 16 minutes.
Table 1 Formula of ASW, M1 media, ISP2 media, OLIGO media and LB media.
Formula of ASW
Ingredients
NaCl
MgCl2•6H2O
Na2SO4
CaCl2
KCl
NaHCO3
KBr
H3BO3
SrCl2•6H2O
NaF
ddH2O

Weight (g)
234.77
106.44
39.17
11.02
6.64
1.92
0.96
0.26
0.4
0.3
To 10L
Formula of M1 media (solid)

Ingredients
Starch
Yeast extract
Peptone
Agar
ASW

Weight (g)
10
4
2
14
To 1L
Formula of ISP2 media (solid)

Ingredients
Yeast extract
Malt extract
Glucose
Agar
ASW

Weight (g)
4
10
4
14
To 1L
Formula of OLIGO media (solid)

Ingredients
Tryptone
Yeast extract
NaH2PO4
Glycine
Agar
ASW

Weight (g)
0.5
0.04
0.08
0.08
10
To 1L
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For liquid M1, ISP2 and OLIGO media, use the same media without agar
Formula of LB media (solid)
Ingredients
LB Agar Miller
ddH2O

Weight (g)
40
To 1L
Formula of LB media (solid)

Ingredients
LB Broth
ddH2O

Weight (g)
20
To 1L

Each sponge supernatant has three concentration series and each
concentration has one heated solution and one non-heated solution. In total,
each sponge sample has 6 replicates and all plated on three media. After
inoculation, plates were incubated in 30℃ for two to eight weeks. Colonies were
picked based on morphology and re-streaked repeatedly on the same media as
the one they were isolated from until no contaminants could be detected visually.
Pure isolated strains were maintained on agar plates for short-term storage and
preserved in glycerol stocks at -80℃ for long-term storage or shipment.

3. Actinobacteria Identification and phylogenetic analysis
For all isolated strains, the whole genome DNA was extracted using AllPrep
DNA/RNA mini kit (QIAGEN) following manufacturer‟s instructions. Full length
16S rRNA gene of 1500 bp was PCR-amplified from extracted whole genome
DNA. The PCR mixture consisted of 12.5µl of PCR master mix from QIAGEN
multiplex PCR kit, 2.5µl of 2 µM of the universal primers 27F 5‟GAGTTTGATCCTGGCTCAG-3‟ and 1492R 5‟-GGTTACCTTGTTACGACTT-3‟
[52] 6.5µl of MilliQ water and 1µl of DNA template (extracted whole genome DNA
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solution). The reaction performed on Veriti® 96-well thermal cycler (Applied
Biosystems) was initiated at 95℃ for two minutes, followed by 34 cycles of
reaction and a final extension at 72℃ for ten minutes. The thermal cycle included
denaturation at 95℃ for one minute, annealing at 56℃ for one minute and
extension at 72℃ for 1.5 minute [1]. The PCR products were purified with
QIAquick PCR purification kit (QIAGEN). 16S rRNA genes were examined on
agarose gels and NanoDrop analyzer 8000 (Thermo Scientific). For some
strains, PCR products from genome DNA could not ensure good sequencing
results, so cloning from PCR product was performed using TOPO® TA cloning kit
(dual promoter, Invitrogen) according to the manual. White colonies were picked
and 16S rRNA genes were amplified by colony PCR. The purification and
analysis of colony PCR products was the same as above. High quality DNA
samples were sent to Bioscience core lab in KAUST for sequencing.
Raw sequences were processed on the software Sequencher 4.9
(Genecodes Coorperation). After ambiguous bases were trimmed to a quality
over 99%, forward and reverse strands were assembled into a contig with the
length of more than 1300 bases. The genus-level identification of the sequences
was validated by BLAST with currently described strains using NCBI database
[53] and RDP classifier [54]. A phylogenetic tree was constructed with the
program MEGA 5.20 [55] using the neighbor-joining algorithm. Bootstrap
analyses were based on 1000 replicates to evaluate the tree topologies [2].
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4. Fermentation and antibiotic activity screening
RDP classifier confirmed actinobacteria strains were fermented in 1L flasks
with 500mL liquid media as the one they were isolated from. The culture were
incubated for seven to fourteen days at a speed of 154 rpm of continuous
shaking. The ferment solution was filtered by Whatman® filter paper. Cells were
then dissolved in double volume of methanol, shook for two hours, and then
filtered. The aqueous layer was extracted with triple volume of ethyl acetate
twice. The cell extract and medium extract were separately dried under vacuum.
All dry extracts were weighed and dissolved again with 1mL of methanol and
preserved in -20℃ for bioactivity analysis. The fermentation was done by Judith,
a master student of Prof. Henstchel, in Wuerzburg.
The antibacterial and antifungal activity screening was performed by adopting
the disc diffusion assay. Briefly crude extract solutions were applied onto sterile
Whatman® filter disks (6mm in diameter) for three times (25 µl for each time).
After totally dried, impregnated discs were placed on LB agar plates along with
100 µl of testing pathogens. Testing pathogens (Bacillus sp., Escherichia coli,
Fusarium sp.) were prepared in liquid media and adjusted to OD600=0.2 before
plating. It took 24 hours to incubate bacteria at 30℃ and 48 hours for fungi at
37℃. Then the diameter of the inhibition zone was measured to quantitatively
assess the antibiotic ability (n=2). Discs impregnated with methanol were used as
negative control group.
The WNV NS3 protease inhibition assay was carried out by using the
commercial kit SensoLyte® 440 West Nile Virus Protease Assay Kit (ANASPEC)
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[56]. All extracts, extract controls, positive controls, substrate controls, vehicle
controls and inhibition controls had three replicates and the composition of each
group is shown in Table 2. The test compounds and protease solution were
mixed and incubated at 37℃ for 10 minutes before adding fluorogenic substrate.
After adding substrate, the reagents were completely mixed and incubated at
37℃ for one hour. The intensities were measured using SpectraMax®
Paradigm® Multi-mode Microplate Detection Platform (Molecular Devices). The
average intensity of each group was calculated for further data process. The
fluorescence reading from substrate control was subtracted from all the other
groups containing the substrate. The abstract intensities of test groups, minus
the reading of compound controls, were represented as percentages of the
vehicle controls.
Table 2 Composition of each well in WNV protease inhibition test.
Groups
Test group
Compound control
Positive control
Inhibitor control
Vehicle control
Substrate control

Composition
4µl extract solution, 23µl protease solution, 13µl substrate solution
4µl extract solution, 36µl reaction buffer
4µl reaction buffer, 23µl protease solution, 13µl substrate solution
4µl inhibitor solution, 23µl protease solution, 13µl substrate solution
4µl methanol, 23µl protease solution, 13µl substrate solution
13µl substrate solution, 27µl reaction buffer
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CHAPTER FOUR
RESULTS AND DISCUSSION

1. Recovery of Red Sea sponge associated actinobacteria
Eleven Red Sea sponge samples including two replicates were homogenized
and cultivated on three different media: M1, ISP2, and OLIGO. Distinct
morphological features of actinobacteria, exemplified by aerial mycelium,
substrate mycelium and pigments, were vital isolation criteria. 75 colonies were
isolated and labeled in time order with abbreviation “C”. 13 strains were identified
as actinomybacteria according to 16S rRNA genes and the genera of each strain
were determined by BLAST analysis (Table 3).
Table 3 Isolated actinobacteria and sources
Strain
C1
C3
C6
C15
C29
C41
C42
C43
C44
C54
C57
C66
C75

Source
Amphimedon ochracea No.2
Amphimedon aff. Chloros No.1
Amphimedon aff. Chloros No.2
Hyrtios erectus
Chalinula sp.
Chalinula sp.
Chalinula sp.
Chalinula sp.
Monanchora sp.
Chalinula sp.
Monanchora sp.
Monanchora sp.
Monanchora sp.

Media
M1
ISP2
OLIGO
M1
OLIGO
M1
M1
M1
M1
OLIGO
OLIGO
M1
OLIGO

Order
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales
Actinomycetales

Family
Genus
Micrococcaceae
Micrococcus
Micrococcaceae
Micrococcus
Micrococcaceae
Micrococcus
Micromonosporaceae Micromonospora
Micromonosporaceae
Salinispora
Micromonosporaceae
Salinispora
Nocardiaceae
Nocardia
Nocardiaceae
Rhodococcus
Nocardiaceae
Rhodococcus
Micrococcaceae
Micrococcus
Mycobacteriaceae
Mycobacterium
Nocardiaceae
Rhodococcus
Mycobacteriaceae
Mycobacterium

The number of Actinobacteria isolate varies significantly among different
sponge species. The highest number of strains was cultivated from Chalinula sp.
(5), followed by Monanchora sp. (4), Amphimedon aff. Chloros (2), Amphimedon
ochracea (1), Hyrtios erectus (1), while no actinobacteria was isolated from
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Crella cyathophora, Xestospongia aff. testudinaria, Acarnus wolffgangi, and
Dactylospongia aff. elegans (Figure 3A).
A
6
5
Number of isolates

5
4
4
3
2
2
1

1

1
0

0

0

0

0

Sponge species

B
4.5

4

Number of isolates

4
3.5

3

3
2.5

2

2

2
1.5

1

1

1
0.5
0
Micrococcus

Micromonospora

Salinispora

Nocardia

Actinobacteria genera

Rhodococcus

Mycobacterium
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Number of isolates

C
8

7
5

6
4
1

2
0
M1

ISP2
Media

OLIGO

Figure 3 Number of actinobacteria strains isolated per (A) sponge species, (B)
actinobacteria genera, and (C) media.

To our knowledge, Xestospongia aff. testudinaria is the only high microbial
abundance sponge among the 9 Red Sea sponge species [57]. Montalvo et al.
used both 16S rDNA clone library analysis and cultivation to investigate the
actinobacterial communities in Xestospongia species. Their clone library
revealed that more than 12% (26 clones) of X. testudinaria clones and more than
20% (37 clones) of X. muta clones were comprised of Actinobacteria [58].
However, media based cultivation only recovered five Actinobacteria strains from
X. muta, while no strains were isolated from X. testudinaria, which is similar to
our findings. The sporadic isolation from Xestospongia species suggests that
culturable actinobacteria is probably not present in high numbers and nonculturable species make up the majority of acinobacterial community in
Xestospongia species. Current cultivation methodologies can only culture less
than 1% of bacteria, not to mention these putative novel strains. So modification
in media formula could improve the isolation efficacy.
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The BLAST analysis of these 13 isolated strains assigned them into four
different families. The number of isolates affiliated with genus Micrococcus is the
highest among all six genera recovered (4) (Figure 3B), and the rest genera
include Rhodococcus (3), Salinispora (2), Mycobacterium (2), Nocardia (1), and
Micromonospora (1). Some recent researches have reported the isolation of a
dominant actinobacteria Streptomyces and other taxa, while none of those
genera was isolated in this study [59]. One of the most exciting findings in this
study is that the newly discovered genus Salinispora was successfully recovered
from Chalinula sp. Moreover, not only the highest number of strains was isolated
from Chalinula sp., but the highest diversity of genera was also represented in
this sponge species. This species is currently undescribed and probably will be a
putative novel species belong to the genus Chalinula.
The efficiency of media varies considerably when culturing bacteria, so it is
crucial to choose highly selective media to improve the recovery ability of
actinobacteria. M1, ISP2 and OLIGO three different media were chosen attested
by previous experiences. In this study, all three media exhibited recovery ability
to different degree (Figure 3C). M1 media produced the highest number of
actinobacteria colonies (7), followed by OLIGO (5), while the lowest recovery is
produced by ISP2 (1).
The composition of media affects directly on the effectiveness of selection.
Previous studies have demonstrated that the lack of free amino acids would
result in no recovery of marine actinobacteria [1]. In this project, free amino acids
were added into M1 and OLIGO media in the form of peptone or tryptone. As a
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consequence, relatively higher colonies were isolated from these two media. In
contrast, no protein sources would probably be the main reason why ISP2 media
recovered only one actinobacteria strain. Glycerol and arginine, the two preferred
nutrients for actinobacteria [60], were not employed in this study, accounting for
the overall low numbers and diversity of isolates from all three media. Given that
marine actionobacteria live in quite different conditions from terrestrial
environment and nutrients are diluted by seawater, a widespread notion is that
inorganic media tend to display better recoverability [51]. Paradoxically, The
findings of Imhoff et al. provided evidence that the proportion of actinomycetes
also increases at lower substrate concentrations [61]. The adoption of OLIGO
media testified that the seemingly conflicting findings can be united and improve
the selectivity of actinobacteria from marine sponges.
The recoverability of media also varies in terms of the number of isolates
when culturing different kinds of sponges. In our study, three sponge samples of
Amphimedon species recovered one actinobacteria for each. Abdelmohsen et al.
reported the isolation of five strains from Amphimedon species using eight
different media [3]. However, 16 cultured actinomycete isolates were recovered
by Radwan‟s group [4]. This significant different suggests the importance of using
multiple media to improve the isolation efficiency of actinobacterial symbiosis,
especially when it comes to the sponges that are never cultured before.
Another point worth mentioning is that supplementation of the media with
aqueous sponge extract could raise the chance of recovering novel
actinobacteria strains [62]. The sponge-microbe associations cannot be simply
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described as hosts and parasites, the microbial community and sponges form a
close association with each other instead [63]. In the mutualistic relationship,
sponge is believed to provide substrate for microbes to colonize, as well as
supplying nutrients [64]. It is deducible that the growth some sponge-specific
bacteria requires sponge extracts or even living sponge. From another point of
view, it is essential to generate a well-designed isolation method, including some
deviation from conventional methodologies.

2. 16S rDNA analysis and phylogenetic analysis
The 16S rRNA gene was sequenced and nearly full length sequences (>1300
bp) were subjected to phylogenetic analysis. Based on BLAST results (Table 4),
two or three most similar sequences were downloaded from NCBI database to
construct phylogenetic tree (Figure 4). Interestingly, none of the isolates, with
exception of C29 and C41 from Chalinula sp., were similar to strains isolated
from marine before. The highest sequence similarity (99%) was between C41
and Salinispora arenicola CNS-205 and ATCC BAA-917 with only two bases
gaps, although CNS-205 was isolated from Palau, while ATCC BAA-917 was
from ocean sediments. An interesting finding is that Chalinula sp. symbiont, C42
strain was closely aligned with Nocardia arthritidis and Streptomyces gardneri,
with 27 and 28 bases difference, respectively. However, in the phylogenetic tree,
C42 formed a separate clade away from Nocardia and Streptomyces species.
Taken the maximum identity and total score together, C42 is considered
belonging to Nocardia species. A prevalent criteria for the proposal of a novel
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species is <97% sequence similarities and no gaps >2 bp with valid described
species [65]. Based on this standard, strain C43 from Chalinula sp., C44, C57,
C66 and C75 from Monanchora sp. are putatively new species affiliated with
Rhodococcus and Mycobacterium. Phylogenetic analysis also revealed the
distinct clade formed by C43, C44, and C66 and the clade formed by C57 and
C75. Despite of the high sequence similarities (>99%) between C1, C54, C6 and
other Micrococcus strains, these three isolates clustered together in the
phylogenetic tree.
Table 4 Blast results
Strain
C1
C3
C6
C15
C29
C41
C42
C43
C44
C54
C57
C66
C75

Nearest BLAST entry
Micrococcus luteus NCTC 2665 strain
Micrococcus endophyticus strain
Micrococcus luteus NCTC 2665 strain
Micromonospora sp. L5 strain
Salinispora arenicola CNS-205 strain
Salinispora arenicola CNS-205 strain
Nocardia arthritidis strain
Rhodococcus triatomae strain
Rhodococcus triatomae strain
Micrococcus luteus NCTC 2665 strain
Mycobacterium tokaiense strain
Rhodococcus triatomae strain
Mycobacterium tokaiense strain

Similarity to nearest BLAST entry
99.4%
99.1%
99.4%
99.7%
99.3%
99.9%
98.0%
97.0%
96.9%
99.6%
97.2%
97.1%
97.3%
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Figure 4 Neighbor-Joining phylogenetic tree of 13 isolates and similar described strains
[66]. The evolutionary distances were computed using the Maximum Composite
Likelihood method [67] and were in the units of the number of base substitutions per site
(0.02 substitution as shown in the scale bar). The analysis involved 35 nucleotide
sequences. All positions containing gaps and missing data were eliminated. There were
a total of 1286 positions in the final dataset. Evolutionary analyses were conducted in
MEGA5 [55]. E. coli and Shigella sonnei are used as outgroups.
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3. Anti-bacteria and anti-fungi screening
The isolation and cultivation of actinobacteria, which are well-known as
secondary metabolites producers, were the preliminary step of discovering
bioactive compounds. All 13 pure strains were further fermented in large scales
and bioactive compounds were extracted. Since it is not predictable whether the
secondary metabolites with bioactivity were released into cultivation solution or
stayed inside bacteria cells, methanol and ethyl acetate were used to extract
from both cell remnant and culture solution. The antibiotic activity was screened
by disc diffusion assay against Gram-positive bacteria (Bacillus sp.), Gramnegative bacteria (Escherichia coli), and fungi (Fusarium sp.). The inhibition
ability was measured in terms of the diameter of inhibition zone, which would be
no smaller than 6mm due to the diameter of filter paper disc.
Among thirteen tested strains, nine of them exhibited antimicrobial ability
against at least one pathogen (Figure 5, Figure 8). Both Gram-positive and
Gram-negative pathogens were proven to be susceptible to two Salinispora
strains C29 and C41 and one Micrococcus strain C1. Moreover, the cell extract
and media extract of C29 and C41all showed antimicrobial ability towards
Bacillus sp. While for all the other strains, only the media extracts were able to
display activity against pathogens. In fact, this observation is consistent with
early statements that the majority of antibiotics are secreted in media as
extracellular metabolites [68]. The isolates affiliated with Mycobacterium,
Micromonospora, and Nocardia genus were not capable of inhibiting any test
pathogen. In addition, all tested extracts followed dose response pattern (Figure
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6, Figure 7), which means that the amount of crude extracts is positively
correlated with antimicrobial ability. Some isolates stopped showing inhibition
after the concentration was diluted by methanol. Given that bioactivity is greatly
influenced by concentration, it is unwise to negate the antimicrobial ability of
strain C15, C42, C57 and C75 hesitatingly. Increased concentration and more
test

pathogens

should

be

implemented

to

do

further

tests.

A

B

Figure 5 Summary of positive results in disc diffusion assay against bacteria. The
upper panel (A) summaries the bioactivity screening against Bacillus sp., while the
lower panel (B) is the summary of bioactivity against E. coli. The inhibition zone is
measured and averaged within duplicates. The number in scale bar represents the
accurate diameter of inhibition zone with the unit millimeter. 6mm means no inhibition
at all. Different columns stand for different concentration of crude extract and the
amount used in test.
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Figure 6 Dose responses of each isolates against Bacillus sp. The impregnated discs
were totally dried before applied onto the plates, so the precise weight of extracts was
used instead of concentration to describe the inhibition ability.
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Figure 8 Summary of positive results in disc diffusion assay against Fusarium sp. Ethyl
acetate extract is represented by „a‟ and methanol extract is represented by „b‟.
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Prolific bioactive compound producers from the sea have gained more and
more attention in past decades and novel antibiotics, produced by the genera
affiliated with our findings, have been reported at accelerating rate. In 1998, a
research group reported the discovery of a widely used synthetic antibiotic, 2, 4,
4‟-trichloro-2‟-hydroxydiphenylether,

produced

by

sponge-associated

Micrococcus luteus [69]. Considering the sequence similarity between C1 and
Micrococcus luteus is 99%, this bioactive compound soundly explains the widespectrum antimicrobial ability of C1 strain. Early this year, Palomo et al.
published their findings about the isolation of Micrococcus sp. from marine
sponges and the identification of the secondary metabolites produced by this
strain as kocurin, belonging to thiazolyl peptide family of antibiotics against
methicillin-resistant Staphylococcus aureus [70].
One of the significant findings is the isolation of Salinispora affiliated strains
C29 and C41, and unsurprisingly, both strains exhibited strong inhibition against
Gram-positive and Gram-negative bacteria. Ever since the breakthrough
discovery of the obligate marine taxa Salinispora, numerous important secondary
metabolites have been isolated across all three species: S. tropica, S. arenicola
and S. pacifica. Salinosporamide A isolated from S. tropica is an orally active
protease inhibitor with cytotoxic activity, which is currently in clinical trials for
treatment of cancer [71]. S. arenicola can produce an antibiotic called Arenimycin
against drug resistant Gram-positive human pathogens [72]. Other bioactive
metabolites that have been discovered from Salinispora species include
rifamycins [73], Sporodie A, Cyanosporaside A, etc [74].
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4. Antiviral screening
The antiviral test against WNV was carried out in 384-well plate with the WNV
NS3 protease kit and the total reaction mixture in each well was 40µl. Previous
experience indicated that methanol would show cytotoxicity at concentration over
2%. Although this preliminary screening was conducted in vitro, all crude extract
solution and methanol were diluted in ten-fold with assay buffer, adjusting the
concentration of methanol in each well to 1%. In our experiment, the methanol
control was considered as 100% fluorescent intensity, namely no inhibition at all.
20% of fluorescent in comparison to methanol was set as the cutoff of inhibition
ability and only the media extract of strain C29 affiliated with Salinispora
exhibited inhibition in this case (Figure 9). The inhibition abilities of different
sample vary a lot in the range of over 160% to nearly -40%. Due to operate error,
the intensity of methanol extract of strain C57 was not reliable and not shown
here. The volume of reaction mixture is critical to the final fluorescence reading.
Considering the volatility of methanol, this assay was supposed to be repeated to
get a steady result. However, due to the limitation of time and reagents, only the
first trial was reported here. In the future, the antiviral test will be repeated and
extracts showing inhibition will be tested for dose response and cytotoxicity in
vivo.
The structure of NS3 protease has been well studied and potential inhibition
target site was discovered. Recently, the inhibition ability of a series of synthetic
di-and tripeptide aldehyde inhibitors were evaluated against DENV2 and WNV
[75]. However, to our knowledge, no natural products have been reported to
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possess the inhibition capability against NS2B-NS3 protease. The primary
inhibition shown by C29 strain is an exciting finding, which requires follow-up
confirmation and investigation of the functioning bioactive compound.
Relative inhibition ability of crude extract against WNV NS3 protease
180
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Relative inhibition (%)

140
120
100
80
60
40
20

*

0
-20
-40

Name of extracts

Figure 9 Relative inhibition ability of crude extract against WNV NS3 protease. Ethyl
acetate extract is represented by „a‟ and methanol extract is represented by „b‟. The
extract that shows inhibition ability is marked with „*‟.
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CONCLUSION

Marine actinobacteria provide a potentially unlimited source of novel
secondary metabolites with potential pharmaceutical values. The distinct
environment of marine ecosystems endowed organisms with unique living
conditions, metabolism pathways, and as a consequence, novel bioactive
compounds [76]. The Red Sea sponge associated actinobacteria, however, are
largely unexplored until recent years. Our project of isolating actinomycetes from
Red Sea sponge and antibiotic screening filled in this gap with some exciting
findings.
The cultivation of nine Red Sea sponges yielded 13 strains of actinobacteria
representing six different genera and four different families. Our isolation were
the first discovery of actinobacteria from sponge Chalinula sp. and Monanchora
sp. to date, and interesting, they produced the highest number and most diversity
of isolates. Phylogenetic analysis and BLAST using NCBI database identified five
isolates as potentially new species. C43 from Chalinula sp. and C44, C66 from
Monanchora sp. are putatively new species affiliated with Rhodococcus genus.
Monanchora sp. sponge-associated strains C57 and C75 are putatively new
species belonging to Mycobacterium.
Nine isolated strains were proven to produce bioactive compounds against
clinically relevant pathogens Bacillus sp., E. coli, Fusarium sp. and West Nile
Virus. C29 from Chalinua sp., which is closely related to the new obligate marine
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genus Salinispora, shows wide spectrum bioactivity against Gram-negative and
Gram-positive bacteria, as well as inhibition ability against WNV NS3 protease.
In the future, extensive efforts should be addressed to describe these
putative novel species with the involvement of whole genome sequencing
technique. From the bioactivity aspect, validation of bioactivity and composition
analysis of these effective extracts will be helpful to understand the antibiotic
mechanism and probably result in the discovery of new bioactive compounds.
Further investigation into WNV protease inhibition assay and cell toxicity
experiments will be another focus of our future work.
In conclusion, these results provide solid evidence supporting that marine
sponges are untapped sources of actinomycetes and inevitably novel natural
products. The exploitation of Red Sea sponge associated actinobacteria and
their secondary metabolites is in its infancy, but the importance of which should
never be overlooked.
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