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Abstract: A single Streptomyces strain often have the potential to produce more than one bioactive compound.
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on the cultivation parameters used to enhance the production of secondary metabolite with anti-Vibrio activity from a
single Streptomyces strain. In turn, this review sheds light on the possible alterations of the cultivation parameters to obtain
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identified from Streptomyces sp. were demonstrated to exhibit immense values for future antibacterial agent developments.
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INTRODUCTION

Fermentation is an important process for the production
of various structurally-diverse bioactive substances from
microorganisms, including antibiotics, anticancer, antiviral
and immunosuppressants!'?l. Given that the limited
quantity of bioactive substances is usually produced by
these microorganisms, fermentation is one of the feasible
processes to continuously supply majority of these clinically
useful drugs in the market currently. This is because the
total chemical synthesis is way too complicated and costly
than fermentation. For instance, antimicrobial peptides
such as a novel class of antibiotics, which recently have
received much attention, is not economically feasible to be
synthesized chemically if involve larger or more complex
peptidesP!. Furthermore, medium optimization remains
one of most critical steps in fermentation technology to
enhance the production of valuable bioactive compounds.
To achieve maximum production of desirable compounds, the
production medium containing appropriate components

(e.g., carbon, nitrogen, NaCl, efc.) coupled with optimal
fermentation conditions are required to be identified
and optimized accordingly!'!.

Actinobacteria have been regarded as the most prolific
producers in the microbial world*®, especially from
the genus Streptomyces®'”. The genus Streptomyces
has responsible for the production of more than 70%
of commercially important antibiotics™'), as well as
many bioactive compounds of pharmacological and
agricultural interest!'>??. The discovery of antibiotic
from Actinobacteria is highly dependent on the effect
of growth conditions on the production of secondary
metabolitesi®* 28], These soil bacteria are known to have
complex life cycle which is composing of different
stages. Secondary metabolites are usually produced by
Streptomyces sp. at the end of the active vegetative
growth and during the dormant or reproduction stage®’..
The secondary metabolism of Streptomyces is based on
its unique genetic make-up but the expression can be
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influenced by the surrounding manipulations®”. Therefore,
the productions of secondary metabolites are often
associated with the limitation of nutrients, presence of
inducer or reduction of growth rate in Streptomyces®. It
is well known that secondary metabolite production can
be repressed by readily available carbon source, high
levels of nitrogen and phosphorus, all of which keeping
the bacteria at active proliferative stage. This indicated
that the production of secondary metabolites can be
influenced significantly by various fermentation
parameters including the nutrient availability, pH,
temperature, mineral salts, inducers and inhibitors?®!l. Small
modifications in the composition of growth media can
result variation of the quantity of specific compounds,
also these modifications could result in the production
of a completely distinct pattern of moleculest.

Vibrio spp. is autochthonous to various aquatic
environments, including estuarine, coastal waters and
sediments®3¢,  Vibrio spp. was known to be
susceptible virtually to most of the antimicrobial
agentsP738 However, antimicrobial resistance has
emerged and evolved in many bacterial general®**!,
including Vibrio spp. as a result of excessive use of
antimicrobial agents in various settings™*?. For instance,
applications of antibiotics in aquaculture water as
prophylactics to control infectious diseases in fish and
aquatic organisms. Furthermore, certain Vibrio species,
in particular V. parahaemolyticus and V. vulnificus are

Increased
anti-vibrio
activity

Carbon source
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significant foodborne human pathogens!***"). Hence, the

increase in emergence of antibiotic-resistant bacterial
pathogens, including Vibrio spp. is a major public health
concern**4%421, This issue not only has immense impact on
human health, it is also a concern on the future ability to
treat the diseases as antibiotic resistance has developed
over time, from single classes of antibiotics to multidrug
resistance and eventually emergence of superbug with
extreme drug resistancel”®*). Therefore, it has increased
the interest of research on the search for more effective
alternatives to cope with the issue of antibiotic resistant
bacteria, including Vibrio pathogenst®*!. The exploration
of bioactive compounds sourcing from natural resources,
including plant?®-%, animall” or microbial originst®* 64
constitute an attractive bioprospection strategy among
the drug discovery scientists. In fact, numerous efforts
have demonstrated that the genus Strepto-myces capable
to synthesize various bioactive compounds against Vibrio
pathogens, representing a valuable source for antibacterial
agents with anti-Vibrio activities® 7,

In the light of the promising potential of Streptomyces
as the bioresource of anti-Vibrio compounds, this review
provides the rationale for the designing and optimizing
of fermentation medium to facilitate the process of anti-
Vibrio metabolite production in Streptomyces sp.
Furthermore, the importance of extraction techniques
for optimum yield of the desired bioactive compounds is
discussed in this review (Figure 1).

* Temperature (28°C)
pH (>7.3)

« Inorganic phosphorus
(~0.001%)

Glucose (| 8.05%)
Casein (1 8.75%)
Ammonium (1 9.75%)

Figure 1. Fermentation and medium optimization for the production of anti-Vibrio compounds by Streptomyces sp. Fermentation is conducted to induce the production of anti-

Vibrio active metabolites by Streptomyces. Starch and glycerol are both good carbon sources for the production of metabolites with better anti-Vibrio activity (percentage shows

the changes in the anti-Vibrio activity when added with the indicated component in the fermentation medium). Likewise, yeast extract and nitrate are the preferable nitrogen

source as compared to casein and ammonium for the production of metabolites with better anti-Vibrio activity by the Streptomyces. The fermentation parameters presented are

the optimum conditions for the production of anti-Vibrio active metabolites.
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FERMENTATION PROCESS FOR
PRODUCTION OF ANTI-VIBRIO
COMPOUNDS BY STREPTOMYCES SP.

Within the 64 studies analyzed in this review, a total
of 38 studies conducted secondary screening of the
metabolites produced by the anti-Vibrio Streptomyces
via submerged fermentation process. This implies that
59.4% of the studies showed the anti-Vibrio
Streptomyces strains displayed the antagonistic
activities against different Vibrio sp. through the
production of bioactive secondary metabolites.
Thus, more study should perform fermentation in
order to fully unravel the potential of the anti-Vibrio
Streptomyces strains in the production of bioactive
compounds against Vibrio sp. Solid state fermentation
was reported as an alternative fermentation process
to facilitate the secondary metabolites production
from the anti-Vibrio Streptomyces'®). The solid state
fermentation involves the use of solid particles free
of water or with little moisture for microbial
growth and secondary metabolites production!®®],
Mohana and Radhakrishnan (2014)1! indicated that
solid state fermentation process was more suitable
for Streptomyces MA7, a strain derived from
mangrove rhizosphere sediment in producing anti-
Vibrio bioactive metabolites against Vibrio pathogens
such as V. cholerae O1, V. cholerae 0139, V.
parahaemolyticus and V. mimicus. However, there is
limited information on studies comparing the two
different fermentation techniques in the production
of secondary metabolites with anti-Vibrio activities.
More study could be performed to investigate the
optimal fermentation techniques for the production of
anti-Vibrio compounds from Streptomyces at a higher
yield. Nevertheless, there was study suggested that
solid-state fermentation is better for antibiotic
production by Streptomyces in the aspects of its stability
and quantity®!. For instance, solid-state fermentation

of Streptomyces species resulted in higher yield and
stability of well-known antibiotics including tetracycline!”,
neomycin”!, cephamycin CI’? and oxytetracyclinet™.

FERMENTATION PARAMETERS AFFECTING
ANTI-VIBRIO COMPOUNDS PRODUCTION

Media composition

Media composition plays an important role in determining
the microbial secondary metabolites as it comprises of
components that may act as activators of certain signaling
pathway in the production of secondary metabolites?!.
Thus, a single strain, grown under different condition may
result in production of substantially different compounds.
A study reported that by using a defined medium resulted
in production of new metabolites which were not found in other
mediaused to cultivate Streptomyces sp. C34, and exhibited
antibacterial activity towards V. parahaemolyticus'™. The
defined medium (Table 1) containing 2 mM fluoride employed
by the study was previously developed for the production of
fluorinated secondary metabolites by Streptomycest). The
mechanism for the production of the novel metabolites by
Streptomyces C34 has yet to be elucidated. Nevertheless, it
was suggested that the addition of fluoride salts could have
activated the unique biosynthetic genes which responsible
for the production of those new compounds!”. Therefore,
other than depending on the biosynthetic potential of the
microbes which determines the types of bioactive compounds,
the composition of the media also plays a substantial role
on the success of screening programs based on culture-
dependent bioprospecting strategy. According to the 38 studies
that performed submerged fermentation, different types of
fermentation broths were used, including starch casein
broth, soybean meal broth, potato dextrose broth, arginine
glycerol broth, actinomycetes isolation broth and glycerol
asparagine. Besides that, examples of fermentation broth
with defined compositions used for the production of
secondary metabolites from the anti-Vibrio Streptomyces
can refer to Table 1.

Table 1. The composition of selected production media and fermentation conditions used for secondary metabolites production in the Streptomyces sp. displaying anti-Vibrio activity.

Parameters Studies that utilized mixture of complex and simple carbon and nitrogen sources”

Composition (% w/v)" 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Glucose 1 0.4 2 0.5 0.2
Soluble starch 2 0.5 0.5 1 1 1 0.5 1 0.1 2

Glycerol 1 1 1 1
Myo-inositol 0.04

Malt extract 0.4

Soybean 2 0.5 0.5 0.1 1.5

Casein 0.03 0.03 0.03

Cornsteep powder 1

Polypeptone 0.5

Peptone 0.2 0.2

Yeast extract 0.2 0.4 0.4 0.2 0.25 0.3
L-tyrosine 0.05
L-asparagine 0.1

MSG 0.5

CaCoO, 0.002 0.002 0.32 0.025 0.002 0.1 0.004
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NaCl 0.2 0.05 0.2 0.1

NaF

NH,CI

KBr 0.01
KCl1

K,HPO, 0.05 0.2

KNO, 0.1 0.2 0.2

FeSO, 0.001 0.001 0.004
MgSO, 0.005 0.05 0.005

CoCl,

ZnSO,

Seawater + + - - -

pH 7.5 ns ns 7.2 7.4
Temperature (°C) 27 28 28 29 30

0.05 0.2 0.05 0.08
0.0084
0.15 0.1
0.01
0.2 0.05 0.2 0.05 0.001
0.2 0.005
0.0025 0.001
0.05 0.05 0.005 0.05 0.02
0.001
0.001
- + + + + + + -
7 7.2 7.4 7.0+0.2 ns 7.5 7 7
28 28 28 28 27 28 28 28

* The percentage of each composition was calculated using: w/v% = (weight of solute (g)/volume of media(mL)) x 100

#1 - Soybean medium!®, 2 - Starch casein broth!®!, 3 - GsB broth medium!’”, 4 - Casein glycerol/ starch medium™®!, 5 - Production broth!), 6 - A1BFe

medial®, 7 - Defined medium!™, 8 - Fermentation broth®, 9 - R2A medium®®?, 10 - Starch casein broth!®?, 11 - Soybean meal broth® 12 - Fermentation

broth®! 13 - Melanin production medium®®#),14 - Fermentation broth($-%

The influence of complex and simple carbon source on
anti-Vibrio activity

The carbon source has significant effect on the production
of antibiotic and the morphological development of Strep-
tomyces sp. Several mechanisms have been described in the
genus Streptomyces to illustrate the carbon catabolite
repression effects on secondary metabolites production®>*4,
As for aim of this review, it is to consolidate and rationalize
the information available on the effect of different media
composition on Streptomyces toward the production of
metabolites against Vibrio sp. Furthermore, major emphasis
will be given towards the efficacy of the anti-Vibrio
metabolites produced by Streptomyces in response to the
presence of specific carbon source in the fermentation media.
Based on the data of media composition presented in the
reviewed studies, carbon sources such as starch, glycerol
and glucose are commonly used as growth substrate in the
fermentation media used to produce secondary metabolites.
Majority of the studies incorporated starch (45.2%), a
complex carbohydrate in the fermentation medium for
the production of secondary metabolites with anti-Vibrio
activity (Table 2).

Literatures demonstrated that the optimal production of
secondary metabolites is generally achieved by culturing
the microorganisms in media containing slowly assimilated
nutrient sources while the readily utilized carbon source is
often known to repress antibiotic production. For instance,
the use of glucose as a carbon source had a negative
influence on the production of nystatin as well as their
morphology to a certain extent that resulted in termination
of cell growth and nystatin production®. This is also
commonly seen in other Streptomyces sp., such as in the
production of streptomycin, chloramphenicol and cephamycin
by S. griseus®, S. venezuelae’” and S. clavuligerus®"
respectively. However, previous study indicated novobiocin
production by S. niveus is subjected to catabolite

repression by citrate assimilation and not caused by
glucose assimilation®™. Streptomyces avermitilis was
shown to assimilate glucose slowly and become the
best carbon source in determining the production rate
of avermec-tin®. Tkeda et al. (1988)""! suggested that
the activity of 6-phosphogluconate dehydrogenase of the
pentose phosphate pathway is associated with avermectin
production, in which the NADPH generated by the enzyme
could be used as the intermediate for the biosynthesis of
avermectin. Previous study also indicated that glucose is
important for the biosynthesis of e-rhodomycinone, an
important aglycone precursor to anthracycline antibiotic
in Streptomyces!!™,

To identify the best carbon source for the production of
anti-Vibrio metabolites by Streptomyces, the anti-Vibrio
activities of the Streptomyces strains with or without the
specific carbon source were compared based on the
inhibition zones (Table 3). In Table 3, the anti-Vibrio
activity of metabolites produced by Streptomyces strains
increased by 33.1% in the presence of starch as carbon
source. Furthermore, a ten folds increment of anti-Vibrio
activity is demonstrated by Streptomyces metabolites
produced in the presence starch when compared to the
use of glycerol as carbon source. In contrast, the use of
glucose as carbon source is shown to repress the anti-
Vibrio activity of the Streptomyces metabolites by 8.1%
based on the median inhibition zones. This information
is in line with other studies, indicating starch is a good
carbon source for anti-Vibrio metabolite production. The
starch-based A1BFe medium (Table 1) resulted in
production of twice the amount of anti-Vibrio compounds
by Streptomyces atrovirens PK288-21 compare to
culture in glucose-based TCG medium®. The study
suggested that Streptomyces atrovirens PK288-21
utilized starch as the main carbon source that could
increase the production of antibacterial compounds®..
The continuous and gradual hydrolysis of starch could
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avoid the carbon catabolite repression mechanisms that
usually triggered by carbon sources that are more easily
metabolized by the microorganism such as glucose!'".
In addition, the antibacterial compounds present were
consisted of two benzaldehydes compounds identified
from the fermented broth of S. atrovirens PK288-21.
Both of the benzaldehyde derivatives demonstrated
antibacterial activity against both V. anguillarum and

V. harveyi, particularly against V. harveyi with lower
MIC values reported as compared to ciprofloxacin
(58 pg/mL). The work showed that the compound,
2-hydroxy-5-(3-methylbut-2-enyl)benzaldehyde (9)

was as a new derivative while 2-hepta-1,5-dienyl-3,6-
dihydroxy-5-(3-methylbut-2-enyl)benzaldehyde (10) was
previously reported from fungus Eurothium rubrum.
Similarly, another 4 studies (Table 2) also demonstrated
the use of starch with concentrations ranging from 0.1 to
1% (w/v), as the sole carbon source in the fermentation
medium for the production of secondary metabolites by
Streptomyces strains, and exhibited diverse strength of
antibacterial activity against Vibrio sp.’677%84  QOverall,
starch is recommended to be a good carbon source for the
production of anti-Vibrio metabolites from Streptomyces.

Table 2. The compositions of fermentation medium and the fermentation conditions extracted from the reviewed studies on Streptomyces with anti-Vibrio activity.

Parameters Compositions

Concentration
% (w/v)/ Units

Number of studies performed Percentage (%)
fermentation (n = 31)

Carbon sources Complex carbon source only

Starch 0.1 1
0.5 2
1 2
Sugarcane 1 1
. Yeast extract 5 1
Total =7 22.6
. Glucose 0.2 5
. Glycerol 1 2
. Glycerol, myoinositol 1,0.04 1
Total = 8 25.8
Mixture of both complex and readily utilizable
. Starch, glucose 2,1 1
. Starch & glycerol 1 1
. Glycerol, starch, glucose 1,1,1 2
. Malt extract, glucose 04,04 1
Total =5 16.1
Media used by studies w/o specify the composition
. Starch casein broth - 5
. Potato dextrose broth 1
¢ Arginine glycerol broth 1
. Glycerol asparagine broth 1
e ISP2 1
. Soybean meal medium 1
. Actinomycetes isolation medium 1
Total = 11 355
Nitrogen sources Complex nitrogen source only
. Soybean 0.2 1
0.5 1
. Tryptone, yeast extract 1,5 1
. Peptone, yeast extract 0.2,0.4 1
. Soybean, yeast extract 1.5,0.25 1
¢ Polypepton, yeast extract, corn steep liqour 0.5,0.2,0.1 1
. Soybean meal, peptone, yeast extract 0.5,0.2,0.2 1
. Malt extract, yeast extract 04,04 1



Critical review of fermentation...

*  L-tyrosine, L-asparagine 0.05, 0.1 2
Total = 10 323
Mixture of both complex and readily utilizable
. Soybean, KNO, 0.1, 0.005 1
. Casein, KNO, 0.03,0.2 3
. Yeast extract, NH4C1 0.3,0.1 5
* MSG,NH,(CI 0.5,0.15 1
Total = 10 323
Media used by studies w/o specify the composition
. Starch casein broth - 5
. Potato dextrose broth 1
* Arginine glycerol broth 1
*  Glycerol asparagine broth 1
e ISP2 1
. Soybean meal medium 1
. Actinomycetes isolation medium 1
Total = 11 355
Phosphate K,HPO, 0.001 5
0.05 4
0.2 3
Total = 12 38.7
Salt NaCl 0.05 3
0.08 5
0.1 1
0.2 3
1 1
Total = 13 41.9
pH 7 9
7.2 1
7.4 1
7.5 2
8 1
Not specified 17
Total =31
Temperature (°C) 23 1
25 1
27 2
28 13
29 1
30 5
32 1
35 1
26-30 1
28-32 1
Not specified 4

Total = 31
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Table 3. The effect of carbon, nitrogen and NaCl on the anti-Vibrio activity of Streptomyces metabolites.

Media composition

(concentration range, w/v %)

Median of Inhibition zone (mm)

Percentage of changes in anti-vibrio activity
(%)

Absence Presence
Carbon sources
Starch (0.32 - 2) 15.03 (n=16) 20 (n=10) Increased by 33.07
Glucose (0.2 —2) 17.40 (n=18) 16 (n=9) Decreased by 8.05
Glycerol (0.12—1) 17.40 (n=20) 18 (n=28) Increased by 3.45
Nitrogen sources
Yeast extract (0.3 - 1) 16 (n=16) 19 (n=28) Increased by 18.75
Casein (0.03 - 1) 16 (n=15) 17.4 (n=10) Increased by 8.75
Ammonium salts, NH,"(0.0001 16.4 (n=18) 18 (n=75) Increased by 9.75
-0.12)
Nitrate salts, NO," (0.2) 16 (n=16) 18 (n="7) Increased by 12.50
Others
NaCl (0.05-1.2) 17 (n=218) 18 (n=16) Increased by 5.88

Influence of organic and inorganic nitrogen
source on anti-Vibrio activity

Nitrogen sources such as nitrate and ammonium salts
which favorable for growth were shown to affect
negatively on the production of secondary metabolites in
Streptomyces. The readily utilized nitrogen sources
were demonstrated to cause repression of enzymes
responsible for tylosin in Streptomyces fradiae!®?.
Complex protein source such as soybean meal and
the slowly assimilated amino acid such as proline
are good nitrogen source to promote high secondary
metabolites production. Therefore, slow-metabolizing
nitrogen sources are preferable to supply the
essential nutrients to the antibiotic-producing strains.
Yeast extract, corn steep liquor and soybean flour are
commonly used complex organic nitrogen sources?®!.
Based on the reviewed studies, soybean meal (0.2 and
0.5% w/v) was evidenced in studies!’'%! as a sole
nitrogen source for the production of metabolites that
exhibited anti-Vibrio activities by the Streptomyces
strains (Table 2). Furthermore, the anti-Vibrio activity
of the Streptomyces strains cultivated in different
nitrogen sources were compared based on the median
inhibition zone (Table 3). The usage of yeast extract as
a complex organic nitrogen source is found to enhance
the anti-Vibrio activity of the Streptomyces
metabolites by 18.75%, when compared to the only
8.75% increment in the presence of casein as an
organic nitrogen source. Besides that, nitrate is a more
favorable inorganic nitrogen source when compared
to the use of NH,™ in the fermentation media of the
anti-Vibrio Streptomyces. None of the studies utilized
ammonium or nitrate salts as the sole nitrogen source
for the fermentation process. A total of 19 studies
demonstrated the use of a mixture of readily and
slowly utilizable nitrogen sources in the optimization
of medium composition for the improvement of the yield
of secondary metabolites (Table 1). As the readily

utilizable sources such as ammonium salts and nitrate
salts serve to support the exponential growth of the
bacteria while the slowly used sources such as yeast extract
and casein serve to sustain the production of metabolites
during the stationary phase, as the rapidly assimilated
sources are depleted®!. Thus, the combination of yeast
extract and nitrate salts could be used to serve as a good
nitrogen sources in the production of anti- Vibrio metabolites
in the genus Streptomyces.

Inorganic phosphate

Inorganic phosphorus is the common major growth-limiting
nutrient in natural environments®!!. Literatures showed that
high concentration of inorganic phosphate in culture media
causes negative regulation on the synthesis of secondary
metabolites in different Streptomyces sp.'*1%1. A total of
12 studies (38.7%) indicated the supplementation of
dipotassium phosphate as a source of inorganic phosphate,
with wide range of concentrations from 0.001 to 0.2% (w/
V) (~ 0.5-115mM) in the fermentation medium for the
production of anti-Vibrio secondary metabolites by
Streptomyces (Table 2). None of the studies indicated
the potential of inorganic phosphate that could resulted
in lower production of anti-Vibrio compounds. Although
some literatures demonstrated the supply of inorganic
phosphate more than 3—5 mM are frequently inhibitory to
antibiotic biosynthe-sis!'®>!%!, Liras et al. (1990)!'°! indicated
phosphate stimulates the expression of genes involved in the
biosynthesis of macromolecules and house-keeping genes
essential for growth whereas it often inhibits expression of
genes encoding for biosynthesis of secondary metabolites.
The p-ami-nobenzoic acid synthase (PABA synthase),
that catalyzes the conversion of chorismic acid to p-
aminobenzoic acid which is a precursor for candicidin
(macrolide antibiotic) was found to be inhibited by potassium
phosphate at 5 to 10 mM resulting in repression of candicidin
biosynthesis in Streptomyces griseus""". Studies showed
that the biosynthesis of several groups of antibiotic are
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particularly sensitive to phosphate repression such as
aminoglycosides!'®], tetracyclines!'®), macrolides!!"
and polyenes'®. Meanwhile, the biosynthesis of
beta-lactam antibiotic and peptide secondary
metabolites were poorly sensitive to high
concentration of inorganic phosphate. For example,
the production of cephalosporin is optimal at 25 mM
phosphate but higher concentrations of phosphate
resulted in 85% reduction of cephalosporin production
in S. clavuligerus™. These evidences suggested that the
genes encoding the enzyme for the secondary metabolites
produced by the anti-Vibrio Streptomyces may have
lower sensitivity toward phosphate repression. However,
the concentration of inorganic phosphate to be used in
fermentation media should be optimized to ensure
maximum production of anti-Vibrio metabolites by the
Strep-tomyces. By comparing the anti-Vibrio activity
of the Streptomyces metabolites under different
concentration of K HPO, (Table 4), based on the
median of inhibition zone, it is observed that the anti-
Vibrio activity reduced by 33.3% when the concentration
of K, HPO, used is increased from 0.001% to 0.2% (w/
v). These data suggest that inorganic phosphate is
recommended to be maintained at lower concentration
such as at 0.001% (w/v) as a source of phosphorus
in the fermentation media for optimal production of
anti-Vibrio metabolites from Streptomyces.

Table 4. The effect of different compositions and the fermentation conditions on

the anti-Vibrio activity of Streptomyces metabolite

Parameters Concentration (w/v. Median of inhibition

%) / Range zone (mm)

NaCl 0.05 15.02 (n=2)

0.08 30.00 (n=3)

0.20 19.00 (n=28)

>0.20 15.00 (n=3)

K,HPO, 0.001 30.00 (n=3)

0.01 - 0.05 16.52 (n=4)

0.2 20.00 (n=1)

pH 7 15.03 (n=7)
7.1-173 18 (n=15)

>17.3 22.5(n=2)

Temperature (°C) <28 16.4 (n=2)
28 20 (n=12)
30 15(n=7)

Sodium chloride

The supplementation of sodium chloride in the fermentation
medium is one of the non-nutritional stress factors
influencing the secondary metabolites production!t!!>!"3,
Based on the reviewed studies, a total of 13 studies
supplemented sodium chloride in the fermentation medium
for the production of anti-Vibrio secondary metabolites
from Streptomyces (Table 2). The concentration of
sodium chloride used was ranging from 0.05 to 1% (w/
v), showing production of anti-Vibrio metabolites
from Streptomyces. In line with the literatures, the

anti-Vibrio activity of Streptomyces metabolites is enhanced
by 5.88% when cultivated in the presence of sodium chloride
as compared to the metabolites produced in the absence
of sodium chloride (Table 3). Barakat and Beltagy (2015)
U147 indicated the Streptomyces ruber ERH2 supplemented
with 1% sodium chloride (w/v) produced metabolites
against V. ordalii fish pathogen, with high inhibition zone
measured at 15mm. As indicated in Table 4, a small
increase of sodium chloride concentration, such as
from 0.05 to 0.08% (w/v) resulted in 99.7% increment
in the anti-Vibrio activity, thus indicated the optimum
concentration of sodium chloride for the production of
anti-Vib-rio metabolites is at 0.08% (w/v) for Streptomyces.
At the meantime, the further increase of sodium chloride
in the fermentation media from 0.08% (w/v) to more
than 0.2% (w/v) may reduce the anti-Vibrio activity from
Streptomyces metabolites by 50%. Similarly, Syvitski et
al. (2006)!"1 demonstrated that the presence of salt in
the growth medium could result in differential production
of antibiotic by Streptomyces. Furthermore, this study
indicated the addition of 2.5% of sodium chloride
inhibited the production of actinorhodin, but activated
the production of undecylprodigiosin!!®l. The study also
reported high salt conditions that resulted in differential
expression of these genes, actll-ORF4 and redD
encoding corresponding pathway specific transcriptional
regulators for both actinorhodin and undecylprodigiosin
biosynthesis in Streptomyces coelicolor A3(2)M5,

Temperature

An optimal temperature is often required for the production
of secondary metabolites. Based on the reviewed
studies, 28°C (41.9%) is the most common incubation
temperature used for the secondary metabolite production.
Slightly higher incubation temperature at 30°C is also
reported in several studies (16.1%) (Table 2). There are also
studies employed a lower incubation temperature ranging
from 23-25°CI"617 The studies indicated that the optimal
temperature for production of secondary metabolites can
be varying considerably between the similar genera of
Actinobacteria. Furthermore, some studies indicated that
optimal temperature for production of secondary metabolites
is generally lower, when compared to growth of
Streptomyces sp. Thakur et al. (2009)!''8! reported
Streptomyces sp. 201 showed narrow range of incubation
temperature for growth and antibiotic production,
maximum mycelial growth was measured at 35°C while
highest antibacterial activity was observed at 30°C.
Thirumurugan and Vijayakumar (2015)!""! also reported
a strain, Streptomyces ECR77 that produced anti-
Vibrio secondary metabolites after cultivated at 28-30°C
although this strain showed optimal growth at 35°C.
Costa and Badino (2012)["% also recommended that the
reduction of temperature could be useful in increasing the
production of clavulanic acid by Streptomyces clavuligerus.
According to Table 4, repression effect could occur via
increase of fermentation temperature from the optimum
28°C to 30°C, resulting in 25% reduction of anti-Vibrio
activity (based on the median of inhibition zone) from the
Streptomyces metabolites. Hence, these data suggest that
lower incubation temperature results in lower cellular
growth and substrate consumption which could minimize
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the metabolite repression effects and also reduces end-product
degradation, eventually increasing the yield of secondary
metabolites production!'”,

PH of fermentation media

The pH of the cultivation media has substantial effect on
the growth of Streptomyces sp. and their antibiotic
production ability!?"'?2, Based on the reviewed studies,
a narrow range of initial pH (7-8) of the fermentation
media were used in cultivation of Streptomyces sp. for
secondary metabolites production (Table 2). Kontro ef al.
(2005)"2 reported that the pH ranges for the optimal
growth of Streptomyces sp. were species specific and
strongly influenced by the nutrient compositions of the
media. The use of neutral to slightly alkaline pH as described
by majority studies suggested that these pH range are
more preferable for developing a fermentation medium
for antibiotic producing-Streptomyces. In agreement with
others, anti-Vibrio activity from Streptomyces metabolites
could be enhanced by performing the fermentation under
slightly alkaline pH. As depicted in Table 4, the anti-Vibrio
activity could be increased by 49.7% with a small increase
of the fermentation media from pH 7 to 7.3. According
to Guimaraes et al. (2004)!"*! findings, the low pH level
of the cultivation media (at the end of the shake flask
fermentation) resulted in no detection of retamycin although
the final cell concentrations of S. olindensis ICB20 reached
4 g/liter, indicating that the pH negatively affected the
activity of the biosyn-thetic enzymes that involved in the
secondary metabolism. Meanwhile, at higher pH of 8.0,
it was reported to have negative effect on the excretion
of the antibiotic, demonstrated by the higher intracellular
content of retamycin was produced, rather than the yield
of extracellular retamycin!'2!,

EXTRACTION OF SECONDARY
METABOLITES

The extraction is a critical step to isolate the desirable
secondary metabolites from the complex fermented
productst'?]. Solvent extraction is one of the most
common extraction methods due to the high selectivity
and solubility of target compositions. It has been widely
utilized to extract fermentation-derived microbial products
prior to the final purification of bioactive compounds
by chromatography’+12124 There are a wide range
of approaches available for the recovery of microbial
metabolites. Primarily, the types of extraction method
employed is chosen depending on the compounds of
interest residing whether it is excreted into the medium
or produced intracellularly. Generally, direct solvent
extraction is conducted if the desired product is present in
the cell and the medium. However, the common practice
in extraction of microbial product from the cultivation
media involves the separation of the microorganism
biomass by centrifugation or filtration prior to solvent
extraction of the cell free medium!>!261. Among the 31
studies that performed fermentation, 18 studies (58.1%)
conducted solvent extraction method to extract and
determine the antibacterial activity of the bioactive
compounds present in the fermented product.

The selection of most appropriate solvent is critical in
determining the successfulness of yielding the desired
product. Nonpolar solvents (petroleum ether, chloroform
and hexane) are useful in extracting lipophilic
compounds such as alkanes, sterols, alkaloids, fatty acids,
coumarins and some terpenoids. Some alkaloids and
flavonoids are compounds with medium polarity can be
extracted with medium polarity solvents such as ethyl
acetate. Meanwhile the more polar compounds such as
flavonoid glycosides, tannins and some alkaloids are
extracted with the carbon-bonded oxygen-bearing
extractants include alcohols, esters and ketones [’ Table
5 shows the examples of bioactive compounds isolated
from anti-Vibrio Streptomyces using different organic
solvents.

Table 5. The bioactive compounds identified from the Streptomyces sp. displaying anti-Vibrio activities.

Source Compounds

Antibacterial activity References

Ethyl acetate of Streptomyces rosa var. notoensis Nanaomycin A (1)

Nanaomycin D (2)

Methylene chloride extract of endophytic Strepto- Munumbicin B (3)
myces sp. NRRL30562 derived from plant, Kenne-

dia nigriscans

Munumbicin C (4)

Munumbicin D (5)

Methanol extract of desert soil-derived Streptomy- Chaxalactin A (6)
ces sp. C34

Chaxalactin B (7)

Chaxalactin C (8)

Acetone extract of Streptomyces atrovirens PK288-  2-hydroxy-5-(3-methylbut-
2-enyl)benzaldehyde (9)

21 derived from marine seaweeds

MIC: 6.3 pug/mL against V. alginolyticus 138-2 (27]
MIC: 3.1 pg/mL against V. parahaemolyticus K-1

MIC: <0.05 pg/mL against V. alginolyticus 138-2
MIC: <0.05 pg/mL against V. parahaemolyticus K-1

16 mm against V. fischeri PIC345 (el

9 mm against V. fischeri PIC345

12 mm against V. fischeri PIC345

MIC: 12.5 pg/mL against V. parahaemolyticus 174

MIC: 20 pg/mL against V. parahaemolyticus

MIC: 12.5 pg/mL against V. parahaemolyticus

MIC: 20 ug/mL against V. harveyi 180]
MIC: 65 pg/mL against V. anguillarum
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2-hepta-1,5-dienyl-3,6- MIC: 32 pg/mL against V. harveyi
dihydroxy-5-(3-methylbut-

2-enyl)benzaldehyde (10)

Acetone extract of Streptomyces sp. K01-0509

Guadinomine B (11)

MIC: 65 ng/mL against V. anguillarum

IC,;: 14 nM potent type III secretion system (TTSS) 12
inhibitor

Ethyl acetate extract of Streptomyces sp. SCSIO Pyranosesquiterpene com- MIC: >100 pg/mL against V. anguillarum (82]

01689 derived from submarine sediment pound (12)

Cyclo(D)-Pro-(D)-1le (13)

MIC: 0.05 pg/mL against V. anguillarum

Cyclo(D)-Pro-(D)-Leu (14) MIC: 0.04 ug/mL against V. anguillarum

Cyclo(D)-trans-4-OH-Pro- MIC: 0.07 pg/mL against V. anguillarum

(D)-Phe (15)

(12) (13)

(14) (15)

Figure 2. The chemical structures of anti-Vibrio secondary metabolites isolated from Streptomyces sp.

Based on the data, the commonly used solvents for the
extraction of bioactive compounds include, methanol,
acetone, chloroform, ethyl acetate, n-butanol, n-hexane
and petroleum ether. From these studies, ethyl acetate

(83.3%) was the most commonly used solvent. This may
be due to the property of ethyl acetate which is only partially
miscible with water, hence allowing easier recovery of
the metabolites from the fermentation broth by liquid-
liquid extraction methods. Besides that, methanol was the
second (27.8%) most commonly utilized solvent among
the reviewed studies. Usually, methanol is preferable for
the extraction of unknown metabolites from new strains
of bacteria. This is because methanol has been known
to be efficient in extracting a wide range of metabolites
from bacterial'®!. Eventually, the resulting extract is
filtered, concentrated by vacuum evaporation before
being used for bioactivity analysis. It is imperative to
remove the solvent or extractant completely from the
resulting extracts as their presence in the final product is
undesirable and might affect the results of the bioactivity
screening. Gas chromatography is a useful tool for the
detection of residual solvents. This is because of the low

detection limits allowing for the detection of trace organic
compounds!'*®), Furthermore, supercritical carbon dioxide
at 200 atm and 35°C was shown to be effective in removing
organic solvents from antibiotic without affecting the
antibiotic activities!'*!l.

Moreover, it is common to find that interesting
compounds can be overlooked due to the presence of other
molecules in a crude extract, or simply because of its low
titers in an extract resulted overall low activity observed.
Fractionation step after the extraction could be a way to
overcome these issues. For instance, the fractionation of
Streptomyces sp. C34 methanolic extracts with three other
different solvents, n-hexane, dichloromethane and ethyl
acetate and eventually identified the three novel
macrolactones from the dichloromethane fraction with
the most diverse metabolic profile!.

Once a bioactive extract is identified, a more detailed
analysis is  performed, normally involving
chromatography-based separation of the individual
constituents, to identify the specific bioactive molecules
and also structure elucidation with NMR analysis.
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Subsequently, the bioactive compounds from these
screening activities are tested in an in vivo model to
examine efficacy and safety. Most of current clinically used
antibiotics have been discovered using this approach. For
instance, Barakat and Beltagy (2015)!''41 demonstrated
that the phthalic acid isolated from S. ruber EKH2
with antagonistic activity against V. ordalii is non-toxic
toward Artemia salina (brine shrimp) up to 2800 pg/mL,
suggesting that the compound is natural and minimum side
effects. Furthermore, the conventional screening process
also provides valuable information such as the
potency of the antibiotic by determining the minimum
inhibitory concentration (MIC) of the antibiotic toward
specific pathogens, the spectrum of activity. Cho and
Kim (2012)#% determined the potency of benzaldehyde
compounds isolated from S. atrovirens PK288-12,
revealing a lower MIC displayed by both compounds as
compared to ciprofloxacin against V. harveyi.

By referring to the studies which reported the isolation of
Streptomyces with anti-Vibrio activity, most of them have
focused on the preliminary screening and optimization of the
various culture conditions. However, there is only limited
number of the study that further analyzed and identified the
bioactive compounds that displayed potent antibacterial
activity against Vibrio sp. Hence, there is a need to improve
the isolation and screening strategies, as the conventional
methods of cultivation, extraction and bioac-tivity testing
of anti-Vibrio Streptomyces are time consuming and prone
to rediscovery of known compounds. New research
strategies such as genome mining, which reveals the silence
biosynthetic gene cluster, coupling with the advanced
chemical separation and characterization techniques!'*?
have been developed to enhance the antibiotic production
and discovery of new compounds in Streptomyces.
Furthermore, more advanced extraction method could
be employed to replace the conventional organic
solvent extract method. For example, supercritical fluid
extraction, pressurized solvent extraction and ultrasound-
assisted extraction have been discussed as some of the better
alternative extraction techniques to isolate bioactive
natural products!®*!. These advanced extraction methods
are known for their higher selectivity, shorter extraction
time, nontoxic organic solvents and more environmental
friendly as compared to the conventional solvent extraction
method!"*¥.  Majority of these advanced -extraction
methods have been widely used to extract biologically
active compounds with antioxidant and antimicrobial activity
from plantsi®*'*4. Despite that, only a small portion of
studies have utilized the advanced extraction methods to
extract the bioactive compounds from the fermentation
broth of microorganism. For instance, griseofulvin, which
is one of the few examples of microbial antifungal antibiotic,
was extracted with supercritical carbon dioxide extraction
method!"*3). Although the supercritical carbon dioxide is
less effective in extracting highly polar compounds, this
extraction method offers a better alternative to organic
solvents because of its nontoxic property, inexpensive and
most importantly can be easily removed from the final
products'*¥. This is because the residual organic solvent
presents a major concern over the safety of food and
pharmaceutical products over the years!'*%. Therefore,
future studies are encouraged to utilize one of these

advanced extraction methods to improve the yield and
purification of the biologically active compounds from
Streptomyces.

CONCLUSION

Given the ever-increasing reports of antibiotic resistant
Vibrio pathogens, there is a critical need to search for
alternatives of major antibiotics. Numerous studies
demonstrated the production of promising bioactive
compounds with anti-Vibrio activity by Streptomyces
sp. Fermentation parameters can have great impact on the
secondary metabolism of Streptomyces and subsequently
on production of different microbial products. The
information and knowledge obtained in this review could
help in the optimizing of suitable fermentation medium
is important for better yield and antimicrobial activity
from Streptomyces sp. We suggest that starch and yeast
extract are both good carbon and nitrogen source for
the secondary metabolites production by the anti-Vibrio
Streptomyces. The temperature, concentrations of
phosphate and sodium chloride are also important
criteria should be taken into consideration when designing
the fermentation medium and condition for the anti-Vibrio
metabolite production in the genus Streptomyces. The
limited findings on the bioactive compounds with anti-
Vibrio activity from Streptomyces sp. suggesting that
more studies should focus on identifying the potential
bioactive compounds that specifically against Vibrio sp.
Taken together, with optimal fermentation conditions
and appropriate extraction techniques, future development
of clinically important drugs is warranted from these
Streptomyces sp. to treat infections inflicted by
Vibrio pathogens.

Author Contributions

The literature review and manuscript writing were
performed by LT-HT, L-HL and B-HG. L-HL and B-
HG founded the research project.

Conflict of Interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

Acknowledgments

This work was supported by the Monash University
Malaysia ECR Grant (5140077-000-00), MOSTI
eScience Fund  (02-02-10-SF0215 and 06-02-10-
SF0300), Monash Global Asia in the 21st Century
(GA21)research grant (GA-HW-19-L01 & GA-HW-19-
S01) and Fundamental Research Grant Scheme (FRGS/
1/2019/WAB09/ MUSM/02/1 & FRGS/1/2019/SKKO08/
MUSM/02/7).

11



12

Critical review of fermentation...

References

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Singh V, Haque S, Niwas R, ef al., Strategies for Fermentation Me-
dium Optimization: An In-Depth Review. Front Microbiol 2017;
7(2087).

Kemung HM, Tan LTH, Khan TM, et al., Streptomyces as a promi-
nent resource of future anti-MRSA drugs. Front Microbiol 2018; 9:
2221.

Chee PY, Mang M, Lau ES, et al., Epinecidin-1, an antimicrobial
peptide derived from Grouper (Epinephelus coioides): pharmaco-
logical activities and applications. Front Microbiol 2019; 10(2631).
Lee L-H, Zainal N, Azman A-S, et al., Mumia flava gen. nov., sp.
nov., an actinobacterium of the family Nocardioidaceae. Int J Syst
Evol Microbiol 2014; 64(5): 1461-1467.

Lee L-H, Chan K-G, Stach J, et al., The search for biological active
agent (s) from actinobacteria. Front Microbiol 2018; 9: 824.

Zainal N, Ser H-L, Yin W-F, et al., Streptomyces humi sp. nov., an
actinobacterium isolated from soil of a mangrove forest. Antonie
Van Leeuwenhoek 2016; 109(3): 467-474.

Ser H-L, Ab Mutalib N-S, Yin W-F, et al., Genome sequence of
Streptomyces antioxidans MUSC 164T isolated from mangrove for-
est. Prog Microb Mol Biol 2018; 1(1): a0000001.

Lee L, Isolation, identification and screening of actinobacteria in
volcanic soil of deception island (the Antarctic) for antimicrobial
metabolites. Polish Polar Res 2015.

Law JW-F, Chan K-G, He Y-W, et al., Diversity of Streptomyces
spp. from mangrove forest of Sarawak (Malaysia) and screening of
their antioxidant and cytotoxic activities. Sci Rep 2019; 9(1): 1-15.
Kemung HM, Tan LT-H, Chan K-G, et al., Investigating the antioxi-
dant potential of Streptomyces sp. MUSC 11 from mangrove soil in
Malaysia. Prog Drug Discov Biomed Sci 2019; 2(1): a0000033.
Ser H-L, Chan K-G, Tan W-S, et al., Complete genome of man-
grove-derived anti-MRSA streptomycete, Streptomyces pluripotens
MUSC 135T. Prog Microb Mol Biol 2018; 1(1): a0000004.

Ser H-L, Yin W-F, Chan K-G, ef al., Antioxidant and cytotoxic po-
tentials of Streptomyces gilvigriseus MUSC 26T isolated from man-
grove soil in Malaysia. Prog Microb Mol Biol 2018; 1(1): a0000002.
Ser H-L, Zainal N, Palanisamy UD, et al., Streptomyces gilvigriseus
sp. nov., a novel actinobacterium isolated from mangrove forest soil.
Antonie Van Leeuwenhoek 2015; 107(6): 1369-1378.

Tan LT-H, Chan K-G, Pusparajah P, et al., Mangrove derived Strep-
tomyces sp. MUM265 as a potential source of antioxidant and anti-
colon-cancer agents. BMC Microbiol 2019; 19(1): 38.

Ser H-L, Tan W-S, Ab Mutalib N-S, et al., Genome sequence of
Streptomyces pluripotens MUSC 135T exhibiting antibacterial and
antioxidant activity. Mar Genomics 2015; 24: 281-283.

Law JW-F, Ser H-L, Ab Mutalib N-S, et al., Streptomyces monash-
ensis sp. nov., a novel mangrove soil actinobacterium from East Ma-
laysia with antioxidative potential. Sci Rep 2019; 9(1): 3056.

Tan LT-H, Chan C-K, Chan K-G, et al., Streptomyces sp. MUM256:
A source for apoptosis inducing and cell cycle-arresting bioac-
tive compounds against colon cancer cells. Cancers (Basel) 2019;
11(11): 1742.

Ser HL, Law JW-F, Tan W-S, ef al., Genome sequence of bioac-
tive streptomycete isolated form mangrove forest in East Malaysia,
Streptomyces monashensis MUSC 1J'. Prog Drug Discov Biomed
Sci 2019; 2(1): a0000045.

Ser H-L, Tan W-S, Ab Mutalib N-S, ef al., Draft genome sequence
of mangrove-derived Streptomyces sp. MUSC 125 with antioxidant
potential. Front Microbiol 2016; 7: 1470.

Ser H-L, Tan W-S, Yin W-F, et al., Whole genome sequence of
Streptomyces humi strain MUSC 119T isolated from intertidal soil.
Prog Drug Discov Biomed Sci 2019; 2(1): a0000020.

Lee L-H, Law JW-F, Khan TM, et al., IDDF2019-ABS-0323 Unveil-
ing the anti-colon cancer potential of sarawak mangrove-derived
novel streptomycetes. 2019, BMJ Publishing Group.

Lee L-H, Ser H-L, Ab Mutalib N-S, et al., IDDF2018-ABS-0207
Winning the war against colon cancer: chemo-preventive potential
of novel streptomyces species derived from mangrove forest in ma-
laysia. 2018, BMJ Publishing Group.

Ser H-L, Law JW-F, Chaiyakunapruk N, et al., Fermentation condi-
tions that affect clavulanic acid production in Streptomyces clavu-
ligerus: a systematic review. Front Microbiol 2016; 7: 522.

Lee L-H, Azman A-S, Zainal N, et al., Microbacterium mangrovi sp.
nov., an amylolytic actinobacterium isolated from mangrove forest
soil. Int J Syst Evol Microbiol 2014; 64(10): 3513-3519.

Lee L-H, Azman A-S, Zainal N, et al., Sinomonas humi sp. nov., an
amylolytic actinobacterium isolated from mangrove forest soil. Int J
Syst Evol Microbiol 2015; 65(3): 996-1002.

Lee L-H, Cheah Y-K, Sidik SM, et al., Barrientosiimonas humi gen.
nov., sp. nov., an actinobacterium of the family Dermacoccaceae. Int
J Syst Evol Microbiol 2013; 63(1): 241-248.

Azman A-S, Othman I, Fang C-M, et al., Antibacterial, anticancer
and neuroprotective activities of rare Actinobacteria from mangrove
forest soils. Indian J Microbiol 2017; 57(2): 177-187.

Law JW-F, Ser H-L, Duangjai A, et al., Streptomyces colonosanans
sp. nov., a novel actinobacterium isolated from Malaysia mangrove
soil exhibiting antioxidative activity and cytotoxic potential against
human colon cancer cell lines. Front Microbiol 2017; 8: 877.
Hwang KS, Kim HU, Charusanti P, et al., Systems biology and bio-
technology of Streptomyces species for the production of secondary

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

metabolites. Biotechnol Adv 2014; 32(2): 255-268.

Law JW-F, Tan K-X, Wong SH, et al., Taxonomic and characterization
methods of Streptomyces: a review. Prog Microb Mol Biol 2018; 1(1):
a0000009.

Sanchez S and Demain AL, Metabolic regulation of fermentation pro-
cesses. Enzyme Microb Technol 2002; 31(7): 895-906.

Bode HB, Bethe B, Hofs R, et al., Big effects from small changes: pos-
sible ways to explore nature’s chemical diversity. Chembiochem 2002;
3(7): 619-27.

Letchumanan V, Yin W-F, Lee L-H, et al., Prevalence and antimicrobial
susceptibility of Vibrio parahaemolyticus isolated from retail shrimps
in Malaysia. Front Microbiol 2015; 6: 33.

Letchumanan V, Chan KG, and Lee LH, Vibrio parahaemolyticus: a
review on the pathogenesis, prevalence, and advance molecular identi-
fication techniques. Front Microbiol 2014; 5: 705.

Lee L-H and Raghunath P, Vibrionaceae diversity, multidrug resistance
and management. Front Microbiol 2018; 9: 563.

Letchumanan V, Loo K-Y, Law JW-F, et al., Vibrio parahaemolyticus:
The protagonist of foodborne diseases. Prog Microb Mol Biol 2019;
1(1): a0000029.

Shaw KS, Goldstein RER, He X, et al., Antimicrobial susceptibility of
Vibrio vulnificus and Vibrio parahaemolyticus recovered from recre-
ational and commercial areas of Chesapeake Bay and Maryland Coastal
Bays. PLoS One 2014; 9(2): e89616.

Mala E, Oberoi A, and Alexander VS, Vibrio isolates from cases of
acute diarrhea and their antimicrobial susceptibility pattern in a tertiary
care hospital. Int J Basic Appl Sci 2014; 3(1): 35.

Learn-Han L, Yoke-Kqueen C, Shiran M, et al., Molecular character-
ization and antimicrobial resistance profiling of Salmonella enterica
subsp. enterica isolated from ‘Selom’(Oenanthe stolonifera). Int Food
Res J2009; 16(1): 191-202.

Learn-Han L, Yoke-Kqueen C, Salleh NA, et al., Analysis of Salmo-
nella Agona and Salmonella Weltevreden in Malaysia by PCR finger-
printing and antibiotic resistance profiling. Antonie Van Leeuwenhoek
2008; 94(3): 377.

Letchumanan V, Wong P-C, Goh B-H, et al., A review on the char-
acteristics, taxanomy and prevalence of Listeria monocytogenes. Prog
Microb Mol Biol 2018; 1(1): a0000007.

Lee L-H, Ab Mutalib N-S, Law JW-F, et al., Discovery on antibiotic
resistance patterns of Vibrio parahaemolyticus in Selangor reveals car-
bapenemase producing Vibrio parahaemolyticus in marine and fresh-
water fish. Front Microbiol 2018; 9: 2513.

Tan W-S, Law JW-F, Letchumanan V, et al., Decoding the mystery of
how bacteria “talk”: Among Gram-negative microorganisms. Prog Mi-
crob Mol Biol 2019; 2(1): a0000038.

Letchumanan V, Ser HL, Tan W-S, et al., Genome sequence of Vibrio
sp. SALL 6 isolated from shellfish. Prog Microb Mol Biol 2019; 2(1):
20000044.

Letchumanan V, Ser H-L, Chan K-G, ef al., Genome sequence of Vib-
rio parahaemolyticus VP103 strain isolated from shrimp in Malaysia.
Front Microbiol 2016; 7: 1496.

Letchumanan V, Ser H-L, Tan W-S, et al., Genome sequence of Vibrio
parahaemolyticus VP152 strain isolated from Penaeus indicus in Ma-
laysia. Front Microbiol 2016; 7: 1410.

Law JWEF, Letchumanan V, Chan KG, ef al., Insights into detection and
identification of foodborne pathogens. Food Borne Pathogens and Anti-
biotic Resistance 2016.

Bush K, Courvalin P, Dantas G, et al., Tackling antibiotic resistance.
Nat Rev Microbiol 2011; 9(12): 894-896.

Letchumanan V, Chan K-G, Khan TM, et al., Bile sensing: The activa-
tion of Vibrio parahaemolyticus virulence. Front Microbiol 2017; 8:
728.

Letchumanan V, Chan K-G, and Lee L-H, An insight of traditional plas-
mid curing in Vibrio species. Front Microbiol 2015; 6: 735.

Tan T, Chan K, and Lee L, Application of bacteriophage in biocontrol
of major foodborne bacterial pathogens. J Mol Biol Mol Imaging 2014;
109).

Acharyya S, Patra A, and Bag PK, Evaluation of the antimicrobial ac-
tivity of some medicinal plants against enteric bacteria with particular
reference to multi-drug resistant Vibrio cholerae. Trop J Pharm Res
2009; 8(3).

Tan LTH, Lee LH, Yin WEF, et al., Traditional Uses, Phytochemistry,
and Bioactivities of Cananga odorata (Ylang-Ylang). Evid Based Com-
plement Alternat Med 2015; 2015.

Chan W-K, Tan L, Chan K-G, et al., Nerolidol: a sesquiterpene alco-
hol with multi-faceted pharmacological and biological activities. Mol-
ecules 2016; 21(5): 529.

Tang C, Hoo PC-X, Tan LT-H, et al., Golden needle mushroom: a cu-
linary medicine with evidenced-based biological activities and health
promoting properties. Front Pharmacol 2016; 7: 474.

Ma DS, Tan LT-H, Chan K-G, et al., Resveratrol—potential antibacte-
rial agent against foodborne pathogens. Front Pharmacol 2018; 9: 102.
Kobayashi J and Ishibashi M, Bioactive metabolites of symbiotic ma-
rine microorganisms. Chem Rev 1993; 93(5): 1753-1769.

Dharmaraj S, Marine Streptomyces as a novel source of bioactive sub-
stances. World J Microbiol Biotechnol 2010; 26(12): 2123-2139.

Ser H-L, Tan LT-H, Palanisamy UD, et al., Streptomyces antioxidans
sp. nov., a novel mangrove soil actinobacterium with antioxidative and
neuroprotective potentials. Front Microbiol 2016; 7: 899.

Tan LTH, Mahendra CK, Yow YY, et al., Streptomyces sp. MUM273b:
A mangrove-derived potential source for antioxidant and UVB radia-
tion protectants. MicrobiologyOpen 2019: ¢859.

Tan LT-H, Chan K-G, Khan TM, et al., Streptomyces sp. MUM212 as



Tan LT-H et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

a source of antioxidants with radical scavenging and metal chelating
properties. Front Pharmacol 2017; 8: 276.

Tan LTH, Ser HL, Yin WF, e al., Investigation of antioxidative and
anticancer potentials of Streptomyces sp. MUM256 isolated from Ma-
laysia mangrove soil. Front Microbiol 2015; 6: 1316.

Tan LT-H, Chan K-G, Chan CK, et al., Antioxidative potential of a
Streptomyces sp. MUM292 isolated from mangrove soil. BioMed Res
Int 2018; 2018.

Ser H-L, Tan LT-H, Law JW-F, et al., Focused review: cytotoxic and
antioxidant potentials of mangrove-derived Streptomyces. Front Micro-
biol 2017; 8: 2065.

Mohana S and Radhakrishnan M, Streptomyces sp MA7 isolated from
mangrove rhizosphere sediment effective against Gram negative bacte-
rial pathogens. Int J PharmTech Res 2014; 6(4): 1259-1264.

You J, Xue X, Cao L, ef al., Inhibition of Vibrio biofilm formation by
a marine actinomycete strain A66. Appl Microbiol Biotechnol 2007;
76(5): 1137-1144.

Tan LT-H, Lee L-H, and Goh B-H, The bioprospecting of anti-Vibrio
Streptomyces species: prevalence and applications. Prog Microb Mol
Biol 2019; 1(1): a0000034.

Pandey A, Solid-state fermentation. Biochem Eng J 2003; 13(2): 81—
84.

Holker U, Hofer M, and Lenz J, Biotechnological advantages of labora-
tory-scale solid-state fermentation with fungi. Appl Microbiol Biotech-
nol 2004; 64(2): 175-186.

Yang SS and Ling MY, Tetracycline production with sweet potato
residue by solid state fermentation. Biotechnol Bioeng 1989; 33(8):
1021-1028.

Machado I, Teixeira JA, and Rodriguez-Couto S, Semi-solid-state fer-
mentation: A promising alternative for neomycin production by the ac-
tinomycete Streptomyces fradiae. J Biotechnol 2013; 165(3): 195-200.
Kota KP and Sridhar P, Solid state cultivation of Streptomyces clavu-
ligerus for cephamycin C production. Process Biochem 1999; 34(4):
325-328.

Yang SS and Wang JY, Morphogenesis, ATP content and oxytetracy-
cline production by Streptomyces rimosus in solid substrate cultivation.
J Appl Bacteriol 1996; 80(5): 545-550.

Rateb ME, Houssen WE, Harrison WT, et al., Diverse metabolic pro-
files of a Streptomyces strain isolated from a hyper-arid environment. J
Nat Prod 2011; 74(9): 1965-1971.

Reid KA, Hamilton JT, Bowden RD, ef al., Biosynthesis of fluorinated
secondary metabolites by Streptomyces cattleya. Microbiology 1995;
141 (Pt 6)(6): 1385-1393.

Dharumadurai D, Annamalai P, Nooruddin T, et al., Isolation, charac-
terization of antibacterial methyl substituted B-lactum compound from
Streptomyces noursei DPTD21 in saltpan soil, India. J Biol Act Prod
Nat 2014; 4(2): 71-88.

Mohanraj G and Sekar T, Antagonistic activity of marine Streptomy-
ces sp LCJ94 against the shrimp pathogens. Ann Biol Res 2013; 4(4):
224-2217.

Bonjar GS, Broadspectrim, a novel antibacterial from Streptomyces sp.
Biotechnology (Pakistan) 2004.

Kadiri S, sastry Yarla N, and Vidavalur S, Isolation and identification of
a novel aporphine alkaloid ssv, an antitumor antibiotic from fermented
broth of marine associated streptomyces sp. KS1908. J Mar Sci Res
Dev 2013;2013.

Cho JY and Kim MS, Antibacterial benzaldehydes produced by sea-
weed-derived Streptomyces atrovirens PK288-21. Fisheries Sci 2012;
78(5): 1065-1073.

Li J, Dong JD, Yang J, et al., Detection of polyketide synthase and
nonribosomal peptide synthetase biosynthetic genes from antimicro-
bial coral-associated actinomycetes. Antonie Van Leeuwenhoek 2014;
106(4): 623-635.

Long L, Tian X, LiJ, et al., Marine streptomyces, pyranosesquiterpene
compound, as well as preparation method and applications thereof.
2012, Google Patents.

Meena B, Rajan LA, Vinithkumar NV, et al., Novel marine actinobac-
teria from emerald Andaman & Nicobar Islands: a prospective source
for industrial and pharmaceutical byproducts. BMC Microbiol 2013;
13(1): 145.

Mohanta YK and Behera SK, Biosynthesis, characterization and an-
timicrobial activity of silver nanoparticles by Streptomyces sp. SS2.
Bioprocess Biosyst Eng 2014; 37(11): 2263-2269.

Zheng Z, Zeng W, Huang Y, et al., Detection of antitumor and antimi-
crobial activities in marine organism associated actinomycetes isolated
from the Taiwan Strait, China. FEMS Microbiol Lett 2000; 188(1):
87-91.

Sivaperumal P, Kamala K, Rajaram R, et al., Melanin from marine
Streptomyces sp.(MVCS13) with potential effect against ornamental
fish pathogens of Carassius auratus (Linnaeus, 1758). Biocatal Agric
Biotechnol 2014; 3(4): 134-141.

Sivaperumal P, Kamala K, and Rajaram R, Bioactive DOPA melanin
isolated and characterised from a marine actinobacterium Streptomyces
sp. MVCS6 from Versova coast. Nat Prod Res 2015; 29(22): 2117—
2121.

Dharmaraj S and Sumantha A, Bioactive potential of Streptomyces
associated with marine sponges. World J Microbiol Biotechnol 2009;
25(11): 1971-1979.

Selvakumar D, Arun K, Suguna S, ef al., Bioactive potential of Strepto-
myces against fish and shellfish pathogens. Iran J Microbiol 2010; 2(3):
157-164.

Dharmaraj S, Antagonistic potential of marine actinobacteria against
fish and shellfish pathogens. Turk J Biol 2011; 35(3): 303-311.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Nair AG, Selvakumar D, and Dhevendaran K, Occurrence of
sponges associated Streptomyces and its antimicrobial activity.
World J Fish Mar Sci 2011; 3: 151-158.

Sheeja M, Selvakumar D, and Dhevendaran K, Antagonistic
potential of Streptomyces associated with the gut of marine or-
namental fishes. Middle East J Sci Res 2011; 7(3): 327-334.
Sanchez S, Chavez A, Forero A, et al., Carbon source regula-
tion of antibiotic production. J Antibiot 2010; 63(8): 442-459.
Liu G, Chater KF, Chandra G, et al., Molecular regulation of
antibiotic biosynthesis in Streptomyces. Microbiol Mol Biol
Rev 2013; 77(1): 112-143.

Jonsbu E, McIntyre M, and Nielsen J, The influence of carbon
sources and morphology on nystatin production by Streptomy-
ces noursei. J Biotechnol 2002; 95(2): 133-144.

Demain AL and Inamine E, Biochemistry and regulation of
streptomycin and mannosidostreptomycinase (alpha-D-manno-
sidase) formation. Bacteriol Rev 1970; 34(1): 1-19.

Bhatnagar RK, Doull JL, and Vining LC, Role of the carbon
source in regulating chloramphenicol production by Streptomy-
ces venezuelae: studies in batch and continuous cultures. Can J
Microbiol 1988; 34(11): 1217-1223.

Kominek L, Biosynthesis of novobiocin by Streptomyces nive-
us. Antimicrob Agents Chemother 1972; 1(2): 123-134.

Ikeda H, Kotaki H, Tanaka H, et al., Involvement of glucose ca-
tabolism in avermectin production by Streptomyces avermitilis.
Antimicrob Agents Chemother 1988; 32(2): 282-284.

Dekleva ML and Strohl WR, Biosynthesis of e-rhodomycinone
from glucose by Streptomyces C5 and comparison with inter-
mediary metabolism of other polyketide-producing streptomy-
cetes. Can J Microbiol 1988; 34(11): 1235-1240.

Bruckner R and Titgemeyer F, Carbon catabolite repression in
bacteria: choice of the carbon source and autoregulatory limita-
tion of sugar utilization. FEMS Microbiol Lett 2002; 209(2):
141-148.

Choi D, Choi OY, Shin H-J, et al., Tylosin production by Strep-
tomyces fradiae using raw cornmeal in airlift bioreactor. J Mi-
crobiol Biotechnol 2007; 17(7): 1071-1078.

Vasanthabharathi V, Lakshminarayanan R, and Jayalakshmi S,
Melanin production from marine Streptomyces. Afr J Biotech-
nol 2011; 10(54): 11224-11234.

Chouayekh H and Virolle MJ, The polyphosphate kinase plays
a negative role in the control of antibiotic production in Strep-
tomyces lividans. Mol Microbiol 2002; 43(4): 919-930.
Mendes MV, Tunca S, Anton N, et al., The two-component
phoR-phoP system of Streptomyces natalensis: Inactivation or
deletion of phoP reduces the negative phosphate regulation of
pimaricin biosynthesis. Metab Eng 2007; 9(2): 217-227.

Liras P, Asturias JA, and Martin JF, Phosphate control sequenc-
es involved in transcriptional regulation of antibiotic biosynthe-
sis. Trends Biotechnol 1990; 8(7): 184—189.

Gil JA, Naharro G, Villanueva JR, et al., Characterization and
regulation of p-aminobenzoic acid synthase from Streptomyces
griseus. ] Gen Microbiol 1985; 131(6): 1279-1287.

Muller PJ, Christner A, and Ozegowski JH, Sequential process-
es of phosphate limitation and of phosphate release in strepto-
mycin fermentations. Z Allg Mikrobiol 1983; 23(4): 269-273.
McDowall KJ, Thamchaipenet A, and Hunter IS, Phosphate
control of oxytetracycline production by Streptomyces rimosus
is at the level of transcription from promoters overlapped by
tandem repeats similar to those of the DNA-binding sites of the
OmpR family. J Bacteriol 1999; 181(10): 3025-3032.

Cheng Y, Hauck L, and Demain A, Phosphate, ammonium,
magnesium and iron nutrition of Streptomyces hygroscopicus
with respect to rapamycin biosynthesis. J Ind Microbiol 1995;
14(5): 424-427.

Aharonowitz Y and Demain AL, Influence of inorganic phos-
phate and organic buffers on cephalosporin production by
Streptomyces clavuligerus. Arch Microbiol 1977; 115(2): 169—
173.

Sevcikova B and Kormanec J, Differential production of two
antibiotics of Streptomyces coelicolor A3 (2), actinorhodin and
undecylprodigiosin, upon salt stress conditions. Arch Microbiol
2004; 181(5): 384-389.

Himabindu M, Potumarthi R, and Jetty A, Enhancement of gen-
tamicin production by mutagenesis and non-nutritional stress
conditions in Micromonospora echinospora. Process Biochem
2007; 42(9): 1352-1356.

Barakat KM and Beltagy EA, Bioactive phthalate from ma-
rine Streptomyces ruber EKH2 against virulent fish pathogens.
Egypt J Aquat Res 2015; 41(1): 49-56.

Syvitski RT, Borissow CN, Graham CL, et al., Ring-opening
dynamics of jadomycin A and B and dalomycin T. Org Lett
2006; 8(4): 697-700.

Castillo UF, Strobel GA, Ford EJ, ef al., Munumbicins, wide-
spectrum antibiotics produced by Streptomyces NRRL 30562,
endophytic on Kennedia nigriscans. Microbiology 2002; 148(Pt
9): 2675-2685.

Jayasudha J, Kumar G, Karthik L, et al., Biological control of
vibriosis by antagonistic actinobacteria-an in vitro study. Int J
Agric Technol 2011; 7(2): 271-280.

Thakur D, Bora T, Bordoloi G, et al., Influence of nutrition and
culturing conditions for optimum growth and antimicrobial
metabolite production by Streptomyces sp. 201. J Mycol Med
2009; 19(3): 161-167.

13



14

Critical review of fermentation...

119.

120.

121.

122.

123.

124.

125.

126.

127.

Thirumurugan D and Vijayakumar R, Characterization and
structure elucidation of antibacterial compound of Streptomy-
ces sp. ECR77 isolated from east coast of India. Curr Microbiol
2015; 70(5): 745-755.

Costa CL and Badino AC, Production of clavulanic acid by
Streptomyces clavuligerus in batch cultures without and with
glycerol pulses under different temperature conditions. Bio-
chem Eng J 2012; 69: 1-7.

Guimaraes LM, Furlan RL, Garrido LM, et al., Effect of pH on
the production of the antitumor antibiotic retamycin by Strep-
tomyces olindensis. Biotechnol Appl Biochem 2004; 40(Pt 1):
107-111.

Kontro M, Lignell U, Hirvonen MR, et al., pH effects on 10
Streptomyces spp. growth and sporulation depend on nutrients.
Lett Appl Microbiol 2005; 41(1): 32-38.

Schiigerl K, Extraction of primary and secondary metabolites,
in Technology Transfer in Biotechnology. 2005, Springer. p.
1-48.

Ser H-L, Palanisamy UD, Yin W-F, et al., Presence of antioxi-
dative agent, Pyrrolo [1, 2-a] pyrazine-1, 4-dione, hexahydro-in
newly isolated Streptomyces mangrovisoli sp. nov. Front Mi-
crobiol 2015; 6: 854.

Ser H-L, Palanisamy UD, Yin W-F, et al., Streptomyces malay-
siense sp. nov.: a novel Malaysian mangrove soil actinobacte-
rium with antioxidative activity and cytotoxic potential against
human cancer cell lines. Sci Rep 2016; 6: 24247.

Lee L-H, Zainal N, Azman A-S, et al., Streptomyces pluripo-
tens sp. nov., a bacteriocin-producing streptomycete that inhib-
its meticillin-resistant Staphylococcus aureus. Int J Syst Evol
Microbiol 2014; 64(Pt 9): 3297-3306.

Hayashi M, Unemoto T, Minami-Kakinuma S, ef al., The mode
of action of nanaomycins D and A on a gram-negative marine

128.

129.

130.

131.

132.

133.

134.

135.

136.

bacterium Vibrio alginolyticus. J Antibiot (Tokyo) 1982; 35(8):
1078-1085.

Holmes TC, May AE, Zaleta-Rivera K, et al., Molecular insights
into the biosynthesis of guadinomine: a type III secretion system
inhibitor. J Am Chem Soc 2012; 134(42): 17797-17806.
Maharjan RP and Ferenci T, Global metabolite analysis: The influ-
ence of extraction methodology on metabolome profiles of Esch-
erichia coli. Anal Biochem 2003; 313(1): 145-154.

B’Hymer C, Residual solvent testing: a review of gas-chromato-
graphic and alternative techniques. Pharm Res 2003; 20(3): 337—
344.

Kamihira M, Taniguchi M, and Kobayashi T, Removal of organic
solvent from antibiotics with supercritical carbon dioxide. J Fer-
ment 1987; 65(1): 71-75.

Davies J, How to discover new antibiotics: harvesting the par-
vome. Curr Opin Chem Biol 2011; 15(1): 5-10.

Joana GillIChavez G, Villa JA, Fernando Ayalal |Zavala J, et al.,
Technologies for extraction and production of bioactive com-
pounds to be used as nutraceuticals and food ingredients: an over-
view. Compr Rev Food Sci F 2013; 12(1): 5-23.

Santoyo S, Cavero S, Jaime L, ef al., Chemical composition and
antimicrobial activity of Rosmarinus officinalis L. essential oil ob-
tained via supercritical fluid extraction. J Food Prot 2005; 68(4):
790-795.

Saykhedkar SS and Singhal RS, Supercritical carbon dioxide ex-
traction of griseofulvin from the solid matrix obtained after solid-
state fermentation. Biotechnol Prog 2004; 20(3): 818-824.
Deconinck E, Canfyn M, Sacré P-Y, et al., A validated GC-MS
method for the determination and quantification of residual sol-
vents in counterfeit tablets and capsules. J Pharm Biomed Anal
2012; 70: 64-70.



