Extremophilic Actinobacteria: Microbes to Medicine | Encyclopedia.pub

Extremophilic Actinobacteria: Microbes to
Medicine

Subjects: Biology | Microbiology
Contributor: Learn-Han Lee , Loh Teng-Hern Tan , Vengadesh Letchumanan , Chan Kok Gan , Jodi Woan-Fei Law

Actinobacteria constitute prolific sources of novel and vital bioactive metabolites for pharmaceutical utilization. In
recent years, research has focused on exploring actinobacteria that thrive in extreme conditions to unearth their
beneficial bioactive compounds for natural product drug discovery. Natural products have a significant role in
resolving public health issues such as antibiotic resistance and cancer. The breakthrough of new technologies has
overcome the difficulties in sampling and culturing extremophiles, leading to the outpouring of more studies on
actinobacteria from extreme environments. This review focuses on the diversity and bioactive potentials/medically
relevant biomolecules of extremophilic actinobacteria found from various unique and extreme niches.
Actinobacteria possess an excellent capability to produce various enzymes and secondary metabolites to combat
harsh conditions. In particular, a few strains have displayed substantial antibacterial activity against methicillin-
resistant Staphylococcus aureus (MRSA), shedding light on the development of MRSA-sensitive antibiotics.
Several strains exhibited other prominent bioactivities such as antifungal, anti-HIV, anticancer, and anti-
inflammation. By providing an overview of the recently found extremophilic actinobacteria and their important

metabolites, we hope to enhance the understanding of their potential for the medical world.

extremophile actinobacteria environment bioactivity metabolites

| 1. Introduction

Actinobacteria is a phylum of bacteria that comprises Gram-positive genera with high guanine and cytosine (G + C)
content in their genomes and a few Gram-negative species [H[2, Although actinobacteria are commonly present in
terrestrial and aquatic ecosystems, they have a wide range of habitats, including extreme geographical locations
such as deserts, hot springs, salt lakes, caves, and deep-sea BI4BEIEl |n light of their abundance in such extreme
environments accompanied by their well-known biosynthetic capabilities, scientists are interested in their metabolic
versatility, discovering novel bioactive secondary metabolites, and their extracellular enzymes, which can be

potentially propitious for pharmaceutical development [IEIRILALL]

Furthermore, actinobacteria have astonishing capabilities in adapting contaminated soil and efficiently
decomposing organic materials such as hemicellulose and lignin through the actions of their metabolites 12,
Apparently, these bacteria can be bioindicators to toxic contaminants due to their higher sensitivity in detecting
toxic elements (22!, Their unique tolerance to these contaminants accompanied by their degradation, biostimulation,
and bioaugmentation abilities have enabled them to be great candidates for the bioremediation of heavy metals

and organic pollutants 1415161 Additionally, actinobacteria are incredible producers of agro-active and plant
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growth-promoting (PGP) compounds such as siderophores and indole acetic acid 1118l Actinobacteria have a
major contribution to the agriculture industry whereby numerous strains (either single strains or in consortia) or
their associated compounds have been applied as biofertilizers, biopesticides, and biological control agents 19120
(211221 The utilization of actinobacteria to manage plant diseases and pests that damage agricultural crops is
effective, cost-saving, and eco-friendly, thus, they can substitute and mitigate the use of harmful chemical fertilizers

and pesticides

Actinobacteria can be categorized into two genera, Streptomyces and non-Streptomyces 23], Streptomyces is the
largest genus of Actinobacteria, and these bacteria are predominantly found in soil, but can also be present in
various habitats such as marine/mangrove environments and plants [24l23]126127]  Streptomycetes are unique
filamentous Gram-positive bacteria that produce vegetative hyphae 282930 Apbout 80% of clinically used
antibiotics are derived from actinobacteria, in which a good number of them are isolated from the
genus Streptomyces L9BLB2IB33] Astoundingly, streptomycetes remain as inexhaustible sources of antimicrobials
to date 3433, |n addition, about 17% of known active secondary metabolites are produced by this genus and many
of them are of great medical significance B8IB7ZEEIA For instance, Ivermectin, an antiparasitic agent is derived
from Streptomyces avermitilis for treating lymphatic filariasis, was found to have a potent inhibitory effect on the
growth of the formidable coronavirus disease 2019 (COVID-19) causative virus (SARS-CoV-2) 294l Besides,

streptomycetes are also recognized as producers of antifungal, antitumor/anticancer, antioxidant, and antiviral
agents [421[43](44]

In recent decades, the non-Streptomyces which is known as the rare actinobacteria (e.g., Micromonospora,
Microbacterium, Jishengella, Salinispora, Saccharopolyspora, Sinomonas, Nocardiopsis, etc. 43I[46147][48][49]) hag
piqued the scientists’ interest in discovering new unprecedented bioactive compounds produced by them. On the
premise that extremophilic actinobacteria are a promising potential source of new drugs, we attempt to provide an

overview of their bioprospecting aspects in this review.

| 2. Types of Extremophiles

Extremophiles are organisms that live in extreme habitats. They often have unique survival mechanisms to
withstand harsh conditions such as high temperature, extreme pH, salinity, pressure, and aridity [B251],
Extremophiles can be divided into two broad categories, namely, the extremotolerant and the extremophilic. In
some cases, the scientific community applied the term “extremophilic organism” to exclusively define organisms
requiring one or more extreme growth conditions. In comparison, extremotolerant organisms are those that are
able to tolerate one or more physicochemical parameters 22, Extremophile—the suffix ‘-phile’ originated from the
Greek word ‘philos’, which conveys the meaning of ‘love’ and ‘preference’ of extreme environments B3l Some
examples of different types of extremophiles are listed in the following B4IB3l: (@) thermophile—an organism that
grows best at high temperatures and is commonly found in hot places such as the desert; (b) psychrophile—an
organism that grows best at low temperatures; (c) halophile—an organism that thrives in habitats with high salt
concentrations, such as sea and salt lakes; (d) alkaliphile—an organism that grows best in an alkaline

environment; (e) acidophile—an organism that grows best in an acidic environment; (f) barophile—an organism
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that thrives at high-pressure conditions and is commonly found in deep-sea habitats; and (g) xerophile—an
organism that grows best in an extremely arid area such as the desert. This review aims to collect information on
actinobacteria present in various extreme environments and their potential to produce metabolites with bioactive

properties such as antibacterial, antifungal, anticancer, and many more.

| 3. Actinobacteria in Extreme Environments
3.1 Extremophilic Actinobacteria in Hot Springs

Hot springs are usually formed by magma that heats the rainwater or underground water geothermally near the
active volcanoes B8IE71, They are usually of low salinity (<0.5%) and have a wide range of pH values ranging from
0.5 to 9 B8 Hot springs are for balneotherapy or recreational purposes and are a breeding ground for
extremophilic actinobacteria. A thermophile is a type of extremophile that survives growth optimally at a
temperature of more than 50 °C B2, To prevent the protein from aggregating at high temperatures, they have

special ‘heat shock’ proteins called chaperones responsible for unfolding the denatured protein damaged by heat
[60],

In a study by Liu and colleagues [81], sediments were taken from Tengchong County of Yunnan Province in China.
Fifty-eight actinobacteria isolates were recovered from 10 hot springs distributed among Hehua, Rehai, and
Ruidian, in which two novel genera, Thermoactinospora and Thermocatellispora, were also identified. The
sampling sites’ temperature and pH ranged from 62 °C to 99 °C, and 2.5 to 9.0, respectively. It has been reported
in another study that most of the thermophilic actinobacteria found in the Rehai were able to synthesize
thermostable polymer-degrading enzymes which allow the bacteria to withstand the protein-denaturing temperature
(621 |n particular, one of the strains produced cellulase, B-1,4-endoglucanase (Cel5A), which was highly tolerant to
a high concentration of salt 62 and thus, indicates that the bacteria could be polyextremophilic and have a
halotolerant property. Surprisingly, Liu, et al. 81 found that 53/58 strains were affiliated to 12 genera, namely,
Actinomadura, Micromonospora, Microbispora, Micrococcus, Nocardiopsis, Nonomuraea, Promicromonospora,
Pseudonocardia, Streptomyces, Thermoactinospora, Thermocatellispora, and Verrucosispora, in which several
isolates exhibited antibacterial activities against various common pathogens including Acinetobacter
baumannii, Micrococcus luteus, and Staphylococcus aureus. Furthermore, one strain, Micromonospora YIM 78104,
demonstrated a particular broad antibacterial property. This study suggested a variety of actinobacterial species
that are yet to be explored from hot springs, in which their secondary metabolites may contribute to the

development of new antibiotics.

Gholami, et al. B8 jsolated a novel strain, Kocuria rosea MG2, from the Ab-e-Siah spring in Ramsar City in Iran
with the highest natural radioactivity. Ab-e-Siah spring is a radioactive hypothermal spring with a recorded radon
concentration of 146.5 Bq. I-1 [63, |ts temperature ranged from 28 to 35 °C with a pH value of 6.8 281, In this study,
the MG2 strain was identified as Kocuria rosea by 16S rRNA gene sequencing. Multiple stress tests were carried
out, and the results were captivating. It was found that this strain was polyextremophile and able to survive under

multiple stresses such as high levels of UV-C radiation, hydrogen peroxide, and desiccation. It also exhibited
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maximal growth at pH 9.2. It was suggested that carotenoids played an essential role in the photoprotective
mechanism of the bacteria 8. Carotenoids can absorb maxima at 450 nm, which makes them an effective
antioxidant 4!, This study provides a basis for advanced research on developing antioxidant agents with natural

biomolecules.

Contrary to the traditional views and perceptions, the studies above have proven that in extremophile
actinobacteria from hot springs, it is not necessary to be thermophilic. They may even be polyextremophilic, in
which further investigation is required. Actinobacteria from hot springs can have various mechanisms to combat the
harsh conditions of hot springs. The biometabolites they synthesized could be a potential new source of medicine

such as antibiotics and antioxidants.

3.2 Extremophilic Actinobacteria in Deserts

Deserts cover about one-fifth of the Earth’s surface 83, Deserts are incredibly arid (average annual rainfall less
than 25 cm) (681 and have a wide range of temperatures and weather conditions with low nutrient status, making it
difficult for most organisms to survive 7. Although the general impression of a desert is patches of hot and empty
land, some deserts are cold all year round. They can be classified into four categories: subtropical, cold, coastal,
and semiarid (€8], Though deserts were once thought to be lifeless due to their extreme environments, recent
studies have proven this perception is wrong. A wide range of actinobacteria are cultivatable in these places. To
survive in such a harsh environment, living forms, including bacteria, need to have unique survival mechanisms to
adapt to the extreme environment. Therefore, they tend to produce various interesting secondary metabolites

which assist them in their survival.

Many studies have been carried out to investigate the actinobacteria isolated from deserts and analyze their
bioactive potentials. Abenquines are new bioactive metabolites that Schulz, et al. 82 discovered. Streptomyces sp.
strain DB634 was isolated from the soil taken from Salar de Tara of the Atacama Desert, Chile, which is known to
be one of the driest places on earth with an average annual rainfall of about 15 mm; every one square meter only
receives a depth of 15 mm water each year 9. It also has the highest level of ultraviolet radiation on earth X1, For
lw&b@eﬂﬂ&nlﬂﬁi@cﬂﬁas been compared to that of Mars. In the study, four abenquines (A-D) were then
isolated from the fermentation broth of Streptomyces sp. strain DB634 and found to be structurally related to
U RBEL A AEIROD TS, PLESEIRS MHEYILC PAS EXLECHIAE "R ALS QiR RIHES OHEaeR 0ab ARB,EOQM PHIT R MCERE!
BrofeiES e RN o SHHGaRAVR NP U f0 2P 9aRNGLIROLC R Bh D &SNS L R RCRBIIE H ASTRAARR Br
eSS Ste FHED o o AR RPSRABS, ARILRINSE SR8 Olp LR RIR2EY ED-2RARNLER T dNREG FORMABPHS
2GHpPRaSHY Tl LHsy SR RGRD araatinphactetR [RPFRELh ARRNE QNS SICh LGRS RIDRGE Y6 QMBRHIAG
ﬁ‘%‘i&\%” Qﬁtﬁﬁw&%ﬁ%‘éﬁrg%@m nfb\feliﬁlﬁ%gﬁ%%ry diseases. Besides, inhibition of PDE4 downregulates the
production of cyclic adenosine monophosphate (CAMP), which is the cardinal regulator of both the innate and
adaptive immune response, and it is also capable of suppressing T-cell stimulating cytokines 7431 Therefore,
ﬁ%éw be an alternative therapeutic option for T-cell mediated autoimmune disorders such as celiac
disease and rheumatoid arthritis, although more studies are warranted to understand its pharmaceutical

applications.
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Y aW L, LRI ARARC v LI e, A ER° B A2 LRS- Rt THE Hising oF™
B AT B LA ™ e RS M B MIBIBId 56915 5 a0 53R 1 @ rophile antibioti
that possesses antitumor activity 28!, It exerts its activity by selectively inhibiting the heat shock protein (Hsp90) by
ifteV@pmey Ad-AkBhsP adi@l WhichaneR@sAuntordbINdcARAR, 13 sdigkife FRyIPEgARNC-RRBL 8RS Riads to
the RIBYHIAGHRPRRGIGHS DR ToWBARH LTS REIHEITER JRRYe MG RIS AR&LS A8thidikGedidBint

RAQIRIR, DR SR VeraRCIRNIRLS VYIRS IRe; IRBSRIGEAD, REVS 2NHBINES:HT MR SRS rARU B iCHIfr BERRFE &R M
ChaYUINES B BifEHRoHTLE IV BIRP IHBELIGHErBWEY MEE BRINSETE: G0potsrasr diffusion method.

Chaxamycin D exhibited a selectively high antibacterial activity against methicillin-resistant S. aureus (MRSA) and

Fetr®Si-sthafCaNalidls WKap Ve ARNHEANRNNic: VIRRE: of fessHRad! 121 HORYL BaMARCURSy

exeAL RGN A LR cHG ALinebACieia ANdSEIERUNG Tana0tnig b R MERRIAIE RIOIHEERRes
World J. Microbiol. Biotechnol. 2012, 28, 2125-2137.

and cancer drugs.

5. Qin, S.; Li, W.-J.; Dastager, S.G.; Hozzein, W.N. Actinobacteria in special and extreme habitats:

Talds fe SHGIRGRC AL ALY RERAPERITE RIS RRIE AL O i AAIBBIBIC Tk 6, 7, 1415.

Sampling . Extremophilic Sample S lites.
Site Strain Properties Type Bioactivity Compound IC50 or MIC Reference
Anti-inflammatory
Salar de activity via humah 1C50 S
Tara of recombinant cyclic Abenquines A: ’
the Streptomyces sp. Polyextremophilic Desgrt AMP (CAMP)- Abenquines A 46+0.2 UM: 169] cterium
Atacama DB634 soll specific and D : )
. Abenquines D:
Desert, phosphodiesterase 4.2 +0.3 uM I
Chile (PDE-4B2) Sk
inhibition
Antibacterial han,
Salar de activity against E. MIC
Tara of coli, S. ChaxamveinD E. coliand S. 2
the Streptomyces sp. Polvextremophilic Desert aureus (MRSA and Chaxm ycins aureus: <1.21 76]
Atacama C34 4 P soil MSSA) A—g png/mL
Desert, Antitumor activity IC50 .
Chile —inhibition of N.A. 2 stive
Hsp90
IC50
1 Lentzeoside A cy:
Ata > 100 M,
high- Lentzeoside B
.g > 100 uM,;
LT Lentzeoside C:
location Lentzeasp. HA5  Polyextremophilic Desgrt Inh|p|t|on of HIV- Lentzeosides 21 UM 78]
1 (>5000 soll integrase A-F . )
m) in Lentzeoside D:
Atacama 16 HM;
Desert Lentzeoside E:
21 pM; 47 .
Lentzeoside F
1 > 100 pM

lignocellulosic biomass conversion. Adv. Biotech. Microbiol. 2019, 13, 555874.

13. Madrova, P.; Vetrovsky, T.; Omelka, M.; Grunt, M.; Smutna, Y.; Rapoport, D.; Vach, M.; Baldrian,
P.; Kopecky, J.; Sagova-Mareckova, M. A short-term response of soil microbial communities to
cadmium and organic substrate amendment in long-term contaminated soil by toxic elements.
Front. Microbiol. 2018, 9, 2807.
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1Sampling Strain e Bioactivity Compound  IC50 or MIC Referencedted
Site Properties Type
e 3-143.
1 Antibacterial E C(/)rITI]:L?lS'ZS r (V|)
activity against: pg o
E coli typhimurium, S.
S aureus, P.
S. typhimurium, vulagris, P.
1 SIS, aeruginosa, tion. In
Saudi = VLTS, and E. faecalis:
) Streptomyces sp. Thermotolerant Desert P. aeruginosa, Pyridine-2,5- ] 9] aya
Arabian . ) : : 62.5 pg/mL; K. ’
DA3-7 (proposed) soll E. faecalis, diacetamide .
desert . pneumoniae:
K. pneumoniae 125 pg/mL:
Antifungal activity .
o C. neoformans: . .
1 against: 31.25 IN-vivo
C. albicans mL: C
S. cerevisiae Hg T 7,
albicans and
C. neoformans -
S. cerevisiae:
62.5 pg/mL

18. Anilkumar, R.R.; Edison, L.K.; Pradeep, N. Exploitation of fungi and actinobacteria for sustainable
agriculture. In Microbial Biotechnology; Patra, J.K., Vishnuprasad, C.N., Das, G., Eds.; Springer:
Singapore, 2017; pp. 135-162.

@N%nglhﬂé\t/)\llé_':'; Ser, H.-L.; Khan, T.M.; Chuah, L.-H.; Pusparajah, P.; Chan, K.-G.; Goh, B.-H.; Lee,

L.-H. The potential of Streptomyces as biocontrol agents against the rice blast fungus,

HaMQ@%ﬁ’%Qﬂ%rﬂg é@oﬁt@ﬂ@ﬁ‘é‘é‘ﬁ% %XZ‘%& Eéggltr M(% ‘&PAWn %r%‘rzb%m%ists' interest due to the variety of
2itpr v hene. TaoeaTlowdS apbesited Barageadoms VRavreedRS HimsesadBiocoe diugsbttmsT,
et ahdladisgeuovest prontestish Guresisiesndepiagasidastinotadtenia ol Atesamsmiratve [abies B which
denyigetriadsttiarsy Ntegasaresstiiyo il EOIE! Jermmleq Biepo gollected from a high-altitude location (>5000 m)
where Lentzea sp. H45 was isolated. The compounds |lentzegsides A—F produced by the strain were then tested

21. Jahyakumar J. Streptoml_}/ces_avermltilis as a biopesticide for tp,_gj management of root knot
for inhibitory activity against HIV-1 integrase at different concentrations L2, HIV-17integrase is a vital enzyme for

nematode, Meloidogyne incognita in tomato. Karnataka J. Agric. Sci. 2009, 22, 564-566

completing the HIV vira replicatio% cycle at the post-entry phase ~“and, therefore,’ has been the target for
2zhtidéangral. dNig Qengopmdn; RAWEhE e FEDIuapbroted harigatoviMl ; fugs), BvitbyraZirPrakdg@wif.;and
dol Gy &vir BRhaneasem o grmiviaaier saitiader e innaioreedlingmby@inatora halotelacarived
|C5actineiastenyuns Ghdaanigihaetpebalophytocolackd BVEY hiBleisataigds 0B, anoastElihalophyde that
lenRPéaitdSall, 2f) Ehddd 2xBB-a3@dre potent inhibitory activity, whereas lentzeoside A, B, and F demonstrate a
P4ORIIB nGibiion SRet-P0 X EEGRSR, KoMHISEK L BN AIRF QSIS G R & STURRET 47 S oitod
prOSLrJSEJIfL% |8Hr rtcr)or\r'lirraértgeé%%obacteria by whole-genome sequencing and guided MS/MS analysis.

_Front. Mi@pbiol. 2020, 11, 1540. . _ L . :
Nithya, et al. evaluated the antimicrobial activity of 134 actinobacterial isolates collected from the Saudi Arabian

2desbnantiang edolivaragdosaiiHyl abbeneganant & Rrépandess, §.; DNBarwmadnsab &Y 2N araegs@ium
ant&gdhide ieead uatienidosagiinohasse alud AcHsercteras Basigmasyl Biatagloobegicaldpp)igaiicnsia
pndiniaghidiep@ntdrieicausraadtais2@36herichia coli, Proteus vulgaris, and Salmonella typhimurium; as well as
75 1%w, PR ; AU jan BRI RitEali B RI2E Wong"S. HAESOR WYELS LB BV IHPA relield ol <eY

that Streptomyces,sp. DA3-7 cauld be a thermotolerant hacterium as it was ahle to tglerate maxima at 40 °C. It has
manBrové actnﬁ)ogac?'terlﬁ acilversny: Iﬂlle rolres [0) s%repfp)myces an noveq species |scovery.q3rog.

. : : : oc [81][82]
be%i%?&%’élgn@fjolt.héti 6Pe§r8?_6),l ?réb%%l}ef achieve optimal growth at 40 °C . Furthermore, the extract
also displayed cytotoxic activity against the MCF-7 breast adenocarcinoma cell line (IC50 = 85 ug/mL). The active
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26nhy@eind, - blyritliaes2 b \Materdtfide, Wad.isQlh@d, karGthAloriviiat @ik abt, - &np GohaBfednd DR 2ADTCOVABES of
pyria8i232\ Srviedintanihie Ante Gel dowEstrcrin3oke rtitlaot] Saravakmdas givotre3DeA vy edhilpyElble 1), which is
lowSitréptonthateté she uitaihe) GBerddeik4drugs ketoconazole (50 pg/mL) and streptomycin (10 pg/disc),

spectively (791 _ _ _ _ _
27 Keming, H.M.; Tan, L.T.-H.; Chan, K.-G.; Ser, H.-L.; Law, J.W.-F.; Lee, L.-H.; Goh, B.-H.
3 4 LG A SR iR 5a M Sadgapanorove forest sof in laysia
BioMed Res. Int. 2020, 2020, 6402607.
2B1eBRNNE. Ereaies cqmpuonhainoyA\Iems @ik 92RIAI9CaBN SRRHGS AN EHEREAMN S IV {peps g HIF, FeepBea
remainaNigTRUSo RERANST MOSEXB B VAFt Plie e i HBRFPIIREIGRE AHY RpmaLitiaricp R Asesh has
beq SHRA1RRI e rEcP S eIErAPASS e eMRSEAES, 209 7Usiopsos! the deep-sea vary depending on the

area. Nevertheless, in such an extreme environment where the pressure is immense, and no light can penetrate,
2Bt gbohe &P Rhcken AN ARIYE S N 8SGR8n Strdted FARSRE V2 ¢ SpARE) Banker: 2B e
on Bedb-sb8 GchindBaEEHCARIQE FOnAIieRs Rk Al Ay an G RCIIR AE S QL iRy SPRAMCES the
bre Sl R e D PR G TR Cor e VIS & BBk ISRl AP Sight. 522
30. Tan, L.T.-H.; Chan, K.-G.; Chan, C.K.; Khan, T.M.; Lee, L.-H.; Goh, B.-H. Antioxidative potential of

EightennopRsing Asingbapieimysssdariisd oM ReanGHel e Lale Eot/RRIRRICTTRS. IDgidés Gagyon. Spain.
Sampleg gye collected at a depth of 1500 to 4700 m. As determined by 16S rRNA sequencing, they mostly
belonged to the genus Streptomyces, and the remaining were Pseudonocardia, Micromonospora,
3did-Aeei¥nEramgieHchmRMutalin. Mg %9&5%6%%& DP9k, Ay K03, Ir!e\ﬂa_, GRS Girtine,
andel-(l)eT Pl'é',"a' r%L?rﬁar'r co c')nS {lﬁpotro (r:rel}f(f%%,rvv%péa % _s%npsallrsri_é 'orl]J(t).VTh% ggt\(gt!:t[sngp reoglveossqlrlains Streptomyces
cyaRSERRRACIE NI Fr oy RATL MY R M BRI BN PRI AL Al R e %P Riid Ein more so,
3nth eextiactd. Rzt aljINachemaveA afler EgL®.-KL ; KbOMuBdib, StreptoNiyeegy xBmerensjskKME86 and S.
cyageaipsoatys &L pluripstatsy sible tv.pradret Grileine peo dusingp streptioah e teedat felibitereae ticillinand
brepstistamestaigiteo et anetabolite. Dreiisy Evalysticebioived20at, 64e8200mB30BIs, cosmomycin,
daunomycin, and Raltamycin which possess antitumor activity, were detected in the ethyl acetate extract of S.
33. Hopwood, D.A. Sﬁptom ces In Nature and Medicine: The Antibiotic Makers; Oxford University
cyaneofuscatus M192 [£81"Besides ant|7b|ot|c assays with ethyl acetate extracts from different strains also showed

Press: New York, NY, USA, 2007. _ . o _
potent antibacterial activity against a wide range of pathogens and fungi such as Gram-negative Escherichia coli,

Iickargyaskilutdvs, Madns doaciokicles yitbravitibactevial andier awdifisnorlcasitivityspoad. RinbghRe1M194

andL &tréftbmyces halstedii M204, showed a moderate antifungal effect on S. cerevisiae €. Notably, only the

B Reh, §.-RPLRAVESAYS SHRIHGS COBRMEIMAIE -FEIWHG, e ARSI RiGHRRERRSAM
tubgie' WP SRR LA RELIRAS I GRS R e REpHSh 98RhANA L R GhLY R AN O AR
patHQgFgBoﬁgsc_ylgpé??(igoqg?c& ggalgétll\fl’eg% ?BG}_H%T_MB cancer cells (Table 2). In short, this study presented a

preliminary finding that marine actinobacteria can be a great potential source of antifungal and anticancer agents

3GinElaHMrdBEAdarh EIEHRRCR IR B WoRHES FeBRGHEh RS USRIFIMEER SRAAMIARY: MRS Ve
biodUeRROPen: London, UK, 2018; pp. 99-122.

37. Kemung, H.M.; Tan, L.T.-H.; Char), K.-G.; Ser, H.-L.; Law, J.W.-F.; Lee, L.-H.; Goh, B.-H.
Taﬁ%s@i'ﬁﬁ%"énfﬁéaafﬂﬂ8§?&5eﬁ%8t{é'ﬂﬁaﬂ§8lﬁ§ﬁgﬁf8Wc%esegﬁeﬁl%@irﬁ%’m mangrove soil in
Malaysia. Prog. Drug Discov. Biomed. Sci. 2019, 2, a0000033.
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ESampllng Actinobacteria Strain

Site

Streptomyces
cyaneofuscatus

(98]

Micromonospora
tulbaghiae

4 Streptomyces
carnosus

Streptomyces

carnosus

Avilés
Canyon in
Asturias,

4  Spain

Streptomyces
sulfureus

Myceligenerans
cantabricum

Micromonospora
aurantiaca

Streptomyces
cyaneofuscatus

Streptomyces
albidoflavus

4 Streptomyces
cyaneofuscatus

Pseudonocardia
carboxydivorans

Pseudonocardia

M-
169
and

M-
185

M-

194

207

220

231

193

235

157

and

190

179

192

227

Extremophilic

Properties

Halotolerant,
psychrotolerant,
and
barotolerant

Sample
Type

Coral

Coral

Coral

Polychaete

Decapod

Starfish

Ofijuroid

Coral

Polychaete

Actinia

Sea water

Seawater

Bioactivity

Antibiotic activity (>2
pathogens); moderate
cytotoxic activity against
Hela and HCT 116 cells

Ethyl
acetate
extract

Antibiotic activity
against M.
luteus and Escherichia
coli only; moderate
cytotoxic activity against
HelLa and HCT 116 cells

Antibiotic activity
against M.
luteus and Streptococcus
pneumoniae only;
moderate cytotoxic
activity against HeLa and
HCT116 cells

Antibiotic activity (>2
pathogens); strong
cytotoxic activity (>50%)
against HeLa and HCT
116 cells

Antibiotic activity
against M. luteus only;

Extract Compound

IC50 or

MIC Reference, P. ,

N.A.

es.

593.

N.A. 2 (8]

w

10l.

oXic
. Prog.

Indian

umi

sp. nov., an amylolytic actinobacterium isolated from mangrove forest soil. Int. J. Syst. Evol.
Microbiol. 2015, 65, 996—-1002.

48. Lee, L.-H.; Azman, A.-S.; Zainal, N.; Eng, S.-K.; Ab Mutalib, N.-S.; Yin, W.-F,; Chan, K.-G.
Microbacterium mangrovi sp. nov., an amylolytic actinobacterium isolated from mangrove forest
soil. Int. J. Syst. Evol. Microbiol. 2014, 64, 3513-3519.

49. Xie, Q.-Y.; Wang, C.; Wang, R.; Qu, Z.; Lin, H.-P.; Goodfellow, M.; Hong, K. Jishengella
endophytica gen. nov., sp. nov., a new member of the family Micromonosporaceae. Int. J. Syst.
Evol. Microbiol. 2011, 61, 1153-1159.

50. Kohli, I.; Joshi, N.C.; Mohapatra, S.; Varma, A. Extremophile—an adaptive strategy for extreme
conditions and applications. Curr. Genom. 2020, 21, 96-110.
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5 Sargi%l;ng Actinobacteria Strain E)g:gm::i)i::lc S.?.;;:)F:e Bioactivity Extract Compound Ic'a?cor Referencelne”I,
carboxydivorans 228 moderate cytotoxic
activity against HeLa
Mlcromonosppra M- Ofiuroid
saelicesensis 237
8 ne Environments
Antibiotic activity
E against Neisseria 01.
Streptomyces M- Sponge gonorrhoeae only; strong
c setonii 178 cytotoxic activity (>50%) L
~ against HeLa and HCT |"a,
116 cells
rrmany,
Antimicrobial activity
against Clostridium
Streptomyces M- o perfringe.ns an‘d Candida
c halstedii 204 Ofiuroid krus_tal onl_y,A strong
™~ cytotoxic activity (>50%)
against HeLa and
HCT116 cells
[ Strong cytotoxic activity
Y Sxt:nﬁteonn;ﬁie: 1’\26 Coral (>50%) against Hela
and HCT 116 cells
Myceligenerans M- .l\/l_oderat_e SR
B cantabricum Tl Coral activity against HeLa and 19, 19,
HCT 116 cells
HBOI
collection
5 (from Gulf
: MIC
of Mexico, c
E C;er:‘)ﬁa;n Streptomyces sp.  R818 Halophilic Sponge alzr:ilrz:?%:a.ll:llgﬂzvags N.A. Uraucglmycm albicans:
east coast pgzlfnL o
€ of the &g f
United
States)
C.
. ) - Ethyl e
- - Antibacterial activity difficile:
Salinispora sp. M864 Halophilic Sponge against C. difficile acetate N.A. 0.125
extract .
€ Ll sity of

culturable thermophilic actinobacteria in hot springs in Tengchong, China and studies of their
biosynthetic gene profiles. Microb. Ecol. 2016, 72, 150-162.

62. Hedlund, B.P.; Cole, J.K.; Williams, A.J.; Hou, W.; Zhou, E.; Li, W.; Dong, H. A review of the
microbiology of the Rehai geothermal field in Tengchong, Yunnan Province, China. Geosci. Front.
2012, 3, 273-288.

63. Dabbagh, R.; Ghafourian, H.; Baghvand, A.; Nabi, G.; Riahi, H.; Nakhli, A. Discovery of the
second highest level of radioactive mineral spring in Iran. J. Radioanal. Nucl. Chem. 2006, 269,
91-94.

64. Stahl, W.; Sies, H. Antioxidant activity of carotenoids. Mol. Asp. Med. 2003, 24, 345-351.

65. Varma, S.; Shah, V.; Banerjee, B.; Buddhiraju, K.M. Change detection of desert sand dunes: A

a N(r)?[arlvgcltlgagp5|ng approach. Adv. Remote Sens. 2014, 3, 10.

66. Australian Bureau of Statistics. Year Book Australia, 1992 No. 75; Australian Bureau of Statistics:
Canberra, Australia, 2003. Available online: (accessed on 3 March 2021).

https://encyclopedia.pub/entry/10930 9/14



Extremophilic Actinobacteria: Microbes to Medicine | Encyclopedia.pub

Bdndvipkihdiatngaaeive. hpidablecd eyf A tiBolatigids Bre Frdssard gleatRanmoadf held. dgeavertheless, the
apf\itiatiobiat elislagy didotldesent eidapisicraystiem stitktd MS the ctadsio keRienn s20fbb nBdariges? gdaduction.
Fact trati ti f f the elicit I dinal ta_determine. th

68 1 8gan R &RsE2"E f?n[;_%%'é’é‘; and disfriBldon of deserts. it Besert Biofogy: bECial “TopIcS Of the

ti f th tabolit . X t.al. ! luated fift tin teri i Iti S t
ProgiSien S AP BRASSILAT AspéttsBrhna BB ALIRTNE AL RIS SHUN LR, fergysen
var'@uF sites wherez_ll_h%gepths ranged from 150 fsw to 2790 fsw. Nineteen of the isolates belonged to the

olume 1, pp. 21-50.
genus Streptomyces while the others were rare actinobacteria. Notably, 27 strains showed positive antimicrobial

6296/ WReldbyBRe gy 6NSBHRHs Rastahaicbed by the@fefoHarltriatetriordeiatis) [ Menaviass
of tRerPWRFBIRASHIRRAS ¢RI MSIMERREL ILIFESt Ny SEECRI ORBICES ERe 815 RIBIEMB Bt uHg A TIIObf 281 4ymL)
ancﬁéyr*z@@;rgeﬁﬁantimycin—like metabolite, urauchimycin D, only when LaCI3 was used as the elicitor. Until now,

7TOCHUIARZEET. OMUREP Y CABIRING . e IZ%ﬂéi,”é.E'T,e'iﬂBMnf%n?A.éﬁiqq?léWF?fipﬂy(%s, \Rigsesiagly, the
antipgsiegi YIS S9RIAtoRs HTIRHIAMARIGRRS ySoANsperAMEsCRlEr BBCleIDBRATOR BEPHCIS. It
exqf‘tgg_it}g\ﬁﬁ@gt_ymwrlw Nedpe(8:335 pginly doyptimes less than that of metronidazole and vancomycin (0.5

ug/mL) B2 Herein, a pertinent elicitor is essential for obtaining the desired bioactivity effectively. The significant

7&10:’;1\': Vao-G st%lggs gr‘é sRuarhr}%/ﬁZIédA“;] Ma%ll'éla.’ P.; Bagaley, D.R.; Hollen, B.J.; de la Rosa, J.; Small,

A.M.; Quinn, R.C.; Grunthaner, F.J.; Caceres, L. Mars-like soils in the Atacama Desert, Chile, and
3.4 EXtrémophilic RetiNebacteFaa Salres 1018-1021.

72. Dandawate, P.; Vyas, A.; Padhye, S.; Singh, M.; Baruah, J. Perspectives on medicinal properties
Ther? is an abounding number of caves on earth, an th?] most comman tyEes are the limestone, calcareous, and
of benzoqyinone compounds. Mini Rev. Med. Chem. 2010, 10, 436-454. ,

basaltic caves 24!, Depending on the types of caves, the processes of formation range widely. For instance, stone

Taomatsimtfed Lgeerdsidiyaiad, Wathdhg) dder Jam@nkl .ot@eas B Xwhird. lif@Ridae Kdledarbifelmed by
natUndliBtio e SiHgAResttpRseSs esointarpatiaut i uiNaeRasing eXeEe SetoR hidh & \dsitiittinagedation
of @bbEutdNiE2l Commun. 2013, 4, 1684.

74. Bielekova, B.; Lincoln, A.; McFarland, H.; Martin, R. Therapeutic potential of phosphodiesterase-4

Moonmilk has_long been regarded as a medication. From the 16th to 19th centuries, moonmilk_was used as a
and-3 inhibitors in Th1-mediated autoimmune diseases. J. Immunol. 2000, 164, 1117-1124.

medication to treat calcinosis and cardialgia, according to swiss naturalist Conrad Gesner (1516—1555) 22!, Though

7ot kdmado il dgBinarAdibin KilbiNes @rtdigh, AcBiity hasphediesiaraseidetasggiess thaalsnestsu as
backHeimspeagldiseanemyBdits, Medi, 20dAidak Ptmarkedly high density 221981, Forty isolates were obtained

o AREL NI LR 8 RPE K YGRS FARRRRRR!Th: SRR A P RIAIRSBRC . Fo @i hese
SOlgiS B ASSFRANIIRIE BRI EAYRSHRCT ACHERR 5o i SUERA S Sa MR TR
Nogy KA RESER S AARSHTREELEES 5 HrRoBBIES, Prer ofevple unave sunival stitegies that

allow them to dwell in the moonmilk cave exclusively 22, This characteristic is evidenced by the highly territory-

7Jelé19§ée$@hl&\'ri3q}?%§gela%é.Q—iétﬁfﬁgr?ce',: '5%05\‘5}1@%0%&@'91%&6'3 c’ﬁltd@%ﬁgerbﬁérsﬁ%‘%cond round of
inoLARRAUFHGR: Pt e RSPIRIBNIDIRY L4ielyIaiing-LhsHrmespRO@BIoANA TGRSR substances
emgxg?édaﬂﬁtﬁ&q,ag%mﬁiﬁn %ﬂﬁﬁ{sﬁ?%m’sﬁﬁteﬁgog’dbdpqgﬁby organisms dwelling in an oligotrophic

WW@FT\Q@F,%]:; Taasntparieiasqaivijy. of, tha deapies WaR .?‘&'HP}tAC."I‘.’E%@érﬁEQS&NF egomgtansvyarall, the
iso'@%pé@}"ﬁﬂ; ¥ 9reRpofeatelphiviteTy | 861kiRY rﬁ&ﬁﬂ%rﬁi’#ﬂ\ﬁqsiﬁﬁéd%@é rb?cthmy BfaeheLsetigeBastgra.
Amﬁ%rﬁéﬂﬁféﬁﬁﬁo%ﬁﬂ[@ﬁ?béaaé‘b.aﬂmpa@f&i’ﬁ 1SeNRelataRsg éﬂﬁiWHﬁhﬁHé@‘ﬂﬁ@b@ﬁ@@é@@W@@ﬂ?y
<0.90Alireshilped7 thep e phgst antibacterial activities against both Gram-positive and Gram-negative
microbes (E. coli, P. aeruginosa, Citrobacter freundii, K. pneumoniae, Bacillus subtilis, S. aureus, and M. luteus)

under all culture conditions 2 (Table 3). This finding rekindles the hope of researchers to search for novel
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TéntiNidhys, fromMaxtrerkophaes G, Bisyuas nBhealheidowe NS . siKad aikinpniaolates Kbelgdward.lost during the
purbtwioagekesan jDhOBse st @btitobactetsaasta wouicthaf broaotive canmpxiendshprosifetigrowtitiaators
to ispeatd eitpbasgathPyridine-2, 5-diacetamide a new pyridine alkaloid produced by

Streptomyces sp. DA3-7. Microbiol. Res. 2018, 207, 116-133.

Table 3. Summary of bioactivity of actinobacterial strains isolated from caves.
80. Smith, S.J.; Zhao, X.Z.; Burke, T.R.; Hughes, S.H. HIV-1 integrase inhibitors that are broadly

Sampling Site  Actinobacteria Strain S_z;t_)r;;)r;le Bioactivity Reference’
€ Antibacterial activit post,
. ntibacterial activity
Amycolatopsis sp. MMun171 against E. coli, P.
aeruginosa, C. freundii, K. 159.
Moonmilk ’ ' 7] ogy of
Collemboles,
e MMun141 S antoulaty aganet B,
& Streptomyces sp. MMun146 subtilis, S. aureus, and M. V.A,;
MMun156 ’ | ’
ST ocean
Shuanghe Karst
Cave, Guizhou Streptomyces S142 Bat T o8]
. . badius guano Antimicrobial activity dt
province, China . ) ea 1o
against E. coli, S. )
Actinoplanes aureus, B. cinerea nisms.
b s761 Rock soil

friuliensis

85. Dalmaso, G.Z.L.; Ferreira, D.; Vermelho, A.B. Marine extremophiles: A source of hydrolases for

biotechnological applications. Mar. Drugs 2015, 13, 1925-1965.
A wide diversity of taxonomy, including some rare taxa, were isolated from the Shuanghe Karst Cave in Guizhou

8 oMRLAS BRI ZERIBR 1y QLRGSR AL RIAR BrfT e RAIBEIRR T dr HRIR 1der; KGR RANRZ a2 1Rl By
the ol Wikt PEAHGRsToné GYRurk Ll B DARE!BY SRLPAIRRIR), AN YIRgeOGlisail, AYFLRR: habitat
beAGUORRAGHAI RIS RIALGY FAMLHERRISE B AR FROSY ATl LR AU SRR G SRR A MG ota
of &%E\P&a&és&%b"% 2%%%6?951an %’g%ﬁgr_a?’lﬁ%vhich most of them were Streptomyces (52%), followed

8. Attigprianee 130X . NoiandioiEes Zhgagyve A ritiedasecelstivitg sfqyialente MiciamptesppraHetic dhalvgre
invéstisatadimniangnaha biEinTermnticisrobmhtetriverf these Jei@es srasscpgened, and 16 out of 45 isolates

showed inhibitolql activity against at least one of the tested pathogens E. coli, S aureus, and Botrytis_cinerea.
88. Zhan%, G.-N.; Ashby, C.R.; Zhang, Y.-K.; Chen, Z.-S.; Guo, H. The reversal of antinegplastic drug
Besides, Streptomyces badius S142 and 'Actinoplanes friuliensis S761 displayed the strongest activity against all
resistance in cancer cells by E-elemene. Chin. J. Cancer 2015, 34, 45, _ _
pathogens. This result is in line with a previous study in which an amphomycin-like new lipopeptide compound,

SBunicis, Hatvel.froin @.;fliaiensd ;démonBiraBarsetinidnde; dmanmodycivinCbern dgaiu nditidvieasibynt
strdhd. [Bidprospegfingsieeprdes kaiinekaaigiriadana il antriiieotivaraaktiaaaeicis. fant. and the
bioAdt®biwhpd0dds Brofdided by these extremophiles in these particular niches do offer a promising means to

Q%PNFam? ﬁwgi%ﬁ@sésﬁﬂ?fl\%iﬂ%iotic and biotic elicitors—role in secondary metabolites production

hrough in vitro culture Qf medicinal.plants, In Abiqtic and Biotic Stress in Plants-Recent Advances
3.§. Ex?remon%ﬁlc \ctinoba Perl_% 1q] ?Sarl‘tALaci(es
and Future Perspectives; InTech: Rijeka, Croatia, 2016; pp. 247-277.
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RalOaiken ate ldneGe tdngniub nidedmsan h&ue Ideliyn GPintsoest \biGgidniReiratdcdnCredtepinsalt flat is the
basi¥/ilefotheMol-hn&Zibini cdl saiaddices gUide Bake S1fon<Cilestigi dvomditfidlearifectiasn whaduksa@érafoupadapadys
prethgtsaiety doinb eakhealrebepideididlogshef Aneerida (BEEAR@Ndte ndectious diseases aueiety dfe
landsamrécthl DS£9lvésfaet. sGlopteoldiasp apidekeidd. fA01€) B892 48tkerddimgly, they display a broad diversity

3. RS ARI 12 PSS KPSl BYGEALIBY BE0S A view GRS SR £8Ut oL ihergges
thegﬁgrnposition of ecosystems varies greatly. Given their high saturation of ions, microbial dwellers often develop

unique strategies to cope with extreme conditions.
93. Gillieson, D. Caves: Processes, Development and Management; John Wiley & Sons: Hoboken,

GehddallySthe 2@QBtance mechanism and DNA-repair system of extremophilic bacteria in the salt lake were
TR A BORTBEDs 8ot i AISHE ELURIRIGRRSITURR 15 ASegbReipg enys yao obtained fom
the high-altitude Andean lakes (HAAL), Puna Desert. HAALSs is a collection of salt lakes located at the Dry Central
9% deelighise ByviEMRISBICRe IRy RgH. RYSMEeRNERE B b4 YW RO MAIEI RXliRy CANltyp Axtreme
tenpledurvailaple,Antive: {ReCrsrAE PRoB MAsh 0% of the extremophiles might be due to a particular
HENNALRIEHROM CIndralfll 8. SREfeieRs RS ARRIRY S TRINOBAIPIE. A HrRaIALR, VN dBRAfL SR, fesions
in GigARkEHABDRIBRXIEIFING CiEBh{GER, IchRukagiRedtd) mepisiniBhPie el strelSioRR e wiich are
conpmoRly, AapaaRR Rﬁ(rﬁi%?iéh(‘iﬂl%?ﬁi%ﬁ%oﬁéwbw,Véé‘ﬂ £4 84 2% revealed a rich diversity of actinobacteria

(Actinomycetes, Bifidobacterium, Corynf:ba,cterium, etc.) present in the sediments of two salt lakes, Qaidam Lake

i O L MEC IS Ko Men A Ao MR UNELn b PRPBIELS: ek SR ic eic RAHAULR requires
¢ ﬁigali S. Isolation, characterization, and antibacterial activity of hard-to-culture actinobacteria
urthef investigation.

from cave moonmilk deposits. Antibiotics 2018, 7, 28.

98, PO SHARYNSRIWNRTE ZWHIENSS; RS, BSRHORS 8reAREHEBaLtBAAP BN PALNRY AP LG aRHRI AR
SeCQBHRYYCIRIREA SR BRCANR AL SPERERT A PUAE RS SYYRY T ATeRSioN Bidtetiitopobfg Lgsare
storpiguses of potential sources of antibiotics. The extremophilic profile and antimicrobial activity of actinobacteria
in HAAL are ipvest_igated in a study conducted by Ras'uk, et al. (2031, Fifty-one isolates were from various lakes of

IOnRAL AR AR T R LA or e foroRiN feVRIPe Rrirb o2l 2Bl RITHRIRN Sl dAbRcterium,
Citﬁ%%%g,em%gﬁlfﬁg}/' Wﬂ%r&ﬁf&@ﬁ&ﬂlz’ ﬁi’c%c]ﬂéc?%, Micromonospora,  Nesterenkonia,

108hpdagopcud/itiamesliFaD. Keestemdeegedlogy anty sdmmmphiiogyoperieswieye cyahntedbRies|ts
showed) Irat2eli 351 isolates demonstrated high resistance to UVB radiation. Furthermore, several
isolates were able to tolerate and grow in an extremely high j)H value of 12, indi<:atin|\9I that they are incredibly
101. Vertesy, L.; Ehlers, E.; Kogler, H.; Kurz, M.; Melwes, J.; Seibert, G.; Vogel, M.; Hammann, P.
alkaliphilic., Regarding thejr halotolerant property, all strains could tolerate 5% NaCl, but only 21 of the isolates
FriulimicinS: Novel Lipopeptide Antibiotics with Peptidoglycan Synthesis Inhibiting Activity from
were able to tolerate up to 25% NaCl. The antagonistic activifles were studied against S. aureus, E. coli,
Actinoplanes friuliensis sp. nov. J. Antibiot. 2000, 53, 816—827. . _
Bacillus sp., E. faecalis, and two fungi species (Rhodotorula sp.). The data showed that all isolates displayed

10zhtEgoriieticBaktivisreafaipalt dakadnisiehiolpayiAtbisiodinad oey peskve), latiglybeialimndids, 2divitP-was

reld#®ely common among extremophiles in salt lakes such as HAALs. Especially, those

10%. PURR WA CRbIMIEIEE5 Ot LRIt Rk BEY BUTEERSF IS G2 362 $APAYG P! Producing cytotoxic compounds

against other organisms.
104. Albarracin, V.H.; Pathak, G.P.; Douki, T.; Cadet, J.; Borsarelli, C.D.; Gartner, W.; Farias, M.E.

TabtesNaRhdig SuRRINAC IR RstirIDackeR figihalttuded alassardrantinean Puna: Remarkable
UV-B resistance and efficient DNA damage repair. Orig. Life Evol. Biosph. 2012, 42, 201-221.
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Sample

Sampling
Type

1C Site Actinobacteria Bioactivity Reference ant

Laguna
Diamante, :
Antofalla,

Laguna
Santa Soil, Antibacterial activity

Maria, stromatolite, against E.
Laguna Actinobacterial strains of 11 sediment coli Bacillus. E
g genera Streptomyces, Micrococcus, Microbacterium, Nesterenkonia, Kocuria, Rhodococcus, Arthrobacter, Micromonospora, Blastococcus, Brevibacterium, ; i L 205)
Socomp, water, and faecalis, S. aureus,

1C Tolar CILIETETR flamingo and Rhodotorula sp. duced
Grande, feces (at least 1)
and
Salina
Grande,
Argentina

10/. wWu, J.; Peng, £.; Guan, 1.-W.; Yang, H.; lian, X. Diversity of actinobacteria in sediments ot
Qaidam Lake and Qinghai Lake, China. Arch. Microbiol. 2021, 1-11.

108. Mohammadipanah, F.; Wink, J. Actinobacteria from arid and desert habitats: Diversity and
biological activity. Front. Microbiol. 2016, 6, 1541.

109. Crits-Christoph, A.; Robinson, C.K.; Barnum, T.; Fricke, W.F.; Davila, A.F.; Jedynak, B.; McKay,
C.P.; DiRuggiero, J. Colonization patterns of soil microbial communities in the Atacama Desert.

Microbiome 2013, 1, 28.
Undoubtedly, salt lakes are a cradle for polyextremophiles and hold great potential for pharmaceutical applications.

Lifh&EhenspictdionrGhinglofh AsARSraRarhy- USIreasM: aRiiBkRBH JbaNAGARIBHGRGENRY. Ofhe LV-
resRBFELI S PRI TN JRG RASESREH M B GRIM Y RdaB R ERMRMISAPIN BSerore,
shotftPfe fbfndPifvadRated.

111. Zeng, Q.; Huang, H.; Zhu, J.; Fang, Z.; Sun, Q.; Bao, S. A new nematicidal compound produced
I A4y DEsoussieppariseolus HA10002. Antonie Van Leeuwenhoek 2013, 103, 1107-1111.

112. Zhang, W.; Wei, S.; Zhang, J.; Wu, W. Antibacterjal activity composition of the fermentation broth
Based on the different extreme~environments discussed in this review, deserts and the deep sea are the most

of Stregto,mxces djakartensis NW35, Molecules 2013, 18, 2763-2768., _ o _
favorable environments for the isolation of bioactive actinobacteria. Compounds with potential applications in
113 eHicimaiiaPeSDedfuyiar@gdfroMandsal tvb Gap g cmath th&Sre Ao Rhighhad Mg Biburizsre ctinigeoé sablitats.
Actiotiepieny nes aadnisdioassayngaidedssplatoninbnaiciebialle rareritas xie witbtaoiuagaphylum (72
to gawperties Aladdyeabdvted1Z0 I8mA8 Gredien suggested that actinobacteria make up to about 10% of
115 IBRT3 SO ONEERYL RIS a5 SR, AE. MSHRRIAICEHC RRINY S SOMRRSh (etaciicyvival 2.
Beq Ui RAETOE RARGE, B BRISRIY e doa bedseR e ShhpasidR A AB SRl GA Y aRratRge
on tf}epliterature findings. Howqyer the reseTarch on extrem%ohilic émgepbacte ia’s.medical ap@ﬁﬁti(ms frgm ?alt

or Feperomia vu anica, eperomia ernandopmoa aan erla striatinux. Ann. ICroDIOl.

Iak%n\ﬁ?nsi g}% faéd'a_lﬂmﬁ_ Mare research is needed as salt lakes are potentially an excellent source for beneficial

bioactive compounds.
115. Steinbeck, C.; Kuhn, S. NMRShiftDB—compound identification and structure elucidation support

Forthmosigbtadfege icasnantitibytbdli thatetutdaiateasearch ydaah envstiyidédy Gonpoliddas fdsponsible for the
LR PACEER N R SRS ¥ R RSN SOTRRUASBIPA L Bapifp would be
NrRA rBIRP AR Sty S L from mangrove'ftPedt B SEPAR r(i\ﬁlela S{i@ﬁrﬁﬂo sCFERN iy s Pure
ComRaH SRR AT AR R AR SIS R 3T Sygo Y g St ture '
11XddRipsaty, Whal&sharsimSseGupntitg, e, fexegynBrstioheegibacmgNecRagisty GIBISVWholgsganovite means

for seguaiejngesndigiztiabaactie shdyitl eavaldtiaptonycesnseidesie Glsanddaied tdtrenéompounds
(L168A1Ek 58I oln 2RkBulkDd, theZfreptomycetes possessed a prolific potential to synthesize a significant number of
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110 Gébie HedonddoyMindedm|itds.St; i b¥énFre @Bk BraHthd gendméd gf GleadiréptnyGensppe cagerenceat
thaS 7@ pooB0yidesyathéaxidams MtSE dffiHakds oliateskfrmmianganetamaditéopesduBiag CNIEFREBESIMBY. Rithting
the2Qa&@orihe aOEf)RO0hg technique and bioinformatics software, the biosynthetic gene clusters of many

11 BRI RS B IERHE N, 3. Hanamofd "RP FARSHELRT & S SHTBAE S R RUREER gm0 the
DS AR D PP o548, 09 R S0 oL S P IR Ru oo BRI ©
NS et A ae g v tnie SR RIS (e ahity or B R RN i AP A 8 o> (Ighe 2n
moxc%%i.ngk():zla.(:tejgap\aé%{jiff:g\ge’riggfgl_tfﬁﬁ(agmentioned special niches, discovering new bioactive compounds

can also be accomplished through a genomic approach.
120. Lee, N.; Kim, W.; Hwang, S.; Lee, Y.; Cho, S.; Palsson, B.; Cho, B.-K. Thirty complete

Streptomyces genome sequences for mining novel secondary metabolite biosynthetic gene
clusters. Sci. Data 2020, 7, 1-9.

121. Ser, H.-L.; Chan, K.-G.; Tan, W.-S.; Yin, W.-F.; Goh, B.-H.; Ab Mutalib, N.-S.; Lee, L.-H. Complete
genome of mangrove-derived anti-MRSA streptomycete, Streptomyces pluripotens MUSC 135T.
Prog. Microbes Mol. Biol. 2018, 1, a0000004.

122. Ser, H.-L.; Law, J.W.-F,; Tan, W.-S.; Yin, W.-F,; Chan, K.-G.; Lee, L.-H. Genome sequence of
bioactive streptomycete isolated from mangrove forest in East Malaysia, Streptomyces
monashensis MUSC 1JT. Prog. Drug Discov. Biomed. Sci. 2019, 2, a0000045.

123. Ser, H.-L.; Law, J.W.-F,; Tan, W.-S.; Yin, W.-F.; Chan, K.-G. Whole genome sequence of
Streptomyces colonosanans strain MUSC 93JT isolated from mangrove forest in Malaysia. Prog.
Microbes Mol. Biol. 2020, 3, a0000061.

124. Ser, H.-L.; Tan, W.-S.; Ab Mutalib, N.-S.; Cheng, H.-J.; Yin, W.-F.; Chan, K.-G.; Lee, L.-H. Genome
sequence of Streptomyces pluripotens MUSC 135T exhibiting antibacterial and antioxidant
activity. Mar. Genom. 2015, 24, 281-283.

125. Ser, H.-L.; Tan, W.-S.; Cheng, H.-J.; Yin, W.-F.; Chan, K.-G.; Ab Mutalib, N.-S.; Goh, B.-H.; Lee,
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