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Hema Bhagavathi Sarveswari and Adline Princy Solomon*
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The rapid dissemination of antimicrobial resistance amongst microorganisms
and their deleterious effect on public health has propelled the exploration of
alternative interventions that target microbial virulence rather than viability. In several
microorganisms, the expression of virulence factors is controlled by quorum sensing
systems. A comprehensive understanding into microbial quorum sensing systems,
virulence strategies and pathogenesis has exposed potential targets whose attenuation
may alleviate infectious diseases. Such virulence attenuating natural products sourced
from the different phyla of bacteria from diverse ecosystems have been identified. In this
review, we discuss chemical entities derived from the phylum Actinobacteria that have
demonstrated the potential to inhibit microbial biofilms, enzymes, and other virulence
factors both in vivo and in vitro. We also review Actinobacteria-derived compounds
that can degrade quorum sensing signal molecules, and the genes encoding such
molecules. As many Actinobacteria-derived compounds have been translated into
pharmaceutically important agents including antibiotics, the identification of virulence
attenuating compounds from this phylum exemplifies their significance as a prospective
source for anti-virulent drugs.

Keywords: anti-biofilm, anti-virulence, microbial natural product, Actinobacteria, anti-pathogenic agents

INTRODUCTION

Antimicrobials have remained the only mode of prophylaxis and therapeutics for microbial
infections since its discovery. In the past century, antimicrobials have undeniably revolutionized
clinical practices, laying the foundation for breakthroughs in surgeries, organs transplantations,
cancer therapy, treatment of burns and trauma wounds, subsequently improving human health.
However, the current antimicrobial resistance (AMR) era threatens the reversal of all breakthroughs
achieved thus far (Brown and Wright, 2016; Marston et al., 2016). In the United States alone,
AMR contributes to 2 million infections and 23,000 deaths per year, substantially increasing the
medical expenses by up to 20 billion US dollars each year (Gelband et al., 2015; Centers for Disease
Control, and Prevention, 2017). Healthcare agencies across the world have prioritized AMR, and
the scientific community has proposed and developed many innovative strategies including the
discovery of novel drug targets and other alternative therapeutic interventions to minimize the
development of antimicrobial resistance amongst pathogens (Marston et al., 2016).

Virulence factors produced by pathogens are constructive in deteriorating host fitness during
infection. A virulence factor could be a structure, or a product, or a strategy that enables the
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pathogen to gain access and survive within the non-colonized
region or cellular compartment of the host. Adhesins, enzymes
(invasins and internalins), toxins (hemolytic, cytolytic and
neurotoxins), and superantigens are some crucial virulence
factors expressed by a pathogen to damage the host’s
physiological condition (Hill, 2012). In several pathogens,
the expression of these virulence factors are regulated by a cell
density-dependent signaling system called quorum sensing (QS)
system (Miller and Bassler, 2001; Fetzner, 2015). QS system
enables microorganisms across inter and intraspecies within
a community to initiate controlled and co-ordinated behavior
(Greenberg, 2003; Kaufmann et al., 2008). Although many facets
of the intricate prokaryotic QS system remain undeciphered, the
available knowledge on the domain’s diverse QS systems provides
many targets for the development of drugs that could inhibit the
expression of virulence. Given the unrelatedness of virulence to
the viability of a pathogen, the cultivation of resistance toward
the anti-virulence agent through selective pressure is presumed
to be non-existential (Clatworthy et al., 2007).

What is so paramount in the evolution of bacteria is the
co-development of secondary metabolites that can disrupt the
QS signal molecules and attenuate the virulence of other
microorganisms. The competency to disrupt the QS signal
molecules [quorum quenching (QQ)] could have been evolved
in quorum sensing bacteria to remove or repurpose its own
QS signal molecules, or the signal molecules of microorganisms
that co-inhabit a competitive environment (Grandclément et al.,
2016). Bacteria could have also evolved molecules for degrading
N-acyl homoserine lactone (AHL) to utilize AHL as a sole source
of carbon and nitrogen, or as armor against antibiotic-producing
bacteria (Gonzalez and Keshavan, 2006).

Since the discovery of the AHL degrading enzyme AhID (acyl
homoserine lactone degradation enzyme) from Arthrobacter
sp. IBN 110 (Park et al.,, 2003), and the demonstration of the
attenuation of Erwinia carotovora pathogenesis in transgenic
plants expressing autoinducer inactivating aiiA gene from
Bacillus sp. (Dong et al., 2001), an array of bacterial natural
components with quorum quenching properties have been
reported. These include secondary metabolites produced
by bacteria from various phyla including Actinobacteria,
Bacteroidetes, Firmicutes, Proteobacteria, and Cyanobacteria.
In this article, we review the natural compounds from the
phylum Actinobacteria that have been reported to produce
AHL degrading enzymes, the corresponding genes, and
other Actinobacteria derived compounds that inhibits or
attenuates microbial virulence both in vitro and in vivo
(Tables 1, 2).

FAMILY: Micrococcaceae; GENUS:
Arthrobacter

Arthrobacter was one of the first genera in the phylum
Actinobacteria reported to possess a gene dedicated to the
degradation of AHL. Arthrobacter sp. IBN110 demonstrated
the potential to degrade AHLs of different lengths and
acyl side chains including N-3-oxohexanoyl-L-homoserine
lactone (OHHL), N-octanoyl-L-homoserine lactone (OHL),

and N-3-oxododecanoyl-L-homoserine lactone (OdDHL)
(Park et al., 2003). When OHHL producing Erwinia carotovora
N98 was co-cultured with strain IBN110, the concentration of
OHHL and OHHL mediated pectate lyase activity significantly
reduced, indicating the potential of IBN110 to disrupt AHL.
Indeed, the strain IBN110 possessed acyl homoserine lactone
degradation gene (ahlD) that encoded AhID protein with
characteristic zinc-binding motif HXDH~H~D crucial for
N-acyl homoserine lactonase (AHLase) activity (Dong et al,
2002). HPLC and mass spectrometry analysis revealed that
AhID hydrolyzed the ester bond in N-acyl homoserine lactone
molecules and released the homoserine lactone ring. Multiple
sequence alignment of AhID with the other known AHLases,
including AttM and AiiA revealed < 26% overall sequence
similarity (Park et al., 2003).

Arthrobacter  sp. PGVB1 derived arthroamide and
turnagainolide A (cyclic depsipeptides) demonstrated the ability
to inhibit agr signaling in a Staphylococcus aureus agr reporter
strain. At 5-10 wM concentrations, the compounds suppressed
the expression of the agr-dependent gene without cytotoxicity.
The inhibitory concentration value (ICsp) of arthroamide and
turnagainolide A against Staphylococcus aureus agr reporter
strain was 0.3 and 0.8 LM, respectively (Igarashi et al., 2015). The
Arthrobacter B4-EPS1 exopolysaccharide abolished Pseudomonas
aeruginosa biofilms at a lower concentration (about 86.1% at
50 pg/mL) than the exopolysaccharides reported from other
genera (Li et al., 2015) including EPS (exopolysaccharide) from
Streptococcus phocae PI80 (about 20% inhibition at 1 mg/mL)
(Kanmani et al., 2011), r-EPS (released-exopolysaccharide) from
Lactobacillus acidophilus A4 (about 80% inhibition at 1 mg/mL)
(Kim et al., 2009), and A101 from Vibrio sp. QY101 (about
75% inhibition at 100 pwg/mL) (Jiang et al., 2011). The B4-EPS1
exopolysaccharide also expressed broad-spectrum inhibitory
activity against the Staphylococcus epidermidis, Enterococcus
faecium, Klebsiella pneumonia, Escherichia coli, and Morganella
morganii biofilms (Li et al., 2015). Dex410, a dextranase from
marine Arthrobacter sp. strain (Arth410) inhibited biofilms
of Streptococcus mutans with minimum biofilm inhibitory
concentration (MBICsg) ranging between 1.27 and 6.35 pM/ml.
Dex410 also reduced the 24 h biofilms of Streptococcus mutans
with minimum biofilm reduction value (MBRCsg) of 3.81-
8.89 wM/ml. This concentration was significantly lesser than
the antibacterial chlorhexidine (MBRCsy > 20 wM) present
in the commercially available oral care products. The animal
experiment showed that long term usage of Dex410 effectively
prevented dental caries (Jiao et al., 2014). Arthrobacter oxydans
KQ11-1 derived dextranase displayed MBICsy and MBICgg
values of 2 U/m1 and 6 U/ml, respectively toward Streptococcus
mutans biofilm. The MBRCs( against preformed Streptococcus
mutans biofilm was 5 U/ml and the dextranase decreased the
thickness of the biofilm up to 36.67 wm (Wang et al., 2016).

FAMILY: Brevibacteriaceae; GENUS:
Brevibacterium

In 1959, when Grecz and his team reported the inhibitory activity
of culture filtrates of Brevibacterium linens ATCC 9174 and
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TABLE 1 | Compounds identified from Actinobacteria displaying anti-virulence properties.

Serial No.

Organism

Source

Protein/Compound/
Enzyme

Target/Reporter
Organism

Anti-virulence activity

References

Family: Micrococcaceae; Genus: Arthrobacter

1

Arthrobacter sp.

Arth410

Arthrobacter sp. B4

Arthrobacter sp.

PGVB1

Arthrobacter

oxydans KQ11-1

Beach mud and the
homogenates from
fishes and
seaweeds

Sail

Sandstone

Marine

Family: Brevibacteriaceae; Genus: Brevibacterium

5

Brevibacterium
casei MSA19

Brevibacterium
casei MS104

Brevibacterium
casei MS104

Dendrilla nigra

Dendrilla nigra

Dendrilla nigra

Family: Nocardioidaceae; Genus: Kribbella

8

Kribbella sp. BFI
1562

Sail

Family: Nocardiopsaceae; Genus: Nocardiopsis

9

10

Nocardiopsis

dassonvillei subsp.
dassonvillei XG-8-1

Nocardiopsis sp.

GRG1 (KT23540)

Marine sediments
collected from the
seashore

Brown algae

Family: Streptomycetaceae; Genus: Streptomyces

ih

12

13

Streptomyces sp.

TOHO-Y209

Streptomyces sp.

TOHO-0348

Streptomyces sp.

NIO 10068

Streptomyces sp.

BFI 250

Sail

Marine Invertebrate

Sail

Dextranase (Dex410)

B4-EPS1

Arthroamide
Turnagainolide A

Dextranase

Glycolipid surfactant

Poly-hydroxy butyrate
(PHB) polymer

Poly-hydroxy butyrate
(PHB) polymer

Protease

Nocapyrone H
Nocapyrone |
Nocapyrone M

Zinc oxide nanosheets

Piericidin A1,
3'-rhamnopiericidin A1,
Piericidin E

Cinnamic acid Linear
dipeptide (Pro-Gly and
N-amido- a- proline)

Protease

Streptococcus mutans
ATCC 25175

Pseudomonas
aeruginosa PAO1

Staphylococcus aureus
agr reporter strain
8325-4

Streptococcus mutans

Clinical isolates of
human and fish
pathogens and marine
biofilm forming bacteria

V. vulnificus V. fischeri
V. parahaemolyticus
V. alginolyticus

V. harveyi

Vibrio campbelli strain
PUGSK8

Staphylococcus aureus
ATCC 25923
Staphylococcus aureus
ATCC 6538

QS reporter strains;
P, aeruginosa
QSIS-lasl25 and
Chromobacterium
violaceum CV026

Multi Drug Resistant
Proteus mirabilis
BDUMS1 and
Escherichia coli
BDUMS3

Chromobacterium
violaceum CV026

Pseudomonas
aeruginosa ATCC
27853

Staphylococcus aureus
ATCC 25923
Staphylococcus aureus
ATCC 6538

Inhibition of biofilm
formation

Inhibition of biofilm
formation

Reduces the luminescent
level of the agr-dependent
gene expression

Inhibition of adhesion and
biofilm formation

Inhibit biofilm formation

Inhibition of adhesion

Inhibition of motility,
hemolysis activity and
biofilm formation

Inhibition of Biofilm
formation

Dispersion of preformed
biofilms

Inhibition of QS controlled
gene expression

Inhibition of biofilm and
attenuate biofim
architecture

Inhibition of violacein
production

Reduction of motility,
formation of biofilm,
production of pyocyanin,
production of rhamnolipid,
production of Las A
protease, swimming and
twitching

Inhibition of Biofilm
formation

Dispersion of preformed
biofilms

Jiao et al., 2014

Lietal, 2015

lgarashi et al., 2015

Wang et al., 2016

Kiran et al., 2010

Kiran et al., 2014

Kiran et al., 2016

Park et al., 2012

Fuetal., 2013

Rajivgandhi et al.,
2018

Ooka et al., 2013

Naik et al., 2013

Park et al., 2012

(Continued)
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TABLE 1 | Continued

Serial No. Organism Source Protein/Compound/ Target/Reporter Anti-virulence activity References
Enzyme Organism
14 Streptomyces Codonopsis Actinomycin D MSSA ATCC 25923 Reduce formation of Lee et al., 2016
parvulus lanceolata MSSA ATCC 6538 biofilm, hemolysis, slime
MRSA ATCC 33591 production and
hydrophobicity of bacterial
cell.
15 Streptomyces Sea water Actinomycin D Pseudomonas Reduction in biofilm Miao et al., 2017
parvulus HY026 aeruginosa PAO1 formation
Staphylococcus aureus
95005
16 Streptomyces Estuarine sediment  Quercetin Anabaena species and Reduction of germination of ~ Gopikrishnan et al.,
fradiae PE7 Nostoc species spores 2016
17 Streptomyces Soil 1H-pyrrole-2-carboxylic ~ Pseudomonas Reduction in the production ~ Hassan et al., 2016
coelicoflavus S17 acid Docosanoic acid aeruginosa PAO1 of elastase, protease and
Pseudomonas pyocyanin. Elimination of
aeruginosa PAO1 expression of las genes and
rhl/pgs cascade. Reduction
in the production of
elastase, protease and
pyocyanin.
18 Streptomyces sp. Marine sediment Fatty acid methyl esters  C. elegans infected Induction of host immunity Fatin et al., 2017
CCB-PSK207 with Pseudomonas
aeruginosa PA14
19 Streptomyces sp. Enteromorpha 4-Hydroxy-3-methyl-6- Pseudomonas Inhibition of gene Du et al., 2018
OUCMDZ-3436 prolifera propylpyridin-2(1H)-one  aeruginosa expression controlled by
3-Ethyl-4-hydroxy-6- ATCC10145 quorum sensing in
isopropylpyridin-2(1H)- Pseudomonas aeruginosa
one QSIS-lasl.
4-Hydroxy-6-isobutyl-
3-methylpyridin-2(1H)-
one
(S)-6-(sec-Butyl)-4-
hydroxy-3-
methylpyridin-2(1H)-
one
20 Streptomyces Recombinant Strain  Alnumycin D Staphylococcus aureus  Inhibition of biofilm Oja et al., 2015
albus/pAlnuoriAalin6 ATCC 25923
21 Streptomyces Microbial culture Granaticin B Staphylococcus aureus  Inhibition of biofilm Oja et al., 2015
violaceoruber TU22  collection ATCC 25923
22 Streptomyces Mangesite mine soil  Selenium nanoparticle Antibiotic resistant Inhibition of biofilm Ramya et al., 2015
minutiscleroticus (SeNP) Acinetobacter species
M10A62
23 Streptomyces sp. Subergorgia Hygrocin C Bacillus Inhibition of biofilm, Wang et al., 2018
SCSGAA 0027 suberosa amyloliquefaciens adhesion, EPS production,
SCSGAB0082 cell motility, and surface
hydrophobicity
24 Streptomyces sp. Seafloor sediment Bahamaolide A C. albicans ATCC Inhibition of Isocitrate lyase Leeetal., 2014
CNQ343 sample 10231 (ICL) in glyoxylate cycle
25 Streptomyces Natural product Piericidin A and Erwinia carotovora Reduction of soft rot Kang et al., 2016
xanthocidicus library Glucopiericidin A subsp. atroseptica disease symptoms in
KPP01532 (Eca) C. violaceum potato Inhibition of violacein
CV026 production
26 Streptomyces sp. Library of culture Streptorubin B MRSA N315 Inhibition of biofilm Suzuki et al., 2015
strain MC11024 extracts of formation
actinomycetes
27 Streptomyces sp. Wet soil Melanin P, aeruginosa ATCC Inhibition of biofilm Wang et al., 2019

ZL-24

9027 and S. aureus
ATCC 6538

formation

(Continued)
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TABLE 1 | Continued

Serial No.  Organism Source Protein/Compound/ Target/Reporter Anti-virulence activity References
Enzyme Organism
28 Streptomyces sp. Desert soil 5-[(BE,7E,11E)-2,10- Methicillin sensitive Inhibition of biofilm Driche et al., 2017
AT37 dihydroxy-9,11-dimethyl- Staphylococcus aureus
5,7,11-tridecatrien-1-yl]-2- and methicillin resistant
hydroxy-2-(1-hydro- Staphylococcus aureus
xyethyl)-4-me-
thyl-3(2H)-furanone
29 Streptomyces Callyspongia sp. 9Z-Octadecenal, arachidic ~ Pseudomonas Inhibition of biofilm Kamarudheen and
griseoincarnatus acid, erucic acid, aeruginosa and Rao, 2019
HK12 18Z-Octadecenal and Staphylococcus aureus
tetracosanoic acid.
30 Streptomyces Soil Guadinomines A and Enteropathogenic Inhibition of type lll Iwatsuki et al.,
Strain KO1-0509 Guadinomines B E. coli secretion system 2008
31 Streptomyces sp. soil Khatmiamycin Zoospores of Inhibition of motility Abdalla et al., 2011
ANK313 Aloesaponarin Il Plasmopara viticola
32 Streptomyces Soil Maniwamycins C. violaceum CV026 Inhibition of violacein Fukumoto et al.,
TOHO-M025 production 2016
33 Streptomyces sp. Unidentified red Collismycin C Methicillin sensitive Inhibition of biofilm Leeetal., 2017
MC025 alga Staphylococcus aureus
and methicillin resistant
Staphylococcus aureus
34 Streptomyces sp. Sail FA-70C1 Porphyromonas Inhibition of Arg-gingipain Kadowaki et al.,
strain FA-70 (Phenylalanyl-ureido-cit- gingivalis ATCC33277 (Rgp) 2003
rullinyl-valinyl-cycloarginal) and Porphyromonas
gingivalis KDP129
35 Streptomyces Soil Silver nano particles Pseudomonas Inhibition of biofilm Baygar and Ugur,
griseorubens AU2 aeruginosa ATCC 2017
27853 and
Staphylococcus aureus
ATCC 25923
36 Streptomyces sp. Enteromorpha 1. 4-hydroxy- 3-methyl-6- Pseudomonas Inhibition of QS controlled Duetal.,, 2018
OUCMDZ-3436 prolifera propylpyridin-2(1H)-one aeruginosa QSIS-lasl gene expression
2. 3-ethyl-4-hydroxy- 6- biosensors
isopropylpyridin-2(1H)-one
3. 4-hydroxy-6-isobutyl-3-
meth- ylpyridin-2(1H)-one
4. (S)-6-(sec-butyl)-4-
hydroxy-3-
methylpyridin-2(1H)-one
Others
37 Actinomycete strain  Soil, Marine WS9326A and WS9326B VirSR system of Suppression of expression  Desouky et al.,

Dsws12

sediment, Sea
water and Plants

Clostridium perfringens
S. aureus 8325-4
(type-1 AIP), K12 (type-Il
AlIP) and K9 (type-IV
AIP) S. aureus Newman
and S. aureus K3

of pfoA (Perfringolysin O)
Inhibition of the production
of hemolysin Reduction of
S. aureus cytotoxicity in
human corneal epithelial
cells

2015

Brevibacterium linens ATCC 9175 toward the germination of
Clostridium botulinum type A spores, little did they know that
it was one of the earliest reports of anti-infective property ever
reported from the Genus Brevibacterium (Grecz et al.,, 1959).
In fact, it was only during the mid 2000s that the evidence
of quorum sensing in Clostridium botulinum and its role in
regulating the germination of botulinum spores was established
(Zhao et al., 2006). Today, out of the 51 known species of
Brevibacterium' only two strains from Brevibacterium casei
(Brevibacterium casei MSA19 and MS104), both interestingly

Uhttp://www.bacterio.net

isolated from the marine sponge Dendrilla nigra, have been
reported to produce compounds with anti-virulence property
against bacterial pathogens (Kiran et al., 2010, 2016; Table 1).

At a concentration of 30 wg/ml, Brevibacterium casei MSA19
glycolipid affected the formation of biofilm by inhibiting the
initial attachment of the bacteria mediated by pili and flagella.
At a very low concentration, the Brevibacterium glycolipid
significantly reduced the formation of both individual and mixed
bacterial biofilms (Kiran et al., 2010; Table 1). Microtiter plate
assay and CLSM images revealed that polyhydroxy butyrate
(PHB) derived from Brevibacterium casei MSI04 suppressed
the adhesion of pathogenic Vibrio species on both polystyrene
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TABLE 2 | Extract from Actinobacteria displaying anti-virulence activity.

Serial No. Organism Origin Medium Target Organism Activity Concentration References
1 Actinomycetes Library Partially purified  Staphylococcus aureus  Inhibition of biofilm 10 pg/ml Soundari et al., 2014
C5-5Y collection yellow pigment  and Streptococcus formation, inhibition of
mutans protease and lipase
activity, reduction in cell
surface hydrophobicity
2 Kribbella sp. BFI Library Spent medium  Pseudomonas Inhibition of biofilm 1% (v/v) Kim et al., 2012
1562 collection aeruginosa formation
3 Streptomyces Marine Extract Vibrio harveyi Inhibition of biofilm 2.5% (v/v) You et al., 2007
albus A66 Sediment formation and dispersal
of mature biofilms.
4 Streptomyces Coral reef Methanolic S. aureus ATCC 11632,  Biofilm inhibition 0.1 mg/ml Bakkiyaraj and
akiyoshiensis extracts methicillin resistant Inhibition of intestinal Pandian, 2010
CAA-3 S. aureus ATCC 33591  colonization in
C. elegans
5 Streptomyces Acropora Ethyl acetate Streptococcus Inhibition of Biofilms 10-200 pg/ml  Nithyanand et al., 2010
akiyoshinensis A3 digitifera extract pyogenes
Actinobacterium
sp. A10
6 Streptomyces sp. Arctic Diethyl ether Vibrio cholerae Inhibition of Biofilm 200 pg/ml Augustine et al., 2012
A745 Sediment fraction (MCV09)
7 Streptomyces sp. Actinomycetes  Spent medium  Pseudomonas Inhibition of biofilm 1% (v/v) Kim et al., 2012
BFI 230 culture library aeruginosa formation and
Interference in iron
uptake
8 Streptomyces sdLi  Marine Ethyl acetate Proteus mirabilis UCB4  Suppression of urease 10 mg/ml Younis et al., 2016
sediment extract production and 15 mg/ml
swarming motility
Inhibition of biofilm
9 Streptomyces sp. Petrosia Ethyl acetate Staphylococcus Inhibition of biofilm 62.5-250 Balasubramanian et al.,
SBT343 ficiformis extract epidermidis, methicillin wg/mi 2017
resistant
Staphylococcus aureus
and methicillin sensitive
Staphylococcus aureus
10 Streptomyces Soil Ethyl acetate (1) Klebsiella Inhibition of biofilm 1. 625 ppm Lokegaonkar and
albogriseolus extract pneumoniae MTCC Reduction in EPS 2. 625 ppm Nabar, 2017
GIS39Ama 3384, (2) Vibrio production, biofilm 3. 312 ppm
cholerae MTCC 3906, density and viability 4.1250 ppm
(8) Escherichia coli
MTCC 687 and (4)
Pseudomonas
aeruginosa MTCC
2453
1 Nocardiopsis sp. Zingiber Spent medium  Multidrug-resistant Inhibition of biofilm 200 pg/ml Sabu et al., 2017
ZoA1 Officinale_ Staphylococci capitis
267 and Staphylococci
haemolyticus 41
12 Nocardiopsis sp. Arctic Culture Vibrio cholerae Inhibition of Biofilm 20% (V/v) Augustine et al., 2012
A731 Sediment supernatant (MCV09)

and glass surfaces at a concentration of 0.6 mg (200 pl). In
fact, the PHB was most effective in inhibiting the formation of
biofilm than dislodging pre-formed biofilm (Kiran et al., 2014).
At 50 pg/ml concentration, PHB inhibited bioluminescence,
and at 150 pg/ml reduced the formation of Vibrio campbellii
PUGSKS biofilm. Infection of Vibrio species in brine shrimp
(Artemia sp.) is typically fatal, and, treatment of > 50 pg/ml
of PHB resulted in the elicitation of protection to shrimps up
to 48 h. This research revealed that the $3-hydroxy butyric acid,
an intermediate released during the PHB degradation indeed

regulates the expression of the virulence factors in PUGSKS
(Kiran et al., 2016).

FAMILY: Mycobacteriaceae; GENUS:
Mycobacterium

The discovery of AHL lactonases in Mycobacterium was an
outcome of exploration for the establishment of promiscuity
of the divergence of bacterial phosphotriesterase (PTE), an

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2073


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sarveswari and Solomon

Virulence and QS Intervention by Actinobacteria

enzyme first discovered in Pseudomonas diminuta with efficient
paraoxonase activity (Raushel and Holden, 2000; Roodveldt
and Tawfik, 2005). The absence of naturally occurring specific
substrate and the evolutionary elusiveness of PTE led to a BLAST
search for genes homologs to Pseudomonas diminuta PTE.
Three genes including two from the phylum Actinobacteria;
PPH (putative parathion hydrolase) in Mycobacterium
tuberculosis and AhlIA (N-acyl-homoserine lactone acylase)
in Rhodococcus erythropolis sharing a 34 and 28% identity and
SsoPox (phosphotriesterase with natural lactonase activity)
from an archeon Sulfolobus solfataricus with 31% identity were
identified (Afriat et al., 2006). The PPH and AhIA have been
classified as phosphotriesterase-like lactonase (PLL) from the
amidohydrolase superfamily that hydrolysis substrates with
either ester or amide functional groups at phosphorus and
carbon centers (Seibert and Raushel, 2005). A subsequent
exploration into the enzymology of PPH and AhlA revealed that
the paraoxonases activity was rather a promiscuous function that
could have emerged in PLLs from its progenitor lactonase activity
(Afriat et al., 2006).

Expression of PPH gene in Escherichia coli in the presence
of three metal ions (Zn?*, Co?* and Mn?*) prompted a 2000-
fold increase in PPH’s lactonase activity than the paraoxonase
activity. Further research revealed that these metal ions were vital
for PPH’s enzymatic activity and that metal chelation inactivated
PPH. The Ky and kgu/Kp values of PPH during the hydrolyzes
of lactones ranged between €20 and 230 LM, and from 1.4 x 10*
to5 x 10° s~ M~ 1, respectively. The kc,/Kas values generally
increased with six membered lactone ring and lactones with
longer and more hydrophobic side chains. However, no visible
lactonase activity against N-acyl thiolactone analog derived
from homocysteine was observed (Afriat et al., 2006). Another
orthologous of PLL, MCP (AHL lactonase from Mycobacterium
avium subsp. paratuberculosis K-10), also degraded a wide range
of AHLs and displayed up to 92% sequence similarity with PPH.
MCP also demonstrated low paraoxonase activity indicating that
the naturally occurring substrate for MCP does not contain
phosphate esters. Introduction of a single point mutation in 8o
loop at the carboxyl-terminal end of eighth B-strand of the MCP
resulted in a mutant (N266Y) with enhanced AHL lactonase
activity than the wild type MCP. The N266Y mutant (substitution
of TAC for AAC at 266 codon) increased the k.;+/Kys values up
to 4 to 32-fold for C12-HSL and C6-HSL than the wild type.
Further research with the mutants including the N266 showed
that a suitable amino acid substitution at the 266 residue, and its
proximity to the lactone ring of AHL provide the possibility to
enhance AHL lactonase activity by introducing an AHL binding
geometry (Chow et al., 2009).

FAMILY: Microbacteriaceae; GENUS:
Microbacterium

Several strains of Microbacterium species isolated from potato
tuber plant (Solanum tuberosum) have been reported to degrade
AHLSs with both short and long acyl side chains (Morohoshi et al.,
2009; Wang et al., 2010, 2012). An infestation of Pectobacterium

carotovorum subsp. carotovorum in potato crop results in
soft rot disease, a consequence of coordinated expression
of virulence factors mediated by QS signal molecule N-(3-
oxohexanoyl)-L-homoserine lactone (Chatterjee et al., 1995).
Two endophytic strains: Microbacterium testaceum StLBO18
and Microbacterium testaceum StLB037 attenuated virulence in
Pectobacterium carotovorum subsp. carotovorum NBRC 3830
without bactericidal activity (Morohoshi et al., 2009). Nucleotide
sequence analysis of StLB037 revealed a complete open reading
frame encoding a protein of 295 amino acids that belonged
to o/f8hydrolase fold family encompassing the characteristic
catalytic active site Gly-X-Ser-X-Gly (Holmquist, 2000). Named
as autoinducer inactivation gene from Microbacterium testaceum
(aiiM), the expression of StLB037 AiiM protein in the NBRC
3830, drastically reduced the pectinase production and also
attenuated tissue maceration non-bactericidally (Morohoshi
et al., 2009). HPLC analysis with fraction containing maltose
binding protein-AiiM (MBP-AiiM) fusion protein and C10-HSL
produced two peaks that coordinated with the standards of C10-
HSL, and the opened lactone ring of C10-HSL. As this established
the role of AiiM in degrading AHL, further study revealed that
AiiM was not influenced by the length or the substitution of
the acyl side chains. The partially purified MBP-AiiM protein
exhibited relatively better activity against C12-HSL and 3-oxo-
substituted AHLs than C6-HSL, C8-HSL, C10-HSL and other
unsubstituted AHLs (Wang et al., 2010).

Investigation into the distribution and diversity of AiiM
among the Genus Microbacterium with various strains isolated
from different sources including potato plant, scarlet runner
bean, rapeseed, Chinese paddy, milk, cheese, air, soil, activated
sludge, imperial moth and many more, exposed that the superior
level of AHL degradation exhibited by the Microbacterium
strains was due to the presence of aiiM gene encoded in the
chromosome of bacterium. Out of 26 Microbacterium strains
included in the study, only 9 strains exhibited high degrading
ability against C6-HSL, 30C6-HSL, C10-HSL, and 30C10-HSL.
Remarkably, these strains were of potato plant origin and were
positive for aiiM gene in their genetic material. The remaining
17 strains lacked the ability to degrade C6-HSL and exhibited
low to relatively intermediate degrading ability against 30C6-
HSL, C10-HSL, and 30C10-HSL. These strains were of non-
potato origin and were negative for aiiM gene in their DNA
(Wang et al, 2012). Comparison of the nine aiiM positive
strains with phylogenetically related Microbacterium strains
(Microbacterium sp. PcRB024 and M. testaceum ATCC 15829)
revealed the absence of significant AHL degrading activity or
the aiiM gene in the chromosome. The aforementioned evidence
led to a conclusion that the aiiM was not conserved among
the Genus Microbacterium and could have spread amongst
the Microbacterium strains inhabiting potato tuber ecosystem
through the non-horizontal mode of transmission supposedly
due to the absence of transposons flaking the aiiM (Wang et al.,
2012). Although Microbacterium testaceum aiiM homologous
gene with high sequence similarities have been identified in
other actinobacterial strains including Rhodococcus erythropolis
PR4 and Rhodococcus opacus B-4, their expression as MBP-
AiiM protein lacked AHL lactonase activity. The Microbacterium
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StLB037 encoded AiiM bears < 15% similarity with other known
AHL lactonases including AidP, AiiA, AttM, AhID, QsdA, QIcA,
BpiB01, BpiB04 and BpiB07. The absence of conserved zinc-
binding domains found in AHL lactonases from metallo-f3-
lactamase super family and PTE family proteins affirmed the
novelty and ingenuity of AiiM (Wang et al., 2010).

FAMILY: Nocardiopsaceae; GENUS:
Nocardiopsis

The culture supernatant of cold temperature adapted
Nocardiopsis sp. A731, at a concentration of 20% (v/v) inhibited
about 80% of V. cholerae biofilm (Augustine et al., 2012).
Three novel a-pyrones; nocapyrone H (1), nocapyrone I (2),
and nocapyrone M (3) (Tables 1, 3), were extracted from
Nocardiopsis dassonvillei subsp. dassonvillei XG-8-1 inhibited
QS controlled virulence in P. aeruginosa QSIS-lasl biosensor
and Chromobacterium violaceurm CV026 at a concentration of
100 pg/mL (Fu et al, 2013). At 200 pg/ml concentration, the
crude extract of Nocardiopsis sp. ZoAl inhibited the formation
of Staphylococcus haemolyticus 41 and Staphylococcus capitis 267
biofilms by > 90% (Table 2). Dose-dependent biofilm inhibition
assay with ZoAlextract supported the assumption that inhibition
of multidrug-resistant coagulase negative staphylococci (CONS)
was due to the inhibition of production of proteinaceous factors
and exopolysaccharide. However, ZoAl strain also possessed
broad-spectrum antibacterial activity against Staphylococcus
aureus, Bacillus subtilis, Salmonella typhi, and Vibrio cholerae
(Sabu et al., 2017). The spent medium of soil Nocardiopsis sp.
TRM 46200 showed > 90% inhibition against the Staphylococcus
epidermidis biofilms for over 24 h. The major metabolite in the
culture supernatant was proteinous in nature and exhibited both
antibiofilm and protease activity. The crude protein derived from
TRM 46200 reduced the cell surface hydrophobicity, and also
degrade DNA and the extracellular polymeric substance (EPS)
of Staphylococcus epidermidis strains (ATCC 35984 and 5-121-2)
(Xie et al, 2018). The culture supernatant of Nocardiopsis
sp. GKU 213 inhibited biofilm formation of Staphylococcus
aureus ATCC 25923 by 60% without anti-bacterial activity
(Leetanasaksakul and Thamchaipenet, 2018). Zinc oxide nano-
sheets (ZnO NSs) produced by Nocardiopsis sp. GRG1 (KT23540)
effectively inhibited the biofilms of multi-drug resistant Proteus
mirabilis BDUMSI1 and Escherichia coli BDUMS3 by 92 and
90%, at 20 pg/ml concentration, respectively. CLSM images
and fluorescent light microscopic analysis showed that ZnO
NSs disintegrated the biofilm architecture of uropathogens, by
dispersing the bacterial cells leaving only fewer adherent cells
and cell aggregates (Rajivgandhi et al., 2018).

FAMILY: Nocardiceae; GENUS:
Rhodococcus

While the possible presence of y-butyrolactone dependent
quorum sensing system in Rhodococcus species could be
understood only by in silico genomic analysis of Rhodococcus

TABLE 3 | Metabolites derived from Actinobacteria exhibiting virulence
inhibitory activity.
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erythropolis PR4 and Rhodococcus strain RHAI, the quorum
quenching mechanism of this genera is one of the well-
established among bacteria (Wuster and Babu, 2007;

Latour et al., 2013). Indeed, Rhodococcus sp. is a unique organism
possessing three different mechanisms for N-acyl homoserine
lactone degradation; an AHL lactonase, an oxidoreductase and
an amidase (Uroz et al.,, 2003, 2005, 2008, 2009; Park et al.,
2006), unraveling the unprecedented evolution of multiple QQ
strategies within a bacterium.

In 2003, Uroz and his team demonstrated that a ‘wild type’
Rhodococcus erythropolis W2 can degrade C6-HSL, and attenuate
the QS-regulated pathogenesis in Pectobacterium carotovorum
subsp. carotovorum, a pathogen of potato tubers, without limiting
or inhibiting its growth (Uroz et al., 2003). Although primarily
identified on the basis of its ability to utilize 3-oxo-C6 HSL,
the Rhodococcus erythropolis W2 interestingly degraded the
3-oxo derivative of acyl homoserine lactone less efficiently
than the other known AHL degrading bacteria (Leadbetter and
Greenberg, 2000). The broad substrate specificity, rapid AHL
inactivation and interference with QS regulated pathogenesis
exhibited by Rhodococcus erythropolis W2, instigated a series
of studies to understand the underlying catabolic mechanism
involved in AHL degradation (Uroz et al., 2003, 2005, 2009).
Incubation of N-(3-oxooctanoyl)-L-homoserine lactone (30,C8-
HSL), N-(3-oxodecanoyl)-L-homoserine lactone (30,C10-HSL),
N-(3-oxododecanoyl)-L-homoserine lactone (30,C12-HSL),
N-(3-oxotetradecanoyl)-L-homoserine lactone (30,C14-HSL)
with whole cells of W2 in phosphate buffer saline resulted
in the production of 3-hydroxy derivatives: 30H,C8-HSL,
30H,C10-HSL, 30H,C12-HSL and 30H,C14-HSL, respectively.
This reaction was mediated by oxidoreductase activity (Uroz
et al., 2005). The broad substrate specificity of oxidoreductase
also catalyzed the reduction of AHL derivatives substituent
with aromatic acyl side chains or without lactone ring
including N-(3-oxo-6-phenylhexanoyl) homoserine lactone
and 3-oxododecanamide, respectively (Uroz et al., 2005).

Interestingly, the oxidoreductase activity observed in the
whole cell of Rhodococcus erythropolis W2 was absent in the
culture extract. The complete elimination of unsubstituted and
substituted (3-oxo or 3-hydroxy) AHLs from the incubation
medium containing the culture extract of W2, suggested
the presence of another mechanism to degrade AHL. This
was later validated to be an acylase that catalyzed AHL
degradation by releasing dansylated homoserine lactone from the
incubated reaction mixture of N-(3-oxodecanoyl)-L-homoserine
lactone and cell culture extract of W2 strain. The AHL
acylase cleaved the amide bond of both short and long chain
AHLs yielding homoserine lactone through amidolytic activity
(Uroz et al., 2005).

Identification of a soil bacterium that displayed the potential
to utilize AHL led to the discovery of AHL lactonase, the
third mechanism for the catabolism of AHL in Rhodococcus
species (Park et al., 2006). Two strains of Rhodococcus sp.
LS31 and PI33 displayed different substrate specificity for
N-3-oxo-hexanoyl-L-homoserine lactone (OHHL), and mass
spectrometric analysis revealed that both the strains hydrolyzed
the lactone ring of AHL (Park et al., 2006). Rhodococcus sp.
strain LS31 degraded AHL of different lengths with different
acyl side chain substitutions, contradicting the higher degrading
activity exhibited by Rhodococcus erythropolis W2 against
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3-oxo-substituent AHLs than unsubstituted AHLs (Uroz et al.,
2003, 2005). The AHL lactonase from both the strains LS31 and
PI33 destroyed AHL, while the R. erythropolis W2 attenuated
the signal molecules (Park et al., 2006). Although much of
the enzymology underlying Rhodococcus AHL acylase and AHL
oxidoreductase has been unraveled, the genetic determinant of
these enzymes still remains unknown.

QsdA, a product of the gene qsdA (quorum sensing signal
degradation), was reported as the another AHL lactonase
utilized by Rhodococcus erythropolis strain W2 to degrade AHL.
This novel class of AHL lactonase did not show homology
to any previously reported AHL degrading enzymes that
were characterized from the two protein super families: Zinc-
dependent glyoxylase and N-AHSL amidohydrolases of the f
lactam acylases (Uroz et al., 2008). In fact, the QsdA belonged
to the group of phosphotriesterase (PTE) like lactonase (PLL)
within the amidohydrolase superfamily (Hawwa et al., 2009)
that possessed the characteristic binuclear metal center inside
a TIM- barrel (B/a)s - barrel-shaped scaffold). Though initially
this enzyme was described as paraoxonases due to their activity
against organophosphate pesticide paraoxon (Afriat et al., 2006),
later experiments showed that the enzymes also hydrolyzed
lactones including the N-acyl homoserine lactones with 6 to 14
carbon in acyl side chains, irrespective of carbon 3 substitution
(Uroz et al., 2008). The qsdA operon can also be utilized for
the assimilation of various lactone in the milieu including the y-
lactone, and also for the disruption of QS signals of competitive
bacteria (Latour et al., 2013). The qgsdA homologue is conserved
in reference strains including, Rhodococcus erythropolis DCL14
(de Carvalho and da Fonseca, 2005) and it was suggested
that the detection of AHL signals or the y- capro lactones
in the environment can lead to the transcription of gsdA
within gsd operon (Barbey et al., 2012, 2013). A putative
transcriptional regulator homologous to TetR (QsdR) had been
reported upstream of gsd operon (Latour et al., 2013), which, in
the absence of AHL could bind to the promoter inhibiting the
expression of gsdA. In the presence of AHL or y-butyro lactones,
the QsdR might undergo conformational change leading to the
transcription of the gene qsdA (Cuthbertson and Nodwell, 2013;
Barbey et al., 2018).

Attenuation of QS-regulated pathogenesis in Pectobacterium
carotovorum subsp. carotovorum, a pathogen of Solanum
tuberosum (potato tubers), by rhizosphere soil Rhodococcus
erythropolis W2 illustrates the interaction between a QS producer,
a QQ producer, and their plant host. The treatment of
rhizosphere soil of potato plant with growth stimulator such as
gamma- caprolactone (GCL), provoked the growth of native AHL
degrading strains especially Rhodococcus erythropolis (Cirou
et al., 2007, 2011). Another study with Rhodococcus sp. R138
isolated from GCL treated potato rhizosphere soil exhibited
strong biocontrol activity in potato tuber assay by degrading AHL
and through assimilating GCL (Cirou et al., 2011). Rhodococcus
erythropolis not only increased its population in response to
GCL (a natural plant molecule) but also assimilated GCL, a
reaction proposed to have been catalyzed by QsdA and other
rhodococcal enzymes (Cirou et al., 2012). Drastic reduction
in AHL mediated virulence of Pectobacterium atrospeticum by

Rhodococcus erythropolis was identified by transcriptome analysis
(Kwasiborski et al., 2015). Rhodococcus sp. BH4 encapsulated
within free moving alginate cell trapping beads (CEBs) quenched
AHL and reduced the synthesis of extracellular matrix of biofilm-
forming microbial cells in membrane bioreactors. This property
of quenching AHL by strain BH4, in combination with the
physical friction exerted by alginate beads, has been proposed as
prospective model for controlling biofouling (Kim et al., 2013).

FAMILY: Streptomycetaceae; GENUS:
Streptomyces

An AHL acylase termed as AhIM (N-acyl homoserine lactone
acylase) derived from Streptomyces sp. strain M664 was the
first AHL degrading enzyme characterized from the genera
Streptomyces (Park et al., 2005). Discovered based on its potential
to obstruct N-acyl homoserine lactone facilitated violacein
production, the AHL acylase catalyzed the hydrolysis of an amide
bond between homoserine lactone and acyl side chain in AHL.
The active enzyme was composed of 804 amino acids that were
arranged in a pattern characteristic of a penicillin acylase class
of proteins belonging to Ntn hydrolase superfamily. Amino acid
sequence analysis of AhIM with known AHL acylases: AiiD
from Ralstonia strain XJ12B (Lin et al., 2003) and PvdQ from
Pseudomonas aeruginosa (Huang et al., 2003) displayed < 35%
sequence identity. Apart from the acylase activity, the AhlM
also displayed deacylation activity against long acyl chain AHLs
and was suggested of possessing the ability to degrade cyclic
lipopeptides. At a concentration of 20 pg/ml, AhIM significantly
reduced the production of elastase, total protease, and Las A
protease in P. aeruginosa PAO1 (Park et al., 2005).

A metabolite phenylalanyl-ureido-citrullinyl-valinyl-
cycloarginal termed as FA-70C1 (4) (Tables 1, 3) isolated
from Streptomyces species FA-70, strongly inhibited arg-
gingipain (Rgp), an enzyme crucial for survival and proliferation
of Porphyromonas gingivalis both in vitro and in vivo
(Kadowaki et al., 1998, 2003).

Guadinomines A (5) and B (6) (Table 3) derived from
Streptomyces K01-0509 showed dose-dependent inhibitory
activity against hemolysis caused by enteropathogenic Escherichia
coli (EPEC), potentially through the inhibition of type III
secretion system. The inhibitory concentration (ICsp) value
of guadinomine B and guadinomine A was 0.007 mg/ml and
0.02 mg/ml, respectively (Iwatsuki et al., 2008). Piericidin A1 (7),
a major metabolite of Streptomyces sp. TOHO-Y209 and TOHO-
0348, displayed an ICsp value of 10 pg/ml against violacein
production by C. violaceum CV026. 3'-rhamnopiericidin Al
(8), and piericidin E (9) also expressed QSI activity but much
lesser than piericidin A1 (Ooka et al., 2013). Alnumycin D (10), a
C-ribosylated pathway shunt product isolated from recombinant
strain Streptomyces albus, effectively inhibited the biofilm and
planktonic cells of Staphylococcus aureus ATCC 25923 by 12
to 22-fold higher than alnumycin A. Similarly, granaticin B, a
polyketide metabolite from Streptomyces violaceoruber, could
disrupt pre-formed staphylococcal biofilms. The structural
similarities observed between the two compounds, including
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glycosylation at the C-8 position with ribopyranosyl unit in
alnumycin D and the aglycone unit through C-C bond at
C-7 and C-8 positions in granaticin B, were suggested to have
contributed to the biofilm inhibitory activity. In addition to
this, the oxygenation pattern within the naphthoquinone ring,
carbonyl oxygen atom in alnumycin D and hydroxyl group in
granaticin B, were also suggested to have contributed to the
anti-biofilm activity (Oja et al., 2015).

Well studied for its role in suppressing (Tzaridis et al.,
2016) and treating tumors (Walsh et al., 2016; Das et al., 2017;
Schmidt et al., 2017; Lamture et al., 2018), actinomycin D
from Streptomyces parvulus also possessed biofilm inhibitory
activity in vitro. At 0.1 pg/ml concentration, actinomycin
D reduced the formation of biofilm of methicillin sensitive
Staphylococcus aureus strains (ATCC 25923 and ATCC 6538)
and methicillin resistant Staphylococcus aureus strain (ATCC
33591) by > 70%, > 80%, and > 80%, respectively (Lee et al.,
2016). At the same concentration, actinomycin D reduced the
biomass and mean thickness of Staphylococcus aureus biofilm
by 98%, and the hemolytic activity by > 85%. This led to
the suggestion that the inhibitory activity of actinomycin D
toward Staphylococcus aureus was partly concatenated with
its ability to inhibit hemolysis. Besides, Streptomyces parvulus
derived actinomycin D also reduced the hydrophobicity of the
staphylococcal cells, a property crucial for the bacterial adherence
to the substrata (Krasowska and Sigler, 2014). The failure of
the actinomycin D to disperse preformed staphylococcal biofilms
highlighted the non-association of actinomycin D with protease
or the staphylococcal agr QS system (Lee et al., 2016). Conversely,
actinomycin D derived from Streptomyces parvulus HY026
significantly reduced the production of violacein by C. violaceum
up to 90.7% at 50 pg/ml concentration. Although the potential
of actinomycin D from endophytic Streptomyces parvulus (1%
(v/v) concentration) to inhibit staphylococcal biofilms does seem
to be more superior than the actinomycin D from Streptomyces
parvulus HY026 (10% v/v concentration), the non-agr QS
mediated mode of biofilm inhibition by the former strain and
anti-QS activity of actinomycin D from HY026 exemplifies the
outstanding functional adaptation of actinomycin D at molecular
level (Miao et al., 2017; Table 1).

Streptomyces  coelicoflavus  S17  derived  1H-pyrrole-2-
carboxylic acid (11) and docosanoic acid (12) (Table 3)
significantly attenuated the virulence of P. aeruginosa PAO1
at 1 mg/ml concentration. While 1H-pyrrole-2-carboxylic
acid decreased the production of elastase, protease, and
pyocyanin by 96, 74, and 44%, respectively, the docosanoic
acid reduced their production by 91.8, 46.1, and 64.45%,
respectively. The compound 1H-pyrrole-2-carboxylic acid
eliminated the expression of las genes; lasA, lasB, lasI and
lasR by 88, 92, 80, and 87%, respectively. The compound
also inhibited rhl/pqs cascade including pqsA, pgsR, rhil
and rhlR by 97, 78, 69, and 89%, respectively (Hassan
et al, 2016). All maniwamycins from Streptomyces TOHO-
MO025 reduced the production of violacein by C. violaceum
CV026 in a dose-dependent manner at a concentration
ranging from 0.01 to 1 mg/ml. Maniwamycins D (13) and
E (14) displayed higher QS inhibitory activity than C (15)

and F. Maniwamycin E showed ICsy value of 0.12 mg/ml
(Fukumoto et al., 2016).

Quercetin (16) from marine Streptomyces fradiae PE7 reduced
the germination of Anabaena and Nostoc sp. spores by 70%
at 100 pg/ml concentration (Gopikrishnan et al.,, 2016). The
addition of culture extract from Streptomyces xanthocidicus
KPP01532 (> 2.5 pL), reduced the violacein production by
CV026 considerably. Transcriptomic analysis on the effect
of purified piericidin A (17) and glucopiericidin A (18)
from the KPP01532 media extract on E. carotovora subsp.
atroseptica revealed that the reduction in the expression of
genes encoding hydrolytic enzymes including pectate lyase
(PelC), cellulase (CelV), polygalacturonase (PehA) and QS
controlled virulence-associated gene (nip). Treatment of potato
tubers with 50 and 100 pM of piericidin A also reduced
the development of soft rot disease symptoms. Similar results
were also obtained in vitro with KPP01532 glucopiericidin A
(Kang et al., 2016).

Hygrocin C (an ansamycin) derived from Streptomyces sp.
SCSGAA0027 displayed a biofilm inhibitory concentration
(BICgp) value of 12.5 pg/ml, 25.0 pg/ml and 200 pg/ml
against  Bacillus amyloliquefaciens, ~ Staphylococcus — aureus
and P. aeruginosa, respectively. At a dosage of 12.5 to
100 pg/ml, hygrocin C reduced pre-formed biofilms of
Bacillus amyloliquefaciens by 11.73 to 54.76%. Transcriptomic
analysis showed that in the presence of hygrocin C, 107 genes
were upregulated, and 102 genes were downregulated. While
the downregulated genes were crucial for motility including
FliC and FliA (Flagellar genes), MotB (Flagellar motor protein)
and two-component systems including ResE (Sensor histidine
kinase ResE) and CydB (Cytochrome-bd-ubiquinol oxidase),
the upregulated genes led to the mass synthesis of arginine and
histidine. The unbalanced level of histidine and arginine, and the
downregulation of genes essential for motility were suggested
to have contributed to the repression of biofilm formation. It
was also suggested that the suppression of bacteria’s survival was
due to the downregulation of nitric oxide dioxygenase (HmpA)
(Wang et al., 2018).

Metal nanoparticles including
nanoparticles  synthesized from  Streptomyces  species
have also been effective in attenuating virulence of
microbial pathogens. Selenium nanoparticles synthesized
by Streptomyces minutiscleroticus M10A62 inhibited biofilm
of antibiotic-resistant strains of Acinetobacter species
at a concentration of 3.2 pg/ml (Ramya et al, 2015).
Silver nanoparticles from Streptomyces griseorubens AU2
suppressed the biofilm of Staphylococcus aureus ATCC
25923 and P. aeruginosa ATCC 27853 at a concentration
20 pg/ml and 10 pg/ml, respectively (Baygar and Ugur,
2017). A furonone derivative from = Streptomyces sp.
AT37 5-[(5E,7E,11E)-2,10-dihydroxy-9,11-dimethyl-5,7,11-
tridecatrien-1-yl]-2-hydroxy-2-(1-hydro-xyethyl)-4-me-
thyl-3(2H)-furanone or antibiotic AT37-1 (19) exhibited
minimum biofilm inhibition concentration (MBICsy) of 10-
15 pg/mL against methicillin ensitive Staphylococcus aureus
(MSSA) ATCC 29523 and methicillin resistant Staphylococcus
aureus (MRSA) ATCC 43300 (Driche et al., 2017). Streptorubin

selenium and silver
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B from Streptomyces sp. strain MC11024 displayed ICsy value
of 0.56 pM against the biofilms of m MRSA N315. Although
streptorubin B inhibited the growth of MRSA N315 at 2-
4 pg/mL, the compound also exhibited anti-biofilm activity
(Bauermeister et al., 2019).

At a dosage of 2.5% (v/v), the metabolites from marine
Streptomyces albus A66 repressed the formation of V. harveyi
biofilms by 99.3% and dispersed the mature biofilms of V. harveyi
by 75.6%. The A66 metabolite was suggested to affect the
development of Vibrio biofilms by attenuating the initiation and
maturation stage (You et al., 2007; Table 2). Methanolic extract
from the spent medium of Streptomyces akiyoshiensis CAA-3
inhibited staphylococcal biofilms at a concentration of 0.1 mg/ml.
The extract also possessed the ability to inhibit the colonization of
Staphylococcus aureus in the intestine of Caenorhabditis elegans
up to 70% (Table 2; Bakkiyaraj and Pandian, 2010). Culture
extracts of Streptomyces sp. BFI 250 at 0.01% (v/v) inhibited
the biofilm formation and detachment of preformed biofilms of
Staphylococcus aureus ATCC 25923 by > 80% for more than
17 h. The ability to subdue both the formation and detachment of
biofilms by Streptomyces sp. BFI 250 was due to the extracellular
protease in the extract that was equivalent to approximately
0.1 pg of proteinase K/ml (Park et al., 2012). Extracts from
Streptomyces sp. NIO 10068 spent medium reduced motility,
formation of biofilm, production of pyocyanin, rhamnolipid and
Las A protease, swimming and twitching by 90, 67, 45, 45, 43,
20, and 15%, respectively in P. aeruginosa ATCC 27853. Among
the several active compounds including cinnamic acid, linear
dipeptides N-amido-a-proline, pro-line-glycine and aromatic
acids characterized from the extract of strain NIO 10068, only
linear dipeptide and cinnamic acid expressed quorum sensing
inhibitory (QSI) activity (Naik et al., 2013). DNA microarray
analysis revealed that the spent medium of the strain BFI 230
repressed 42 genes and induced 78 genes in P. aeruginosa cells
embedded within the biofilm. The 78 genes that were induced
were essential for utilization of iron, biosynthesis of phenazine
(phz operon), pyoverdine (pvd operon) and pyochelin (pch).
At 1% (v/v) concentration, spent medium of BFI 230 repressed
90% of the P. aeruginosa biofilm. However, at this concentration
other virulence factors including swarming and the production
of pyoverdine and pyocyanin increased. As the transcriptomic
analysis showed that the BFI 230 spent medium induced the
genes for iron uptake, external addition of ferrous compounds
(FeCl3 and FeSQOy) in the presence of the BFI 230 spent medium
resulted in the restoration P. aeruginosa biofilms. The study
revealed that proteins or peptides native to the Streptomyces sp.
BFI 230 spent medium suppressed the formation of P. aeruginosa
biofilms either indirectly interfering with the bacterium’s iron
utilization or through linking iron with quorum sensing system
(Kim et al., 2012).

Characterization of quorum quenching activity in 63
Streptomyces soil isolates showed that 3 strains St11, St61 and
St62 degraded synthetic hexanoyl homoserine lactone (HHL).
The acylase was stable in the presence of heavy metals and
chelating agents, and maintained a maximum catalytic activity
between 20 to 50°C up to pH 8 (Sakr et al., 2015). The extracts
of Streptomyces akiyoshinensis (A3) inhibited Streptococcus

pyogenes biofilms at a concentration of 10 to 50 pg/ml. The
extract from Streptomyces akiyoshinensis affected the cell
hydrophobicity, and the initial colonization of Streptococcus
pyogenes (Nithyanand et al., 2010). About 200 pg/ml of diethyl
ether extracts of Streptomycetes species A745 culture subdued
the formation of V. cholerae biofilm by 60% (Augustine
et al., 2012). Crude fatty acid extract from three Streptomyces
isolates (Streptomyces sps isolates S8, S9, and S15) inhibited
formation of Streptococcus pyogenes ATCC 19615 biofilm at
a concentration of 10 pg/ml. Remarkably, the lipids found
in the crude extract of these Streptomyces species influenced
the secretion of extracellular proteins especially streptolysin S
(Rajalakshmi et al., 2014). The extract of Streptomyces sp. SBT343
displayed BICsy value of 62.5 pg/ml toward Staphylococcus
epidermidis RP62A biofilm. At 125 pg/ml, the extract subdued
the formation of biofilms of MRSA, MSSA and Staphylococcus
epidermidis. Physiochemical characterization of the extract
revealed that the bioactive molecule(s) mediating the inhibitory
activity toward staphylococcal biofilm were thermostable and
non-proteinaceous in nature (Balasubramanian et al, 2017).
Hexane partition of Streptomyces sp. CCB-PSK207 spent medium
gradually increased the survival of P. aeruginosa PA14 infected
C. elegans from 45.33 to 72.71% at the concentration ranging
from 50 to 400 pg/ml. Phenotypical analysis on the expression of
virulence factors of PA14 showed that the metabolites (fatty acid
methyl esters) in the extract were indifferent on the formation
of biofilm or on the production of protease and pyocyanin.
However, restoration of the green fluorescent protein (GFP)
expression in transgenic lys-7:GFP C. elegans strain SAL105
revealed that the hexane partition of CCB-PSK207 did not
repress the killing of C. elegans by subduing the virulence
of PA14, but rather through boosting the immunity in the
nematode by inducing the expression of lysozyme 7 (lys-7) (Fatin
et al,, 2017). The minimum biofilm inhibitory concentration
of metabolites from Streptomyces albogriseolus GIS39Ama
were 312 ppm against Escherichia coli MTCC 687, 625ppm
against Klebsiella pneumoniae MTCC 3384 and Vibrio cholerae
MTCC 3906, and 1250 ppm against Pseudomonas aeruginosa
MTCC 2453. Streptomyces albogriseolus GIS39Ama reduced the
production of violacein by C. violaceurn MTCC 2656 by 87.67%
(Lokegaonkar and Nabar, 2017). The extract from Streptomyces
sp. MCO025 isolated from an unidentified red alga suppressed
the formation of Staphylococcus aureus biofilm by > 90% with
minimal bactericidal effect on planktonic cells. Bioactivity-
guided fractionation of the crude extract Streptomyces sp. MC025
led to the identification of 6 bipyridines molecules, of which,
collismycins C (20) and pyrisulfoxin A (21) showed inhibitory
activity against MSSA ATCC 6538 at 50 pg/mL. Further studies
revealed that Collismycin C was the major component initiating
anti-biofilm activity by chelating Fe ions, and that the location of
the OH group on bipyridines were vital for anti-biofilm activity
against Staphylococcus aureus (Lee et al., 2017).

Screening of 101 marine Actinomycetes led to the discovery of
Streptomyces strains that could suppress biofilms of Escherichia
coli (by 61 - 80%) and Staphylococcus aureus (by 60%)
(Leetanasaksakul and Thamchaipenet, 2018). Extracts from the
spent medium of Streptomyces sp. TRM 41337 suppressed the
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formation of Staphylococcus epidermidis (ATCC 35984 and 5-
121-2) biofilms by > 90% in a dose-dependent manner for
over 24 h. While the culture extracts of Streptomyces sp.
TRM 41337 effectively degraded DNA of S. epidermidis, the
protein metabolite from the extract reduced the cell surface
hydrophobicity and degraded EPS of Staphylococcus epidermidis.
Thus, it was suggested that through these properties, the crude

protein was able to prevent the formation of S. epidermidis
biofilm (Xie et al., 2018).

Melanin pigment (soluble and insoluble forms) purified from
Streptomyces sp. ZL-24 suppressed the formation of P. aeruginosa
ATCC 9027 and Staphylococcus aureus ATCC 6538 biofilms up
to 67.5 and 74.6% and 79.2 and 71.7%, respectively (Wang et al.,
2019). Similarly, the extract from Streptomyces griseoincarnatus

Percentage distribution of bacteria from phylum Actinobacteria exhibiting virulence
inhibitory activity
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FIGURE 1 | Percentage distribution of bacteria from phylum Actinobacteria exhibiting virulence inhibitory activity.
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HK12 suppressed P. aeruginosa and Staphylococcus aureus
biofilms by 82.657 and 78.973%, respectively. GC-MS analysis
of the extract showed the presence of five active compounds
including arachidic acid, erucic acid, 13Z-octadecenal (22), 9Z-
octadecenal and tetracosanoic acid. In silico docking of all the
five active compounds with Lasl of P. aeruginosa showed that
the 13Z-octadecenal interacted with Lasl and formed pi-alkyl
bond with the conserved residues Trp33 and Phe2 in Lasl. It
was suggested that the downregulation of QS-regulated virulence
gene was due to the small molecule mediated inhibition of LaslI
binding to its native ligand LasR. This study also suggested
that the presence of fatty acyl molecule in HK12 spent medium
could have exerted both synergistic or independent anti-biofilm
activity (Kamarudheen and Rao, 2019). Four new a- pyridones
(compound 16 (23),17 (24),19 (25) & 20 (26)) generated
through chemical transformation of the compounds derived
from culture extract of Streptomyces sp., inhibited the expression
of P. aeruginosa QSIS-lasl biosensors at a concentration of
6.35 pg/well (Du et al., 2018).

Dimorphic fungi Candida albicans can potentiate clinically
significant systemic infections due to its complex and
multifactorial virulence factors including isocitrate lyase
(ICL), a glyoxylate cycle enzyme (Lorenz and Fink, 2001;
Ramirez and Lorenz, 2007; Mayer et al., 2013). Bahamaolide A
(27) purified from Streptomyces sp. CNQ343 strongly inhibited
the mRNA expression of ICL with an ICsy value of 11.82 uM.
Due to the absence of ICL in mammals, Bahamaolide A has
been suggested as a promising anti-virulent agent for C. albicans
(Lee et al., 2014).

Pre-exposure of C. albicans to the Streptomyces toxytricini
Fz94 culture extract at a concentration of 5 g/L prevented the
formation of biofilm up to 92%. At 7 g/L, the extract destroyed
up to 82% of biofilms after 120 min (Sheir et al., 2017). Partially
purified fractions of Streptomyces chrestomyceticus strain ADP4
strongly inhibited the secretory aspartic proteases (Saps) in
C. albicans which has been shown to be vital for the formation
of hyphae, phenotypic switching, adhesion, digestion of host cell
membrane, and also for the evasion of host immune system by the
yeast (Srivastava et al., 2017). A metabolite from Streptomyces sp.
ADRI displayed MBIC < 15.625 pug/ml and < 500 pg/ml against
preformed biofilm of pathogenic Staphylococcus aureus (Singh
and Dubey, 2018). Khatmiamycin (28) and aloesaponarin II (29)
derived from Streptomyces sp. ANK313 inhibited the motility of
zoospores of Plasmopara viticola with a MIC value of 10 pg/ml
and 25 10 pg/ml, respectively (Abdalla et al., 2011).

OTHERS

Partially purified pigment from Actinomycetes C5-5Y inhibited
the cell surface hydrophobicity, proteolytic and lipase
activity of Streptococcus mutans and Staphylococcus aureus
(Table 2). When treated with the pigment, cell surface
hydrophobicity of these nosocomial pathogens reduced by
23 and 24% compared to the 91 and 89% hydrophobicity
observed in the control cells. Furthermore, at 10 pg/ml
concentration, the pigment also significantly reduced the

formation of Streptococcus mutans and Staphylococcus aureus
biofilms, leading to the suggestion that Actinomycetes C5-
5Y derived pigment were capable of quenching quorum
sensing signals (Soundari et al, 2014). Transcriptomic

TABLE 4 | List of compounds characterized from Actinobacteria and their specific
virulence inhibitory function.

Target Organisms  Virulence Actinobacterial compound
determinants exhibiting anti-virulence property
evaluated

P, aeruginosa Motility Cinnamic acid linear dipeptide (Pro-Gly

(ATCC 27858, (Swimming and and N-amido-a-proline)

ATCC 10145, Twitching)

ATCC 9027, PAOT)

Biofilm B4-EPS1
Actinomycin D
Cinnamic acid linear dipeptide (Pro-Gly
and N-amido-a-proline)
Melanin
9Z-Octadecenal
Arachidic acid,
Erucic acid
13Z-Octadecenal and tetracosanoic
acid,
Silver nano particles

Pyocyanin Cinnamic acid linear dipeptide (Pro-Gly
and N-amido-a-proline)
1H-pyrrole-2-carboxylic acid
Docosanoic acid

Rhamnolipid Cinnamic acid linear dipeptide (Pro-Gly

and N-amido-a-proline)
Production of
elastase

1H-pyrrole-2-carboxylic acid
Docosanoic acid

Production of
protease

1H-pyrrole-2-carboxylic acid
Docosanoic acid

Expression of
las genes

1H-pyrrole-2-carboxylic acid
4-Hydroxy-3-methyl-6-propylpyridin-
2(1H)-one
3-Ethyl-4-hydroxy-6-isopropylpyridin-
2(1H)-one
4-Hydroxy-6-isobutyl-3-methylpyridin-
2(1H)-one
(S)-6-(sec-Butyl)-4-hydroxy-3-
methylpyridin-2(1H)-one Nocapyrone H
Nocapyrone | Nocapyrone M

Expression of 1H-pyrrole-2-carboxylic acid

rhi/pas

cascade
Staphylococcus Biofim Protease Actinomycin D Alnumycin D
aureus (ATCC Granaticin B Streptorubin B Melanin
25923, ATCC 5-[(5E,7E,11E)-2,10-dihydroxy-9,11-
6538, ATCC dimethyl-5,7,11-tridecatrien-1-yl]-2-
33591, ATCC hydroxy-2-(1-hydro-xyethyl)-4-me-
95005, N315) thyl-3(2H)-furanone Collismycin C Silver

nano particles

Hemolysis Actinomycin D WS9326A WS9326B

Slime Actinomycin D

Cell Actinomycin D

hydrophobicity
Staphylococcus Agr-dependent Arthroamide Turnagainolide A
aureus agr reporter gene
strain 8325-4 expression
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analysis on the effect of cyclodepsipeptides (WS9326A and
WS92326B) from Actinomycetes strain DSW812 on the VirSR
system of C. perfringens, revealed that the WS9326A suppressed
the expression of pfoA encoding perfringolysin O in dose-
dependent manner at sub-micromolar ICsy concentration. As
WS9326B lacked this activity, the absence of double bonds in the
dehydrotyrosine of WS92326B was concluded to be crucial for
the cyclodepsipeptide binding to VirS system. However, the study
also showed that WS9326B effectively decreased the cytotoxicity
of Staphylococcus aureus on human corneal epithelial cells
significantly. WS9326A and WS9326B also repressed hemolysin
production by S. aureus 8325-4 (type-1 AIP), S. aureus K12
(type-II AIP) and S. aureus K9 (type-IV AIP), indicating
the specificity of Actinomycetes cyclodepsipeptides toward the
different auto inducing peptides (AIP). Cochinmicins II and III
from Actinomycetes strains GMKU369, have also been suggested
to function as an antagonist like cyclodepsipeptides due to
their similarities in structure, molecular size, and hydrophobicity
(Desouky et al., 2015).

OPINION AND FUTURE PERSPECTIVE

The phylum Actinobacteria encompasses a group of organisms
well known for its prodigious production of secondary
metabolites with complex scaffolding and chemical entities.
This actinic uniqueness has been beneficial in terms of
its pharmaceutical adaptability, as clinically significant
antimicrobials, anti-tumor agents, immunosuppressants, anti-
proliferative agents, anti-parasitic agents and herbicides than
any other bacterial origin natural product. In this regard,
identification of secondary metabolites from the phylum
Actinobacteria with potential to attenuate virulence in other
microorganisms, and the broad-spectrum specificity toward
different AHLs, could be advantages for engineering the much
anticipated anti-virulence drugs. Actinobacteria strains that
suppressed microbial virulence have been reported majorly
from marine and terrestrial environment (Figures 1, 2). Over
the past decade, several marine natural products (MNP)
derived from various phyla of bacteria, alga, seaweeds and
invertebrates exhibiting anti-virulence property including anti-
biofilm property have been reported. This could be the reflection

REFERENCES

Abdalla, M. A., Win, H. Y., Islam, M. T., von Tiedemann, A., Schiiffler, A., and
Laatsch, H. (2011). Khatmiamycin, a motility inhibitor and zoosporicide against
the grapevine downy mildew pathogen Plasmopara viticola from Streptomyces
sp. ANK313. J. Antibiot. 64, 655-659. doi: 10.1038/ja.2011.68

Afriat, L., Roodveldt, C., Manco, G., and Tawfik, D. S. (2006). The latent
promiscuity of newly identified microbial lactonases is linked to a recently
diverged phosphotriesterase. Biochemistry 45, 13677-13686. doi: 10.1021/
bi061268r

Augustine, N., Wilson, P. A., Kerkar, S, and Thomas, S. (2012). Arctic
actinomycetes as potential inhibitors of Vibrio cholerae biofilm. Curr. Microbiol.
64, 338-342. doi: 10.1007/s00284-011-0073-4

Bakkiyaraj, D., and Pandian, S. K. (2010). In vitro and in vivo antibiofilm activity
of a coral associated actinomycete against drug resistant Staphylococcus aureus
biofilms. Biofouling 26,711-717. doi: 10.1080/08927014.2010.511200

of the recent trend in exploring the metabolite profile of
microbiome from uninhabited areas including arctic regions,
to prevent the re-isolation of known active metabolites. While
the active metabolites from the Actinobacteria have been
demonstrated with virulence suppressing potential against a wide
range of bacteria and yeast cells, the assays employed to evaluate
the virulence inhibiting potential are very limited (Table 4).
The Actinobacteria derived products were mainly evaluated for
their potential to inhibit biofilm formation or the production
of enzymes, pigments, cell hydrophobicity, and motility.
Yet, many crucial virulence factors including iron uptake,
immune cell evasion and suppression of host immune system
should have been considered as promotion of pathogenesis by
bacteria like Staphylococcus aureus is site-specific. Similarly,
evaluation of the majority of actinobacterial origin anti-virulence
agents has been against very limited bacterial reference strains
and reporter strains particularly Staphylococcus aureus and
Pseudomonas aeruginosa. Although, undeniably, these organisms
are highly virulent with or without AMR, researches with a
wide range of organisms especially variant cell populations
such as persister cells that have been demonstrated to be the
etiological agents of chronic infections would help to establish
the potency of metabolites as anti-virulences. To conclude, in the
evolutionary struggle for co-existence between microorganism
and humans, the single-sided supremacy observed during the
prodromal antibiotic era convincingly advocates requirement of
multifactor approach to target pathogenesis of microorganism
in the host body.

AUTHOR CONTRIBUTIONS

Both authors contributed equally to the preparation and
completion of the manuscript.

FUNDING

The authors would like to thank the support of DST-SERB
(EMR/2016/002296) and SASTRA Deemed to be University,
Thanjavur, India.

Balasubramanian, S., Othman, E. M., Kampik, D., Stopper, H., Hentschel, U,
Ziebuhr, W, et al. (2017). Marine sponge-derived Streptomyces sp. SBT343
extract inhibits staphylococcal biofilm formation. Front. Microbiol. 8:236. doi:
10.3389/fmicb.2017.00236

Barbey, C., Chane, A., Burini, J.-F., Maillot, O., Merieau, A., Gallique, M.,
et al. (2018). A rhodococcal transcriptional regulatory mechanism detects the
common lactone ring of AHL quorum-sensing signals and triggers the quorum-
quenching response. Front. Microbiol. 9:2800. doi: 10.3389/fmicb.2018.02800

Barbey, C., Crépin, A., Bergeau, D., Ouchiha, A., Mijouin, L., Orange, N., et al.
(2013). In planta biocontrol of Pectobacterium atrospeticum by Rhodococcus
erythropolis involves silencing of pathogen communication by the Rhodococcal
gamma-lactone catabolic pathway. PLoS One 8:¢66642. doi: 10.1371/journal.
pone.0066642

Barbey, C., Crépin, A., Cirou, A., Budin-Verneuil, A., Orange, N., Feuilloley, M.,
etal. (2012). Catabolic pathway of gamma-caprolactone in the biocontrol agent
Rhodococcus erythropolis. J. Proteome Res. 11,206-216. doi: 10.1021/pr200936q

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2073


https://doi.org/10.1038/ja.2011.68
https://doi.org/10.1021/bi061268r
https://doi.org/10.1021/bi061268r
https://doi.org/10.1007/s00284-011-0073-4
https://doi.org/10.1080/08927014.2010.511200
https://doi.org/10.3389/fmicb.2017.00236
https://doi.org/10.3389/fmicb.2017.00236
https://doi.org/10.3389/fmicb.2018.02800
https://doi.org/10.1371/journal.pone.0066642
https://doi.org/10.1371/journal.pone.0066642
https://doi.org/10.1021/pr200936q
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sarveswari and Solomon

Virulence and QS Intervention by Actinobacteria

Bauermeister, A., Pereira, F., Grilo, I. R., Godinho, C. C., Paulino, M., Almeida,
V., etal. (2019). Intra-clade metabolomic profiling of MAR4 Streptomyces from
the Macaronesia Atlantic region reveals a source of anti-biofilm metabolites.
Environ. Microbiol. 21, 1099-1112. doi: 10.1111/1462-2920.14529

Baygar, T., and Ugur, A. (2017). In vitro evaluation of antimicrobial and antibiofilm
potentials of silver nanoparticles biosynthesised by Streptomyces griseorubens.
IET Nanobiotechnol. 11, 677-681. doi: 10.1049/iet-nbt.2016.0199

Brown, E. D., and Wright, G. D. (2016). Antibacterial drug discovery in the
resistance era. Nature 529, 336-343. doi: 10.1038/nature17042

Centers for Disease Control, and Prevention, (2017). Antibiotic Use in the
United States, 2017: Progress and Opportunities. Atlanta, GA: Centers for
Disease Control, and Prevention. Available at: https://www.cdc.gov/antibiotic-
use/stewardship-report/pdf/stewardship-report.pdf (accessed March 02, 2019).

Chatterjee, A., Cui, Y., Liu, Y., Dumenyo, C. K., and Chatterjee, A. K. (1995).
Inactivation of rsmA leads to overproduction of extracellular pectinases,
cellulases, and proteases in Erwinia carotovora subsp. carotovora in the absence
of the starvation/cell density-sensing signal, N - (3-Oxohexanoyl) - L -
homoserine lactone. Appl. Environ. Microbiol. 61, 1959-1967.

Chow, J. Y., Wu, L, and Yew, W. S. (2009). Directed evolution of a quorum-
quenching lactonase from Mycobacterium avium subsp. paratuberculosis K-10
in the amidohydrolase superfamily. Biochemistry 48, 4344-4353. doi: 10.1021/
bi9004045

Cirou, A., Diallo, S., Kurt, C., Latour, X., and Faure, D. (2007). Growth promotion
of quorum-quenching bacteria in the rhizosphere of Solanum tuberosum.
Environ. Microbiol. 9, 1511-1522. doi: 10.1111/j.1462-2920.2007.01270.x

Cirou, A., Mondy, S., An, S., Charrier, A., Sarrazin, A., Thoison, O., et al.
(2012). Efficient biostimulation of native and introduced quorum-quenching
Rhodococcus erythropolis populations is revealed by a combination of analytical
chemistry, microbiology, and pyrosequencing. Appl. Environ. Microbiol. 78,
481-492. doi: 10.1128/AEM.06159-11

Cirou, A., Raffoux, A., Diallo, S., Latour, X., Dessaux, Y., and Faure, D. (2011).
Gamma-caprolactone stimulates growth of quorum-quenching Rhodococcus
populations in a large-scale hydroponic system for culturing Solanum
tuberosum. Res. Microbiol. 162, 945-950. doi: 10.1016/j.resmic.2011.01.010

Clatworthy, A. E., Pierson, E., and Hung, D. T. (2007). Targeting virulence: a
new paradigm for antimicrobial therapy. Nat. Chem. Biol. 3, 541-548. doi:
10.1038/nchembio.2007.24

Cuthbertson, L., and Nodwell, J. R. (2013). The TetR family of regulators. Microbiol.
Mol. Biol. Rev. 77, 440-475. doi: 10.1128/ MMBR.00018-13

Das, T., Nair, R. R,, Green, R., Padhee, S., Howell, M., Banerjee, J., et al. (2017).
Actinomycin D down-regulates SOX2 expression and induces death in breast
cancer stem cells. Anticancer Res. 37, 1655-1663. doi: 10.21873/anticanres.
11496

de Carvalho, C. C. R, and da Fonseca, M. M. R. (2005). The remarkable
Rhodococcus erythropolis. Appl. Microbiol. Biotechnol. 67, 715-726. doi: 10.
1007/s00253-005-1932-3

Desouky, S. E., Shojima, A., Singh, R. P., Matsufuji, T., Igarashi, Y., Suzuki, T., et al.
(2015). Cyclodepsipeptides produced by actinomycetes inhibit cyclic-peptide-
mediated quorum sensing in Gram-positive bacteria. FEMS Microbiol. Lett. 362,
1-9. doi: 10.1093/femsle/fnv109

Dong, Y.-H., Gusti, A. R., Zhang, Q, Xu, J.-L,, and Zhang, L.-H. (2002).
Identification of quorum-quenching N-acyl homoserine lactonases from
Bacillus Species. Appl. Environ. Microbiol. 68, 1754-1759. doi: 10.1128/ AEM.
68.4.1754-1759.2002

Dong, Y. H., Wang, L. H,, Xu, J. L., Zhang, H. B., Zhang, X. F., and Zhang, L. H.
(2001). Quenching quorum-sensing-dependent bacterial infection by an N-acyl
homoserine lactonase. Nature 411, 813-817. doi: 10.1038/35081101

Driche, E. H., Sabaou, N., Bijani, C., Zitouni, A., Pont, F., Mathieu, F.,
et al. (2017). Streptomyces sp. AT37 isolated from a Saharan soil produces
a furanone derivative active against multidrug-resistant Staphylococcus
aureus. World ]. Microbiol. Biotechnol. 33:105. doi: 10.1007/s11274-017-
2265-y

Du, Y., Sun, J., Gong, Q., Wang, Y., Fu, P., and Zhu, W. (2018). New a-Pyridones
with quorum-sensing inhibitory activity from diversity-enhanced extracts of a
Streptomyces sp. derived from marine algae. J. Agric. Food Chem. 66, 1807-1812.
doi: 10.1021/acs.jafc.7b05330

Fatin, S. N., Boon-Khai, T., Shu-Chien, A. C., Khairuddean, M., and Al-Ashraf
Abdullah, A. (2017). A marine actinomycete rescues Caenorhabditis elegans

from Pseudomonas aeruginosa infection through restitution of Lysozyme 7.
Front. Microbiol. 8:2267. doi: 10.3389/fmicb.2017.02267

Fetzner, S. (2015). Quorum quenching enzymes. J. Biotechnol. 201, 2-14. doi:
10.1016/j.jbiotec.2014.09.001

Fu, P, Liu, P., Gong, Q., Wang, Y., Wang, P., and Zhu, W. (2013). o -Pyrones from
the marine-derived actinomycete Nocardiopsis dassapnvillei subsp. dassonvillei
XG-8-1. RSC Adv. 3, 20726-20731. doi: 10.1039/c3ra43656j

Fukumoto, A., Murakami, C., Anzai, Y., and Kato, F. (2016). Maniwamycins: new
quorum-sensing inhibitors against Chromobacterium violaceum CV026 were
isolated from Streptomyces sp. TOHO-MO025. J. Antibiot. (Tokyo) 69, 395-399.
doi: 10.1038/ja.2015.126

Gelband, H., Miller-Petrie, M., Pant, S., Gandra, S., Levinson, J., Barter, D., et al.
(2015). The State of the Worlds Antibiotics. Washington DC: The Center for
Disease Dynamics, Economics & Policy. Available at: https://cddep.org/wp-
content/uploads/2017/06/swa_edits_9.16.pdf (accessed March 02, 2019).

Gonzalez, J. E., and Keshavan, N. D. (2006). Messing with bacterial quorum
sensing. Microbiol. Mol. Biol. Rev. 70, 859-875. doi: 10.1128/ MMBR.00002-6

Gopikrishnan, V., Radhakrishnan, M., Shanmugasundaram, T., Pazhanimurugan,
R, and Balagurunathan, R. (2016). Antibiofouling potential of quercetin
compound from marine-derived actinobacterium, Streptomyces fradiae PE7
and its characterization. Environ. Sci. Pollut. Res. 23, 13832-13842. doi: 10.1007/
s11356-016-6532-5

Grandclément, C., Tanniéres, M., Moréra, S., Dessaux, Y., and Faure, D. (2016).
Quorum quenching: role in nature and applied developments. FEMS Microbiol.
Rev. 40, 86-116. doi: 10.1093/femsre/fuv038

Grecz, N., Wagenaar, R. O., and Dack, G. M. (1959). Inhibition of Clostridium
botulinum by culture filtrates of Breibacterium linens. J. Bacteriol. 78, 506-510.

Greenberg, E. P. (2003). Bacterial communication and group behavior. J. Clin.
Invest. 112, 1288-1290. doi: 10.1172/JCI20099

Hassan, R., Shaaban, M. I, Abdel Bar, F. M., El-Mahdy, A. M., and Shokralla, S.
(2016). Quorum sensing inhibiting activity of Streptomyces coelicoflavus isolated
from soil. Front. Microbiol. 7:659. doi: 10.3389/fmicb.2016.00659

Hawwa, R., Aikens, J., Turner, R. J., Santarsiero, B. D., and Mesecar, A. D.
(2009). Structural basis for thermostability revealed through the identification
and characterization of a highly thermostable phosphotriesterase-like lactonase
from Geobacillus stearothermophilus. Arch. Biochem. Biophys. 488, 109-120.
doi: 10.1016/j.abb.2009.06.005

Hill, C. (2012). Virulence or niche factors: what ’ s in a name? J. Bacteriol. 194,
5725-5727. doi: 10.1128/JB.00980-12

Holmquist, M. (2000). Alpha/Beta-hydrolase mechanisms fold enzymes:
structures, functions and mechanisms. Curr. Protein Pept. Sci. 1, 209-235.
doi: 10.2174/1389203003381405

Huang, J. J., Han, J.-I., Zhang, L.-H., and Leadbetter, J. R. (2003). Utilization of
acyl-homoserine lactone quorum signals for growth by a soil pseudomonad
and Pseudomonas aeruginosa PAOL. Appl. Environ. Microbiol. 69, 5941-5949.
doi: 10.1128/aem.69.10.5941-5949.2003

Igarashi, Y., Yamamoto, K., Fukuda, T., Shojima, A., Nakayama, J., Carro, L., et al.
(2015). Arthroamide, a cyclic depsipeptide with quorum sensing inhibitory
activity from Arthrobacter sp. J. Nat. Prod. 78, 2827-2831. doi: 10.1021/acs.
jnatprod.5b00540

Iwatsuki, M., Uchida, R., Yoshijima, H., Ui, H., Shiomi, K., Matsumoto, A.,
et al. (2008). Guadinomines, type III secretion system inhibitors, produced by
Streptomyces sp. K01-0509. I. Taxonomy, fermentation, isolation and biological
properties. J. Antibiot. (Tokyo) 61, 222-229. doi: 10.1038/ja.2008.32

Jiang, P., Li, J., Han, F., Duan, G., Lu, X,, Gu, Y., et al. (2011). Antibiofilm activity
of an exopolysaccharide from marine bacterium Vibrio sp. QY101. PLoS One
6:¢18514. doi: 10.1371/journal.pone.0018514

Jiao, Y. L., Wang, S. J., Lv, M. S,, Jiao, B. H,, Li, W. ], Fang, Y. W, et al. (2014).
Characterization of a marine - derived dextranase and its application to the
prevention of dental caries. J. Ind. Microbiol. Biotechnol. 41, 17-26. doi: 10.1007/
510295-013-1369-0

Kadowaki, T., Kitano, S., Baba, A., Takii, R., Hashimoto, M., Katunuma, N.,
et al. (2003). Isolation and characterization of a novel and potent inhibitor of
Arg-gingipain from Streptomyces sp. strain FA-70. Biol. Chem. 384, 911-920.

Kadowaki, T., Nakayama, K., Yoshimura, F., Okamoto, K., Abe, N., and Yamamoto,
K. (1998). Arg-gingipain acts as a major processing enzyme for various cell
surface proteins in Porphyromonas gingivalis. J. Biol. Chem. 273, 29072-29076.
doi: 10.1074/jbc.273.44.29072

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2073


https://doi.org/10.1111/1462-2920.14529
https://doi.org/10.1049/iet-nbt.2016.0199
https://doi.org/10.1038/nature17042
https://www.cdc.gov/antibiotic-use/stewardship-report/pdf/stewardship-report.pdf
https://www.cdc.gov/antibiotic-use/stewardship-report/pdf/stewardship-report.pdf
https://doi.org/10.1021/bi9004045
https://doi.org/10.1021/bi9004045
https://doi.org/10.1111/j.1462-2920.2007.01270.x
https://doi.org/10.1128/AEM.06159-11
https://doi.org/10.1016/j.resmic.2011.01.010
https://doi.org/10.1038/nchembio.2007.24
https://doi.org/10.1038/nchembio.2007.24
https://doi.org/10.1128/MMBR.00018-13
https://doi.org/10.21873/anticanres.11496
https://doi.org/10.21873/anticanres.11496
https://doi.org/10.1007/s00253-005-1932-3
https://doi.org/10.1007/s00253-005-1932-3
https://doi.org/10.1093/femsle/fnv109
https://doi.org/10.1128/AEM.68.4.1754-1759.2002
https://doi.org/10.1128/AEM.68.4.1754-1759.2002
https://doi.org/10.1038/35081101
https://doi.org/10.1007/s11274-017-2265-y
https://doi.org/10.1007/s11274-017-2265-y
https://doi.org/10.1021/acs.jafc.7b05330
https://doi.org/10.3389/fmicb.2017.02267
https://doi.org/10.1016/j.jbiotec.2014.09.001
https://doi.org/10.1016/j.jbiotec.2014.09.001
https://doi.org/10.1039/c3ra43656j
https://doi.org/10.1038/ja.2015.126
https://cddep.org/wp-content/uploads/2017/06/swa_edits_9.16.pdf
https://cddep.org/wp-content/uploads/2017/06/swa_edits_9.16.pdf
https://doi.org/10.1128/MMBR.00002-6
https://doi.org/10.1007/s11356-016-6532-5
https://doi.org/10.1007/s11356-016-6532-5
https://doi.org/10.1093/femsre/fuv038
https://doi.org/10.1172/JCI20099
https://doi.org/10.3389/fmicb.2016.00659
https://doi.org/10.1016/j.abb.2009.06.005
https://doi.org/10.1128/JB.00980-12
https://doi.org/10.2174/1389203003381405
https://doi.org/10.1128/aem.69.10.5941-5949.2003
https://doi.org/10.1021/acs.jnatprod.5b00540
https://doi.org/10.1021/acs.jnatprod.5b00540
https://doi.org/10.1038/ja.2008.32
https://doi.org/10.1371/journal.pone.0018514
https://doi.org/10.1007/s10295-013-1369-0
https://doi.org/10.1007/s10295-013-1369-0
https://doi.org/10.1074/jbc.273.44.29072
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sarveswari and Solomon

Virulence and QS Intervention by Actinobacteria

Kamarudheen, N., and Rao, K. V. B. (2019). Fatty acyl compounds from marine
Streptomyces griseoincarnatus strain HK12 against two major bio-film forming
nosocomial pathogens; an in vitro and in silico approach. Microb. Pathog. 127,
121-130. doi: 10.1016/j.micpath.2018.11.050

Kang, J. E., Han, J. W, Jeon, B. ], and Kim, B. S. (2016). Efficacies of
quorum sensing inhibitors, piericidin A and glucopiericidin A, produced by
Streptomyces xanthocidicus KPP01532 for the control of potato soft rot caused
by Erwinia carotovora subsp. atroseptica. Microbiol. Res. 184, 32-41. doi: 10.
1016/j.micres.2015.12.005

Kanmani, P., Satish, R., Yuvaraj, N., Paari, K. A., Pattukumar, V., and Arul, V.
(2011). Production and purification of a novel exopolysaccharide from lactic
acid bacterium Streptococcus phocae PI80 and its functional characteristics
activity in vitro. Bioresour. Technol. 102, 4827-4833. doi: 10.1016/j.biortech.
2010.12.118

Kaufmann, G. F,, Park, J., and Janda, K. D. (2008). Bacterial quorum sensing: a new
target for anti-infective immunotherapy. Expert Opin. Biol. Ther. 8, 719-724.
doi: 10.1517/14712598.8.6.719

Kim, S. R, Oh, H. S,, Jo, S. J., Yeon, K. M., Lee, C. H., Lim, D. J., et al.
(2013). Biofouling control with bead-entrapped quorum quenching bacteria in
membrane bioreactors: physical and biological effects. Environ. Sci. Technol. 47,
836-842. doi: 10.1021/es303995s

Kim, Y., Oh, S, and Kim, S. H. (2009). Released exopolysaccharide (r-
EPS) produced from probiotic bacteria reduce biofilm formation of
enterohemorrhagic Escherichia coli O157:H7. Biochem. Biophys. Res. Commun.
379, 324-329. doi: 10.1016/j.bbrc.2008.12.053

Kim, Y. G, Lee, J. H,, Kim, C. ], Lee, J. C, Ju, Y. J., Cho, M. H,, et al. (2012).
Antibiofilm activity of Streptomyces sp. BFI 230 and Kribbella sp. BFI 1562
against Pseudomonas aeruginosa. Appl. Microbiol. Biotechnol. 96, 1607-1617.
doi: 10.1007/s00253-012-4225-7

Kiran, G. S., Lipton, A. N,, Priyadharshini, S., Anitha, K., Sudrez, L. E., Arasu, M. V.,
et al. (2014). Antiadhesive activity of poly-hydroxy butyrate biopolymer from a
marine Brevibacterium casei MS104 against shrimp pathogenic vibrios. Microb.
Cell Fact. 13:114. doi: 10.1186/s12934-014-0114-3

Kiran, G. S., Priyadharshini, S., Dobson, A. D. W., Gnanamani, E., and Selvin, J.
(2016). Degradation intermediates of polyhydroxy butyrate inhibits phenotypic
expression of virulence factors and biofilm formation in luminescent Vibrio
sp. PUGSK8. NPJ Biofilms Microbiomes 2:16002. doi: 10.1038/npjbiofilms.
2016.2

Kiran, G. S., Sabarathnam, B., and Selvin, J. (2010). Biofilm disruption potential of
a glycolipid biosurfactant from marine Brevibacterium casei. FEMS Immunol.
Med. Microbiol. 59, 432-438. doi: 10.1111/j.1574-695X.2010.00698.x

Krasowska, A., and Sigler, K. (2014). How microorganisms use hydrophobicity
and what does this mean for human needs? Front. Cell Infect. Microbiol. 4:112.
doi: 10.3389/fcimb.2014.00112

Kwasiborski, A., Mondy, S., Chong, T. M., Barbey, C., Chan, K. G., Beury-
Cirou, A., et al. (2015). Transcriptome of the quorum-sensing signal-degrading
Rhodococcus erythropolis responds differentially to virulent and avirulent
Pectobacterium atrosepticum. Heredity 114, 476-484. doi: 10.1038/hdy.
2014.121

Lamture, G., Crooks, P. A., and Borrelli, M. J. (2018). Actinomycin-D and
dimethylamino-parthenolide synergism in treating human pancreatic cancer
cells. Drug Dev. Res. 79, 287-294. doi: 10.1002/ddr.21441

Latour, X., Barbey, C., Chane, A., Groboillot, A., and Burini, J.-F. (2013).
Rhodococcus erythropolis and its y-lactone catabolic pathway: an unusual
biocontrol system that disrupts pathogen quorum sensing communication.
Agronomy 3, 816-838. doi: 10.3390/agronomy3040816

Leadbetter, J. R., and Greenberg, E. P. (2000). Metabolism of acyl-homoserine
lactone quorum-sensing signals by Variovorax paradoxus. ]. Bacteriol. 182,
6921-6926. doi: 10.1128/jb.182.24.6921-6926.2000

Lee, J. H., Kim, E., Choi, H., and Lee, J. (2017). Collismycin C from the micronesian
marine bacterium Streptomyces sp. MC025 inhibits Staphylococcus aureus
biofilm formation. Mar. Drugs 15:E387. doi: 10.3390/md15120387

Lee, J. H, Kim, Y. G., Lee, K, Kim, C. J., Park, D. J, Ju, Y., et al
(2016). Streptomyces-derived actinomycin D inhibits biofilm formation by
Staphylococcus aureus and its hemolytic activity. Biofouling 32, 45-56. doi:
10.1080/08927014.2015.1125888

Lee, S.-H., Moon, K., Kim, H., Shin, J., Oh, D.-C,, and Oh, K.-B. (2014).
Bahamaolide A from the marine-derived Streptomyces sp. CNQ343 inhibits

isocitrate lyase in Candida albicans. Bioorg. Med. Chem. Lett. 24, 4291-4293.
doi: 10.1016/j.bmcl.2014.07.021

Leetanasaksakul, K., and Thamchaipenet, A. (2018). Potential anti-biofilm
producing marine actinomycetes isolated from sea sediments in Thailand.
Agricult. Nat. Resour. 52, 228-233. doi: 10.1016/j.anres.2018.09.003

Li, Y., Li, Q,, Hao, D, Jiang, D., Luo, Y., Liu, Y., et al. (2015). Production,
purification, and antibiofilm activity of a novel exopolysaccharide from
Arthrobacter sp. B4. Prep. Biochem. Biotechnol. 45, 192-204. doi: 10.1080/
10826068.2014.907180

Lin, Y.-H,, Xu, J.-L., Hu, J., Wang, L.-H., Ong, S. L., Leadbetter, J. R,, et al. (2003).
Acyl-homoserine lactone acylase from Ralstonia strain XJ12B represents a novel
and potent class of quorum-quenching enzymes. Mol. Microbiol. 47, 849-860.
doi: 10.1046/j.1365-2958.2003.03351.x

Lokegaonkar, S., and Nabar, B. (2017). In vitro antibiofilm, antiquroum sensing
activity of gamma tolerant Streptomyces against gram negative pathogens. Int. J.
Pharmaceut. Sci. Clin. Res. 9, 665-670.

Lorenz, M. C,, and Fink, G. R. (2001). The glyoxylate cycle is required for fungal
virulence. Nature 412, 83-86. doi: 10.1038/35083594

Marston, H. D., Dixon, D. M., Knisely, J. M., Palmore, T. N., and Fauci, A. S.
(2016). Antimicrobial resistance. JAMA. 316, 1193-1204. doi: 10.1001/jama.
2016.11764

Mayer, F. L., Wilson, D., and Hube, B. (2013). Candida albicans pathogenicity
mechanisms. Virulence 4, 119-128. doi: 10.4161/viru.22913

Miao, L., Xu, J., Yao, Z, Jiang, Y., Zhou, H., Jiang, W., et al. (2017). The
anti-quorum sensing activity and bioactive substance of a marine derived
Streptomyces. Biotechnol. Biotechnol. Equip. 31, 1007-1015. doi: 10.1080/
13102818.2017.1348253

Miller, M. B., and Bassler, B. L. (2001). Quorum sensing in bacteria. Annu. Rev.
Microbiol. 55, 165-199. doi: 10.1146/annurev.micro.55.1.165

Morohoshi, T., Someya, N., and Ikeda, T. (2009). Novel N -acylhomoserine
lactone-degrading bacteria isolated from the leaf surface of Solanum tuberosum
and their quorum-quenching properties. Biosci. Biotechnol. Biochem. 73, 2124
2127. doi: 10.1271/bbb.90283

Naik, D. N., Wahidullah, S., and Meena, R. M. (2013). Attenuation of Pseudomonas
aeruginosa virulence by marine invertebrate-derived Streptomyces sp. Lett. Appl.
Microbiol. 56, 197-207. doi: 10.1111/lam.12034

Nithyanand, P., Thenmozhi, R., Rathna, J., and Pandian, S. K. (2010). Inhibition of
streptococcus pyogenes biofilm formation by coral-associated actinomycetes.
Curr. Microbiol. 60, 454-460. doi: 10.1007/s00284-009-9564-y

Oja, T., San Martin Galindo, P., Taguchi, T., Manner, S., Vuorela, P. M., Ichinose,
K., et al. (2015). Effective antibiofilm polyketides against Staphylococcus
aureus from the pyranonaphthoquinone biosynthetic pathways of Streptomyces
species. Antimicrob. Agents Chemother. 59, 6046-6052. doi: 10.1128/AAC.
00991-15

Ooka, K., Fukumoto, A., Yamanaka, T., Shimada, K., Ryo, I, Anzai, Y.,
et al. (2013). Piericidins, Novel quorum-sensing inhibitors against
chromobacterium violaceum CVO026, from Streptomyces sp. TOHO-Y209
and TOHO-0348. Open J. Med. Chem. 3, 93-99. doi: 10.4236/0jmc.2013.
34012

Park, J. H., Lee, J. H.,, Kim, C. J., Lee, J. C., Cho, M. H,, and Lee, J. (2012).
Extracellular protease in Actinomycetes culture supernatants inhibits and
detaches Staphylococcus aureus biofilm formation. Biotechnol. Lett. 34, 655-661.
doi: 10.1007/s10529-011-0825-z

Park, S.-Y, Kang, H.-O., Jang, H.-S., Lee, J.-K., Koo, B.-T., and Yum, D.-Y.
(2005). Identification of extracellular N-acylhomoserine lactone acylase from
a Streptomyces sp. and its application to quorum quenching. Appl. Environ.
Microbiol. 71, 2632-2641. doi: 10.1128/aem.71.5.2632-2641.2005

Park, S. Y., Hwang, B. J., Shin, M. H,, Kim, J. A, Kim, H. K., and Lee, J. K. (2006).
N-acylhomoserine lactonase-producing Rhodococcus spp. with different AHL-
degrading activities. FEMS Microbiol. Lett. 261, 102-108. doi: 10.1111/j.1574-
6968.2006.00336.x

Park, S. Y., Lee, S. J., Oh, T. K, Oh, J. W,, Koo, B. T., Yum, D. Y., et al.
(2003). AhID, an N-acylhomoserine lactonase in Arthrobacter sp., and predicted
homologues in other bacteria. Microbiology 149, 1541-1550. doi: 10.1099/mic.0.
26269-0

Rajalakshmi, M., Srinivasan, P., Poffe, M. F., Suresh, R., and Priyadarisini, V. B.
(2014). Crude fatty acid extracts of Streptomyces sps inhibits the biofilm forming
Streptococcus pyogenes ATCC 19615. J. Biochem. Technol. 5, 679-684.

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2073


https://doi.org/10.1016/j.micpath.2018.11.050
https://doi.org/10.1016/j.micres.2015.12.005
https://doi.org/10.1016/j.micres.2015.12.005
https://doi.org/10.1016/j.biortech.2010.12.118
https://doi.org/10.1016/j.biortech.2010.12.118
https://doi.org/10.1517/14712598.8.6.719
https://doi.org/10.1021/es303995s
https://doi.org/10.1016/j.bbrc.2008.12.053
https://doi.org/10.1007/s00253-012-4225-7
https://doi.org/10.1186/s12934-014-0114-3
https://doi.org/10.1038/npjbiofilms.2016.2
https://doi.org/10.1038/npjbiofilms.2016.2
https://doi.org/10.1111/j.1574-695X.2010.00698.x
https://doi.org/10.3389/fcimb.2014.00112
https://doi.org/10.1038/hdy.2014.121
https://doi.org/10.1038/hdy.2014.121
https://doi.org/10.1002/ddr.21441
https://doi.org/10.3390/agronomy3040816
https://doi.org/10.1128/jb.182.24.6921-6926.2000
https://doi.org/10.3390/md15120387
https://doi.org/10.1080/08927014.2015.1125888
https://doi.org/10.1080/08927014.2015.1125888
https://doi.org/10.1016/j.bmcl.2014.07.021
https://doi.org/10.1016/j.anres.2018.09.003
https://doi.org/10.1080/10826068.2014.907180
https://doi.org/10.1080/10826068.2014.907180
https://doi.org/10.1046/j.1365-2958.2003.03351.x
https://doi.org/10.1038/35083594
https://doi.org/10.1001/jama.2016.11764
https://doi.org/10.1001/jama.2016.11764
https://doi.org/10.4161/viru.22913
https://doi.org/10.1080/13102818.2017.1348253
https://doi.org/10.1080/13102818.2017.1348253
https://doi.org/10.1146/annurev.micro.55.1.165
https://doi.org/10.1271/bbb.90283
https://doi.org/10.1111/lam.12034
https://doi.org/10.1007/s00284-009-9564-y
https://doi.org/10.1128/AAC.00991-15
https://doi.org/10.1128/AAC.00991-15
https://doi.org/10.4236/ojmc.2013.34012
https://doi.org/10.4236/ojmc.2013.34012
https://doi.org/10.1007/s10529-011-0825-z
https://doi.org/10.1128/aem.71.5.2632-2641.2005
https://doi.org/10.1111/j.1574-6968.2006.00336.x
https://doi.org/10.1111/j.1574-6968.2006.00336.x
https://doi.org/10.1099/mic.0.26269-0
https://doi.org/10.1099/mic.0.26269-0
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Sarveswari and Solomon

Virulence and QS Intervention by Actinobacteria

Rajivgandhi, G., Maruthupandy, M., Muneeswaran, T., Anand, M., and
Manoharan, N. (2018). Antibiofilm activity of zinc oxide nanosheets (ZnO
NSs) from Nocardiopsis sp. GRG1 (KT23540) against MDR strains of gram
negative Proteus mirabilis and Escherichia coli. Process Biochem. 67, 8-18. doi:
10.1016/j.procbio.2018.01.015

Ramirez, M. A., and Lorenz, M. C. (2007). Mutations in alternative carbon
utilization pathways in Candida albicans attenuate virulence and confer
pleiotropic phenotypes. Eukaryot. Cell 6, 280-290. doi: 10.1128/EC.00372-06

Ramya, S., Shanmugasundaram, T., and Balagurunathan, R. (2015). Biomedical
potential of actinobacterially synthesized selenium nanoparticles with special
reference to anti-biofilm, anti-oxidant, wound healing, cytotoxic and anti-viral
activities. J. Trace Elem. Med. Biol. 32, 30-39. doi: 10.1016/j.jtemb.2015.05.005

Raushel, F. M., and Holden, H. M. (2000). Phosphotriesterase: an enzyme in
search for its natural substrate. Adv. Enzymol. Relat. Areas Mol. Biol. 74, 51-93.
doi: 10.1002/9780470123201.ch2

Roodveldt, C., and Tawfik, D. S. (2005). Directed evolution of phosphotriesterase
from Pseudomonas diminuta for heterologous expression in Escherichia coli
results in stabilization of the metal-free state. Protein Eng. Des. Sel. 18, 51-58.
doi: 10.1093/protein/gzi005

Sabu, R., Soumya, K. R., and Radhakrishnan, E. K. (2017). Endophytic Nocardiopsis
sp. from Zingiber officinale with both antiphytopathogenic mechanisms and
antibiofilm activity against clinical isolates. 3 Biotech. 7:115. doi: 10.1007/
s13205-017-0735-4

Sakr, M., Aboshanab, K., and Aboulwafa, M. (2015). Characterization of the
quorum quenching activity of Streptomyces minutiscleroticus: a new ap proach
for infection control. Afr. J. Microbiol. Res. 9, 492-502. doi: 10.5897/AJMR2014.
7316

Schmidt, C., Schubert, N. A., Brabetz, S., Mack, N., Schwalm, B., Chan, J. A,, et al.
(2017). Preclinical drug screen reveals topotecan, actinomycin D, and volasertib
as potential new therapeutic candidates for ETMR brain tumor patients. Neuro
Oncol. 19, 1607-1617. doi: 10.1093/neuonc/nox093

Seibert, C. M., and Raushel, F. M. (2005). Structural and catalytic diversity within
the amidohydrolase superfamily. Biochemistry 44, 6383-6391. doi: 10.1021/
bi047326v

Sheir, D. H., Ma, H., and Hafez, M. (2017). Antibiofilm activity of Streptomyces
toxytricini Fz94 against Candida albicans ATCC 10231. Microb. BioSyst. ]. 2,
26-39. doi: 10.21608/mb.2017.5255

Singh, R., and Dubey, A. (2018). “Inhibition of Staphylococcus aureus and its
biofilm by the metabolites of endophytic Streptomyces sp. ADR1,” in Proceedings
of the Conference on MOL2NET (Basel: MDPI sciforum), 4.

Soundari, A. P. G., Nagarajan, C., Mani, V. M., and Priyadarisini, V. B. (2014).
Quorum quenching activity of pigments produced by actinomycetes. IJSR 358,
2252-2257.

Srivastava, V., Singla, R., and Dubey, A. (2017). “Inhibition of secretory aspartyl
protease of Candida albicans by metabolites of Streptomyces chrestomyceticus
strain ADP4,” in Proceedings of the Conference on MOL2NET (Basel: MDPI
sciforum), 3.

Suzuki, N., Ohtaguro, N., Yoshida, Y., Hirai, M., Matsuo, H., Yamada, Y., et al.
(2015). A compound inhibits biofilm formation of Staphylococcus aureus from
Streptomyces. Biol. Pharm. Bull. 38, 889-892. doi: 10.1248/bpb.b15-00053

Tzaridis, T., Milde, T., Pajtler, K. W., Bender, S., Jones, D. T. W., Miiller, S.,
et al. (2016). Low-dose actinomycin-D treatment re-establishes the tumour
suppressive function of P53 in RELA-positive ependymoma. Oncotarget 7,
61860-61873. doi: 10.18632/oncotarget.11452

Uroz, S., Chhabra, S. R., Cdmara, M., Williams, P., Oger, P., and Dessaux, Y.
(2005). N-acylhomoserine lactone quorum-sensing molecules are modified
and degraded by Rhodococcus erythropolis W2 by both amidolytic and novel
oxidoreductase activities. Microbiology 151, 3313-3322. doi: 10.1099/mic.0.
27961-0

Uroz, S., D’Angelo-Picard, C., Carlier, A., Elasri, M., Sicot, C., Petit, A., et al.
(2003). Novel bacteria degrading N-acylhomoserine lactones and their use as

quenchers of quorum-sensing-regulated functions of plant-pathogenic bacteria.
Microbiology 149, 1981-1989. doi: 10.1099/mic.0.26375-0

Uroz, S., Dessaux, Y., and Oger, P. (2009). Quorum sensing and quorum
quenching: the Yin and Yang of bacterial communication. Chembiochem 10,
205-216. doi: 10.1002/cbic.200800521

Uroz, S., Oger, P. M., Chapelle, E., Adeline, M. T., Faure, D., and Dessaux, Y. (2008).
A Rhodococcus qsdA-encoded enzyme defines a novel class of large-spectrum
quorum-quenching lactonases. Appl. Environ. Microbiol. 74, 1357-1366. doi:
10.1128/AEM.02014-7

Walsh, C., Bonner, J. J., Johnson, T. N., Neuhoff, S., Ghazaly, E. A., Gribben, J. G.,
et al. (2016). Development of a physiologically based pharmacokinetic model
of actinomycin D in children with cancer. Br. J. Clin. Pharmacol. 81, 989-998.
doi: 10.1111/bcp.12878

Wang, J., Nong, X. H., Amin, M., and Qi, S. H. (2018). Hygrocin C from marine-
derived Streptomyces sp. SCSGAA 0027 inhibits biofilm formation in Bacillus
amyloliquefaciens SCSGAB0082 isolated from South China Sea gorgonian.
Appl. Microbiol. Biotechnol. 102, 1417-1427. doi: 10.1007/s00253-017-
8672-z

Wang, L., Li, Y., and Li, Y. (2019). Metal ions driven production, characterization
and bioactivity of extracellular melanin from Streptomyces sp. ZL-24. Int. ]. Biol.
Macromol. 123, 521-530. doi: 10.1016/j.ijbiomac.2018.11.061

Wang, W. Z., Morohishi, T., Someya, N., and Ikeda, T. (2012). Diversity and
distribution of N -acylhomoserine lactone (AHL) -degrading activity and AHL-
lactonase (AiiM) in genus Microbacterium. Microbes Environ. 27, 330-333.
doi: 10.1264/jsme2.me11341

Wang, W. Z., Morohoshi, T., Ikenoya, M., Someya, N., and Ikeda, T. (2010).
AiiM, a novel class ot N-acylhomoserine lactonase from the leaf-associated
bacterium Microbacterium testaceum. Appl. Environ. Microbiol. 76, 2524-2530.
doi: 10.1128/AEM.02738-9

Wang, X., Cheng, H., Lu, M., Fang, Y., Jiao, Y., Li, W., et al. (2016). Dextranase from
Arthrobacter oxydans KQ11-1 inhibits biofilm formation by polysaccharide
hydrolysis. Biofouling 32, 1223-1233. doi: 10.1080/08927014.2016.123
9722

Wouster, A., and Babu, M. M. (2007). “Chemical molecules that regulate
transcription and facilitate cell-to-cell communication,” in Wiley Encyclopedia
of Chemical Biology, ed. T. P. Begley (New Jersey, NJ: John Wiley & Sons), 1-8.

Xie, T. T., Zeng, H., Ren, X. P,, Wang, N., Chen, Z. J., Zhang, Y., et al.
(2018). Antibiofilm activity of 3 Actinomycete strains against Staphylococcus
epidermidis. Lett. Appl. Microbiol. 68, 73-80. doi: 10.1111/lam.13087

You, J., Xue, X, Cao, L., Lu, X,, Wang, J., Zhang, L., et al. (2007). Inhibition of
Vibrio biofilm formation by a marine actinomycete strain A66. Appl. Microbiol.
Biotechnol. 76, 1137-1144. doi: 10.1007/s00253-007-1074-x

Younis, K. M., Usup, G., and Ahmad, A. (2016). Secondary metabolites produced
by marine streptomyces as antibiofilm and quorum-sensing inhibitor of
uropathogen Proteus mirabilis. Environ. Sci. Pollut. Res. Int. 23, 4756-4767.
doi: 10.1007/s11356-015-5687-9

Zhao, L., Montville, T. J., and Schaffner, D. W. (2006). Evidence for quorum
sensing in Clostridium botulinum 56A. Lett. Appl. Microbiol. 42, 54-
58. doi: 10.1111/j.1472-765X.2005.01807.x  doi: 10.1111/j.1472-765x.2005.
01807.x

Conflict of Interest Statement: 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.

Copyright © 2019 Sarveswari and Solomon. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

October 2019 | Volume 10 | Article 2073


https://doi.org/10.1016/j.procbio.2018.01.015
https://doi.org/10.1016/j.procbio.2018.01.015
https://doi.org/10.1128/EC.00372-06
https://doi.org/10.1016/j.jtemb.2015.05.005
https://doi.org/10.1002/9780470123201.ch2
https://doi.org/10.1093/protein/gzi005
https://doi.org/10.1007/s13205-017-0735-4
https://doi.org/10.1007/s13205-017-0735-4
https://doi.org/10.5897/AJMR2014.7316
https://doi.org/10.5897/AJMR2014.7316
https://doi.org/10.1093/neuonc/nox093
https://doi.org/10.1021/bi047326v
https://doi.org/10.1021/bi047326v
https://doi.org/10.21608/mb.2017.5255
https://doi.org/10.1248/bpb.b15-00053
https://doi.org/10.18632/oncotarget.11452
https://doi.org/10.1099/mic.0.27961-0
https://doi.org/10.1099/mic.0.27961-0
https://doi.org/10.1099/mic.0.26375-0
https://doi.org/10.1002/cbic.200800521
https://doi.org/10.1128/AEM.02014-7
https://doi.org/10.1128/AEM.02014-7
https://doi.org/10.1111/bcp.12878
https://doi.org/10.1007/s00253-017-8672-z
https://doi.org/10.1007/s00253-017-8672-z
https://doi.org/10.1016/j.ijbiomac.2018.11.061
https://doi.org/10.1264/jsme2.me11341
https://doi.org/10.1128/AEM.02738-9
https://doi.org/10.1080/08927014.2016.1239722
https://doi.org/10.1080/08927014.2016.1239722
https://doi.org/10.1111/lam.13087
https://doi.org/10.1007/s00253-007-1074-x
https://doi.org/10.1007/s11356-015-5687-9
https://doi.org/10.1111/j.1472-765X.2005.01807.x
https://doi.org/10.1111/j.1472-765x.2005.01807.x
https://doi.org/10.1111/j.1472-765x.2005.01807.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Profile of the Intervention Potential of the Phylum Actinobacteria Toward Quorum Sensing and Other Microbial Virulence Strategies
	Introduction
	Family: Micrococcaceae; Genus: Arthrobacter
	Family: Brevibacteriaceae; Genus: Brevibacterium
	Family: Mycobacteriaceae; Genus: Mycobacterium
	Family: Microbacteriaceae; Genus: Microbacterium
	Family: Nocardiopsaceae; Genus: Nocardiopsis
	Family: Nocardiceae; Genus: Rhodococcus
	Family: Streptomycetaceae; Genus: Streptomyces
	Others
	Opinion and Future Perspective
	Author Contributions
	Funding
	References


