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Myxobacteria produce diverse secondary metabolites for
predation, self-defense, intercellular signaling, and other un-
known functions. Many secondary metabolites isolated from
myxobacteria show pharmaceutically useful bioactivity such
as anticancer, antibacterial, and antifungal activities with a
unique mechanism of action. Therefore, a large number of
myxobacterial strains have been isolated globally and many
bioactive compounds have been purified from them. However,
16S rRNA database analysis indicates that there are far more
types of myxobacterial species in the wild than have ever been
isolated, and genome sequence analysis suggests that each
myxobacterium is capable of producing much more metabolites
than already known. In this article, the current status of studies
on the secondary metabolites from myxobacteria, their
biosynthetic genes, biological functions, and transcriptional
regulatory factors governing gene expression were reviewed.
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Fig. 1. Vegetative cells of myxobacteria. (A) Myxococcus stipitatus DSM
14675; (B) Sorangium cellulosum DSM 14627; (C) Nannocystis exedens
DSM 14639. Bar, 5 um.

Oh 24h 48 h

Fig. 2. Predation behavior of myxobactera. Cells of Myxococcus
stipitatus DSM 14675 and E. coli DH5« were placed as two spots 1 mm
apart on WC medium and incubated at 30°C for 72 h. Bar, 2 mm.
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Sorangium, Labilithrix, Vulgatibacter, Anaeromyxobacter <
AN FEL G4 0] Y= Ao 2 4 A gltiSanford ef
al., 2002; Reichenbach et al., 2006; Yamamoto et al., 2014).
Sorangium 25 N2 AEZ 0 A E= T2 EpHE-S 9]
£51o] AYA8E 4= ¢) © m(Reichenbach et al., 2006), Labilithrix
o} Vilgatibacrer 4 O 5 P Bajgal 28 ke
{718 o]-8-3}o] AASTH Yamamoto et al., 2014). Anaero-
myxobacter 45 AN F =L A, o4, SAAY, 1]
A, ZEATY, A Aol = Skl Z-HEEﬂﬂ*‘
2,6-UER2HE, 2,5-HER 20, 2-H2 uis, 24,
SOk A, AR T8 A2 A8} A TCK Sanford
et al.,2002). Anaeromyxobacter <2 A| 2|5t T FE2] o Af|
FEL 99 T 2T 0 A B3l AT AT o] HA|7]
AW L= casitone Y} 2 thill A B|E-S 3HG-51 ulj K] of| A]
HljF 753K Shimkets et al., 2006).
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Fig. 3. Life cycle of myxobacteria.
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Table 1. Hierarchical classification of myxobacteria

Suborder Family Genus Species
Anaeromyxobacteraceae  Anaeromyxobacter A. dehalogenans®
. A. disciforme (=Angiococcus disciformis), A. gephyra(j,
Archangium L . . .
A. minus (=Cystobacter minus), A. violaceum (=Cystobacter violaceus)
C. armeniaca, C. badius, C. ferrugineus, C. fuscusG, C. gracilis, C. miniatus,
Cystobacter ’ ’
C. velatus
Cystobacteraceae
(=Archangiaceae) Hyalangium H. minutum

Cystobacterineae

Melittangium
Stigmatella

Vitiosangium

M. alboraceum, M. boletusG, M. lichenicola
S. aurantiacaG, S. erecta, S. hybrida

V. cumulatum, V. subalbum

Myxococcaceae

Aggregicoccus

Corallococcus
Myxococcus

Pyxidicoccus

A. edonensis
. G .
C. coralloides”, C. exiguus

G G G
M. fulvus”, M. hansupus”, M. macrosporus- (=Corallococcus macrosporus),
. G . G
M. stipitatus”, M. virescens, M. xanthus

P. fallax

Nannocystineae

Vulgatibacteraceae Vulgatibacter V. incompz‘usG
Haliangiaceae Haliangium H. ochraceum®, H. tepidum
Kofleriaceae Kofleria K flava

Enhygromyxa E. thalina

Nannocystis

N. exedens, N. pusilla

Nannocystaceae
Plesiocystis P. pacifica
Pseudenhygromyxa  P. salsuginis
Phaselicystidaceae Phaselicystis P. flava
Byssovorax B. cruenta
Chondromyces g ;tflt;t;izlsus, C. catenulatus, C. crocalusG, C. lanuginosus, C. pediculatus,
Polyangiaceae Jahnella J. thaxteri
Sorangiineae Polyangium P. aureu{n, P. fumosum, P. luteum., P. ‘minor, P. parasiticum, P. rugiseptum,
P. sorediatum, P. spumosum, P. vitellinum
Sorangium S. cellulosum®
Labilitrichaceae Labilithrix L. luteold®
Sandaracinaceae Sandaracinus S. amylalyticusG
unassigned Minicystis M. rosea®
3 11 28 62

The classification of myxobacteria followed the classification system of the List of Prokaryotic Names with Standing in Nomenclature (www.bacterio.net).

G, species whose genome sequences have been completely analyzed.

B0l HAAtE t &= 54 o149, Anaeromyxobacter,

Mool o 2,600752] obY HAA S Eefstol

Vulgatibacter, Labilithrix < NN -52 LHHA Q] oM A|
dste 2 AAAE AT S Ao m dEA Qo
(Sanford et al., 2002; Yamamoto ef al., 2014).

Aol A AR 02 Ageo] Aol ofshA 5
o] 2259t} &< Helmholtz Centre for Infection Research
(7 German Research Center for Biotechnology)2] Hoflex}
Reichenbach 157152 7,50045 o] 4] HAA -2 He]
3} 31(Weissman and Miiller, 2009), =] ol A= S At st

H 2331 QItK(Shin et al., 2013).

List of Prokaryotic Names with Standing in Nomenclature
(LPSN) (Euzéby, 1997)0f w=r HHAwH-S FA 3ok
(suborder), 11Zfamily), 28<(genus) 625(species)©] &
A QItKTable 1). SFA|RF 2 A 22 7E AL 16STRNA A
A B = g1 ¢l=EzBioCloud (Yoon et al., 2017) 2] 16S rRNA
dlofE o] 20] FA o] w2 AR} 7EA] < el 8 A ol
Tt 9] ol &= 163, 10345, 7365-01| 335h= #1153 (phylotype)
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1977 o] ambruticin®] *-S Ea]% o] (Ringel et al.,
1977) B2 sre] olAiAt Alel A B Bo] HolHlZo
2 gaE ok WA 118570) Sa50] Belsge
o GRS EHstel 6007 olAke] 4151 Ede] Helulg)
tHGerth et al., 2003; Schaberle et al., 2014). 27]2] 2] €4
& O B Ao )25 A © 2 o] ol A, Htol
slehEA o) u|gk £ 7]e 3 A A 24 7| s o WEs
A viFEEE A9 ZRatdS LC-MS=E FA]5FA L,
A A H 25 e it B ol & shaL S A
o] ARG L Qlet ofof| Bl afl, =2 F7F] HHAlE
= 2efoto] EHEA A 2= ARE-SHHA 2010 o] 9-off oY
Alete 27 E EejE Edo] L oo 10 St e H &4
o] st} v Wol WA = )Itk(Fig. 4). =Wl A<= Sorangium
cellulosum w55 2 5-€] soraphinol (Li et al., 2007), sorangia-
denosine (Ahn et al., 2008), spirodienal (Ahn, 2009) 0] Al+f &
= o, Corallococcus coralloides 25| coralmycin©]

A3 B2 =G rhKim ef al., 2016) (Fig. 5).
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Fig. 5. Secondary metabolites isolated from myxobacteria in Korea. 1, 2,
coralmycin A and B (Kim et al., 2016); 3, spirodienal (Ahn, 2009); 4,
soraphinol A (Li ef al., 2007); 5, sorangiadenosine (Ahn et al., 2008).

o A% agepd Al AARES Asfsie 2doltt
(Irschik et al., 2007).

M ZZF Z-g AdA|: A -2l A2 2d S
L UAAHE A EB A 2H8-G Aafols B o] e A
CHTable 2). Chondramide+= 2} El(actin) 2] S-S S 5l=
W} (Sasse et al., 1998), rthizopodin¥} chivosazol-2 N &l 23}
A o] B3llE ZRISIHGronewold et al., 1999; Diestel et al.,
2009). Epothilone-2 =& -3(tubulin) &) 532 SXIA| 7] X1k
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Table 2. Mode of action of the secondary metabolites isolated from myxobacteria

Mode of action

Inhibits respiration

Compound
Aurachin (B,F), Crocacin (F), Cyrmenin (F), Cystothiazole (F), Eliamid (C,F), Haliangicin (C,F), Icumazol
(F), Melithiazol (C,F), Miuraenamide (F), Myxalamid (F), Myxothiazol (C,F), Phenoxan (F), Pyrrolnitrin
(B,F), Stigmatellin (F), Thiangazole (C,V), Thuggacin (B)

Interferes or disrupts eukaryotic
cytoskeleton

Apicularen (B,C), Chivosazol (C), Chondramide (C,F,V), Disorazol (C,F), Epothilone (C,F), Rhizopodin
(C,F), Tubulysin (C)

Inhibits protein synthesis

Althiomycin (B), Angiolam (B), Argyrin (B,C,F), Gephyronic acid (F), Leupyrrin (F), Myxovalargin (B,C,M),
Nannocystin (C,F)

Inhibits bacterial RNA polymerase

Corallopyronin (B), Etnangien (B,V), Myxopyronin (B), Ripostatin (B,F), Sorangicin (B)

Alters or damages membrane

Jerangolid (F), Myxovalargin (B,C,M), Pedein (C,F), Sorangiolid (B), Tartrolon (B,C)

Inhibits ATPase

Apicularen (B,C), Archazolid (C), Cruentaren (C,F)

Siderophore

Hyalachelin (C), Myxochelin (B), Nannochelin (B,F)

Pheromone-like role in fruiting body
development

Dkxanthene (F), Stigmolone

Inhibits proteasome

Argyrin (B,C,F), Macyranone (C)

Inhibits topoisomerase

Coralmycin (B), Cystobactamid (B), Pyxidicycline (B,C)

Inhibits carbon storage regulator-RNA
interaction

Crocagin, Crocadepsin

Interferes osmoregulation Ambruticin (F)
Inhibits methionine aminopeptidase Bengamide (B,C)
Inhibits biofilm formation Carolactone (B)
Inhibits platelet aggregation Indothiazinone (B,C,F)

Inhibits NFkB and apoptosis induction

Microsclerodermin (F)

Inhibits cell wall synthesis

Myxovirescin (B)

Inhibits potassium channel

Noricumazol (C,V)

Inhibits formation of nuclear export
complex

Ratjadon (C,F,V)

Binds DNA Saframycin Mx1 (C,F)
Inhibits acetyl-CoA carboxylase Soraphen (F,V)
Radical scavenger Soraphinol

Unknown

Aetheramide (C,V), Ajudazol (B,C), Angiolactone, Antalid, Aurafuron (B,F), Chivotriene, Chlorotonil (M),
Chondrochloren (B,F), Corallorazine, Cytochromone, Cystodienoic acid (C), Cystomanamide, Dawenol, 9
a,11a-Dihydroxyergosta-4,6,8(14),22-tetraen-3-one(C), Disciformycin (B), Enhygrolide (B), Enhygromic
acid (B,C), Gulmirecin (B), Haliamide (C), Haprolid (C), Hyafurone (C), Hyaladione (B,C,F), Hyapyrroline,
Hyapyrone (B,F), p-Hydroxyacephenone amide (A), 1-Hydroxyphenazin-6-yl-a-Darabinofuranoside (B,F),
Indiacen (B,F), Kulkenon, Labindole (F,V), Maltepolid (C), Maracin/maracen (B), Methyl indole
3-carboxylate, Myxochromide (C), Myxocoumarin (F), Myxoprincomide, Myxotyroside (C,M), Nannozinone
(B,C,F), Pellasoren (C), Phenalamide (V), Phenylnannolone, Phoxalone (C), Pyrronazol (F), Pyxipyrrolone
(C), Roimatacene (B), Salimabromid (B), Salimyxin (B), Sorangiadenosine (B), Sorazinnone, Sorazolon,
Spirangien (C,F,V), Spirodienal (C), Sulfangolid (B,V), Tuscolid, Tuscoron, Vioprolide

References to the compounds listed in two reviews published by Rolf Miiller and colleagues (Weissman and Miiller, 2010; Herrmann et al., 2017) are not
shown because of space constraints. References to the compounds not listed in the two reviews are as follows: chivotriene (Brodmann et al., 2010),
coralmycin (Kim et al., 2016), crocagin (Viehrig et al., 2017), crocadepsin (Surup ef al., 2018), enhygromic acid (Tomura et a/., 2017), haprolid (Steinmetz
et al., 2016), labindole (Mulwa et al., 2018), pyxidicycline (Panter ef al., 2018), and pyxipyrrolone (Kjaerulff er al., 2017). The information on the
compounds was derived from the reviews and original papers. A, antimicroalgae; B, antibacterial; C, cytotoxic; F, antifungal; M, antimalarial; V, antiviral.

(Gerth et al., 1996) disorazol ¥} tubulysin-2 ¥l 2 EET =
A 9] Bl & &7 gtcHElnakady et al., 2004; Steinmetz et
al.,2004). Apicularen< E-E5T] OFS 20 24 u| M| 449

T8 9| A7) B olthKim ef al., 2007). A|ZZZ

2-g5h= o] 2Rt EAES A 2FAE AAlshE B E Ho|
g getAl= o 7 7hs/d o) vk AlaE2 o) 28-S A
dfot= =4 5 7 & 4ol =42 epothilone o] THGerth
et al., 1996). Epothilone-& T4 2R UJ A4S LFERf = ol
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of chao] Hlolk E k5 LEfo] HhgkAl A9l ol Al
E(ixabepilone)©] 2007d 3}o} 2| EA| & v]= FDA 4-¢1-& b
o} o4l sLe(Ixempra)th= AlFH o2 Hufj =3l ek(Stein,
2010). Tubulysint= 733t &/ 0. =2 Q18 @ A17F o]+
o] H tMurray et al., 2015).

A Y AFA|: A TS Asfsls 2= o F
F7H 2] = AT Table 2). Althiomycin, angiolam, myxovalargin
L Mo ThalE SHAJS |53t Weissman and Miiller,
2010). Althiomycin H €] = S (peptidyl transfer) TA1=
A&} 5} (Fujimoto ef al., 1970), myxovalargin-2- aminoacyl-
tRNA7} 2] 2 E0] A J.9]of] F2lsh= A& A sfjetth(Irschik
and Reichenbach, 1985). Gephyronic acid, leupyrrin, nannocystin
L 29 Tz AL A S)St Weissman and Miiller,
2010; Herrmann et al., 2017). Leupyrrin-2 Z+-2] DNA £-4|
O} AAE A &fgtcBode ef al., 2003). Argyrin-e At} 1| &
F L 2] o}o] A elongation factor G 2] 2}-8-2 #] 3| StH(Nyfeler
etal., 2012).

Z9 A+ E2: Myxopyronin, corallopyronin, ripostatin
o2 AlFS RNA Sata s AA 2 5535 287|235 K
o] YA Ui g toll chgh A =2 YA 28] 7ol 7o =] 2L
itk Belogurov et al., 2009). Coralmycin®} cystobactamid-2
gyrase (type Il topoisomerase) ]3| A = Fojt TS Hof
N 2-& A 29] | 75 Ad o] =THBaumann et al., 2014;
Kim et al., 2016). N9 & Adfiel= Al 52
myxovirescin & 71 2448 71213 9le] Ao} w1 A |
FEAZA Y] 754 o] A5 7| &= 51 tHManor ef al., 1989).
Carolactone-2 5= Q ZX]4+2 Streptococcus mutans ]| 23t Al
=9 S ATt E R FA| LA 22 Aol 7|t AL 9
thKunze et al., 2010).

Acetyl-CoA carboxylase A3 A: 7313t o2+t Bd& 71
soraphen-& ZHFAL tA}e] B4] & 4-¢] acetyl-CoA carboxylase
(ACO)E E0]|& o 2 A3|gtcH(Vahlensieck ef al., 1994). &
ZatA| &= 7l o] Al =B QIH A& gl o 2] 7ha a5 |5
s 3atgo] wagol uet o] FX|Hgiek. SIAu 7
A3t ACC AeAleh= 545 ol-&sto] FAA 29 o]
A= %] Q)0 m(Stoiber ef al., 2018), 217+ HE] A vlo]g] A
(HIV) ZF ol gt gafol 2] S oA T Al 2] ACCE
Aalahs pel A B4 tet A7 o] ol ArkCastro er
al., 2015; Fleta-Soriano et al., 2017).

=32 A Als4d A3E

Azt &) gl A 23] A A: Myxovalargin, pedein,
sorangiolid, tartrolon-2 A| 3EE2F2- &=AFA] 7| 1, jerangolid= Al
Zuto] EdA S HY A 7| = EZ 0|t Weissman and Miiller,
2010). Indothiazinone-& AT -3 A9 59 TA2l &
4t ] B o A0 ATE ofAIghe 24 WA A A
29 7N 753 0] AeK(Yang et al., 2017). ©] 2] of| 5= 2 A
oA 2ejE e dedEs2 dE A= s

A 9Fe BEG A4S Kol B4lo] itk

Fh2 e imo)= B P : HONHIF- Table 20] 2]
274 0] 2Jo]| 1= 7} 2 ] 10| = (carotinoid) A2 AAks}H] %]
L 2:(geosmin)S H]ESEe] TheFRE Sy 2= A4k
o} A YA tof| &3t 2] L AR 8] AR Nannocystis exedens
of| A 2% FQl = It Trowitzsch et al., 1981). T}oFSt 7 o Al
@ vierome flu BU Eeelo] GC-MSE BAg
Ay}, X2 ATLS 3E3}510] alcohol, ketone, ester, lactone,
terpene 5 TS Al Foll &= W2 U B4 AAtol
glol =] At Dickschat ez al., 2004, 2005a; Schulz et al., 2004).
E3] Chondromyces crocatus 25-E]+=50% o]A}9] 3|ulA]
2] Aaro] BRI =] Qi) Chondromyces crocatus= tE
Al 2 o 27 Qe AR 553 HAE F71=dl,
A A1} 2759] pyrazineo] HEE itk o] Foll= HA===
2|z 2 YA E pyrazineT= £A)gFcH(Dickschat ef al., 2005b).
Sorangium cellulosum2- X 2. 2~H, (+)-eremophilene™} 317

thokFst sesquiterpene2 A AFSTHTH(Schifrin er al., 2015, 2016).

M 12 o

ZUME2| OIXICHAL et R}

FAA G E7E oA HA f- A A HE o]-&sho] o] 2|y
AAE-S eREHE = o o] v o] AL -5t Ziemert et al.,
2016). 71 5-2] 3t o] HrE ZRIHS ARGl F-414
A AL 2 o A AR SRR B4t o] 2
vjelo g B30 el = A o]t} antiSMASH (antibiotics &
Secondary Metabolite Analysis SHell) 2 132 o4 oj=
53 wdl(hidden Markov model) Z 21} of 7] Z35}o] A&
o] A A H 25 E Tt T/ oAkt AbkE AR
AAFES B o, A 22l theb A B A3t
2 3 oltiMedema et al., 2011). F-40] gk g]o] S-21 4]
AA A Do] F71E 18F2] F AA|tol| thal antiSMASH 3.0
T2 13(Weber et al., 2015)2 0]-&35}0] o| A A &
RAAE B3 AT}, 5 4877 S AR (gene clusten)o] 1%
lglon] 27]2E A4 AR 11.0%S AAehs Ao
B = cKTable 3). o]= F3 Hot ¥ 22 27.1719] o2}ty
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Table 3. Class of putative secondary metabolites predicted by the analysis of myxobacterial genomes

Number of secondary metabolic gene clusters

Myxobacteria Ratio
Ad Ag Cf Mb Sau Cco Mf Mh Mm Ms Mx Vi Ho Cer Sc LI Sam Mr Total %)
Genome size (Mb) 50 125 123 99 103 101 11.0 95 9.0 104 91 44 94 114 148 122 103 16.0

PK 2 3 4 4 6 3 4 2 3 4 2 2 5 7 2 3 5 65 133

ISE/P NRP - 4 4 5 5 4 6 1 2 4 3 - 3 3 4 1 3 3 55 113
PK-NRP hybrid - 7 8 5 7 9 5 8 7 9 8 - 3 9 5 1 - 1 92 189
Bacteriocin & others 1 9 8 6 4 4 3 4 4 4 3 1 5 3 8 2 3 10 82 168
Lanthipeptide - 3 5 3 3 5 2 5 3 - 1 - 1 2 - - - 3 36 7.4
RiPP  Lasso peptide - - - - - - - - - - - - 1 - - - - - 1 0.2
Microviridin - 1 3 1 1 - - - - - - - - 1 - - - 7 1.4
Thiopeptide - - - - 1 2 1 1 - - 1 - - - - - - 1 7 1.4

Aryl polyene - - - - - - 1 - - 1 - - - 1 1 1 3 2 10 2.1
Butyrolactone - - 1 - 1 1 - - - - - - - - - - - - 3 0.6
Ectoine - - - - - - - - - - - - 1 - - - - - 1 0.2

Indole - 1 - 1 1 - - - - 1 - - - - 1 - 2 3 10 2.1
Ladderance - - - - - - - - - - - - - - - 1 1 - 2 0.4
Small  Oligosaccharide - 1 - - - - - - - - - - - - - - - - 1 02
molecule phenazine - - - - - 1 1 - - - - - 1 1 1 - 1 6 12
Phosphonate - - - - - - - - - - - - - - 1 1 - - 2 0.4
Resocinol - - - 1 - 1 1 - - - - - - - - - - 3 0.6
Siderophore - - - - - - - 1 - - - - - 1 - - - 1 3 0.6
Terpene - 7 10 6 3 4 5 2 2 3 2 - 3 5 3 2 4 9 70 144
Others 1 2 1 2 2 2 2 1 1 1 1 1 4 2 2 2 - 4 31 6.4
Total 4 38 4 33 35 35 30 29 21 26 23 4 23 32 34 14 19 43 487 100.0
Predictable metabolite 1 4 4 6 10 4 4 6 6 8 8 1 3 6 3 0 1 2 77 158

Genome sequences of myxobacteria were analyzed using the antibiotics & Secondary Metabolite Analysis SHell (antiSMASH) program. Ad,
Anaeromyxobacter dehalogenans 2CP-1 (GenBank accession number: CP001359.1); Ag, Archangium gephyra DSM 2261 (CP011509.1); Cco,
Corallococcus coralloides DSM 2259 (CP003389.1); Cer, Chondromyces crocatus Cm ¢5 (CP012159.1); Cf, Cystobacter fuscus DSM 52655 (CP022098.1);
Ho, Haliangium ochraceum DSM 14365 (CP001804.1); L1, Labilithrix luteola DSM 27648 (CP012333.1); Mb, Melittangium boletus DSM 14713
(CP022163.1); Mf, Myxococcus fulvus 124B02 (CP006003.1); Mh, Myxococcus hansupus mixupus (CP012109.1); Mm, Myxococcus macrosporus DSM
14697 (CP022203.1); Mr, Minicystis rosea DSM 24000 (CP016211.1); Ms, Myxococcus stipitatus DSM 14675 (CP004025.1); Mx, Myxococcus xanthus
DK 1622 (CP000113.1); Sam, Sandaracinus amylolyticus DSM 53668 (CP011125.1); Sau, Stigmatella aurantiaca DW4/3-1 (CP002271.1); Sc, Sorangium
cellulosum So0157-2 (CP003969.1); Vi, Vulgatibacter incomptus DSM 27710 (CP012332.1). RiPP, ribosomally synthesised and post-translationally
modified peptide. Anaeromyxobacter dehalogenans 2CP-C, Anaeromyxobacter sp. Fw109-5, Anaeromyxobacter sp. K, Myxococcus fulvus HW-1 and
Sorangium cellulosum So ce56 are omitted because other strains belonging to the same species are listed.

AP AR SRR 7131 Q= Aol 5}k o) we}
= 20| & B Anaeromyxobacter < 553} Vulgatibacter
incomptus DSM 27710 o] G-A A7} 2O H A S5 1}
A7) W 2] g WANEES 22Hare) A %
AAATS 78R 31 Q)= A o 2 VFeVytth Labilithrix luteola
DSM27648:& T4} AR 4 2ol i Holl )
d|(Yamamoto et al., 2014), 44| 27|71 A= BEAE F4
Aol 1472 TF2 ol |3 o o). Sm e ek
3= o] 85 WA o= Q1= Sandaracinus amylolyticus
DSM 53668 22 %2] o] Ahehal AgHy fAAES 714l
Ao 72 BAEQ O W, Myxococcus macrosporus DSM 14697

of ol AT A} S AATE 1A Ao
BB A 71 B 0] o AT} A2
MM S §AA 2717} 7P 2 Minicystis rosea
DSM 24000 (16.0 Mb, 437)0] o}e} Cystobacter fuscus
DSM 52655 (12.3 Mb, 447l)¢1 2.0 2 EA % 9lck

SPE oA AR SRR Bl M 71 Bl wd
B AR FR 2ol AT A polyketide
synthase, PKS) -84t} H]2|HE HE= A das
(non-ribosomal peptide synthetase, NRPS) -F-HAA}L O 2 7
5 WA AR 43.5% (21270)E ZHAEATE o2t
AIE HEF ke Al F7HA] A Aol A 22 o] A ALY

H1
o
=
2
— o
ooy
iy
flo
P
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o] R B2 PKS, NRPS, = PKS-NRPS ] 2|5}
] = 0]t Wenzel and Miiller, 2009). Z&]AElo| =
HE == o2 7 ¢f KE(module) = 73 % T4
] SEESONA e, oY ohE B
Uttt o Al = o
o] dHA U= ETAE|=A £HL
7} Bacilluso| A1 2] A 712He 714k
=0, AYAtol] o7t Ee| A Efo] = A
A HAS wEA ke A9t
(Wenzel and Miiller, 2007; Weissman and Miiller, 2009). w2}
A A to] AAtshs Ee| A = A Foll= WAl
Bacillus -5} -2 th2 v = e 245k vl o
2 70l 24871248 717 BASo| o] ZAFIth Weissman
and Miiller, 2010; Herrmann et al., 2017).

PKS@}NRPS F-7 2t T2 2 2 Wo| EASh= o] At At
A FAAEE BliEEolA A = M Ee =
(ribosomally synthesised and post-translationally modified
peptide, RiPP) AJ5H4 A0 24 A2 GaA-2e)
27.3% (1337 & ZFAI8F3AT. o] 5ol &8k A=) A
Abel= 54 $5 2 = lanthipeptide, lasso peptide, microviridin,
thiopeptide, ~12] 11 B} 2] @ Al(bacteriocin) I} £ 5] x| ¢F-2
| E] E S0t Arnison ef al., 2013). SHA]2F 2 M Aol A] B
el Ao r HiH o Sagolth FANtolA] dex
| 2] @ A1& Myxococcus xanthus bl F2EE HE2 =
xanthacin (McCurdy and MacRae, 1974)3} Myxococcus fulvus
Mx fl6 2 2 e E2]% fulvocin C (Hirsch, 1977; Tsai and
Hirsch, 1981)7} 21t} Xanthacin-2 2|5 27~100 nm 27]2] -
& AR H AN+t Cystobacter fuscus 2} Melittangium licheni-
columol| 3l S0]2 gt S/ 717 A o= HuE ok 5}
Ak -5 AFe] Aol oAl oFA7bA] BFE A A oF
T} Fulvocin C=457] ofa| iAo &2 LA S Hlejl e g2 L7}
9 A e FLe A YA -2 HhE 2] 240t Fulvocin
C=th & Myxococcus fulvus -5 APE AT Corallococcus
coralloides©] A Atsl= v 2] @ Al thafj A= STt B L
E 1 E2lo] B W A5z 9kt Mufioz ef al., 1984).
Crocagin-2fulvocin CE A ¢J8}aL Y A|gtol| A |2 Ee]
] RiPPO| K Viehrig ef al., 2017). RiPP 922} 2=0]] ]3]
£2)5 497} S| H R 9o ok o R iE ol
Shal s ofof 8 thako. 2 Alrgr,

el 2 Werpenc) A4 S AR AR O ATAL AT
AR 14.4%01 T047F EA8H= A0 2 B gc) ¢
29 A SRAE 71 AF SR AR 7

)
%
g

e
!

z ox
it ox
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oflt lo
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2ol )

=32 A Als4d A3E

EE|loo] =9 A @ A AR FAAtolth ZFRE o] =
Q} | @ AT YA QRS Anaeromyxobacter, Labilithrix,
Vulgatibacter &2 A| |8} H= HA A5l 7HA] AL Q=
Ao g BARQT) Sandaracinus amylolyticus DSM 53668
] A oA = 7R Bl o] = AR -8R ey
A @ A0 Y AR fle A= YehdTh o] ¢fo=
N2 aryl polyene, indole, phenazine 5 TFFSH Al E 2
EAS AEE 7ol e A o= BAE I

18-9] XM A|Fol| 4] HEE Z4877H AL Z 15.8%]]
Ssh= 777000 taliAl = HE ARES UL AU A 7
AUk U 2] 4107 -9-ARF7{84.2%) o] Tl A= ARE-S- oF
] 5L31cH(Table 3). 3t A=, ANt Sorangium cellulosum
S00157-2=357}12] o) R A e S AREE 7HA] 11 Q)= A
© 2 FAR AR A= B & 2] 224, (+)-eremophilene,
72 E|lmo]| =9 Al AT 4 Ths kAL, v A] 3270 £
Ato] AAibsh= B o] FAQIA &FA] H3ht. o 2Rt A%
&t HAA|F Foll A = mp7EA] o] et

OJAFHAF TS Ao A= of ] & = Foll A &
A2 = TRE AL 54 T Bt oA
=77 Sl g ol 2, A el 7hz B o] = AR -
HAAELS Cystobacteraceae, Myxococcaceae, Polyangiaceae
o] 4551 R FoAlEE0] 713 gls A2 BAH 3
t}. WhHof| ajudazol, chondramide, crocacin AJ A - A At
L Chondromyces crocatus Cm c5 || AUk 24 =] 31 Th2 7 of
Aol A= B =] ] 949kt Chivosazol 2t etnangien A 31H/d
AL Sorangium cellulosum So ce56 A= WA E |
k5 A3t =921 Sorangium cellulosum So0157-20)= ZA|5}
Q3kTh. o1 AL BT Fo) Sl tiehe ool wet Hal
O 2Ae QHSIE G Belth AR 8@
Mixococcus xanthus TYAVAE: 2451518 1) 255 7to] A}
AFSR= B80] o) 9 thoket 21 © 2 Uttt Krug er ., 2008).
ol 2l gh AL S-S T oAl o] A1 ol ATAL e

AL 913 )9 T AR YL HolEe,

HoMMIZO| OIRICHAF ABHY RZIR} st X

Aoz ol eiAL AT A 2 7] o]

3 AT AN A SARFEY AP 9 0
o

[ N

=

N
it

A3 o] FOI A A] 3T of| ]2 0.2 7hRE o 43
Azte) 28712t disis = & A= o] ok di 22 A
WAt 7HE| o] = Y BaE 7R AL =), vk
Blof| iz g A9 AlE B2 s}7] ffste] AA7]o) 7h=E
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o] =& AJAFsCBurchard and Dworkin, 1966). 7 0 A|<2]
Z}R2E| o= Aot 24 A= )8 Myxococcus xanthus
= e =2 o] FojH ). 7hR B ko] = AR AR
Z7-2 ECF sigma factor¢l CarQo]| &J3}] 24 %=1, CarQ+=
-3 3k o] A antisigma factor Q1 CarR o]] 2]} &-4J o] #] 3}
Foh gpeAl dlo] v 2] = 79~ CarQ7} CarRof| A 2] & o] &
A8t L, th o H HAIE S AR AR EEE S
24 72 €] o) =7} A E tBrowning et al., 2003).
ChiR-2 Sorangium cellulosum So ce560| RAFSH= H| L
73 ;q OH A=83] chivosazol-‘ﬂ Aﬂz‘sLH oﬂ 0101/\1 ok/d x«]A].z;q o]
A2 2251, NicA = 24 AALZRA Q1A 2 A8t Rachid
et al., 2007, 2009). ChiR-S F1aFe] A] 7] 1= W o] 2 1= Z ok
A] chivosazol 2] AJAto] 58] Z7}=] 1t Rachid et al., 2007).
ntcA FARS BEEA A Z 7 -$- chivosazol &] A Alo] 4ul] =
7159100, I ThE AJE A B0 etnangien®] AV 3.5
Hj| 27151 th(Rachid e al., 2009). 3FA| T -2 2} 2HA 0] 3
H77) S4A77) o]0l A1) hskek
StiR-& Cystobacter fuscus Cb £17.19] 3}‘— ARG
A3} =212l stigmatellin ] AY g o A oF o1} =2 A&
3lo] stiR AR 28451 A stigmatellln_J A ato] of
2 ZFAgkcHRachid ef al., 2006). SFA]FE StiR-S 5-AFgH o
Zo] glo] thE /o] & A A 3UA] 22, DNA binding
domain®= §] © 2 2 stigmatellin AT -F-ARL0] 21491 A
AR RIA} = old A 0.2 H ltiRachid et al., 2006). ©] 7
SOl oJ4] 549177} o] 201X x] ghlek
HsfA}MXAN4899+= Mjxococcus xanthus ol 4] DKxanthene,
=3} 48 o| A AL AT 9
Axe] A7l Azl el 202 W E T Volz ef
al., 2012). HsfAZF MXAN4899= 2} AL A & A of] Tho] 0}7]5
Sh AR A o) = S BESEH G Aok o
wo] qlek whehA oAt AR of| whebA = AR dx}«]
W o] 2 A B/ X B4 v e WASHA e of QL
=707 R}

A
4=

myxochromide, myxovirescin

OIRICHAMMZ | FHAMMFOIMC| 7IS

AAN|Fo] A= o)A AMIEL ZAE S 27| H o],
vﬂ%@iiTHJEEJ%tﬂ”i-%“§1£46*
59 715 she ALR HAlth At Holl A o] XAl

ARES] B V)5S ke A SHEA O R TRV ol
ol el -8Rl SHAE Alf B4 9 E““Oﬂ Ul &

A¥aE 2= o)t} shA|ul & xH B A= Aot E212] myxovirescin

T} corallopyroningto] A A A 5#2] 32 AlgHsof] A4 Thoislith
= Ao] AP R o7 Q=x] Ae|o]th(Xiao tal.,2011) Myxo-
virescing AYAFSHR] Z8= Myxococcus xanthus o552
ujo] o]l g8 A A7) =8 41715t ol 7} ek

et

Myxovirescino]| A/&do] Q)= tha+ HolF52 H YA
9] ZAIEHEof| A A2 H ) 31X Wk myxovirescin AYAF
BA] S3l= Myxococcus xanthus ¥ 0|5—= o] 43| 1HU A
M|+t Micrococcus luteus©]] T8+ AJAFA 0] 3EAIEA S H Q)
om, AZbo] AU A= BE oS AFE AR T whebA
Myxococcus xanthus @) 3EA12H5-0]| Q) o] Al myxovirescin©] T
AF-S APEA 7] = F25 B3 o] 7)= 3FA] Y myxovirescin ©]
Qo= Alato] Abdof rofsh= the Al B2 E= 7k
HEijasEo] AT HojEthXiao et al., 2011).

] oﬂ/\—"_TTL‘,] :ﬁ*] Sl= O U‘]o] u]}\l—] =2 LH.]_E Z] EB‘].}]],]— ™
o] HlE- | A= H4Jo] o] Theke] RS B
S Q. MO B Rekew 2A1s}e] o) 1
MET} HZSE 4~ Q1= A o] o} LAHTHAE oA Ao =2
YR AT} o 5 S v EEto] Blo] Bl APEAI7]
tH(Pérez et al., 2016). Myxococcus xanthus 2] 2|94~ 3Z(outer
membrande vesicle, OMV)o]l:= &}Al E21 2] myxovirescin,
]}l T2 ol AT}
BATRY RS MR IRl Y
A=A B A5t (Kahnt et al., 2010; Berleman et al.,
2014). EPEV# HAN S AL 7 aasS N
HA 0 g vjEs)r] Kok @ufaize] ol 7iztolof Qle
o] A Eof Agho =N I n Y ES AFEA] 7] AL Z8l5}o]
FHEOR 0] §ol= AR S T Aol =55 1L
Q1t}(Fig. 6) (Kahnt ef al., 2010; Keane and Berleman, 2016).

AN -’F*\J”} U}ﬂ—J *1]i~°l /\1§ Festo] A4t

F

2AF E2 ¢ myxalamide S

Aol A 94 3 24994 204l mn
SRR,
4 =2 AHA| B/ oA ] =(pheromone) T} -2 A=
H AT ER R 283K Plaga et al., 1998). DKxanthene-2
Myxococcus xanthus ] 4+2Q1 G A &4 E A (spore) 2] Al
AJof| "2 0] o] A DKxanthene-2- AJAFS}HA] o= Ho| 25

& EAE GASIE AT & AgHe] AE S A

Ritt. Stigmolone-2 Stigmatella aurantiaca©|| A
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Antimicrobial
metabolites
Hydrolytic
enzymes

Outer membrane vesicle

Fig. 6. Model for the prey-cell lysis by myxobacteria. Myxobacteria release
outer membrane vesicles containing various antimicrobial metabolites
and hydrolytic enzymes upon contact with prey cells. Prey cells are then
killed by the antimicrobial metabolites, lysed by the hydrolytic enzymes,
and utilized by myxobacteria as nutrients (Keane and Berleman, 2016).

A3t Meiser et al., 2006). 3FA|9F Myxococcus stipitatus7}
M AFE= DKxanthene2 ZA} A Ao &Jdko] ¢l o m 3R
S 7HA Ao 2R E HE 75 35k
EtiHyun et al., 2018).

7HE] e o] == 3o 7| & & (photo-excited molecule) =5
B A2 E R o) th 5RO FAA|wt-2 ol Q= AdEfoll
A eFe - A7 o] L A A 0] 7h R | o] =5 AR
t}. Ho] §li= A f-oll= 7t E ol =5 A4lsHA] o=t 3
A|718] Aj2271 2427 | dof| \e 2 g 7-9- AP E Tt Myxococcus
xanthus 2] 73-5-¢f| protoporphyrin IX o] Bl o] o3| &-A] 3=
A Alazo]l £ ddl= Ao® dEA U=, 7HRE 0]
S protoporphyrin IX o] ot A|Ee] £4-0 2] G|
& 1 55K Burchard and Dworkin, 1966; Browning et al.,
2003).

Myxocheline A2 EZ o2 Ho|29] Zof Hojslct
Myxochelin A3 -G AR} B2X33VE Stigmatella aurantiaca
H o] =3 o]io] xﬂzi]—E] HHX] oﬂ/q A«lxko};q Eo}ocl ;(]u]- HH
o] Fe* 4= myxocheling H7Hs) 58 Aol 218= 9lct
(Silakowski ef al., 2000). Hyalachelin®} nannochelin%=. 7 ¥
Aol A B8] % Al 2 3Eo]o|tiKunze et al., 1992; Nadmid
etal., 2014).
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