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bacteria) are widely distributed in extreme habitats such as salt lakes, oceans, and saline soils. Due
to their unique metabolic adaptation mechanisms, they have become an important source of
structurally novel natural products. This article outlines their taxonomic status and ecological
distribution, with a focus on summarizing the chemical structures of compatible solutes such as
ectoine and glycine betaine among primary metabolites, and their core roles in osmotic pressure
regulation and biomacromolecule protection. The structural types of secondary metabolites,
including alkaloids, terpenoids, steroids, and polyketides, are systematically reviewed. Furthermore,
this article summarizes the biological activities such as antibacterial, antitumor, antioxidant, enzyme
inhibitory, and photoprotective effects and discusses the structure-activity relationships of
secondary metabolites. Considering the unique properties of these metabolites, this article analyzes
their application prospects in fields such as medicine and health, biomaterials, and environmental
remediation. This review aims to provide a theoretical reference for the in-depth development of
microbial resources in high-salt environments and the discovery of novel bioactive molecules.
Keywords: microorganisms in high-salt environments; halophilic bacteria; metabolites; compatible
solutes; biological activity; application prospects
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Table 1 Classification by salt concentration adaptability!'>'%

Classification Salt tolerance limit (mol/L) Examples of microorganisms

Non-halophilic bacteria <0.2 Most freshwater microorganisms, common eubacteria

Slightly halophilic bacteria 0.2-0.5 Most marine microorganisms

Moderately halophilic bacteria 0.5-2.5 Vibrio costicola, species of Pseudomonas, Paracoccus
denitrificans

Extreme borderline halophilic 2.5-4.0 Ectothiorhodospira halophila, Actinopolyspora halophila

bacteria

Extremely halophilic bacteria 4.0-5.9 Halobacterium, Halococcus morrhuae

Halotolerant bacteria
Extremely halotolerant bacteria ~ Survive at 2.5 mol/L salt

concentration

Tolerable to salt environment

Staphylococcus epidermidis, solute-tolerant yeast, fungi
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Table 2 Distribution patterns of microorganisms in high-salt environments

Habitat type ~ Environmental characteristics Dominant halophilic bacterial groups References
Salt lake High-salt core area: salt concentration >20%  High-salt core area: extremely halophilic archaea [22-23]
Transition area: salt concentration 3%-15% (e.g., Haloarchaea)
Part in high-temperature and alkaline Transition area: moderately halophilic bacteria (e.g.,
environment Halomonas, Gracilibacillus)
High-temperature and alkaline environment:
halophilic actinomycetes, Bacillus
Saline soil Affected by salt types (NaCl, Mg®*, SO4*7) and Mg*" enriched area: halophilic sulfate-reducing [24-25]
organic matter content bacteria (e.g., Desulfocella)
Rhizosphere soil with abundant organic matter Rhizosphere soil: Halomonas sp.
Marine Regulated by salt types and organic matter Dominated by moderately halophilic bacteria, some  [24-26]
sediment content, with geographical regionality with pigment-synthesizing groups
Artificial high- Artificial high-salt environment including [20]

salt system fermenters, high-salt wastewater, etc.
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45 R=H 47 R,=H, R,=H 49 50
46 R=OH 48 R,=H, R,~OH
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OH O
51 52 53
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55 R,=H, R,=H
56 R =H, R,=CH,

Bl {La¥-564545K

Figure 1 Chemical structures of compounds 1-56. Structural formulas of compounds 1-3 correspond to like-
dissolves-like compounds; Structural formulas of compounds 4-22 correspond to alkaloid compounds; Structural
formulas of compounds 23-34 correspond to terpenoid and steroid compounds; Structural formulas of
compounds 35-49 correspond to polyketide compounds; Structural formulas of compounds 50-56 correspond to

other substances.
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Table 3 Characteristics of metabolites from microorganisms in high-salt environments

Microbial strain Salt tolerance Metabolite Structural features of the Primary biological activity References
characteristics chemistry
Halomonas sp. XH26  Halophilic Ectoine; Ectoine: 1,4,5,6-tetrahydro-2- Reduces reactive oxygen species [27-31]
bacteria 5-HE methyl-4-pyrimidinecarboxylic (ROS) and inflammatory factor
(Compounds acid with a five-membered ring expression; restores immune
1-2) backbone; 5-HE: hydroxylation balance and mucin expression in
at the C-5 position, enhancing a mouse model of dry eye,
hydrogen bonding capacity protecting the cornea
Chromohalobacter Halophilic Glycine A completely N-methylated Involved in methyl metabolism, [32-35]
salexigens bacteria betaine glycine derivative, a zwitterion energy storage, and

Halomonas elongata  Halophilic

S6, Virgibacillus bacteria

dokdonensis,

Chromohalobacter

salexigen, Haloferax

mediterranei,

Halomonas stenophila

B-100

Halomonas sp. Halophilic
bacteria

Penicillium velutinum Marine-

ZK-14 derived fungus

Nocardiopsis sp. Halophilic

SCA30 bacteria

Penicillium sp. LSH-  Marine-

3-1 derived fungus

Penicillium Marine-

echinulatum derived fungus

Nocardiopsis Identified

dassonvillei halophilic

SCSIO 40065 bacteria

Cladosporium Halophilic

cladosporioides fungi

GXIMD 00533

Streptomyces sp. HK18 Halophilic
actinomycetes

Phomopsis tersa FS441 Marine-
derived fungus

(Compound 3) with a quaternary ammonium
cationic head group

EPS Rich in fucose and galactose,
highly branched structure;
molecular weight and degree of
acetylation are key structural
variables; contains N-
acetylglucosamine

PHA Diverse side chain groups
(alkenyl, phenyl, alkyl);
catalyzed by PHA synthase
(PhaC)

Compounds  Helvamide B features a 2R,5R

4-6 piperidine ring; helvamide C
contains butyryl and benzoyl
substitutions

Compound 7 6/6 ring-fused structure with
conjugation of a piperazine ring
and a benzene ring

Compounds ~ 8: Diketopiperazine ring

8-11 combined with an indole ring;
9: Pyranopyridine skeleton

Compounds  Quinoline alkaloids containing

12-13 hydroxyl substitutions

Compounds  Sulfur-containing tetracyclic

14-15 skeleton; B possesses an
additional ether bridge forming
a cage-like structure

Compounds  Diketopiperazine skeleton;

16-22, polyhydroxylated steroid

Compound 28 skeleton

Compounds Indole sesquiterpenes featuring

23-25 a unique structure with a
carbazole skeleton fused to a
decalin ring; chartreusin D
possesses a methyl ester
functional group at the C-24
position

Compound 26 Norsteroid with a rare 6/5-5
tricyclic skeleton

transmembrane transport systems

Anti-biofilm;
immunomodulatory; exhibits
heparin-like anticoagulant
activity; significantly inhibits
biofilm formation by pathogenic
bacteria such as Staphylococcus
aureus

[36-40]

Structural diversity dictates
material properties (crystallinity,

[41-46]

thermoplasticity)
Inhibits Candida albicans [47]
Antibacterial; antitumor [48]
Cytotoxicity; anti-inflammatory [49]
Photoprotective activity [50]
Antibacterial; cytotoxicity [51]
Acetylcholinesterase inhibitory [52]
activity; antioxidant;
hypoglycemic activity
Chartreusin D exhibits potent [53]
inhibitory activity against
porcine epidemic diarrhea virus

[54]

(52%)

P4 actamicro@im.ac.cn, 7 010-64807516
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(Zi3k3)
Microbial strain Salt tolerance Metabolite  Structural features of the Primary biological activity References
characteristics chemistry
Penicillium sp. G5A-11 Marine- Compound 27 Based on an ergosterol nucleus, Cytotoxicity: moderate activity  [55]
derived fungus modified by hydroxyl against K562 and SGC7901 cells
substitution and lactone ring
formation
Penicillium sp. HQ2-12 Marine- Compounds Indole diterpenes with a Significant inhibitory activity [56]
derived fungus 29-31 structure featuring a chlorine-  against Phomopsis citri
substituted indole ring fused to
a diterpene skeleton
Penicillium thomii Marine- Compounds Compound 32 is a new Compound 32 exhibits [57]

YPGA3 derived fungus 32-34 meroterpenoid; compound 33 is cytotoxicity; compounds 33 and

a diterpene 34 show superior a-glucosidase
inhibitory activity compared to

the positive control

Penicillium sp. LW23

Marine- Compounds
derived fungus 35-39

35-38: Core structure is a
polycyclic skeleton, with 37
containing a 6—7 epoxy ring

and 38 featuring a double bond;

39: Possesses a unique
aromatic ring substitution
structure

Compounds 37 and 38 show
moderate antibacterial activity

[58]

against Helicobacter pylori;
Compound 39 exhibits
inhibitory effects against various
plant pathogens

Streptomyces sp. Soil-derived  Compounds Polyketide glycoside with a Significantly inhibits the [59]
KCBI15JA151 actinomycete 40-41 rare 6/6/8 tricyclic ring system migration ability of cancer cells
Salinispora arenicola  Halophilic Compounds  42: Core structure features an ~ Compound 42 exhibits moderate [60]
225DD-027 actinomycetes 42-44 aromatic ring linked to an ansa toxicity against various solid

chain, with the hemiacetal at C- tumor and hematological cancer

34a oxidized to a carbonyl cells
group
Fusarium incarnatum  Saltern- Compounds  Core structure is a resorcinol ~ Compounds 45 and 48 [61]

GXIMD00527 derived fungus 45-48 aromatic ring connected toa  effectively inhibit the attachment
macrolide of barnacle larvae
Streptomyces sp. Marine- Compound 49 Polyketide antibiotic Exhibits antibacterial activity [62]
ACA25 derived against Gram-positive bacteria
Streptomyces
Halomonas malpeensis Halophilic Compound 50 Zeaxanthin, possessing a Zeaxanthin exhibits 2,2- [63]
YU-PRIM-29T bacteria conjugated double bond diphenyl-1-picrylhydrazyl
structure (DPPH) scavenging and
antioxidant activities
Bacillus clausii JIG ~ Halophilic Compound 51 Carotenoid, containing Crude extract shows DPPH [64]
bacteria carboxyl and alkane C-H scavenging activity
groups
Paraliomyxa Identified Compound 52 Cyclic depsipeptide Extremely potent activity against [65]
miuraensis SMH-27-4 halophilic plant pathogens; stabilizes actin
bacteria filaments in tumor cells
Penicillium thomii Marine- Compound 53 Chromone derivative, based on Potent a-glucosidase inhibitory [66]
YPGA3 derived fungus a 5,7-dioxochromone nucleus  activity
Penicillium sp. HD-1-1 Marine- Compound  Mycophenolic acid class, Compounds 55 and 56 exhibit  [67]

derived fungus 54-56

containing a benzofuranone
chromophore

strong cytotoxic activity against
AGS gastric cancer cells
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K5 5] 4 [ & B8 (Azotobacter chroococcum) XU1
() EPS, TEIRFIZKAHSEAF T A 0 T RSP —11
Ag/AgCl K IFORL, VBT BYAE WIS W] o I
Sb, mEREE AR A R A T, A
= B A & A= 7 R B BRI J) o He
SEUU S b AR TR e R € B R A
(Halomonas bluephagenesis), 5| 4-F23& T TRFN
- NIRRT AL RE R GE . XKLL
A 2 W R O — Bl IR R A I o e R ) 3-8 T
R-A-4-2 T TR-TH-3- B MR EL . 72 100 L A& 19
4 T E 3k 73 @/L, PHA (5 H 78%. Liu
SEUR0N A2 B ST T AR IR 5 A W -L- B R
FE, o R A ST ORI &
(0.91 g/L)FI ZBER(0.80 g/L)F%E AL, I [F] 2 FH
Z 7R -B-F I T FREE (poly- B-hydroxybutyrate,
PHB), X LE58Mkih i 1RV A TG E 5 - £
FEPE, by SR PR BE A Wy RS AR 7 A ) e
B R EAL S BEE T RIS

P4 actamicro@im.ac.cn, 7 010-64807516

3.2 EHRERERIUEHINA

Toh R PRI A AR 7 0 A I 2 i R 4k
JE I S 2 NV T o WEER TR AR Y DO
(ectoine), KHHE N REWRBAG =W, T
Ak . iR KRRaiae, ©) 2T ek
2y IE & AR i v 151 R 1R A
UM, HME P AR A DU S e BT R A i
TRVERT, BT 5 25 Ik & BRI T W A %
P H VLB S5 H5L Y A s i n] 445 1R
i DNA fasEtk . fRirdniudisl, Hisidrgs:
FIRA R R . ECT “MEIR” R F &Ik fig ac
PRk A, RS 2 0 R T BE SR
XA A, WEER B AR G T AR B
JARE G RIS, A YRt e 20 i 2L
A FEMHRAVERT, Ectoine B 4T & IR
BRI A AG, HFIRITIREBRAE . 1
P B 58 M B B, AR I BIL ] -5 AR e 4 i
. BoR B AR AR U ST H R A i g
EAL . PUMIRE TS Y B AR KRR A R Y
N, R BT R AT T RE TR AR X
SRR W R R A s A, R B AT e
24 . PUR 25 KW B AR K Y B R
Wi, KRB ZHFH ARG ALY RN,
BB — IR, Heshe Yk 2y
AU R TR E I FH
3.3 MMERETUERINA

TEIREE G U, W R AR = e
TGYSE T PRI B . EANLE e R
Do, M RAR U S A I, e
FEY X 4 JE () e S e se r, $E T+
B 2, A U5 S E YA
Btk , AT IX s R RO o = B
TG Y BRI R SRR, R R
YIS E I E, LRGSR IREE U Y fE
i VLA IR (C10-C35) 2 31 35 18 ik R A K,
41 Halomonas sp. 1£ 5% NaCl ¥ £ T XA kR
fift K 55%-85%, IbAh, IR IR B YR
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7% AL A B R R K b i A R R &
(chemical oxygen demand, COD), KWy, F ALYy
SHBYES, RS E A R R
07 e Ak BRI 55 0 K, COD 25 B 4 g i
939%™, TE BB AF 4388 1 He M b U i AL v
AT 7 JE (Marinobacter sp.) W-8 TEUf4, . IR
ANMAVERE Y Rem U A, HARIRTTRAL
Hilerrm Al , ik m S AR K A EE AR T
IR SHARLHE, FERSEGAET, &k
IR A o Wb ) WL A 22 0 Fe B A0 S i 2E )
W BRFTEE O, G200 B T 0 R A Bt L A
() EPS nll i 485 . B A4 AR HIL AR W RR [ E
KAKH PO, Hg™' . Ag S EERE T, %K
HAYFHESITHEE S . Rasulov ZBHIESE,
Bl £ ok U5 B [ L TR R A AT (Azotobacter
chroococcum) XU1 24 Y) 1 o H: EPS Xt Z Fi i
R BA WEWHEE T, B T SR T
A4 B KA R08 AL, o R s T
M, AL T RV KU H TR R BT
PR

4 REHRZE

15 R PR AR WA DRy — S A i A 5
Frog A a3, SEAR A Rr A A& DL AL
E A SR . DIREZ R B R AR ™ ) E 2ok
Mo AXRGEHHL T s SR PR A P i 70 2K
M SARI G, ARG T HA R
FHAMEIR BT (A DU U e | H 2R S mR) 1k
Zi S YA Ihe, SR Y A )
k. WS A R SR AN R 2 T R TR
PUMRE . DUl . BRI IR, IR TR
MO F . I, BTG MR MR T, o
Br T IHAEBR 2@ . AEWIAPRL . IRREE I SF 4
SRR ST T

S T AR AR Z TR 3 R, (BT i
P RAZ B (1) 48R 2R P B
J& TR BT, MELUE RS A R
BRA 1 b A AT g 424 s (2) BRI

ERT R IR Rk, AW G R R A A W LR A F
T 2RISR R B RE, SFEO Y 2K
MELAREIN . DRI, MR SRR | 0 UK A
PR BRI 5 A BT 1) o ARS8 I 2R
BTN Tr i — R B2 A2 HOR (N
. FerA | AU R GRS SRS A )
A A R4 P 20, 322 Hi i 78 26 ) 2 TR %
TOEREG WY, Wi R IR &
PR S T BOROR DU %, SE B H AR W)
AR IS E R Al s =R gl A IERIIF ST
BN AR B R & B, A5 AR TR 5 I
TR i, AR DR 2y il BR
TREFGR ISP o 85 22 BB (Y TR Rl
Ky ven AR BRI T W R IR B T R AR B R
Yrid P51 R AR BESR Sh Bl )

& STk = BR

& WIS R TEE: SOk AR
W LAKT - AN ST esCR A
BT SR AE - B SRR SR B 1R S

{E& MR AT AR

VR PR WA AEATAT ] BE 2 RN AS SR 4 o T4
BRI ZH M 2 AR
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