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necessitates the development and application of environmentally friendly biological methods capable of
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and the Web of Science that were published during 2003-2023. By reviewing these articles, we
summarized the research hotspots and progress in this field and discussed the biodiversity of
drought-tolerant microorganisms and the mechanisms of these microorganisms in protecting plants
from drought stress. This review aims to provide guidance for the isolation and screening of
drought-tolerant microorganisms and the creation of effective microorganism-plant combinations in
response to drought and offers new solutions for the challenges posed by global drought to agriculture

and food production.

Keywords: drought; drought-tolerant microorganisms; research hotspots; plant

TREMA FREBRRENARREZ
—, WHEBLN . BRGNS ™
E L, REREME L EENTREEEZZ —,
TRIX ALK 280 J7 km?, 2 R AR
SR IX AL N 213 7 km?, HEHERZ S
S E AR —2F LA B, 7R 2Bk R (T
s N, TRATReSBmEAM Zh, XK
ZRMREY R, TRSNHAERKET M E
AR, RPN Z —

AR B2 ol i it Sfe 2 i T S % 4l 1 52
M, AL T A EHE . MR AR RO BOR G et
BV SME, H, AV ET AR
FB R AR T 55— P i it 2 B 245 8
SERAE 7E B = TK 43 B BB v AR A RN B Y R
Yy, TESLIE SN RO ITE S — R
ROTEEMEEFREPARK, XAy A —
FRYNENERE , BE AT RR U TEA i T 4R SR
TR S . SRR AR . A
TR A, AT S HLE AT AR KR T A0 A
BB BRI RE PRI BE T L AR R IR
TR0 88 11 BT BN 28 o DA sk 2 oK 43 ik 2R 4 3R
W o XL TE A S R G KR AR,
Qs B AR R BOK Ay FE SR L AR I L ER
&5, U AR S oA h 4R R AL A R 2R 38
3 % i 55 TR A9 A 5 R DA 7S B A A B v A 0 T
SR HLR , AE B4R P A 3E e R R AR
PEo AL, TiF BT I R G AR A R A B

1B 52 AT AT 3 B S X SRy R R AT
VLB A TR AR e SR 18 74 TR 4 5 58

1 B WA F BT R A

1.1 EAREEARASHET

FE 2003-2023 AEENAFR T 1 986 fiiif 5
TR A DG SCTik, H3X 20 AERI 43 4 AN FLAE
B AR T B0 TR 52 1R R SCHRHR IR o5 ST 5 T R
SCHEY 8.8%. 18.1%., 30.0%F1 43.2%, AUER H,
VT 20 Ak [ PN B9 3 T T S TR A O SR RS
BTt 2B GRS AR b BUARACHE 4
BT 7 D29, A4S B AR B A (arbuscular
mycorrhizal fungi, AMF)., T2ia . xR
(abscisic acid, ABA). HLJ & (Rhizobium), M4
FLRNAF, 2 1 Git T ik 4 AN F A [ 5%
i
1.2 EUNHEEARBASNET

£ 2003-2023 4E[FPr AR T 2 916 Fif
FEAHICICHR, [FFRRAX 20 4R350 4 S T4
B, RS TOAE A A I 5 R R SR R
A SCREM 3.2%. 9.6%. 24.9%F1 62.2%, i
SRIT 20 AF [ PR 5E 8 X T 52 1 190 G 12 B2 [+
FEBAE F It #F— Gt AR b B
WHEZ AT 7 LR, F2A tolerance .
drought stress . plant growth-promoting rhizobacteria.,
Arabidopsis fil arbuscular mycorrhizal &, 4% 2 4t
T Bk 4 A T AR 5 0 A PR 5T PR
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&1 20032023 FEATMEEHARES
Table 1 Domestic research hotspots of drought-tolerant microorganisms from 2003 to 2023

HERP 2003-2007 4F 2008—2012 4£ 2013-2017 4£ 2018-2023 4%

Rank 2003 to 2007 2008 to 2012 2013 to 2017 2018 to 2023
P il WK PSS it WK ] G711/ KBt i) G/
Keyword Frequency Keyword Frequency Keyword Frequency Keyword Frequency

1 Pk 22 THHE 60 THE 155 T A 228
Drought resistance Drought stress Drought stress Drought stress

2 A 21 PURE 47 MBI 125 MR 149
Rhizobium Drought Arbuscular Arbuscular

resistance mycorrhizal fungi mycorrhizal fungi

3 T E 19 PRI 25 Pk 73 TIEBUEYIRE 133

Drought stress Arabidopsis Drought Soil microbial
resistance communities

4 KA IHIE 17 Ko riE 24 WRIT 35 WRIT 78
Water stress Water stress Arabidopsis Arabidopsis

5 MR 10 AL ELTE 18 Ky IEa 32 (EERERY) 74
Arbuscular Arbuscular Water stress Host plant
mycorrhizal fungi mycorrhizal

fungi

6 AM HIH 6 M 14 age st 30 PR 57
Arbuscular Rhizobium Wild-type Drought
mycorrhizal fungi resistance

7 BN 5 ABA 8 ABA 15 A FC 15
Spring wheat Abscisic acid Abscisic acid Endophytic fungi

F2 2003-2023 £ R EEFRARA R
Table 2 International research hotspots of drought-tolerant microorganisms from 2003 to 2023

HErP 2003-2007 4 20082012 4 2013-2017 4 2018-2023 4
Rank 2003 to 2007 2008 to 2012 2013 to 2017 2018 to 2023
KA K K] BK KA K KAl WK
Keyword Frequency Keyword Frequency Keyword Frequency Keyword Frequency
1 Tolerance 41 Arabidopsis 94 Drought stress 457 Plant growth 278
promoting
rhizobacteria
2 Arabidopsis 28 Climate 52 Resistance to 289 Arbuscular 259
change drought mycorrhizal
3 ABA 17 ABA 42 Arbuscular 107 Rice 151
mycorrhizal
4 Mycorrhizal 12 Maize 27 Phytohormones 36 Root microbiome 129
Yeast 10 Arbuscular 19 ACC deaminase 31 ACC deaminase 114
mycorrhizal
6 Arbuscular 7 Endophytic 11 Rhizobacteria 26 Plant-microbe 88
mycorrhizal fungi interaction
7 Rice 6 Soybean 9 Litter 22 Microbial 41
decomposition community
assembly
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1.3 TREMHRE

K1 AT HETFE #1225 B 3191
M P OF5ERER o 20 E 1) 16S rRNA LA
SN RELEWN . REKERPEE TIF
ZUTR ] Je— SR IG5 R A s b . A4
AFFE I 1] (Proteobacteria) . JEBEF [ (Firmicutes)
LT ] (Actinobacteria)Zs . i3 26 i /R 1 i 52
e 2. X EE T 2400, )
B 1 Bl (Pseudomonadaceae) Fl % 41 #F i R
(Bacillaceae) i i £ . X PR B BN WA 3¢
U (AT 50 0 A v AR e A 2 e
A AV TT , 5 B TARLF 3R
B3 N PR RGTIEAE s SRR BRI A T LR
o2 [RBH PR, BRAE ™ A Piidifi -, A
TEM o PR EE N A IRGF I A AE R T . H AT K24
i 52 A TF 5% 4 Hh 7 2F FLFT R AN A S v 1
1.3.1 M #E R E & (arbuscular mycorrhizal
fungi, AMF)

M2 1, 22 2 W[40, AMF B A A s
AMF B—ZRHEERY LIERHAY), RBSZ 90%H
Bifi 2 v SRR R B B B AR R, RORP AR G R
ot A4 1) A R R LA 22 T R VR P
i 25 W 0 K R B R (Macadamia
ternifolia F.)% 1 £ 477K 23 W38 128 46 (4 48 1% K
O 9%—10%), K BLEERNEE VYRR 5 A Ik
NIl IR & A B AT, JF H R ORH) I R AR
I AR R DL R HEAR 70 W i I 2 R 5 s 1
HH I 4 5 o [ A 9T 35 6 AMF 19 56 2 B 328
' FF. Romero-Munar Z£PF9¢ 268, AMF fig
R AR B i e PR R T R
i, TR MK I, SR AT T R
B R B9 KT 15 AMF 38 A BAICAR 5 20 i (4,
FAAALEE S T S AR R PR, AR T
HYTERRZE 1 rh A VR KRR A e
fii 11 AMF A5 A2 A 4 A 1 00 T B mER £,

A A Ak 2 RE R A 245 3 A R ) AT 4 22 1Y
LA AEB RS
1.3.2 REE

2003-2017 4, EWHBFFEN G0 T 5w
P S PR RE O . ARJR TR T S SR A 2
A, RS R, R R, Lin
WFSE I, B2 PP AR R oA AT 45 = O R AR A
(Astragalus sinicus L.)f i 50k, X Fhskss 5
RN FALAE G s A G . A= [ /0
TRHFTEFMFTOREYERKRAEELR
X, ABXTHE GRME Y Y B I E AR . B
B R EBRIRA, T R EEAAW 5,
HCAT DA R AAR ) A S 20 1 22, AR 1 7 T
TR 9T S0 37 3] ) DG AT S TR [

HAr, MEMAEDHNISAWLRE, R
T8 T OE ST AT B R R S A (R
o TSR Z R AE I E A S R
SGERPMEVE T . fEX MR R, MR N ERTE
ETFRHEY iy B HEERA IR, HEn] Llha
b okt RS L BN AR ) A R 2y U
A 0 o R g R Al RN A
WEEWA S, AR A DRe, i HAE T 51k
5 THUN B )32 AR A 7 A R T e — S L
WM I .. AR, AR
ARG, T LU SR U AR S
A A B AR RO L A P — PR A
133 EIRFRMESE LA (plant growth promoting
rhizobacteria, PGPR)

A 4 AT, TR 5 5 AT 5T
PGPR HYMIHIY , BRI NER—, ML
T, B R T X — S W S AR
R HT

PGPR &5 TR bR P e bt A K &
BITREMEAN B , G35 R & (Pseudomonas) |
I % 4 )& (Azotobacter) . ZEfFT [ & (Bacillus) |
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Figure 1 Phylogenetic tree of some drought-tolerant microorganisms that have been isolated. Different
colored box represent different phyla; Different colored branches within the phylogenetic tree indicate
drought-tolerant bacterial species from different families; The numbers at the branching points represent

support values, which are calculated using the bootstrap method, with “1” indicating that the branch is
retained in approximately 100% of the bootstrap replicates.
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bR IR 8 (Serratia) . 508 11 G & (Klebsiella)
&%, PGPR HE H ¥ sl a] 45 b 5 B A ) R AE T 5
Jirif . Santander P24 B ERERD 2 FhZE AT A
(B. ginsengihumi F1 B. atrophaeus), &3 &5 5
T H g 2 2 (indoleacetic acid, TAA)= 4=,
G 1B E AR R EURIK A, g R K 43
T 2 . Xy A OGS T R T R
PGPR Bk OS2I, &3 PGPR AJLITET
FE N B R s bk s AR, b
Jr i 4R (reactive oxygen species, ROS)FH 2 FIfE
R SAA P W AR R B, B s bt UL i
T R . BRI ED A R E A
i AR TAA L BREA TN A YR ZF A
FEB P75 X1 4 AR LA e AR
PGPR X — &R 5 KUEE R E A
XoF 20 R R ) A R R PR A TR B IR A
ANFEAG AR A B R B R B R, A H
J& T BB E U A AT IR TR R, XS
FE AR R A R f EAE SR Y
WS — . [AEE, PGPR WX AEH Ak = J1
B RGIREA B R, AP KRR
PRt iR, & RETEGERR 5 A S IR Y 25 1 1 7
AR R A BNl aR, MRS RS
VA SR, AL TP SR ]
# 3y PGPR IR KA FHBLH ZFE4E
1.3.4 HIRMEVREFRIRNEDE
TIERCEY R, BARME . HES, A
AAED) G PR A A AR R v AR AT, T HL2:
TR AR R R G AR WA A
FFHAWACHS =), XL 2 5 3 A PR,
e RIESEH, HEFR A W AE YA Y, JfE
A= ) AR A L R R R R Y B
AW AR A R SRR A U Y BIE ST AN IR R
A, B AR A Y RO B 2 B — (3K
— BB R L AR O IR R AR 2 S

g XA A Y I — R E T 5 A
¢ LR BB U e S . SR R
AT OREE . TR R IR A SEAE Y A K55 Ty
TR R, AR T v A ) 8 D3 B9 AR AR
FPMFEZON o SEBR b, HEVE H AR A — > B0 Y
A, TCIe RS INA & B R ER AT RS | R AN
BRGIREN BFE Y, HlU0 Fedorec %1
ARG BTl el B — TR TR A o WA T R R
Fe 2 WA B

TR PR P 4 AR L PGPR B R &
Ao XFPEIMEANABIEH A E, B4
FEHS5HEWMHEAEN I, PGPR Z{e#tE
VAR WA R PR, TR bR e Py 2 rh
B 1A 5 A W) A A A R o b M A ) R
JRGSE Y o FE AR PR A P 4 Y Bl A AR A S A
YRR R YA G, SR AR T AR Y
CHE LD, SHAE Y Y IE PR AE R A
TRILZm . AR, FhushFh Hawaii 7996
FAZEHEFF R AR PRI E P A & AR s, T
AT X A 4% 9% I AR 3 B 2K G (Ralstonia
solanacearum) (¥ #i#:2%, Chang 2:P7WF 5% & PR,
R 5 Hb AT I (Bacillus altitudinis) LZP02 i
1 AR PR A BB R KRR A K

“ - S A P A T A AR B AR T I
P BEE DG, IREE R 250 F A= BOR AN
I AR 4 . Hernandez-Alvarez 2525k
TN RN T 5 X ELA B 25 R 0 R AR B
BRCE R T RN Y, RIT B4
EETEHARMEMMITS . ANk . AR
J 5 LA e 5598 38 R T AH G 1 AR AL
Xu APV o 14 7 2 5 R 4 0 e A B A 3 TR
W, BT R0 T WS SRR b L3 &k
TR A E IR T kR s A
AHOCHE R B 48 DUECAE R R R R I 4l v 2
F .
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#*3 PGPRHIMEREMHH SR
Table 3 Diversity of types and mechanisms of PGPR

b B3 YE L
Specie Source Mechanism
5% 2.} 14 )& Pseudomonas
P. fluorescens!'?! MR Wil & =
P. chlororaphis subsp. aurantiacal'? Rhizosphere Accumulating proline content

P. aeruginosal'* PR JRL: &7 FriAL Bk A A ki =

Rhizosphere Increasing stress osmozyme and antioxidant enzyme activity

P. migulae' WA, HEE 3 ALY B AL B (superoxide dismutase, SOD)iF 7%
Endophytic, Improving SOD activity
rhizosphere
A 7E 2 /R G 8 Burkholderia
Burkholderia sp.!"*! WA RETEEEATE
Endophytic ~ Advancing soluble protein
AT TE )8 Bacillus
Bacillus sp.!"®’ R fEl, PEEAEY Ko hE
Rhizosphere Dissolving potassium and increasing plant K* content
B. thuringiensis''”! PR 77 IAA
Rhizosphere Producing IAA
B. halotolerang''® PR 77 IAA, BRER R

Rhizosphere Producing IAA and siderophores
B. amyloliquefaciens''”! HRBR SIS AT Fe® Ty i
Rhizosphere Increasing the relative water content, soluble sugar and Fe*" content
I @ Azotobactor

P it A AL S (catalase, CAT)iE M, FRRN RS &
Rhizosphere Improving the activity of CAT, reducing malondialdehyde content

Azotobactor chroococcumt®”’ PR

FES% i B Senotrophomonas

Stenotrophomonas maltophilia'! MR & = ALY (peroxidase, POD){ 1k

Rhizosphere Enhancing POD activity
J% FF1#i J& Enterobactor

Enterobactor sp.!*? MR P 5 I HE R R

Rhizosphere Improving isoprene emissions
TR 4 s AR A T S R AL

2 WEHERSEDEEEANNE
2.1 EYEIEKFE

YRR . ML . EWAE 51 Eeans
75 7 A 2 Tt B R 7 A THUKOF 3R A i S T L EE R S TAA . R XL MY E

M EZT e BRICZ AL, PR R R 3Rk |
F A RS EA S TACERE I bz
HrpldE s o H R SN S AT S5 1 TE A
R A PR B 1) 73 5K o [ 2 J8 o T 5

K, fedt AR, YR, BF
WEFERM, EWIEAMET, R HaREEY
FNERTE TAA B, BRI 2, 1
IOUAR , 3 i AL 1 7K 43 3 G W s 3B
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v

Hormone Enzyme Osmotic

@% Drought-tolerant bacteria
«.’ ~_Arbuscular mycorrhiza
Late embryogenesis abundant protein

MAPK signaling pathway
Indoleacetic acid

> Gibberellins
Protect ACC deaminase
@ Ethylene

Plant molecular level

pressure
9 J ~ )/ Enhance

M 7o ——> (MAPK)
Plant physiological level Y '|1,‘ ¢ Regulate (MaPK)

E2 WMEERSEYNSMAIIIE

Figure 2 Mechanism of drought-tolerant microorganisms improving drought tolerance of plants.

R 5 7 S B UL AT AR B - 358 v 22 Bl B 2F A0 AT
PR (Bacillus cereus), £ J¥Mif T Mtk i8R
T Lo B2 11.12%.
2.1.2 MEEMEEEMN

IEHET, HYHLSERNEET . 558
Ak, TJEAYd H,0,. ROO)Z ROS Ab
FRASIF BT LIE NS 56, NSLZFNE
RN TR Wia i Y " 4 K ROS, &
FAEYAR ROS J 3R, 451 35 AF 490 200 B J5 17 552 i
PIE ARG . T 5 AT DU S AR TR
Ak T 40 48 S AL W) 5 Ak i (superoxide dismutase,
SOD). kY (peroxidase, POD). &% LA
litf (catalase, CAT){& P, & 5 421 41 38 BR i M
A A HIEMEES, WM fE TS atY . skid
YU 2 AR ) S5 A0 BTG 1 B A T B ZF FRL T
T (Bacillus amyloliquefaciens), ] 7E TS FERTIA
BEE R SOD MG, I3 HlE REFRY 1.25 £%

A1 A%, 4% 2% {15 5 i 1 (Pseudomonas
aeruginosa) it % A PR BT IR ML IR 1) 45 A U il 2
LT R N 23%!1,

TWTE SR T 774 ROS, b4y K
WA A B A K. —SET RS ACC A
fif} (1-aminocyclopropane-1-carboxylate deaminase,
ACCD){E L4 B2 LR 1-Z RE PR T Bg-1-7R
IZ (1-aminocyclopropane-1-carboxylate, ACC)7K
fR N a- T AR, M FREARAB 0 1A A 29 K
., BEMEAERSCRPY. B ED], ACCD WEHE
1t 20 nmol/(mg-h) B KK AT LLAE T 2 E T
BERIEY AR, EBEMOAHT, K
W ACC DIR Z 70 W i 18 sCRE I 2 AR B 1
e, B4 B ACCD 19 PGPR 1 AU Rk U5 A
FARN, e TR AR . HET, ACCD
f = 0™ A B BT PP AL Bl A W 7 2 M 45 Aol
3B (T 52 L oK FEV DL B R S A T
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) 1T 7 0 G IR B
2.1.3 IEYMAEEIEE

P AU HS 0 H R AR T R A
FRALE, AP TEAARIE 3 H T 19538 15 MR
TFBRERIP AT . W2 . T+
SRS AR

i 5 A AT DA IAE Ak RS e & i, 4Ey
BB TRMHET , Wang 25050 i 252
P B (Sphingomonas sp. )4 FP 2| ok 11 d )5, &
K ATEEPENE S R AT BRI T 34%, FORMRfEH
FIZETEEE T 61.3%H1 96.3%. T R4 T if
LR AT 4 A AR I 24 R B i, ORAPA ) I 2
Mizhty, $EEAEYN S0 . AT R IR B
% T (Sreptomyces  spp.)P® 1 Mg AR 9E
(Mesorhizobium cicero)®"V3 538 fin 1 3 7t F1 J8%
W P B R k. AE W A A FEIR I ) TE L
BT FEAHE Na™, K. Cl, Ca™", Mg,
Tirf 55 P ] 38 AR P 6 AL B T R, PEAT S
B E . sk W B U 5E & Bl FP Bacillus
amyloliquefaciens FUFE L F 3 K" 38,
SR A R SR R T T R AR A Y
2.73 51 2.25 fi%,
2.1.4 Hfth

T RESE W . A% 3 R G Ab o Rl T KM
Tt MYEZ ST 2 hant, o f et
ZEME AW, mrt e A g R
R 4 fige o B iR, Pl M R R A R P R
SR EPI R, P E T R AT,
FEAN T 5 TR A9 21 AT S 32 5 P (A 0T BEE
T 39.8% X156 5258 AT AR i1 5 ka8 Xof
MRS R G A, RO EEN,
T

b TYER FHA B LASN, — S Ppm] L)
s HERE, AT RIE LT AR R AL R A
A KIS . AP SN LB, AR TN

Wy HE0T, O S R i £ B SR A 2 R )™ AE TR AT LA
BEW A HHEBKE 2.74%-3.63%, B
e B LR K R 2.2%, X418 m Y 218
HE T L
22 HEYIDTFIKE
22,1 FEEFRMERRIE

22 34 5 3% Ak B 1 B (mitogen-activated
protein kinase, MAPK)f 53 i J& ELAZ AL W) b
AR BE DR ST BOAE S, TER AR W a0 0 oA
W HLA AR . Wang 250 % BL7E 5 T S
N, AMF ) HOGI-MAPK K IXi&fEH i
RiSell. RiPbs2. RiHogl Jt:[HZik/K -2 2Tt
B, TEMER B iR A FEAEA . Fan )
it — R TE 75 3L TR (host-induced gene
silencing, HIGS) #l Ji5 & ¥ 5 & K T #K
(virus-induced gene silencing, VIGS)F K, & ¥
AMF % 55 80%5 F RiMsn2 fiE5 RiHogl H %A
HAER, PSR AR BIE R, TS SR ARG )
it 1 o
222 ARTRFERER

W& BG & & B & & (late embryogenesis
abundant, LEA) S [ J& — S 53 [ 3 i b 25
e S SO K A M Ss A, 15 5 4 %t
A=Y a 320k . Lo SWIE, @6 T%
T E 15 21K 19 LEA group 3 &1 MsLEA1 RETE
T 5238 T Lo AR T8 G R - 2 IR S5 4
MINBERIESE , e A Re)s, FIRAALITRE,
8 SR T R AE T . Yang MR B7ET
BAEMT, REFHW AR GmDil9-5 HEH A
3 2 P T T MRS 2k A% 7 ) R R R T R AR
S ERiON g A

3 E¥
YRR — BB (R P, T 5 R A E 5RATS

B TG il R TSRS, 3R el AR ™ Ty Fie]
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Free iy E B Rl 2E A X H 5 IR A
AR A Bk TR B DRSS Iy e 2
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