FEE FE5 AR R 2025, 31(9): 1752-1766 doi: 10.11674/zwyf.2024621
Journal of Plant Nutrition and Fertilizers http://www.plantnutrifert.org

TERBHEICIZN KRG T YRS YRR SRR

gH=, FEE, qIE, T 2 RLE, AEEa, LHRe"
(1 LR R 2 VE SR T, ILTE U PR 032200; 2 Z2PEIMyu Rt arkl o a b, LR IR 246133)

E: [ B ] H0H TR0 KGARER . AR NI PRE YRS S5 RS2, DR R AN AR S A )
BEIE DAL, R KRG AERAREATN ., [Tk DRSS 6 937 b et &85 .
TERT T 14 RIGTHAEHEAT I 15 RIGTEAIR, DIER KR Xt i, FEME MK 15 K5, KREHATF
e . FETFAEBIRBGAGY , Z0 iR AR PR 3 . R GRS AR A #E &, FIH lumina PE250 - 5 3547 5538
I, LAY BN TIRER . AR . PR 3 AN A 2507 A X BN T 52 AL B R 20 1 A EC PR RETS o ZHEME
B ERENE . MR ALS AL KA LS, SRS S FBEHLAR AR R, 558 T P HT 2 A B T 35 A s
MM EEER. [SR] TRERGWAEY D ERERDT 75.71%, FRER/D T 19.19%, (AR E
HINT 22.90%. MARBR. ARAEIH PR, dNEMEERN o ZREIEBEREG. SXFRAL, T 5B AR P A by
A Z R B E AL, RRREZ AR B3, B 2T 4 R B, WRBr. RPSIEER 3 A-E8
PN A B R TR S R AR T B E b, KRG 3 MESMMARELHE TR ZEIER] (Proteobacteria)
FiZ R 1] (Actinobacteriota), HEAPEIHE I TLLFEER ] (Ascomycota) N F T, ETRBHA)E, RERA RS
FRR LR B AR O S B AN T 43.75%, AR NZETE AR R RN T 14.44%; ECEBER R, ARPRAHR P Bk
#1451 (Mortierellomycota) AHXS 32 B2 /05 B EHEIN T 49.04% Fl 31.34%, LB AR, T 2K T 40658
FECEA LS I S8 DR RIS 5 220, SE IR EAE RS . B HEVE 1Y ki | B pao
A AT AR R R A W AR, (RAR N BCTA % 2 2 v IR, R BR A SR . =50
BT A BERL AR PRI S 5 0 1A R S e B Y DGR Y, AN DR RS TR R (Streptomyces) FIELTA 525 1%
J& (Paraphoma), XERBRGAEYIME N IBTER 35250, MTRES SHBERE NP RENER=2IE K. (4]
T RMLA)E, BRI B E N T KRG RARIT R RS, BRICT S 2R
W45 52 Z bk o X SR AT R BB A 4 ) A B VE PSS , DA M K W 4 A B A Al R B R . SR
PansE & E R 2E S, SR AR WEADC, AR A M SR T R A

XA TRMNA; RER; RN PR BUEYIRRK; SCHSHE

Effects of drought stress memory on the microbial community structure
across the soybean soil-plant continuum

LU Xin-yun', GUO Feng-hui', LIU Xiao-rong', WANG Li?>, ZHAO Jing-yun', REN Hai-hong', MA Jun-kui"
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Angqing, Anhui 246133, China)

Abstract: [ Objectives ] This study investigates the effects of drought stress memory on the microbial
community assembly in the rhizosphere, endosphere, and phyllosphere compartments of soybean, to elucidate the
dynamics of microbial communities across distinct ecological niches and their potential impacts on soybean
growth and yield. [ Methods ] A pot experiment was conducted using the soybean cultivar ‘Fendou 93°. Fifteen
days of drought treatment were initiated 14 days after seedling emergence, with well-watered plants serving as
controls. Following 15 days of rewatering, the plants entered the flowering stage. At both the flowering and
maturity stages, rhizosphere soil, root-associated, and middle leaf samples were collected for high- throughput
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sequencing using the Illumina PE250 platform. Bioinformatic analyses were performed to characterize bacterial
and fungal a-diversity, f-diversity, taxonomic composition, and co-occurrence networks. Differential abundance
analysis combined with random forest modeling identified key bacterial and fungal taxa beneficial to plant
drought resistance and yield improvement. [ Results ] Drought stress markedly reduced soybean biomass by
75.71% and hundred-grain weight by 19.19%, while increasing the height of the lowest pod by 22.90%. From the
rhizosphere to the endosphere and phyllosphere, both bacterial and fungal a-diversity progressively declined.
Compared with the control, microbial diversity in the root and leaf compartments decreased significantly under
drought, whereas rhizosphere diversity remained largely unchanged. B-diversity analysis revealed significant shifts
in bacterial and fungal community composition across all three compartments. Dominant bacterial phyla included
Proteobacteria and Actinobacteriota, while Ascomycota predominated among fungi. Following drought stress, the
relative abundance of Actinobacteriota in the rhizosphere increased by 43.75%, and that of Proteobacteria in the
root endosphere increased by 14.44%. For fungi, Mortierellomycota showed significant increases in the
rhizosphere (49.04%) and root endosphere (31.34%). Co-occurrence network analysis indicated that drought
reduced the number of nodes and edges, as well as overall network complexity, suggesting weakened microbial
interactions. While fungal community modularity, closeness centrality, and betweenness centrality remained
largely unchanged under drought, the complexity of the root-associated fungal network declined markedly,
indicative of community restructuring. Differential abundance analysis combined with random forest modeling
identified drought-responsive keystone taxa, including the bacterial genus Streptomyces and the fungal genus
Paraphoma. These rhizosphere-associated taxa represent potential beneficial groups that may contribute to the
regulation of soybean drought adaptation and yield formation. [ Conclusions ] Drought stress at the seedling
stage persistently alters soybean microbiome structures across rhizosphere, endosphere, and phyllosphere
compartments, significantly reducing both microbial a-diversity and network complexity. The structural changes
likely weaken microbial interactions, consequently affecting soybean physiological processes and drought
resistance. Notably, keystone taxa including Streptomyces and Paraphoma show significant correlations with
hundred-grain weight, suggesting their potential as targets for microbial-mediated drought resilience enhancement.

Key words: drought stress; rhizosphere; intra-root; phyllosphere; microbial community; keystone taxa
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Note: The upper and lower ends of the box represent the upper and lower quartiles, respectively; the central line denotes the median; the upper and

lower whiskers indicate the maximum and minimum values, respectively; points beyond the whiskers are considered outliers. *—P<0.05.
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Table 1 The alpha diversity index of bacteria and fungi in different ecological niches
T4 Bacteria FL1H Fungi
EZ ey Ab3 - - - -
Diversity index Treatment bz A bR PR RN oy
Rhizosphere Endosphere Phyllosphere Rhizosphere Endosphere Phyllosphere
£ K Whole 754.8+132.5 A 400.4+£108.6 B 119.24£38.3 C 268.4+30.3 A 97.0£36.9 B 68.6+11.6 C
Richness
XTHR CK 749.9+£171.8 a 457.2£109.4 b 151.0£20.5d 275.0£31.8 a 94.7+45.8 b 68.8+11.9b
+ 5 Drought ~ 759.7+86.6 a 343.5+75.8 ¢ 87.4£18.6 d 261.7+28.7 a 99.3+27.8b  68.4+12.6b
AR A # 4K Whole 1.0£0.1 A 0.8£0.2 B 0.9+0.1 AB 5.6£0.4 A 3.5£1.0B 3.4£03 C
Si d
impson index 4 ok 1.0£0.1 ab 1.0£0.1 ab 0.9+0.1 b 0.940.0 a 0.8+£0.2 b 0.9+0.0 ab
5 Drought 1.0£0.0 a 0.6£0.1 ¢ 0.9+0.0 ab 0.9+0.0 a 0.8£0.1 b 0.8+0.0 ab
Chaol$5%K FEPR Whole 756.2+132.1 A 402.4+£109.6 B 119.84£38.5C 273.0+30.8 A 99.7+36.9 B 69.3+12.5C
Chaol index
XTHR CK 751.7£171.3 a 459.0£111.1b 151.9£20.5d 280.3£329 a 94.7427.1 b 69.6£12.9 ¢
T+ 5 Drought 760.8+86.4 a 345.7+£76.6 ¢ 87.8+18.6 d 265.7£284 a 104.6£27.2 b 69.0+£12.9 ¢
ACEF:5L # 4k Whole 755.6£132.3 A 401.81089B  120.24384C  273.0+30.5 A 99.1#36.9B  69.4+12.2C
ACE index "
X CK 750.8+171.5a 458.3+110.1 b 152.1£20.6 d 280.3£31.9 a 94.8+45.6 b 69.7£12.8 b
5 Drought 760.4+86.5 a 3452+ 76.4 ¢ 88.2+18.5d 265.7+£28.7 a 103.3+27.6 b 69.1£12.9b
‘i£ [EAT R 5 AR RS R A R L R AR AN R AR SO R R R2E 5 3 (P<0.05); ARG FRER R AT S 8o IS AR

RS AR BN PR R 2R 5 B (P<0.05),
Note: Different uppercase letters after the data in a row indicate significant difference in bacterial or fungal diversity indices among different
ecological niches (P<0.05); different lowercase letters indicate significant differences in bacterial and fungal diversity indices among ecological

niches under drought or control treatment (P<0.05).
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Fig. 3 Bacterial and fungal community structure and similarity
1 : WRhi— R FPRXT AL SR ; DRhi—RFR T 2R ;. WR—AR X BACSERE % ; DR—ARIN T A0 R, ; WL—HE PRy BRAL S
#; DL—HBRTSACERE . BIPAR Y R o il LR a8 i &R gl L RIG I h B E MR/ ME; £ LRl
AN IR . B/ NG FRACRAL BN 25 5 B35 (P<0.05); ***—P<0.001.
Note: WRhi—Rhizosphere control-treated communities; DRhi—Rhizosphere drought-treated communities; WR—Endosphere control-treated
communities; DR—Endosphere drought-treated communities. WL—Phyllosphere control-treated communities; DL—Phyllosphere drought-treated
communities. The upper and lower ends of the box represent the upper and lower quartiles, respectively; the central line denotes the median; the upper
and lower whiskers indicate the maximum and minimum values, respectively; points beyond the whiskers are considered outliers. Different letters on

the boxes represent significant difference among treatments (P<0.05). ***—pP<0.001.
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Fig. 4 Community composition of bacteria and fungi at the phylum levels in different ecological niches
under control and drought treatments
E: WRhi, WR, WL 23 0RER . AR, iHBrxiif, DRhi, DR, DL Zp30HRER . AR, iHBr R4 B,
Note: WRhi, WR, and WL indicated control in rhizosphere, endosphere, and phyllosphere, while DRhi, DR, and DL indicate drought treatments in

rhizosphere, endosphere, and phyllosphere, respectively.

AR BT B, AR 0 BTk A
s AR E SR OCHEAN A VIE AT TR E (Ramlibacter) .
R JE (Noviherbaspirillum) 50 B A 5 &
(Mycobacterium) % A kL H EA W& E2d:, Hrab
AT R 0 DTRREE e s PR AR A A TR B S Y
FBLZT A 4 BRI &8 (Methylobacterium-Methylorubrum)
MENEERAREEEE, TRLEHET, WEE
W) AN T VR VY JE (Devosia). JLT R
(Chitinophaga) FEEFE TR & (Streptomyces) X} [ Fi 5 H
A HE N, PR VR 0 ST A s T
XA A LA I R M AR P R B AR ) O
A5 R S AFTEE (Altererythrobacter) FIVFT
J& (Frigoribacterium).

XTREALERTR % Aok i BT b 2 o AR B
FIAR P 4R 18 O B LT 20 30!l A IR AL S8 (Tulostoma)
FERIKEE (Cryprococcus), TFAEHT, HbrH
) DK L TR A (R i A B I (Acrophialophora) . 52545,
)& (Paraphoma) M4t )8 (Conocybe) X 1 KL
B D S, H b e 158 o A R T 1Y DT R e
s IR EER RGBS (Preussia) FEEAE
5¢)@ (Melanospora) ¥ E ki HA B HEME, Hp
RS IR Y TR EE R o

3 i1

3.0 wHHTFERENAERETMMED SN
SERMEIREI ST

AR R A ) A TR R EL TR 14 alpha AR, 3X

https://www.cnki.net

SRR X 3857 AR ZR 43 WA ) 9K B0y 1 D S IO 1 % U0 AH
K, JUHORBESS (AN . AARE) AT HLRR (SR
BR . FPIEIR) MY AR AT IS A R SER L T A TS
PEFERRE, (AR AR, ST A PR BRI AR
WZAENER B RRAL, (HR S SRR R AT ]
(Acidobacteriota) . V78| ] (Planctomycetota) FIfif§
PR ] (Nitrospirota) S5 AHX) 3 & 5 i 35 IEAA G, X
— IR, ARBRAE ) PT R A AR R )
253 (AN 575 T A I 22 R 40 DA 1 i) 5 tien 2 B 301 1Y)
WO ie . HeAh, I BT S AT RE YR A T R AL F A
PR ) 0T B A A RMEE R ARG, X — i A2
KR/ R R, TR BRI 2 A Y
W g AT AR K R S 1A BRI N bE-1- R R
(ACC) L F A S A Ml 7 2420, IEPIE &
S

PR T X AR FE, 30T 5 3 I S5 RIS T AR
o FIAR DAY A T A Vs AR REL R T P B 7 ) A O, ik
FA, RUIT RS FRER SR A RS &
AT RIS YEAE S, T bR A V& AR DR 4R AR
FE o XA REE K O KRR TR, 2K
RS, KA R NI A BT A B T B B A TR
FINAER S SEE, MR - Brid A e s
WO T 49—, Santos-Medellin 2841 55 3
W, K2 KRR N T P 2 B R 2
Ak, X HATHGER 8 A@NE, EARMR
o, ISR AN TR A R T, AR A RV R AE AL
PRSI TR, X AT RE S e 7 S BE SR N iR
WSS H A T R ARSI



el
on
(S0°0>d) SuawIEdI) SUOWER OUISIJIP JUBOIJIUSIS JBOIPUI MOI JWIES ) UIYILM BIEP O} JO)E SI0NI] 9SBIIOMO|
WIS “A[oAnoadsar ‘aroydsor[Ayd pue ‘aroydsopud ‘aroydsoziyl ur syudwiean JyInoIp edipur JJ pue Yd ‘TI o[y ‘eroydsorjAyd pue ‘eroydsopud ‘01oydsozIyl ut [0Iu0d PIEIIPUL TAA PUB “YM TUYM 910N
*(S0°0>d) 0 4 S il 2 g 25 B/l DAL o]+
BJOOAWO[[OZ0Y
9 00+30°0F00+40°0 9 00+d0°0F00+40°0 9 60-d1¥¥50-49°S 99 #0-d8FF€0-H0'1 q+0-d8°LFE0-H0°¢ € €0-dE' 1F€0-49°S [I%% &
©)09AWO[[AISIION
qe €0-dL'CFE0-d8°L qe €0-dS CFE0-d¥'L 99 #0-dL6F€0-dT¥ 9 ¥0-39°6F€0-46'C B y0-d1°9F€0-dE'8 99 ¥0-H9'LFE0-dTY [WEiAT) 2,03
©JOOAWO[OXIOTY]
© 20-46'CFC0-49'9 q €0-4E¥FC0-dT'1 9 60-49°9FS0-dL'L q 0-dL 1F70-98°C q S0-4S°LFH0-d1°C q S0-H9F+0-9¢ [ 1%
£JOOAWOIAWO[D)
99 €0-40°LFC0-d9°8 B C0-dTHFI0-dS°C 0 €0-d8°¢FC0-dE'E q20-dL'eF10-d1'1 99 20-dE1F690°0 9900°0FE¥0°0 [|EEFEFs
BJ02AWOIPINAYD)
st 9 60-d6'¥FS0-d6't 9 $0-H0'CFr0-dS°C 0 G0-HL8Fr0-d¥'1 qe €0-dv'1F€0-d9v 99 ¥0-d6°€FC00°0 © 200°0F900°0 [
Mml.... Bl00AWOIpISEH
= 99 20-dL'€FC0-dT°6 € Z0-H9°CF10-d6'1 0 C0-dTCF0-d6' 0 €0-d8'8FC0-d8'% qe 910°0FSS1°0 BLIOOFELT'O [JFEHE
2 BJOOAWOISY 18unyg
o 290°0FEIE0 260°0FPSE0 B E€O0FIISO € 0¥0°0F9¥L0 9 €0°0F885°0 9 €0°0F0SS°0 [ |3 22k =)
HWM BLIDJORQOII0IJ
s q 20-45°€F10-99°L q20-d8°¢F10-96'L € €0-d¥'8F10-4T°6 9209 F10-30°8 9 920°0FCLY0 2 €60°0F6150 [|EE AT
m erondsoniN
9 00+H0"0F00+H0°0 9 60-d$"TFS0-AST 990-9L'$F90-99'8 9 §0-d¥'€FS0-d89 4.200°0F110°0 ® Z00°0FL10°0 [ 3R
)O00000XAA
9 GO-HI'SFSO-HI'S 9 S0-HS LF0-d1'T O ¥0-49 1F70-dL°9 q+0-9¢°LF700°0 € 100°0F600°0 € 100°0F800°0 [
BlOpIOID)ORY
4 0-4S 1F70-9d€¢ 9 v0-d¥9F€0-9T°C q €0-HE TF€0-9L9 € L00°0F620°0 qe 100°0F910°0 B Z10°0FLT00 [ EE-H3
©JOLI9)0BQOUIOY
qe 6L0°0F9€T0 99 20-dL"8F10-40°C P 20-d¥'¢FC0-3¥'9 PI CI'0FCET0 € 6L0°0F66C°0 q €80°0F80C°0 [ Bz
BJOLI9)10RQOPIOY eLID)ORY
3 €00°0FS0-AT 9 60-H0'SFS0-d8°9 9 G0-HT 8FH0-H8'1 9 100°0F€00°0 q.200°0F€CT10°0 € €00°0F810°0 (1 iz
1a M ua am waa IM wn[Ayd je sa109ds [e1qoIotA
Hz HZEH 1k s HZBi X b 3 Hod - HZ B ] 2y eSS M ER
SJUIUIBA.I) JYSNOIP PUE [0.1JU0D JIPUN [PAJ] Wn[AYd Y3 J& SIYIIU [BIIF0[0II JUIIIYJIP Ul [SUNJ PUB BLII)IB( JO SISUBYD dduUepunqe JANBY ¢ dqeL
3 NDEEENBH RTINS LB S L AR EEEGT SRy 1%
=



9 1 Bz, % TRPREICI R E IR SR YIS 25 i R 1761

HiF® Rhizosphere AR P4 Endosphere  Bx Phyllosphere FF% Rhizosphere  #R P4 Endosphere -5 Phyllosphere

R o —x i
Bacteria genus—control

L B
Fungi genus—control

Avg.degree=113 Avg.degree=81 Avg.degree=66 Avg.degree=28 Avg.degree=40 Avg.degree=36

R — T

Bacteria genus—drought

AT

Fungi genus—drought

Avg.degree=80 Avg.degree=43 Avg.degree=42 Avg.degree=27 Avg.degree=19 Avg.degree=34

A K Negative ~—— IEHHIC Positive @ #5351 Module 1~ @ 552 Module 2 i3 Module 3 #itkd Module 4 FELS Module 5
6 Module 6 HAtlh Others

5 IRER. RAFIMHRAES BR8N RBATELETHLEWEE
Fig. 5 Co-occurrence network of bacteria and fungi in rhizosphere, endosphere and phyllosphere
under control and drought treatments

5 Avg.degree— 4% 3B,
Note: Avg.degree—Average degree of the network.

R 3 RER RAFMHFRAES EEEXRT 2418 T AL % MK LEHERINS

Table 3 Topological parameters of the co-occurrence network structure of bacteria and fungi in the rhizosphere, endosphere
and phyllosphere under control and drought treatments

WY Qb WA i AR R gl AN AP HERNN
Species Treatment Node Edge Average degree Moduarity Closness centrality Betweeness centrality
ghiles) HLBRXT B WRhi 2209 124645 113 0.70 0.368 1940
Bacteria HiBR T 5 DRhi 1904 75848 80 0.66 0.367 1647
HLPIXT B WR 1324 53840 81 0.66 0.364 1169
HNT 5 DR 844 18260 43 0.60 0.353 781
PRXT I WL 272 8999 66 0.44 0.536 118
mpR+5: DL 165 3458 42 0.39 0.533 73
HIH HRLBRX] #WRhi 599 8043 28 0.56 0.339 596
Fungl HiBR T 5 DRhi 581 7744 27 0.55 0.337 580
HLPIXT B WR 478 9473 40 0.82 0.258 715
A2 DR 297 2862 19 0.72 0.281 400
pRXT I WL 140 2542 36 0.47 0.538 60
mpR+5: DL 138 2368 34 0.44 0.529 62

Note: WRhi—Rhizosphere control-treated samples; DRhi—Rhizosphere drought-treated samples; WR—Root control-treated samples; DR—Root
drought-treated samples; WL—Leaf control treated samples; DL—Leaf drought-treated samples.

32 FEBWENEKIEPATZESMEEA o2 (Fm. R EE R T 5 0 2R R
AR B R E R R RS20 22—, HL 30 B 1 3 9 3 T A U T % R B

TR0 5, K EARBRAIT BRACR AR B0 S H R AE — A e R 1 K R A BB L AT 14
FREFH RN, X5 He SPURBEMAR 8, T BT T RIREEMHEAE S, Hoh, 4522 [Pk
UM 5 B O B, A KA W AT R LA AR, S SR
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Fig. 6 Heat map of correlation analysis between microbial genus and six agronomic traits at the bacterial and fungal phyla
level in the overall dataset, drought treatment, and control treatment

Note: *—P<0.05; **—P<0.01; ***—pP<0.001.
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Fig. 7 Differential microbial distribution of bacteria and fungi in the rhizosphere, endosphere and phyllosphere
under control and drought treatments
. CPM—4} H Ji 540141;  Average abundance CPM 1R FAN LA 78 A7 REA T P34 2835 7KF ;. log fold change R IS5 2Z A1 1)
FIR BRI A s WRhi—HRBRX B AR BIAE A s DRhi—ARBR T R AL BIREA s WR—HRX BRAR PR A s DR—MR T AL BFEA 5

WL 4] BEALBEREA ; DL—I-T 50 FIREA ; enriched— & 4 .

Note: CPM—Counts per million; Average abundance CPM represents the average expression level of a gene in all samples; log fold change

represents the logarithm of the expression change between two conditions; WRhi—Rhizosphere control-treated samples. DRhi—Rhizosphere

drought-treated samples. WR—Root control-treated samples; DR—Root drought-treated samples. WL—Leaf control treated samples;

DL—Leaf drought-treated samples.
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Fig. 8 Random forest screening of rhizosphere, endosphere and phyllosphere bacteria and fungi important for plant yield
under control and drought treatments
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Note: R* indicates the proportion of yield variation explained by the model; P value is used to mark whether the variable on yield is statistically

significant at P<0.05; * indicates the microbial genus that has a significant contribution to yield screened by the random forest model.
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