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induced by bacterium Streptomyces zaomyceticus XFS-4
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Abstract: To elucidate the molecular mechanisms by which Streptomyces zaomyceticus XFS-4 induces
soybean resistance to the soybean cyst nematode, Heterodera glycines, soybean variety Heihe 43 was
used as the experimental material. Seeds were treated with XFS-4 fermentation broth and inoculated
with H. glycines, and RNA-seq was performed to analyze transcriptional changes. The results showed
that HiSeq™ 2500 sequencing of soybean root samples from four treatment groups yielded a total of
78.66 Gb of clean data, from which 1 633 differentially expressed genes (DEGs) were identified. GO
enrichment analysis revealed that DEGs in the XFS-4 treatment group were specifically enriched in
pathways related to the regulation of nitrogen compound metabolism, regulation of macromolecule
metabolism, and oxidoreductase activity. KEGG pathway enrichment analysis showed that DEGs in the

XFS-4 treatment group and the control group were mapped to 95 and 102 metabolic pathways, respec-
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tively. Notably, DEGs in the treatment group were significantly enriched in pathways related to starch

and sucrose metabolism, plant-pathogen interaction, and biosynthesis of cofactors. These findings sug-

gest that S. zaomyceticus XFS-4 may induce soybean resistance to H. glycines by regulating these spe-

cific metabolic pathways and biological processes.

Key words: Streptomyces zaomyceticus XFS-4; soybean cyst nematode; transcriptome analysis; differ-

entially expressed genes; resistance mechanism
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Al: Untreated soybean; A2: untreated soybean seeds inoculated with Heterodera glycines; B1l: soybean seeds treated with strain
XFS-4; B2: XFS-4-treated seeds inoculated with Heterodera glycines.
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Fig. 1 Volcano plot of differentially expressed genes in soybean inoculated with Heterodera glycines under

Streptomyces zaomyceticus XFS-4 seed coating treatment compared with the untreated control
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Table 1 GO functional annotation of differentially expressed genes in soybean inoculated with Heterodera glycines under

Streptomyces zaomyceticus XFS-4 seed coating treatment compared with the untreated control

ERA%  GOWE oty R
Annotation type GO ID Description AlvsA2 Blys B2
PR G0:0002376 #3245t i 2 Immune system process 3 1
Biological process  G0:0065007 £ ¥)i##5 Biological regulation 141 94
G0:0008152 fLififid #2 Metabolic process 294 205
G0:0042592  FaA5id £ Homeostatic process 10 5
G0:0022414 H:FH 13 #E Reproductive process 9 10
S £ Al A T 32 ]
GO:0051171 Eeiqg;ﬂﬁfiigl}jépound metabolic process 0 !
GO0:0009987 4 Al F2 Cellular process 344 271
G0:0032502 % 12 Developmental process 17 19
G0:0032501  Z4iHe =93 72 Multicellular organismal process 11 11
»‘, ) 3 ) s =
G0:0044419 gﬁoﬁﬁfﬁf&iﬁﬁiied in interspecies interaction 47 44
G0:0060255 K4 F it 472 72 Regulation of macromolecule metabolic process 0 3
GO0:0040007 A=K b #2 Growth process 4 0
GO:0048511 7514 #2 Rhythmic process 1 0
GO:0051179 %13 Localization 64 66
GO0:0098754 fi# E:-/EFH Detoxification 1 0
GO:0050896 i X il # )2 i Response to stimulus 133 100
MILH 45 G0:0032991 7 1% 54 Protein-containing complex 59 57
Cellular component  GO:0110165 47 5244 Cellular anatomical entity 542 412
S FIRE GO:0045182  EHIF9# 15 1% 2 Translation regulator activity 3 3
Molecular function  GO:0140110 %5147 1% 1% Transcription regulator activity 56 27
GO0:0005198  £5#443F-75 M Structural molecule activity 11 10
GO:0140657  ATP {61154 ATP-dependent activity 27 21
G0:0003774 & 2%z 375 1k Cytoskeletal motor activity 7 2
G0:0060090 4T3k 751 Molecular adaptor activity 2 2
GO0:0044183 & 541 & A Protein folding chaperone activity 2 2
G0:0016209 % fki% P Antioxidant activity 6 2
GO:0005215 %z 1%k Transporter activity 60 57
G0:0098772 43 FIBEVET 1% Molecular function regulator activity 11 8
GO:0140299 /N30 151 Small molecule sensor activity 2 4
G0:0005488 %44 Binding 422 310
GO:0016491 A ALIR TG M Oxidoreductase activity 0 1
GO0:0060089 T4 5751 Molecular transducer activity 12 13
G0:0003824 L% Catalytic activity 401 296

AL RFEFPR G A2 ORFEFP R RN R L B B : TR XFS-4 1R K52 B2 : bk XFS-4 PR R T HAD R G 42k

M, Al: Untreated soybean; A2: untreated soybean seeds inoculated with Heterodera glycines; B1: soybean seeds treated with strain

XFS-4; B2: XFS-4-treated seeds inoculated with Heterodera glycines.
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Al: Untreated soybean; A2: untreated soybean seeds inoculated with Heterodera glycines; B1: soybean seeds treated with strain

XFS-4; B2: XFS-4-treated seeds inoculated with Heterodera glycines.
B2 XEEDMEREEE XFS4HMAREMLE TEMAERRLRENERRIZEFNKEGGRKEES

Fig. 2 KEGG pathway enrichment analysis of differentially expressed genes in soybean inoculated with Heterodera glycines under

Streptomyces zaomyceticus XFS-4 seed coating treatment compared with the untreated control
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H N % (Hofmann et al.,2008)

A, KEGG 38 [# & 4 43 Br vh & BLVD i) 4 25 4%
B3 M XFS-4 Ab P (1) 22 e KA B b Fp et A T
SRR A | € 2R A it A4 3 %, 4 AT fi i ok 4
MY ER G NS5 KRG R e it .
FE A T S )4 G i 2l 2o o A P 2R AR
S SRR B A RN o X eI ER AR Al AR
SEAETE TS P R] EAEARS B — > Sh A AR R 2%, DA
B Wk ) o S AU R A AR (Verma et al.
2016). Martinez-Medina et al.(2017) 8157 & M 24
J7 HRE5 2k R YL AE P It 23 Al (AR 0 4 P 2 o 5 5
Ak, AR AR &6 | P W 1) S 58 PR 3= S Al
% . Takahashi et al.(2014) WF 75 2 BH 28 B0 AT (e
BT T BN T AL B RGN e sk A o MrE s
HHURHILEIE TROE T KBIR(E 77 &%, A
P T R AR S Sk . Li et al. (2003 )31 B 3 Il
FRACIHE S AR Y BT E Jr AR 2 B S A% O 2 AR
BT, A5 | SRR 538 B S  AEI I R
MREEL dUR T R T HEAEH . TEAM T, K
5.5 R G AL BELL A B, AR P9 T R A 5
TR R FF L LR FRIE s AR e K G B i
RN 5 R FTR 5108 B B A A . A e
e bR T SRR TR I 4, 2R AR AR
15 IR G S [m] PrE B 18 N ( Zeier, 2013 ) o

Vb BT g K A R R XFS-4 VBN —FpAE B B, A A
AL FR T B IR, G R SR AP TR, A
AFF 5% 308 2o e S 20 T 3 BT R B, 10 BT 2 R i R TR
XFS-4 38 o8 P45 K AR EREE P Rk P-4, 22 il 7K
MRS HUR YL G A A A ST ZE L, AN 58 1
KO RGPURME . DB R R 1/ XFS-4 7] LI
P25 BACE AR A i S A OGS AR 2 ot
T, [F) B BV AT — s S B AR T R A L £
FRACH AR O B P R RR U R R
U SN E A FA RN P T2 s 2D 0 NN B 035
PR . ARRAHTR T A5G Z 45 W FI I RE S
E, BRI DGR BE PRAE R 2 i U R g LR PE L R
AFZE VD B B 25 Bl B R XFS-4 (N H 1, K E
JUSEL B A 2t (0 s B BT SR

2 #¥ X Bk (References)

Cabello S, Lorenz C, Crespo S, Cabrera J, Ludwig R, Escobar C, Hof-
mann J. 2014. Altered sucrose synthase and invertase expression
affects the local and systemic sugar metabolism of nematode-

infected Arabidopsis thaliana plants. Journal of Experimental

Botany, 65(1): 201-212

Chen JS, Zhu F, Lu XP, Liu DW, Liu DF, Duan YX, Chen LJ. 2015.
Isolation, identification and evaluation for nematicidal activity of
actinomycetes against plant nematode Meloidogyne incognita.
China Vegetables, (4): 41-45 (in Chinese) [ 42, A%, & H
G, SR A, XVEAR, BeE A4S, BRALAS . 2015, 7 HRAS L dustdn
TCERTA Y 5385 e AR BUR ST . RS, (4): 41-45)

Chen LJ, Wang YY, Zhu XF, Duan YX. 2011. Review of the biocontrol
on soybean cyst nematode (Heterodera glycines). Journal of
Shenyang Agricultural University, 42(4): 393-398 (in Chinese)
[MFSL 7, BRI, ARG, B AR 2011, KT BELk s A= 4
FIARTTEHERE . PEPRAO R 2E2 4, 42(4): 393-398]

Dhaubhadel S, McGarvey BD, Williams R, Gijzen M. 2003. Isoflavo-
noid biosynthesis and accumulation in developing soybean seeds.
Plant Molecular Biology, 53(6): 733-743

Fang WS, Wang QX, Yan DD, Li Y, Cao BW, Xu J, Jin X, Cao AC. 2023.
Research progresses and future development trends of soil fumi-
gant dazomet in control of soil-borne diseases. Journal of Plant Pro-
tection, 50(1): 40-49 (in Chinese) [ 7 34z, ERCE, I A, &
bel, WSS, pRik, Wit R 2023, HHEEAE IR KRR 1
Tl & W HE R M AR S a3 . R IR 24412, 50(1): 40-49]

Florea L, Song L, Salzberg SL. 2013. Thousands of exon skipping
events differentiate among splicing patterns in sixteen human tis-
sues. F1000Research, 2: 188

Hofmann J, Szakasits D, Blochl A, Sobczak M, Daxbock-Horvath S,
Golinowski W, Bohlmann H, Grundler FMW. 2008. Starch serves
as carbohydrate storage in nematode-induced syncytia. Plant
Physiology, 146(1): 228-235

Hofmann J, Wieczorek K, Blochl A, Grundler FMW. 2007. Sucrose
supply to nematode-induced syncytia depends on the apoplasmic
and symplasmic pathways. Journal of Experimental Botany,
58(7): 1591-1601

Hosseini P, Matthews BF. 2014. Regulatory interplay between soybean
root and soybean cyst nematode during a resistant and susceptible
reaction. BMC Plant Biology, 14(1): 300

Huang HY. 2015. Transcriptome characterization and differential
expression analysis of resistance related genes based on RNA
sequencing in different alfalfa lines infected by Pseudopeziza
medicaginis. Master thesis. Lanzhou: Gansu Agricultural Univer-
sity (in Chinese) [#5F3HE . 2015. B AR5 S F 240 E 15 A R bk
FR 0 i LI P S PO AR DG IR 22 SRR BF AT . B LA
3C. 22 HA AR R

Ismail AE. 2014. Growing Jatropha curcas and Jatropha gossypiifolia
as a interculture with sunflower for control of Meloidogyne
Jjavanica in Egypt. International Journal of Sustainable Agricul-
tural Research, 1(2): 39-44

Jin N, Chen YP, Liu Q, Jian H. 2022. Research progresses in occur-
rence, diagnoses, pathogenic mechanisms and integrated manage-
ment of vegetable root-knot nematodes in China. Journal of Plant
Protection, 49(1): 424-438 (in Chinese) [4x 1, Bk 2E, x4, fii
1R 2022, FIREEHAMRLELL RR A BUE g QR
T RAF =4I, 49(1): 424-438]

Jin N, Xue H, Li WJ, Wang XY, Liu Q, Liu SS, Liu P, Zhao JL, Jian H.
2017. Field evaluation of Streptomyces rubrogriseus HDZ-9-47



244 Wi MSAE . VhReRE R AR B XFS-4 1755 K G HT K B IR U 5% Sk 4l /3 bt 437

for biocontrol of Meloidogyne incognita on tomato. Journal of
Integrative Agriculture, 16(6): 1347-1357

Kang WS. 2018. Study on the mechanism of Bacillus sample Sneb545
induced soybean resistant soybean cyst nematode. PhD thesis.
Shenyang: Shenyang Agricultural University (in Chinese) [ 3C
k. 2018. fAi PR 2EFFT R Sneb545 75 Tk P e Lk A HLERAF
E L v VA7 Y R B W PRl e

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL.
2013. TopHat2: accurate alignment of transcriptomes in the pres-
ence of insertions, deletions and gene fusions. Genome Biology,
14(4): R36

Li CY, Liu GH, Xu CC, Lee GI, Bauer P, Ling HQ, Ganal MW, Howe
GA. 2003. The tomato suppressor of prosystemin-mediated
responses2 gene encodes a fatty acid desaturase required for the
biosynthesis of jasmonic acid and the production of a systemic
wound signal for defense gene expression. Plant Cell, 15(7):
1646-1661

Li ML. 2020. Screening and study on the resistance mechanism of soy-
bean against race 2 of Heterodera glycines. Master thesis. Zheng-
zhou: Zhengzhou University (in Chinese) [25 5 #k . 2020. K EHi
JHLBELL 2 A J/NRI R RO S BT AL BT ST . LA i
SCLFRIM: AN A

Li S, Chen Y, Zhu XF, Wang YY, Jung KH, Chen LJ, Xuan YH, Duan
YX. 2018. The transcriptomic changes of Huipizhi Heidou (Gly-
cine max), a nematode-resistant black soybean during Heterodera
glycines race 3 infection. Journal of Plant Physiology, 220: 96-104

Li XY, Wang X, Zhang SP, Liu DW, Duan YX, Dong W. 2011. Com-
parative profiling of the transcriptional response to soybean cyst
nematode infection of soybean roots by deep sequencing. Chinese
Science Bulletin, 56(18): 1904-1911

Liu F, Ou XC, Wei JG, Zhan RL, Chang JM. 2017. Interaction mecha-
nism between mango and Fusarium mangiferae on transcriptomes.
Acta Phytopathologica Sinica, 47(2): 224-233 (in Chinese) [HlI X,
RHET, SBARE, MK, M. 2017, H-RY Fusarium mangif-
erae TERE SRR ERTELAEALE] . APIREEAHI, 47(2): 224-233]

Liu WZ. 1995. Research techniques in plant nematology. Shenyang:
Liaoning Science and Technology Press (in Chinese) [ X1l 4 & .
1995 AL HADF T AR . T FH: 3L TR HOR L)

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biology, 15(12): 550

Luo HL, Sun MH, Xie JP, Liu ZH, Huang Y. 2006. Diversity of actino-
mycetes associated with root-knot nematode and their potential
for nematode control. Acta Microbiologica Sinica, 46(4): 598-601

Lyu MN, lida H, Eekhout T, Mékeld M, Muranen S, Ye LL, Vatén A,
Wybouw B, Wang X, De Rybel B, et al. 2025. The dynamic and
diverse nature of parenchyma cells in the Arabidopsis root during
secondary growth. Nature Plants, 11(4): 878-890

Martinez-Medina A, Fernandez I, Lok GB, Pozo MJ, Pieterse CMJ,
Van Wees SCM. 2017. Shifting from priming of salicylic acid- to
jasmonic acid-regulated defences by Trichoderma protects tomato
against the root knot nematode Meloidogyne incognita. New Phy-
tologist, 213(3): 1363-1377

Rashad FM, Fathy HM, El-Zayat AS, Elghonaimy AM. 2015. Isolation

and characterization of multifunctional Streptomyces species with
antimicrobial, nematicidal and phytohormone activities from
marine environments in Egypt. Microbiological Research, 175:
34-47

Song WW, Qi NW, Liang C, Duan FM, Zhao HH. 2019. Soybean root
transcriptome profiling reveals a nonhost resistant response during
Heterodera glycines infection. PLoS ONE, 14(5): 0217130

Takahashi H, Nakaho K, Ishihara T, Ando S, Wada T, Kanayama Y,
Asano S, Yoshida S, Tsushima S, Hyakumachi M. 2014. Transcrip-
tional profile of tomato roots exhibiting Bacillus thuringiensis-
induced resistance to Ralstonia solanacearum. Plant Cell Reports,
33(1): 99-110

Tang HB, Flick P, Sato K, Ramiez F, Klopfenstein D, Mungall C,
Yunes JM, Pedersen BS. 2015. Goatools: tools for gene ontology.
Zenodo, https://doi.org/10.5281/zenodo.1301279

Verma V, Ravindran P, Kumar PP. 2016. Plant hormone-mediated regu-
lation of stress responses. BMC Plant Biology, 16(1): 86

Vogt T. 2010. Phenylpropanoid biosynthesis. Molecular Plant, 3(1):
2-20

Xiang P, Hao JG, Zhang W, Li BH, Lu WC, Li HP, Zhang QF, Chen JS,
Liu DW. 2017. Identification and field control efficacy of biocon-
trol actinomycetes against Heterodera glycines. Chinese Journal
of il Crop Sciences, 39(2): 234-238 (in Chinese) [TiflJ¥, &,
SR, A, RESOM, ZRL0NS, SKIRE 0%, BRJTAE, XA . 2017
R B2k e AR Bk T B T TR R Al B RS . e et
TEWI24R, 39(2): 234-238]

Xie C, Mao XZ, Huang JJ, Ding Y, Wu JM, Dong S, Kong L, Gao G,
Li CY, Wei LP. 2011. KOBAS 2.0: a web server for annotation
and identification of enriched pathways and diseases. Nucleic
Acids Research, 39(Web Server issue): 316-322

You J, Li JR, Zhen SJ, Dong LW, Wang JL, Hu YF, Shen ZB, Wang JJ.
2024. Investigation of soybean cyst nematode in soybean produc-
tion areas of Heilongjiang Province from 2015 to 2022. Soybean
Science, 43(2): 176-184 (in Chinese) [JLE, 250, BizEak, TN
i, T, HAE, B, EKAE . 2024, 2015—2022 4R e
AR R MLk AU AT . KR, 43(2): 176-184]

Zeier J. 2013. New insights into the regulation of plant immunity by
amino acid metabolic pathways. Plant, Cell & Environment, 36
(12): 2085-2103

Zhao D. 2018. Mechanism of Pseudomonas induced tomato resistance
to root knot nematode. PhD thesis. Shenyang: Shenyang Agricul-
tural University (in Chinese) [#X ). 2018. {5 ¥ 1 175 5 & 4T
HREEL AL ST . A 008 S T : TR R

Zhou M, Zhang YL, Yang JD. 2023. Analysis of nitrogen dynamics and
transcriptomic activity revealed a pivotal role of some amino acid
transporters in nitrogen remobilization in poplar senescing leaves.
Plants, 12(24): 4140

Zhou YY, Guo YX, Duan YX, Li HY, Chen LJ. 2020. Prevention effect
and photosynthetic performance in Bacillus megaterium Sneb207
against soybean cyst nematode. Soybean Science, 39(4): 605-611
(in Chinese) [J# [l b, 567K 85, Br R4S, ZRIBHE, (A7 2020, B
K ZFFFT R Sneb207 755 K 4T B £k HUR 14 Bl 55 S A
. KGRI, 39(4): 605-611]

(e dR 5 £4H)



