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Research progress on metabolism and function of fungal
oxalic acid

WANG Zehao, TIAN Jiamei, SUN Huiying, DING Chengsong, AN Mengnan, YANG Xinyu,
LIANG Yue’

College of Plant Protection, Shenyang Agricultural University, Shenyang 110866, Liaoning, China

Abstract: Oxalic acid, a metabolite with important functions, is ubiquitous in plants, animals, and
microorganisms. Many fungi have been reported to be able to secrete oxalic acid, including plant
pathogenic fungi, edible and medicinal fungi, and industrial fungi. Oxalic acid as a simple dicarboxylic
acid is synthesized in fungi mainly through tricarboxylic acid cycle, glyoxylate cycle, and oxaloacetate
pathway. Oxalic acid is an important biological factor produced by fungi, which not only affects the
growth and development of fungi but also plays a role in fungus-plant interactions through toxin action,
acidification of host plant tissue environment, participation in cell wall degradation, and induction of
reactive oxygen species production. Therefore, it is essential in the life cycle and infection cycle of
fungi. This paper reviews the properties and metabolism of oxalic acid, the oxalic acid-producing fungal
species, the role of oxalic acid and oxalic acid-related genes in these species. Furthermore, we put
forward the questions to be solved in the related research, aiming to provide scientific references for the
utilization of the fungal resources producing oxalic acid and research ideas for the integrated

management of plant fungal diseases.

Keywords: fungi; oxalic acid; metabolism; pathogenicity; stress
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Figure 1
pathway; 3): Oxaloacetic acid pathway.
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Table 1 Fungal species that produce oxalic acid

Taxa Species Purpose or influence References

Ascomycota Aspergillus fonsecaeus Fermentation [32]
Aspergillus niger Stem rot [33]
Aspergillus fumigatus Aspergillosis [34]
Aspergillus terreus Fermentation [35]
Aspergillus aculeatus Fermentation [35]
Beauveria bassiana Insect control [36]
Beauveria caledonica Insect control [37]
Botrytis cinerea Gray mold [38]
Cristulariella pyramidalis Zonate leaf spot [39]
Cytospora chrysosperma Poplar canker [40]
Endothia parasitica Wilt, chestnut blight [41]
Leucostoma cincta (Valsa mali) Apple canker [42]
Penicillium bilaii Phosphorus solubilization [43]
Penicillium oxalicum Phosphorus solubilization [44]
Saccharomyces cerevisiae Fermentation [14]
Saccharomyces hansenii Fermentation [45]
Sclerotinia sclerotiorum Sclerotinia disease [16]
Sclerotinia trifoliorum Clover rot [46]
Sclerotium cepivorum White rot [47]
Sclerotium glucanicum Fermentation [48]

Basidiomycota Abortiporus biennis Medicinal fungi [49]
Ceriporiopsis subvermispora White rot [50]
Collybia velutipes Edible mushroom [31]
Coriolus hirsutus Medicinal fungi [18]
Dichomitus squalens Lignin degradation [11]
Fomitopsis palustris Medicinal fungi [51]
Fomitopsis pinicola Medicinal fungi [52]
Hebeloma cylindrosporum Mycorrhizal fungi [30]
Heterobasidion parviporum Root or crown rot [53]
Paxillus involutus Medicinal fungi [30]
Phanerochaete sanguinea Lignin degradation [11]
Phanerochaete chrysosporium Lignin degradation [54]
Physisporinus rivulosus Poisonous mushroom [55]
Postia placenta Root rot [56]
Rhizopogon roseolus Medicinal fungi [30]
Rhizoctonia solani Rice sheath blight [57]
Sclerotium rolfsii Blight [58]
Suillus collinitus Edible mushroom [30]
Tilletia contraversa Dwarf bunt of wheat [59]
Tilletia indica Karnal bunt [60]
Trametes ochracea Lignin degradation [11]
Trametes versicolor Lignin degradation [11]
Wolfiporia cocos Medicinal fungi [61]
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Table 2 Function and regulation of oxalic acid

DR ot B3 i o AN 0 1 W 5 B AR dh, —
A 5 D] A, 5 M) L T R 1Y) 7 A, B DR TR
Ss-Caf1 Fl SsSOD1 R w5 J& FEIR 43 1A () RE 1 1
BB, KR E LS TE SR 2 ),
Wi BB R A R AR SCDI FI THR1 JEIR sk
REMEREAR IR A 7=, R R TP, Bl
B OAH FE R RS IR 5 B R 1Y) B 58 4 Bk BELIRT 7,
1t KB oahA FeDH 1) BN B ) REIR P i 2 S AR
RURARA 2 7550 PRI B 2,

6 K%

HRE WA R BA Z M REAIE A, R E
AR KOR T R ARG H B AT T A
o ARSORUEE T H B AR i PR | A
o PR BRI | AR I AT SCE N D) e
SFOTTEHERE , BAE T R ER I A KO L
T AL A 555 T ) B A (ELOG T LR R R Y 2R
GEPEDFFEATIA 155 58 o AR I3 SRR ST O JT

Taxa Gene Function Method References
S. sclerotiorum Ss-oahl Pathogenicity Knockout [29]
S. sclerotiorum - Pathogenicity Knockout [67]
S. sclerotiorum sodl Pathogenicity Knockout [97]
S. sclerotiorum Ss-pth2 Growth, development and pathogenicity Knockout [4]
S. sclerotiorum Ssoah Development, pathogenicity and toxicity Knockout [68]
S. sclerotiorum pacl Pathogenicity and toxicity Knockout [75]
S. sclerotiorum - Pathogenicity Knockout [64]
S. sclerotiorum Ss-odc?2 Development and pathogenicity Knockout [93]
S. sclerotiorum Ss-Cafl Growth, development and pathogenicity T-DNA insertion [94]
S. sclerotiorum SsSOD1 Development and pathogenicity Knockout [95]
S. sclerotiorum SCD1 Development and pathogenicity Knockout [96]
S. sclerotiorum THRI Development and pathogenicity Knockout [96]
A. niger OAH Oxalic acid synthesis Knockout [27]
A. niger oahA Oxalic acid synthesis Overexpression [33]
B. cinerea BcOah Pathogenicity and toxicity Knockout [28]
C. chrysosperma CcOah Development and toxicity Knockout [40]

Note: —: No gene.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



824 A 2 E AR

Microbiol. China

REIGHE LA JULASIT AL s (1) 77 A B R Y FLTAT o U
BTSRRIV R 0 R, e U R ) S
ZUARPIIFIUA ;s (2) HRE RIS G R
KA A R 8, st £ ek AR IR
TCA 2 GAC siPi# AR MAT; (3) FMFLH
A TE SR E A T RV , GL15 i
257 A R £ I H S R 7 0 4
R T, R Z PR (AR EFR . RNAI
ULEK . CRISPR/Cas 45)WIHf SE R DI RESE; (4) ™
P RETR AR D AT 5 A A o k(B
FETEAIR, BEE AL L B | RS e b
2 R R A TN W £ B, I PR PR R A A
AT A EO AL 2 B0 1 (1) 9 2R 1)
FURERAEEE L.

REFERENCES

[1] Noonan SC, Savage GP. Oxalate content of foods and its
effect on humans[J]. Asia Pacific Journal of Clinical
Nutrition, 1999, 8(1): 64-74

[2] Dutton MV, Evans CS. Oxalate production by fungi: its
role in pathogenicity and ecology in the soil
environment[J]. Canadian Journal of Microbiology, 1996,
42(9): 881-895

[3] Connolly JH, Jellison J. Calcium translocation, calcium
oxalate accumulation, and hyphal sheath morphology in
the white-rot fungus Resinicium bicolor[J]. Canadian
Journal of Botany, 1995, 73(6): 927-936

[4] Liberti D, Rollins JA, Dobinson KF. Peroxysomal
carnitine acetyl transferase influences host colonization
capacity in Sclerotinia sclerotiorum[J]. Molecular
Plant-Microbe Interactions, 2013, 26(7): 768-780

[5] Palmieri F, Estoppey A, House GL, Lohberger A,
Bindschedler S, Chain PSG, Junier P. Oxalic acid, a
molecule at the crossroads of bacterial-fungal
interactions[J]. Advances in Applied Microbiology, 2019,
106: 49-77

[6] Derissen JL, Smith PH. Refinement of the crystal
structures of anhydrous o- and B-oxalic acids[J]. Acta
Crystallographica Section B Structural Crystallography
and Crystal Chemistry, 1974, 30(9): 2240-2242

[7] Gadd GM. Fungal production of citric and oxalic acid:
importance in metal

speciation, physiology and

biogeochemical processes[J]. Advances in Microbial
Physiology, 1999, 41: 47-92

[8] Gadd GM, Bahri-Esfahani J, Li QW, Rhee YJ, Wei Z,
Fomina M, Liang XJ. Oxalate production by fungi:
significance in geomycology, biodeterioration and
bioremediation[J].
28(2/3): 36-55

[9] Akbar N, Gupta S, Tiwari A, Singh KP, Kumar A.
Characterization of metabolic network of oxalic acid

Fungal Biology Reviews, 2014,

biosynthesis through RNA seq data analysis of
developing spikes of finger millet (Eleusine coracana):
deciphering the role of key genes involved in oxalate
formation in relation to grain calcium accumulation[J].
Gene, 2018, 649: 40-49

[10] Kostman TA, Tarlyn NM, Loewus FA, Franceschi VR.
Biosynthesis of l-ascorbic acid and conversion of
carbons 1 and 2 of l-ascorbic acid to oxalic acid occurs
within individual calcium oxalate crystal idioblasts[J].
Plant Physiology, 2001, 125(2): 634-640

[11] Mékeld M, Galkin S, Hatakka A, Lundell T. Production
of organic acids and oxalate decarboxylase in
lignin-degrading white rot fungi[J]. Enzyme and
Microbial Technology, 2002, 30(4): 542-549

[12] Amselem J, Cuomo CA, Van Kan JAL, Viaud M, Benito
EP, Couloux A, Coutinho PM, De Vries RP, Dyer PS,
Fillinger S, et al. Genomic analysis of the necrotrophic
fungal pathogens Sclerotinia sclerotiorum and Botrytis
cinerea[J]. PLoS Genetics, 2011, 7(8): €1002230

[13] Hamlet WM, Plowwright CB. Oxalic acid in fungi[J].
Scientific American, 1877, 4(92suppl): 1467-1468

[14] Baldwin H. An experimental study of oxaluria, with
special reference to its fermentative origin[J]. Journal of
Experimental Medicine, 1900, 5(1): 27-46

[15] Bennett AR, Hindal DF. Mycelial growth and oxalate
production by five strains of Cryphonectria parasitica in
selected liquid culture media[J]. Mycologia, 1989, 81(4):
554

[16] Maxwell DP, Lumsden RD. Oxalic acid production by
Sclerotinia sclerotiorum 1in infected bean and in
culture[J]. Phytopathology, 1970, 60(9): 1395

[17] Thompson C, Dunwell JM, Johnstone CE, Lay V, Ray J,
Schmitt M, Watson H, Nisbet G. Degradation of oxalic
acid by transgenic oilseed rape plants expressing oxalate
oxidase[J]. Euphytica, 1995, 85(1/2/3): 169-172

[18] Shimazono H. Oxalic acid decarboxylase, a new enzyme
from the mycelium of wood destroying fungi[J]. The
Journal of Biochemistry, 1955, 42(3): 321-340

[19] Mékeld MR, Hildén K, Lundell TK. Oxalate

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



EHERA TR SRS AN Tt f

825

decarboxylase: biotechnological update and prevalence
of the enzyme in filamentous fungi[J]. Applied
Microbiology and Biotechnology, 2010, 87(3): 801-814

[20] Jin ZX, Wang CH, Chen WF, Chen XY, Li XZ.
Induction of oxalate decarboxylase by oxalate in a newly
isolated Pandoraea sp. OXJ-11 and its ability to protect
against Sclerotinia sclerotiorum infection[J]. Canadian
Journal of Microbiology, 2007, 53(12): 1316-1322

[21] Cessna SG, Sears VE, Dickman MB, Low PS. Oxalic
acid, a pathogenicity factor for Sclerotinia sclerotiorum,
suppresses the oxidative burst of the host plant[J]. The
Plant Cell, 2000, 12(11): 2191-2199

[22] Walz A, Zingen-Sell 1, Loeffler M, Sauer M. Expression
of an oxalate oxidase gene in tomato and severity of
disease caused by Botrytis cinerea and Sclerotinia
sclerotiorum[J]. Plant Pathology, 2008, 57(3): 453-458

[23] Davidson AL, Blahut-Beatty L, Itaya A, Zhang Y, Zheng
S, Simmonds D. Histopathology of Sclerotinia
sclerotiorum infection and oxalic acid function in
susceptible and resistant soybean[J]. Plant Pathology,
2016, 65(6): 878-887

[24] Kumar V, Chattopadhyay A, Ghosh S, Irfan M,
Chakraborty N, Chakraborty S, Datta A. Improving
nutritional quality and fungal tolerance in soya bean and
grass pea by expressing an oxalate decarboxylase[J].
Plant Biotechnology Journal, 2016, 14(6): 1394-1405

[25] Kesarwani M, Azam M, Natarajan K, Mehta A, Datta A.
Oxalate decarboxylase from Collybia velutipes:
molecular cloning and its overexpression to confer
resistance to fungal infection in transgenic tobacco and
tomato[J]. Journal of Biological Chemistry, 2000,
275(10): 7230-7238

[26] Dias BBA, Cunha WG, Morais LS, Vianna GR, Rech EL,
Capdeville G, Aragao FJL. Expression of an oxalate
decarboxylase gene from Flammulina sp. in transgenic
lettuce (Lactuca sativa) plants and resistance to
Sclerotinia sclerotiorum[J]. Plant Pathology, 2006, 55(2):
187-193

[27] Ruijter GJG, Van De Vondervoort PJI, Visser J. Oxalic
acid  production by  Aspergillus  niger:  an
oxalate-non-producing mutant produces citric acid at pH
5 and in the presence of manganese[J]. Microbiology:
Reading, England, 1999, 145 ( Pt 9): 2569-2576

[28] Yin YN, Wu SS, Chui CN, Ma TL, Jiang HX, Hahn M,
Ma ZH. The MAPK kinase BcMkk1 suppresses oxalic
acid Dbiosynthesis via impeding phosphorylation of
BcRiml15 by BeSch9 in Botrytis cinerea[J]. PLoS

Pathogens, 2018, 14(9): e1007285

[29] Liang XF, Liberti D, Li MY, Kim YT, Hutchens A,
Wilson R, Rollins JA. Oxaloacetate acetylhydrolase gene
mutants of Sclerotinia sclerotiorum do not accumulate
oxalic acid, but do produce limited lesions on host
plants[J]. Molecular Plant Pathology, 2015, 16(6):
559-571

[30] Arvieu JC, Leprince F, Plassard C. Release of oxalate
and protons by ectomycorrhizal fungi in response to

P-deficiency and calcium carbonate in nutrient
solution[J]. Annals of Forest Science, 2003, 60(8):
815-821

[31] Mehta A, Datta A. Oxalate decarboxylase from Collybia
velutipes. Purification, characterization, and cDNA
cloning[J]. Journal of Biological Chemistry, 1991,
266(35): 23548-23553

[32] Deshpande KB, Deshpande DS. Carbon metabolism and
morphogenesis of Aspergillus fonsecaeus, 11. nutritional
status of culture filtrate and dissimilation by mycelial
mat[J]. Mycopathologia et Mycologia Applicata, 1966,
30(2): 92-96

[33] Kobayashi K, Hattori T, Honda Y, Kirimura K. Oxalic
acid production by citric acid-producing Aspergillus
niger overexpressing the oxaloacetate hydrolase gene
oahA[J]. Journal of Industrial
Biotechnology, 2014, 41(5): 749-756

[34] Joosten HJ, Han Y, Niu WL,
Dunaway-Mariano D, Schaap PJ. Identification of fungal

Microbiology &

Vervoort ],

oxaloacetate hydrolyase within the isocitrate lyase/PEP

mutase enzyme superfamily using a sequence
marker-based method[J]. Proteins: Structure, Function,
and Bioinformatics, 2007, 70(1): 157-166

[35] Atallah O, Yassin S. Aspergillus spp. eliminate
Sclerotinia sclerotiorum by imbalancing the ambient
oxalic acid concentration and parasitizing its Sclerotia[J].
Environmental Microbiology, 2020, 22(12): 5265-5279

[36] Kirkland BH, Eisa A, Keyhani NO. Oxalic acid as a
fungal acaracidal virulence factor[J]. Journal of Medical
Entomology, 2005, 42(3): 346-351

[37] Fomina M, Hillier S, Charnock JM, Melville K,
Alexander 1J, Gadd GM. Role of oxalic acid
overexcretion in transformations of toxic metal minerals
by Beauveria caledonicall]). Applied and Environmental
Microbiology, 2005, 71(1): 371-381

[38] Gentile AC. Carbohydrate metabolism and oxalic acid
synthesis by Botrytis cinerea[J]. Plant Physiology, 1954,
29(3): 257-261

[39] Kurian P, Stelzig DA. The synergistic role of oxalic acid
and endopolygalacturonase in bean leaves infected by

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



826 A 2 E AR

Microbiol. China

Cristulariella pyramidalis[J]. Phytopathology, 1979,
69(12): 1301

[40] Wang YY, Wang YL. Oxalic
contributes to full virulence and pycnidial development

acid metabolism

in the poplar canker fungus Cytospora chrysospermall].
Phytopathology, 2020, 110(7): 1319-1325

[41] McCarroll DR, Thor E. The role of oxalic acid in the
pathogenesis of Endothia parasitica| A]//Proceedings of
the American chestnut symposium[C]. West Virginia
University Books, Morgantown, 1978: 60-63

[42] Traquair JA. Oxalic acid and calcium oxalate produced
by Leucostoma Cincta and L. persoonii in culture and in
peach bark tissues[J]. Canadian Journal of Botany, 1987,
65(9): 1952-1956

[43] Cunningham JE, Kuiack C. Production of citric and
oxalic acids and solubilization of calcium phosphate by
Penicillium  bilaii[J]. Applied and Environmental
Microbiology, 1992, 58(5): 1451-1458

[44] Li Z, Bai TS, Dai LT, Wang FW, Tao JJ, Meng ST, Hu
YX, Wang SM, Hu SJ. A study of organic acid
production in contrasts between two phosphate
solubilizing fungi: Penicillium oxalicum and Aspergillus
niger[J]. Scientific Reports, 2016, 6: 25313

[45] Nunn PB. Oxalic acid in biology and medicine[J]. FEBS
Letters, 1979, 101(2): 421

[46] Callahan FE, Rowe DE. Use of a host-pathogen
interaction system to test whether oxalic acid is the sole
pathogenic determinant in the exudate of Sclerotinia
trifoliorum[J]. Phytopathology, 1991, 81(12): 1546

[47] Stone HE, Armentrout VN. Production of oxalic acid by
sclerotium cepivorum during infection of onion[J].
Mycologia, 1985, 77(4): 526-530

[48] Wang YC, McNeil B. pH effects on exopolysaccharide
and oxalic acid production in cultures of Sclerotium
glucanicum[J]. Enzyme and Microbial Technology, 1995,
17(2): 124-130

[49] Graz M, Rachwal K, Zan R, Jarosz-Wilkotazka A.
Oxalic acid degradation by a novel fungal oxalate
oxidase from Abortiporus biennis[J]. Acta Biochimica
Polonica, 2016, 63(3): 595-600

[50] Urzua U, Kersten PJ, Vicuila R. Manganese peroxidase-
dependent oxidation of glyoxylic and oxalic acids
synthesized by Ceriporiopsis subvermispora produces
extracellular hydrogen peroxide[J]. Applied and
Environmental Microbiology, 1998, 64(1): 68-73

[51] Munir E, Yoon JJ, Tokimatsu T, Hattori T, Shimada M.
A physiological role for oxalic acid biosynthesis in the
wood-rotting basidiomycete Fomitopsis palustris[J].

PNAS, 2001, 98(20): 11126-11130

[52] Shah F, Mali T, Lundell TK. Polyporales brown rot
species Fomitopsis pinicola: enzyme activity profiles,
oxalic acid production, and Fe*'-reducing metabolite
secretion[J]. Applied and Environmental Microbiology,
2018, 84(8): €02662-17

[53] Nagy NE, Ballance S, Kvaalen H, Fossdal CG, Solheim
H, Hietala AM. Xylem defense wood of Norway spruce
compromised by the pathogenic white-rot fungus
Heterobasidion parviporum shows a prolonged period of
selective decay[J]. Planta, 2012, 236(4): 1125-1133

[54] Xu P, Leng Y, Zeng GM, Huang DL, Lai C, Zhao MH,
Wei Z, Li NJ, Huang C, Zhang C, et al. Cadmium
induced oxalic acid secretion and its role in metal uptake
and detoxification mechanisms in Phanerochaete
chrysosporium[J]. Applied Microbiology and
Biotechnology, 2015, 99(1): 435-443

[55] Hakala TK, Lundell T, Galkin S, Maijala P, Kalkkinen N,
Hatakka A. Manganese peroxidases, laccases and oxalic
acid from the selective white-rot fungus Physisporinus
rivulosus grown on spruce wood chips[J]. Enzyme and
Microbial Technology, 2005, 36(4): 461-468

[56] Jordan CR, Dashek WV, Highley TL. Detection and
quantification of oxalic acid from the brown-rot decay
fungus, Postia placentalJ]. Holzforschung, 1996, 50(4):
312-318

[57] Nagarajkumar M, Jayaraj J, Muthukrishnan S, Bhaskaran
R, Velazhahan R. Detoxification of oxalic acid by
Pseudomonas fluorescens strain PIMDU2: implications
for the biological control of rice sheath blight caused by
Rhizoctonia solani[J]. Microbiological Research, 2005,
160(3): 291-298

[58] Punja ZK, Huang JS, Jenkins SF. Relationship of
mycelial growth and production of oxalic acid and cell
wall degrading enzymes to virulence in Sclerotium
rolfsii[J]. Canadian Journal of Plant Pathology, 1985,
7(2): 109-117

[59] Vaisey EB, Cheldelin VH, Newburgh RW. Oxalate
oxidation by an obligately parasitic fungus Tilletia
contraversa[J].  Archives  of
Biophysics, 1961, 95: 66-69

[60] Pandey V, Singh M, Pandey D, Kumar A. Integrated

proteomics, genomics, metabolomics approaches reveal

Biochemistry  and

oxalic acid as pathogenicity factor in Tilletia indica

inciting Karnal bunt disease of wheat[J]. Scientific
Reports, 2018, 8: 7826

[61] Clausen CA, Green F III, Woodward BM III, Evans JW

III, DeGroot RC III. Correlation between oxalic acid

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



EHERA TR SRS AN Tt f

827

production and copper tolerance in Wolfiporia cocos[J].
International Biodeterioration & Biodegradation, 2000,
46(1): 69-76

[62] Rollins JA. The Sclerotinia sclerotiorum pacl gene is
required for sclerotial development and virulence[J].
Molecular Plant-Microbe Interactions, 2003, 16(9):
785-795

[63] Rollins JA, Dickman MB. pH signaling in Sclerotinia
sclerotiorum: identification of a pacC/RIM1 homolog[J].
Applied and Environmental Microbiology, 2001, 67(1):
75-81

[64] Williams B, Kabbage M, Kim HJ, Britt R, Dickman MB.
Tipping the balance: Sclerotinia sclerotiorum secreted
oxalic acid suppresses host defenses by manipulating the
host redox environment[J]. PLoS Pathogens, 2011, 7(6):
€1002107

[65] Tian JM, Chen CX, Sun HY, Wang ZH, Steinkellner S,
Feng J, Liang Y. Proteomic analysis reveals the
importance of exudates on sclerotial development in
Sclerotinia sclerotiorum[J]. Journal of Agricultural and
Food Chemistry, 2021, 69(4): 1430-1440

[66] Kim KS, Min JY, Dickman MB. Oxalic acid is an
elicitor of plant programmed cell death during

Sclerotinia  sclerotiorum  disease  development[J].
Molecular Plant-Microbe Interactions, 2008, 21(5):
605-612

[67] Godoy G, Steadman JR, Dickman MB, Dam R. Use of
mutants to demonstrate the role of oxalic acid in
pathogenicity of Sclerotinia sclerotiorum on Phaseolus
vulgaris[J]. Physiological and Molecular Plant Pathology,
1990, 37(3): 179-191

[68] Xu LS, Xiang MC, White D, Chen WD. pH dependency
of sclerotial development and pathogenicity revealed by
using genetically defined oxalate-minus mutants of
Sclerotinia sclerotiorum|[J]. Environmental Microbiology,
2015, 17(8): 2896-2909

[69] Lou Y, Han YC, Yang L, Wu MD, Zhang J, Cheng JS,
Wang MY, Jiang DH, Chen WD, Li GQ. CmpacC
regulates mycoparasitism, oxalate degradation and
antifungal activity in the mycoparasitic fungus
Coniothyrium minitans[J]. Environmental Microbiology,
2015, 17(11): 4711-4729

[70] Bateman DF, Beer SV. Simultaneous production and
synergistic action of oxalic acid and polygalacturonase
during  pathogenesis by  Sclerotium  rolfsii[J].
Phytopathology, 1965, 55: 204-211

[71] Marciano P, Di Lenna P, Magro P. Oxalic acid, cell
wall-degrading enzymes and pH in pathogenesis and

their significance in the virulence of two Sclerotinia
sclerotiorum isolates on sunflower[J]. Physiological
Plant Pathology, 1983, 22(3): 339-345

[72] Liang Y, Strelkov SE, Kav NNV. Oxalic acid-mediated
stress responses in Brassica napus L.[J]. Proteomics,
2009, 9(11): 3156-3173

[73] Lane BG. Oxalate, and  higher-plant
pathogens[J]. TUBMB Life: International Union of
Biochemistry and Molecular Biology: Life, 2002, 53(2):
67-75

[74] Guimardaes RL, Stotz HU. Oxalate production by
Sclerotinia sclerotiorum deregulates guard cells during
infection[J]. Plant Physiology, 2004, 136(3): 3703-3711

[75] Kim YT, Prusky D, Rollins JA. An activating mutation

of the Sclerotinia sclerotiorum pacl gene increases

germins,

oxalic acid production at low pH but decreases
virulence[J]. Molecular Plant Pathology, 2007, 8(5):
611-622

[76] Noyes RD, Hancock JG. Role of oxalic acid in the
Sclerotinia wilt of sunflower[J]. Physiological Plant
Pathology, 1981, 18(2): 123-132

[77] Rosling A, Lindahl BD, Taylor AFS, Finlay RD.
Mycelial acidification of
ectomycorrhizal fungi in response to different
minerals[J]. FEMS Microbiology Ecology, 2004, 47(1):
31-37

[78] Graustein WC, Cromack K, Sollins P. Calcium oxalate:
occurrence in soils and effect on nutrient and

Science, 1977, 198(4323):

growth and substrate

geochemical
1252-1254
[79] Cromack K Jr, Sollins P Jr, Graustein WC Jr, Speidel K
Jr, Todd AW Jr, Spycher G Jr, Li CY Jr, Todd RL Jr.
Calcium oxalate accumulation and soil weathering in

cycles[J].

mats of the hypogeous fungus Hysterangium crassum[J].
Soil Biology and Biochemistry, 1979, 11(5): 463-468

[80] Jones D, McHardy WIJ, Wilson MJ, Vaughan D.
Scanning electron microscopy of calcium oxalate on
mantle hyphae of hybrid larch roots from a farm forestry
experimental site[J]. Micron and Microscopica Acta,
1992, 23(3): 315-317

[81] Debono M, Gordee RS. Antibiotics that inhibit fungal
cell wall development[J]. Annual
Microbiology, 1994, 48(1): 471-497

[82] Huang L, Buchenauer H, Han Q, Zhang X, Kang Z.
Ultrastructural and cytochemical studies on the infection

Review of

process of Sclerotinia sclerotiorum in oilseed rape[J].
Journal of Plant Diseases and Protection, 2008, 115(1):
9-16

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



828 A 2 E AR

Microbiol. China

[83] Poussereau N, Creton S, Billon-Grand G, Rascle C,
Fevre M. Regulation of acpl, encoding a non-aspartyl
acid protease expressed during pathogenesis of
Sclerotinia sclerotiorum[J]. Microbiology, 2001, 147(3):
717-726

[84] Manteau S, Abouna S, Lambert B, Legendre L.
Differential regulation by ambient pH of putative
virulence factor secretion by the phytopathogenic fungus
Botrytis cinerea[J]. FEMS Microbiology Ecology, 2003,
43(3): 359-366

[85]Li RG, Rimmer R, Buchwaldt L, Sharpe AG,

G, Hegedus DD.

Sclerotinia sclerotiorum with Brassica napus: cloning

Séguin-Swartz Interaction of
and characterization of endo- and
exo-polygalacturonases expressed during saprophytic
and parasitic modes[J]. Fungal Genetics and Biology,
2004, 41(8): 754-765

[86] Sharma N, Rathore M, Sharma M. Microbial pectinase:

sources, characterization and applications[J]. Reviews in

Environmental Science and Bio/Technology, 2013, 12(1):

45-60

[87] ik, MEHRA:. M ot L 1T B0 7 K 5L IR A BIF 5 3k
JE[I]. PEILH AR, 2003, 23(12): 2223-2228
Jing L, Kang ZS. Research progress on pathotoxin oxalic
acid produced by phytopathogenic fungi[J]. Acta
Botanica Boreali-Occidentalia Sinica, 2003, 23(12):
2223-2228 (in Chinese)

[88] Hegedus DD, Rimmer SR. Sclerotinia sclerotiorum:
when “to be or not to be” a pathogen?[J]. FEMS
Microbiology Letters, 2005, 251(2): 177-184

[89] Favaron F, Sella L, D’Ovidio R. Relationships among
endo-polygalacturonase, oxalate, pH, and plant

polygalacturonase-inhibiting protein (PGIP) in the

interaction between Sclerotinia sclerotiorum and
soybean[J]. Molecular Plant-Microbe Interactions, 2004,
17(12): 1402-1409

[90] Errakhi R, Meimoun P, Lehner A, Vidal G, Briand J,

Corbineau F, Rona JP, Bouteau F. Anion channel activity

is necessary to induce ethylene synthesis and

programmed cell death in response to oxalic acid[J].

Journal of Experimental Botany, 2008, 59(11):
3121-3129

[91] Sun GZ, Feng CJ, Zhang AC, Zhang YS, Chang DW,
Wang Y, Ma Q. The dual role of oxalic acid on the
resistance of tomato against Botrytis cinerea[J]. World
Journal of Microbiology and Biotechnology, 2019, 35(2):
1-7

[92] Xia ZH, Wang ZH, Kav NNV, Ding CS, Liang Y.
Characterization of microRNA-like RNAs associated
with sclerotial development in Sclerotinia
sclerotiorum[J]. Fungal Genetics and Biology, 2020, 144:
103471

[93] Liang XF, Moomaw EW, Rollins JA. Fungal oxalate
decarboxylase activity contributes to Sclerotinia
sclerotiorum early infection by affecting both compound
appressoria development and function[J]. Molecular
Plant Pathology, 2015, 16(8): 825-836

[94] Xiao XQ, Xie JT, Cheng JS, Li GQ, Yi XH, Jiang DH,
Fu YP. Novel secretory protein Ss-Cafl of the
plant-pathogenic fungus Sclerotinia sclerotiorum is
required for host penetration and normal sclerotial
development[J]. Molecular Plant-Microbe Interactions,
2014, 27(1): 40-55

[95] Xu LS, Chen WD. Random T-DNA mutagenesis
identifies a Cu/Zn superoxide dismutase gene as a
virulence factor of Sclerotinia sclerotiorum[J]. Molecular
Plant-Microbe Interactions, 2013, 26(4): 431-441

[96] Liang Y, Xiong W, Steinkellner S, Feng J. Deficiency of
the melanin biosynthesis genes SCD1 and THR1 affects
sclerotial development and vegetative growth, but not
pathogenicity, in Sclerotinia sclerotiorum[J]. Molecular
Plant Pathology, 2018, 19(6): 1444-1453

[97] Kabbage M, Williams B, Dickman MB. Cell death
control: the interplay of apoptosis and autophagy in the
pathogenicity of Sclerotinia sclerotiorum[J]. PLoS

Pathogens, 2013, 9(4): ¢1003287

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



