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Figure 1. The abundance of genus of anaerobic

fungus or methanogen calculated from the reported
total natural co-culture. Up to April 20, 2020, the
number of the reported natural co-culture is 59.
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Figure 2.

the indigenously associated methanogens; the letter “b” indicates the rhizoids of anaerobic fungus.
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Figure 3. Proposed metabolic pathway of anaerobic fungi co-cultured with methanogens. In the co-culture,
hydrogen and formate produced by anaerobic fungi were the substrates available for methanogens. The numbers
in the metabolic pathway indicate the following enzymes: 1: hexokinase; 2: glucose-6-phosphate isomerase;
3: phosphofructokinase; 4: fructose-bisphosphate aldolase; 5: xylulokinase; 6:
7: phosphoenolpyruvate carboxykinase; 8: aconitase; 9: isocitrate dehydrogenase; 10: malate dehydrogenase;
11: fumarase; 12: fumarate reductase; 13: pyruvate kinase; 14: lactate dehydrogenase; 15: pyruvate formate lyase;

16: aldehyde/alcohol dehydrogenase; 17: malic enzyme; 18: hydrogenase; 19: acetate:succinate CoA-transferase;

xylose isomerase;

20: succinyl-CoA synthetase; 21: formate dehydrogenase; 22: methyl coenzyme-M reductase, the key enzyme of
methanogenesis.
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Table 1. Methane production of co-culture of anaerobic fungus and methanogen with lignocelluloses as substrate

Natural co-culture’  + - Filter paper 170h 2.9 mmol/g [10]

Artificial co-culture® + - NH; treated barley straw stems 10 d 23.3-333 mL/g [42]

Artificial co-culture + - Filter paper 7d 3.0 mmol/g [27]

Artificial co-culture + + Filter paper 16d 12.2 mmol/g

Artificial co-culture + - Sisal twine fiber 7d 2.1 mmol/g

Artificial co-culture + + Sisal twine fiber 19d 10.1 mmol/g

Artificial co-culture + - Barley straw leaf strips 7d 1.7 mmol/g

Artificial co-culture + + Barley straw leaf strips 19d 7.0 mmol/g

Artificial co-culture + - Non-autoclaved ryegrass stem 6 d 4.8-10.8 mL/g  [11]

Artificial co-culture + - Cellulose powder 7d 3.8-4.0 mmol/g  [28]

Artificial co-culture — + Cellulose powder 5d 0.5-2 mmol/g

Artificial co-culture — + Cellulose powder 17d 0.5-3.5 mmol/g

Artificial co-culture + + Cellulose powder 17d 6.3 mmol/g

Natural co-culture + - Rice straw 4d 0.5-1.3 mmol/g [13]

Natural co-culture  + - Wheat straw 4d 1.0-1.2 mmol/g

Natural co-culture  + - Maize stem 4d 0.6—0.7 mmol/g

Natural co-culture  + - Corncob 4d 1.7-2.2 mmol/g

Natural co-culture  + - Bagasse 4d 1.6—-1.8 mmol/g

Natural co-culture  + - DGGS 4d 1.1-1.2 mmol/g

Natural co-culture  + - Wheat bran 4d 1.1-1.2 mmol/g

Natural co-culture + - Wheat straw 7d 0.3-1.8 mmol/g [15]

' The co-culture obtained just by the Hungate roll-tube techniques; % The co-culture obtained by a mix of axenic fungal and

methangenic species. +: the methanogen was present; —: the methanogen was absent.
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Advance in the co-culture of anaerobic fungi and methanogens
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Abstract: Anaerobic fungi are among the most effective lignocelluloses-degrading microbes in nature. Recently,
increasing number of the co-cultures of anaerobic fungi with methanogens have been isolated. In the co-culture,
methanogens utilize metabolites produced by anaerobic fungi, enhancing the lignocelluloses-degrading ability of
anaerobic fungi; anaerobic fungi provide methanogens with energy and nutrients, with which methanogens rapidly
generate substantial methane. A comprehensive and in-depth understanding of the mutual interaction and the
lignocelluloses-degrading methane-producing characteristics of the co-culture will be conducive to investigating the
regulation of the lignocellulosic degradation and methane production. Thus, in this review, we summarized the
isolation and identification, the diversity and the mutual interaction of the co-culture, and the decomposition of
lignocellulosic material by the co-culture.
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