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ABSTRACT
Fungi may play an important role in the production of the greenhouse gas nitrous oxide (N2 O). Bipolaris sorokiniana is a
ubiquitous saprobe found in soils worldwide, yet denitrification by this fungal strain has not previously been reported. We
aimed to test if B. sorokiniana would produce N2 O and CO2 in the presence of organic and inorganic forms of nitrogen (N)
under microaerobic and anaerobic conditions. Nitrogen source (organic-N, inorganic-N, no-N control) significantly affected
N2 O and CO2 production both in the presence and absence of oxygen, which contrasts with bacterial denitrification.
Inorganic N addition increased denitrification of N2 O (from 0 to 0.3 μg N2 0-N h−1 g−1 biomass) and reduced respiration of
CO2 (from 0.1 to 0.02 mg CO2 h−1 g−1 biomass). Isotope analyses indicated that nitrite, rather than ammonium or glutamine,
was transformed to N2 O. Results suggest the source of N may play a larger role in fungal N2 O production than oxygen status.
Keywords: nitrite; glutamine; nitrous oxide; carbon dioxide; organic nitrogen; co-denitrification

INTRODUCTION
Fungal denitrification may contribute more to soil emissions of
the greenhouse gas nitrous oxide (N2 O) than bacterial denitrification (Laughlin and Stevens 2002; Chen, Mothapo and Shi 2015),
but physicochemical factors potentially altering fungal nitrogen
(N) cycling require investigation. While many soil bacteria contain the N2 O reductase gene (nosZ) (required for N2 O to N2 conversion), this gene is not found in fungi. Nonetheless, N2 production by soil fungi has been reported (Shoun et al. 2012; Long

et al. 2013). Some fungi, particularly for genera in the Hypocreales
order (such as Fusarium), are capable of producing N2 O (Maeda
et al. 2015) under anaerobic (Zumft 1997; Morozkina and Kurakov
2007; Shoun et al. 2012) or microaerobic conditions (Zhou et al.
2001; Morozkina and Kurakov 2007; Takaya 2009). Two pathways
of fungal denitrification have been reported: (a) classical denitrification of nitrate or nitrite when oxygen is limited and insufficient to support aerobic respiration and (b) hybrid formation of N2 O, where two N sources are combined (Spott, Russow
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cultures were washed, drained and stored in a reduced volume
of the no-N media. Using the no-N media, four solutions were
prepared for fungal inoculation: (a) no-N media (b) 0.5 mmols
N as C5 H10 N2 O3 , (c) 0.25 mmols N as Na15 NO2 (99.5 atom%;
Cambridge Isotope Laboratory, Andover, MA) and 0.25 mmols N
as (NH4 )2 SO4 , or (d) 0.25 mmols N as Na15 NO2 and 0.25 mmols
N as C5 H10 N2 O3 . The Na15 NO2 was used to determine if these
fungi would preferentially use NO2 to form N2 O (thus forming
46
N2 O) or if other sources of N would be utilized.
Approximately 10 ml of fungal biomass were transferred to
125 ml serum bottles, and four replicate bottles were inoculated
with 1 ml of each sterile solution and 1 ml of no-N media. Additional bottles containing media solutions without fungi were
also prepared. All bottles were sealed and the headspace evacuated and flushed with ultrapure helium, and then injected with
O2 to achieve 0.4% O2 headspace before setting up on a robotic
gas chromatograph (GC) fitted with electron capture and thermal conductivity detectors (Phillips et al. 2014; McMillan et al.
2015). Bottles were placed on the GC and measured every 6 hours
for N2 O, CO2 and O2 at 19◦ C. Following this 48-h incubation experiment, bottles were then evacuated and flushed three times
to create an anaerobic headspace for the second experiment,
where the only difference between experiments was headspace
O2 concentration. Sterility was maintained and conditions remained constant during both incubations, including pH (ranged
from 6.2 to 6.9). Data were normalized to the corresponding
dry weight of fungal biomass in each bottle. The N isotopes for
N2 O gas in the headspace of each sample at the end of the incubations were measured on a continuous-flow isotope ratio
mass spectrometer (Thermo Finnigan Delta V; Thermo Scientific, Waltham, MA) in line with an automated gas bench interface (Thermo Gas Bench II) to determine if 45 N2 O or 46 N2 O
were present. Precision of the isotopic analysis was <1 atom%.
Data were analysed for effects of N source treatment on N2 O
and CO2 production rates for microaerobic and anaerobic experiments separately with a generalized linear model and means
were compared with Tukey’s test.

RESULTS AND DISCUSSION
MATERIALS AND METHODS
We used pure culture of B. sorokiniana (Sacc.) Shoemaker
[telemorph: C. sativus (S. Ito & Kurib.) Drechsler ex Dastur]
to test how organic N [glutamine (C5 H10 N2 O3 )] and inorganic N [ammonium sulfate ((NH4 )2 SO4 ) and sodium nitrite
(NaNO2 )] sources might influence fungal production of N2 O
and CO2 under sterile conditions. We controlled O2 status
with air-tight laboratory incubation vessels to evaluate rates
of N2 O and CO2 production pre and post anaerobiosis on
the same samples (Firestone and Tiedje 1979; Smith and
Tiedje 1979; Zhou et al. 2001; Butterbach-Bahl et al. 2013). We
obtained isolate ICMP 6809 from the ICMP culture collection
(http://www.landcareresearch.co.nz/resources/collections/icmp)
in its anamorphic state. It was grown under aerobic conditions
in the same media previously used by Rohe et al. (2014a,b)
and Shoun et al. (1992), containing 1% glucose, 0.2% peptone,
0.02% MgSO4 ·7 H2 O, 2 ppm CaCl2 ·6 H2 O, 2 ppm FeSO4 ·7 H2 O
and 0.01 mol potassium phosphate (pH 7.4). This media, which
contained N as peptone, was used only for fungal growth. Another media, where the N source was omitted, was used for the
incubations and referred to here as no-N media. After 7 days,

Table 1 and Fig. 1 show effects of treatment on CO2 and N2 O
production for the microaerobic incubations were similar to
effects of treatment for the anaerobic incubations. Fungi
inoculated with only organic-N (C5 H10 N2 O3 ) or no-N media only
linearly produced CO2 (1–2 mg CO2 h−1 g−1 ) but not N2 O. Fungi inoculated with inorganic-N (Na15 NO2 or ((NH4 )2 SO4 ) or inorganicN plus organic-N (Na15 NO2 and C5 H10 N2 O3 ) linearly produced
N2 O (0.2–0.3 μg N2 0-N h−1 g−1 ) but an order of magnitude less
CO2 . The mass 46 N2 O comprised 94.7%–97.3% of all N2 O in the
headspace, yielding an equivalent 15 N of 98 to 99 (±0.3) atom%.
This enrichment was effectively equivalent to enrichment of the
15
NO2 used in the experiment. The lack of headspace 45 N2 O indicated hybrid formation of N2 O by B. sorokiniana did not occur
under any of these conditions, and NO2 − was the only N form
used to form N2 O. Headspace O2 (Fig. 2) over the aerobic time
course indicated rapid declines for the no-N media and organicN treatments but not the inorganic-N treatments. Minimal rates
of CO2 respiration (Table 1) in the presence of inorganic-N were
consistent with lack of O2 utilization by B. sorokiniana (Fig. 2). We
also observed chemodenitrification (6%–8% of total biologically
produced N2 O) for media amended with inorganic-N only (van
Cleemput 1998; Kampschreur et al. 2011; Jones et al. 2015).
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and Stange 2011). It is not clear if induction of anaerobiosis or
changes in N source (Takaya 2002; Wei et al. 2014) cause a shift
from one pathway to another. Hybrid N2 O and/or N2 formation
(also referred to as co-denitrification) has been observed in the
presence of inorganic and organic N (Su, Takaya and Shoun 2004;
Spott, Russow and Stange 2011; Long et al. 2013) but may also
occur in the presence of two inorganic forms of N (Spott, Russow and Stange 2011). Data are lacking that indicate how inorganic and organic sources of N affect fungal denitrification and
co-denitrification to N2 O pre- and postinduction of anaerobiosis.
Addition of two N sources (one enriched with 15 N) would allow
us to determine if N2 O formation could be attributed to denitrification or co-denitrification.
While a number of fungal strains have been tested for denitrification potential (Maeda et al. 2015), many strains, such as
Bipolaris sorokiniana, have not been tested. Bipolaris sorokiniana is
the asexual form (anamorph) of the fungus Cochliobolus sativus,
a common plant pathogen in the order Pleosporales with a wide
range of plant hosts. It is particularly common on cereals in the
Poaceae family and is widely known as the causal agent for the
common root rot. It can also survive as thick-walled conidia or
as saprotrophic mycelium in soil or crop debris. Geographic distribution of B. sorokiniana is worldwide, particularly near midlatitudes, in grasslands and agricultural fields (Kumar et al. 2002).
It is not known if this soil fungus will denitrify inorganic or organic forms of N and if aerobic respiration and denitrification
co-occur under controlled conditions. While a large body of research has reported bacterial N2 O and CO2 production under
microaerobic and anaerobic conditions (Butterbach-Bahl et al.
2013), few reports are available indicating if rates of fungal CO2
and N2 O production vary with inorganic and/or organic N. It is
unclear if fungi incubated with O2 will respond to induction of
anaerobiosis in a manner similar to denitrifying bacteria, with
increased rates of N2 O production occurring within hours of induction (Firestone and Tiedje 1979; Smith and Tiedje 1979). The
goal of this research was to test how N source (organic or inorganic) influences production of N2 O and CO2 by B. sorokiniana
pre and post anaerobiosis. Results add to the emerging body of
knowledge regarding controls on fungal denitrification and codenitrification processes.

Phillips et al.

3

Table 1. Rates of N2 O and CO2 produced during (1) aerobic and (2) anaerobic incubation experiments by treatment per gram of fungal biomass.
Average rates followed by different letters for each experiment represent significant differences between treatments. The same letters indicate
no differences between treatments.

Std. Dev.

Mean
μg CO2 h−1 g−1 biomass

Std. Dev.

No N
Organic N
Inorganic N
Inorganic N + organic N

0.51a
0.29a
311.30b
211.79c

0.26
0.11
18.98
14.44

896.45a
728.46a
6.17b
7.87b

206.08
148.66
1.34
1.48

No N
Organic N
Inorganic N
Inorganic N + organic N

0.57a
0.32a
354.55b
306.33c

0.23
0.23
26.00
28.61

1179.89a
988.19a
18.26b
31.52b

262.62
222.95
1.48
4.03

Treatment

Anaerobic

Aerobic

Figure 1. Average (std. dev; n = 4) N2 O and CO2 measured in the headspace per g of fungal biomass by treatment during aerobic (a, b) and anaerobic (c, d) incubations.

Evidence of chemodenitrification, where N2 O was produced
under sterile conditions, may be due to reactions between NO2 −
and reduced metals in the media (van Cleemput 1998; Kampschreur et al. 2011). We chose the media for this experiment
because it is commonly used for fungal denitrification investigations (Shoun et al. 1992; Rohe et al. 2014a,b). Kampschreur
et al. (2011) used a chemostat to demonstrate that NO2 − to NO is
an equilibrium-based reaction, where emissions of NO and N2 O
were coupled to iron oxidation under anoxic conditions. A recent
review by Medinets et al. (2015) argued that NO2 − , a precursor
of NO, is central to processes associated with chemodenitrifica-

tion. Additional research is needed to determine the reactants
involved in this specific media and the prevalence of chemodenitrification in an oxygenated headspace.
Evidence of biological denitrification coupled with reduced
CO2 respiration in the presence of inorganic-N may be due to
B. sorokiniana preferentially denitrifying as a defence against
accumulation of NO2 − (Geets, Boon and Verstraete 2006; Clark
et al. 2012). Fungi are capable of converting NO2 − to NO, the precursor to soil N2 O emissions (Russow, Stange and Nueue 2009),
through expression of the NO2 − reductase gene (nirK), and NO
is a regulator of O2 consumption in eukaryotes (Thomas et al.
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Denitrification in soils and sediments is referred to as a keystone ecosystem service with positive water quality implications. However, when N2 O is the final end product of denitrification, there are negative impact on stratospheric ozone and radiative forcing in the troposphere (Erisman et al. 2013). Here, B.
sorokiniana, a ubiquitous soil fungus, demonstrated the capacity to transform dissolved NO2 − to gaseous N2 O at the expense
of aerobic respiration, a more energetically favourable pathway.
Denitrification and aerobic respiration for B. sorokiniana were
closely linked via NO2 − . Additional investigations into alternative respiration pathways and effects of inorganic N on C assimilation are warranted, particularly with respect to O2 status. Here,
we focused on how inorganic and organic N sources influence
pathways to N2 O production before and after onset of anaerobiosis (Firestone and Tiedje 1979; Smith and Tiedje 1979; Zhou
et al. 2001). Future work should be designed with sample in parallel to test how O2 and N interact to affect fungal denitrification phenotype and genotype. Our results suggest that fungal
denitrification may not be driven by anaerobiosis but instead
by form of N; however, additional strains need to be tested to
determine if this is widespread among soil fungi or unique to
B. sorokiniana.

ACKNOWLEDGEMENTS
The authors are grateful to Veronica Rolleston, Trish McLenachan and Sujatha Senananake for contributing their technical
expertise and laboratory facilities. We also thank Mikki Eken for
editorial review and Fiona Carswell, Sue Scheele, Chris Phillips,
and David Whitehead at Landcare Research for their continued
support.

Butterbach-Bahl K, Baggs EM, Dannenmann M et al. Nitrous oxide emissions from soils: how well do we understand the
processes and their controls? Philos T Roy Soc B 2013;368,
DOI: 10.1098/rstb.2013.0122.
Chen H, Mothapo NV, Shi W. Fungal and bacterial N2O production regulated by soil amendments of simple and complex
substrates. Soil Biol Biochem 2015;84:116–26.
Clark IM, Buchkina N, Jhurreea D et al. Impacts of nitrogen application rates on the activity and diversity of denitrifying
bacteria in the Broadbalk Wheat Experiment. Philos T Roy Soc
B 2012;367:1235–44.
Erisman JW, Galloway JN, Seitzinger S et al. Consequences of human modification of the global nitrogen cycle. Philos T Roy Soc
B 2013;368, DOI: 10.1098/rstb.2013.0116.
Firestone MK, Tiedje JM. Temporal change in nitrous oxide and
nitrogen from denitrification following onset of anaerobiosis.
Appl Environ Microb 1979;38:673–9.
Geets J, Boon N, Verstraete W. Strategies of aerobic ammoniaoxidizing bacteria for coping with nutrient and oxygen flluctuations. FEMS Microb Ecol 2006;58:1–13.
Jones LC, Peters B, Lezama Pacheco JS et al. Stable isotopes and
iron oxide mineral products as markers of chemodenitrification. Environ Sci Technol 2015;49:3444–52.
Kampschreur MJ, Kleerebezem R, de Vet WWJM et al. Reduced
iron induced nitric oxide and nitrous oxide emission. Water
Res 2011;45:5945–52.
Kumar J, Schafer P, Huckelhoven R et al. Bipolaris sorokiniana, a
cereal pathtogen of global concern: cytological and molecular approaches towards better control. Mol Plant Pathal
2002;3:185–95.
Laughlin RJ, Stevens RJ. Evidence for fungal dominance of denitrification and codenitrification in a grassland soil. Soil Sci Soc
Am J 2002;66:1540–8.
Long A, Heitman J, Tobias C et al. Co-occurring anammox, denitrification, and codenitrification in agricultural soils. Appl Environ Microb 2013;79:168–76.
McMillan A, Pal P, Phillips RL et al. Can pH amendments in grazed
pastures help reduce N2 O emissions?—the effects of liming
and urine addition on the completion of denitrification in fluvial and volcanic soils. Soil Biol Biochem 2015;93:90–104.
Maeda K, Spor A, Edel-Hermann V et al. N2 O production, a
widespread trait in fungi. Sci Rep 2015;5:9697.
Medinets S, Skiba U, Rennenberg H et al. A review of
soil NO transformation: associated processes and possible
physiological significance on organisms. Soil Biol Biochem
2015;80:92–117.
Morozkina EV, Kurakov AV. Dissimilatory nitrate reduction in
fungi under conditions of hypoxia and anoxia: a review. Appl
Biochem Micro+ 2007;43:544–9.
Phillips RL, McMillan AMT, Palmada T et al. Temperature effects
on N2 O and N2 production in a New Zealand pasture soil. New
Zeal J Agr Res 2014;58:89–95.
Rohe L, Anderson T-H, Braker G et al. Dual isotope and
isotopomer signatures of nitrous oxide from fungal

Downloaded from https://academic.oup.com/femsle/article-abstract/363/4/fnw007/1846542 by Serials Dept -- College of William and Mary user on 26 October 2018

This work was funded by a US Department of Agriculture grant
[2014-67019021614]; New Zealand’s Ministry of Business, Innovation and Employment; and New Zealand Ecosystems and Global
Change Fund.

Phillips et al.

Su

F, Takaya N, Shoun H. Nitrous oxide-forming codenitrification catalyzed by cytochrome P450nor. Biosci
Biotech Bioch 2004;68:473–5.
Takaya N. Dissimilatory nitrate reduction metabolisms and their
control in fungi. J Biosci Bioeng 2002;94:506–10.
Takaya N. Response to hypoxia, reduction of electron acceptors,
and subsequent survival by filamentous fungi. Biosci Biotech
Bioch 2009;73:1–8.
Thomas DD, Liu X, Kantrow SP et al. The biological lifetime of
nitric oxide: implications for the perivascular dynamics of
NO and O2 . P Natl Acad Sci USA 2001;98:355–60.
van Cleemput O. Subsoils: chemo-and biological denitrification,
N2 O and N2 emissions. Nutr Cycl Agroecosys 1998;52:187–94.
Wei W, Isobe K, Shiratori Y et al. N2O emission from cropland
field soil through fungal denitrification after surface applications of organic fertilizer. Soil Biol Biochem 2014;69:157–67.
Zhou Z, Takaya N, Sakairi MAC et al. Oxygen requirement for
denitrification by the fungus Fusarium oxysporum. Arch Microbiol 2001;175:19–25.
Zumft WG. Cell biology and molecular basis of denitrification.
Microbiol Mol Biol R 1997;61:533–616.

Downloaded from https://academic.oup.com/femsle/article-abstract/363/4/fnw007/1846542 by Serials Dept -- College of William and Mary user on 26 October 2018

denitrification—a pure culture study. Rapid Commun Mass Sp
2014a;28:1893–903.
Rohe L, Anderson T-H, Braker G et al. Fungal oxygen exchange
between denitrification intermediates and water. Rapid Commun Mass Sp 2014b;28:377–84.
Russow R, Stange CF, Nueue HU. Role of nitrite and nitric oxide in the processes of nitrification and denitrification in
soil: results from 15 N tracer experiments. Soil Biol Biochem
2009;41:785–95.
Shoun H, Fushinobu S, Jiang L et al. Fungal denitrification and
nitric oxide reductase cytochrome P450nor. Philos T Roy Soc B
2012;367:1186–94.
Shoun H, Kim D-H, Uchiyama H et al. Denitrification by fungi.
FEMS Microbiol Lett 1992;94:277–81.
Smith MS, Tiedje JM. Phases of denitrification following oxygen depletion in soil. Soil Biol Biochem 1979;11:
261–67.
Spott O, Russow R, Stange CF. Formation of hybrid N2 O and hybrid N2 due to codenitrification: first review of a barely considered process of microbially mediated N-nitrosation. Soil
Biol Biochem 2011;43:1995–2011.

5

