
ABSTRACT 

CHEN, HUAIHAI. Fungal Nitrous Oxide Production in Agro-ecosystems: Importance 

Relative to Bacteria and Responses to Abiotic Factors. (Under the direction of Dr. Wei Shi). 

 

In recent decades, sporadic observations from pure culture studies and direct soil 

measurements have indicated that fungal N2O emissions should not be overlooked, although 

bacteria have long been deemed as the dominant biological agent. Yet, it is still unclear under 

what environmental conditions fungi can prevail over bacteria in generating N2O. The overall 

goal of this research, therefore, was to provide a fundamental understanding of fungal N2O 

production in response to a suite of soil abiotic factors, including pH, moisture content, and 

substrate quality. Specifically, studies were designed to: (1) assess the relative importance of 

fungi versus bacteria in soil N2O production across diverse agro-ecosystems; (2) determine 

optimal soil pH and moisture contents for fungal N2O production; and (3) investigate if 

substrate quality can cause divergence in relative importance of fungal versus bacterial N2O 

production. Fungal and bacterial N2O productions were determined through antibiotic 

selective inhibition techniques. Specifically, soil N2O production was measured in the 

antibiotic-free soil as well as soil amended with streptomycin, cycloheximide, or both 

following addition of glucose and NO3
-
. The N2O flux reduction caused by cycloheximide or 

streptomycin was accounted for fungal or bacterial N2O production, respectively. 

To test the hypothesis that fungal N2O production was prevalent in agro-ecosystems, 

fungal and bacterial N2O productions were analyzed in soils collected from conventional 

farming (CON), integrated crop and livestock (ICL), organic farming (ORG), plantation 

forestry (PF), and successional fields (SUCC), located at the Center for Environmental 



Farming Systems, Goldsboro, NC. In PF, fungi and bacteria contributed to soil N2O 

emissions by 51% and 31%, respectively, whereas in other four systems, fungal and bacterial 

N2O productions were comparable, averaging around 42%. The results indicated that fungi 

contributed substantially to soil N2O emissions across diverse agro-ecosystems and their 

contribution was more pronounced in the acidic plantation forestry. 

To determine if fungi and bacteria had different pH and moisture preferences in N2O 

production, detection of N2O emissions was performed at six levels of soil water-filled pore 

space (WPFS) from 60-95% and five levels of soil pH from 4.0-9.0.  Irrespective of 

antibiotic treatments, soil N2O fluxes peaked at 80-90% WFPS and soil pH 7.0 and/or 8.0. 

However, fungal-to-bacterial contribution ratios were greater at 65-70% WFPS and soil pH 

4.0. The results demonstrated that fungi and bacteria required similar pH and moisture 

content for maximal N2O production, but fungal contribution was enhanced under low WFPS 

and acidic pH conditions.  

To examine if complex or biochemically-recalcitrant substrates favored fungal N2O 

production than simple and readily-available substrates, fungal and bacterial N2O 

productions were monitored periodically over a six-week incubation after soils were 

amended with two pairs of substrates (glucose vs. cellulose, and winter pea vs. switchgrass). 

Fungal-to-bacterial contribution ratio was greater in cellulose than glucose treatment on day 

4 and vice versa on day 28, indicating that effects of cellulose versus glucose were 

inconsistent over the incubation. In contrast, pairwise comparisons between winter pea and 

switchgrass were consistent, with greater fungal N2O contribution in switchgrass treatment. 



The results indicated that complex substrates promoted fungal N2O production rather than 

bacterial one.   

This research supports that fungal N2O-producing activity was widespread across 

diverse agro-ecosystems than previously thought.  Plantation forestry, an ecosystem that is 

characterized by woody plants, low-intensity management, and acidic soil pH favored fungal 

more than bacterial N2O production.  Fungal contribution to soil N2O emissions was also 

dominant under acidic pH and sub-anoxic conditions. Further, fungal contribution was 

enhanced by more complex and biochemically-recalcitrant substrates than simple carbon 

substrates.  
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Chapter 1: Introduction 

 

Nitrous oxide is a potent greenhouse gas with approximately 300 times the global 

warming potential of carbon dioxide and currently the most important ozone-depleting 

substance (IPCC Climate Change, 2007; Ravishankara et al., 2009). Agricultural soil 

management contributes about 70% of the total anthropogenic N2O emissions in the United 

States (US-EPA, 2013). Soil production of N2O is mainly mediated by microbiological 

processes, including nitrification, denitrification, and nitrifier denitrification (Bremner, 1997; 

Wrage et al., 2001; Zumft, 1997). Under aerobic conditions, nitrification, the biological 

oxidation of NH3 to NO2
-
 and NO3

-
, dominates in mediating terrestrial N2O production 

(Davidson, 1991). Denitrification, a sequential reduction of NO3
-
 to NO2

-
, NO, N2O and N2, 

is the major biological process for soil N2O production under anaerobic conditions 

(Davidson, 1991). In addition, some soil nitrifiers could also produce N2O through the 

oxidation of NH3 to NO2
-
 followed by the reduction of NO2

-
 to N2O or N2, so-called nitrifier 

denitrification (Wrage et al., 2001). For over a century, these N2O-producing processes have 

been exclusively attributed to the function of bacteria until the recent discovery that fungi can 

also produce N2O via denitrification (Shoun et al., 1992). 

 

1. Fungal N2O production in cultural media 

Using culture techniques, Bollag and Tung (1972) demonstrated that two fungal species, 

Fusarium oxysporum and Fusarium solani isolated from soil could release N2O by reducing 

NO2
-
 in cultural media. About 10 years later, Bleakley and Tiedje (1982) also showed that 



 

 

2 

 

NO3
-
-reducing yeast and filamentous fungi, including Alternaria, Aspergillus, Fusarium, 

Hansenula, and Rhodotorula produced N2O. Since then, numerous N2O-producing fungi 

have been identified by using culture-base techniques from 27 genera of Acremonium; 

Aspergillus, Botrytis, Calonectria, Chaetomium, Cylindrocarpon, Eurotium, Fusarium, 

Giberella, Glonium, Hypocrea, Hypomyces, Monographella, Nearospora, Nectria, 

Neocosmospora, Neosartorya, Paecylomyces, Penicillium, Pseudallescheria, 

Rhodosporidium, Shiraia, Talaromyces and Trichoderma etc. (Jirout et al., 2013; Kobayashi 

et al., 1996; Kurakov et al., 1997; Lavrent’ev et al., 2008; Mothapo et al., 2013; Prendergast-

Miller et al., 2011; Shoun et al., 1992; Yanai et al., 2007).  

Fungal N2O production has been confirmed as a result of a series of denitrification 

process with the involvement of cytochrome P-450nor as the NO-reductase under oxygen-

limiting condition (Shoun and Tanimoto, 1991). However, compared to prokaryotic 

denitrifiers that cover more than 60 genera, taxonomic knowledge on denitrifying fungi is 

still limiting. Indeed, recent observation that ectomycorrhizal fungi, Paxillus involutus and 

Tylospora fibrillose, isolated from forest soils could produce N2O from NO3
-
 reduction, 

suggests more species to be discovered (Prendergast-Miller et al., 2011). 

 

2. Fungal N2O production in the soil 

Although fungal isolates have different capabilities of N2O production and were 

generally lower than bacteria, , direct soil measurements using selective antibiotic inhibition 

techniques have exclusively indicated a significant contribution of denitrifying fungi to soil 

N2O production (Crenshaw et al., 2008; Laughlin and Stevens, 2002; Marusenko et al., 2013; 
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Yanai et al., 2007). In a temperate grassland soil, the use of cycloheximide as the fungal 

inhibitor reduced soil N2O fluxes by 89% but bactericide, streptomycin, only inhibited soil 

N2O-producing activity by 23%, indicating for the first time that in this ecosystem fungi were 

more responsible than bacteria to soil N2O production (Laughlin and Stevens, 2002). A study 

conducted in a semi-arid grassland also showed that cycloheximide addition decreased soil 

N2O production by 85% but streptomycin only reduced N2O by 53%, suggesting fungal 

dominance for soil N2O emissions (Crenshaw et al., 2008). Cultivated and arable soils were 

also examined for fungal and bacterial contributions to soil N2O emissions (Yanai et al., 

2007), and results supported the significance of fungi for soil N2O emissions.  This fungal 

dominance for soil N2O emissions suggests that denitrifying fungi could be more diverse and 

abundant than currently-identified denitrifying fungal isolates, and thus denitrification 

potential of fungal community could be overwhelming in situ. Fungal dominance may also 

be attributed to better adaptation of fungi than bacteria to harsh soil environment, i.e., C and 

nutrient limitation, and fluctuations in soil temperature, moisture and pH. However, fungal 

significance in soil N2O emissions has only been tested in a few ecosystems. A comparative 

study across diverse ecosystems is needed to make a broad statement regarding if 

considerable fungal N2O production is a general ecological phenomenon.   

 

3. Unique properties of denitrifying fungi 

Fungal denitrification pathways include some unique features that may make fungal 

N2O-producing activity differ from the bacterial one. First, fungal denitrification enzymes are 

located in fungal mitochondria where NO3
-
 and/or NO2

-
 reductases are coupled with ATP 
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synthesis through the respiratory chain (Kobayashi et al., 1996; Tielens et al., 2002). In 

contrast, bacterial denitrification occurs in periplasm and cytoplasmic membrane (Zumft, 

1997). Fungal NO3
-
/NO2

-
 reduction is also coupled with the oxidation of formate via 

ubiquinone-dependent formate dehydrogenase (Uchimura et al., 2002). This pathway of 

formate oxidation may be responsible for different responses of fungal and bacterial 

denitrifiers to types of substrates and thus N2O-producing activities (Laughlin et al., 2009; 

Ma et al., 2008). 

Second, fungal denitrifiers generally lack the enzyme for N2O reduction (Nos) (Shoun et 

al., 1992), and thus the fungal denitrification commonly ends with N2O. However, bacterial 

denitrification system has a full suite of reductases catalyzing stepwise reductions from NO3
-
 

to N2 formation. These differences between fungal and bacterial denitrifiers suggest that 

fungi may be more important for soil N2O emissions. Further, not all N2O-producing fungi 

have dissimilatory NO3
-
 reductase (Nar) for  catalyzing the reduction from NO3

-
 to NO2

-
 

(Takaya, 2002; Uchimura et al., 2002; Watsuji et al., 2003). Some fungal denitrifiers start 

denitrification from NO2
-
 reduction (Kobayashi and Shoun, 1995).  

Third, fungal denitrification needs to be initiated at the presence of a small amount of O2 

(Zhou et al., 2001). Although the copper-containing NO2
-
 reductase (NirK) in fungal 

denitrification system shares the same ancestor with bacterial one (Kim et al., 2009; 

Kobayashi and Shoun, 1995), the NO reductase (Nor), which reduces NO to N2O, differs 

between fungi and bacteria. Bacterial Nor gets electrons from either cytochrome c (cNor) or 

a quinol pool (qNor) (Philippot et al., 2007), whereas fungal Nor (i.e., cytochrome P450nor) 

obtains electrons directly from nicotinamide adenine dinucleotide (NAD(P)H) (Shoun et al., 
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2012). Because NAD(P)H generation needs a small amount of O2, N2O-producing fungi 

should be equipped with both denitrification and aerobic respiration, so-called the hybrid 

respiration system (Takaya et al., 2003; Zhou et al., 2001). This feasture may make N2O-

producing fungi be more active than bacterial denitrifiers under sub-anoxic conditions. 

Fungal denitrification can also proceed through the coupling reaction between NO3
-
/NO2

-
 

reduction and oxidation of N compounds, such as amines and azide. This so-called co-

denitrification generates hybrid N2 or N2O species (Kumon et al., 2002; Tanimoto et al., 

1992a) and fungal Nor has been documented as the key enzyme for hybrid formation of N2 

and N2O from NO reduction and oxidation of azide or NH4
+ 

(Su et al., 2004). In this regard, 

NH4
+
 and other simple N compounds can also stimulate fungal N2O-producing activity.  

 

4. Fungal N2O production affected by abiotic environmental factors 

Based on differences in denitrification pathways and associated enzymes and 

biochemistry between denitrifying fungi and bacteria, soil conditions favoring the growth and 

activity of N2O-producing fungi are expected to be different from those for denitrifying 

bacteria.  

 

4.1. Soil aeration 

Oxygen concentration can be a potential factor to regulate fungal N2O production. 

Tanimoto et al. (1992b) showed that that a high level of fungal Nor was inducible by the 

presence of certain amount of O2. Via controlling headspace O2 concentration between 0% to 

20%, Mothapo et al. (2013) reported that all ten tested fungal isolates could produce 
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significant N2O with various O2 supplies, although six out of ten isolates generated greatest 

amounts of N2O at ≤ 5% headspace O2. By testing the effects of O2 on the denitrification 

activity of the fungus Fusarium oxysporum in cultural media, Zhou et al. (2001) documented 

that a small amount of O2 is required for the induction of fungal denitrification. This O2 

requirement of fungal denitrification has also been reported in sterile soils inoculated with 

Fusarium oxysporum and F. solani (Lavrent’ev et al., 2008). Authors showed that fungal 

N2O production was greater under microaerobic conditions than strict anaerobic conditions.  

In general, bacterial denitrification proceeds under strict anaerobic conditions. The sharp 

contrast in O2 requirement between fungal and bacterial denitrification suggests that soil 

redox potential could be an important factor controlling the leading roles of fungi versus 

bacteria in soil N2O emissions. Indeed, Seo and DeLaune (2010) have documented that in 

wetland sediment, fungal denitrification prevailed over bacterial one when sediment redox 

potential (Eh) was ≥ 100 mV. But at Eh < 100 mV, bacterial denitrification was comparable 

to or greater than that of fungi. The finding suggests that soil aeration, which can be changed 

dramatically following precipitation and irrigation, may dictate the relative contributions of 

fungi and bacteria to soil N2O emissions. 

 

4.2. Soil pH 

The pH condition has been demonstrated as another prospective factor affecting fungal 

and bacterial N2O-producing activity. In general, most fungal isolates have been found to 

prefer neutral or slightly alkaline condition for N2O production. Burth and Ottow (1983) 

reported that fungus Fusarium solani produced the greatest amount of N2O at pH 7.0 or 8.0 
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rather than at pH 5.5 or 6.0. Shoun et al. (1992) also showed that pH change from pH 6.0 to 

8.0 remarkably stimulated N2O production rates of denitrifying fungus Cylindrocarpon  

tonkinense. Mothapo et al. (2013) reported that nine out of ten tested denitrifying fungi 

preferred pH 7.0 for greatest N2O fluxes, but the fungus Neocosmospora vasinfecta evolved 

the most NO3
-
 to N2O at pH 6.0, suggesting that denitrification fungi may be adapted to a 

wide pH range for N2O production.  

However, direct soil measurement supported that fungal denitrification activities were 

either unaffected by soil pH or promoted by acidic pH (Herold et al., 2012; Rütting et al., 

2013). By testing long-term pH effects on bacterial and fungal denitrification potential, 

Herold et al. (2012) demonstrated that bacterial denitrification responded positively with soil 

pH increase from pH 4.2 to pH 5.9, while the potential denitrification rates of the fungal 

community was not influenced by soil pH change. However, Rütting et al. (2013) revealed 

that in an acidic forest soil, N2O emissions was improved as pH declined, and this change in 

N2O emissions was related to fungal population dominance in microbial community. Ellis et 

al. (1998) reported that in soils with a pH gradient between 3.3 and 6.1, the use of bactericide 

under anaerobic condition caused N2O reductions at soil pH ≥ 5, but not at soil pH ≤ 4, 

indicating that denitrifying bacteria were intolerant to acidic condition at pH ≤ 4.  

Generally, soil fungi can adapt to a wide pH range for growth (Blagodatskaya and 

Anderson, 1998; Rousk et al., 2010), and thereby fungal activity and abundance may be 

affected little by low pH conditions (Frostegård et al., 1993; Rousk et al., 2009). On the 

contrary, soil bacteria are more facilitated in neutral pH but repressed in acidic soils (Arao, 

1999; Fierer and Jackson, 2006), leading to fungal dominance at acidic soil pH. Nevertheless, 
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despite this implicit, there has not yet been comprehensive data to explicitly test the pH 

effects on fungal versus bacterial contributions to soil N2O production and whether this 

difference is caused by relative activity and population of fungi and bacteria at different soil 

pH.   

 

4.3. Organic C substrates  

As C and energy source, organic C can greatly affect the abundance and composition of 

microbial community and hence heterotrophic fungal denitrifiers. Uchimura et al. (2002) 

detected the formate-nitrate oxidoreductase activity in fungal mitochondrial fraction to 

couple the oxidation of formate with the reduction of NO3
-
 or NO2

-
 in the respiratory chain 

for ATP synthesis. Later, Kuwazaki et al. (2003) also indicated that pyruvate could be 

catabolized anaerobically by fungi to form formate and acetate with concomitant production 

of NO2
-
 and N2O from NO3

-
, suggesting that fungal denitrification might be mediated via a 

formate-dependent pathway.. To test the hypothesis that fungal N2O production in the soil is 

formate-dependent, Ma et al. (2008) used substrate-induced respiration inhibition in 

combination with 
15

N isotope method, and found that as much as 65% soil N2O fluxes were 

attributed to fungi under formate and hypoxia treatment, indicating that formate could 

regulate soil fungal N2O production under sub-aerobic conditions. By using selective 

antibiotic inhibition techniques, Laughlin et al. (2009) also reported that the supply of acetate 

could significantly stimulate soil N2O emissions by stimulating fungal activity. The 

immediate substrate for fungal denitrification, i.e., formate can be produced via fungal 

metabolisms of various organic C substrates. Substrate quality, i.e., readily-available C 
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versus biochemically-recalcitrant C, may be a factor to regulate the relative importance of 

fungi to bacteria in N2O-producing activity. It is known that soil organic amendment could 

influence a number of soil processes, such as organic C degradation as well as N 

mineralization, immobilization, nitrification, and denitrification. Substrate quality can also 

regulate microbial community composition, such as the relative abundance of fungi versus 

bacteria.  It’s widely assumed that fungi are the major decomposers for biochemically-

recalcitrant organic materials, such as cellulose (Meidute et al., 2008; van der Wal et al., 

2006), due to the chemical characters and relative inaccessibility of recalcitrant C. But 

bacteria are more competitive for readily-available C sources, e. g. glucose (Boer et al., 

2005). Many studies have found that soil amendment of complex organic C, such as cellulose 

and high C/N ratio plant materials, could stimulate fungal growth, whereas bacteria were 

favored by adding simple organic C, such as glucose and low C/N ratio plant residues 

(Meidute et al., 2008; Rousk and Bååth, 2007). However, it is still unclear how substrate 

quality regulates fungal and bacterial N2O production, and to what extent the relative 

importance of fungi versus bacteria in producing N2O corresponds to their activity and 

abundance in decomposing organic C substrates of different complexities. 

 

This study aimed to test the following three hypotheses: (1) fungal N2O production was 

prevalent in different agro-ecosystems; (2) fungi prevailed over bacteria under low pH and 

moisture conditions to produce N2O; and (3) complex or biochemically-recalcitrant 

substrates favored fungal N2O production than simple and readily-available substrates. 

Specifically, experiments were designed to (1) assess the relative importance of fungi versus 
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bacteria in soil N2O production across diverse agro-ecosystems; (2) determine optimal soil 

pH and moisture contents for fungal N2O production; and (3) investigate if substrate quality 

can cause divergence in relative importance of fungal versus bacterial N2O production. This 

dissertation contains three main chapters, each addressing one hypothesis. The overall goal of 

this study was to provide a fundamental understanding of fungal N2O production in response 

to a suite of soil abiotic factors, including pH, moisture content, and substrate quality. 
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Chapter 2: The Significant Contribution of Fungi to Soil N2O Production                      

across Diverse Ecosystems 

(Published in Applied Soil Ecology, 2014, 73, 70-77)  

 

Abstract 

Sporadic observations from pure culture study and direct soil measurement have 

indicated that fungi can substantially contribute to soil N2O production. Yet, it is still 

uncertain whether this fungal significance is a more general ecological phenomenon. In this 

study, relative contributions of fungi and bacteria to soil N2O production were examined in 

five ecosystems, including conventional farming (CON), integrated crop and livestock 

system (ICL), organic farming (ORG), plantation forestry (PF), and abandoned agriculture 

field subjected to natural succession (SUCC). Soil N2O production was measured at 90% 

water-filled pore space from antibiotic-free controls and soils amended with streptomycin, 

cycloheximide, or both. Streptomycin and cycloheximide additions significantly reduced soil 

N2O fluxes from the five systems, ranging from 31-54% and 40-51%, respectively. Fungi 

contributed more to soil N2O fluxes than bacteria in PF, whereas fungi and bacteria made 

comparable contributions in other four systems. Furthermore, soil pH was correlated 

positively with the percentage of bacterial contribution to soil N2O flux, but negatively with 

the percentage of fungal contribution to soil N2O flux as well as the ratio of fungal-to-

bacterial contributions. Our results showed that fungi could potentially contribute to soil N2O 

production in diverse agroecosystems and their contribution might be more pronounced in 

the acidic plantation forestry.  
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1. Introduction 

Nitrous oxide is an important greenhouse gas for its potent effects on global warming 

and ozone depletion (IPCC, 2007; Ravishankara et al., 2009). Of total anthropogenic N2O 

emissions, arable soils are estimated to contribute about 65% (Smith and Conen, 2004). 

Denitrification, a sequential reduction of NO3
-
 to NO2

-
, NO, N2O and N2, has been 

documented to be the major biological process for terrestrial N2O production under O2 

limited conditions, i.e., > 60% water-filled soil pore space (Davidson, 1991). While for over 

a century this process has been exclusively attributed to the anaerobic respiratory function of 

bacteria, it is being expanded to fungi (Zumft, 1997). A number of fungal isolates have 

shown N2O-producing capability (Bollag and Tung, 1972; Bleakley and Tiedje, 1982; 

Kurakov et al., 1997; Yanai et al., 2007; Lavrent’ev et al., 2008; Prendergast-Miller et al., 

2011). Generally, the activity of fungal N2O production is orders of magnitude lower than 

that of bacteria under pure culture conditions (Kurakov et al., 2000).  

However, direct measurements of fungal N2O production in soil were in sharp contrast 

to the pure culture studies, showing that fungi prevailed over bacteria in generating N2O 

(Laughlin and Stevens, 2002; Yanai et al., 2007; Crenshaw et al., 2008; Laughlin et al., 

2009). In grasslands and arable peat soils, soil N2O flux could be reduced by > 80% after the 

inhibition of fungal activity by cycloheximide, whereas this reduction was < 30% following 

bacterial activity inhibition by streptomycin (Laughlin and Stevens, 2002; Yanai et al., 2007). 

This sizable role of fungal N2O production is perhaps due to the cumulative effect of 

dominant fungal biomass in soil. Indeed, a study in upland paddy soil showed that in situ 

N2O flux rates were positively correlated with soil fungal biomass rather than denitrifying 
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bacteria or other soil chemical properties (Zhaorigetu et al., 2008). Additionally, the 

contradiction between pure culture and soil studies suggests that not only N2O-producing 

fungi harbored in soil are more diverse than the current culture collection of N2O-producing 

fungal isolates, but also culture conditions are far less than optimal for the activity of N2O-

producing fungi.  

Denitrifying fungi are found physiologically and biochemically different from their 

bacterial counterparts. Unlike denitrifying bacteria that require strict anaerobic conditions for 

NO3
-
 or NO2

-
 reduction, fungi need the presence of small amounts of O2 for denitrification 

function (Zumft, 1997; Zhou et al., 2001). In addition, denitrifying fungi generally lack N2O 

reductase and thus their reactions end with N2O production (Shoun and Tanimoto, 1991; 

Zhou et al., 2001; Thomson et al., 2012). Perhaps, these unique characteristics make 

denitrifying fungi suitable for function under a wide range of soil aerobic and microaerobic 

conditions and therefore play important roles in soil N2O flux.  

So far, soil fungal N2O production has been examined to a limited extent in grasslands, 

woodlands, croplands, and wetlands (Laughlin and Stevens, 2002; Kinney et al., 2004; 

McLain and Martens, 2006; Yanai et al., 2007; Crenshaw et al., 2008; Ma et al., 2008; 

Laughlin et al., 2009; Seo and DeLaune, 2010). Yet, comparative studies for assessing which 

ecosystem is more conducive to soil fungal N2O production are still lacking. Given that fungi 

are often more tolerant to acidity than bacteria within the pH range 4 - 8 and more abundant 

in woodlands than in herbaceous ecosystems, soil fungal N2O production has been thought to 

be more important in acidic forests (Bleakley and Tiedje, 1982; Joergensen and Wichern, 

2008; Rousk et al., 2010; Strickland and Rousk, 2010). 
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In this study, the relative contribution of fungi versus bacteria to soil N2O production 

was examined in five ecosystems with different types of vegetation, i.e., trees, grasses, and 

cash crops as well as with different management practices, i.e., liming, fertilization, and 

tillage. We hypothesized that by causing soil to be more acidic, ecosystems with woody 

plants and little management favored fungal N2O production. To test this hypothesis, the 

substrate-induced inhibition method was used to measure fungal versus bacterial contribution 

to soil N2O production with the aid of anti-fungal and anti-bacterial antibiotics (Laughlin and 

Stevens, 2002). 

 

2. Materials and methods 

2.1. Study site description 

The study site was within the Center for Environmental Farming Systems (35˚22’48’’ N, 

78˚02’36’’ W) that was established in 1999 in Goldsboro, North Carolina, USA. There were 

five farming systems, including conventional cropping system subjected to best management 

practices (CON), integrated crop-livestock system (ICL), organic cropping system (ORG), 

plantation forestry (PF), and abandoned agricultural field subjected to natural succession 

(SUCC). These systems were arranged into three blocks based on a completely randomized 

block design, leading to total 15 plots. Soil type was Tarboro loamy sand (mixed, thermic 

Typic Udipsamment; 73% sand, 26% silt, and 1% clay) in one block and Wickham sandy 

loam (fine-loamy, mixed, semiactive, thermic Typic Hapludult; 58% sand, 34% silt, and 8% 

clay) in the other two blocks. PF was planted with long-leaf pine (Pinus palustris) in one plot 

and with ash trees (Fraxinus pennsylvanica var. lanceolata) in the other two. SUCC was 
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comprised of a mixture of invaded species of shrubs such as Solidago virgaurea minuta, 

Baccharis articulata, small trees such as Pinus taeda, and grasses such as Andropogon. 

Information on plot size, fertilization, crop/plant species, and farming management has been 

given in previous studies (Tian et al., 2010). 

 

2.2. Soil sampling and analysis 

Thirty soil cores (2.5cm×10 cm) were collected randomly from each plot and pooled to 

form a composite soil sample in September 2011. Soil samples were sieved (< 2 mm) and 

then stored at 4 °C for about two weeks prior to the microcosm experiment as described in 

the section 2.3 and soil biological analysis. This preparation of soil samples has been 

documented to have minor impacts on soil microbial community (Petersen and Klug, 1994). 

Soils were oven-dried at 105 °C for 48 h and then analyzed for total soil C and N via dry 

combustion method using Perkin-Elmer 2400 CHN analyzer (Jimenez and Ladha, 1993). Soil 

pH was measured in water with 1:2.5 soil-to-water ratio. Fresh soils were used for other soil 

measurements, including soil inorganic N via colorimetric method using a Lachat flow-

injection analyzer (QuikChem8000, Lachat instruments, Mequon, MI) after extraction with 

1M KCl solution (Mulvaney, 1994) and soil microbial biomass C and N via chloroform 

fumigation extraction method (Brookes et al., 1985; Vance et al., 1987).  

 

2.3. Minimum inhibitory concentrations of antibiotics  

To assess the relative contribution of fungi and bacteria to soil N2O flux, we used a pair 

of antibiotics, cycloheximide and streptomycin to inhibit protein synthesis and thus soil 
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fungal and bacterial activity, respectively (Anderson and Domsch, 1973). Caution should be 

taken in using antibiotics because they may have impacts on non-target organisms at high 

concentrations. To prevent the non-target effects of cycloheximide on bacteria as well as 

streptomycin on fungi, a preliminary experiment was conducted to determine the minimum 

inhibitory concentrations of antibiotics. Soil N2O flux was measured in antibiotic-free soil 

and soils with the addition of cycloheximide or streptomycin at 0.5, 1.0, 2.0, 3.0, and 5.0 mg 

g
-1

 soil, respectively, or both at the combined concentrations. Inhibitor additivity ratio (IAR) 

was used to assess whether cycloheximide and streptomycin exerted non-target effects 

(Beare et al., 1990).  The IAR was estimated by the equation: 
)(

)()(

DA

CABA




, where A, B, 

C, and D represent N2O flux from antibiotic-free soil, cycloheximide-amended soil, 

streptomycin-amended soil, and both antibiotics-amended soil, respectively. An IAR of 1.0 

indicates the applicable concentrations of cycloheximide and streptomycin at which there is 

no overlapping inhibition by the two antibiotics. We found the minimum inhibitory 

concentrations for streptomycin and cycloheximide were 1.0 mg g
-1

 soil and 2.0 mg g
-1

 soil, 

respectively. Below these concentrations inhibitory effects of antibiotics were insufficient; 

however, above the minimum inhibitory concentrations IAR values were far greater than 1.0, 

indicating significant non-target effects of antibiotics.  

 

2.4. Fungal and bacterial contribution to soil N2O flux  

For determining the relative contribution of fungi and bacteria to soil N2O flux, a 

laboratory microcosm experiment was made with four treatments: (1) control, soil without 
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the addition of any antibiotics; (2) streptomycin, soil with the addition of streptomycin at 1.0 

mg g
-1

 soil; (3) cycloheximide, soil with the addition of cycloheximide at 2.0 mg g
-1

 soil; and 

(4) both, soil with the addition of both streptomycin at 1.0 mg g
-1

 soil and cycloheximide at 

2.0 mg g
-1

 soil. This experiment was replicated three times and N2O fluxes from different 

treatments were measured in 120-ml amber jars. Briefly, soils (equivalent to 20 g dry weight) 

were packed into amber jars to 1 cm depth to a bulk density of 1.1 g cm
-3

, added with 4 mL 

of  distill H2O or corresponding antibiotic solutions, and pre-incubated overnight at 4 ºC, 

allowing antibiotic diffusion into soil pores for effective inhibition of fungal and bacterial 

activity. Then, the amber jars were removed to the room temperature (23 ± 2 ºC) and soils 

from all the treatments were amended with glucose (2 mg C g
-1

 soil) and KNO3 (100 μg N g
-1

 

soil) in 2 ml of solution, leading to soil moisture at 90% water-filled pore space (WFPS). 

WFPS was calculated by the equation: θm×Pb/(1-Pb/Pp), where θm represents gravimetric 

water content (g g
-1

), Pb is soil bulk density (g cm
-3

), and Pp is soil particle density assumed 

to be 2.65 g cm
-3

. The glucose and KNO3 concentrations were chosen solely based on a 

similar study by Laughlin and Stevens (2002). Because soils were coarse-textured and thus 

likely had large-pore networks for rapid diffusion of O2, 90% WPFS was used to ensure that 

O2-limited conditions were maintained during the incubation.  

Soil N2O flux was measured periodically throughout the incubation (i.e., 4 h, 12 h, 20 h, 

and 32 h after the addition of glucose and KNO3). Because the N2O flux rate at 4 h was too 

low compared to that of a similar study by Laughlin and Stevens (2002), we extended the 

incubation to 32 h to improve measurable effects of inhibitors. Two hours prior to gas 

sampling, amber jars were tightly capped with rubber septa and then 3-ml gas samples were 
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withdrawn from the headspaces using gas-tight push button syringes. Thereafter, amber jars 

were re-opened until next gas sampling. It should be mentioned that soil N2O flux linearly 

increased over this 2-h closure period, as determined by preliminary headspace samples at 

0.5 h, 1 h, and 2 h. Nitrous oxide concentrations (ppbv) in the gas samples were analyzed 

using an Agilent 6890 gas chromatograph equipped with electron capture detector (ECD) 

(Agilent technologies, California, USA). The operation conditions included oven temperature 

60 ˚C, ECD temperature 350 ˚C, and 7 min. running time for each gas sample. Based on the 

Ideal Gas Law, soil N2O flux (mol g
-1

 soil h
-1

) in the headspace was calculated using the 

equation: 
tmr

VCC airsample



 )(
, where Csample and Cair are the N2O concentrations of the gas 

sample and the air (ppbv), respectively; V is the volume of headspace (L); r is molar volume 

at 25 ˚C and 1 atm. (24.436 L mol
-1

), m is the dry weight of soil (g), and t is the incubation 

time (h).  

Fungal contribution to soil N2O flux was estimated from the % reduction of soil N2O 

flux for each time point, calculated from the equation: 
A

BA )(100 
, where A represents 

soil N2O flux rate in the antibiotic-free control, and B is soil N2O flux rate in cycloheximide-

treated soil. This equation was also used to calculate the % reduction of soil N2O flux in 

streptomycin- and both antibiotics-treated soils by replacing B with corresponding soil N2O 

flux rates, respectively.  
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2.5. Evaluation of antibiotic non-target effects 

Soil CO2 flux via a MicroResp method (Campbell et al., 2003) was also used to assess if 

the concentrations of cycloheximide and streptomycin caused non-target effects. Here, the 

treatments and replicates were the same as soil N2O flux measurements (see the section 2.3). 

Differently treated soils (0.3 g dry weight equivalent) were added into deep wells of the 96-

well microtiter plate. A detection plate containing gels of alkali and pH indicator dye was 

then placed on top of the microtiter plate; the two plates were kept gas tight with a clamp and 

incubated at the room temperature for 6 h. Before and after the incubation, the absorbance 

was measured at 570 nm using a 96-well plate reader (µQuant
TM

, Bio-Tek Instrument, Inc.) 

and converted to CO2 production rate. The IAR was calculated based upon the equation 

mentioned in the section 2.3.  

Biolog ECO-plate, containing three replicates per plate and 31 C substrates and a no-

substrate control per replicate, has often been considered a reliable tool to assess bacterial C 

use efficiency and functionality (Insam, 1997; Choi and Dobbs, 1999). While Biolog assay 

responses are attributed mainly to a small subset of heterotrophic microbes in soil, it can help 

address if dose values are appropriate regarding non-target effects. In this study, Biolog 

ECO-plates were used to further confirm that cycloheximide at the concentration chosen did 

not affect soil bacterial activity over a long incubation period. Microbes from soil were 

removed into 0.85% NaCl solution at 1:10 soil (g) to solution (ml) ratio by rotary shaking at 

250 rpm for 30 min. The soil suspension was further diluted a 1000-fold in 0.85% NaCl 

solution. The treatments were the same as soil N2O measurements (see the section 2.3) 

except that the concentrations of cycloheximide and streptomycin were changed to 1.0 g L
-1 
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and 0.5 g L
-1

, respectively. ECO-plates were inoculated with 150 μl of the diluted soil 

suspensions, incubated at the room temperature, and then measured for optical density at 590 

nm every 24 h for 10 d. The average well color development (AWCD) was calculated for 

each plate (Garland, 1996) and used to estimate the IAR.  

 

2.6. Data analysis 

ANOVA of a completely randomized block design with repeated measures (SAS 9.3, 

SAS Institute Inc. Cary, NC) was performed to determine significant differences (P ≤ 0.05) 

in soil N2O flux rate and the relative contribution of fungal and bacterial to soil N2O flux and 

CO2 respiration among the five systems over the four times of repeated measurements. Also, 

the ANOVA analysis was used to compare significant differences (P ≤ 0.05) in soil N2O flux 

rate, CO2 respiration and AWCD among antibiotic treatments. Pearson’s correlation 

coefficient was used to examine the relationships of soil pH with soil N2O flux rates under 

various antibiotic treatments over the four times of repeated measurements. All the data are 

expressed as means ± standard errors. 

 

3. Results 

3.1. Soil chemical and biological properties 

Total soil C, total soil N, soil inorganic N, microbial biomass C, and microbial biomass 

N were similar among the five systems, averaging 11.0 g C kg
-1

 soil, 1.0 g N kg
-1

 soil, 2.74 

mg N kg
-1

 soil, 174.6 mg C kg
-1

 soil, and 19.4 mg N kg
-1

 soil, respectively (Table 1). 
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However, soil pH differed significantly among the five systems, with PF and SUCC being 

more acidic (P < 0.05).  

 

3.2. Fungal and bacterial contribution to soil N2O flux 

Regardless of different antibiotic treatments, soil N2O fluxes in all the five systems 

increased over time and reached the high rates 32 h after the incubation at room temperature 

(Fig. 1). However, soil N2O flux rates differed significantly among the five systems, being 

highest in ORG, followed by CON and lowest in SUCC (P < 0.05).  

Significant reductions in soil N2O flux rate occurred following the addition of 

cycloheximide, streptomycin, or both (P < 0.05), but were more pronounced 32 h after the 

incubation (Fig. 1). The % reductions in soil N2O flux rate in both antibiotics-amended soils 

were approximately 78% and showed no significant differences among the five systems 

(Table 2). However, the % reductions in soil N2O flux rate in streptomycin- or 

cycloheximide-amended soils differed among the five systems and these differences were 

consistent over the incubation. Streptomycin addition reduced soil N2O flux by 31% in PF, 

but much higher in ICL and ORG, averaging 50%. By contrast, cycloheximide addition 

caused the reduction in soil N2O flux by 51% on average in PF and SUCC and by 42% on 

average in CON, ICL and ORG. These differences were further confirmed by comparing the 

% reductions in soil N2O flux rate between cycloheximide- and streptomycin-amended soils. 

While the % reductions in soil N2O flux rate were similar for CON, ICL, ORG and SUCC, 

the % reductions differed significantly in PF (Table 2). The relative contribution of fungi 
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versus bacteria was 2.4 in PF, significantly higher than those in CON, ICL and ORG (P < 

0.05). The IAR values were similar among the five systems, averaging 1.1. 

 

3.3. Evaluation of antibiotic non-target effects  

The IAR values of soil CO2 flux measured via the MicroResp method averaged 1.1, but 

differed slightly among the five systems (P < 0.05) (Table 3).  Soil CO2 flux rates were 

reduced by approximately 50% in both antibiotics-amended soils and were similar among the 

five systems. It should be noted that the % reductions in CO2 flux were lower than those in 

N2O flux, perhaps because microbes capable of N2O production were more sensitive to 

antibiotics than those for CO2 production. Furthermore, the five systems showed no 

significant differences in the % reductions of soil CO2 flux in cycloheximide- and 

streptomycin-amended soils and thus the relative contribution of fungi versus bacteria was 

similar for the five systems. However, the % reductions were greater in cycloheximide- than 

in streptomycin-amended soils, irrespective of different systems (Table 3).   

Over the 10 d incubation, the AWCD values in different antibiotic treatments showed 

similar patterns among the five systems and thus the results in ORG were given (Fig. 2). The 

AWCD values increased over time, regardless of different antibiotic treatments. However, 

the AWCD values in the streptomycin treatment were much lower than those in 

cycloheximide treatment (P < 0.05).  At day 10, the AWCD was 0.16, 0.60, and 0.80 in 

streptomycin, cycloheximide, and antibiotic-free treatments, respectively. There was no 

statistical difference between cycloheximide and antibiotic-free treatments (Fig. 2).  
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3.4. Relationships of soil pH with soil N2O production  

The N2O flux rates in antibiotic-free soils were positively correlated with soil pH 

(Pearson’s r = 0.38, P < 0.01) (Fig. 3A). Positive correlation was also found between soil pH 

and the percentage of bacterial contribution to soil N2O (Pearson’s r = 0.36, P < 0.01) (Fig. 

3B). On the contrary, the percentage of fungal contribution to soil N2O was negatively 

correlated with soil pH (Pearson’s r = -0.24, P = 0.073) (Fig. 3C). Furthermore, the relative 

contribution of fungi versus bacteria to soil N2O was inversely related to soil pH (Pearson’s r 

= -0.42, P < 0.001) (Fig. 3D). 

 

4. Discussion 

With the aid of antibiotic selective inhibition, we showed that fungi had a great potential 

of contributing soil N2O production. Regardless of differences in vegetation types and 

management practices of the five ecosystems, more than 40% reduction in soil N2O was 

made by the activity of soil fungi. While this percentage was more moderate than those 

reported in other studies (Laughlin and Stevens, 2002; Yanai et al., 2007; Crenshaw et al., 

2008; Laughlin et al., 2009), the fungal input on soil N2O production was comparable to or 

greater than the bacterial input across the five ecosystems. This new evidence supports that 

soil fungi are potentially important bio-agents for substantial amounts of soil N2O 

production.  

 

 

 



 

 

31 

 

4.1. Factors controlling the relative contribution of fungi and bacteria to soil N2O flux 

Fungal contribution to soil N2O production was more pronounced in woody plant-

dominated plantation forestry than in herbaceous plant-dominated and/or managed 

ecosystems as shown by the greater fungal-to-bacterial contribution ratio in plantation 

forestry. This fungal-to-bacterial contribution ratio has been estimated in the range of 0.5-4.0 

in other studies of woodland, temperate and semiarid grasslands, wetland, and tropical 

peatland (Laughlin and Stevens, 2002; McLain and Martens, 2006; Spokas et al., 2006; 

Yanai et al., 2007; Ma et al., 2008; Laughlin et al., 2009). Although our esitmates were done 

under near saturation conditions, they were consistent with the estimates from the other 

laboratory incubation studies. Evidently, this fungal-to-bacterial contribution ratio varied 

significantly with the ecosytems. The question is what factors controlled the relative 

contribtion of fungi and bacteria to soil N2O production.  

Of the soil properties examined in this study, only soil pH was different among the five 

ecosystems. The fact that soil pH partially explained the differences in relative contribution 

of fungi and bacteria to soil N2O flux rate was perhaps due to the impacts of soil pH on the 

relative abundance and activity of fungi and bacteria. Fungi have been documented to be able 

to grow over a broader range of soil pH than bacteria (Wheeler et al., 1991) and thus acidic 

pH may have little influence on fungal biomass (Frostegård et al., 1993; Rousk et al., 2010). 

However, bacterial community can be adversely changed by acidic pH (Arao, 1999; Fierer 

and Jackson, 2006). Fungal-to-bacterial biomass ratio has been found to increase with 

reduced soil pH (Bååth and Anderson, 2003; Rousk et al., 2009; Rousk et al., 2010). In our 

study, acidic soil pH in plantation forestry might shift soil microbial community to be fungi 
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dominant, thereby leading to relative higher contribution of fungi to soil N2O production than 

in the other ecosystems.  

Unlike plantation forestry, relative contribution of fungi to soil N2O production was not 

greater than that of bacteria in the abandoned agricultural field subjected to natural 

succession even though soil pH was similar for the two ecosystems. This suggests that 

factors other than soil pH also played an important role in controlling the relative abundance 

and activity of fungi. It is generally believed that agricultural management practices favor 

bacterial over fungal portions of a microbial community. Thus, microbial community is 

expected to shift toward a higher proportion of fungi in the abandoned agricultural field 

subjected to natural succession (Ohtonen et al., 1999; van der Wal et al., 2006). However, 

fungal-to-bacterial biomass ratio was similar following the transition of agricultural land to 

natural grassland/forest (Hedlund, 2002). Certainly, natural succession can alter microbial 

diversity and composition of abandoned agricultural field at the species and genus level and 

therefore affect soil processes mediated by microbes with highly-specialized metabolisms 

(e.g., CH4 oxidation) (Hedlund, 2002; Knief et al., 2005; Levine et al., 2011). However, such 

fine-scale modification of microbial community may have little effects on soil processes 

mediated by microbes with widely distributed metabolisms (Levine et al., 2011). Because a 

number of fungi are able to produce N2O and Fusarium spp. with high N2O-producing 

capability are cosmopolitan in soil, we postulate that fungal versus bacterial contribution to 

N2O production can be inferred from their proportions in a microbial community. In fact, 

fungal contribution to soil N2O emissions has been found to be greater in no-till than the 
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tilled systems (Kinney et al., 2004), possibly because tillage could significantly reduce fungal 

biomass (Beare et al., 1997; Frey et al., 1999; Crenshaw et al., 2008).  

Soil pH explained 38% of variation in total N2O flux rates of antibiotic-free soils, but 

again this effect might be confounded with other management factors. Not only did 

plantation forestry and abandoned agricultural field have more acidic soil pH, but also they 

received less N input than the agroecosystems. Directly, fertilization provides available N for 

soil microorganisms, enhancing microbial N transformation processes and thus soil N2O 

production. Indirectly, fertilization could shift microbial community to be bacterial dominant 

(Bardgett et al., 1999; Bardgett and McAlister, 1999; de Vries et al., 2006). Pure culture 

studies showed that bacterial N2O-producing activity was generally orders of magnitude 

greater than the fungal one (Kurakov et al., 2000). If this is the case, it should not be 

surprised to observe higher N2O production in agroecosystems than in plantation forestry and 

abandoned agricultural field.  

 

4.2. Methodological considerations 

Our assessment on relative contribution of fungi and bacteria to soil N2O production was 

solely based on the selective inhibition of antibiotics. However, almost all the antibiotics are 

not 100% selective and they may exert impacts on non-target organisms if their 

concentrations are inappropriate (Badalucco et al., 1994). In this study, non-target effects 

were tested in three ways. The principle that sum of separate effects should be equal to the 

combined effect of antibiotics has been widely used to imply no overlapping effects of 

antibiotics (Beare et al., 1990). In fact, the sum of separate effects was comparable to the 



 

 

34 

 

combined effect of streptomycin and cycloheximide for both soil N2O production and CO2 

evolution, suggesting that at the concentrations used in this study, the two antibiotics were 

fully selective. Despite reflecting a very limited subset of soil microbial community (Ros et 

al., 2008), ECO-plate method demonstrated that cycloheximide did not exert non-target 

effects on bacterial growth.  

Soil N2O flux represented the net result between microbial N2O production and 

consumption. While denitrifying bacteria can reduce N2O to N2, fungi appear unable to 

consume N2O due to lack of N2O reductase (Shoun and Tanimoto, 1991; Zumft, 1997; Zhou 

et al., 2001; Thomson et al., 2012). This physiological difference between fungi and bacteria 

raises concerns about reliable measures of fungal and bacterial contributions to soil N2O via 

the antibiotic approach. In this study, bacterial contribution to soil N2O flux was calculated 

by the difference in soil N2O flux between the antibiotic-free and streptomycin-amended 

soils. Because streptomycin inhibited bacterial activity and thus N2O reduction, net N2O 

production by fungi in streptomycin-amended soils could be overestimated compared to that 

in antibiotic-free soils. Thus, bacterial contribution to soil N2O flux was underestimated. 

Glucose addition might make this underestimation more severe because it increased the 

electron donor-to-electron acceptor ratio and thus bacterial N2O reduction. In the case of 

cycloheximide addition, fungal activity was inhibited and therefore fungal N2O production. 

Due to reduced N2O supply, bacterial N2O consumption was expected to be lower in 

cycloheximide-amended soils than in antibiotic-free soils. This might cause an 

overestimation of fungal contribution to soil N2O flux. Taking streptomycin and 

cycloheximide effects together, we considered that the antibiotic approach could 
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overestimate relative contribution of fungi versus bacteria to soil N2O flux. Despite this 

uncertainty, the comparison among the five systems should be valid, and we did find that 

fungal N2O contribution was greater in PF than in the other four systems.  

 

4.3. Conclusions 

This is the first study comparing relative fungal and bacterial contribution to soil N2O 

production across diverse ecosystems that differed in vegetation types and management 

practices. By using antibiotic selective inhibition, we demonstrated that regardless of the 

types of ecosystems, fungal contribution accounted for a fairly large portion of total soil N2O 

production that should not be ignored. This finding may have profound impacts because 

current models for predicting soil N2O emissions are solely based on knowledge of bacterial 

denitrification. Furthermore, fungal contribution to soil N2O production was more significant 

in acidic woody plant-dominated plantation forestry than in other herbaceous plant-

dominated and/or managed ecosystems. Although it is challenging to determine what had 

caused the differences in relative fungal contribution to soil N2O production, soil pH was 

likely one of the main controlling factors.  It appears that acidic pH was more favorable to 

fungal than bacterial contribution to soil N2O production. A hypothesis that fungal 

contribution to soil N2O production can be inferred from the relative abundance of fungi and 

bacteria in a microbial community was proposed and needs to be examined in future.  
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Table 1. Selected soil chemical and microbial properties of five ecosystems
#
. 

 

Soil C Soil N Inorganic N Soil pH MBC MBN 

 mg C  or N g
-1

 soil μg g
-1

 soil  μg C or N g
-1

 soil 

CON 10.8±1.4a
§
 0.9±0.2a 1.9±0.5a 6.3±0.1a 174.5±27.9a 21.7±2.3a 

ICL 14.5±4.7a 1.3±0.4a 5.0±1.9a 6.3±0.1a 198.2±80.3a 21.5±9.6a 

ORG 11.1±0.6a 1.0±0.1a 3.6±0.7a 6.5±0.1a 190.7±44.1a 20.1±5.8a 

PF 9.9±0.3a 0.9±0.0a 2.0±1.1a 5.3±0.1b 173.5±29.1a 19.9±3.5a 

SUCC 8.9±2.0a 0.7±0.2a 1.2±0.7a 5.5±0.1b 136.1±31.5a 13.9±2.0a 

#
 CON, ICL, ORG, PF, and SUCC represent conventional cropping system subjected to best management practices, 

integrated crop and livestock system, organic farming system, plantation forestry, and abandoned agricultural field subjected 

to natural succession, respectively. 

§
 Data are means ± standard errors for n = 3. Different letters within each column indicate significant differences of means at 

α = 0.05.  
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Table 2. Percentage reduction in soil N2O, the relative contribution of fungi versus bacteria to soil N2O (F:B), and the 

inhibitor additivity ratio (IAR) following the addition of streptomycin (Strep), cycloheximide (Cyclo), and both in five 

ecosystems
#
.  

 CON ICL ORG PF SUCC 

Strep (%) 38.1±5.5b, B
§
 45.4±8.6a, B 54.2±6.7a, B 30.5±6.9b, C 41.5±4.1ab, B 

Cyclo (%) 39.9±5.4a, B 44.4±4.9a, B 40.0±8.4a, B 50.7±4.7a, B 51.3±6.8a, B 

Both (%) 76.9±4.4a, A 81.5±4.3a, A 80.1±5.0a, A 73.5±4.2a, A 79.2±3.3a, A 

F:B
¶
 1.2±0.5b 1.2±0.4b 0.8±0.2b 2.4±0.6a 1.4±0.2ab 

IAR 1.0±0.1a 1.1±0.1a 1.3±0.1a 1.1±0.1a 1.2±0.1a 

#
 See Table 1 for the label of each ecosystem.   

§
 Data are means ± standard errors for n = 12 (i.e., three field plots and 4 measurement points). Significant differences of 

mean values within each row and each column are indicated by different lower-case and upper-case letters, respectively, at α 

= 0.05.   

¶ 
F:B is calculated by the ratio of percentage reduction in soil N2O caused by cycloheximide to that caused by streptomycin.  
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Table 3. Percentage reduction in soil CO2 flux rate, the relative contribution of fungi versus bacteria to soil CO2 (F:B), and 

the inhibitor additivity ratio (IAR) following the addition of streptomycin (Strep), cycloheximide (Cyclo), and both in five 

ecosystems
#
.  

 CON ICL ORG PF SUCC 

Strep (%) 16.1±6.8a, C
§
 16.0±2.9a,C 26.2±2.3a, B 14.6±1.5a, C 21.1±9.6a, B 

Cyclo (%) 35.0±5.7a, B 34.8±6.3a, B 43.4±6.7a, B 40.3±8.1a, B 38.8±15.0a, A 

Both (%) 46.1±8.3a, A 48.6±7.0a, A 52.5±6.2a, A 54.3±12.9a, A 47.1±17.6a, A 

F:B
¶
 1.8±0.4a 2.3±0.6a 1.7±0.4a 2.8±0.7a 2.1±0.3a 

IAR 1.1±0.1ab 1.0±0.0b 1.3±0.1a 1.1±0.1b 1.2±0.1ab 

#
 See Table 1 for the label of each ecosystem. 

§
 Data are means ± standard errors for n = 3. Significant differences of mean values within each row and each column are 

indicated by different lower-case and upper-case letters, respectively, at = 0.05.   

¶ 
F:B is calculated by the ratio of percentage reduction in soil CO2 caused by cycloheximide to that caused by streptomycin. 
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Figure 1. Effects of streptomycin and cycloheximide on soil N2O flux rates in five 

ecosystems at 90% WFPS. Error bars represent standard errors for n=3. See Table 1 for the 

label of each ecosystem. 
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Figure 2. Effects of streptomycin and cycloheximide on bacterial activity of ORG soil 

expressed as the average well color development (AWCD) in the Biolog ECO-Plate. Error 

bars represent standard errors for n=3. ORG denotes organic cropping system. 
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Figure 3. Relationships of soil pH with N2O flux rate in antibiotic-free soil (nmol g
-1

 soil h
-1

) 

(A), the percentage of soil N2O reduction caused by streptomycin (B), the percentage of soil 

N2O reduction caused by cycloheximide (C), and the ratio of soil N2O reduction caused by 

cycloheximide to that caused by streptomycin (D). A solid line represents a linear regression 

for total 60 data points of the five ecosystems with three field plot replications over four 

repeated measures. Dots represent the mean values of the five ecosystems with bi-directional 

standard errors for n=12. See Table 1 for the label of each ecosystem. 
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Chapter 3: Soil Moisture and pH Control Relative Contributions of                                

Fungi and Bacteria to N2O Production 

 

Abstract 

Fungal N2O production has been progressively recognized, but its controlling factors 

remain unclear. This study examined the impacts of soil moisture and pH on fungal and 

bacterial N2O production in two ecosystems, conventional farming and plantation forestry. 

Four treatments, antibiotic-free soil and soil amended with streptomycin, cycloheximide or 

both were used to determine N2O production of fungi versus bacteria. Soil moisture and pH 

effects were assessed under 65-90% water-filled pore space (WFPS) and pH 4.0-9.0, 

respectively. Irrespective of antibiotic treatments, soil N2O fluxes peaked at 85-90% WFPS 

and pH 7.0 or 8.0, indicating that both fungi and bacteria preferred more anoxic and neutral 

or slightly alkaline conditions in producing N2O. However, compared to bacteria, fungi 

contributed more to N2O production under sub-anoxic and acidic conditions. Real-time PCR 

of 16S, ITS rDNA, and denitrifying genes for quantifications of bacteria, fungi, and 

denitrifying bacteria, respectively, showed that fungi were more abundant at acidic pH, 

whereas total and denitrifying bacteria favored neutral conditions. Such variations in the 

abundance appeared to be related to the pH effects on the relative fungal and bacterial 

contribution to N2O production.  
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1. Introduction 

Nitrification and denitrification are biological processes that are responsible for the 

production of nitrous oxide (N2O), a potent greenhouse gas and ozone depleting substance 

(IPCC Climate Change, 2007; Ravishankara et al., 2009). Under aerobic conditions, 

nitrification dominates over denitrification in mediating N2O production (Davidson, 1991). 

Autotrophic nitrifiers are often abundant in arable soil and act as the major drivers of 

nitrification (de Boer et al., 1988), whereas heterotrophic nitrifiers may be more favorable in 

acidic and organic rich forests (Pedersen et al., 1999; Pennington and Ellis, 1993; Schimel et 

al., 1984). Under anaerobic conditions, however, denitrification is the most important process 

of soil N2O production (Davidson, 1991). While heterotrophic bacteria play dominant roles 

in sequential reductions from NO3
-
 to NO2

-
, NO, N2O and N2, autotrophic nitrifiers are also 

able to reduce NO2
-
 to N2O or N2, following the oxidation of NH3 to NO2

-
 via a process 

called nitrifier denitrification, under sub-anoxic and low soil organic C conditions (Kool et 

al., 2011; Wrage et al., 2004; Wrage et al., 2001). Denitrification can also occur under the 

presence of O2 (Carter et al., 1995; Patureau et al., 2000; Takaya et al., 2003), suggesting the 

environmental significance of aerobic denitrification (Bateman and Baggs, 2005). For over a 

century, these N2O-producing processes are thought to be mediated solely by bacteria. 

However, this bacteria-based knowledge needs to be re-developed due to the discovery of 

fungal N2O production. 

A number of fungal isolates have shown N2O-producing activity in pure cultures 

(Bleakley and Tiedje, 1982; Bollag and Tung, 1972; Jirout et al., 2013; Kurakov et al., 1997; 

Lavrent’ev et al., 2008; Mothapo et al., 2013; Prendergast-Miller et al., 2011; Yanai et al., 
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2007). Although fungal N2O production was found to be orders of magnitude lower than that 

of bacteria under pure culture conditions (Kurakov et al., 2000), direct soil measurements 

showed fungal dominance of N2O production (Crenshaw et al., 2008; Laughlin et al., 2009; 

Laughlin and Stevens, 2002; Marusenko et al., 2013; Yanai et al., 2007). This is perhaps 

because fungi generally account for a significant portion of total soil microbial biomass. It is 

also possible that pure culture conditions are suboptimal for the N2O-producing activity of 

soil fungi. To date, little information is available on the ecology of fungal N2O production, 

specifically in pertaining to soil moisture and pH that are known to have large impacts on soil 

N2O emissions (HÉNault et al., 2012). 

Fungal N2O production has been confirmed to result from denitrification, an anaerobic 

respiration that reduces NO3
-
 and/or NO2

-
 to N2O in response to the oxidation of organic C 

(Shoun et al., 1992; Shoun and Tanimoto, 1991; Tsuruta et al., 1998). This process occurs in 

fungal mitochondria where NO3
-
 and/or NO2

-
 reductases are associated with the respiratory 

chain for ATP synthesis (Kobayashi et al., 1996; Tielens et al., 2002). However, fungal NO 

reductase (i.e., P450 nor) gets electrons directly from NAD(P)H and thus a small amount of 

O2 is required for NAD(P)H generation, leading to the coexistence of denitrification and 

oxygen respiration, a so-called hybrid respiration (Takaya et al., 2003; Zhou et al., 2001). 

This O2 requirement of fungal denitrification has been demonstrated in sterile soils 

inoculated with Fusarium oxysporum and F. solani (Lavrent’ev et al., 2008). The authors 

found that fungal N2O production was generally greater under microaerobic conditions than 

under anaerobic conditions. The sharp contrast in O2 requirement between fungal and 

bacterial denitrification suggests that soil aeration can be an important factor controlling the 
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relative contributions of fungi and bacteria to soil N2O production. Indeed, Seo and DeLaune 

(2010) documented that in wetland sediment, fungal denitrification prevailed over bacterial 

denitrification when sediment redox potential was ≥ 100 mV. Although a few culture-

dependent and independent studies pointed out fungal significance when denitrification 

dominates N2O production at > 60% water-filled pore space (Bateman and Baggs, 2005; 

Inubushi et al., 1996; Khalil and Baggs, 2005), quantitative information is still lacking 

regarding the degree by which fungal contribution is different from bacterial one across a 

wide range of sub-anoxic conditions.  

Effects of pH on fungal N2O production have been examined to some extent by using 

fungal isolates and intact soils (Burth and Ottow, 1983; Herold et al., 2012; Mothapo et al., 

2013; Shoun et al., 1992). Of about 12 fungal isolates examined so far, the majority preferred 

neutral and/or alkaline pH for N2O production, whereas only one isolate, Neocosmospora 

vasinfecta, functioned best under acidic conditions (Burth and Ottow, 1983; Mothapo et al., 

2013; Shoun et al., 1992). However, intact soil studies revealed that fungal contribution to 

N2O emissions was either unaffected by soil pH or enhanced under acidic conditions (Herold 

et al., 2012; Rütting et al., 2013). Our recent study also showed that acidic soil pH might 

favor soil fungal rather than bacterial N2O production (Chen et al., 2014). This preference of 

fungal N2O produciton was likely due to fungal population dominance under acidic 

conditions (Rütting et al., 2013). Normally, soil fungi can grow over a broad range of pH 

(Blagodatskaya and Anderson, 1998; Rousk et al., 2010), and therefore fungal population 

size may be unaffected by acidic soil pH (Frostegård et al., 1993; Rousk et al., 2009). By 

contrast, soil bacteria are more sensitive or intolerant to low soil pH (Arao, 1999; Fierer and 
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Jackson, 2006), leading to fungal dominance at acidic soil pH. Despite seemingly sound 

inferences, however, there has not yet been comprehensive data to explicitly support the 

hypothesis that pH effects on fungal versus bacterial contributions to soil N2O production 

were caused by relative abundances of fungi and bacteria at different soil pH.   

The objective of this study was to determine favorable soil aeration and pH conditions 

under which fungi dominated over bacteria for N2O production. Two ecosystems, 

conventional farming and plantation forestry were used to investigate fungal and bacterial 

contribution to soil N2O production with the aid of antibiotics (Chen et al., 2014). We 

considered that soil microbial community diversity and composition would be different 

between the two ecosystems due to divergences in vegetation and soil pH (Chen et al., 2014).  

 

2. Materials and methods  

2.1. Soil Sampling  

Soil samples were collected from two different systems at the Center for Environmental 

Farming Systems (35˚22’48’’ N, 78˚02’36’’ W) that was established in 1999 in Goldsboro, 

North Carolina, USA. The two systems, conventional farming system (CON) and plantation 

forestry (PF), were arranged into three blocks based on a completely randomized block 

design. Soil type was Tarboro loamy sand (mixed, thermic Typic Udipsamment; 73% sand, 

26% silt, and 1% clay) in one block and Wickham sandy loam (fine-loamy, mixed, 

semiactive, thermic Typic Hapludult; 58% sand, 34% silt, and 8% clay) in the other two 

blocks. PF was planted with long-leaf pine (Pinus palustris) in one block and with ash trees 

(Fraxinus pennsylvanica var. lanceolata) in the other two. Information on plot size, 



 

56 

 

fertilization, crop/plant species, and farming management has been given in previous studies 

(Mueller et al., 2002; Sydorovych et al., 2009; Tian et al., 2010; Tu et al., 2006). 

Sixty soil cores (2.5 cm dia. × 10 cm height) were randomly collected in September 

2012 from each plot and pooled to form a composite soil sample. Soil samples were sieved 

(< 2 mm) and then stored at 4 °C for about two weeks prior to microcosm experiments. This 

preparation of soil samples has been documented to have minor impacts on soil microbial 

community (Petersen and Klug, 1994). It should be mentioned that N2O-producing 

mycorrhizal fungi (Bender et al., 2013; Prendergast-Miller et al., 2011) might be excluded 

from this study because samples were collected away from plant rhizosphere and contained 

little fine roots. CON and PF soils were similar in soil organic C and N as well as microbial 

biomass C and N, averaging 10.4 mg C g
-1

 soil, 0.9 mg N g
-1

 soil, 174.0 µg C g
-1

 soil, and 

20.8 µg N g
-1

, respectively (Chen et al., 2014). While soil samples collected one year earlier 

from CON and PF showed ~ 1 unit differences in soil pH (Chen et al., 2014), this time of 

sampling revealed similar soil pH, ~ 5.5 in CON and PF.   

 

2.2. The Microcosm Experiment for Examining pH Effects on Fungal N2O Production  

A 120-ml amber jar (5.5 cm inner dia. × 6.5 cm height) with screw cap septum was used 

as a microcosm. Soils (20 g dry weight equivalent) were packed into microcosms to a bulk 

density of 1.1 g cm
-3

, assuming that soil particle density was 2.65 g cm
-3

. To examine soil pH 

effects on fungal and bacterial N2O production, we adjusted soil pH to 4.0, 5.5 (i.e., the 

original value), 7.0, 8.0 and 9.0 by adding a 2 ml solution of 0.15 M HCl, distilled H2O and 

0.15 M, 0.6 M, and 1.0 M NaOH, respectively. Our preliminary experiment showed that soil 
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pH was well maintained at the expected values over a week. We considered that one week 

was sufficient to induce changes in relative abundance and activity of fungi versus bacteria 

(Weyman-Kaczmarkowa and Pędziwilk, 2000).  

One week after pH adjustment, soils were subjected to four antibiotic treatments, 

including (1) control, no antibiotic addition; (2) streptomycin, soil with the addition of 

streptomycin at 1.0 mg g
-1

 soil; (3) cycloheximide, soil with the addition of cycloheximide at 

2.0 mg g
-1

 soil; and (4) both, soil with the addition of both streptomycin and cycloheximide. 

These antibiotic concentrations were found to have little non-target effects (Chen et al., 

2014). Soils were amended with a 2 mL solution of distilled H2O or corresponding antibiotic 

solutions and then pre-incubated overnight at 4 ºC to allow antibiotic diffusion into soil 

pores. Thereafter, microcosms were placed at room temperature (23 ± 2 ºC) and soils from all 

the treatments were amended with glucose (2 mg C g
-1

 soil) and KNO3 (100 μg N g
-1

 soil) in 

1 or 2 mL of solution, leading to soil moisture to 80 and 90% water-filled pore space 

(WFPS), respectively. There were a total of 240 microcosms, representing two soils (i.e., 

CON and PF), three replicates (i.e., field blocks), two WPFS levels, five pH values, and four 

antibiotic treatments.  

 

2.3. The Microcosm Experiment for Examining WFPS Effects on Soil N2O Production  

Microcosms were set up in the same way as described above except that original soil pH 

was used. After the addition of antibiotics in a 2 ml solution, soil samples were pre-incubated 

overnight at 4 ºC. Then, soil samples were enriched with a 1 ml solution containing glucose 

(2 mg C g
-1

 soil) and KNO3 (100 μg N g
-1

 soil), followed by the addition of 0-3 mL of 
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distilled H2O for creating 65%, 70%, 75%, 80%, 85% and 90% WFPS, respectively. A total 

of 144 microcosms were made, representing two soils (i.e., CON and PF), three replicates 

(i.e., field blocks), six WPFS levels, and four antibiotic treatments.  

 

2.4. Headspace Gas Sampling and Measurement  

The headspaces of microcosms were sampled periodically (i.e., 8 h, 16 h, and 28 h after 

the addition of glucose and KNO3). Two hours prior to gas sampling, amber jars were screw 

capped with rubber septa and then 3-ml gas samples were withdrawn from the headspaces 

using gas-tight push button syringes. Thereafter, amber jars were re-opened until next gas 

sampling. Our preliminary experiment showed that headspace N2O and CO2 concentrations 

were a linear function of time during the 2 h period. The N2O concentrations in the gas 

samples were analyzed using an Agilent 6890 gas chromatograph equipped with an electron 

capture detector (Agilent technologies, Palo Alto, CA, USA). The CO2 concentrations in the 

gas samples were determined using an infrared gas analyzer LI-840A (LI-COR, Lincoln, NE, 

USA). Soil N2O or CO2 fluxes (nmol g
-1

 soil h
-1

) in the headspace were calculated from the 

equation: , where Csample and Cair are the N2O (or CO2) concentrations of 

the sample and the air (ppmv), respectively; V is the volume of headspace (mL); r is the 

molar volume at 25 
o
C and 1 atm. (24.436 L mol

-1
), m is the dry weight of soil (g), and t is 

the incubation time (h).  

Fungal N2O (or CO2) production rate was calculated by the equation: , where A 

represents soil N2O (or CO2) fluxes in the antibiotic-free control, and B is soil N2O (or CO2) 

tmr

VCC airsample



 )(

BA
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fluxes in the cycloheximide-treated soil. This equation was also used to calculate the 

bacterial N2O (or CO2) production rate by replacing B with soil N2O (or CO2) fluxes in the 

streptomycin-treated soil. Fungal contribution to soil N2O (or CO2) fluxes was estimated by 

the % reduction of soil N2O (or CO2) fluxes, calculated from the equation: . 

This equation was also used to calculate the % reduction of soil N2O (or CO2) fluxes in 

streptomycin- and both antibiotics-treated soils by replacing B with corresponding soil N2O 

(or CO2) fluxes, respectively. 

The inhibitor additivity ratio (IAR) was used to evaluate whether antibiotics exerted 

non-target effects (Beare et al., 1990). It was estimated by the equation: , 

where A, B, C, and D represent N2O (or CO2) fluxes in antibiotic-free soil, cycloheximide-

amended soil, streptomycin-amended soil, and both antibiotics-amended soil, respectively. 

An IAR of ~ 1.0 indicated that inhibitory effects of streptomycin and cycloheximide were not 

overlapped.   

 

 

2.5. Fungal and Bacterial Abundance  

Effects of pH on soil fungal and bacterial abundance were examined using control soils 

(i.e., soil without antibiotics) of CON at 80% WFPS. After the final gas sampling, soils (0.5 

g) were taken from microcosms for genomic DNA extraction using a FastDNA SPIN kit (MP 

Bio, Solon, OH, USA). Soil DNA quality and size were checked by electrophoresis on a 1% 

A

BA )(100 

)(

)()(

DA

CABA
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agarose gel. DNA concentration was determined using a nanodrop spectrophotometer 

(Thermo Scientific, Wilmington, DE, USA). 

Quantitative real-time PCR was performed on each soil DNA sample with three 

analytical replicates (i.e., subsamples of one extracted DNA) (CFX96 Real-Time PCR 

Detection System, Bio-Rad, Hercules, CA, USA) to determine the copy numbers of 16S 

rDNA, ITS (internal transcribed spacer) region of rDNA, and nirS, nirK, norB and nosZ 

genes in the soils using the primers given in Table 1, which were considered as the surrogates 

of the abundances of soil bacteria, fungi, and bacterial denitrifiers, respectively. A 20 µL 

qPCR reaction contained 4 µL of template DNA (0.2-0.6 ng µL
-1

), 10 µL 1X SsoAdvanced 

TM
 SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), and 3 µL of each primer whose 

concentrations was based on respective references (Table 1). All the qPCR reactions were 

initiated at 98 
o
C for 2 min, followed by a number of touchdown cycles and/or regular PCR 

cycles as specified in Table 1. The specificity of the qPCR reactions was determined by 

melting curve analysis (60 
o
C - 95

 o
C) and 1% agarose gel electrophoresis. 

The standard curve for determining the gene copy number was made with the agarose-

gel-purified PCR products based upon the method of Zhang et al. (2011). Briefly, respective 

PCR products were run on a 1% low-melting agarose gel. Then, gel bands corresponding to 

the expected amplicon sizes were excised and DNA was extracted using a gel extraction kit 

(Qiagen, Valencia, CA, USA). The DNA concentrations of extracted PCR products were 

quantified using a nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 

Number of gene copies per µL of the PCR product (i.e., the standard) was calculated by the 
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equation: , where A is the concentration of the PCR product (ng µL
-1

), B is the 

Avogadro number (i.e., 6.023 × 10
23

 copies mol
-1

), C is the average molecular weight of a 

DNA base pair (i.e., 6.6×10
11

 ng mol
-1

), and D is the respective PCR amplicon size given in 

Table 1. Serial dilutions of PCR products of known copy numbers were amplified in 

triplicate together with samples. A standard curve was constructed by plotting the logarithm 

of the copy numbers against the mean threshold cycles. 

 

2.6. Data Analysis 

Analysis of variance (ANOVA) of a completely randomized block design with repeated 

measures (SAS 9.3, SAS Institute Inc. Cary, NC, USA) was used to assess if soil pH and 

WFPS significantly (P ≤ 0.05) affected soil N2O production, CO2 respiration, and the relative 

contributions of fungi and bacteria to soil N2O flux and CO2 respiration. This type of 

ANOVA was also used to evaluate if there were significant differences (P ≤ 0.05) in soil 

N2O and CO2 flux rates among four antibiotic treatments. ANOVA of a completely 

randomized block design was performed to examine significant differences (P ≤ 0.05) in the 

abundances of soil bacteria, fungi, and bacterial denitrifiers among five pH treatments. 

Pearson’s correlation coefficients were used to determine the relationships between variables. 

All the data sets were tested for normal distribution and homoscedasticity. If data were non-

normal and/or heteroscedastic, they were log transformed prior to statistical analysis.  
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3. Results 

3.1. Effects of WFPS on Fungal and Bacterial Contributions to Soil N2O and CO2 Fluxes 

Addition of streptomycin, cycloheximide, or both reduced soil N2O flux rates under all 

the six WFPS levels (Fig. 1). In CON, bacterial and fungal N2O production rates at 65% 

WFPS were generally lower than those at the other five WFPS levels (Table 2). The 

percentage of bacterial contribution was similar among six WFPS levels. However, the 

percentage of fungal contribution differed significantly (P < 0.05), being greater at 65% and 

70% WFPS than at the other WFPS.  The fungal-to-bacterial contribution ratio at 70% WFPS 

was greater (P < 0.05) than the one at 85% or 90% WFPS. In PF, bacterial and fungal N2O 

production rates increased significantly as WFPS shifted from 65% to 90% (Table 2). The 

percentage of bacterial contribution was lowest at 65% WFPS, whereas the percentage of 

fungal contribution was greatest at 65% WFPS. As a result, the fungal-to-bacterial 

contribution ratio at 65% WFPS was greater than the other WFPS except for 75% WFPS 

(Table 2). In both CON and PF, IAR were slightly greater than 1.0, suggesting non-target 

effects of streptomycin and cycloheximide. However, there were no differences in IAR 

among six WFPS in CON. Although IAR values in PF differed significantly among six 

WFPS, they were not correlated with N2O production rates, percentages of fungal and 

bacterial contribution, and fungal-to-bacterial contribution ratios (P > 0.05). This suggested 

that WFPS effects were independent of antibiotic non-target effects.  

Unlike soil N2O fluxes, total soil CO2 evolutions in both CON and PF decreased as 

WFPS was raised from 65 to 90% (Table 3). Compared to the antibiotic-free control, addition 

of streptomycin and/or cycloheximide significantly reduced soil CO2 flux rates (P < 0.05) 
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under all the six WFPS levels (Table 3). Although there were no differences in soil bacterial 

CO2 respiration rates among six WFPS levels, significant differences (P < 0.05) were found 

in fungal CO2 respiration rates. In PF, fungal-to-bacterial contribution ratio was significantly 

lower at 90% WFPS than at 65%WFPS. Again, differences in respiration rates and fungal-to-

bacterial contribution ratios were not correlated with IAR, suggesting WFPS effects were 

unaffected by slight non-target effects.  

 

3.2. Effects of Soil pH on Fungal and Bacterial Contributions to Soil N2O and CO2 Fluxes  

In both CON and PF, soil N2O fluxes were consistently greater under neutral or slightly 

alkaline conditions than under the other pH values (P < 0.05), irrespective of different 

antibiotic treatments and WFPS levels (Fig. 2a, b, c, d). Here, N2O data at pH 9.0 were 

excluded from PF because they were close to the gas chromatography detection limit and 

thus unreliable. Compared to antibiotic-free controls, soil N2O flux rates decreased 

considerably following the addition of streptomycin, cycloheximide, or both under all the soil 

pH and WFPS levels (Fig. 2a, b, c, d). 

At 80% WFPS, both bacterial and fungal N2O production rates were greatest at pH 7.0 

and/or 8.0 (Table 4).  However, the percentages of bacterial and fungal contributions showed 

opposite trends, with bacterial contribution increasing with soil pH and fungal contribution 

declining with soil pH (Table 4). Hence, fungal-to-bacterial contribution ratios were greater 

at pH 4.0 and/or 5.5 than at the others (P < 0.05) (Table 4). At 90% WFPS, bacterial and 

fungal N2O production rates were also greatest at pH 7.0 and/or 8.0. While the percentage of 

bacterial contribution was lowest at pH 4.0, fungal contribution was greatest at pH 4.0 (Table 
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4). Nonetheless, fungal-to-bacterial contribution ratios were greater at pH 4.0 than at pH 7.0 

and 8.0 in both CON and PF (P < 0.05). Again, differences in IAR were not related to N2O 

production rates, percentages of bacterial and fungal contributions, or fungal-to-bacterial 

contribution ratios.  

Total soil CO2 respiration rates were also highest at pH 7.0 and/or 8.0 (Table 5). 

However, fungal CO2 respiration rates were greater at pH 4.0 than at pH 7.0 and/or 8.0 (P < 

0.05) (Table 5). As a result, fungal-to-bacterial contribution ratios were higher under acidic 

conditions than under neutral and alkaline ones (P < 0.05). IAR varied with soil pH, but was 

not correlated with respiration rates or fungal-to-bacterial contribution ratios.  

 

3.3. Soil pH Effects on Fungal and Bacterial Abundance 

The abundance of soil bacteria was similar at pH 4.0 and 9.0, but was significantly lower 

than that at pH 5.5 or 7.0 (Fig. 3a). The abundance of soil fungi was about two-fold larger at 

pH 4.0 than at pH 9.0. Thus, the fungal-to-bacterial abundance ratio was 1.7 at pH 4.0, 

greater than the ratios at pH 5.5-9.0 (P < 0.05) (Fig. 3a). The abundances of denitrifying 

bacteria at pH 7.0 were 4-12 and 2-7 fold greater than those at pH 4.0 or 9.0, respectively (P 

< 0.05) (Fig. 3b). 

 

4. Discussion 

4.1. Fungal Contribution to Soil N2O Production as Affected by Soil Moisture 

By affecting soil aeration, soil moisture determines whether nitrificaton or denitrification 

is the dominant source of soil N2O emissions. Often, soil N2O emissions can reach the 
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maximum when denitrification is overriding at 60-90% WFPS (Bouwman, 1998; Davidson, 

1991). In this study, we found that fungal and bacterial N2O production rates peaked at 

similar soil moisture contents , i.e., 80-90%  WPFS. Bacteria-mediated soil N2O emissions 

represent the net balance between N2O production and consumption. Of all the enzymes 

catalyzing the sequential reactions of denitrification, N2O reductase is most intolerant to O2 

(Betlach and Tiedje, 1981; Bonin et al., 1989; Cavigelli and Robertson, 2001). As a result, 

effects of soil moisture on bacteria-mediated soil N2O emissions rely heavily on N2O 

consumption. In contrast, fungi generally lack N2O reductase and therefore fungi-mediated 

soil N2O emissions depend soly on N2O production. It has been shown that small amounts of 

O2 are required for fungal denitrification due to the coexistence of O2 respiration system 

(Takaya et al., 2003; Zhou et al., 2001). Nonetheless, our results indicated that soil fungi and 

bacteria preferred similar subanoxic conditions for the maximal N2O production.  

Of interest was that in CON, fungi and bacteria generated N2O through a wide range of 

WFPS, whereas in PF they produced sizable amounts of N2O only at 80-90% WFPS. This 

difference might be caused by some divergence in microbial community composition due to 

different vegetations and agricultural management practices, such as fertilization and tillage 

between CON and PF, since other soil properties, including total C and N contents, total 

microbial biomass, pH, and soil texture were similar between the two ecosystems. Our 

previous work showed that CON and PF harbored fungal isolates with different N2O-

producing activities (Mothapo et al., 2013). Fungi of high N2O production were more 

prevalent in CON than in PF. Furthermore, these N2O-producing isolates differed in their 

responses to O2 concentrations; some isolates (e.g., Fusarium oxysporum) produced N2O 
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preferably under microaerobic conditions and others (e.g., Neocosmospora vasinfecta and 

Gibberilla fujikuroi species complex) produced N2O across a borad range of O2 

concentrations (Mothapo et al., 2013). The culture-based experiment only presents a tiny 

fraction of total microorganisms in soil and thus it is a challege to extrapolate the finding 

from fungal isolates to complex soil microbial community. However, our previous study at 

least suggested some physiological differences in N2O producing microbes between the two 

ecosystems.   

The two ecosystems behaved similarly when it comes to the percentage of fungal N2O 

production. Fungi dominated over bacteria in total soil N2O emissions, accounting for ~ 72% 

and 58% in CON and PF, respectively. However, fungal contribution declined as WFPS 

increased from 65% to 90%, suggesting that microaerophilic requirement of fungal 

denitrification could not be satisfied at the high WFPS. This inverse relation between fungal 

contribution and soil moisutre was in agreement with the findings from other studies 

(Marusenko et al., 2013; Seo and DeLaune, 2010). As documented by Seo and DeLaune 

(2010), fungi were more responsible for denitrification under weakly anoxic conditions and 

bacterial were more accountable under strongly anoxic conditions. It should be noted that the 

application of both antibiotics could not completely inhibit soil N2O production. Across all 

the WFPS levels, 10-20% and 15-30% of N2O production remained in both antibiotics-

treated soils in CON and PF, respectively. However, this incomplete inhibition might not 

affect the overall conclusion because the inverse relation held true even assuming that the 

remaining N2O production was all attributed to fungi or bacteria.  
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Changes in soil aeration appeared to be well controlled by six WFPS levels in this 

experiment. As more soil pores were filled with water, soil O2 would decrease proportionally. 

As a result, aerobic respiration was expected to reduce with rising WFPS. Indeed, we 

observed that total microbial CO2 respiration significantly declined as WFPS increased from 

65% to 90%. However, this reduction was mainly caused by fungal CO2 respiration, 

suggesting that fungal heterotrophs were less tolerant than bacteria to more anoxic 

conditions. This unequal response to O2 stress might partially explain why fungal 

contribution to N2O was lessened at the high WFPS. 

 

4.2. Fungal Contribution to Soil N2O Production as Affected by Soil pH 

Soil pH can affect N2O emissions at multiple levels. Not only can the change of pH shift 

the source and magnitude of soil N2O emissions, but also it modifies N2O production in 

proportion to total N transformed via nitrification and denitrification (Baggs et al., 2010). 

Positive, negative and neutral effects of soil pH on N2O production are widespread in 

literature (Barton et al., 2013; Struwe and Kjøller, 1994; Weslien et al., 2009; Yamulki et al., 

1997). As such, it is difficult to formulate a general statement on the relationship between 

soil pH and N2O emissions. For example, soil N2O emissions in a grassland were enhanced 

by increasing soil pH from 3.9 to 5.6 (Yamulki et al., 1997), but declined in forest soils as pH 

changed from 3.6 to 5.9 (Weslien et al., 2009). Given that fungal N2O production is 

associated most likely with denitrification, pH effects were therefore examined at 80-90% 

WFPS for promoting anaerobiosis. By minimizing confounding effects of nitrification on 



 

68 

 

N2O emissions, this setup also allowed better comparisons of pH effects on bacterial and 

fungal denitrification.   

In CON and PF, both fungal and bacterial N2O production did not peak at natural soil 

pH, but rather at neutral and/or slightly alkaline pH. It has been argued whether or not an 

optimum soil pH exists for denitrification and thus N2O emissions. Šimek et al. (2002) 

demonstrated that despite differences in natural pH ranging from 4.7-7.9, all the soils had the 

greatest denitrification enzyme activities at their natural pH values. Only when soils were 

incubated under favorable conditions for denitrification (i.e., surplus of NO3
-
, available C, 

and low partial pressure of O2) for prolonged time (> 12 h), the optimal pH for denitrification 

potential shifted towards neutrality, perhaps due to the selection of denitrifiers proliferating 

best at neutral pH and/or the adaptation of existing populations to new conditions (Šimek et 

al., 2002). Because bacterial denitrification often generates several gas products, including 

N2O and N2, the measurements of soil N2O fluxes alone are inappropriate for assessing the 

relationship between pH and denitrification potential. By contrast, fungal denitrification ends 

generally with N2O, except for some fungi  to produce hybrid N2 via co-denitrification 

(Tanimoto et al., 1992). Thus, soil N2O flux measurements at different pH values can reveal 

if an optimum pH exists for fungal denitrification under subanoxic conditions. The 

observation that fungal N2O production peaked at neutral pH rather than natural soil pH 

suggested that the neutrality was an optimal pH for fungal denitrification under our 

experimental conditions. Our culture-based experiment also showed that 7 out of 10 fungal 

isolates preferred neutral pH rather than acidic and alkaline pH for N2O-producing activity 

(Mothapo et al., 2013).  
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Despite the disagreement on the optimum pH for denitrification, a consensus has been 

reached on the negative relationship between N2O-to-N2 ratio and soil pH (Šimek and 

Cooper, 2002). Such an inverse association has been attributed to the inhibition effect of 

acidic pH on bacterial N2O reductase. For example, by using a model bacterium, Paracoccus 

denitrificans, Bergaust et al. (2010) showed that acidic pH could inhibit the protein 

synthesis/assembly of N2O reductase. It is also possible that the inverse association is due to 

the dominance of fungal denitrification at low pH, since fungi can grow over a broader range 

of soil pH than bacteria (Wheeler et al., 1991). This fungal dominance at low pH has been 

demonstrated using soils sampled from long-term pH plots, with pH ranging from 4.5-7.5 

(Herold et al., 2012). By measuring potential denitrification rates with acetylene block 

technique, authors found that fungal and bacterial denitrification were dominant at low and 

high pH, respectively. Fungal dominance in N2O emissions at low pH was also reported in an 

organic-rich forest soil (Rütting et al., 2013). Our study also showed that fungal-to-bacterial 

N2O production ratio was greatest at pH 4.0, indicating that fungi were the dominant source 

of N2O emissions under acidic conditions.  

The activity-based measurement, i.e., microbial respiration also supported the 

dominance of fungi at acidic pH. Although total respiration peaked at neutral and slightly 

alkaline pH, fungal respiration was greatest at acidic pH. In contrast, bacterial respiration 

increased as pH shifted from acidity to neutrality in CON or decreased with pH in PF. Fungal 

dominance in microbial respiration at acidic pH appeared to be a general phenomenon 

(Blagodatskaya and Anderson, 1998; Rousk et al., 2010; Rousk et al., 2009). Despite that 

denitrifiers only accounted for a small fraction of total soil microbial community, fungal and 



 

70 

 

bacterial denitrifiers perhaps showed similar responses to soil pH as to their respective 

groups.  

The pH effects on relative fungal contributions to N2O and CO2 were consistent with the 

prevailing growth of fungi at acidic pH. Fungal-to-bacterial ratio of gene copy numbers 

ranged from 0.2-1.8, with greatest value at pH 4.0. It should be noted that rDNA copy 

number is not exactly equal to the population density, because one organismal genome may 

contain variable numbers of 16S or ITS rDNA.  By reviewing 101 prokaryotes, for example, 

Fogel et al. (1999) reported that one organism had 3.8 copy number of 16S rDNA on average 

and only 10% of bacteria had one copy of 16S rDNA per genome. Despite this uncertainty, 

gene copy number has been used to indicate the relative abundance of soil microbes (Fierer 

et al., 2005). Our finding that fungi were more abundant at pH 4.0 than at the other pH values 

further supported that fungal respiration and N2O production were relatively greater than 

bacterial ones under acidic conditions.   

While no molecular tool has been developed for detecting and quantifying fungal 

denitrifiers, nirK, nirS, norB and nosZ, the genes encoding NO2
-
, NO and N2O reductases, 

respectively have been extensively used to quantify bacterial denitrifiers. It is known that 

most bacterial denitrifiers had one copy of these genes per genome (Kandeler et al., 2006). 

Thus, the copy number can well represent the population size of denitrifying bacteria. In 

agreement with total bacterial population and other studies (Čuhel et al., 2010; Liu et al., 

2010), bacterial denitrifiers were also more abundant at neutral pH and/or slightly alkaline 

pH. It has been reported that copy numbers of nirK, nirS, norB and nosZ genes were 

positively correlated to denitrification rates (Čuhel et al., 2010; Liu et al., 2010; Philippot et 
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al., 2009; Throbäck et al., 2007; Yu et al., 2013). In our study, all four denitrifying genes 

were positively related to bacterial N2O and CO2 flux rates, further supporting the 

observation above.  

 

4.3. Methodological Considerations 

It should be noted that pH may affect the stability of streptomycin and cycloheximide 

and thus their efficacies of inhibiting microbal activity. However, differences in fungal and 

bacterial contributions along the soil pH gradient were unlikley due to some effectiveness 

changes of both antibiotics. This is because all the measurements were performed within one 

d following the addition of antibiotics, the time period that was too short to cause significant 

hydrolysis and/or degradation of antibiotics. For example, streptomycin in water and/or salt 

solutions is generally stable over a pH range from 3.0 – 7.0, and outside of this range it can 

be hydrolyzed (Regna et al., 1946). But the hydrolysis of streptomycin is temperature 

dependent, and at ~ pH 9 and < 28 ºC streptomycin can be relatively stable for at least several 

hundred hours (Regna et al., 1946). As documented by Oswald and Nielsen (Oswald and 

Nielsen, 1947), streptomycin in solution can be stable for up to 3 months over a pH range 

from 6.0 to 8.0 when temperature is around 10 ºC. Similarly, cycloheximide is stable at 

acidic and neutral pH, but can be degraded by alkali (MacBean, 2012). Yet, bioassay using 

yeast culture over a short period showed that the antifungal effects of cycloheximide were 

affected little over a pH range from 2.0 to 8.0 (Whiffen, 1948).  

It could be argued that mineral adsorption rather than chemical instability of antibiotics 

was the major cause for effectiveness changes of antibiotics along the soil pH gradient. 
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Mineral adsorption of streptomycin was found to be enhanced as pH declined from neutral to 

acidic conditions, thereby affecting its antibiotic activity (Jefferys, 1952). This issue, 

however, can be resolved by adjusting antibiotic doses applied to individual soils. 

Streptomycin and cycloheximide, as a pair of antibiotics for inhibiting bacteria and fungi, 

respectively, have been successfully used to soils with pH values from 5.4 up to 8.5 for 

examining fungal and bacterial contribution to soil N2O production (Crenshaw et al., 2008; 

Laughlin and Stevens, 2002; Yanai et al., 2007).   

In our study, mineral adsorption of streptomycin and cycloheximide might play little 

roles in effectiveness changes of antibiotics along the soil pH gradient, because soil clay 

content was < 8%.  In fact, reductions in N2O fluxes caused by both antibiotics were 70-85% 

over the entire pH range, and were not greater in neutral pH, a favorable condition for 

chemical stability of antibiotics and dissociation from clay minerals, compared to alkaline 

and acidic pH. This indicated that even under unfavorable pH conditions, inhibitory effects 

of antibiotics were significant and functioned as expected. Therefore, pH effects on fungal 

and bacterial contributions in N2O production were authentic and fundamental.  

 

4.4. Conclusions 

This study provides more detailed assessments of fungal and bacterial contributions to 

soil N2O fluxes than a limited number of studies in the past. Part of the novelty lies in 

investigations under a wide range of pH and sub-anoxic conditions. By using selective 

antibiotic inhibition, we first showed that fungi dominated bacteria in producing N2O, 

irrespective of WFPS. However, the degree of fungal dominance reduced significantly at 
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90% WFPS. The percentage of fungal contribution was also comparable to or greater than 

the bacterial one when soil pH was neutral and/or acidic. Further, this study explicitly 

supported that fungal dominance of N2O production at acidic pH was related to the prevailing 

growth of fungi under acidic conditions.  

In addition, our work provides new insight into pH and moisture conditions favorable for 

fungal and bacterial N2O production. For both ecosystems examined, the conditions for fungi 

to achieve maximum rates of N2O production were not different from, but rather similar to 

those for bacteria. However, optimum conditions could be ecosystem specific. Soil N2O 

production rates were comparable across the entire range of WFPS in CON, but were greater 

in 80% WFPS and above than the other lower ones. For both ecosystems, fungal and 

bacterial N2O production rates were greater at neutral or slightly alkaline pH than at native 

soil pH, i.e., 5.5, suggesting that microbes having high N2O production activity could quickly 

adapt to high pH and associated conditions over the time scale of one week. In contrast, time 

required for microbes to adapt to low pH and associated conditions might be longer than the 

duration in this study and therefore both fungal and bacterial N2O productions were lowest at 

pH 4.0. Nonetheless, given that microbes often function better at native soil pH due to long-

term adaption, we expect that fungal dominance for N2O production may attribute to often-

observed sizable N2O emissions in natively acidic soils.  
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Table 1. Primers and qPCR conditions for the real-time PCR quantifications of 16S rDNA, ITS region of rDNA, nirS, nirK, 

norB and norZ genes extracted from antibiotic-free soils adjusted to soil pH 4.0, 5.5, 7.0, 8.0 and 9.0.  

Target genes Primers (sequences) and fragment size
a
 qPCR conditions

b
 References 

16S rDNA F: Eub338 (ACTCCTACGGGAGGCAGCAG) 

R: Eub518 (ATTACCGCGGCTGCTGG) 

S: 200 bp 

40 CL: 98 
o
C for 10 s, 53 

o
C for 30 

s, & 72 
o
C for 30 s 

(Fierer et al., 2005) 

ITS F: 5.8S (CGCTGCGTTCTTCATCG) 

R: ITS1f (TCCGTAGGTGAACCTGCGG) 

S: 300 bp  

Same as 16S rDNA (Fierer et al., 2005) 

nirS F: nirSCd3aF (AACGYSAAGGARACSGG) 

R: nirSR3cd (GASTTCGGRTGSGTCTTSAYGAA) 

S: 425 bp 

Six TD CL: 98 
o
C for 10 s, 63 

o
C 

for 30 s, & 72 
o
C for 30 s with AT  

dropped by 1 
o
C CL

-1
 to 58

 o
C 

40 CL: 98 
o
C for 10 s, 58 

o
C for 30 

s, & 72 
o
C for 30 s 

(Kandeler et al., 

2006) 
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Table 1. Continued. 

nirK F: nirK876 (ATYGGCGGVAYGGCGA) 

R: nirK1040 (GCCTCGATCAGRTTRTGGTT) 

S: 165 bp 

 

Same as nirS (Henry et al., 2004) 

norB F: norB1F (CGNGARTTYCTSGARCARCC) 

R: norB8R (CRTADGCVCCRWAGAAVGC) 

S: 669 bp 

 

40 CL: 98 
o
C for 10 s, 55 

o
C for 30 

s, & 72 
o
C for 30 s 

(Casciotti and Ward, 

2005) 

nosZ F: norZ1F (WCSYTGTTCMTCGAGCCAG) 

R: norZ1R (ATGTCGATCARCTGVKCRTTYTC) 

S: 259 bp 

Six TD CL:  98 
o
C for 10 s, 67 

o
C 

for 30 s, & 72 
o
C for 30 s with AT 

dropped by 1 
o
C CL

-1
 to 62

 o
C   

40 CL: 98 
o
C for 10 s, 62 

o
C for 30 

s, &72 
o
C for 30 s 

(Henry et al., 2006) 
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Table 1. Continued. 

a
F, R, and S stands for forward, reverse, and size, respectively. 

b
CL, TD, AT are short for cycles, touchdown, and annealing temperature, respectively.   
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Table 2. Bacterial (B) and fungal (F) N2O production rates, their contributions to soil N2O fluxes, inhibitor additivity ratios 

(IAR), and fungal-to-bacterial contribution ratios (F:B) at six WFPS levels in CON and PF ecosystems
a
. 

WFPS N2O production rates (nmol g
-1

 soil h
-1

) Contributions to soil N2O fluxes (%) IAR F:B
b
 

(%) CON_B CON_F PF_B PF_F CON_B CON_F PF_B PF_F CON PF CON PF 

65 1.04 b
c
 1.48 b 0.05 e 0.14 c 37.0 a 78.3 a 23.9 b 71.4 a 1.2 a 1.1 b 2.7 abc 3.9 a 

70 1.97 a 2.93 a 0.15 d 0.23 c 33.1 a 80.6 a 41.9 a 51.9 ab 1.4 a 1.1 b 3.4 a 1.5 c 

75 1.59 ab 2.52 a 0.25 c 0.71 b 30.2 a 69.7 b 36.5 ab 68.6 a 1.2 a 1.2 ab 3.0 ab 2.5 ab 

80 1.89 a 2.88 a 1.55 b 2.60 a 30.7 a 70.0 b 31.4 ab 57.9 ab 1.2 a 1.1 b 3.1 ab 2.0 bc 

85 1.98 a 3.05 a 1.76 ab 3.11 a 35.9 a 69.6 b 32.3 ab 44.3 b 1.3 a 1.1 b 2.3 bc 1.5 bc 

90 2.07 a 2.84 a 3.01 a 4.02 a 38.5 a 64.8 b 38.4 ab 53.9 ab 1.3 a 1.3 a 1.9 c 1.5 bc 

a
CON and PF represent conventional farming system and plantation forestry, respectively.  

b
F:B is calculated by dividing the percentage of fungal contribution to N2O production by that of bacterial contribution. 

c
Different letters within each column indicate significant differences of mean values for n = 9 (i.e., three field plots and three 

measurement points) at α = 0.05.   
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Table 3. Total microbial (M), bacterial (B), and fungal (F) CO2 respiration rates, inhibitor additivity ratios (IAR), and fungal-

to-bacterial contribution ratios (F:B) at six levels of soil WFPS in CON and PF ecosystems
a
.  

WFPS Respiration rate (nmol g
-1

 soil h
-1

) IAR F:B
b
 

(%) CON_M CON_B CON_F PF_M PF_B PF_F CON PF CON PF 

65 415.5 a
c
 76.9 a 297.6 a 622.3 a 92.4 a 365.3 a 1.2 a   1.1 ab 4.6 a 4.7 a 

70 357.7 ab 60.4 a 259.7 ab 640.6 a 78.5 a 321.4 ab 1.1 a 1.0 b 4.5 a 4.1 a 

75 320.1 b 51.2 a 231.1 ab 599.4 a 89.1 a 320.7 ab 1.1 a   1.1 ab 5.3 a   3.8 ab 

80 315.5 b 62.1 a 227.6 b 439.3 b 84.5 a 292.8 ab 1.2 a 1.2 a 4.0 a   3.6 ab 

85 292.3 b 56.4 a 204.1 b 327.8 c 76.7 a 240.0 bc 1.2 a   1.2 ab 3.6 a 4.2 a 

90 305.9 b 48.5 a 208.8 b 272.0 c 88.2 a 167.4 c 1.1 a   1.2 ab 5.0 a 2.0 b 

a
CON and PF represent conventional farming system and plantation forestry, respectively.  

b
F:B is calculated by dividing the percentage of fungal contribution to CO2 respiration by that of bacterial contribution. 

c
Different letters within each column indicate significant differences of mean values for n = 9 (i.e., three field plots and three 

measurement points) at α = 0.05.   
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Table 4. Bacterial (B) and fungal (F) N2O production rates, their contributions to soil N2O fluxes, inhibitor additivity ratios 

(IAR), and fungal-to-bacterial contribution ratios (F:B) at two WFPS levels and 5 or 4 pH levels in CON and PF ecosystems, 

respectively
a
.  

  N2O production rates (nmol g
-1

 soil h
-1

) Contributions to soil N2O fluxes (%) IAR F:B
b
 

WFPS Soil pH CON_B CON_F PF_B PF_F CON_B CON_F PF_B PF_F CON PF CON PF 

80% 4.0 0.11 c
c
 0.35 bc 0.11 c 0.41 c 23.7 c 70.8 a 21.6 b 80.0 a 1.1 a 1.1 a 3.8 a 3.9 a 

 5.5 0.96 b 2.12 ab 0.59 b 0.85 bc 25.8 bc 63.2 a 26.8 b 39.5 bc 1.2 a 1.0 a 3.3 a 1.6 b 

 7.0 5.04 a 3.14 a 3.04 a 1.95 a 42.5 b 31.6 b 44.3 a 26.1 c 1.1 a 1.0 a 0.9 b 0.7 c 

 8.0 7.46 a 2.76 a 1.96 b 1.29 ab 65.4 a 30.8 b 41.3 a 57.2 b 1.1 a 1.1 a 0.6 b 1.6 b 

 9.0 0.20 c 0.05 c   76.6 a 20.5 c   1.1 a  0.3 b  

90% 4.0 0.10 b 0.28 c 0.16 b 0.59 c 32.8 b 77.5 a 20.9 b 73.4 a 1.4 a 1.2 a 3.5 a 4.4 a 

 5.5 0.88 b 1.72 bc 0.54 b 0.73 c 33.4 b 63.9 ab 24.5 ab 33.7 b 1.3 ab 0.9 b 2.1 b 1.5 bc 

 7.0 4.05 a 3.54 a 3.01 a 2.81 a 45.7 ab 50.5 bc 40.5 a 35.8 b 1.2 ab 1.2 a 1.3 bc 1.2 c 

 8.0 4.41 a 3.14 ab 0.97 b 1.86 b 62.8 a 37.9 c 35.6 ab 69.0 a 1.4 a 1.2 a 0.6 c 2.2 b 

 9.0 0.29 b 0.40 c   41.8 ab 68.3 ab   1.1 b  2.3 b  
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Table 4. Continued. 

a
CON and PF represent conventional farming system and plantation forestry, respectively.  

b
F:B is calculated by dividing the percentage of fungal contribution to N2O production by that of bacterial contribution. 

c
Different letters within each column indicate significant differences of mean values for n = 9 (i.e., three field plots and three 

measurement points) at α = 0.05.  
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Table 5. Total microbial (M), bacterial (B), and fungal (F) CO2 respiration rates, inhibitor additivity ratios (IAR), and fungal-

to-bacterial contribution ratios (F:B) at 80% WFPS and 5 or 4 pH levels in CON and PF ecosystems, respectively
a
. 

Soil pH Respiration rate (nmol g
-1

 soil h
-1

) IAR F:B
b
 

 CON_M CON_B CON_F PF_M PF_B PF_F CON PF CON PF 

4.0 342.1 c
c
 235.2 c 294.2 a 606.7 b 287.3 a 463.6 a 1.6 a 1.5 a 1.3 a 2.1 a 

5.5 419.6 b 223.4 c 254.7 a 632.9 b 238.6 b 305.4 ab   1.4 ab 1.1 b 1.4 a 1.5 a 

7.0 544.2 a 347.5 a 188.5 a 700.4 ab 218.5 b 182.3 b 1.3 b 1.1 b 0.7 b 0.9 c 

8.0 577.6 a 320.3 ab 122.0 b 780.5 a 194.7 b 115.7 c 1.2 b 1.1 b   0.5 bc 0.4 d 

9.0 375.0 bc 263.0 bc 110.5 b    1.2 b  0.4 c  

a
CON and PF represent conventional farming system and plantation forestry, respectively.  

b
F:B is calculated by dividing the percentage of fungal contribution to CO2 respiration by that of bacterial contribution.  

c
Different letters within each column indicate significant differences of mean values for n = 9 (i.e., three field plots and three 

measurement points) at α = 0.05.   
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Figure 1. Soil N2O fluxes in response to different antibiotic treatments at six WFPS levels in 

CON and PF ecosystems. Error bars represent standard errors for n=9 (i.e., three field blocks 

and three measurement points). Different letters within each WFPS indicate significant 

differences at α = 0.05. CON and PF represent conventional farming system and plantation 

forestry, respectively.
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Figure 2. Soil N2O flux rates in response to different antibiotic treatments at five pH levels and 80% WFPS (a) and 90% 

WFPS (b) in CON and four pH levels and 80% WFPS (c) and 90% WFPS (d) in PF. Error bars represent standard errors for 

n=9 (i.e., three field blocks and three measurement points). Different letters within each soil pH level indicate significant 

differences at α = 0.05. CON and PF represent conventional farming system and plantation forestry, respectively.
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Figure 3. (a) Abundances of 16S rDNA, ITS region of rDNA, and ratio of 16S rDNA to ITS 

region of rDNA as affected by different soil pH values in antibiotic-free control in CON. (b) 

Abundances of nirS, nirK, norB and norZ genes as affected by different soil pH values in 

antibiotic-free control in CON. Error bars represent standard errors for n=3. Different letters 

within each gene indicate significant differences at α = 0.05. CON and PF represent 

conventional farming system and plantation forestry, respectively.
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Chapter 4: Fungal and Bacterial N2O Production Regulated by  

Soil Amendments of Simple and Complex Substrates 

 

Abstracts 

Fungal N2O production results from a respiratory denitrification that reduces NO3
-
/NO2

-
 

in response to the oxidation of an electron donor, often organic C substances. Despite the 

same heterotrophic nature, fungal denitrfiers may differ from bacterial ones in terms of 

capability in exploiting resources. We hypothesized that complex C compounds and 

substrates could favor fungal growth over bacteria, and thereby leading to fungal dominance 

for soil N2O emissions. Effects of substrate quality on fungal and bacterial N2O production 

were, therefore, examined in a 44-day laboratory microcosm incubation after soils were 

amended with each of four different substrates, i.e., glucose, cellulose, winter pea, and 

switchgrass. During periodic measurements of soil N2O fluxes at 80% soil water-filled pore 

space and with the supply of KNO3, substrate treatments were further subjected to four 

antibiotic treatments, i.e., no antibiotics or soil addition of streptomycin, cycloheximide or 

both so that fungal and bacterial N2O production could be separated. Pairwise comparisons 

showed that up to d 8, bacterial N2O production was generally greater in glucose- than in 

cellulose-amended soils and so did in winter pea- and switchgrass-amended soils. In contrast, 

fungal N2O production was more enhanced in soils amended with more complex substrates, 

i.e., cellulose and switchgrass for each pair of substrates. Therefore, fungal-to-bacterial 

contribution ratios were greater in complex than in simple C substrates. These ratios were 

positively correlated with fungal-to-bacterial activity ratios, i.e., CO2 production ratios, 
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suggesting that substrate-associated fungal or bacterial preferential growth might be the 

cause. Concerning on substrate depletion over time and thereby becoming a limitation for 

soil N2O fluxes, measurements of soil N2O fluxes were also carried out with additional 

supply of glucose, irrespective of different substrate treatments. This measurement condition 

might lead to potentially high rates of fungal and bacterial N2O production. As expected, 

bacterial N2O production was greater with glucose feeding than with cellulose feeding and 

vice versa for fungal N2O production on d 4 and d 8. However, this pattern was broken on d 

28, with bacterial N2O production lower with glucose feeding than with cellulose feeding. In 

contrast, plant residue impacts on soil N2O fluxes were consistent over 44-d, with greater 

bacterial contribution, lower fungal contribution, and thus lower fungal-to-bacterial 

contribution ratios in winter pea- than switchgrass-amended soils. Real-time PCR analysis 

also supported that the ratios of ITS- to 16S rDNA and denitrifying genes were lower and 

greater, respectively, in winter pea- than switchgrass-amended soils. Despite slight 

inconsistency found on the impacts of cellulose versus glucose on fungal and bacterial 

leading roles for soil N2O emission, the results generally proved the working hypothesis that 

complex substrates promoted fungal dominance for soil N2O emissions.  

 

1. Introduction 

A growing body of evidence supports that fungi can play an important role in soil N2O 

emissions across diverse ecosystems (Chen et al., 2014a; Crenshaw et al., 2008; Laughlin 

and Stevens, 2002; Marusenko et al., 2013; Yanai et al., 2007). However, only recently have 

abiotic factors, such as soil pH, redox potential, and water content gained emphasis on 
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dictating the leading roles of fungi versus bacteria in N2O production. In general, fungi 

dominate bacteria in N2O production under sub-anoxic conditions but vice versa under strict 

anaerobic conditions (Chen et al., 2014b; Seo and DeLaune, 2010). Fungi and bacteria also 

show different pH preferences in leading soil N2O emissions, with fungi prevailing at acidic 

pH and baceria at neutral and alkaline pH (Chen et al., 2014b; Herold et al., 2012). A 

correlation analysis suggests that the relative importance of fungi versus bacteria for soil N2O 

emissions is related to the predominant growth and activity of fungi and bacteria under 

corresponding environmental conditions (Chen et al., 2014b). Despite that substrate quality, 

one of vital abiotic factors that can affect many soil processes, including C and N cycling, is 

known to shape fungal and bacterial growth and activity differently, it has not yet been 

examined in terms of fungal versus bacterial dominance in soil N2O emissions.  

Heterotrophic fungi and bacteria are major decomposers of organic matter in terrestrial 

ecosystems, but they differ in the competitiveness of resource exploitation. It is generally 

believed that bacteria are more competitive than fungi in utilizing simple and readily-

available C compounds, such as glucose, whereas fungi are more driven for complex 

compounds, polymers and substances, such as cellulose, lignin and humus. Paired testing of 

glucose and cellulose effects on fungal and bacterial dynamics has demonstrated that in 

response of glucose feeding, bacteria populated faster and greater than fungi and in the case 

of cellulose feeding, fungi often outgrew bacteria (Meidute et al., 2008; van der Wal et al., 

2006). Such relative differences in resource exploitation can be attributed to morphological 

and physiological differences between fungi and bacteria (Boer et al., 2005; Strickland and 

Rousk, 2010). Unlike the majority of bacteria that are unicellular and coccus- or bacillus-
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shaped, most fungi are multicellular and characterized by long-strand hyphae. This hyphal 

structure gives fungi some advantage over bacteria for accessing substrates that are 

structurally “compacted” and/or physically “occluded”. For example, fungal hyphae are able 

to extend through “micro-voids” into the inner layers of highly-crystalline cellulose, whereas 

bacteria often adhere to the surface of cellulose and occasionally go into the inner layers of 

cellulose if attached to the fungal hyphae via water films (Henis et al., 1961). The hyphal 

growth of fungi can also make direct contact between organisms/hydrolytic cellulase systems 

and cellulose that is in nature often occluded within the complex materials, such as lignin 

(Lynd et al., 2002). Physiologically, bacteria may have higher growth rates than fungi in 

response to the feeding of abundant simple C substrates, and thereby leading to bacterial 

outgrowth over fungi (Poll et al., 2008). Furthermore, by producing antagonistic chemicals, 

such as antibiotics and chitinolytic enzymes, bacteria may inhibit fungal utilization of simple 

C substrates (de Boer et al., 1998; de Boer et al., 2003). Such morphologically and 

physiologically supported differences in preferential growth between fungi and bacteria, 

however, cannot be observed under circumstances. It has been reported that fungi could 

outgrow bacteria for a short period after soil was amended with glucose at a high 

concentration (e.g., > 10 mg C g
-1

 soil), perhaps due to inhibition of glucose-induced osmotic 

pressure on bacteria or insufficient N to meet bacterial growth (Griffiths et al., 1999; 

Reischke et al., 2014). Also, bacterial dominance over fungi has been observed for a short 

period following soil addition of cellulose (Hu and Van Bruggen, 1997). Nonetheless, fungal 

and bacterial preferential growth in response to cellulose and glucose, respecivley, shold be 
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observed over a prolonged incubation, such as a few weeks (Griffiths et al., 1999; Hu and 

Van Bruggen, 1997; Reischke et al., 2014). 

All the plant materials contain a suite of simple and complex compounds, but 

proportions of individual compounds vary with plant types (Hadas et al., 2004). Hence, plant 

materials can dictate fungal or bacterial dominance in the decomposition. It has been shown 

that fundal-to-bacterial biomass ratios determined using a microscopy method were about 7-9 

times greater in soils amended with plant materials of high C:N ratios than those of low C:N 

ratios (Bossuyt et al., 2001; Thiet et al., 2006). Besides less readily available C compounds, 

less available N may account for fungal dominance in soils amended with plant materials of 

high C:N ratios (Bossuyt et al., 2001). A two-phase model has been used to describe the 

decomposition of plant materials, and the early phase decomposition is mainly regulated by 

C as well as N availability, imparted often by plant C:N ratios (Berg, 1984). Several studies 

have demonstrated that bacterial dominance occurs when decomposing plant materials with 

low C:N, whereas fungal growth were more enhanced by plant materials with high C:N ratios 

(Henriksen and Breland, 1999; Poll et al., 2008; Rousk and Bååth, 2007). Although both C 

and N availability can affect fungal dominance over bacteria or vice versa, C availability in 

plant materials as determined by solubility and inaccessibility may be more critical. Rousk 

and Bååth (2007) showed that effects of plant materials of different C:N ratios on fungal and 

bacterial dominance kept unchanged after inorgnaic N was used to compensate N content 

differences in plant materials.  

Fungal denitrification and thus N2O production have been deemed as a formate-

dependent pathway, in which the oxidation of formate is couple with the reduction of NO3
-
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/NO2
-
 for ATP synthesis (Kuwazaki et al., 2003; Uchimura et al., 2002). Direct application of 

simple compounds, such as formate and acetate has been found to stimulate fungal N2O 

production (Laughlin et al., 2009; Ma et al., 2008). While these compounds can be produced 

through degradation of organic materials by fungi, the degree of supply relies on substrate 

quality and associated competitiveness between fungi and bacteria. Here, we hypothesized 

that complex C compounds and substrates could favor fungal growth over bacteria, and 

thereby leading to fungal dominance over bacteria for soil N2O emissions. Therefore, the 

regulatory roles of substrate quality on fungal dominance over bacteria for soil N2O 

emissions or vice versa were expected to be predictable based on the overall activity and 

population abundance of respective microbial groups.  

 

2. Materials and methods  

2.1 Soil Sampling  

Soil samples were collected from a conventional cash cropping system, one of five 

farming systems at the Center for Environmental Farming Systems (35˚22’48’’ N, 78˚02’36’’ 

W), established in 1999 in Goldsboro, North Carolina, USA. The five farming systems were 

arranged into three blocks based on a completely randomized block design. Soil type was 

Tarboro loamy sand (mixed, thermic Typic Udipsamment; 73% sand, 26% silt, and 1% clay) 

in one block and Wickham sandy loam (fine-loamy, mixed, semiactive, thermic Typic 

Hapludult; 58% sand, 34% silt, and 8% clay) in the other two blocks. Information on plot 

size, fertilization, crop species, and farming management has been given previously (Tian et 

al., 2010). We took an approach of soil sampling and preparation, which was considered to 
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exclude mycorrhizal fungi and to minimize the disturbance on soil microbial community 

(Chen et al., 2014a). Briefly, eighty soil cores (2.5 cm diameter × 10 cm height) were 

randomly collected in September 2013 from each plot and pooled to form a composite soil 

sample. Soil was sieved (< 2 mm) and then stored at 4 °C prior to microcosm experiments. 

Soil samples had pH 5.5 and contained 10.8 mg total C g
-1

 soil, 0.9 mg total N g
-1

 soil, 1.9 µg 

inorganic N g
-1

 soil, 174.5 µg microbial biomass C g
-1

 soil, and 21.7 µg microbial biomass N 

g
-1

 soil. 

 

2.2. Microcosm experimental setup 

Two pairs of substrate treatments were used to examine the effects of simple and 

complex organics on fungal and bacterial N2O production, including glucose versus cellulose 

and winter pea (C/N = 13) versus switchgrass (C/N = 65). Plant residues were oven-dried at 

65 
o
C for 72 h and then ground to pass through a 2-mm sieve. Soil without the addition of 

any organics was used as a control to help evaluate substrate-induced microbial growth. Soils 

(20 g dry weight equivalent) were mixed with each substrate (equivalent to 2 mg C g
-1

 soil) 

in a 120-ml amber jar (5.5 cm inner diameter × 6.5 cm height), and packed to a bulk density 

of 1.1 g cm
-3

, assuming that soil particle density was 2.65 g cm
-3

. Following the addition of 2 

mL distilled water, the microcosm was incubated at room temperature (23 ± 2 ºC). The soil 

water content was regularly checked and maintained at 60% water-filled pore space (WFPS) 

by adding distilled water if necessary. 

Fungal and bacterial contributions to N2O production were measured periodically at 4, 8, 

16, 28, 44 days following substrate amendments. At each time, four microcosms from each 
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substrate treatment were subjected to four antibiotic treatments, respectively, including (1) 

antibiotic-free control, no antibiotic addition; (2) streptomycin, soil with the addition of 

streptomycin at 1.0 mg g
-1

 soil; (3) cycloheximide, soil with the addition of cycloheximide at 

2.0 mg g
-1

 soil; and (4) both, soil with the addition of both streptomycin and cycloheximide. 

These antibiotic concentrations were used because of little non-target effects (Chen et al., 

2014a). 

Measurements of soil N2O fluxes were also carried out under two conditions that 

provided NO3
-
 or NO3

-
 plus glucose, respectively. In experiment 1, soils were amended with 

KNO3 (100 μg N g
-1

 soil) together with respective antibiotics.  In experiment 2, soils were 

also amended with glucose (2 mg C g
-1

 soil) besides KNO3 (100 μg N g
-1

 soil) and respective 

antibiotics. All the chemicals were dissolved in 2 mL distilled water and added dropwise to 

soil, leading to 80% WFPS. Then, soils were pre-incubated overnight at 4 ºC in a refrigerator 

to allow for antibiotics and NO3
-
 diffusion into soil pores. For each experiment, there were a 

total of 300 microcosms, representing three replicates (i.e., field blocks), five substrate 

treatments, four antibiotic treatments, and five sampling times. 

 

2.3. Headspace gas sampling and measurement  

Twelve h after pre-incubated soils were taken out of refrigerator and incubated at room 

temperature (23 ± 2 ºC), amber jars were screw capped with rubber septa for two hours and 

then 3-ml gas samples were withdrawn from the headspaces using gas-tight push button 

syringes. Our preliminary experiment showed that headspace N2O and CO2 concentrations 

were a linear function of time during the two-hour period. The N2O concentrations in the gas 
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samples were analyzed using an Agilent 6890 gas chromatograph equipped with an electron 

capture detector (Agilent technologies, Palo Alto, CA, USA). The CO2 concentrations in the 

gas samples were determined using an infrared gas analyzer LI-840A (LI-COR, Lincoln, NE, 

USA). Soil N2O or CO2 fluxes (nmol g
-1

 soil h
-1

) in the headspace were calculated from the 

equation: 
tmr

VCC airsample



 )(
, where Csample and Cair are the N2O (or CO2) concentrations of 

the sample and the air (ppmv), respectively; V is the volume of headspace (mL); r is the 

molar volume at 25 
o
C and 1 atm. (24.436 L mol

-1
), m is the dry weight of soil (g), and t is 

the incubation time (h).  

Fungal contribution to soil N2O (or CO2) fluxes was estimated by the equation: 

DA

BA



 )(100
, where A is soil N2O (or CO2) fluxes in the antibiotic-free control, and B or D 

represent soil N2O (or CO2) fluxes in soil treated with cycloheximide or both streptomycin 

and cycloheximide, respectively. This equation was also used to calculate bacterial 

contribution by replacing B with soil N2O (or CO2) fluxes in streptomycin-treated soils. 

The inhibitor additivity ratio (IAR) was used to evaluate whether antibiotics exerted 

non-target effects (Beare et al., 1990). It was estimated by the equation: 
)(

)()(

DA

CABA




, 

where A, B, C, and D represent N2O (or CO2) fluxes in antibiotic-free control, 

cycloheximide-amended soil, streptomycin-amended soil, and both antibiotics-amended soil, 

respectively. An IAR of ~ 1.0 indicated that inhibitory effects of streptomycin and 

cycloheximide were not overlapped.   
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2.4. Bacterial and fungal abundance  

Effects of substrate treatments (i.e., simple versus complex organic compounds) on soil 

fungal and bacterial abundance were examined using a quantitative real-time PCR approach. 

After gas sampling, 0.5 g soils were taken from antibiotic-free microcosms in experiment 1 

for genomic DNA extraction using a FastDNA SPIN kit (MP Bio, Solon, OH, USA). Soil 

DNA quality and size were checked by electrophoresis on a 1% agarose gel. DNA 

concentration was determined using a nanodrop spectrophotometer (Thermo Scientific, 

Wilmington, DE, USA). 

Quantitative real-time PCR was performed on each soil DNA sample with three 

analytical replicates (CFX96 Real-Time PCR Detection System, Bio-Rad, Hercules, CA, 

USA) to determine the copy numbers of 16S rDNA, ITS (internal transcribed spacer) region 

of rDNA, and nirS, nirK, and norB genes using the primers given in Table 1, which were 

considered as the surrogates of the abundances of soil bacteria, fungi, and bacterial 

denitrifiers, respectively. A 20 µL qPCR reaction contained 4 µL of template DNA (0.2-0.6 

ng µL
-1

), 10 µL 1X SsoAdvanced 
TM

 SYBR Green Supermix (Bio-Rad, Hercules, CA, USA), 

and 3 µL of each primer whose concentration was based on respective references (Table 1). 

All the qPCR reactions were initiated at 98 
o
C for 2 min, followed by a number of touchdown 

cycles and/or regular PCR cycles as specified in Table 1. The specificity of the qPCR 

reactions was determined by melting curve analysis (60 
o
C - 95

 o
C) and 1% agarose gel 

electrophoresis. 

The standard curve for determining the gene copy number was made with the agarose-

gel-purified PCR products based upon the method of Zhang et al. (2011). Briefly, respective 
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PCR products were run on a 1% low-melting agarose gel. Then, gel bands corresponding to 

the expected amplicon sizes were excised and DNA was extracted using a gel extraction kit 

(Qiagen, Valencia, CA, USA). The DNA concentrations of extracted PCR products were 

quantified using a nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 

Number of gene copies per µL of the PCR product (i.e., the standard) was calculated by the 

equation: 
DC

BA




, where A is the concentration of the PCR product (ng µL

-1
), B is the 

Avogadro number (i.e., 6.023 × 10
23

 copies mol
-1

), C is the average molecular weight of a 

DNA base pair (i.e., 6.6×10
11

 ng mol
-1

), and D is the respective PCR amplicon size given in 

Table 1. Serial dilutions of PCR products of known copy numbers were amplified in 

triplicate together with samples. A standard curve was constructed by plotting the logarithm 

of the copy numbers against the mean threshold cycles. 

 

2.5. Data analysis 

Analysis of variance (ANOVA) of a completely randomized block design (SAS 9.3, 

SAS Institute Inc. Cary, NC, USA) was used to assess the significant differences (P < 0.05) 

in soil N2O and CO2 flux rates among four antibiotic treatments. Paired t-tests were 

performed to evaluate the significant differences (P < 0.05) in soil N2O and CO2 flux rates, 

fungal and bacterial contributions to soil N2O and CO2 flux rates, and the abundances of soil 

bacteria, fungi, and bacterial denitrifiers between paired substrate treatments, i.e. glucose 

versus cellulose, and winter pea versus switchgrass. All the data sets were tested for normal 
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distribution and homoscedasticity. If data were non-normal and/or heteroscedastic, they were 

log transformed prior to statistical analysis. 

 

3. Results 

3.1. Soil N2O and CO2 fluxes in response to antibiotic treatments  

When measurements were performed under sufficient KNO3 (i.e., experiment 1), 

antibiotic additions did not exert any inhibitory effects on N2O and CO2 flux rates in control 

soil (i.e., no substrate addition) (Fig. 1), indicating that there was little growing biomass. In 

contrast, the addition of streptomycin, cycloheximide, or both significantly reduced soil N2O 

and CO2 flux rates (P < 0.05) in soils amended with glucose, cellulose, winter pea, and 

switchgrass on d 4 and d 8 (Fig. 1). However, on d 16 and thereafter, antibiotic additions 

generated little inhibitory effects and even slight stimulations (data not shown), suggesting 

that growing biomass was reduced back to the control level due to the exhaustion of organic 

C and/or that antibiotics served as readily-available C to sustain growing biomass. 

Nonetheless, soil N2O and CO2 flux rates in all the substrate treatments (glucose, cellulose, 

winter pea and switchgrass) were comparable between antibiotic-free soil and soil with the 

addition of both streptomycin and cycloheximide. This indicated that antibiotics were almost 

100% effective in inhibiting fungal and bacterial growth in our study.   

When measurements were achieved under the addition of both KNO3 and glucose (i.e., 

experiment 2), antibiotic additions showed inhibitory effects on N2O and CO2 flux rates in 

control soil (i.e., no substrate addition) (Fig. 2), indicating that the use of glucose during 

measurements could quickly stimulate microbial activity. Hence, the use of glucose allowed 
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for examination on inhibitory effects of antibiotics on soil N2O and CO2 fluxes at the late 

stage of incubation, as evidenced by significant antibiotic treatment effects throughout the 

entire incubation (Fig. 2).  

 

3.2. Fungal and bacterial contributions to soil N2O and CO2 fluxes in experiment 1  

In general, fungi and bacteria contributed unequally to soil N2O fluxes between paired 

substrate treatments (Fig. 3A, B). On d 4, bacterial contribution was greater in glucose- than 

in cellulose-amended soils, and so was in winter pea- than in switchgrass-amended soils (P < 

0.05) (Fig. 3A). In contrast, fungal contribution was greater in cellulose- than in glucose-

amended soils (P < 0.05), and was statistically comparable between winter pea- and 

switchgrass-amended soils (Fig. 3A). On d 8, however, such imbalanced contributions 

between paired substrate treatments became statistically insignificant (Fig. 3B). Nevertheless, 

paired t-tests of compiled data on d 4 and d 8 supported that fungal-to-bacterial contribution 

ratios were greater in cellulose- than in glucose-amended soils and also in switchgrass- than 

in winter pea-amended soils (P < 0.05) (Fig. 3A, B). Similarly, fungal and bacterial 

contributions to soil CO2 fluxes differed between paired substrate treatments (Fig. 3C, D). On 

d 4, for example, bacterial contribution was greater in glucose- than in cellulose-amended 

soils (P < 0.05) (Fig. 3C). While differences in bacterial and fungal contribution were not 

always statistically significant between paired substrate treatments, fungal-to-bacterial 

contribution ratio was generally greater in complex- than in simple-substrate amended soils 

(Fig. 3C, D). These contribution ratios for soil CO2 fluxes were positively correlated with 

those for soil N2O fluxes (P < 0.05).  
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There were large variations in total soil N2O and CO2 fluxes among different substrate 

treatments, being greatest in winter pea- and/or glucose-amended soil (Fig. 3). However, the 

percentage of reduction in soil N2O and CO2 fluxes caused by soil addition of both 

streptomycin and cycloheximide were similar. Furthermore, IAR values congregated around 

1.0 (Fig. 3). Together, these data indicated that streptomycin and cycloheximide were 

effective in inhibiting bacterial and fungal growth, respectively and exerted little effects on 

non-target organisms, i.e., fungi and bacteria, respectively.   

 

3.3. Fungal and bacterial contributions to soil N2O and CO2 fluxes in experiment 2 

Pairwise comparison between glucose and cellulose treatments indicated significant 

interactions between sampling time and substrate type (P < 0.05). , During the early stage of 

incubation (i.e., d 4 and 8), bacterial contributions to N2O were significantly lower in 

cellulose- than in glucose-amended soils (P < 0.05) (Fig. 4A). On d 28, however, bacterial 

contributions were greater in cellulose- than glucose-amended soils. At these sampling times, 

effects of cellulose versus glucose on fungal contributions were in contrast to those of 

bacteria (Fig. 4B). As a result, fungal-to-bacterial contribution ratios were higher and lower 

on d 4 and d 28, respectively, in cellulose- than in glucose-amended soils (Fig. 4C). On d 16 

and 44, there were no significant differences in bacterial and fungal contributions as well as 

fungal-to-bacterial contribution ratios between glucose- and cellulose-amended soils (Fig. 

4A, B, C).  

 Relative effects of winter pea and switchgrass on soil N2O fluxes were consistent over 

the incubation period, with greater tendency in bacterial and fungal contributions for winter 



 

110 

 

pea and switchgrass, respectively, although these contributions were not statistically 

significant at all the sampling times (Fig. 4D, E). Consequently, fungal-to-bacterial 

contribution ratios were statistically greater in switchgrass- than in winter pea-amended soils 

on d 16 and 28 (Fig. 4F). Using combined data from five sampling times, paired t-tests 

substantiated greater bacterial contributions, but lower fungal contributions and fungal-to-

bacterial contribution ratios in winter pea- than switchgrass-amended soils (P < 0.05) 

(Fig.4D, E, F).  

In terms of relative impacts of paired substrates (i.e., glucose versus cellulose, and 

winter pea versus switchgrass) on CO2 fluxes, however, bacterial and fungal contributions 

were opposite to those of N2O fluxes (Fig. 5).  On d 8, compared to cellulose-amended soil, 

glucose-amended soil showed greater bacterial contributions, but lower fungal contributions 

(P < 0.05) (Fig. 5A, B), thereby leading to a greater fungal-to-bacterial contribution ratio 

(Fig. 5C). For other sampling times, there were no significant differences between glucose- 

and cellulose-amended soils  in bacterial and fungal contributions (Fig. 5A, B), except that 

the fungal-to-bacterial contribution ratio was significantly higher in cellulose- than glucose-

amended soil on d 28 (P < 0.05) (Fig. 5C). Also, there were no significant differences 

between winter pea- and switchgrass-amended soils in bacterial and fungal contributions and 

fungal-to-bacterial contribution ratios at five sampling times (Fig. 5D, E, F). Similar to 

experiment 1, the percentage of reduction in soil NO2 and CO2 fluxes for the treatment of 

both antibiotics addition were comparable between control soil and soils with substrate 

additions, except that on d 16, 28 and 44, CO2 fluxes in control soil were lower than in winter 

pea- or switchgrass-amended soils (P < 0.05) (Table 2). However, IAR values were around 
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1.0, regardless of sampling times and substrate types, indicating that antibiotics had no non-

target effects.   

 

3.4. Effects of substrate amendment on bacterial and fungal abundances 

Bacterial and fungal abundances were greater in cellulose- than in glucose-amended 

soils on d 16 and 28, respectively (P < 0.05) (Fig. 6A, B). However, fungal-to-bacterial 

contribution ratios were lower in cellulose- than in glucose-amended soil on d 4 and 16 (P < 

0.05) (Fig. 6C). Relative effects of winter pea and switchgrass were more consistent across 

sampling times, with greater bacterial and fungal abundances in winter pea, except for no 

differences in bacterial abundance on d 4 and 16, and in fungal abundance on d 28 and 44 

(Fig. 6 D, E). Yet, fungal-to-bacterial abundance ratios were greater in switchgrass- than in 

winter pea-amended soils on d 8 and d 28 (Fig. 6F). Again, using combined data from five 

sampling times, paired t-tests showed that both bacterial and fungal abundances were 

significantly greater in winter pea- than switchgrass-amended soils (P < 0.05), but fungal-to-

bacterial abundance ratios were greater in soil subjected to switchgrass amendment (P < 

0.05). 

There were no significant differences in the abundances of nirS, nirK, and norB genes 

between glucose and cellulose treatments across five sampling times (Fig. 7A, B, C). 

However, the copy numbers of nirS, nirK, and norB genes were greater in winter pea- than 

in switchgrass-amended soils (P < 0.05) (Fig. 7D, E, and F), agreed with paired t-tests using 

combined data from five sampling times.   
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4. Discussion 

It was my working hypothesis that fungi could dominate bacteria for soil N2O emissions 

with the feeding of complex organic substrates and vice versa with the feeding of simple 

organic substrates. This hypothesis was underpinned by a more widely-held assumption that 

substrate quality could considerably modify soil microbial community composition, with 

more complex substrates favoring fungal growth and activity over bacterial ones. While the 

hypothesis was substantiated by the observation that fungal-to-bacterial N2O production 

ratios were greater in soils amended with more complex substrates (i.e., cellulose and 

switchgrass) than in simple substrates (i.e., glucose and Austrian winter pea), the assumption 

underpinning the hypothesis were not fully supported by the data generated from microbial 

CO2 respiration and qPCR.  

 

4.1. Linkage between fungal dominance in soil N2O and CO2 emissions 

As expected, fungal dominance in soil N2O emissions occurred in more complex 

substrates over almost all the sampling times, except that on d 28, the fungal-to-bacterial N2O 

production ratio was lower in cellulose- than in glucose-amended soils. However, a bacteria-

dominant community could be formulated at some stage of cellulose degradation when 

bacteria competitively scavenged hydrolytic products of cellulose. As observed by Meidute 

et al. (2008), fungal growth lasted for about three weeks following soil addition of cellulose, 

and then bacterial growth became significant due to competitive utilization of simple 

compounds released from fungal degradation of cellulose. Such a synergistic interaction 

between fungi and bacteria in utilizing cellulose suggests that fungi could provide bacteria 



 

113 

 

with readily-available C sources that could be acquired quickly by bacteria themselves 

(Romaní et al., 2006). Nonetheless, the observed dynamics of fungal-to-bacterial N2O 

production ratios were aligned with the assumed relative abundance of fungi versus bacteria 

in response to substrates of different qualities.   

Critical evidence supporting the alignment between fungal dominance in soil N2O 

emissions and in overall microbial activity should be the positive linkage between fungal-to-

bacterial ratios in N2O production and CO2 respiration. It should be noted that soil CO2 

fluxes resulted from both aerobic and anaerobic respiration, because the experiment was 

conducted at 80% water-filled pore paces and thus average O2 level was around 4.5%, the 

concentration that could trigger, but was not the optimal for, the activity of anaerobic 

microbes (Bouwman, 1998). Certainly, O2 levels in micro- and macro-sites were more 

important in affecting aerobic and anaerobic microbial contributions to soil CO2 fluxes. 

However, given that denitrifiers often account for a small fraction of total soil microbes 

(Čuhel et al., 2010; Kandeler et al., 2006), it is reasonably assumed that N2O-producing fungi 

and bacteria contributed proportionally, but not majorly to soil CO2 fluxes. Hence, only when 

N2O-producing fungi and bacteria in response to substrate quality were similar to other 

fungal and bacterial decomposers, the positive correlation between fungal-to-bacterial 

production ratios in N2O and CO2 could be realized. The fact that the two ratios were 

positively correlated in the experiment 1 indicated that N2O-producing fungi were more 

capable of acquiring C and energy from complex substrates than bacterial denitrifiers.  

It was expected that glucose addition during measurement (experiment 2) would further 

selectively improve bacterial activity and this improvement would be greater in soils with 
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larger than smaller bacterial biomass. Based on inferences that bacterial biomass was larger 

in soils amended with glucose and winter pea than with cellulose and switchgrass, 

respectively, greater bacterial CO2 respiration would be seen in former substrates-amended 

soils. Thus, the positive linkage between fungal-to-bacterial ratios in soil N2O emission and 

CO2 respiration would be stronger under conditions with glucose addition during 

measurement (experiment 2) than those without glucose addition (experiment 1). However, 

this expectation was failed by the observations that bacterial contribution to CO2 respiration 

was greater in cellulose- than in glucose-amended soils and thus fungal-to-bacterial CO2 

production ratios was lower in cellulose-amended soils during the early days of incubation. A 

possible explanation might be that CO2 respiration dynamics within 12 h following glucose 

addition differed considerably between soils with large and small bacterial biomass and 

therefore CO2 respiration measurement within 2 h did not represent the overall bacterial 

activity. As shown by Blagodatskaya et al. (2014), glucose could be metalized immediately 

in soil with a large proportion of active and growing biomass, but several hours later in soil 

with a small proportion of active and growth biomass. The authors indicated that lag period 

between CO2 respiration and glucose addition were negatively correlated with the amount of 

active and growing biomass. In our study, it was likely that degradation of added glucose and 

thus CO2 respiration rate peaked much earlier in glucose-amended soils than in cellulose-

amended soils. Thus, the measurement conducted near the end of 12 h following glucose 

addition might cause biases for evaluating bacterial CO2 respiration, favoring soils with low 

active and growing biomass, i.e., cellulose treatment. Nevertheless, the decoupled or negative 

relationship between fungal-to-bacterial production ratios in N2O and CO2 suggested that 
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measurement time and glucose addition during measurement had great impacts on most 

heterotrophic microbes, but little on N2O-porducing microbes.  

 

4.2. Linkage between fungal dominance in soil N2O emissions and fungal abundance  

Additional evidence supporting that substrate quality could affect prevailing growth of 

fungi and bacteria and thereby affecting N2O production would be the positive correlation 

between fungal-to-bacterial ratios in N2O production and in population size. However, qPCR 

data revealed the opposite of the expectation when comparing glucose- and cellulose-

amended soils, with greater ratios of ITS copy numbers to 16S rDNA copy numbers in 

glucose-amended soils. It should be noted that gene copy numbers do not fully equate to the 

population density, because one genome may contain variable numbers of 16S rDNA and 

ITS regions (Fogel et al., 1999). The 16S rDNA copies per bacterial genome are found to be 

in the range of 1-15 (Klappenbach et al., 2000), and ITS copies per fungal genome can be up 

to 250 (Bellemain et al., 2010). Such variations depend on fungal and bacterial taxa as well 

as physiological states (Klappenbach et al., 2000; Větrovský and Baldrian, 2013). For 

example, bacteria responding to resource quickly may contain an average of 5.5 copies of 

16S rDNA per genome, whereas bacteria responding slowly only have an average of 1.4 

copies (Klappenbach et al., 2000). Based on currently-available bacterial genomes, 

Větrovský and Baldrian (2013) calculated 4.5 copies of 16S rDNA per genome on average. 

Yet, authors showed that 15% of genomes contained a single copy, whereas 21% contained 

two copies and 3-7 copies were frequently found. It seems that copy number of 16S rDNA 

per genome in cellulolytic bacteria was in the upper range compared to other bacteria  
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(Klappenbach et al., 2001; Lynd et al., 2002), probably due to more complex genomes 

required for cellulose-decomposing activity. Given that cellulose addition might increase the 

selection pressure for cellulolytic bacteria, it should be not surprising to observe greater copy 

numbers of 16S rDNA in cellulose- than in glucose-amended soils. Consequently, using 16S 

rDNA copy number to compare bacterial abundance between glucose- and cellulose-

amended soils might be unreliable.   

Plant materials contain a suite of chemical compounds and such substrate diversity may 

help promote microbial taxon diversity. As a result, differences in selectivity on specific taxa 

between glucose and cellulose were likely relieved to some degree, making the copy number 

of 16S rDNA and ITS per genome in soils amended with winter pea and switchgrass more 

close to the average number. The result that fungal-to-bacterial qPCR ratios were greater in 

switchgrass- than in winter pea-amended soils suggested that copy number might be suitable 

to indicate fungal and bacterial leading roles in soil N2O emissions when comparing effects 

of plant materials.  

Unlike 16S rDNA and ITS regions, genes involved in bacterial denitrification, i.e., nirK, 

nirS and norB are single copies per genome (Kandeler et al., 2006). Thus, qPCR of these 

genes may reflect the selection of simple substrates over complex ones for bacteria. In fact, 

the qPCR of nirS, nirK, and norB were all greater in winter pea- than in switchgrass-

amended soils. However, the selection of glucose over cellulose for denitrifying bacteria was 

not observed. Our results suggest that greater N availability may also help selection of 

bacteria over fungi in winter pea-amended soils.  
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4.3. Conclusions 

Despite that N2O-producing fungi and bacteria accounts for a small fraction of the soil 

microbial community, their responses to substrate availability and thus synergistic and 

competitive interactions were similar to other heterotrophic microbes. Compared to simple 

and readily available organic substances, complex ones enhanced fungal dominance in soil 

N2O emissions. However, cautions need to be taken when assessing fungal dominance over 

bacteria one for soil N2O emissions based on other microbial parameters, such as CO2 

respiration and qPCR. Nonetheless, this study indicates a potential role of agricultural 

wastes, such as crop residues in regulating fungal and bacterial N2O production.  
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Table 1. Primers and qPCR conditions for the real-time PCR quantifications of 16S rDNA, ITS region of rDNA, nirS, nirK 

and norB genes extracted from antibiotic-free soils under KNO3 addition affected by different substrate treatments at five 

sampling times.  

Target 

genes 

Primers (sequences) and fragment size
a
 qPCR conditions

b
 References 

16S rDNA F: Eub338 (ACTCCTACGGGAGGCAGCAG) 

R: Eub518 (ATTACCGCGGCTGCTGG) 

S: 200 bp 

40 CL: 98 
o
C for 10 s, 53 

o
C for 30 s, & 72 

o
C for 

30 s 

(Fierer et 

al., 2005) 

ITS F: 5.8S (CGCTGCGTTCTTCATCG) 

R: ITS1f (TCCGTAGGTGAACCTGCGG) 

S: 300 bp  

Same as 16S rDNA (Fierer et 

al., 2005) 

nirS F: nirSCd3aF (AACGYSAAGGARACSGG) 

R: nirSR3cd 

(GASTTCGGRTGSGTCTTSAYGAA) 

S: 425 bp 

Six TD CL: 98 
o
C for 10 s, 63 

o
C for 30 s, & 72 

o
C 

for 30 s with AT  dropped by 1 
o
C CL

-1
 to 58

 o
C 

40 CL: 98 
o
C for 10 s, 58 

o
C for 30 s, & 72 

o
C for 

30 s 

(Kandeler 

et al., 

2006) 

nirK F: nirK876 (ATYGGCGGVAYGGCGA) 

R: nirK1040 (GCCTCGATCAGRTTRTGGTT) 

S: 165 bp 

Same as nirS (Henry et 

al., 2004) 
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Table 1. Continued. 

norB F: norB1F (CGNGARTTYCTSGARCARCC) 

R: norB8R (CRTADGCVCCRWAGAAVGC) 

S: 669 bp 

40 CL: 98 
o
C for 10 s, 55 

o
C for 30 s, & 72 

o
C for 

30 s 

(Casciotti 

and Ward, 

2005) 

a
F, R, and S stands for forward, reverse, and size, respectively. 

b
CL, TD, AT are short for cycles, touchdown, and annealing temperature, respectively.   
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Table 2. The percentage of reduction in gas (N2O or CO2) fluxes caused by use of both streptomycin and cycloheximide 

(Both), and the inhibitor additivity ratios (IAR) of control soil and soil amended with different substrates at five sampling 

times.  

    Both (%) IAR 

  Time (Day) 4 8 16 28 44 4 8 16 28 44 

N2O 

Control 66.2 a
a
 72.9 a 64.2 a 71.3 a 68.0 a 1.04 a 1.03 a 1.01 a 1.00 a 1.02 a 

Glucose 80.1 a 71.1 a 73.5 a 71.3 a 69.3 a 0.98 a 1.05 a 1.05 a 1.08 a 1.02 a 

Cellulose 70.6 a 68.4 a 64.6 a 65.1 a 72.8 a 0.95 a 0.96 a 1.01 a 1.07 a 0.97 a 

Winter pea 67.2 a 73.0 a 60.0 a 72.9 a 68.4 a 1.01 a 1.06 a 1.00 a 1.01 a 1.04 a 

Switchgrass 74.2 a 75.7 a 63.8 a 74.9 a 60.8 a 0.99 a 1.05 a 1.08 a 1.08 a 0.97 a 

CO2 

Control 64.5 a 65.6 a 54.8 b 59.7 b 55.8 b 1.05 a 1.06 a 1.05 a 1.08 a 1.03 a 

Glucose 82.2 a 80.2 a 58.5 ab 63.1 ab 76.3 ab 1.07 a 1.03 a 1.00 a 1.05 a 1.07 a 

Cellulose 67.1 a 77.6 a 63.4 ab 70.0 ab 77.7 ab 1.05 a 1.08 a 1.00 a 1.03 a 1.09 a 

Winter pea 73.4 a 71.7 a 66.7 ab 76.9 a 80.8 a 1.05 a 1.00 a 1.00 a 1.11 a 1.11 a 

Switchgrass 76.7 a 67.9 a 70.8 a 63.9 ab 73.8 ab 1.02 a 0.97 a 1.02 a 0.98 a 0.99 a 

a
Different letters within each column indicate significant differences of mean values for n = 3 at α = 0.05.
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Figure 1. Effects of antibiotic treatments on soil N2O or CO2 flux rates four and eight d after soil amendments of organic 

compounds of different complexities. Measurements of soil N2O and CO2 fluxes were performed under addition of KNO3 at 

100 µg N g
-1

 soil.   
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Figure 2. Effects of antibiotic treatments on soil N2O or CO2 flux rates during 44 d 

incubation after soil amendments of organic compounds of different complexities. 

Measurements of soil N2O and CO2 fluxes were achieved under the addition of both KNO3 at 

100 µg N g
-1

 soil and glucose at 2 mg C g
-1

 soil.   
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Figure 3. Effects of substrate treatments on the relative activity of total gas (N2O or CO2) 

flux rates, the percentage of bacterial (% Bacteria) or fungal (% Fungi) contributions to flux 

rates, the fungal-to-bacterial contribution ratio (F:B), the percentage of reduction in gas (N2O 

or CO2) fluxes caused by use of both streptomycin and cycloheximide (% Both), and the 

inhibitor additivity ratios (IAR). All data were normalized to glucose values, which were set 

to one. Measurements were performed under addition of KNO3 at 100 µg N g
-1

 soil. A and B 

represent data for N2O fluxes on d 4 and d 8, respectively, whereas C and D are for CO2 data 

on d 4 and d 8, respectively.   
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Figure 4. Effects of soil amendments of different complexities on the percentages of bacterial 

(A, D) or fungal (B, E) contributions to soil N2O flux rates and fungal-to-bacterial 

contribution ratios (C, F). A, B, and C are for soils amended with glucose and cellulose, 

whereas C, D, and F are for soils amended with winter pea and switchgrass. Measurements 

were achieved under addition of both KNO3 at 100 µg N g
-1

 soil and glucose at 2 mg C g
-1

 

soil. Error bars represent standard errors for n=3. Asterisks indicate significant differences 

between paired substrate treatments at α = 0.05. 
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Figure 5. Effects of soil amendments of different complexities on the percentages of bacterial 

(A, D) or fungal (B, E) contributions to soil CO2 flux rates and fungal-to-bacterial 

contribution ratios (C, F). A, B, and C are for soils amended with glucose and cellulose, 

whereas C, D, and F are for soils amended with winter pea and switchgrass. Measurements 

were achieved under addition of both KNO3 at 100 µg N g
-1

 soil and glucose at 2 mg C g
-1

 

soil. Error bars represent standard errors for n=3. Asterisks indicate significant differences 

between paired substrate treatments at α = 0.05. 
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Figure 6. Effects of soil amendments of different complexities on gene copy numbers of 16S 

rDNA (A, D) and ITS region of rDNA (B, E) and the ratios of ITS- to 16S rDNA-copy 

numbers (C, F). Measurements were done in antibiotic-free soils under KNO3 addition. A, B, 

and C are for soils amended with glucose and cellulose, whereas B, E, and F are for soils 

amended with winter pea and switchgrass. Error bars represent standard errors for n=3. 

Asterisks indicate significant differences between paired substrate treatments at α = 0.05. 
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Figure 7. Effects of soil amendments of different complexities on gene copy numbers of nirS 

(A, D), nirK (B, E) and norB (C, F). Measurements were done in antibiotic-free soils under 

KNO3 addition. A, B, and C are for soils amended with glucose and cellulose, whereas B, E, 

and F are for soils amended with winter pea and switchgrass. Error bars represent standard 

errors for n=3. Asterisks indicate significant differences between paired substrate treatments 

at α = 0.05. 
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Chapter 5: Conclusions and Future Research Direction 

 

This research addressed a fundamental question: if fungi could play key roles in soil 

N2O emissions across diverse agroecosystems. It also provided a fundamental understanding 

of ecological niches where fungi dominated over bacteria in soil N2O emissions. Specifically, 

abiotic factors, soil pH, water content and substrate availability were investigated for 

regulations on leading roles of fungi and bacteria in soil N2O emissions.  

Fungal and bacterial N2O production were determined using antibiotic selective inhibition 

techniques in five agroecosystems, including conventional farming, organic farming, 

integrated crop and livestock system, forest plantation, and abandoned agriculture field 

subjected to natural regeneration. Across all the ecosystems, fungi contributed at least 40% 

of total soil N2O fluxes under experiment conditions, i.e., 80% soil water-filled pore space, ~ 

23 ºC ,and supply with glucose and KNO3. The quantitative information regarding fungal and 

bacterial contribution to soil N2O emissions indicated that fungal N2O production is more 

prevalent than previously thought.  

Effects of pH and moisture content on fungal N2O production were also assessed using 

antibiotic selective inhibition techniques. For the two ecosystems examined, the optimal pH 

and moisture for fungal N2O production were similar to those for bacterial N2O production. 

While fungi dominated bacteria in producing N2O at 65-90% WFPS, the degree of 

dominance was negatively associated with WFPS. Soil pH also negatively affected fungal 

contribution to soil N2O emissions, relative to bacterial one.  
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The mechanism underlying fungal and bacterial dominance for N2O production might be 

prevailing growth of fungi and bacteria under different environmental conditions. Given that 

fungal and bacterial growth could respond differently to substrates of different qualities, 

linkage between fungal dominance in soil N2O emissions and fungal population size 

substrate was examined using two pairs of substrates as soil amendments, i.e., glucose versus 

cellulose, and Austrian winter pea versus switchgrass. Compared to more simple substrates, 

complex and recalcitrant substrates, i.e., cellulose and switchgrass promoted fungal N2O 

dominance for soil N2O emissions. This fungal dominance was likely due to the fungal 

prevalence over bacteria in microbial activity and population size in soil amended with more 

complex and recalcitrant substrates, although this supposition was only partially supported by 

the measurement of fungal and bacterial respiration activity and population abundance.  

A great challenge of this research was to separate fungal and bacterial contributions to 

soil N2O fluxes. While antibiotics are often used, issues affecting the interpretation and 

reliability of results should not be ignored. Furthermore, the antibiotic approach is more 

expensive and environmentally unsafe for in-site measurement of fungal and bacterial N2O 

production. Therefore, a better technique should be developed for investigating fungal 

contribution to soil N2O emissions.  

Stable isotopic characterization of the N2O molecule may present a reliable and non-

invasive approach to differentiating sources of N2O production, given that isotopic 

fractionation of N2O are biological pathway dependent (Baggs, 2008; Shearer and Kohl, 

1988). N2O is a linear three-atom molecule with one N at the center and the other at the end. 

Based on possible combinations of N and O isotopes, the asymmetric structure of N2O could 
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result in five most abundant natural isotopes or isotopomers: 
14

N
14

N
16

O, 
14

N
15

N
16

O, 

15
N

14
N

16
O, 

14
N

14
N

17
O and 

14
N

14
N

18
O (Yoshida and Toyoda, 2000). Though isotopomers, 

14
N

15
N

16
O and 

15
N

14
N

16
O have the identical mass, modern mass spectrometric techniques can 

distinguish 
15

N at the center from the one at the end (Yoshida and Toyoda, 2000). The center 

and end sites of 
15

N are denoted as N
α
 and N

β
, respectively. The N isotope ratio, 

15
R
α
 = 

14
N

15
N

16
O/

14
N

14
N

16
O and 

15
R
β
 = 

15
N

14
N

16
O/

14
N

14
N

16
O, can be used to calculate 

15
N-site 

preference (SP) by the equation SP = 
15

R
α
 - 

15
R
β
. Several studies have shown that different 

N2O-producing groups have distinct 
15

N-SP (Toyoda, 2005; Sutka et al., 2006; Sutka et al., 

2008), which has been found to be also affected by moisture shifts and measurement periods 

(Bol et al., 2004; Pérez et al., 2001; Well et al., 2006; Yamulki et al., 2001). Site preference 

is a powerful tool to differentiate N2O sources between fungal denitrification and that of 

bacteria, because different types of NO reductases have varied preferential cleavage of 
14

N-

16
O bond in the symmetric intermediate, such as hyponitrite 

-
ONNO

-
 (Schmidt et al., 2004; 

Toyoda et al., 2002). Fungal denitrifiers have been found to produce notably greater SP than 

their bacterial counterparts (Sutka et al., 2008). 

Though promising, the SP approach still has some uncertainty. Results may be 

inconclusive due to the overlap of SP from distinct N2O sources under different experimental 

treatments (Bol et al., 2004; Toyoda et al., 2005; Well et al., 2006; Yamulki et al., 2001). For 

example, the SP values of fungal denitrification are similar to those obtained in pure culture 

studies of bacterial nitrification (Sutka et al., 2008; Sutka et al., 2006; Sutka et al., 2003). 

However, the SP techniques combined with other tools, e.g., isotope abundance approaches, 

may provide prospective non-invasive solution to partition all possible N2O sources in the 
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environment (Baggs, 2008). Despite the overlapped SP of N2O between Fungal and bacterial 

nitrification, the two sources can be separated with the aid of the isotope abundance 

techniques. The bulk N and O isotope ratios have been found to vary with biological sources 

of N2O production (Wahlen and Yoshinari, 1985; Yoshida, 1988). Differences in N isotope 

ratio are mainly caused by microbial preferential use of 
14

N during reduction from N2O to N2 

(Barford et al., 1999; Webster and Hopkins, 1996). The fractionation of O isotope ratios 

tends to differ, because the oxygen sources for denitrification and nitrification, i.e. O2 or 

H2O, have different 
18

O/
16

O (Schmidt and Voerkelius, 1989). Thus, N2O produced through 

nitrification is more depleted in 
15

N and 
18

O than denitrification process, which could 

potentially differentiate N2O produced from fungal denitrifiers from that from bacterial 

nitrifiers. Nevertheless, more characterization of SP database for a wide range of N2O-

producing microbes is still needed to provide a more consistent SP reference for source 

partition. Particularly, the creation and adoption of standard SP protocol is required to 

conduct source measurement in the field and reference calibration in the laboratory (Baggs, 

2008). 
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