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Preface 

This thesis was conducted in the context of my final internship as engineering-student in 

Master Degree in Agronomy and Horticulture at the graduate school of Agrocampus Ouest. 

I was hosted from February to August 2014 at the Swiss federal institution Agroscope in 

Zurich (Switzerland) to work in a research team that aimed at investigating soil biodiversity 

and soil ecosystem services. 

My research project was in a field of activity that focused on the roles of arbuscular 

mycorrhizal  fungi (AMF) in nutrient cycling, with a special focus on relations between AMF 

and N20 and N2 gas emissions through denitrification processes.  

My work consisted of the definition and description of the framework of the project, the setup 
of the experiment in the greenhouse, maintenance of the microcosms, data collection and 

the realization of nutrient and statistical analyses.  

During the training period, I could take part in team or official research meetings such as the 

33rd New Phytologist Symposium and discuss new knowledge about AMF and future 

evolutions for enhancing the sustainability of cropping systems. I could also work with 

different teams of the institute and therefore discover and practise new laboratory methods. 

In this report, you will also find the result of this 6-monthly work. 
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N-: low nitrogen supply treatment 
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1. Introduction 

Since the development of industrial mineral N fertilizers, the input of reactive N in agricultural 

soils has increased by 800 % (Canfield et al., 2010). Although this allowed great increases in 
crop production, the human interference with N cycling processes has high costs on the 

environment (Schlesinger, 2009). Because of low N use efficiency in cropping systems, 45% 

of the N fertilizer are not taken up by plants but may get lost through leaching, erosion or gas 

emissions (Liu et al., 2010). These losses have negative consequences such as pollution of 
ground-and surface water and of downstream ecosystems and accumulation of greenhouse-

gases in the atmosphere (Bobbink et al., 2010, Galloway et al., 2003). Currently, agricultural 

soils contribute as much as 60 % of global N20 emissions (Smith et al., 2008), a greenhouse 
gas with a 300 times greater global warming potential than CO2. Therefore, increasing 

nutrient use efficiency and reducing nutrient losses are key aspects for sustainable 

agriculture. 
N transformations in soil are entirely microbially-driven and arbuscular mycorrhizal fungi 
(AMF) are supposed to have an important influence on the actual rates of N-cycling 

processes (Veresoglou et al. 2012). 

Arbuscular mycorrhizal fungi belong to the fungal phylum Glomeromycota (Schüßler et al., 
2001) and associate in a symbiosis with the majority of land plants (Wang and Qui, 2006). 

Colonization of roots by AMF arises from sources of inoculum such as spores, infected root 

fragments and hyphae, present in the soil either as fragment or as established mycelia in 
soil. Following the penetration of the epidermis, hyphae grow in the intercellular spaces and 

form characteristical structures (Figure 1):  

o The arbuscules, formed by differentiation of hyphal branches and present in the 

intercellular spaces, are responsible for nutrient exchange between fungus and 
plants.  

o The vesicles  present in intra or intercellular positions of the cortex, are ovoid 

structures which contain abundant lipid and nuclei. They are considered as important 
storage organs, playing a role as propagules within root fragments. However, little is 

still known about the mechanisms involved in the mobilization of these reserves.  

 

!
Figure 1. AMF structures in plant roots sections : arbuscule (a), hyphae (h) and vesicle (v). 
Agroscope, J. Moll, 2013.  

 

The colonization by the fungi forms a complex network reaching from inside the roots far into 

the soil (Smith and Read, 2008). 
AMF are a key aspect for soil-plant interactions studies as they form direct links between 

plants and soil. It was shown that AMF could have potential benefits on plant N-nutrition, on 

the N-uptake and on the reduction of N-losses through leaching (Hodge and fitter 2010, Van 

der Heijden, 2010). Furthermore, it has been suggested that the presence of AMF could 
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influence denitrification, which is a microbial respiratory process that reduces soluble 

nitrogen oxides in soil (nitrate N03
- and nitrite N02

-) to the gaseous nitrogen oxides (nitric 

oxide N0 and nitrous oxide N20) which may be reduced to dinitrogen (N2) in a complete 

reaction (Knowles, 1982) under anaerobic conditions. In fact, AMF could reduce N2O 
emissions from the soil by enhancing a complete denitrification with N2 gas as end product 

(Bender et al., 2014). The study actually found a positive correlation of AMF abundance with 

the gene copy numbers of the functional microbial gene nitrous-oxide-reductase (nosZ) 
which reduces N20 to non-reactive N2. However, several other soil factors can also mediate 

the process such as high water contents or high nitrogen contents which increase the 

denitrification activity and affect the denitrification product ratio of nitrous oxides to N2 (Giles 
et al., 2012). 

As AMF are obligate symbionts, they are completely dependent on their plant partner for 

organic C supplied by photosynthesis (Cooper and Losel, 1979). AMF utilize a considerable 

proportion of the assimilated C and are therefore involved in the sequestration of plant-
derived C in the rhizosphere (Fitter, 2005, Staddon, 2005). Weier et al. (1993) have 

supposed that the carbon supply in the soil could also be another important factor controlling 

the N20/N2 ratio.  
Besides affecting the carbon and N availability in the soil, AMF could also influence 

denitrification processes by modulating microbial communities, including denitrifiers through 

changes in the quantity and the quality of C compounds being exuded into soil or by 
providing a habitat in soil for certain microbes through the presence of their extraradical 

hyphae (Toljander et al. 2007, Verosoglou et a.,2012). 

 

A greenhouse experiment was set up to investigate how AMF affect gaseous losses of N20 
and N2 to the atmosphere through denitrification. Planted microcosms with high or low AMF 

abundance were grown in the greenhouse. Additionally, a shading treatment was applied 

and N availability was manipulated with a fertilization treatment to test whether this affects 
the abundance of AMF in soil and whether this subsequently affects N20 and N2 emissions. 

After a fertilisation pulse, gas measurements of N20 and N2 were realized in microcosms 

either in presence or in absence of AMF. It was hypothesized that :  

(i) the presence of AMF affects denitrification after a fertilization pulse by reducing 
N20 emissions and enhancing N2 emissions 

(ii) shading reduces the abundance of AMF and this causes a reduction in the 

differences in gas emissions between the mycorrhizal and non-mycorrhizal 
treatments 

(iii) high N fertilisation increases denitrification, reduces the abundance of AMF and 

causes a reduction in the differences in gas emissions between the mycorrhizal 
and non-mycorrhizal treatments. 

 

In this report, we present the material and methods we used and the results we obtained. A 

discussion of the results is proposed before to conclude the study. 



3!

!

2. Material and methods 

2.1. Experimental Setup 

2.1.1. Experimental plan (main experiment) 

The experiment consisted of 6 treatments. Two genotypes of Tomato were planted: the BC1-

mutant (Solanum lycopersicum L. cv. Micro-Tom) (NM treatment) and its wild-type 
progenitor (M treatment). This method was chosen because it represents an alternative to 

common approaches which normally use fungicides or destructive methods of the soil biota 

(by fumigation, autoclaving etc.) to obtain a non-mycorrhizal control treatment. 

The non-mycorrhizal plant mutant was created by fast-neutron mutagenization (David-

Schwartz et al 2001) and hybridization and exhibits a strongly reduced AMF root colonization 

compared to its wild-type progenitor (Rillig et al., 2008). This allows the investigation of the 

role of AMF in plant-soil processes without destruction of the soil system (Cavagnaro et al., 
2007). 

Each genotype was grown in the greenhouse under natural light conditions (L+ treatment). 
After 10 weeks of growth, a subset of the microcosms was shaded until harvest (L- 
treatment). Unshaded treatments received either a high (N+ treatment, 120 kg/ha) or a low 

amount of nutrient fertilizer (N- treatment, 60kg/ha). Each combination of treatments was 

established in two randomized blocks. Each treatment was replicated 5 times in the block 

one, 4 times in the block two. This resulted in a total of 54 microcosms (2 genotypes x 2 light 
treatments x 2 fertilization treatments x 9 replicates). The blocks were set up in 7 day 

intervals, starting April 7, 2014 (Figure 2). 

 

BC1-Mutant 
= NM 

shaded 
plants = L- 

unshaded 
plants = L+ 

high N 
supply= N+ 

low N 
supply= N- 

Wild-Type    
= M 

shaded 
plants = L- 

unshaded 
plants = L+ 

high N 
supply= N+ 

low N 
supply= N- 

Figure 2. Experimental plan with AMF treatment (M and NM), 
shading treatment (L+ and L-) and fertilization treatment (N+ 

and N-). 
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2.1.2. Metagenomic Experiment 

In parallel of the main experiment, 3 pots of M treatment and 3 pots of NM treatment were 

placed in the experimental design for metagenome-based analysis. This should permit to 

have a more precise idea of the influence of AMF on microbial communities and 
denitrification by investigating DNA and RNA present in the soil during the gas 

measurements, when denitrification occurs. The NM treatment represented the reference 

metagenome. 
Plants were cultivated in the same greenhouse and in the same conditions as the main 

experiment. 

2.1.3. Equal performance Test 

In addition to this, a test for equal performance (20 additional pots) of both tomato genotypes 

was conducted in sterile soil. This was done to confirm that both genotypes perform similarly 

in the absence of mycorrhizal fungi and exclude the possibility of any non-target effects 
resulting from differences between genotypes independent to AMF. For that, the same field 

soil used in the main experiment was sterilized by x-ray irradiation with a minimum dose of 8 

kGy to eliminate any AMF inoculum. A microbial wash, produced from a 11µm filtered soil 

suspension, was added to the pots to re-establish microbiota. Important is to note that there 
are limitations to this re-introduction but this is a widely practiced method as mentioned 

above (Rillig et al. 2008). 

The test was performed independently from the main experiment but took place in the same 
greenhouse, so plants were growing in the same conditions as described below. 

2.1.4. Experimental material  

2.1.4.1. Pots 

The experiment was conducted in microcosms constructed of PVC tubes with a diameter of 

15 cm, a height of 20 cm and a volume of approx. 3.5 l. A sleeve with a rubber seal and a 

removable cap was fit on the tubes to close the headspace airtight. For N2O analyses, the 
cap contained two valves in which tubes for gas sampling could be inserted. For N2 

sampling, another cap was used, which contained a valve with a rubber septum through 

which headspace gas samples could be taken with a syringe (Figures 3 and 4).  
 

!
Figure 4 Enclosed microcosm during  Figure 3 with a removable cap with two 

valves for N20 samples. Agroscope, AL. 
Corbel, 2014. 

a N20 gas measurement. 
Agroscope, AL. Corbel, 2014. 

!
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2.1.4.2. Substrate 

The soil was a calcareous brown earth with a sandy-loam texture collected from a regularly 

manured long-term pasture of an organic farm near the Research Station Agroscope ART in 

Zürich, Switzerland (47°43’11.83’’N, 8°53’65.25’’E). The soil was 4 mm sieved to 
homogenize and to remove large stones, plant material, earthworms and other macrofauna 

that could cause undesired variation. Microcosms were filled with 300 g of gravel and 3000 

ml of the sieved soil and mixed with 150 ml of an additional AMF inoculum. When filling the 

microcosms, substrate dry weights were determined gravimetrically. The exact weight of the 
pots was noted to be able to calculate the water filled pores space (WFPS).  

AMF inoculum was mixed to this soil to assure a high AMF root infection potential. The 

Characteristics of the soil inoculum mix are shown in Table 1.  
The inoculum was a complex inoculum produced from the same field soil used to fill the 

microcosms in the main experiment. It was produced in 3 l pots containing a 3:17 (v/v) 

soil:sand mixture, inoculated with 5 % fresh field soil, planted with Plantago lanceolata. Every 

2nd  week, pots received 20 ml of a modified Hoagland solution containing one quarter of the 
original P concentration. After 3 months of growth, plant leaves were removed and roots 

were cut into <5cm pieces and homogeneously mixed with the substrate. This root-substrate 

mixture was used as inoculum. 
 

Table 1. Substrate characteristics of the soil inoculum used in the experiment. 

Substrate characteristics 

Clay [%] 22.6 

Silt [%] 30.9 

Sand [%] 43.4 

Humus [%] 3.1 

pH (H2O) 7.3 

Corg [g*kg soil
-1

] 18.0 

N total [g*kg soil
-1

] 28.0 

Available P [mg*kg soil
-1

]  0.99 

 

2.1.4.3. Hyphal bags 

In each microcosm, a hyphal bag was vertically inserted at the edge. Bags were 5 cm 
circumference, 10 cm long and were constructed using 25 um nylon mesh to create a root-

restrictive structure that only allowed for penetration of AMF hyphae. The bags were filled 

with 40 grams of leached medium-corse sand.  
In microcosm of the metagenomic experiment, three hyphal bags were inserted at the edge, 

distributed at equal distance from each other. 

2.1.4.4. Tomato seeds 

The tomato seeds were germinated in a sterilized 1:1 (v/v) sand-soil mixture and then 

transplanted into the microcosms by selection of the healthiest plants of similar size. The 

setup was made on April 2014 for the first bloc ; 7 days later for the second block.  
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2.2. Growing conditions 

The plants were cultivated in a greenhouse with an average daily temperature of 24 ºC, 
nightly temperature of 18 ºC and 16 hours of light per day. 400 W high-pressure sodium 

lights provided supplemental light when natural irradiation was lower than 300W/m2. 

The plants of shading treatment were cultivated under the same temperature conditions but 

were shaded after 1 month of growth with a black shading mesh on the top of the pot to 
reduce the photosynthetically active radiation (PAR) to 50 % compared to the unshaded 

plants. All plants were regularly watered to 50% water filed pore space with deionized water. 

 
 

 
Figure 5. Shaded and unshaded microcosms. Plants of the L- treatment were shaded with a 

horticultural shading mesh. Agroscope, F. Bender, 2014. 

2.3. Fertilization and Water Pulse  

After 8 weeks of growth, the microcosms of the high fertilization treatment received 100 mL 
of a modified Hoagland solution containing an equivalent to 30 kgN/ha. A second similar 

fertilization pulse was repeated 1 week later.  

One day before the gas measurements (two weeks after the first pulse), microcosms of the 
high fertilization treatment were watered with 10 ml of a pure nutrient solution containing  

467mM 15N-labeled KNO3 (99 atom% excess 15N) and 311mM unlabelled KN03  (resulting 

in a mixture of 60 atom% excess 15N-labelled KNO3), 59mM  KH2PO4, 1mM MgSO4, 2mM 
CaCl2, 50µM KCl, 25µM H3BO3, 2µM MnSO4, 2µM ZnSO4, 0.5µM CuSO4 and 0.5µM 

Na2MoO4, mixed with 190 mL of deionized water, corresponding to a fertilizer pulse of 60 kg 

N/ha and 10 kg P/ha. The low fertilization treatment received 5ml of the nutrient solution 

diluted in 195ml of deionized water corresponding to a fertilisation pulse of 30 kg N/ha and 5 
kg P/ha.  

The day after fertilisation, the pots were watered to 90% WFPS with deionized water using a 

rain simulator as described by Knacker et al. (2004). Those higher water rate and nutrient 
pulses were introduced to provide optimal conditions for denitrification. 

2.4. 
13

CO2 labelling 

One day before the gas measurements, microcosms were enclosed in an airtight transparent 

container, comprising a volume of 17 L (Figure 6). 10 mL of 13C labelled CO2 (99% atom 

excess 13C) was injected with a gastight syringe through a closable valve inserted in the 

container wall. The container remained closed during 2 hours to allow photosynthetic uptake 
of 13CO2 by the plant.  After 2 hours, the container was opened and the plants aerated. After 

15 minutes, the gas labelling procedure was repeated a second time as described above. 

During the pulse, shading meshes of the L- treatment were removed for maximum labelling 
efficiency (Simard S. et al., 1997).! 



7!

!

The CO2 concentration was estimated directly before and after the pulse and before the end 

of the 2 hours with a LI-820 CO2 gas analyser (LI-COR Biosciences, Lincoln, US).  

 

 

 !
Figure 6. Microcosms in transparent containers during 13CO2 labelling. 10 ml of 13CO2 was 
inserted into a valve on the container wall with a gastight syringe. Agroscope, AL. Corbel, 

2014. 

2.5. Gas sampling 

2.5.1. N20  

One day after fertilisation, the measurement of gas fluxed started. The headspace was 

adjusted to a height of 11 cm above the soil surface and was closed for a period of 10 

minutes. The gas in the headspace was pumped through a sample loop into a TEI46c 

automated N2O analyzer (Thermo Fisher Scientific, Waltham, US).  

2.5.2. N2 

For the measurements of 15N2O and 15N2 with the 15N gas flux method (Stevens and 

Laughlin, 1998), the headspace waskept closed for 2 hours to allow the accumulation of 15N2 
in the atmosphere. After 2 hours, 20 ml of the headspace air was sampled using a 

disposable syringe and needle (16 mm lengh x 0.5 mm diameter) and transferred into 

evacuated 12 ml Exetainer tubes (Labcom High Wycombe, GB) for later analyses. Each day, 
two pots were chosen as controls to check for linearity of N2-fluxesin the headspace. For this 

purpose a sample was taken at 0, 30, 60, 90 and 120 min after closing the headspace.  

Gas fluxes were measured daily between 10 and 12 AM during seven days in the same 

order and the same time period resulting in 7 flux measurements per microcosm.  
The timeframe between 10 and 12 AM was chosen because measurement taken at this time 

of day have proven to render representative values for average daily gas fluxes (R. Laughlin, 

personal communication). 

2.6. Harvest 

2.6.1. Main experiment 

At harvest, soil samples were taken with a soil core sampler in each pot from the edge of the 

microcosm (defined as bulk soil). The shoot was removed with the roots and was agitated to 

collect the remained soil on the roots (defined as rhizosphere soil). Three soil core samples 

were respectively combined to a composite sample from which subsamples were taken for 
13CO2, RNA, DNA and PLFA analysis. The samples for RNA, DNA and PLFA analysis were 

directly frozen in liquid nitrogen and stored at -80°C whereas the samples for 13CO2 were 
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stored in paper bags and dried at -60°C. The shoots (including fruits) where cut at soil 

surface, dried at 60°C and weighed. The roots were collected, rinsed with water, cut into 

pieces < 2cm, and stored in 50% Ethanol. The microcosms were emptied, the hyphal bags 

collected, subsamples taken and immediately frozen in liquid nitrogen and stored at -80 °C 
for later RNA, DNA and PLFA analysis.  The remaining substrate was mixed thoroughly and 

soil samples taken for later soil analysis.  

2.6.2. Metagenomic pots 

During the gas measurements, samples for the same analyses as mentioned above were 

taken from the metagenomic pots at three timepoints : 24 hours after the fertilization pulse, 

72h after the fertilization pulse and at final harvest after the gas measurements. At each 
occasion, soil samples were taken with a soil core sampler in each pot from very close to the 

plant (defined as rhiszosphere soil) and from the edge of the microcosm (defined as bulk 

soil). Also, one of the three hyphal bags was removed from the microcosm at each occasion. 
The samples at final harvest were taken as described above and all samples were stored as 

described above.  

2.7. Laboratory analysis 

2.7.1. Plant biomass and nutrient content  

Dried plant shoots were weighed, ground with a centrifuge mill and the total P concentration 

was analysed photometrically according to (Watanabe and Olsen, 1965)  after dry ashing. N 
concentrations were analysed after combustion with an element analyser (varioMax CN, 

elementar, Hanau, DE).  

2.7.2. Soil N content 

Mineral soil N concentration at the end of the experiment was analyzed after extraction with 

0.01M CaCl2. 

The determination of Nitrate (NO3-N) was based on the cadmium reduction method. Nitrate 
was dialysed, buffered and passed through a column containing granulated copper-cadmium 

to reduce nitrate to nitrite. The nitrite is then determined by diazotizing with sulfanilamide and 

coupling with N-(1-napthyl)ethylenediamine dihydrochloride to form a colored complex which 

is measured using a Dionex DX500 anion chromatograph (Dionex Corporationm Sunnyvale, 
CA).  

Ammonium (NH4-N) was dialysed, buffered and chlorinated to monochloramine which reacts 

with salicylate to 5-aminosalicylate. After oxidation, a green colored complex is formed and 
the absorbance was measured using a continuous-flow Analyzer(Skalar, Breda, NL). 

2.7.3. Microbial Biomass C and N 

Microbial biomass C and N contents was assessed by the chloroform fumigation extraction 
(CFE) carried out on duplicate samples according to Vance et al. (1987). Duplicate samples 

were constituted of 20 g dry matter soil subsamples and extracted with 80 mL of a 0.5m 

K2SO4 solution. Organic C (TOC) in the extracts was determined by infrared spectrometry 
after combustion at 850°C (DIMATOC® 2000, Dimatec, Essen, Germany). Total N was 

subsequently measured in the same sample by chemoluminescence (TNb, Dimatec, Essen, 

Germany). Microbial biomass C and N was calculated according to Joergensen (1996) and 

Joergensen and Mueller (1996). 
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2.7.4. AMF Analysis 

2.7.4.1. Root colonization 

The cut root fragments were cleared with 10%KOH  at 80°C for 20 minutes, acidified and 

stained with a vinegar mixture with black ink (Parker Quink Ink) at 80°C for 20 minutes 
according to the method of Vierheilig et al. (1998) with slight modifications. The stained roots 

were then stored in 50 % Glycerol (Merck, Darmstadt, Germany) until further usage on a 

microscope. The percentage of root length colonized by the AMF was assessed using a 
modified line-intersection method (McGonigle et al., 1990). 100 intersections were counted 

per sample for all pots, including the equal performance test. 

 

2.7.5. Statistical analysis 

Plant biomass, plant N and P contents, soil data, microbial biomass C and N, cumulative N20 

emissions parameters were statistically analysed using two linear mixed effects models with 

the AMF treatment as fixed effect. For the equal performance test, a one-way ANOVA was 
performed. 

Cumulative gas N20 emissions were calculated by linear interpolation between 

measurements. Non parametric Kruskal-Wallis tests were performed to test AM fungal 
parameters between the two AMF treatments. 

Effect of the shading and the fertilization treatments were analysed in separate models 

containing the AMF treatment and either the shading- or the fertilization treatment and their 
interactions as fixed effects. The Block effect was included as random effect. 

Repeated gas-flux measurements were analysed using a linear mixed effects model 

including the AMF treatment, either the shading- or the fertilization treatment and the time 

measurement as fixed effects. As random effect, the pot number nested within Block was 
included. 

Model residuals were checked for normality and homoscedasticity by plotting against fitted 

values for linear mixed effects models or using Bartlett’s test and Shapiro-Wilk test for the 
analysis of variance with a one-way ANOVA. The data were log-transformed or sqrt-

transformed when necessary. 

In Block one, 14 pots showed soil properties, very distinct from the other pots resulting in 

very low plant growth and high N20 fluxes. Therefore, theses pots were excluded from the 
analyses. 

 

All statistical analyses were done with the R-statistical software (R Core Team, 2013). 
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3. Results 

3.1. Effect of AMF treatment 

3.1.1. Gas emissions 

24h after fertilization and watering, the N20 emissions curves of both AMF treatments 

increased. After the initial phase, N20 fluxes did not differ significantly between the M and NM 
treatments. At the end of the experiment, the total of N20 flux emitted was similar between M 

and NM microcosms (Table 2). 
 
Table 2."ANOVA output of the repeated-measures analysis for N20 fluxes for the M and 
NM treatments.The factor time comprised 7 levels (one measurement each day).The 
factor AMF consisted of two levels, mycorrhizal (M) and non-mycorrhizal (NM) (n=10 
for the M and n=9 for the NM).The Block and the pots were included as random 
effects."

 

Anova Outputs of repeated N20 
measurements for M and NM 

treatments 
 

log(N20) F-value P-value 
AMF:ti 0.027 0.868 

AMF 1.073 0.315 

ti 19.820 <.0001 

      

 

 
Table 3. ANOVA output of the repeated-measures analysis for N20 fluxes for the 
shading and the fertilization treatments.The factor time comprised 7 levels (one 
measurement each day).The factor shading consisted of two levels, high light supply 
(L+, n=19), low light supply (L-=13), the factor fertilization of two levels, high nitrogen 
supply (N+, n=13), low nitrogen supply (N-, n=19). The Block and the pot number were 
included as random effects.  Significant values are in bold."

ANOVA output of  
repeated N20 measurements for the 

shading treatment 
 

 

ANOVA output of 
repeated N20 measurements for the 

fertilization treatment 
       

log(N20) F-Value P-Value 
 

log(N20) F-Value P-Value 
shading:AMF:time 1.702 0.123 

 

ferti:AMF:time 0.49681 0.8101 

  
  

 

  
 

  

shading:AMF 0.000 0.987 

 

ferti:AMF 0.52122 0.4765 

shading:time 1.934 0.078 

 

ferti:time 0.2926 0.9398 

AMF:time 0.756 0.606 

 

AMF:time 2.4658 0.026 

   
  

 

   
  

shading  3.748 0.063 

 

ferti 0.33035 0.5702 

AMF 1.035 0.318 

 

AMF 3.71273 0.0646 

time 77.092 <.0001 

 
time 77.76165 <.0001 
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There was no significant interaction with AMF and either the shading- or fertilization 

treatment in N20 fluxes during the measurement time. (Table 3) 

 

A significant difference between the non-mycorrhizal and mycorrhizal treatments during the 
time could be detected in the fertilization model (AMF:time interaction F=2.46, P=0.026). 

The N20 curve at high nutrient supply showed a lower N20 peak and a lower evolution in the 

M treatment compared to the NM treatment. At low nitrogen supply, the peak was reached 
earlier for the M treatment than for the NM treatment and decreased more quickly (Figure 7). 

 

!
Figure 7. N20 emissions curve of the M treatment and NM treatment at high nutrient supply. 

!

3.1.2. AMF parameters 

Differences in root colonization could be detected between the two AMF treatments. The 
mutants did not completely suppress root colonization by AMF but significantly reduced it. 

The percentage of hyhal colonization in mycorrhizal microcosm is 17 %, whereas in non-

mycorrhizal microcosms, there are only 7 % colonized roots. The same tendency is observed 

for vesicular and arbuscular colonization (Tables 4 and 5). 
 

There was no significant interaction of the AMF treatment and either the shading- or 

fertilization treatment in the root colonization. 
However, for the shading treatment, the root colonization was globally higher at low light 

supply than at high light supply. 

The treatment with the high nutrient supply did not show any differences compared to the 

treatment at low nutrient supply. 
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Table 4. Statistical outputs of cumulative N20 emissions, plant, AM fungal and soil parameters 
of the microcosms planted with mycorrhizal plants (M treatment) and non-mycorrhizal plants 
(NM) at high (N+) or low (N-) nitrogen supply and at high (L+) and low (L-) light supply. Values 
are presented as mean with the standard error in bracket, p-values are obtained from linear 
mixed effects model with the AMF treatment and either the fertilization treatment or the 
shading treatment as factor and the block as random effect. Significant values are in bold. * log 
transformed ** sqrt-transformed. NH4 data are not shown because most values were below the 
detection limit. 

Parameter P-value 

  M / MN  M N+ / MN N+ M L- / MN L- 
    ferti:AMF ferti AMF shading:AMF shading AMF 

cumulative N20*    
     

 
  

(mg N20/pot) 0.411 0.340 0.077 0.803 0.625 0.428 0.414 

    
   

  
 

  

Plant biomass   
   

  
 

  

Shoot (g)* 0.787 0.312 0.034 0.676 0.243 0.338 0.666 

Root (g)* 0.630 0.441 0.029 0.203 0.584 0.763 0.978 

Total (g)* 0.799 0.301 0.030 0.647 0.254 0.352 0.666 

    
   

  
 

  

Plant P content 0.350 0.103 0.731 0.635 0.128 0.688 0.807 

    
   

  
 

  

AMF Parameters   
   

  
 

  

HC (%)** 0.002 0.776 0.547 <.0001 0.362 0.018 <.0001 
VC (%) 0.745 0.945 0.052 0.568 0.016 0.027 0.033 
AC (%) <.0001 0.685 0.337 <.0001 0.128 0.013 0.000 

    
   

  
 

  

Soil data   
   

  
 

  

N03-*(mg/kg dry soil) 0.774 0.878 <.0001 0.777 0.862 0.107 0.616 

NH4
+ (mg/kg dry soil) NA NA NA NA NA NA NA 

Nmin (mg/kg dry soil) 0.767 0.877 <.0001 0.767 0.865 0.106 0.610 

        

Microbial biomass   
  

  
  

  

C content (mg/ kg dry soil)* 0.051 0.449 0.302 0.029 0.546 0.548 0.036 
N content (mg/kg dry soil)* 0.600 0.12 0.008 0.558 0.527 0.587 0.872 

C/N ratio* 0.768 0.163 0.001 0.129 0.646 0.713 0.485 

                

 

3.1.3. Plant biomass  

The shoot, root and total biomass, plant P content and soil mineral N at the end of the 

experiment did not differ between mycorrhizal and non-mycorrhizal microcosms. 

There was no significant effect of the interaction between AMF and the shading- or 

fertilization treatment in any of the measured variables. 
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Plant shoot, root shoot and total biomass were significantly higher in the fertilization model at 

high nutrient supply than at low nutrient supply (Figure 8).!!

!

!
Figure 8. Means  of the shoot and root biomass of mycorrhizal and non-mycorrhizal 
microcosms with shading and fertilization treatments. No significant effect of the interaction 
between AMF and both treatment were detected. 

3.1.4. Soil data 

There was no significant difference between mycorrhizal and non-mycorrhizal microcosms in 

microbial biomass either in N or C content or for the C/N ratio. 
There was no significant interaction of either the fertilization or the shading treatment in 

microbial biomass data.  

For the fertilization treatment, the microbial biomass C was significantly higher for the 
mycorrhizal microcosms than the non –mycorrhizal microcosms when plants received a high 

nutrient supply.  

For the shading treatment, there was a significantly higher microbial biomass C for the M 
treatment compared to the NM treatment when plants were shaded (Figure 9). 

 

!
Figure 9. Means of the microbial C and N and the ratio C/N of mycorrhizal and non-mycorrhizal 
microcosms with shading and fertilization treatments. Biomass C was significantly higher for 
microcosms with AMF when plants are shaded and fertilized (N+).
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Table 5. Means with the standard error in brackets of the cumulative N20 emissions, plant, AM fungal and soil parameters of the microcosms 
planted with mycorrhizal plants (M treatment) and non-mycorrhizal plants (NM), of the fertilization (N+ and N-) and shading treatment (L+ and L-). 

Parameter M  NM  M N+ NM N+ M L- NM L- 

  mean mean mean mean mean mean 

cumulative N20  
        

   
  

(mg N20/pot) 0.15 (±0.04) 0.15 (±0.03) 0.14 (±0.06) 0.25 (±0.05) 0.14 (±0.02) 0.23 (±0.08) 

  
           

  

Plant biomass 
           

  

Shoot (g)* 1.36 (±0.15) 1.36 (±0.20) 1.52 (±0.13) 1.95 (±0.14) 1.45 (±0.11) 1.51 (±0.08) 

Root (g)* 0.04 (±0.01) 0.04 (±0.01) 0.05 (±0.01) 0.07 (±0.01) 0.04 (±0.00) 0.04 (±0.00) 

Total (g)* 1.40 (±0.15) 1.41 (±0.20) 1.58 (±0.13) 2.02 (±0.14) 1.49 (±0.11) 1.55 (±0.08) 

  
           

  

Plant P content 2.90 (±0.11) 3.24 (±0.28) 3.33 (±0.09) 2.71 (±0.33) 3.26 (±0.09) 2.50 (±0.04) 

  
           

  

AMF Parameters 
           

  

HC (%)** 16.90 (±2.45) 7.00 (±1.32) 16.16 (±5.25) 5.85 (±1.16) 22.00 (±3.27) 8.00 (±1.83) 

VC (%) 1.80 (±0.83) 1.50 (±0.37) 0.66 (±0.33) 0.28 (±0.18) 4.33 (±0.72) 0.75 (±0.48) 

AC (%) 7.90 (±1.29) 1.30 (±0.58) 6.50 (±2.04) 0.85 (±0.34) 13.44 (±3.10) 1.25 (±0.63) 

  
           

  

Soil data 
           

  

N03-*(mg/kg dry soil) 156.05 (±7.92) 152.43 (±6.72) 199.91 (±10.48) 197.62 (±6.96) 141.08 (±6.15) 137.67 (±6.07) 

NH4
+
 (mg/kg dry soil) 0.12 (±0.06) 0.00 (±0.00) 0.11 0.07 0.00 (±0.00) 0.00 (±0.00) 0.00 (±0.00) 

Nmin mg/kg dry soil) 156.17 (±7.95) 152.43 (±7.09) 200.05 (±10.55) 197.62 (±6.96) 141.08 (±6.15) 137.67 (±6.07) 

             

microbial biomass 
    

       
  

C content (mg/ kg dry soil)* 1254.60 (±21.89) 1198.6 (±13.65) 1262.5 (±25.67) 1235.17 (±10.70) 1249.7 (±21.54) 1219.3 (±13.79) 

N content (mg/kg dry soil)* 126.69 (±4.86) 122.80 (±4.94) 104.17 (±3.09) 116.28 (±5.51) 126.47 (±4.14) 131.89 (±12.52) 

C/N ratio* 10.00 (±0.33) 9.87 (±0.36) 12.18 (±0.50) 10.76 (±0.50) 9.93 (±0.24) 9.52 (±0.99) 
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3.2. Equal performance test 

3.2.1. N20 emissions 

In the absence of AMF in sterile soil, the test for equal performance showed a significant 
interaction of AMF treatments with the time measurement on N20 emissions (AMF:time 
interaction : F-Value = 4.0847, P-value= 0.0011) (Table 6). 
 
Table 6. ANOVA output of the repeated-measures analysis for N20 fluxes of the equal 

performance test.The factor time comprised 7 levels (one measurement each day).The 
factor AMF consisted of two levels, mycorrhizal (M) and non-mycorrhizal (NM) (n=10 

for the M and n=10 for the NM). 

Anova Outputs of repeated N20 
measurements for M and NM 

treatments 

 

log(N20) F-Value P-Value 

AMF 1.038 0.323 

time 11.933 <.0001 

AMF:time 4.085 0.001 

   

 

3.2.2. Plant biomass 

There were significant differences in plant shoot and total biomass. NM plants had 15% 
lower biomass than M plants (Table 7). 
In other measured variables, no significant differences were detected.  
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3.2.3. Soil data 

There was no significant difference between mycorrhizal and non-mycorrhizal microcosms in 
microbial biomass either in N or C content or for the C/N ratio. 
Mineral soil N was similar for both mycorrhizal treatments. 
 
Table 7. Statistical outputs of cumulative N20 emissions, plant, AM fungal and soil 

parameters of the microcosms planted with mycorrhizal plants (M treatment, n=10) 
and non-mycorrhizal plants (NM, n=10) in sterile soil. Values are presented as mean, 

p-values are obtained from a linear model with the AMF and block as effects. 

Significant values are in bold. * log transformed. 

Parameter M NM   

 mean se mean se pvalue 

cumulative N20*       

(mg N20/pot) 2.89 0.00 2.89 0.01 0.787 

  
    

  

Plant biomass 
    

  

Shoot (g) 5.17 0.19 4.43 0.18 0.013 

Root (g) 0.12 0.01 0.12 0.01 0.964 

Total (g) 5.30 0.19 4.56 0.18 0.013 

  
    

  

Plant P content 2.89 0.11 2.89 0.14 0.982 

  
    

  

AMF Parameters 
    

  

HC (%) 0.00 0.00 0.00 0.00 NA 

VC (%) 0.00 0.00 0.00 0.00 NA 

AC (%) 0.00 0.00 0.00 0.00 NA 

  
    

  

Soil data 
    

  

N03-*(mg/kg dry soil) 69.81 1.57 80.51 6.45 0.094 

NH4 *(mg/kg dry soil) 7.27 0.94 8.79 1.63 0.774 

Nmin* (mg/kg dry soil) 77.05 2.04 89.29 5.12 0.021 

      

microbial biomass 
    

  

C content (mg/ kg dry soil) 19.49 2.08 13.95 2.55 0.12 

N content (mg/kg dry soil) 242.85 12.25 223.11 13.00 0.281 

C/N ratio 36.09 3.86 25.84 4.73 0.12 
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4. Discussion 

Assessing the impact of AM fungi on soil ecosystems is difficult. While it was established that 
AMF play a key role in soil ecological interactions and plant nutrition, only a few studies 
showed until now that mycorrhizal fungi can influence N20 emissions.  
Here we tried, on one hand, to demonstrate that AMF can contribute to reduced N20 
emissions and enhanced N2 emissions. On the other hand, with two management treatments 
using different nutrient and light supplies, we wanted to show that the effect of AMF on N20 
emissions could depend on the nitrogen and carbon supply and that this could have a role in 
the global release of greenhouse gas N20.  
However, our results could not provide a new mechanistic pathway by which AMF can 
influence soil ecosystem functioning and N20 emissions. 
 

4.1. Effect of AMF on N20 emissions 

First, there were no clear significant effects of AM fungi on N20 emissions. This was 
surprising, because the management of the AMF treatment was made in line with a similar 
experiment that showed that the presence of AMF significantly reduces N20 emissions 
(Bender et al., 2014). 
In this experiment, the use of Tomato-Mutant plants was chosen to permit a better 
manipulation of the establishment of mycorrhizal fungi, always in line with the same previous 
experiment (Bender et al., 2014). However, the absence of effects of AMF should suggest 
that there was maybe a depression in the conservation of the mutation during the seed 
multiplication. The root colonization of the two AMF genotypes in our experiment was 
strongly reduced compared to the previous similar study.  
P availability in the soil was not checked during the experiment.. It can therefore not be 
excluded  that the P availability in the soil, at the beginning of the experiment, was already at 
a high level that plants were saturated and did not perform symbiosis with the AMF as 
expected.  This could be an explanation for the low root colonization rate we observed. 
Furthermore, also the equal performance test showed  unexpected results as both genotypes 
did not grow similarly despite the same managements and growing conditions. In fact, wild-
type shoot biomass was higher than mutant shoot biomass. It cannot be excluded that there 
were some non-target effects resulting from differences between the two genotypes (plant 
and root growth, flowering…) independent of AMF.  
The BC1-mutant/wildtype pair had been proposed as a suitable combination for experimental 
systems that aim at testing the effect of AMF (Rillig et al., 2008). This study did not find 
differences in the performance of the genotypes in absence of AMF neither did the study of 
Bender et al. (2014). However, the characteristics of the mutation are poorly described and 
the genes involved in the mutation are unknown. (Y. Kapulnik, personal communication). It is 
therefore difficult to identify the possible reasons why this test system did not perform as 
expected in the present study.  
 
However, we observed that there was a higher microbial biomass C with AMF when plants 
were shaded or fertilized with a high nutrient rate. This could result of a microbial community 
shift mediated by the presence of AMF. Studies already showed that AM fungi could have 
the ability to modify the microbial community in the rhizosphere (Singh et al., 2008). Some 
bacteria of the species Pseudomonas could be favored whereas other species declined. 
Therefore, denitrification could be directly affected, through modification of densities of 
microbes involved in this process; or indirectly affected through shifts in the intensity of 
competition for exudates with non-denitrifiers. (Christensen and Jakobsen, 1993). This could 
be linked to the significant effect of AMF on N20 emissions in the fertilization treatment with 
the high nutrient supply and explain the difference we saw in the N20 gas production with and 
without AMF. 
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Further analysis of the gene copy numbers involved in the denitrification process should be 
performed in order to analyze if there was a correlation between the AMF abundance and 
these genes. However, those analyses were not performed in the present study because of 
the lack of enough satisfying statistical results on the gas emissions data and therefore have 
limited our work and further analyses. 
 

4.2. Effect of the fertilization treatment 

Second, there was no significant interaction of fertilization with AMF in relation to N20 
emissions.  
The AMF abundance was not influenced by the fertilization treatment. This was not expected 
as studies showed that the abundance of AMF in soil depends on soil nutrient availability and 
declines with high nutrient supplies and intensive land use (as increasing input of nitrogen 
was associated with a reduction of AM spore abundance and hyphal and vesicular root 
infection Eggerton-Warburton and Allen, 2000). We can also suppose that the fertilization 
rates we used in the experiment were too high, also for the treatment with the low nutrient 
supply, and this could have disrupted the symbiosis between plants and AM fungi. 
Furthermore, it was already shown that AMF can acquire significant amounts of nitrogen and 
transfer it to the plants (Govindarajulu et al.). However, in the present experiment, there was 
no significant effect of the AM fungi on nitrogen availability in the soil. This suggests that the 
N acquisition by AMF fungi was relatively low for this study time. N could also be lost from 
soil through bacteria and soil organisms involved in denitrification processes but the impact 
of the soil microbes on nutrient cycling is still poorly understood and warrants further 
investigations. To test differences in bacterial communities involved in the denitrification 
between the treatments, we should have quantified the copy numbers of the key genes 
involved in the denitrification (from the hyphal bags, bulk soil and rhizosphere soil), but these 
analyses were not performed at this time. 
Furthermore, the gaseous losses of N20 only showed significant differences in the AMF 
treatment with high nutrient supply. N20 emissions were lower for the M treatment than for 
the NM treatment. This could indicate that the presence of the fungi can reduce N20 
emissions by influencing microbial communities involved in the denitrification but the 
absence of correlation between N20 emissions and AMF abundance did not permit more 
conclusions. 
 

4.3. Effect of the shading treatment 

 
As for the fertilization treatment, there was no significant interaction of the shading treatment 
with AMF in relation to N20 emissions. It is possible that the shading period was also not long 
enough to permit differences in the carbon supply from the host plant.  
We expected that shading plant would decrease the abundance of AMF because of a lower 
carbon-supply from the plant. However, in contrast to our expectations, we observed that 
root colonization was significantly higher for the shaded plants than for the unshaded plants, 
for both mycorrhizal and non-mycorrhizal treatments. We can suppose that the light supply 
for the unshaded plant was not adapted and was maybe too high, that shaded plants 
performed better with the shading mesh and, this increased AMF colonisation for the shaded 
plants. For maybe better and more conclusions, further analyses should be performed such 
as 13C soil analysis in the rhizosphere and in the bulk soil in order to show that, as some 
studies suggest (Cheneby et al., 2004), AMF could enhance the transport of C into the bulk 
soil, where denitrifiers are less abundant and therefore decrease the denitrification rate.   
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4.4. Experimental difficulties 

Third, we had in this experiment three main hypotheses which focused on different but linked 
pathways (Carbon cycle and Nitrogen cycle) by which AMF could influence denitrification. 
We should maybe have focused on only one detailed mechanistic pathway instead of testing 
additional mechanisms as showing a direct cause-effect relationship for mechanisms with 
complex interactions was maybe too ambitious. An experiment included less treatments and 
more replicates should be a better plan experimental plan to facilitate the study. 
 
Furthermore, we observed that 14 pots of the block One could not be integrated in any 
analysis because of very distinct soil properties and high N2O emissions. Oxygen availability 
is a key factor affecting denitrification with typically higher N20 emissions with high water 
content and low 02 availability (Phillipot et al. 2009). The 14 pots had higher soil density and 
therefore the 02 availability was strongly reduced and denitrification was generally higher. 
However, we could not at this time explain why the soil properties were so different 
compared to the other soil mixtures which came from the same field and had been treated 
similarly. 
Moreover, the exclusion of the pots from the analysis confronted us with statistical difficulties. 
Because of the removal of the pots out from the analysis, and therefore the absence of some 
replicates in the test, the experimental plan was unbalanced and the statistical analyses were 
certainly not so powerful as they should have been. 
 
 It was also not excluded that there were some failures during the harvest and the plant 
analysis. 
 

4.5. Soil-Plant-Fungi interaction’s complexity  

Soils are a complex mixture of several materials and organisms and are characterized by 
complex physicochemical and biological interactions. The investigation of soil processes like 
plant-fungal interactions and their effects on  ecosystem functions is difficult as these 
processes are influenced a wide range of factors, which are still poorly understood. 
 
For example, if studies showed that fertilization could have negative effects on the AMF 
abundance (Van der Heijden, 2010), it is unknown how the fertilization must be considered to 
understand how it alters other soil microbes and ecosystem processes. Therefore, it is 
possible in our study that the microbial communities of the microcosms were strongly 
affected by the fertilization rate we choose. Hence, direct or indirect consequences on AMF 
soil characteristics or other soil processes are in this case difficult to assess. 
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5. Conclusion 

In conclusion, with the experimental design presented in this study, no effect of arbuscular 
mycorrhizal fungi was detected on N20 and N2 emissions. Therefore, we could not validate 
the hypothesis that AMF affect gaseous losses through denitrification.  
Furthermore, there was no significant effect of either the fertilization treatment or the shading 
treatment or of their interactions on N20 production. Hence, we did not confirm the 
mechanism-theory of the carbon-supply dependence by which a lower carbon supply 
reduces the abundance of AMF and reduces differences between mycorrhizal and non-
mycorrhizal treatments. On the other hand, we could not prove the role of the nitrogen supply 
on the abundance of AMF and denitrification. 
 
Even if our results did not permit new conclusions by which the AMF symbiosis could be 
related with N20 emissions, governed by the carbon supply from the plant or by the nitrogen 
availability, they provide a support for further investigations.  
There is a high functional complexity in the system we studied but other studies led to the 
hypothesis that AM fungi affect N20 and N2 gaseous losses through denitrification. Further 
experiments should consider the use of other mutants or other methods to eliminate the AM 
fungi from the microcosms. Also the fertilization and shading methods could be ameliorated 
to maybe bring better results and more conclusions. 
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APPENDIX I – Denitrification cycle (Giles et al., 2012) 
 

Partial soil nitrogen cycling pathways with an emphasis on denitrification (in green) showing 
the enzymes and genes involved in the process. 
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APPENDIX II - Method for the quantification of root colonization 
(McGonigle et al., 1990) 
 

#
#

#
!

#
Alignement of the roots on the slide 

(above) and movement over the 
slide to count at least 100 

intersections (down) 

Example of root with 5 intersection. The blue 
parts are representing the arbuscular 

mycorrhizal fungus. The circle is representing a 
vesicle and the cloud an arbuscule. 
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APPENDIX III – R-Script of the linear mixed effects model used in the 
experiment.  
 
Exemple of the analysis of the effect of AMF, the shading treatment and the interaction as 
fixed effects, the block and the pots as random effect on N20 gas emissions. 
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Résumé: Le protoxyde d’azote est un gaz à effet de serre à très fort potentiel de réchauffement global (PRG). 
Les processus écologiques de régulation de ces émissions par le sol ne sont encore que peu compris. Dans 
cette étude, nous avons émis les hypothèses que la présence de mycorhizes arbusculaires (AMF), 
champignons appartenant au phylum des Glomeromycota et pouvant former une symbiose avec la plupart des 
plantes terrestres, pourrait réduire les émissions de gaz de N20 et augmenter celle de N2 en influençant le 
processus de dénitrification dans le sol. Les interactions complexes existantes entre le processus de 
dénitrification et les AMF pourraient être gouvernées par les apports de carbone et d’azote dans le sol. Afin de 
tester l’effet des AMF sur les émissions de N20 et leurs mécanismes associés, une expérience en serre a été 
mise en place en utilisant des microcosmes plantés avec deux génotypes de tomates : des génotypes sauvages 
et des génotypes mutants, incapables de symbiose avec les AMF. Pour manipuler les apports de carbone et 
d’azote dans le sol, un traitement « ombrage », correspondant à un faible ou important apport de lumière aux 
plantes, et un traitement « fertilisation », correspondant à un faible ou un fort apport d’azote, ont été étudiés. 
Nous n’avons pas détecté de différences significatives de l’effet des AMF sur les émissions de gaz de N20 et de 
N2 ; et nous n’avons pas pu proposer de nouveau modèle sur les interactions intervenant dans ce processus.  
Nos résultats suggèrent de nouvelles pistes de recherches ainsi que des améliorations des méthodes utilisées. 

 

Abstract: N20 is a potent greenhouse gas with a great global warming potential and which is released by 

agricultural soils. The ecological processes that regulate its emission from soil are still poorly understood. In the 
present study, we hypothesized that the presence of arbuscular mycorrhizal fungi (AMF), which belong to the 
fungal phylum of the Glomeromycota and which form a symbiosis with the majority of land plants species, can 
reduce N20 emissions and enhance N2 emissions by influencing denitrification in the soil. The denitrification 
process and it`s interactions with AMF could also be governed by the carbon supply and the nitrogen supply in 
the soil. To test the effect of AMF on N20 emissions and the mechanisms associated, we conducted a 
greenhouse experiment in using two different microcosms planted with either non-mycorrhizal tomato mutants or 
its mycorrhizal progenitor wild-type. To manipulate the carbon and nitrogen availability in the soil, we used a 
shading treatment with a high and a low light supply, and a fertilization treatment with a high and a low nutrient 
supply. We did not find clear significant effect of AMF on N20 and N2 gas emissions and could not propose new 
mechanistic pathways of the factors that could influence this process. Our results suggest further investigations 
and ameliorations of the methods. 

Mots-clés :protoxyde d’azote, gaz à effet de serre, mycorhizes arbusculaires, tomates mutantes, 
fertilisation, ombrage 
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