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ABSTRACT

ARTICLE HISTORY

The contribution of fungi to carbon (C) and nitrogen (N) cycling is related to their growth efficiency
(amount of biomass produced per unit of substrate utilized). The concentration and availability of N
influence the activity and growth efficiency of saprotrophic fungi. When N is scarce in soils, fungi have
to invest more energy to obtain soil N, which could result in lower growth efficiencies. Yet, the effect
of N on the growth efficiencies of individual species of fungi in soil has not been studied extensively.
In this study, we investigated the influence of different concentrations of mineral N on the growth efficiency of two common soil fungi, Trichoderma harzianum and Mucor hiemalis in a soil-like environment. We hypothesized that a higher N availability will coincide with higher biomass production and
growth efficiency. We measured fungal biomass production and respiration fluxes in sand microcosms
amended with cellobiose and mineral N at different C:N ratios. For both fungal species lower C:N
ratios resulted in the highest biomass production as well as the highest growth efficiency. This may
imply that when N is applied concurrently with a degradable C source, a higher amount of N will be
temporarily immobilized into fungal biomass.
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1. Introduction
Fungi play a major role in terrestrial decomposition processes
and they are important actors in soil organic matter (SOM)
dynamics (van der Wal et al. 2013). They are thought to have a
relevant contribution to the decomposition of the stable
organic carbon (C) pool (Fontaine et al. 2007, 2011). On the
other hand, filamentous fungi can promote the formation of
soil macroaggregates (Willis et al. 2013) that promotes C
sequestration by providing physical protection against decomposers and their degradative enzymes (Wilson et al. 2009).
It is generally assumed that soil microbial communities
dominated by fungi have more efficient nitrogen (N) cycling
than those dominated by bacteria (Wardle et al. 2004; Van
Der Heijden et al. 2008). High N-fertilizer additions have
been indicated to be the cause of decrease in soil fungal
biomass (de Vries et al. 2006, 2007), whereas the cessation of
N-fertilizer use can cause a shift from bacterial to fungal
dominated systems (de Vries et al. 2006, 2007; PostmaBlaauw et al. 2010). Increases in the abundance of fungi
have been linked to a higher efficiency of N cycling and
lower N losses from soils (de Vries et al. 2006; Gordon et al.
2008; de Vries et al. 2011).
Growth efficiency is defined as the amount of biomass produced per unit of substrate utilized (Sinsabaugh et al. 2013;
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Mooshammer, Wanek, Zechmeister-Boltenstern, et al. 2014).
Microbial activity is highest when the C:N ratio of the substrate
matches the demands of microbes (Hessen et al. 2004).
According to the stoichiometric decomposition theory (Craine
et al. 2007), decay processes are driven by the stoichiometry of
substrates and adjustment in growth efficiencies may be the
most important mechanism to cope with differences between
substrate and biomass stoichiometry (Mooshammer, Wanek,
Zechmeister-Boltenstern, et al. 2014). It is expected that growth
efficiencies are influenced by the C:N ratios of the organic substrates. When N is scarce in soils, fungi have to invest more
energy in obtaining it, for example, by producing extra-cellular
enzymes, likely resulting in a low growth efficiencies. Generally,
knowledge on microbial growth efficiency is of special interest
for industrial applications (e.g. to obtain higher biomass or biosynthesized products). However, growth efficiencies have
received increased attention of ecologists, due to its important
implications for environmental processes (Geyer et al. 2016).
Most of the ecological studies focused on soil microbial communities (e.g. Sinsabaugh et al. 2013; Koranda et al. 2014;
Mooshammer, Wanek, H€ammerle, et al. 2014; Dijkstra et al.
2015; Geyer et al. 2018). However, fungal biomass production
in soil microbial communities is not only affected by fungal
growth responses but also by other processes such as predation and competition. Hence, to have a basic understanding of
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the effect of substrate C:N ratio on fungal growth responses in
soil, studies with single fungal species are needed.
In this study, we investigated the influence of different concentrations of mineral N on the growth efficiency of two common soil fungi, Trichoderma harzianum Rifai and Mucor hiemalis
Wehmer (de Boer et al. 2005; Vinale et al. 2008) in a soil-like
environment. The mycelial C:N ratio is around 12 and 8 for
Trichoderma sp. and Mucor sp., respectively (Mouginot et al.
2014). As a carbon source, we have chosen cellobiose as a
model compound for an easily degradable plant-derived carbohydrate (Martınez et al. 2005). We hypothesized that higher
nitrogen availability will coincide with higher fungal biomass
production and growth efficiency.

2. Materials and methods
Petri dishes (8.5 cm diameter) were filled with 60 g autoclaved, acid-washed quartz sand (granulation 0.1–0.5 mm;
Honeywell Specialize Chemicals Seelze GmbH, Seelze,
Germany). The lids of the Petri dishes contained butyl rubber
stoppers (Rubber BV, Den Haag, The Netherlands) to allow
sampling of the gas from the headspace of the plates. The
sand was amended with 10% (w/w) of a nutrient solution
containing (g l1 demineralized water): KH2PO4, 0.10; K2SO4,
0.20; Yeast extract (BactoTM; Becton, Dickinson and
Company), 0.05; D-(þ)-Cellobiose (Sigma-Aldrich), 5.0; MES
(2-(N-morpholino) ethanesulfonic acid, Sigma) 5.85. The latter
compound was added because acid-washed sand has no
buffering capacity. To test the effect of different C:N ratios
on fungal growth, the above described nutrient solution also
received NH4NO3 in different amounts. Three nutrient solutions were prepared: (i) C-cellobiose:N ¼ 8:1, (ii) Ccellobiose:N ¼ 15:1 and (iii) C-cellobiose:N ¼ 50:1. The control
treatment did not receive any NH4NO3 addition. The pH of

the nutrient solutions was adjusted to 6.5 with NaOH. Before
the addition of the nutrient solutions, sand was sterilized by
two cycles of autoclaving (30 min at 121  C, the second one
after 24 h). Next, it was dried at 120  C for two hours.
Fungal spores (104 spores g sand1) of T. harzianum and M.
hiemalis were obtained from pure cultures (Appendix S1) and
mixed with the nutrient-containing sand. In total, eight experimental treatments were prepared: T. harzianum in sand with
no nitrogen (TH No-N), with C:N ¼ 8 (TH 8:1), with C:N ¼ 15 (TH
15:1) and with C:N ¼ 50 (TH 50:1); M. hiemalis in sand with no
nitrogen (MH No-N), with C:N ¼ 8 (MH 8:1), with C:N ¼ 15 (MH
15:1) and with C:N ¼ 50 (MH 50:1). Each treatment consisted of
five replicates. They were sealed with one layer of Diversified
Biotech Petri SealTM tape and one layer of Parafilm, to avoid
gas exchange with the external environment and maintaining
air-tightness. Plates were incubated in the dark at 20  C.
During the 14-day incubation period, headspace CO2 was
sampled and measured using Ultra GC gas chromatograph
(Interscience, The Netherlands) (Appendix S1). CO2 was analyzed at 2, 4, 7, 9, 11 and 14 days. At the end of the incubation period, soil was homogenized by mixing, it was sampled
and kept in aliquots in the freezer at 20  C for ergosterol
measurements, DNA extractions and qPCR assays (Appendix
S1). We calculated the growth efficiency for each fungus on
basis of the amount of ergosterol or ITS copy numbers per
amount of CO2 released. Growth efficiencies were expressed
as relative growth efficiencies where efficiencies of the
C:N ¼ 8 treatments were set at 100%.

2.1. Statistical analyses
Differences in respiration, ergosterol, DNA copy numbers and
growth efficiencies between treatments were tested with
one-way ANOVA followed by post hoc Tukey’s test, using IBM

Figure 1. Relative (%) fungal growth efficiencies in sand microcosms containing different C:N ratios after 14 days of incubation. Growth efficiency for each fungus
is based on the amount of ergosterol (A) or ITS copy numbers (B) per amount of CO2 released. Growth efficiencies of the C:N ¼ 8 treatments were set at 100%.
Statistically significant differences (p < .05) are indicated with different letters. MH: Mucor hiemalis; TH: Trichoderma harzianum. No-N: no addition of N; 50:1 is
C:N ¼ 50; 15:1 is C:N ¼ 15; 8:1 is C:N ¼ 8. Vertical bars represent standard errors (n ¼ 5).
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Figure 2. Concentrations of ergosterol (A) and ITS rDNA copy numbers (B) of Mucor hiemalis and Trichoderma harzianum grown for 14 days in sand microcosms at
different C:N ratios. Statistically significant differences (p < .05) are indicated with different letters. MH: Mucor hiemalis; TH: Trichoderma harzianum. No-N: no addition of N; 50:1 is C:N ¼ 50; 15:1 is C:N ¼ 15; 8:1 is C:N ¼ 8. Vertical bars represent standard errors (n ¼ 5).

Figure 3. (A) Accumulation dynamics of CO2 during 14 days of incubation of Mucor hiemalis and Trichoderma harzianum in sand microcosms at different C:N ratios.
(B) Total accumulated CO2 concentrations after 14 days of incubation. Statistically significant differences (p < .05) between treatments are indicated with different
letters. MH: Mucor hiemalis; TH: Trichoderma harzanium. No-N: no addition of N; 50:1 is C:N ¼ 50; 15:1 is C:N ¼ 15; 8:1 is C:N ¼ 8. Vertical bars represent standard
errors (n ¼ 5).

SPSS Statistics 22 (IBM Corp., Armonk, NY, USA). In some
cases, due to unequal variances, Tukey’s test was not possible and statistical comparisons were performed by
Tamhane’s T2 test. We used linear regression analysis to test
the relationship between the different amounts of added N
and ergosterol concentrations, and the DNA copy numbers.

3. Results and disccussion
Growth efficiencies for both M. hiemalis and T. harzianum, as
based on ergosterol and DNA copy numbers, showed the

same trend, namely an increase with decreasing C:N ratios
(Figure 1(A) and (B), p < .05). We observed the same pattern
for ergosterol production (Figure 2(A), p < .05). Furthermore,
DNA copy numbers for both fungal species showed an overall increase with an increasing amount of N (Figure 2(B)).
However, only M. hiemalis grown in sand with C:N ratios 8
and 15 had significant higher DNA copy numbers (p < .05).
On the contrary, respiration fluxes did not increase with
decreasing C:N ratios (Figure 3). Taken together, these results
indicate that more C-cellobiose was metabolized at lower
C:N ratio, implying that not all C-cellobiose has been metabolized in the treatments C:N ¼ 15 and C:N ¼ 50, and certainly
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Figure 4. Linear regression analysis between the different amounts of added ammonium nitrate (NH4NO3) and concentrations of ergosterol (A), and ITS rDNA copy
numbers (B) of Mucor hiemalis and Trichoderma harzianum grown for 14 days in sand microcosms.

not in the control treatments, where there was no addition
of mineral N. Our results are in line with our hypothesis,
namely that the highest growth efficiency is expected with
higher nitrogen availability. A similar growth efficiency pattern was observed for a litter-decomposing fungus grown on
maize litter, where the efficiencies increased accordingly with
increasing N availability in the plant material (Lashermes
et al. 2016). In addition, our results suggest that when N
becomes a limiting factor, fungi invest extra energy to obtain
N, for instance by recycling their cellular N via controlled
autolysis (Santamaria and Reyes 1988) or allocating N to
essential metabolic processes (Wicklow 2006).
The linear regression analysis showed a significant positive
linear relationship between the amount of added N and
ergosterol concentrations (R2 ¼ 0.8860; p < .0001 and
R2 ¼ 0.8944; p < .0001, for M. hiemalis and T. harzianum,
respectively; Figure 4(A)) and between the amount of added
N and DNA copy numbers (R2 ¼ 0.7609; p < .0001 and
R2 ¼ 0.3523; p ¼ .006, for M. hiemalis and T. harzianum,
respectively; Figure 4B). Increase of fungal biomass can
reduce N losses from soils (de Vries et al. 2006) and, consequently, a higher fungal biomass in soils can be considered
as an indicator of higher soil N retention (de Vries et al.
2011). Applications of fertilizers to agricultural soils can result
in N losses when crops do not rapidly taken up the added N,
and part of the N can be lost via leaching and denitrification
(de Vries and Bardgett 2012). Our study indicates that when
N is applied concurrently with a degradable C source, a
higher amount of N is built into fungal biomass, thereby possibly reducing N losses (Simpson et al. 2007; Liang and
Balser 2011). Moreover, our study provides information on
how nitrogen influences fungal biomass production and
growth efficiency. Knowledge on this effect of N is critical for
the assessment of soil C and N budgets.

Acknowledgements
We are thankful to Jan Geert Bruggink for the help in the lab. This is
publication number 6985 of the NIOO-KNAW Netherlands Institute of
Ecology. Raw data are available on: https://dataverse.nl/dvn/dv/nioo-me.

Disclosure statement
No potential conflict of interest was reported by the authors.

References
de Boer W, Folman LB, Summerbell RC, Boddy L. 2005. Living in a fungal
world: impact of fungi on soil bacterial niche development. FEMS
Microbiol Rev. 29(4):795–811.
Craine JM, Morrow C, Fierer N. 2007. Microbial nitrogen limitation
increases decomposition. Ecology. 88(8):2105–2113.
de Vries F, Bardgett RD. 2012. Plant–microbial linkages and ecosystem
nitrogen retention: lessons for sustainable agriculture. Front Ecol
Environ. 10(8):425–432.
de Vries FT, Bloem J, van Eekeren N, Brusaard L, Hoffland E. 2007.
Fungal biomass in pastures increases with age and reduced N input.
Soil Biol Biochem. 39(7):1620–1630.
de Vries F, Groenigen J. v, Hoffland E, Bloem J. 2011. Nitrogen losses
from two grassland soils with different fungal biomass. Soil Biol
Biochem. 43(5):997–1005.
de Vries FT, Hoffland E, van Eekeren N, Brussaard L, Bloem J. 2006.
Fungal/bacterial ratios in grasslands with contrasting nitrogen management. Soil Biol Biochem. 38(8):2092–2103.
Dijkstra P, Salpas E, Fairbanks D, Miller EB, Hagerty SB, van Groenigen KJ,
Hungate BA, Marks JC, Koch GW, Schwartz E. 2015. High carbon use
efficiency in soil microbial communities is related to balanced growth,
not storage compound synthesis. Soil Biol Biochem. 89:35–43.
Fontaine S, Barot S, Barr
e P, Bdioui N, Mary B, Rumpel C. 2007. Stability
of organic carbon in deep soil layers controlled by fresh carbon supply. Nature. 450(7167):277–280.
Fontaine S, Henault C, Aamor A, Bdioui N, Bloor JMG, Maire V, Mary B,
Revaillot S, Maron PA. 2011. Fungi mediate long term sequestration
of carbon and nitrogen in soil through their priming effect. Soil Biol
Biochem. 43(1):86–96.
Geyer K, Frey S, Dijkstra P, Sinsabaugh R. 2018. Clarifying the interpretation of carbon use efficiency estimates in soil through methods comparison. Soil Biol Biochem. 20:8564.
Geyer KM, Kyker-Snowman E, Grandy AS, Frey SD. 2016. Microbial carbon
use efficiency: accounting for population, community, and ecosystemscale controls over the fate of metabolized organic matter.
Biogeochemistry. 127(2–3):173–188.
Gordon H, Haygarth PM, Bardgett RD. 2008. Drying and rewetting effects
on soil microbial community composition and nutrient leaching. Soil
Biol Biochem. 40(2):302–311.
Heijden MVD, Bardgett RD, Straalen NV. 2008. The unseen majority: soil
microbes as drivers of plant diversity and productivity in terrestrial
ecosystems. Ecol Lett. 11(3):296–310.

PLANT BIOSYSTEMS - AN INTERNATIONAL JOURNAL DEALING WITH ALL ASPECTS OF PLANT BIOLOGY

Hessen DO, Ågren GI, Anderson TR, Elser JJ, de Ruiter PC. 2004. Carbon
sequestration in ecosystems: the role of stoichiometry. Ecology. 85(5):
1179–1192.
Koranda M, Kaiser C, Fuchslueger L, Kitzler B, Sessitsch A, ZechmeisterBoltenstern S, Richter A. 2014. Fungal and bacterial utilization of
organic substrates depends on substrate complexity and N availability. FEMS Microbiol Ecol. 87(1):142–152.
Lashermes G, Gainvors-Claisse A, Recous S, Bertrand I. 2016. Enzymatic
strategies and carbon use efficiency of a litter-decomposing fungus
grown on maize leaves, stems, and roots. Front Microbiol. 7:1–14.
Liang C, Balser TC. 2011. Microbial production of recalcitrant organic
matter in global soils: implications for productivity and climate policy.
Nat Rev Microbiol. 9(1):75–75.
~as FJ, Ferreira P, Camarero S, Guillen
Martınez AT, Speranza M, Ruiz-Duen
F, Martınez MJ, Guti
errez A, Rıo J. d. 2005. Biodegradation of lignocellulosics: microbial, chemical, and enzymatic aspects of the fungal
attack of lignin. Int Microbiol. 8(3):195–204.
Mooshammer M, Wanek W, H€ammerle I, Fuchslueger L, Hofhansl F,
Knoltsch A, Schnecker J, Takriti M, Watzka M, Wild B, et al. 2014.
Adjustment of microbial nitrogen use efficiency to carbon:nitrogen
imbalances regulates soil nitrogen cycling. Nat Commun. 5:3694.
Mooshammer M, Wanek W, Zechmeister-Boltenstern S, Richter A. 2014.
Stoichiometric imbalances between terrestrial decomposer communities and their resources: mechanisms and implications of microbial
adaptations to their resources. Front Microbiol. 5:1–10.
Mouginot C, Kawamura R, Matulich KL, Berlemont R, Allison SD, Amend
AS, Martiny AC. 2014. Elemental stoichiometry of fungi and bacteria
strains from grassland leaf litter. Soil Biol Biochem. 76:278–285.

437

Postma-Blaauw MB, Goede R. d, Bloem J, Faber JH, Brussaard L. 2010.
Soil biota community structure and abundance under agricultural
intensification and extensification. Ecology. 91(2):460–473.
Santamaria F, Reyes F. 1988. Proteases produced during autolysis of filamentous fungi. Trans Br Mycol Soc. 91(2):217–220.
Simpson AJ, Simpson MJ, Smith E, Kelleher BP. 2007. Microbially derived
inputs to soil organic matter: are current estimates too low? Environ
Sci Technol. 41(23):8070–8076.
Sinsabaugh RL, Manzoni S, Moorhead DL, Richter A. 2013. Carbon use
efficiency of microbial communities: stoichiometry, methodology and
modelling. Ecol Lett. 16(7):930–939.
Vinale F, Sivasithamparam K, Ghisalberti EL, Marra R, Woo SL, Lorito M. 2008.
Trichoderma–plant–pathogen interactions. Soil Biol Biochem. 40(1):1–10.
van der Wal A, Geydan TD, Kuyper TW, der Boer W. 2013. A thready
affair: linking fungal diversity and community dynamics to terrestrial
decomposition processes. FEMS Microbiol Rev. 37(4):477–494.
Wardle DA, Bardgett RD, Klironomos JN, Set€al€a H, Putten WH, van der,
Wall DH. 2004. Ecological linkages between aboveground and belowground biota. Science. 304(5677):1629–1633.
Wicklow D. 2006. The fungal community. Its organization and role in the
ecosystem. 3rd Edition Edited by John Dighton, James F. White, and
Peter Oudemans (Rutgers University). Taylor & Francis Group, CRC
Press, Boca Raton, FL. 2005. xx þ 936 pp. 18.5  26 cm. $139.95. J Nat
Prod. 69(5):859–859.
Willis A, Rodrigues BF, Harris P. 2013. The ecology of arbuscular mycorrhizal fungi. CRC Crit Rev Plant Sci. 32(1):1–20.
Wilson GWT, Rice CW, Rillig MC, Springer A, Hartnett DC. 2009. Soil
aggregation and carbon sequestration are tightly correlated with the
abundance of arbuscular mycorrhizal fungi: results from long-term
field experiments. Ecol Lett. 12(5):452–461.

