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Abstract Samples from the bio-dynamic, bio-organic, and
conventional trial, Therwil, Switzerland, were analyzed with
the aim of determining the effects of organic land use
management on the energy metabolism of the soil microbial
biomass and on the fraction of microbial residues. The
contents of adenylates, adenosine triphosphate (ATP),
glucosamine, muramic acid, and galactosamine were signif-
icantly largest in the biodynamic organic farming (BYODIN)
treatment and significantly lowest in the conventional farming
treatment with inorganic fertilization (CONMIN). In contrast,
the ergosterol-to-ATP ratio and fungal C-to-bacterial C ratios
were significantly lowest in the BYODIN treatment and
significantly largest in the CONMIN treatment. No clear
treatment effects were observed for the ergosterol content and
the adenylate energy charge (AEC), the ATP-to-microbial
biomass C ratio and the ergosterol-to-fungal C ratio.
Ergosterol, an indicator for saprotrophic fungal biomass, and
fungal residues were significantly correlated. The microbial
biomass carbon-to-nitrogen ratio showed a negative relation-
ship with the AEC and strong positive relationships with the
ratios ergosterol-to-microbial biomass C, ergosterol-to-ATP
and fungal C-to-bacterial C. In conclusion, the long-term
application of farmyard manure in combination with organic
farming practices led to an increased accumulation of
bacterial residues.

Keywords DOK trial . Amino sugars . Ergosterol .

Adenylates . ATP

Introduction

Organic farming aims to improve soil quality and pest
control, thereby reducing environmental impacts of con-
ventional farming by considering soil biological processes
(Mäder et al. 2002). The effects of organic farming on soil
organic matter and soil biological properties have been
intensively investigated in the bio-dynamic, bio-organic,
and conventional (DOK) trial in Therwil, Switzerland
(Mäder et al. 2002; Fließbach et al. 2007; Birkhofer et al.
2008). An important reason for the positive effects of
organic farming is the application of farmyard manure
(Raupp and Oltmanns 2006), as demonstrated in the DOK
trial and in several other long-term field experiments
(Edmeades 2003; Ludwig et al. 2007; Heinze et al. 2009).

Amino sugars are the most important indicators for the
presence of microbial residues in soil (Amelung et al. 2008)
and contribute significant amounts of between 5% and 12%
to soil organic N (Stevenson 1983; Amelung 2001). The
most important amino sugars in soil are muramic acid,
glucosamine, and galactosamine, although a variety of
other amino sugars also exist. Little is known about the
origin of galactosamine in soil, although it accounts for 30-
50% of the amino sugar content (Amelung et al. 1999).
The chitin of fungal cell walls is the major source of
glucosamine in soil, although bacterial cell walls and the
exoskeleton of soil invertebrates also make some contribu-
tion (Parsons 1981). Muramic acid is one of the most
specific biomarkers, as it occurs exclusively in bacterial cell
walls, especially in the murein skeleton of Gram-positive
species. Due to their specificity, muramic acid and
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glucosamine give important information on the contribution of
fungi and bacteria to microbial residues and thus to soil organic
matter (Joergensen and Wichern 2008). However, a close
relationship has also been observed between fungal glucos-
amine and ergosterol, an important measure for the biomass
of saprotrophic fungi in arable and grassland soils (Appuhn et
al. 2006). On the basis of amino sugar analysis, there is
evidence that the long-term application of farmyard manure
in combination with organic farming practices promotes the
accumulation of bacterial residues (Scheller and Joergensen
2008). However, the previous study was based on a
comparison of just two sites and not on a long-term field
experiment, making generalization of results difficult.

Microbial activity indices, such as basal respiration and
nitrogen mineralization analyzed in the DOK trial (Birkhofer
et al. 2008), suggested an increased accessibility of soil
organic matter to soil microorganisms in the conventional
farming system. This increase may affect specifically the
relationships between microbial biomass and adenylates
(adenosine triphosphate, ATP; adenosine diphosphate,
ADP; and adenosine monophosphate, AMP) as indicators
of microbial energy metabolism (Dilly and Nannipieri 2001;
Dilly 2006; Chander and Joergensen 2007). In the present
study, identical soil samples used in a previously published
comprehensive multi-method comparison (Birkhofer et al.
2008) were further analyzed with the aim of determining the
effects of organic land use management on the energy
metabolism of soil microorganisms and on the fraction of
microbial residues. Amino sugars give information on the
long-term shift in soil organic matter quality and adenylates
on the actual energy metabolism. The catabolic processes
might be affected by the long-term-shifts in the ratio of
fungal to bacterial residues, because fungi are thought to use
organic substrates more efficiently, i.e., they form more
biomass from the same amount of substrate than bacteria
(Sakamoto and Oba 1994; Jastrow et al. 2007).

Material and methods

Study site and sampling

The DOK trial in Therwil, Switzerland is a long-term
agricultural experiment established in 1978 by the Agro-
scope Reckenholz Tänikon research station and the Re-
search Institute of Organic Agriculture. The soil is a haplic
Luvisol on deep deposits of alluvial loess. Mean precipita-
tion is 785 mm per year with an annual average temperature
of 9.5°C (Mäder et al. 2002). More information on the soil
chemical properties, soil management, and yields can be
obtained from Birkhofer et al. (2008). Samples were taken
from wheat plots of two organic farming systems (biody-
namic organic farming, BIODYN; bioorganic, BIOORG),

one conventional (CONFYM) system, receiving farmyard
manure, and a second conventional system, mimicking
stockless farming (CONMIN, receiving mineral fertilizers
only) on 9 May 2005 (Birkhofer et al. 2008). One sample of
bulk soil (1 kg) was taken at 0-5 cm depth from randomly
chosen locations at the northern and southern end from all
four replicated plots of each farming system, which gave
eight independent samples.

Analytical procedures

Adenine nucleotides (ATP, ADP, and AMP) were extracted
with an alkaline dimethyl sulfoxide buffer as described by
Joergensen and Raubuch (2005) from moist sample equivalent
to 3 g oven-dry soil. The adenylate energy charge (AEC) was
calculated on a molar basis as (ATP+0.5 × ADP)/(AMP+
ADP + ATP). The fungal cell membrane component
ergosterol was extracted from 2 g of moist soil with 100 ml
ethanol (Djajakirana et al. 1996). Then, ergosterol was
determined by reversed-phase high performance liquid chro-
matography (HPLC) with 100% methanol as the mobile
phase and detected at a wavelength of 282 nm. Glucosamine
and muramic acid were determined according to Appuhn et
al. (2004). Moist soil samples of 500 mg were hydrolyzed
with 6 M HCl for 6 h at 105°C. After HCl removal and
centrifugation, the samples were transferred to vials and
stored at −18°C before the HPLC measurements. After
derivatization with ortho-phthaldialdehyde, fluorometric emis-
sion of amino sugars was measured at a wavelength of
445 nm after excitation at a wavelength of 340 nm (Agilent
1100, Agilent, Palo Alto, USA).

Fungal C (µg g−1) was estimated by multiplying the
content of fungal glucosamine in µg g−1 by 9 (Appuhn and
Joergensen 2006). Fungal glucosamine was calculated by
subtracting bacterial glucosamine from total glucosamine,
assuming that muramic acid and glucosamine occur at a 1:2
molar ratio in bacteria (Engelking et al. 2007). Bacterial C
(µg g−1) was calculated by multiplying the content of
muramic acid in µg g−1 by 45 (Appuhn and Joergensen
2006). The results presented in the tables are arithmetic
means and expressed on an oven-dry basis (about 24 h at
105°C). The significance of management effects was
analyzed by a one-way analysis of variance using the
Scheffé post hoc test, which is robust against the violation
of normality and inhomogeneity of the variances (StatView
Reference Manual, SAS Inst. Inc.). All statistical calculations
were performed by StatView 5.0 (SAS Institute Inc.).

Results

The contents of microbial biomass C, adenylates, ATP,
glucosamine, muramic acid, and galactosamine were
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significantly largest in the BYODIN treatment and significantly
lowest in the CONMIN treatment (Table 1). The ergosterol-to-
ATP ratio and the fungal C-to-bacterial C ratio were
significantly lowest in the BYODIN treatment and signifi-
cantly largest in the CONMIN treatment. The ergosterol-to-
microbial biomass C ratio was lowest in the BIOORG
treatment and significantly largest again in the CONMIN
treatment. However, the difference between BIOORG and
BIODYN were not significant for this ratio. The same was
true for the other microbial indices, with the exception of the
adenylates. Also, the differences between the treatments
BIOORG and CONFYM were not significant for the contents
of adenylates, ATP, glucosamine, muramic acid, bacterial C,
or galactosamine. No clear treatment effects were observed
for ergosterol and fungal C, AEC, the ATP-to microbial
biomass C ratio, and the ergosterol to fungal C ratio.

Adenylates were significantly correlated with microbial
biomass C (r=0.80, P<0.001, n=32), bacterial C and
galactosamine, but not with ergosterol and fungal C. These
two fungal indices were significantly correlated. However,
the relationships between fungal C, bacterial C and
galactosamine, i.e., within the different fractions of micro-
bial residues were stronger. The microbial biomass carbon-
to-nitrogen ratio (C/N ratio) showed a negative relationship
with the AEC and especially strong positive relationships

with the ratios ergosterol to microbial biomass C, ergosterol
to ATP. and fungal C to bacterial C (Table 2). These three
ratios, expressing the fungal contribution to microbial
biomass and to microbial residues in soil, were all
significantly interrelated.

Discussion

The present results of adenylates and ATP as indices for
microbial biomass (Dyckmans et al. 2003) mirrored the
general positive effects of organic farming on soil biolog-
ical properties observed repeatedly in the DOK trial (Mäder
et al. 2002; Birkhofer et al. 2008). In contrast to these
general characteristics, the content of saprotrophic fungi, as
indicated by the ergosterol content (Joergensen and
Wichern 2008), remained constant, and was not improved
by the application of farmyard manure and other organic
farming practices, suggesting a shift in the microbial
community structure. However, this was not supported
either by direct bacterial counts or by bacterial and fungal
PLFA (Birkhofer et al. 2008).

An increased microbial biomass in combination with
constant saprotrophic fungi means a shift in the microbial
community structure towards bacteria and towards biotro-

Table 1 Effects of land use management on different microbial properties in the DOK trial at Frick, Switzerland

Microbial properties BIODYN BIOORG CONFYM CONMIN CV (±%)

Soil pH (0.1 M KCl)a 5.8 5.4 5.3 4.5 4

Soil organic C (mg g−1 soil)a 16.0 14.4 13.5 12.3 10

Microbial biomass C (µg g−1 soil)a 470 a 430 a 310 b 230 c 13

Adenylates (nmol g−1 soil) 4.0 a 3.2 b 3.1 b 2.1 c 16

ATP (nmol g−1 soil) 2.8 a 2.5 a,b 2.1 b 1.3 c 18

Ergosterol (µg g−1 soil) 0.35 a 0.31 a 0.33 a 0.32 a 12

Glucosamine (µg g−1 soil) 780 a 740 a,b 710 a,b 660 b 12

Muramic acid (µg g−1 soil) 68 a 60 a,b 55 b,c 45 c 14

Galactosamine (µg g−1 soil) 300 a 260 a,b 230 b,c 210 c 12

Bacterial C (mg g−1 soil) 3.0 a 2.7 a,b 2.5 b,c 2.0 c 14

Fungal C (mg g−1 soil) 6.2 a 5.9 a 5.7 a 5.4 a 12

Microbial biomass C/Na 5.7 b 5.8 b 7.7 a 7.9 a 12

AEC 0.78 a,b 0.84 a 0.79 a,b 0.75 b 5

ATP/microbial biomass C (µmol g−1) 6.0 a 5.6 a 7.0 a 5.9 a 15

Ergosterol/microbial biomass C (‰) 0.76 c 0.72 c 1.11 b 1.44 a 19

Ergosterol/ATP (g mol−1) 130 b 130 b 160 b 250 a 24

Ergosterol/fungal C (mg g−1) 5.7 a 5.3 a 5.9 a 6.0 a 13

Fungal C/bacterial C 2.0 b 2.2 b 2.3 b 2.7 a 9

Different letters within a row indicate a significant difference (P<0.05, Scheffé test)

CV pooled coefficient of variation between replicate samples (n=4×2); BIODYN biodynamic, with composted farmyard manure and biodynamic
preparations; BIOORG bioorganic, with rotted farmyard manure; CONFYM conventional, with stacked farmyard manure; CONMIN conventional,
with inorganic fertilizer application
a Data taken from Birkhofer et al. (2008)
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phic arbuscular mycorrhizal fungi (AMF), which do not
contain ergosterol (Olsson et al. 2003). However, the
biomarker for AMF, the neutral lipid fatty acid (NLFA)
16:1ω5, did not differ significantly between farming
systems (Birkhofer et al. 2008), suggesting a decrease in
the contribution of their mycelium to the microbial biomass
in the organic farming treatments. The NLFA 16:1ω5 is a
good indicator for AMF storage lipids (Gavito and Olsson
2008). It may also accumulate in dead fungal tissue to a
certain extent and consequently does not always reflect the
actual AMF biomass. A strong indication of a long-term
shift towards bacterial biomass due to farmyard manure
application is the absolute increase in the contents of the
bacterial cell wall component muramic acid and the
resulting decrease in the fungal C-to-bacterial C ratio,
suggesting a marked change in the soil organic matter
quality between the different treatments after an experi-
mental period of 27 years.

In the conventional treatments, especially without farm-
yard manure, an increased microbial biomass C/N ratio in
combination with an increased fungal C-to-bacterial C ratio
indicates that the shift in the microbial community structure
towards fungi had a depressive effect on the N storage of
total biomass. This has not always been found (Heinze et al.
2009). Soil type- and soil management-specific interactions
seem to affect the relationship of the microbial biomass C/N
ratio and the ratio of fungal to bacterial tissue. This may
explain the absence of any relationship between the microbial
biomass C/N ratio and the ATP-to-microbial biomass C ratio
repeatedly observed (Chander and Joergensen 2007). It may
also explain the negative relationship between the ergosterol-
to-microbial biomass C ratio and AEC never observed before
suggesting a lower metabolic activity of saprotrophic soil
fungi.

The shift in the ratio of fungal C to bacterial C from 2.7
in the CONMIN to 2.0 in the BIODYN treatment means

that the bacterial residues as a percentage of the total
microbial residues increased significantly from 27% to
33%, but that the fungal residues still dominate all
treatments as always observed in soil (Joergensen and
Wichern 2008). The percentages of bacterial residues are
still considerably higher than those relating direct counts of
bacteria to the total microbial biomass by fumigation
extraction (Birkhofer et al. 2008). On average, the fraction
of amino sugars consisted of 70% glucosamine, 24%
galactosamine, and 6% muramic acid. These percentages
are generally similar to those obtained in other soils
(Amelung et al. 1999). The close correlation between
galactosamine and bacterial C in the present experiment
suggests that galactosamine is mainly of bacterial origin, as
repeatedly stated in earlier publications (Kögel and Bochter
1985; Amelung 2001). Between 0% and 50% galactos-
amine has been found in laboratory cultures of bacteria and
fungi (Engelking et al. 2007). Galactosamine contributed
on average 4% to the total amino sugar content in cultured
bacteria and 15% in cultured fungi, suggesting that fungi
should contribute larger percentages of galactosamine to the
amino sugar pool than bacteria. However, the function of
galactosamine within microbial cells or as metabolites is
still unknown.

In conclusion, ergosterol and amino sugar analysis, i.e.,
muramic acid and glucosamine, revealed that long-term
application of farmyard manure in combination with organic
farming practices led to a shift in the microbial residues
towards bacterial tissue. Galactosamine is an important N
component in soil closely related to bacterial residues in the
present experiment, but still of unknown origin.
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Table 2 Correlation coefficients between adenylates, ergosterol, fungal C, bacterial C, and galactosamine as well as between the adenylate energy
charge (AEC), and the ratios ergosterol/microbial biomass C, ergosterol/ATP, and fungal C/bacterial C in the DOK trial at Frick, Switzerland (n=32)

Ergosterol Fungal C Bacterial C Galactosamine AEC Ergosterol/
microbial
biomass C

Ergosterol/
ATP

Fungal C/
bacterial C

Adenylates 0.04 0.24 0.57** 0.53**

Ergosterol 0.42* 0.30 0.36

Fungal C 0.77*** 0.77***

Bacterial C 0.95***

Microbial biomass C/N −0.41* 0.73*** 0.59** 0.58**

AEC −0.54** −0.56** −0.40
Ergosterol/microbial biomass C 0.90*** 0.62**

Ergosterol/ATP 0.64**

*P<0.05, **P<0.01, ***P<0.001
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