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a b s t r a c t

Soils are highly complex environments characterized by a huge diversity of organisms (especially
microorganisms) and chemical compounds and by complex physical structure. Because of this com-
plexity, it is often difficult to manipulate independently the microbial community, the organic matter,
the clay types, etc., and to disentangle the various processes involved in soil functioning. In this paper, we
propose the use of artificial soils as a simplified and adjustable tool to disentangle soil processes and test
ecological theories on microbial communities. To create an artificial soil, a protocol was designed based
on commercially available clays, sand, calcium carbonates and humic acids. Special attention was paid
to aggregates and structure formation using differential sieving. Many aspects of our artificial soil can be
adjusted as needed by altering mineral nutrient or humic acid concentrations, addition of other organic
molecules, varying the quality of clays, etc. The advantage of an artificial soil is that chemical and biolog-
arbon mineralization ical diversity as compared with real soils can be reduced so that the effects of manipulations (adding an
organism or a molecule, changing temperature, etc.) are not confounded by uncontrolled interactions.
To test the capability of this artificial soil to support microbial growth and dynamics, six bacterial strains
were independently inoculated and monitored for 19 days. Each strain was able to grow and mineralize
the available organic matter. This artificial soil could thus be a good tool for studying different aspects of

soil functioning.

. Introduction

During recent decades, the development of molecular biology
ools has greatly improved our knowledge of microbial diver-
ity. The huge microbial diversity of the soil has led ecologists
o develop new ways of studying soil functioning (Fontaine et al.,
003). Soils are highly complex environments due to the diversity
f mineral and organic compounds, their physico-chemical struc-
ure (Whalley et al., 2005; Hinsinger et al., 2009) and the highly
eterogeneous distribution of the resources: water, mineral nutri-
nts, organic matter, and oxygen (Ilstedt et al., 2006; Gregory et al.,
007). Consequently, soil complexity makes it difficult to deeply
nderstand the different ecological processes.

One possible alternative approach could involve using simpli-
ed experimental systems able to reproduce selected properties
or further studies. In soil, several authors have considered that
implified experimental systems could allow testing alternative
cological hypotheses (Barot et al., 2007; Prosser et al., 2007). Soil
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microcosms are an example of simplified systems which have been
widely used for many years, especially for controlling the pres-
ence of various soil organisms (Bonkowski and Roy, 2005; Laossi et
al., 2009). However, due to their physical, chemical and biological
complexity, it is difficult to manipulate soil characteristics indepen-
dently and understand how they interact. For example, the study of
the direct influence of clays on soil C storage through adsorption of
soil organic matter (SOM) requires the comparison of the C turnover
in different soils containing different types and proportions of clays.
However, clay types and their proportions might change the micro-
bial enzyme adsorption (Quiquampoix et al., 2002) and indirectly
influenced SOM mineralization. Thus, direct and indirect effects
of clay types and proportions might interfere making difficult the
clear identification of the clay effects. Moreover, due to the high
microbial diversity in natural soils, it is difficult to identify the
microorganisms involved in particular aspects of soil function-
ing such as mineralization or priming effects (Blagodatskaya and
Kuzyakov, 2008). It is also difficult to assess the respective influence
of physico-chemical and biological limitations of mineralization
(Kemmitt et al., 2008). Manipulating independently these parame-

ters in an artificial soil could help to understand how they interact.
In this respect, the problem is that when manipulating soil frac-
tions coming from natural soils, it is impossible not to manipulate
the organic matter, and the microorganisms contained in these soil
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Table 1
Artificial soil characteristics.

C content
(mg g−1)

N content
(mg g−1)

C:N ratio pH Soil bulk
density
(g cm−3)

Aggregates
bulk
density
(g cm−3)

Soil pore
volume
(cm−3 g−1)

Microporosity,
(cm−3 g−1)

Macroporisty
(cm−3 g−1)

Clay
content (%)

Sand
content (%)

CEC
(cmol+ kg−1)

8.6 (0.1)a 0.15 (0.01) 56.0 (2.1) 9.9 0.96 1.6 0.67 0.25 0.42 29.4 68.5 5.7 (0.2)
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a Numbers in parentheses are standard deviation.

ractions (Bronick and Lal, 2005). Conversely, sterilizing the soil and
noculating a limited number of bacterial species leaves the soil

ith an unrealistic quantity of dead organic matter resulting from
he death of bacteria. It is still a challenge to propose experimental
ystems that simplify soil characteristics, and yet maintain its func-
ioning. We suggest that using artificial soils with improved control
f the physical, chemical and biological characteristics could help
n reaching this goal.

Creating artificial soils to study microbiological processes is an
ld quest (Madhok, 1937). Moreover, several protocols exist such
s that used in ecotoxicology (OECD, 2004) but to our knowledge
he organic matter used in these protocols is peat. Consequently,
he carbon source and the soil C:N ratio or the microbial community
ould not be easily controlled. One of the first easily adjustable pro-
ocols with a realistic organic matter source to make an artificial soil
as proposed by Ellis (2004). It consisted of a simple mix of clays,

and, humic acids and calcium carbonate without any control of
oil structure or mineral nutrient content, despite the importance
f these two factors for soil functioning (Bossuyt et al., 2001; Ball
nd Robertson, 1994; Craine et al., 2007; Stark et al., 2007; Alvaro-
uentes et al., 2009). To address these shortcomings we propose
n improved protocol, in which addition of mineral nutrients and
reation of aggregates was possible.

. Materials and methods

.1. The artificial soil

The different steps of the protocol consist in mixing the ele-
entary components, and creating and wetting the aggregates.

irstly, kaolinite (20 g, Sigma, Poole, UK), a 1/1 clay type with
ow Cation Exchange Capacity (2.8 ± 0.1 cmol+ kg−1), was mixed

ith bentonite (10 g, Sigma, Poole, UK), a 2/1 clay type with high
EC (59.0 ± 0 = 1.0 cmol+ kg−1). Bentonite has swelling/shrinking
ehaviour during wetting and drying cycles unlike kaolinite. Then,
istilled water (300 ml) was added and the suspension was agi-
ated for two days at 125 rpm. Afterwards, in order to avoid clay

icroaggregate formation, the suspension was sonicated (ultra-
onicator 300 Ultrasonik, Ney, New York, USA) at maximal power
or 10 min. Then, the suspension was centrifuged (200 × g, 10 min)
nd the precipitate was collected and stored at 4 ◦C before use.

Secondly, 70 g of sand were mixed with the precipitate con-
aining 30 g of clay with a spatula until a uniform ‘mud’ was
btained after approximately 10 min. The sand was pure quartz
Fontainebleau sand) and particle diameter ranged from 50 to
000 �m with a majority of small particles (<200 �m).

Finally, to avoid heterogeneous drying with cracks separating
et clods, the ‘mud’ was spread over a glass micro-fibre filter GF/D

f 2.7 �m (Whatman, Maidstone, UK) covered with a 25 �m mesh
t 4 ◦C for three days. This drying process resulted in a cake that
as gently broken into small pieces. These aggregates were sieved
t 4 and 0.500 mm and we collected only the aggregates ranging
rom 500 �m to 4 mm.

To mimic the organic carbon contained in soils, humic acids (2 g,
cros, Loughborough, UK) were added to the clays/sand aggregates
(98 g). Then, to reduce acidity, 0.2 g of CaCO3 (Acros, Loughborough,
UK) was also added. Finally, the artificial soil was sterilized in sealed
plastic bags by �-irradiation at 50 kGy (Ionisos, Dagneux, France)
and stored at room temperature until use (see supplementary
material in online version). Prior to incubation, a fraction of the
soil (20 g) was remoistened with 2.5 ml of COMBO medium in ster-
ile glass flasks for three days (Kilham et al., 1998), to allow the
water to be homogeneously distributed. The regular brown colour
of the aggregates (see supplementary material in online version)
confirms that humic acid was homogenously distributed within soil
aggregates.

Aggregate sizes were still distributed between 500 �m and
4 mm. After sieving, aggregates showed a cubic form, due to the
geometry of the sieve mesh; after remoistening, their shape was
more rounded and thus more similar to real soils aggregates. This
wetting method, although very simple (no control of wetting rate),
was good enough to avoid aggregate slaking and destruction, and
to provide a realistic aggregate shape and consequently a real-
istic geometry of packing pores (see supplementary material in
online version). The main characteristics of the artificial soil are
summarised in Table 1.

2.2. Microbial growth

Six bacterial strains were inoculated: Pseudomonas fluorescens
(DSMZ 7153), Massilia lutea (DSMZ 17473), Variovorax paradoxus
(DSMZ 30034), Rhizobium radiobacter (DSMZ 9674), Hyphomicro-
bium facile (DSMZ 1565) and Ramlibacter henchirensis (CIP 108694).
These strains were selected because they were isolated from dif-
ferent soil types in different ecosystems and are known to present
a large range of ecological characteristics, and particularly to have
different capacities in using humic acid as a growth substrate (Atlas
and Bartha, 1998; Sarathchandra et al., 1997; Padmanabhan et al.,
2003; Hashimoto et al., 2006; Bernard et al., 2007). Prior to inoc-
ulation into the artificial soil, bacteria were cultivated according
to manufacturer’s instructions and transferred into a sterilized
humic acid solution. They were maintained in growth phase by
regular inoculation in sterilized humic acid solution. To inoculate
the bacteria and to avoid excessive and non-controlled input of
humic acids, bacteria were concentrated by centrifugation and then
diluted in COMBO medium before inoculation into the soil (0.5 ml
corresponding to a total COMBO addition of 3 ml). The final con-
centration of bacteria inoculated was 6 × 106 cells/g of dried soil.
The experimental units consisting of 20 g of dried artificial soil
remoistened with COMBO (15%, w/w) placed into a 120 ml flask
and subsequently sealed with a septum. A control treatment, with
only COMBO addition, was performed to check for the artificial soil
sterility. Each culture was performed in triplicate and incubated
for 19 days at 25 ◦C. At the beginning of the experiment, the flask’s
atmosphere was CO2-free. Bacterial counts were performed on TSA
plates (Tryptone Soja Agar, Fluka Chemicals, Castel Hill, Australia)

after 24 h at room temperature. The CO2 concentration was mea-
sured using a MICROGC (Agilent, Santa Clara, USA), and the flask
was flushed with reconstituted and CO2-free air. Bacterial counts
and CO2 measurements were performed after 2, 4, 6, 8, 10 and 19
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ig. 1. Bacterial growth curves (©) and carbon mineralization(�) for the six strains
enchirensis (CIP 108694), (d) Rhizobium radiobacter (DSMZ 9674), (e) Variovorax p
ssessed in triplicates (mean ± s.e., n = 3).

ays of incubation. The amount of CO2 produced by carbonate acid-
fication was estimated in the control treatment and subtracted
rom the amount of CO2 measured within the flasks containing
noculated soil.

All statistical analyses were performed using R (version 2.7.1) (R
evelopment Core Team, 2008). Linear mixed effect models were
erformed with times and strains as fixed variables and replicates
s a random effect. Then, a post hoc Tukey test was performed to
etect difference within the treatments. Because bacterial count
ata distribution was neither normal nor homosedastic, they were

og transformed.

. Results and discussion

Fig. 1 shows the growth of each bacterial strain in the artifi-
ial soil. We observed a significant increase in bacterial density and
O2 production during the experiment for each strain (p < 0.001),

ndicating that all the strains were able to grow and to mineral-
ze humic acids. Similar dynamics were observed for all strains
xcept for R. henchirensis that had a maximal bacterial density lower
han H. facile (p < 0.0001) and P. fluorescens (p < 0.001). These differ-
nces could be due to differences in the efficiency of using humic
cids as a carbon source. Although some bacterial cells might have
ied after inoculation and created a carbon source, the dead micro-
ial biomass was probably not large enough to support the growth
bserved. These results suggest that the six strains were able to use
he humic acids incorporated into the soil.
Our results show that our artificial soil was indeed a favourable
nvironment with no physical limiting factor for the develop-
ent of different bacterial strains. The soil structure resulting from

he packing of artificial aggregates created a sufficient pore size
yphomicrobium facile (DSMZ 1565), (b) Massilia lutea (DSMZ 17473), (c) Ramlibacter
xus (DSMZ 30034), (f) Pseudomonas fluorescens (DSMZ 7153), growth curves were

distribution including intra- and inter-aggregates pores, as exists
in natural soils. This approach should be useful to better under-
stand the effect of soil parameters (texture, structure, moisture,
pH, microbial communities structure, SOM quantity, quality and
diversity) and their interactions on emergent soil properties such
as organic matter dynamics, the release of mineral nutrients, total
microbial biomass, trophic interactions, etc. Moreover, the arti-
ficial soil designed in this study might also be useful to study
plant–microbial interactions. We could, for example, remove the
humic acids and study the direct effect of plant exudation as sole
carbon source, on the microbial community structure.

4. Conclusion

Our protocol was successful in creating an artificial soil with a
structure able to mimic natural soil, stable when water was added
and allowing bacterial development. Consequently, the structuring
and humidification protocols as well as the types and the propor-
tions of the minerals used were well adapted to our requirements.
The tool proposed in this paper is modular and very flexible: it can
be adjusted both to reproduce more features of real soils and to
modify one by one those key features to test their influence. Fur-
ther tests are needed to evaluate this soil as a substrate for a wider
range of soil biota including other bacteria, fungi, earthworms, and
plants.
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