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a b s t r a c t

Gas and volatile organic compounds (VOCs) release in soil is known to be linked to microbial activity and
can differently affect the life of organisms in soil. Electronic noses (E-noses) are sensing devices
composed of sensor arrays able to measure and monitor gases and VOCs in air. This is the first report on
the use of such a sensing device to measure specifically microbial activity in soil. In the present study,
g-irradiated sterilised soil was inoculated with Pseudomonas fluorescens. To be sure for a rapid microbial
growth and activity, two pulses of nutrient solution with organic and inorganic C, N, P and S sources were
added to soil and the resulting microcosms were incubated for 23 d. During the incubation, respiration
and enzyme activities of acid phosphatase, b-glucosidase, fluorescein diacetate hydrolase and protease,
were measured, and microbial growth as global biomass of vital cells based on substrate-induced
respiration (SIR-Cmic) and enumeration of viable and culturable cells by means of dilution plate counts
(CFU) were also monitored. Concurrently, VOCs and/or gas evolution in the headspace of the soil
microcosms were measured through the E-nose, upon their adsorption on quartz crystal microbalances
(QCMs) comprising the sensory device. The E-nose typically generated an odorant image (olfactory
fingerprint) representative of the analysed samples (soils) and resulting from the concurrent perception
of all or most of the analytes in headspace, as it commonly happens when several selective but not
specific sensors are used together (array). The basic hypothesis of this study was that different soil
ecosystems expressing distinct microbial metabolic activities, tested through respiration and enzyme
activities, might generate different olfactory fingerprints in headspace. Furthermore, the possibility to
detect several substances at the same time, released from the soil ecosystems, possibly deriving from
both abiotic and biotic (microbial metabolism) processes provides an “odorant image” representative of
the whole ecosystem under study. The E-nose here used succeeded in discriminating between inoculated
and non-inoculated ecosystems and in distinguishing different metabolic and growth phases of the
inoculated bacteria during incubation. Specifically, E-nose responses were proved highly and signifi-
cantly correlated with all hydrolytic activities linked to the mobilisation of nutrients from soil organic
matter and their cycling, with CO2 fluxes (respiration and presumed heterotrophic fixation) and with
P. fluorescens population dynamics during exponential, stationary and starvation phases measured by
SIR-Cmic and CFUs. Interestingly, the E-nose successfully detected soil microbial activity stimulated by
nutrient supply, even though none of the catalytic activities tested directly produced VOCs and/or gases.
The E-nose technology was then proved able to supply a real holistic image of microbial activity in the
entire gnotobiotic and axenic soil ecosystems.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The production of volatiles by microorganisms has been well
known for several decades. In soil specifically, atmosphere greatly
: þ39 0761 357242.
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differs from the outer atmosphere for the presence of volatile
organic compounds (VOCs) and gases mainly resulting from
metabolic activity of soil organisms (mostly microorganisms)
(Conrad, 1996), hence their classification as biogenic substances.
The degradation of substrates for nutrient and energy supply
through oxidative and fermentative metabolism and the produc-
tion of organic acids and other by-products through intermediary
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metabolism by microorganisms are all processes that bring about
the release of biogenic VOCs and gases in soil (Sheppard and Loyd,
2002). These substances include a wide range of chemical
compounds: alcohols, aldehydes, aromatics, esters, ethers, hydro-
carbons, ketones, nitriles, terpenses, sulfides (Leff and Fierer, 2008;
McNeal and Herbert 2009), that influence both microbial metabo-
lism (Smolander et al., 2006) and interactions among microor-
ganisms (e.g. antimicrobial antagonists) as well as with other
organisms (Fernando et al., 2005). It has been well-documented in
the last decades thatmost biogenic volatile compounds are species-
specific and that the patterns of volatile compounds produced by
microorganisms result from specific physiological traits, growth
phases (exponential, stationary, etc.) and growth conditions
(Fernando et al., 2005; Kai et al., 2009; Thorn et al., 2011).

Several techniques are available for the measurement and
analysis of gases and VOCs in environments. Of these, electronic
noses (E-noses) are devices made up of sensor arrays able to
monitor atmosphere or headspace of samples. The ability of E-noses
to perceive odorant analytes is based on several principles, such as
gravimetry, optics, electrical conductivity, redoxability and elec-
trical field influence, and depends on the properties of the sensing
materials used as coatings, whichmay change after interactionwith
volatile analytes (Grate and Abraham, 1991). In the case of E-noses
based on quartz crystal microbalances (QCMs), the sensory
measurement is based on the transduction of gravimetric variations
into electrical signals that occur as a result of changes in quartz
oscillation frequency upon the adsorption of analytes onto sensitive
films coating the quartz (Lucklum et al., 1991). The primary advan-
tage of the use of E-noses is the presence of an array of sensors
coated with differentially and partially specific, despite selective,
sensitivefilms, i.e.which can interactwith single analytes belonging
to the same chemical class, but not highly specific for a single
substance, only, and which can also interact with substances
belonging to other chemical classes (cross-selectivity), despite to
a lower extent (overlapping responses of different sensors) (Pearce
et al., 2003). The pool of E-nose responses to amixture of analytes is
then commonly processed through pattern recognition analyses
(Principal Component Analysis e PCA, Partial Least Squares e PLS,
etc.) to obtain an odorant chemical fingerprint (olfactory fingerprint)
typical of the analysed sample (Pearce et al., 2003), similarly to
what occurs in mammalian perception, thus the name ‘electronic
nose’ (Persaud et al., 1996). E-noses have also been used to detect
specifically biogenic VOCs produced by microorganisms in
several environments (Gibson et al., 1997; McEntegart et al., 2000).
However, to date, the applications of E-noses in soil have been very
few. They include: i) the measurement of ammonium content after
its conversion into gaseous ammonia in alkaline conditions fromKCl
soil extracts and after the E-nose (8 sensor array) calibration with
suitable ammonium concentrations in the same experimental
conditions (De Cesare et al., 2009); ii) the detection of pollutants
(gasoline) in laboratory experiments (spiked soil slurries) and in the
field, through the preliminary E-nose (7 sensor array) calibration
with benzene, toluene, ethyl benzene and xylene standards and the
following detection of volatiles from the mixture and the field
(Kurup et al., 2006); iii) the degradation of pollutant(phenanthrene)
spiked soil by resident microorganisms through the prior calibra-
tion of the E-nose (8 sensor array) with standard concentrations of
phenanthrene and then measuring the response to volatiles
released in headspaces compared to the chromatographic profile
detected by a solid phase microextraction analysed through a gas
spectrometer coupled to a mass spectrometer (SPME/GC-MS) (De
Cesare et al., 2008); iv) the assessment of the influence of soil
type, soil environmental conditions and nutrient addition on soil
volatile production patterns obtained through the exposure of an
E-nose (14 sensor array) to headspace of soil samples at different
environmental conditions (Bastos and Magan, 2007). In the last
case, however, no assessment of the real involvement of microbial
populations and their relationship to E-nose responses was per-
formed, upon the lack of suitable controls.

Typically, soil microbial activity is measured through several
parameters (Nannipieri et al., 1990) that are used as indicators of
soil quality and health, fertility, disease suppression and environ-
mental changes and have been extensively reviewed in the last
decades and mainly involve respiration and soil enzymes (Dick,
1997; He et al., 2003; Nannipieri et al., 2002; Pankhurst, 1994).
Among soil enzymes, hydrolytic enzymes are commonly used by
soil microbial populations to mobilise elements (C, N, P, S) from soil
organic matter (SOM) in order to support their survival and
proliferation. Phosphatase, b-glucosidase, arylsulfatase and
protease activities are the hydrolytic enzymes mostly responsible
for the mobilisation and acquisition of such nutritive elements and
then for their biogeochemical cycling (Shaw and Burns, 2006).
Fluorescein diacetate hydrolase activity, instead, is commonly used
as a parameter to measure total activity of bacteria and fungi
(Schnürer and Rosswall, 1982). The variations in the activity of
these enzymes are then reasonably related to conditions in soil
ecosystemswhere nutrients become limiting and also physiological
modifications can affect bacteria population. Although several
attempts have been made to describe the metabolic activity in soil
ecosystems, by using single or multiple indices collecting several
biochemical and microbiological parameters, it is still difficult,
however, to find out a parameter or an index able to satisfactorily
match such a need of soil scientists. The use of the E-nose tech-
nology might supply a further contribution to solve this problem.

The present studywas then planned to verify the capability of an
E-nose of measuring the microbial activity in soil ecosystems, by
comparing its responses to the measures of biochemical and
microbiological parameters commonly used for such detection in
soils, e.g. respiration and hydrolytic enzyme activities (Taylor et al.,
2002; Renella et al., 2007). The rationale for this study was that
different soil ecosystems with distinct microbial metabolic activi-
ties, expressed through respiration and enzyme activities, might
result in different olfactory fingerprints. Then, this study was
specifically focused on the achievement of 3 objectives: i) to fill the
gap due to the likely objections arising from the possible emissions
of VOCs and even gases from soil components and the added
substrates upon specific environmental conditions used during the
experiments; ii) to relate more specifically the E-nose responses to
the microbial activity measurable in soil samples, both as a conse-
quence of point i) and mainly because proper and typically
accepted methods for detecting microbial activity in soil were used
as references; iii) to supply an easy and less time-consuming tool
for microbial activity detection in soil. However, the products
released through hydrolytic transformations of SOM only some-
times are VOCs and/or gases. By contrast, the E-nose is an electronic
instrument capable of detecting VOCs and/or gases in atmosphere
or headspace. Since the object of the present study is the compar-
ison of these two different approaches to detect microbial meta-
bolic activity, the possible relationship between the measures
resulting from the two kinds of methodologies could not be direct
and it needs to be evaluated. Notwithstanding, it is common to find
out in soil studies that hydrolytic activities are highly correlated to
respiration (Margesin et al., 2000; de la Paz Jimenez et al., 2002), so
that CO2 is related to enzymatic activities although the latters have
no direct connection with such a gas production. This event can be
reasonably explained by suggesting that the hydrolytic products
may be further degraded through other metabolic pathways
involving other enzymes (despite not specifically tested) up to
mineralisation, as well as it happens in the well known process of
“priming effect” when nutrients become limiting and where the
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extra hydrolytic activities are related to the extra CO2 release
(Blagodatskaya and Kuzyakov, 2008).

2. Materials and methods

To test the hypothesis reported in the previous section, the
experimental planwas designed to set up soilmicrocosms consisting
of sterilised soil inoculated or not (control) with soil bacteria and
addedwith nutrients in order to ensure the survival of themicrobial
population from the planktonic condition of the inoculum to the
sessile condition of the soil ecosystem and its growth, as well as
to stimulate its metabolic activity. Respiration, enzyme activities of
acid phosphatase (APase), b-glucosidase (GLUase), fluorescein diac-
etate hydrolase (FDAHase), arylsulfatase (ASase) and protease
(PROase), as biochemical parameters, andmicrobial growth as global
biomass of vital cells based on induced respiration (SIR-Cmic) and
enumeration of viable and culturable cells (CFU), as microbiological
parameters, were tested in soil microcosms. The latter microbio-
logical parameters were chosen because they specifically detect
really living and metabolically active (non-resting) microbial
biomass, and are then more suitable to assess the physiological
responses of soil microorganisms when subjected to environmental
changes (Di Mattia et al., 2002; Bååth et al., 2005): SIR-Cmic

measures, in fact, the respiratory response of only glucose-
responsive and active microorganisms, while CFU measure the
population of culturable cells that Bååth et al. (2005) demonstrated
to be characterised by high specific activity. Hence, these parameters
were preferred to those that detect the whole microbial biomass
including dead cells, such as fumigation incubation (Jenkinson and
Pawlson, 1976) and fumigation extraction (Vance et al., 1987).

Collaterally, the release of VOCs and/or gases from soil micro-
cosms was measured in headspace through an E-nose. The evolu-
tion of all these parameters was monitored over a 23-day period,
during which nutrients were supplied twice to soil microcosm: at
the inoculation time and after 21 d of incubation, in order to confirm
the relationship between E-nose readouts and microbial activity
measurements in these ecosystems. In order to test these parame-
ters, suitable amounts of samples from soils and headspace, in
accordancewith the differentmethods to perform,were sacrificially
and randomly collected from microcosms (4 replicates), except
otherwise stated, at T0 and after 1, 2, 6, 21 and 23 days (d) of incu-
bation, except for E-nose at T0 and SIR-Cmic at 1 d measurements
that were not performed (in the latter case because not applicable,
according to what reported by Anderson and Domsch, 1978 and
Blagodatskaya et al., 2007). It is known, in fact, that the SIR method
should not be carried out in soils recently amendedwith available C
(Anderson and Domsch, 1978). Growing cells under these condi-
tions, in fact, releases more CO2 per mass unit than is released by
non-growing cells (stationary phase), so that the respiratory
response to the subsequent addition of glucose to estimate micro-
bial growth is suppressed (Blagodatskaya et al., 2007), and the
relative standard factor used in Anderson and Domsch (1978)
equation is not applicable. Then, 48 h from nutrient supply were
waited before using this method, as a consequence of the results
reported by Blagodatskaya et al. (2007). To test the different
parameters, distinct soil microcosms were set up, according to the
requirements of the specific procedures used: a set of glass flasks for
both soil enzyme activities and CFU detection, another set of glass
flasks for the E-nose measurements and a set of glass vessels, for
both respiration detection and SIR-Cmic measurements.

2.1. Soil microcosms set up

Samples of silty clay loam soil from a grassland area nearby
Rome (Italy) were collected from the top 15 cm, after turf removal,
sieved at 2 mm mesh and stored at 4 �C for 3 months before use,
according to Lee et al. (2007). Pertinent characteristics of the soil
include: sand, 182 g k�1; silt, 367 g kg�1; clay, 451 g kg�1; organic C
(Corg), 17.7 g kg�1; total N, 2.1 g kg�1; C:N ratio, 8.4; cation exchange
capacity (CEC), 37.4 cmol (þ) kg�1 soil; pHKCl, 6.03; water holding
capacity (WHC), 517.8 g kg�1. Physical, chemical and physico-
chemical properties were determined according to the following
methods: soil texture by Lotti and Galoppini (1980), CEC, Corg, total
N, WHC and pHKCl by Violante (2000). Before assembling soil
microcosm, a suitable amount of soil was stored at 25 �C in the dark
for 7 d to allow microbial biomass to recover its activity and
consume all the available low-weight organic molecules, which
could have altered the forthcoming response during the experi-
ments. This is a common practice in soil studies to avoid the effects
of disturbance upon storage (Renella et al., 2007; Vance and
Nadkarni, 1990) and it is also based on the findings of Brookes
et al. (2008) and De Nobili et al. (2001) about the use of low-
molecular weight triggering substances by soils and in accor-
dance with the timing of their degradation reported by Allen and
Schlesinger (2004). This procedure also allowed soil enzyme
activities in the original soil to be measured. A sub-sample of this
soil was sterilised by 40 kGy g-irradiation from a 60Co source per-
formed at 2 kGy h�1 for 20 h (Gammacell 220, Nordion, Canada).
Irradiating the soil ensured that the only living organisms came
from the bacterial inoculum in order to arrange suitable soil
ecosystems. In order to prevent contamination of sterile soil
microcosms, all the procedures after g-irradiation were performed
in sterility and all laboratory materials and reagents were sterilised
prior to use or to their additions to soil.

Soil microcosms in the glass flasks were set up by weighing
aliquots of sterilised soil corresponding to 15 g dry weight in
100 mL glass flasks (i.e. 140 mL actual volume). In control micro-
cosms, a solution containing inorganic nutrients and glucose was
added at fixed ratio to dry matter (i.e. 0.3 mg MgSO4$7H2O, 1 mg
K2HPO4, 2 mg KH2PO4, 2 mg (NH4)2SO4 and 0.16 mg glucose-C g�1

dry soil; C:N ratio, 14.3; C:P ratio, 7.8). Such a solutionwas used also
to bring soil to 50% of its WHC. Incidentally, soil water content in
the range 50e65% of WHC are commonly used in soil experiments
to have the greatest microbial activities (Orchard and Cook, 1983;
Linn and Doran, 1984; Davidson et al., 2000) and to make
different studies comparable. In inoculated soil ecosystems,
instead, about 5.5� 0.3�104 total cells g�1 dry soil of Pseudomonas
fluorescens isolated from the same soil were added to soil micro-
cosms together with the nutrient solution, after determination
through direct microscopy after Acridine Orange staining (AODC) as
described by Di Mattia et al. (2002). To prepare the inoculum, soil
bacteria were grown overnight at 28 �C in the nutrient solution,
reported above as liquid medium, before inoculation. The inoculum
density was standardised prior to the addition to soil. After the
addition of nutrients with or without microbial inoculum (i.e. in
control or inoculated ecosystems, respectively), soil was carefully
mixed prior to seal the flasks with polypropylene stoppers to place
them in a thermostatic incubator set at 30 �C in darkness for 23 d.
The flasks used for E-nose measurements were sealed with two-
ways stoppers, instead. The two outlets of the stoppers were
tightly closed to prevent any possible gas and VOCs leakages from
the flasks during the incubation period. After 21 d, the stoppers
were removed, soil microcosms were thoroughly aerated and
a further aliquot of nutrient solution, equivalent in total nutrients to
the previous one but deprived of bacteria and halved in volume,
was resupplied to both control and inoculated soil ecosystems. The
added solution brought soil moisture to 63% of WHC, according to
the study by Ravnskov and Jakobsen (1999) with P. fluorescens. Soils
were then mixed carefully, stoppered again and incubated for
further 48 h.



Table 1
Enzyme activities measured in the original soil prior and after the sterilisation
procedure. APase¼ acid phosphatase activity; GLUase¼ b-glucosidase activity;
FDAHase¼ FDA hydrolases activity; PROase¼ protease activity. Enzyme activities
are reported with relative standard deviation among 4 randomly sampled soil
aliquots.

Biochemical
activity

Original soil (mg of released
product h�1 g�1 of dry soil)

Sterilised soil (mg of released
product h�1 g�1 of dry soil)

APase 756� 17 59� 3
FDAHase 287� 54 0� 1
GLUase 239� 6 0.6� 0.2
PROase 142� 7 45� 2.8
ASase 97� 3 0� 0.2
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Soil microcosms used for soil respiration and SIR-Cmic detection
were set up, instead, by weighing soil aliquots corresponding to
2.6 g dry soil in 22 mL glass vials for both control and inoculated
ecosystems, in order to maintain the same proportion between soil
and headspace in soil microcosms as well as for the other
measurements. Nutrients�microbial inoculumwere added to soil,
proportionally to what reported for ecosystems in flasks, at both T0,
before sealing with PTFE/silicone caps, and after cap removal and
aeration at 21 d of incubation, as described for flasks, then mixed
carefully, sealed thereafter with caps and incubated at 30 �C in
darkness for global 23 d.

2.2. Microbial analyses

The quantification of microbial population through the SIR
method was performed according to Bailey et al. (2008) by
supplying 0.400 mg glucose-C g�1 of dry soil in solution to micro-
cosms in order to allow the growth of microorganisms in all soil
microsites and bringing soil moisture up to 57% WHC, in accor-
dance with what reported by Höper (2006) (but about 80% WHC at
23 d). The amount of glucose-C was 3.5 the optimal glucose-C
concentration suggested by Höper (2006) for arable soils with
expected microbial biomass lower than 800 mg C g�1 dry soil, i.e. it
enabled to perform the method although it was impossible to
predict the maximum microbial biomass achievable in soil
ecosystems tested in the present study. Soil was then mixed and
briefly flushed with hydrated air and microcosms were immedi-
ately capped and incubated at 22 �C (checked by a digital ther-
mometer) for 1.5 h. The 1.5 h incubation was chosen since for the
first 3 h the respiration rate is constant, according to what reported
by Anderson and Domsch (1978) and Höper (2006). CFU count was
carried out following the method described by Mascher et al.
(2003). The catalytic activities of APase, GLUase, FDAHase, ASase
and PROase were carried out according to the procedures reported
by Shaw and Burns (2006), Dick et al. (1996), Green et al. (2006),
Tabatabai (1994) and Ladd and Butler (1972), respectively. The
amount of CO2 release to measure both SIR-Cmic and respiration in
soil microcosms was determined by withdrawing 500 ml aliquots
from headspace through a plastic syringe and injecting them into
a GC-MS coupled system. The GC (Hewlett-Packard 5890, Series 1/
II, Wilmington, DE, USA) was equipped with a capillary column
PoraPLOT U (25 m, i.d., 0.320 mm, film thickness, 10 mm, Chrom-
pack, Middelburg, The Netherlands). Respirationwas reported both
as mg CO2-C g�1 dry soil of CO2 accumulated in soil microcosm
headspace (CCO2¼ cumulative CO2) and as mg of CO2-C h�1 g�1 dry
soil produced between two next sampling dates (CER¼CO2
evolution rate), reckoned from the cumulative CO2 measures. The
respiration:biomass ratio (also known as metabolic quotient) was
also calculated as the global CO2 produced per unit of microbial
biomass(CO2 SIR-Cmic

�1 ratio) and unit of time (CO2-C SIR-Cmic
�1 h�1),

according to Smolander et al. (1994), measured at each sampling
date. All enzyme activities were tested both in the original soil
before and after g-irradiation (Table 1) and during the incubation.

2.3. Soil microbial activity as measured through gas
and/or VOCs perception by an E-nose

The E-nose used in this work was analogous to that one previ-
ously set up by the IMM-CNR of Rome (Italy) (De Cesare et al., 2008),
and it was based on 8 chemical sensors consisting of QCMs coated
with different organic polymers and oscillating at 20 MHz in a 10 mL
measuring chamber. However in the present study, the list of
employed polymers included 3 different metalloporphyrins Mn-
5,10,15,20-tetrakis-(4-butyloxyphenylporphyrin) (QCM6), Co-5,10,
15,20-tetrakis-(4-butyloxyphenylporphyrin) (QCM7), Cu-5,10,15,20-
tetrakis-(4-butyloxyphenylporphyrin) (QCM8) (Di Natale et al.,
2004) and 5 commercial polymers: polyethylenimmine (QCM4),
polyamide (QCM2), polyaniline (QCM3), polyphenylmethylsilloxane
(QCM5), perfluorocyclobutane (QCM1). All polymers except metal-
loporphyrins were purchased from SigmaeAldrich, while metal-
loporphyrins were synthesised in laboratory (Di Natale et al., 2004).
Since the possible chemical nature of VOCs and/or gases released by
possible different metabolisms throughout the incubation period
was unknown, we decided to choose these polymers on the base of
a general chemical classification, based on different polarity and
affinity to water. Incidentally, E-nose devices are commonly char-
acterised by good selectivity but low specificity, as reported above
(Pearce et al., 2003). In this case, the selected polymers were char-
acterised by highly hydrophilic (metalloporphyrins) up to highly
hydrophobic (perfluorocyclobutane) chemical nature. In previous
studies on different subjects, instead, we selected polymers on the
base of their chemical features as electron acceptor (as occurred for
the ammonia detection reported in De Cesare et al., 2009) or on their
high reactivity and coordination properties or on their
chromatographic-like behaviour upon differential retention on
a stationary phase characterised by hydrophilic or hydrophobic
properties (as happened for the detection of phenanthrene and its
metabolites reported in De Cesare et al., 2008). The polymers here
chosen were deposited on both sides of quartz microbalances
through evaporation under vacuum (metalloporphyrins), plasma
enhanced chemical vapour deposition (perfluorocyclobutane), or
spray-casting (polymers solved in suitable solvents).

The QCMmass variations upon adsorption of VOCs and/or gases
present in soil microcosm headspace determined a frequency
variation proportional to the mass of analytes, according to Sauer-
brey’s equation: Δf¼�kqΔm, where kq is a constant depending on
quartz properties. Every data analysis was carried out using the
frequency shifts between baseline and the values after reaching the
analyte sorption equilibrium. VOCs and/or gases were withdrawn
from soil headspace and drawn into the E-nose chamber by
a micropump (200 mLmin�1), while the temperature (30 �C) was
controlled by a thermostatic chamber. Measurements were carried
out twice for each group of 4 replicates per treatment (control and
inoculated ecosystems), per sampling date. The reproducibility of
the measurements was tested through ANOVA using the replicated
measures obtained from the same samples at each sampling date as
two distinct groups of data. This data processing was repeated for
each sensor and the ANOVA did not show any significant difference
at P< 0.05 between the replicates.
2.4. Statistics

One measurement per microcosm was carried out to quantify
CFU, and enzyme activities, except for VOCs and/or gases release
estimation through the E-nose and respiration and FDAHase



Fig. 1. Microbial biomass content measured as culturable and viable cells (CFU) and as
total vital biomass (SIR-Cmic) in inoculated ecosystems over 23 d incubation. The
biomass content measured by SIR at 1 d was reckoned on the base of the relationships
between CFU and total microbial biomass reported by Taylor et al. (2002). Arrows
represent nutritive pulse supplied to soil. Bars represent standard deviation (n¼ 4).
Letters represent significant differences (P< 0.001) between the means.
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activity detection, which were measured twice in each microcosm.
In these cases the two values were averaged before further data
processing to equalise the number of measures to compare per each
parameter. Since data at 1 d sampling relative to SIR-Cmic were
lacking, the total vital microbial biomass values relative to this
sampling were calculated from the CFU measures using the
conversion factor reported by Taylor et al. (2002), in order to allow
statistical analyses.

Measurements of enzyme activities, microbial parameters and
CO2 evolutionwere analysed by ANOVA to test their dependence on
incubation time and soil treatments as independent variables and
the significance of their relative differences. Correlations among
biochemical and microbiological parameters were also tested
through the calculation of the Pearson’s correlation using Stat-
Plus:mac LE.2009 by AnalystSoft, Inc., Canada.

Furthermore, microbiological and biochemical measures were
analysed through multivariate analyses. Multivariate analyses are
often used in soil sciences to test the effects of various treatments,
managements or soil parameters on other soil parameters. The
application of such analyses to microbiological and biochemical
parameters has been recently used to provide also a more holistic
representation of the biochemical and microbial features of soils
(Nannipieri et al., 2002; Hinojosa et al., 2004). Specifically in this
study, PCA and PLS (using PLS Toolbox software by Eigenvector
Research, Inc., USA) applied to all kinds of measures relative to
samplings from 1 to 23 d, as data set, were carried out. These
analyses combined altogether the measures of all different
parameters relative to each sample into a single value (microbial
index) through mathematical algorithms, though saving the infor-
mation regarding each parameter (Nannipieri et al., 2002). The
resulting information can also be used to assess the contribution of
each parameter on the multivariate classification (through biplot of
loadings). Specifically, while PCA graphically represents the corre-
lation of these indices in an n-dimensional space through their
spatial distribution on the base of similarities and diversities, PLS
(both PLS-DA, i.e. PLS-discriminant analysis, and PLS-regression)
allows the construction of a model on the basis of a group of
indices from an n-dimensional matrix (X-block), as for PCA, and
then uses each index of an m-dimensional matrix (Y-block) to
validate the model according to the leave-one-out principle. Biplot
of loadings is a type of graph used in statistics, which permits
information on both samples and variables of a data matrix to be
displayed graphically. Also sensors array responses during E-nose
measurements, deriving from adsorption onto polymeric films of
analytes released from soil ecosystems into headspace, were ana-
lysed by PCA and PLS data processing and biplot was also carried
out. All analyses on sensory data were carried out using the
frequency shifts of each sensor as data set.

Each data set used for different multivariate analyses was
previously autoscaled (m¼ 0, s¼ 1).

3. Results

3.1. Microbiological and biochemical measurements

3.1.1. Microbial biomass
Microbial biomass in inoculated soil ecosystems showed similar

but not identical trends, represented by an initial steep increase,
a following decrease and then a further increment, whenmeasured
either as SIR-Cmic or as CFU in aliquots of soil sampled from soil
microcosms at different dates over 23 d of incubation (Fig. 1). Both
trends were significantly dependent (CFU at P< 0.001 and SIR-Cmic
at P< 0.05) on the incubation period. However, CFU estimation
indicated that the exponential phase of bacterial growth occurred
between T0 and 1e2 d of incubation following inoculum addition to
the soil, despite with two distinct slopes, then followed by
a stationary phase up to 6 d, while SIR-Cmic showed that the
exponential phase of growth continued for up to 6 d of incubation.
Thereafter, microbial growth decreased till 21 d up to approxi-
mately zero (SIR-Cmic) or to values comparable to those at 1 d (CFU)
(resting or death phase). After further nutrient supply to the soil,
the SIR-Cmic increased, but the increment was not significant, while
a second exponential phase was observed in culturable cells. Both
SIR-Cmic and CFU appeared absent in the non-inoculated controls
(data not shown).

3.1.2. Carbon dioxide content
Measurements of CO2 production in sterilised and inoculated

soil ecosystems, measured as CCO2, showed significant variations
(P< 0.001) over time (Fig. 2). Cumulative CO2 levels in the micro-
cosm headspace increased up to 897 mg CO2-C g�1 dry soil within
2 d; this increase was a consequence of the increments of CER
(up to 18.55 mg CO2-C h�1 g�1 dry soil) at the expense of O2, which
was used as principal electron acceptor, according to the charac-
teristics of the microbial species, and of the CO2 SIR-Cmic

�1 ratio,
which reached the highest value (3.5 CO2-C SIR-Cmic

�1 h�1) after the
first 24 h of incubation (Fig. 2 inset). All these 3 parameters showed
very high increments but 2 different slopes during the first 48 h of
incubation, where the steepest one occurred within the first 24 h,
probably because CO2 SIR-Cmic

�1 ratio decreased during the next 24 h
(1.29 CO2-C SIR-Cmic

�1 h�1). Thereafter, CCO2 continued to increase,
despite more gradually, up to 1346 mg CO2-C g�1 dry soil (6 d of
incubation), as a consequence of the precipitous reduction of CER to
about 4.69 mg CO2-C h�1 g�1 dry soil and of the CO2 SIR-Cmic

�1 ratio
(0.4 CO2-C SIR-Cmic

�1 h�1), between 2 d and 6 d of incubation. These
results are in agreementwith those reported by Blagodatskaya et al.
(2007) and Vance and Nadkarni (1990). Then, CCO2 in soil micro-
cosm headspace decreased tominimal values (273 mg CO2-C g�1 dry
soil) upon the drastic reduction of CER up to even negative values
(�2.98 mg CO2-C h�1 g�1 dry soil) at 21 d, suggesting the possibility
for the occurrence of heterotrophic fixation. The term “heterotro-
phic CO2 fixation” or “heterotrophic CO2 assimilation” (Wood and
Werkman, 1936) refers to CO2 incorporation into organic metabo-
lites by chemo-organo-heterotrophic microorganisms including
bacteria (e.g. P. fluorescens) (Miltner et al., 2004; Hesselsoe et al.,
2005), through the action of various carboxylases involved in
various metabolic pathways such as the anaplerotic reactions that



Fig. 2. Microbial respiration measured as mg CO2-C g�1 dry soil accumulated in head-
space of both inoculated and non-inoculated soil microcosms (cumulative CO2-CCO2),
and as mg CO2-C h�1 g�1 dry soil released in microcosm headspace between two
consecutive sampling dates (CO2 evolution rate e CER) over 23 d incubation. Inset
shows the CO2 SIR-Cmic

�1 ratio reckoned over the same period. Arrows represent
nutritive pulse supplied to soil. Bars represent standard deviation (n¼ 4). Letters
represent significant differences (P< 0.001) between the means within each
treatment.
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refurnish the tricarboxylic acid cycle (TCC) (Kornbeg, 1966) and
others (Dijkhuizen and Harder, 1985). Respiration and heterotro-
phic fixation commonly coexist in soil, and soil CO2 concentration
results from the prevalence of onemetabolic process over the other.
The extent of this fixation usually ranges from 1 to 13% of the
organic Cmic (Perez and Matin, 1982; Santruckova et al., 2005).
Notwithstanding, it may only slightly justify the drastic decrease in
CO2-C observed in the present study. However, the few studies
carried out to assess the presence and the extent of heterotrophic
CO2 fixation in soil never used environmental conditions (i.e.CO2
concentrations) similar to the microaerophilic or even anaerobic
conditions presumably occurring in soil ecosystems set up in the
present study. In the study of Santruckova et al. (2005) and Miltner
et al. (2004), for example, 5% and 1% CO2 concentrations were used
as high CO2 conditions, respectively, i.e. very far from the common
CO2 concentrations in soils and from those occurring in the present
study. Therefore, the possible extent of heterotrophic CO2 fixation
in anaerobic conditions in soil is still unknown, although evidences
for heterotrophic CO2 fixation in such environments have been
reported (Hesselsoe et al., 2005). Other possible mechanisms to
explain the CO2 decrease in terms of CO2 fixation have been listed
by Miltner et al. (2004), but are not applicable for the bacterial
species used in the present study. Further possible explanations for
such a diminution can be ascribed to abiotic processes such as
carbonate precipitations, as a consequence of increased CO2 sol-
ubilisation at high CO2 partial pressure in the slightly acidic clay
loam soil used in this study (pH 6.3), especially in the case of
adequate concentrations of Ca2þ and Mg2þ ions (not tested).
Furthermore, physical adsorption of CO2 onto soil particles (espe-
cially in soil with great specific surface area, as assumable for the
clay loam soil here used) may also occur. In any case, the truth-
fulness of the CO2 decrease here observed in soil ecosystems in
sealed vessels was confirmed by the completely randomised
sampling procedure, which included themicrocosms at 21 d, by the
4 replicates used and by the contemporary decrease in all param-
eters tested (i.e. through both common biochemical and microbi-
ological methodologies and E-nose, which involved the use also of
different containers), so that any possible gas leaching can be
excluded. Additionally, in completely independent studies carried
out in our laboratory involving a forest soil in natural conditions
(not sterilised) and focused on pollutant degradation, a similar
drastic decrement in CO2 content of headspace was observed, after
a certain incubation period (unpublished results). Hence, although
a completely satisfactorily explanation for such a CO2 decrease
cannot be identified, we are sure about the truthfulness of our
results and then further studies are necessary to clarify this event.
However, shortly after the second pulse of nutrients to the soil, CER
rose again steeply to 17.87 mg CO2-C h�1 g�1 dry soil (i.e. not
significantly different from what measured after 2 d), with a trend
resembling that observed within the same lapse of time after the
first supply of nutrients and similarly to what happened to the CO2
SIR-Cmic

�1 ratio (3.37 CO2-C SIR-Cmic
�1 h�1). CO2 also accumulated in

soil headspace, as it had occurred after the first 2 d of incubation
(894 mg CO2-C g�1 dry soil). No significant variation from the CO2
concentration measured at T0 (ambient CO2) was observed in soil
without bacterial inoculum throughout the incubation period.

3.1.3. Enzyme activities in soil
The measurements of enzyme activities in the original soil

showed that all of the catalytic activities tested were present. All
enzyme activities tested were greatly reduced or suppressed by the
g-irradiation procedure used to sterilise the soil (Table 1). Only 8%
and 29% of the original catalytic activities of APase and PROase,
respectively, were still present after sterilisation (immobilised
enzymes (Burns, 1982)), while all other enzyme activities were
suppressed. All enzyme activities in soil ecosystems were signifi-
cantly affected (P< 0.001) by the presence of microorganisms and
by the incubation period. All the hydrolytic activities changed after
nutrient supply with slopes reflecting the general trends proposed
by Renella et al. (2007) for soil enzymes after amendments with
organic compounds and nutrients. Shortly after inoculation of soil
microcosmswith P. fluorescens, APase activitywas even greater than
that in the original soil (Fig. 3a). This catalytic activity achieved its
maximal activity (þ33%, P< 0.001) between T0 and 1 d of incuba-
tion; from 1 to 6 d of incubation, it was strongly inhibited, returning
to values much lower than T0. Thereafter, APase activity was further
inhibited up to�80% at 21 d (P< 0.001), with respect to maximum.
Following the second pulse of nutrients, no significant variationwas
observed in this catalytic activity. After inoculation of soil with
P. fluorescens, GLUase activity showed a sigmoid shape with rather
low values that were nevertheless significantly (P< 0.001) greater
than those of sterilised soil. GLUase activity remained constant until
1 d of incubation and then began increasing to reach a maximum at
2 d (7-fold increase; P< 0.001) (Fig. 3b). A gradual but drastic
decrease followed this peak until 21 d (�81%); the activity increased
again, but not significantly, after the second nutrient supply. FDA-
Hase activity showed significantly (P< 0.001) different values in
inoculated soil at T0 with respect to the sterilised one, but theywere
rather lower than the maximum (Fig. 3c). The catalytic activity of
FDAHase increased to a maximal value after 2e6 d (3.9-fold
increase, P< 0.05). It then showed a significant decrease
(P< 0.05), similar to that observed in other enzymes, down to 21 d
(�58%). Following the second pulse of nutrients, FDAHase was the
only enzyme that steeply increased its activity; at 23 d, in fact, up to
4.6 times (P< 0.05) the level present at 21 d was observed. Plots of
PROase activity showed a sigmoid shape (Fig. 3d) similar to that
observed for GLUase activity. At T0 after bacteria inoculation, PROase
showed low catalytic levels, while from 1 to 6 d of incubation, its
activity greatly increased, reaching a maximum at 6 d (63 times the
value at T0; P< 0.01). A renewed inhibition of PROase activity was
observed when a second pulse of nutrients was added to soil. Of the
enzymes tested, only ASase seemed unaffected at T0 after inocula-
tion, showing no catalytic activity and remained undetectable



Fig. 3. Soil enzyme activities measured in inoculated and non-inoculated soil microcosms over 23 d incubation. a) Acid phosphatase (APase) activity; b) b-glucosidase (GLUase)
activity; c) fluorescein diacetate hydrolase (FDAHase) activity; protease (PROase) activity. Inset in PROase activity plot represents PROase activity corrected for the same activity
measured in control soil microcosms (PROasec), i.e. generated by inoculated bacterial population. Arrows represent nutritive pulse supplied to soil. Bars represent standard
deviation (n¼ 4). Letters represent significant differences between the means within each treatment (P< 0.001 for APase and GLUase activities; P< 0.05 for FDAHase activity;
P< 0.01 for PROase activity and P< 0.001 for PROase activity of non-inoculated controls).
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throughout the incubation period (data not shown) and then it will
be notmentioned any longer in the text. In sterilised non-inoculated
microcosms, none of the enzyme activities tested, except for that of
PROase, varied relative to their values at T0. In such soils, PROase
activity was greatly inhibited at first (T0) with respect to values after
sterilisation (Table 1) and then increased linearlywith time from2 d
to 53-fold the initial value (P< 0.001) at 21 d of incubation, i.e.
completely recovering its original value soon after g-irradiation. To
evaluate the contribution ofmicrobial cells to soil PROasemeasured,
such an activity in inoculated ecosystems was corrected for the
contribution of this activity in control soils, i.e. unrelated to the
presence of microorganisms (PROasec). As shown in the inset to
Fig. 3d, application of this correction showed a more consistent
trend with that of other enzymes, and the rapid decrease in PROase
activity following its maximum at 21 d varied from �36 to �96%.

3.1.4. Multivariate analyses of microbiological
and biochemical parameters

The results of PCA applied on all biochemical and microbiolog-
ical measures (i.e. 384 measures), hereafter grouped under the
term “microbial” with respect to those obtained by the E-nose
classified as “sensory”, are reported in a microbial fingerprint that
describes the chronological evolution of soil microcosms inocu-
lated with P. fluorescens (Fig. 4a). In Fig. 4a, each symbol in the
three-dimensional space of variance of the PCA corresponds to the
microbial index of the ecosystem. It is noteworthy that control
microcosms, except those sampled after 21 d, are greatly separated
from inoculated ones and that different temporal samplings are
clearly discerniblewithin inoculated ecosystems. PC1 accounted for
the greatest variance (56.77%); it discriminated between inoculated
and all control microcosms and demonstrated that metabolic
conditions of inoculated soil ecosystems after 21 d were so poor as
to be similar (not identical) to those of controls. In contrast, PC2
(24.60%) and PC3 (12.56%) were responsible for the chronological
differentiation of measures. To assess the influence of different
metabolic parameters on the microbial fingerprint, the biplot of
loadings relative to all microbial parameters was carried out. This
analysis showed that the discrimination between control and
inoculated samples at 21 d was mostly due to the negative corre-
lation with CCO2 (data not shown). Since these two groups of
samples were unaffected by all parameters concerning microbial
activity, they were removed from Fig. 4b, which reports the biplot
as depicted on PC2 and PC3, where all clusters relative to the other
sampling dates showed their maximum spread and separation. The
discrimination of these clusters was ascribable to different
parameters, as follows. The samples at 1 d and 23 d were discrim-
inated from those at 2 d and 6 d upon APase and FDHase activities,
CER, CFU and CO2 SIR-Cmic

�1 ratio, which mostly affected the first two
clusters, while GLUase and PROasec activities, SIR-Cmic and partially
CCO2 influenced the other groups of samples. APase activity was the
main discriminant for 1 d sampling, when combined to the effect of
CER and CO2 SIR-Cmic

�1 ratio, while FDAHase activity and CFU were
the parameters mainly affecting the samples at 23 d. The distinc-
tion between 2 d and 6 d samples were due, instead, to the addi-
tional effect of APase activity to that of GLUase and PROasec
activities on samples at 2 d, while microcosms collected at 6 d
were more affected by SIR-Cmic. Finally, the samples at 2 d were
anticorrelated with FDAHase and CFU, while those at 6 d were



Fig. 4. Results of PCA and biplot of loadings applied on data set comprising microbial measures carried out in 4 randomly chosen replicates of non-inoculated (C) and inoculated (B)
sacrificial soil microcosms during 23 d incubation (i.e. at 1, 2, 6, 21 and 23 d as sampling dates): a) PCA score plot of the three principal components (PC1, PC2, PC3); b) biplot of PCA
depicting the scores reported in a) and the related contribution of loadings for each microbial parameter (APase, GLUase, FDAHase, PROasec, CFU, SIR-Cmic, CCO2,CER and CO2 SIR-
Cmic
�1 ratio) in the PC2 and PC3 plot. All controls in this figure are reported under a unique symbol regardless the sampling date, since all microbial indices of the non-inoculated

microcosms grouped together in the space of variance here reported.
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anticorrelated with CER and CO2 SIR-Cmic
�1 ratio. Hence, because the

microbial fingerprint derived from PCA reflects both the soil meta-
bolic activity and the growth of the metabolically active bacterial
population, it might reasonably describe themetabolic fingerprint of
the soil ecosystem evolving over time.

3.2. Sensory (E-nose) responses and analyses

The E-nose responses towards VOCs and/or gases released in
headspace of inoculated and non-inoculated soil microcosms over
23 d of incubation (globally, 320 readouts) were transformed by
PCA into a sensory fingerprint, which was more properly an
olfactory fingerprint. In this odorant image, the indices created by
PCA corresponding to the atmosphere of ecosystems (sensory
indices) gathered in distinct clusters associated with different
sampling dates during the incubation period and demonstrated
the temporal evolution of headspace of soil ecosystems supplied
with nutrients� bacteria (Fig. 5a and b). In this distribution of
variance, PC1 accounted for the greatest variance (74.18%) and
succeeded in discriminating 1 d sampling from the other sampling
dates; PC2 accounted for 19.29% of variance and succeeded in
distinguishing 21 d sampling from that carried out at 1 d and 6 d.
PC3 accounted for 3.18% of variance and separated 2 d sampling
from that performed at 21 d and 23 d. Nevertheless, the micro-
cosms sampled at 2 d and 6 d could not be resolved by PCA only. To
deal with this problem, a supervised PLS-DA analysis was carried
out using the E-nose data set as the X-block and the matrix indi-
cating the relationship of each measure to a specific sampling date
as the Y-block. The result of this mathematical processing, which
was cross-validated by the leave-one-out processing, showed that
the model correctly attributed sensory measures to distinct chro-
nological clusters with a 10% relative error (data not shown), i.e.
within the usual experimental error due to sample handling and
instrumental variability. Hence, it might be reasonably presumed
that different amounts and/or types of VOCs and/or gases were
produced and released in soil microcosms at different periods of
incubation. It was demonstrated that the E-nose might discrimi-
nate soil ecosystems at different sampling dates on the base of the
adsorption of those analytes onto sensors coated with diverse
polymers. However, differences in the PCA plots by varying the
incubation times were observed in both control and inoculated
microcosms that might appear too close in the PCA space to be
actually different. The E-nose might therefore be hypothesised to
be unable to distinguish inoculated from non-inoculated micro-
cosms within each sampling date. To deal with this problem,
supervised PLS-DA analysis was carried out using the sensory
measures as the data set, where the X-block consisted of E-nose
responses and the Y-block comprised a matrix indicating whether
each measure referred to inoculated or control microcosms. This
mathematical processing resulted in 90% probability for the model
to correctly identify sensory measures as belonging to non-
inoculated soil microcosms and 94.4% probability that it
correctly associated the measures with inoculated ecosystems.
Since these probabilities arewithin the usual experimental error, it
may be concluded that PCA actually discriminated also inoculated
from control microcosms. To assess the influence of different
sensors on perception of the released VOCs and/or gases in soil
ecosystems and on their resulting olfactory fingerprint, a biplot was
carried out on the previous PCA. The results of this analysis
showed that, for both control and inoculated microcosms, the
distinction of the clusters at 1 dwas ascribable to the contributions
of sensors QCM1, QCM3, QCM5, QCM6 and QCM7 (Fig. 5c). At 6 d,
all sensors concurrently influenced the cluster relative to this
sampling, despite to different extents. In contrast, the cluster
relative to the samplings carried out at 21 d was more affected by
the contributions of sensors QCM2 and QCM3. Finally, QCM2,
QCM4 and QCM8 all affected the 2 d and 23 d samplings in the PCA
plot. The contributions of these latter sensors also affected the
separation between inoculated and control microcosms within
each cluster, as shown in Fig. 5a and b.

3.3. Sensing soil ecosystems e correlations between microbial
and E-nose measures

To demonstrate definitely that E-nose responses were related to
microbial activity, correlations between the measures deriving
from the two different approaches were sought. The possibility to
apply multivariate analyses to both groups of measures facilitated
this statistical process. Accordingly, sensory data obtained over the
23 d incubation periodwere comparedwithmicrobial data through



Fig. 5. Results of PCA applied on data set consisting of headspace measures obtained
through E-nose in 4 randomly chosen replicates of non-inoculated (C) and inoculated
(B) sacrificial soil microcosms during 23 d incubation (i.e. at 1, 2, 6, 21 and 23 d as
sampling dates): a) PCA score plot of the first and second principal components (PC1,
PC2); b) PCA score plot of the second and third principal components (PC2, PC3); c)
biplot of PCA (with respect to the first two principal components PC1, PC2) depicts
the scores reported in a) and the related contribution of loadings for each sensor
included in the E-nose. Sensors are identified as follows: perfluorocyclobutane
(QCM1), polyamide (QCM2), polyaniline (QCM3), polyethylenimmine (QCM4), poly-
phenylmethylsilloxane (QCM5), Mn-5,10,15,20-tetrakis-(4-butyloxyphenylporphyrin)
(QCM6), Co-5,10,15,20-tetrakis-(4-butyloxyphenylporphyrin) (QCM7), Cu-5,10,15,20-
tetrakis-(4-butyloxyphenylporphyrin) (QCM8).
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supervised PLS-regression analysis (globally, 320 readouts). To
prevent that such a statistical analysis was affected by the back-
ground contribution of control samples observed in both E-nose
and microbial measures, which might also induce misunder-
standings and misinterpretations of results, and to enable the
identification of the similarities and dissimilarities between trends
in parameters of biotic origin only, all measures from inoculated
ecosystems sampled at different incubation periods were corrected
for contributions from the relative non-inoculated microcosms
prior to the PLS-regression processing of data. Incidentally, such
a statistical tool was used to best fit the 8-dimensional E-nose data
space with each 1-dimensional microbial datum. This analysis
resulted in strong regression values between the two different
detecting systems (Fig. 6). As a matter of fact, the predicted values
based on E-nose measures were very strongly related to measures
of biochemical parameters such as APase (R2¼ 0.864) (Fig. 6a),
GLUase (R2¼ 0.808) (Fig. 6b), FDAHase (R2¼ 0.802) (Fig. 6c) and
PROasec (R2¼ 0.948) (Fig. 6d) activities, among soil enzymes, and
with respiration measures such as CCO2 (R2¼ 0.843) and CER
(R2¼ 0.849) (Fig. 6e and f, respectively). Interestingly, E-nose
responses were highly related not only to biochemical parameters
(i.e. microbial activity) but also to microbial biomass, both as
SIR-Cmic

�1 (R2¼ 0.919) and as CFU (R2¼ 0.831) (Fig. 6g and h,
respectively).

4. Discussion

4.1. Detecting microbial activity in soil ecosystems:
sensing vs. traditional approaches

The close correlation between microorganisms and VOCs
production has been widely reported, and several purposes have
been identified to explain such release, as mentioned in the
introduction. Then, the aim of this study is to use the E-nose to
measure themicrobial activity in soil, on the basis of the hypothesis
that different metabolic activities, expressed by enzyme activities
and respiration, are able to generate different olfactory fingerprint.
To achieve this purpose, it was necessary to assess, at first, not only
whether the selected biochemical parameters were related to the
microbiological parameters used, but also whether they were able
to describe the different metabolic, physiological and growth
phases of bacterial population in the soil ecosystems under study.
The application of multivariate analyses to the various microbial
parameters demonstrated two main findings. Firstly, that it was
possible to distinguish the evolution of inoculated from those of
non-inoculated microcosms over time, where CO2 was the pivotal
parameter (on a multivariate basis) in discriminating between
metabolically active (inoculated) and inactive (non-inoculated and
those at 21 d) microcosms, while several enzymes and microbio-
logical parameters proved successful for the temporal distinction of
ecosystems. Secondly, that the contemporary effect of both
biochemical and microbiological parameters as component load-
ings in the chronological distribution of samples in the PCA, sup-
ported the idea of a close relationship between these different
parameters, suggesting that enzymes were synthesised by micro-
organisms and followed the growth and physiological phases of the
bacterial populations in the soil. During the incubation period, in
fact, the inoculated bacteria experienced an early exponential
growth phase within the first 24 h, characterised by a very steep
growth during which the main biochemical discriminants was
APase activity, but where also CER and CO2 SIR-Cmic

�1 were effective,
while SIR-Cmic showed some negative correlation. This first stage
was followed by a late exponential phase in the next 24 h marked
by a reduced slope in the bacterial growth, where the hydrolytic
activities of GLUase and PROasec became the predominant factors
of discrimination and CFU and FDAHase activity were negatively
correlated factors, relative to the previous phase. The synthesis of
the former enzymes suggests the possible occurrence of nutrient
limitation, such as described by other studies in similar conditions
where priming effect was demonstrated to occur. In the following
4 d, in fact, themicrobial population evolved into a stationary phase



Fig. 6. Results of PLS model regression applied on data set composed of E-nose and microbial measures obtained from soil headspace and soil samples, respectively, of inoculated
sacrificial microcosms during 23 d incubation (i.e. at 1, 2, 6, 21 and 23 d as sampling dates) after correction for background contributions of non-inoculated controls. a) Predicted vs.
measured acid phosphatase (APase) activity; b) predicted vs. measured b-glucosidase (GLUase) activity; c) predicted vs. measured fluorescein diacetate hydrolases (FDAHase)
activity; d) predicted vs. measured corrected protease (PROasec) activity; e) predicted vs. measured cumulative CO2 (CCO2); f) predicted vs. measured CO2 evolution rate (CER); g)
predicted vs. measured microbial biomass (SIR-Cmic); h) predicted vs. measured microbial biomass (CFU). RMSEC¼ Root Mean Square Error of Calibration; RMSECV¼ Root Mean
Square Error of Cross Validation. Green solid line represents the ideal regression curve (y¼ x), while red dotted line represents the curve resulting from PLS-regression.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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where SIR-Cmic and CCO2 became the most discriminant with
respect to the previous phases, additionally to the activity of
GLUase and PROasec, thus further supporting the hypothesis of
priming effect occurrence (where the production of CO2 and the
activities of GLUase or other cellulose-degrading enzymes, PROases
and oxidoreductases involved in lignin degradation have also been
reported as good indicators for identification of such a process)
(Kuzyakov et al., 2000; Blagodatskaya et al., 2007). During this
event, in fact, microorganisms obtain nutrients for their mainte-
nance and growth by SOM mineralisation to CO2, which adds to
that one evolved from soil by microbial basal respiration, only
(Kuzyakov et al., 2000; Kuzyakov, 2006). In the present study, the
nutrient can actually become limiting since 0.16 mg glucose-C
supplied to soil at T0 was much lower than the sum of CCO2 and
SIR-Cmic (i.e. 1.42 mg C) of inoculated soil microcosms at 6 d. From
6 to 21 d of incubation the bacterial population started experi-
encing starvation till a proper resting or even death phase, where
the main distinctive factor was CCO2, but after the second nutritive
supply a renewed exponential growth was observed, where the
effect due mainly to FDHase activity and CFU, and at a lower extent
to CO2 SIR-Cmic

�1 , prevailed. The existence of all such relationships
between enzyme activities and physiological and growth phases of
the bacterial population also gave some clues about the fate of
substrates degraded by these enzymes, i.e. that the products of
catalyses were further transformed (involving also the possible
production of VOCs) up to mineralisation (CO2, NH3, etc.). The



F. De Cesare et al. / Soil Biology & Biochemistry 43 (2011) 2094e21072104
resulting image of the microbial measures processed through
multivariate analysis can effectively represent a complex microbial
fingerprint of the whole gnotobiotic and axenic soil ecosystem
tested in this study, which is able to provide a holistic represen-
tation of both the biochemical and microbiological features of soils
as described by Nannipieri et al. (2002) and Hinojosa et al. (2004),
and that can reasonably reflect, indeed, a proper metabolic finger-
print. By integrating the resulting dynamics of different parameters,
in fact, the occurrence of complex metabolic processes may be
suggested. Additional to the link of the above cited GLUase, PROa-
sec, CCO2 and SIR-Cmic to the priming effect, in fact, also the
dynamics of APase and PROasec activities might be linked to
alternative aerobic and anaerobic conditions and well known pH
decrease, upon CO2 increase (Nobel and Palta, 1989), which can
affect Pi availability (Wentzel et al., 1991; Lemos et al., 1998), or to
NH4

þdynamics (absorption and fixation), upon the contemporary
supply of NH4

þ and glucose (Vega-Jarquin et al., 2003; Conde et al.,
2005), respectively.

The E-nose responses analysed through PCA and PLS-DA,
showed that they too could be grouped into distinct clusters
(on a multivariate basis) (i.e. the olfactory fingerprint) (Pearce et al.,
2003) reflecting, in this case, the classification of soil microcosms
into increasing incubation periods, and then into different growth
and metabolic phases of the bacterial population (on a biochemical
and microbiological basis combined to a multivariate basis). It is
noteworthy, that although the values of both respiration parame-
ters tested (CCO2and CER) did not show any significant difference
during similar exponential growth phases occurring within 48 h
after both nutrient supplies (i.e. 2 d and 23 d), themicrobial activity
of the two soil ecosystems analysed on a multivariate basis from
biochemical parameters pointed out differences between these two
sampling dates. The detection of soil enzyme activities at these
dates, in fact, showed the presence of different metabolic processes,
as well as differences were observed for CO2 SIR-Cmic

�1 . Interestingly,
also the E-nose was capable of detecting such a difference. Hence,
the E-nose is a more reliable tool to detect microbial activity in soil
than determination of respiration only, as well as the multivariate
analysis of soil based on several biochemical parameters, since it
can perceive not only the CO2 released by microorganisms during
their growth phases, but also further substances derived from other
metabolic processes. Such similarities between the multivariate
analysis applied to biochemical and microbiological parameters
and that applied to E-nose responses was confirmed by the
supervised PLS-regression analysis carried out on both kinds of
data set together, once corrected for background contributions of
non-inoculated controls, which demonstrated that these two
groups of measures matched reciprocally and were strongly related
each other (0.802< R2< 0.949). Such strong relationships suggest
that, at least in the gnotobiotic and axenic conditions here used,
E-nose technology is actually capable of detecting bacterial meta-
bolic activities associated with both substrate degradation (respi-
ration) and mobilisation of nutrients (mainly APase, GLUase and
FDAHase activities). Under a sensory point of view, it is noteworthy
that a “specific sensor array”, i.e. where each sensor detects
a specific metabolic activity, as the group of biochemical and
microbiological parameters can be considered when used in the
multivariate analysis, might be closely related to an “unspecific
sensor array”, such as the E-nose is, i.e. where each sensor
commonly responds “unspecifically” (Pearce et al., 2003). Hence,
on the base firstly of the relationships between hydrolytic activities
and respiration or the reasonable release of other gases and/or
VOCs previously mentioned, and secondly of the strong relation-
ships between the measures of microbial parameters and E-nose, it
resulted to be insubstantial also the questionable point whether
biochemical parameters, associated with bacterial metabolism and
whose catalytic products are not properly VOCs or gases, might
somehow contribute to the release of VOCs and/or gases detectable
by the E-nose. A reasonable explanation for this result, in fact, may
be that the biochemical activities tested here either induced or took
part to more complex metabolic pathways (respiration, substrate
degradation and mineralisation, nitrification/denitrification, etc.)
that somehow resulted in production of VOCs and/or gases.

In the present study, E-nose measurements performed in
sterilised non-inoculated soil microcosms also showed that the
headspace of these samples changed over time. Such a finding
might arise some questions about the possible reasons for this
event. However, in one of the previous studies where E-nose
technology was applied to soil, instead, no specific measurement
was carried out on sterilised soil to assess possible modifications in
VOCs and/or gases released into the headspace of abiotic controls
by the soil matrix (Bastos and Magan, 2007). Since the only
difference between inoculated and control microcosms was the
presence of bacteria, it is presumable that such changes in head-
space of non-inoculated soil microcosms should be related to
unspecific (abiotic) processes resulting in the release of volatiles
and/or gases. Volatile organic compounds in soil are commonly
present in SOM and are comprised of low-molecular weight
aromatic compounds, while gases are commonly adsorbed onto soil
particle surface.Warneke et al. (1999) reported in fact, the emission
of acetone, methanol and other partially oxidised organic
compounds from decomposing litter upon abiotic processes. The
presence of very small litter fragments even after sieving was
observable, in fact, in the present soil samples. Further possible
abiotic processes occurring also in control microcosms in the
experimental conditions here used can affect the behaviour of VOCs
and/or gases, such as adsorption/desorption/volatilisation cycles
depending on temperature and on variations in soil water content
upon evaporation processes, which could affect the diffusion of
such compounds into headspace by varying the availability of soil
pores to gas exchange. The 30 �C incubation temperature here used
could induce such processes over time in control microcosms as
well, thus determining progressive changes in headspace. The
evaporation process was confirmed by the presence of condensed
water vapour on the glass vessels of soil microcosms. Such abiotic
modifications of microcosm headspace could be additional to the
release of biogenic analytes by bacterial metabolism (inoculated
ecosystems) stimulated by nutrient addition. Incidentally, the
occurrence of background contributions of control samples to the
values of detected parameters is a common situation in every assay
in soil studies, whatever the techniques used to detect a parameter
(from spectrometry to chromatography, electrochemistry, etc.).
Especially in soil samples, several interfering factors are present
and controls need to be carefully prepared and measured to eval-
uate the actual values of parameters of interest in samples. Simi-
larly, when E-nose technology is applied to soil samples, the
measurement of control samples contributes to correctly evaluate
the actual values of samples. The fact that non-inoculated micro-
cosms measured through the E-nose showed greater differences
with respect to distinct incubation periods than relative to the
inoculated microcosms at the same sampling dates suggests that
abiotic processes such as gas exchange and diffusion and all other
abiotic factors that can affect such processes were pivotal
discriminants in E-nose detection of analytes in soil samples over
time, with respect even to the biogenic production of VOCs and/or
gases by microorganisms only. Since these abiotic processes govern
the release of VOCs and/or gases into headspace of both controls
and inoculated soil microcosms, such result can be reasonably
expected. Notwithstanding such premises, the statistical difference
between control and inoculated microcosms measured through
the E-nose was assessed and confirmed, through the various
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multivariate analyses here used, thus validating the reliability of
E-nose technology to measure the microbial activity in soil, despite
the high contribution of abiotic samples (non-incubated controls).
The fact that microbial parameters pointed out marked differences
between control and inoculated microcosms while in E-nose
responses such differences were not so conspicuous is apparent
and is inherent to the specific procedures performed in the
measurements. In microbial parameter detection, in fact, the
abiotic contribution of soil (e.g. chromophore release) had been
already subtracted from all samples, both control and inoculated
samples, to reckon the measures. Then, the final values relative to
control samples will approximated necessarily to zero, except for
those parameters, such as APase and PROase activities, where not
only an abiotic contribution was present but also a biotic one,
although it was independent from the presence of microbes
(immobilised enzymes (Burns, 1982)) and resulted only partially
inhibited by nutrients (PROase activity). This is not the case for
E-nose responses, where the contribution of possible abiotic
processes was not subtracted from sensory readouts of both control
and inoculated samples, except when PLS-regression was carried
out (Fig. 6). Additionally, several studies have demonstrated that in
unsterilised soil samples, the microbial population reduce the
amount of VOCs in headspace, which are used as substrates
(Asensio et al., 2007; Ramirez et al., 2010), and this event might
contribute to reduce the differences between control and inocu-
lated microcosms. Hence, the application of E-nose technology to
soil science, at least in the conditions used in this study, can result
to be an easy tool to measure microbial activity in soil comparable
to the multivariate analysis applied to several biochemical and
microbiological parameters measurements. Furthermore, the
E-nose is able to supply information similar (on a quality basis, at
least) to those obtained through a multivariate analysis applied to
several microbial measurements, as proposed in recent studies
(Nannipieri et al., 2002; Hinojosa et al., 2004; Acosta-Martinez et al.
2003), by carrying out only one measurement per sample. Hence, it
is evident the advantage in the use of E-nose technology with
respect to other common methodologies. However, the main
disadvantage of such a technique is generally to supply qualitative
measures instead of quantitative, as soil scientists are used to
obtain from measurements they usually carry out, instead, but
some solutions to such a disadvantage will be discussed in the next
sub-section. Interestingly, E-nose responses were highly related not
only to soil microbial activity but also to the quantity of living
and active bacteria in soil ecosystems, both measured as SIR-Cmic
and CFU.

4.2. Perspectives in sensing soil ecosystems

In this study the capability of the E-nose technology of
measuring microbial activity in soil was assessed and verified.
Furthermore, the E-nose technology enables comprehensive
measurements of the whole soil ecosystem. As a matter of fact, as
the measurements of non-inoculated microcosms have demon-
strated in this study, the E-nose technology enables soil scientists to
detect volatiles and/or gases not only of biogenic origin, but also
released from abiotic components of soil and generated by abiotic
processes (e.g. adsorption/desorption/volatilisation processes,
evaporation, etc.). This event, which could theoretically be
perceived by soil scientists as an awful feature, might be instead an
improvement for researchers, with respect to other techniques (e.g.
GC-MS, etc.). As a matter of fact, once the scientists have performed
suitable control samples (e.g. sterile samples), as it is required by all
kinds of parameters commonly tested in soil, and they have
measured the relative headspace through the E-nose in order to
identify the contribution of controls, the information they can
obtain by applying such a technology can involve all the aspects in
soil ecosystems related to the presence of microorganism, what-
ever the number of species there present. Hence, not only VOCs
and/or gases strictly related to single biochemical activities or
complex metabolisms expressed by different microbial species can
be detected, but also compounds released into headspace as
a consequence of modifications of the environments due to
microbial activities in soil ecosystems (e.g. VOCs release upon
biogenic increase of temperature, CO2 released upon of weathering
of carbonates induced by biogenic pH decrease, etc.). This latter
event, for example, could be easily demonstrated by measuring the
headspace of sterile carbonate-containing soil samples upon
addition of acidic solutions.

As concerns the detection of biogenic VOCs and/or gases,
instead, the E-nose technology permits also comprehensive
measurements of all metabolic activities occurring in soil ecosys-
tems that can somehow determine a release of such analytes into
sample headspace, even those that are still unknown. Differently,
any kind of multivariate analysis carried out on microbial param-
eters measured separately cannot provide similar information, as
a consequence of the obvious restrictions due not only to the finite
time that researchers can devote to a single study, but also to the
limitation in the knowledge of metabolic pathways. However, there
are other techniques that are able to supply a fingerprint of sample
headspace, although they aremore expensive and time-consuming,
and often require complex preparations of samples (extractions
through solid phase extraction or solid phase microextraction) and
specific chromatographic processing (gas-chromatographers e GC,
etc.) and detectors (mass spectrometers eMS) (Curran et al., 2005;
De Cesare et al., 2008), although some improvements have been
achieved with Proton-Transfer-Reaction-MS (Lindinger et al., 1998).
The advantage of these latter techniques is mainly to supply
quantification of compounds detected and composing the finger-
prints, while the E-nosemainly supply qualitative measures, except
when such a device is adequately calibrated and trained (De Cesare
et al., 2009). However, even in studies where the techniques
mentioned above are used, several peaks cannot be often ascribed
to specific substances. In the E-nose technology, instead, where one
of the basic principles is the low specificity of sensors, despite their
high selectivity, so that several substances can be detected at the
same time, all volatiles and/or gases present in sample headspace
or most of them can be measured (according to the selected coat-
ings used), in principle. In any case, the actual meaning of the
olfactory fingerprint resulting from the E-nose responses of soil
ecosystems is not a poor list of compounds derived from several
and even unknown metabolic activities, but the concurrent
perception of different substances, where analytes can interact,
compete or combine, thus contributing to the stimulation of the
global responses by the E-nose. Such olfactory fingerprint then
reproduces the entire ecosystem as perceived by any living
organisms in the ecosystem, as well as we smell the environment
where we live, and then it might represent a real holistic measure
of soil ecosystems. This feature is the main and very promising
potential, indeed, in the application of the E-nose technology to
complex ecosystems such as soil, which can even get beyond its
specific use for microbial activity detection, as reported in this
study. It is also noteworthy that the E-nose, regardless of the
specific experimental plan used in this study, is able to measure
environments causing very low disturbance during sampling and
measurement, thus making results more reliable and closer to
the effective natural values. As a consequence, this approach is
further noticeable because it is less time-consuming than several
traditional techniques, since information about the whole
ecosystem can be obtained with just one series of measurements
(replicates). The evident usefulness of the E-nose technology for
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the measurement of metabolic activity in soil ecosystems resulting
from the considerations above, suggest that this technology can be
proposed not only as an additional technique to the traditional
ones, but also as an alternative methodology, under specific
experimental conditions or when scientists are interested to
get overall information on the whole soil ecosystem in natural
conditions.

5. Conclusions

This is the first study, to our knowledge, about the specific use of
an electronic nose to measure soil microbial activity. The experi-
mental plan involved the incubation of sterilised soil microcosms
inoculated with P. fluorescens for a period of time after nutritive
inputs, the quantification of microbial population and of its meta-
bolic activity, and the detection and monitoring of the release of
VOCs and/or gases in soil microcosm headspace through the
alternating physiological conditions and growth phases of the
bacterial population (exponential, stationary and resting or death
phases) over the incubation period. The multivariate analyses
applied to both microbial and E-nose measures showed that it was
possible to discriminate between inoculated and control micro-
cosms, despite the evolution occurring also in control headspace
over time and that microbial measures and sensor readouts were
strongly and positively correlated, then suggesting that the E-nose
was capable of recognising the substances specifically derived from
microbial metabolism, generating an olfactory fingerprint that
actually reflected the metabolic fingerprint typical of the whole
gnotobiotic and axenic soil ecosystem under study. Such findings
further support that the E-nose technology can be successfully
used in monitoring soil ecosystems in natural and perturbed
conditions (pollution contamination, bioremediation, soil fertility,
etc.) (De Cesare et al., 2008) additionally to commonly used tradi-
tional analytical methods.
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