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ABSTRACT

In our case study, we measured the functional diversity of the microbial communities of twelve soils from the small
natural area to assess if this assay is suitable for routine monitoring of soil biological quality. We found the BIOLOG
assay meets especially practical benefits in routine monitoring of soils being simple and quick assay. However, we
confirmed the ambiguity about the most appropriate analysis of the BIOLOG multivariate data and about the best pa-
rameter, which can be derived from the assay. The different analyses of the data were examined and various parame-
ters derived from the BIOLOG assay were comparatively used to contribute to the discussion of how the data should
be evaluated. We showed that not-normalized raw absorbances or trapezoid areas should be used for calculation of
diversity index if the inoculum was standardized. There was no single answer to what parameter provided more
correct results in the multivariate statistical analysis. Evaluating at least one not-normalized (e.g. trapezoid area) and
one normalized parameter (e.g. absorbances read in fixed AWCD) was strongly suggested keeping in mind that they

reveal different information.
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Functional (physiological) biodiversity of the soil
microbial communities is important information
about the soil biological quality. Functional diver-
sity is regarded more ecologically relevant than
taxonomic diversity and it is usually measured
with the BIOLOG system. In general, higher di-
versity is positive, because it stabilizes the ecosys-
tem functions and lower diversity can be found
in the sites disturbed, e.g. by chemical pollutants
(Atlas et al. 1991). Firstly, the ability of the BIOLOG
system was proved to distinguish among samples
from different habitats (Garland and Mills 1991).
Further, the BIOLOG system was successfully
used for studies of agronomic practice impact
(Garland 1996), distinguishing soil types (Zak et
al. 1994), degradation of chemicals (Cartwright et
al. 2000), and pH effect (Pennanen et al. 1998). The
functional diversity has been highlighted from the
point of view of ecological risk assessment in soils
(Rutgers and Breure 1999) and the BIOLOG assay
was used for evaluation of the detrimental effect of
heavy metals (Kandeler et al. 1996, Pennanen et al.
1998), PAHs (Juck et al. 2000), chlorphenols (Laine
et al. 1997), or phtalates (Cartwright et al. 2000).
BIOLOG method is generally known to be sensitive
and also rapid. Beyond parameters of microbial
biomass (microbial biomass amount — Chior basal
respiration — BR, and potential respiration — PR),
results of functional diversity can undoubtedly
give a new information about the soils.

The BIOLOG assay does not rely on the laborious
isolation of the organisms but attempts to examine
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the distribution of physiological characteristics in
sample of intact community (Garland and Mills
1994). It is based on physiological profiling at the
community level (CLPP) which is obtained after
the community reflects carbon sources in 96-well
microtiter plates. Besides substrates, there are
essential nutrients and tetrazolium-violet dye in
the wells to be reduced in purple formazan if mi-
croorganisms grow in the well and the substrate
is respired (Garland 1997). Differences in CLPP
are believed to be able to distinguish between dif-
ferent soil microbial communities, because each
community produces a characteristic fingerprint
at the microplate (Garland and Mills 1991). The
data of BIOLOG microplate EcoPlate™ consists
from the set of 31 variables for each sample at
each reading time. There has been proposed sev-
eral parameters, which could be calculated from
the absorbance data (e.g. Garland and Mills 1991,
Zak et al. 1994, Haack et al. 1995, Garland 1996,
Hackett and Griffiths 1997). The simplest output
from the measuring overall rate is AWCD (average
well color development) calculated in each time
of absorbance reading (Garland and Mills 1991).
Classical Shannon diversity index (H) can be cal-
culated for BIOLOG data (Zak et al. 1994) or the
profiles can be compared by multivariate statistical
methods (Choi and Dobbs 1999, Howard 1999). The
input parameters into these methods can be raw
absorbances or the areas under the kinetic curves
can be calculated by trapezoid method (Garland
et al. 2001, Hackett and Griffiths 1997).
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It has been shown that inoculum density has
a strong influence on the rate of color develop-
ment, because color production is caused especially
by growth of bacteria within wells (Garland and
Mills 1991, Garland 1996). However, also the actual
community physiological activity can confound
the comparisons of the community’s functional
diversity (Preston-Mafham et al. 2002). Hence,
effective analysis of the BIOLOG results strongly
requires separation of the effects caused by dif-
ferences in the inoculum density or physiological
activity from the effects caused by differences in
the types of activities of organisms present. To
compensate for this, Garland and Mills (1991)
proposed to normalize the data by dividing each
color score by the AWCD. The second method for
compensating these effects is to compare color pat-
tern in time points when AWCD reached some
fixed level, e.g. 0.50 or 1.00 (Garland 1996). The
third solution is to standardize methodically the
inoculum according to cell numbers (Haack et al.
1995) or according to microbial biomass activity
(Pennanen et al. 1998).

For the purpose of case study, we used twelve sites
in small natural area around an industrial source
(cement works). Our objective was to evaluate if
the use of another biological assay is suitable for
routine monitoring of the soils from this area. For
that purpose, the functional diversity measured by
BIOLOG method was used, because this approach
has been many times referred as very informative
for assessment of the soil biological quality. The
different analyses of the data were examined and
various parameters derived from the BIOLOG as-
say were comparatively used to resolve how the
BIOLOG data should be evaluated.

MATERIAL AND METHODS

RECETOX-TOCOEN consortium is realizing in an
ongoing project of soil monitoring in small natural
area around cement works, which is a possible
source of negative impacts on soils. Contaminant
levels, physico-chemical properties and micro-
bial characteristics have been measured for soils
sampled four times a year. Twelve localities from
this project were used for this BIOLOG case study
(Table 1). Soils for this study were sampled in April
2002 at the sampling plots 10 x 10 m as 8-12 sub-
samples that were homogenized together before
transport to the laboratory. Grassland soils were
sampled from 0-10 cm depth, arable soils from
0-20 cm depth, and forest soils were sampled as
organic humus horizon. Samples were manipu-
lated and stored reflecting the biological nature of
the samples (ISO 10381-6 1993, Forster 1995): the
samples were freshly sieved (2 mm) and stored in
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Table 1. Soils used for this case study and their basal physico-chemical and microbiological properties
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4°C prior to analyses. Total soil carbon (C_

and particle size distribution were assessed %y the
standard methods described e.g. in Forster (1995).
The amount of microbial biomass (C, ) in the
soil samples was measured with the chloroform
fumigation-extraction method (ISO 14240-2 1997).
Basal respiration (BR) was measured after 24 h
in closed jars with moistened soil without any
addition of substrate. Potential respiration (PR)
was measured by substrate induced respiration
(SIR) method according to ISO 14240-1 (1997).
Respiration was measured as CO, production
with GC. All microbiological characteristics were
calculated as mean values from three replicated
measuring.

CLPP was determined by direct incubation of
fresh soil extracts in BIOLOG EcoPlates™ (BIOLOG
Inc., Hayward CA) containing 31 different carbon
sources to determine changes in relative and abso-
lute rates of utilization of individual substrates. We
standardized inoculum density using C,, assessed
with SIR method (ISO 14240-1 1997) according to
Pennanen et al. (1998). Each sample was weighted
and diluted separately to obtain 1 pug C,, for each
well finally. 100 ml 0.85% NaCl was added to the
soil in 250ml flask and shaken for 45 min. Then
the final volume was adjusted to 1000 ml with
0.85% NaCl. The portion of 20 ml was centrifuged
at 2500 rpm for 10 min. Finally, 150 ul of supernatant
was inoculated into each well of the EcoPlate™
Microplates were incubated at 27°C for 4 days and
color development was measured as absorbance
using a multi optical reader (SUNRAY TECAN)
at 590 nm each day of the microplate incubation.
All absorbances were background corrected by
subtracting the absorbance of A1l well. The final
data consisted of a set of 31 absorbance-versus-time
curves for each soil. We used three independently
replicated procedures for each soil and BIOLOG
parameters were calculated as mean values.

We considered various types of the possible pa-
rameters that could be derived from the BIOLOG
data for further analyses: raw absorbances (A);
absorbances normalized by AWCD (AN) (Garland
and Mills 1991); raw absorbances in fixed AWCD
level (Garland 1996); trapezoid areas (TA) (Hackett
and Griffits 1997); trapezoid areas normalized
(TAN) by average trapezoid area (ATA) for all
substrates for each microplate (Garland 1997).
The average well color development (AWCD)
was calculated for each microplate as AWCD =
z (A -A,)/31, where A’ is raw absorbance in the
well’ j and A, is absorbance in control A, well
(Garland and Mllls 1991). The trapezoid area (TA)
under the curves of absorbance development for
each substrate was integrated according to Hackett
and Griffiths (1997):
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j=n-1

T4 =0.5x% Z[(tj+1 —lj)X (At(j+1) + At(j))]
=

where A, is absorbance in time t. The functional
diversity was calculated according to Zak et al.
(1994) as Shannon diversity index using equation:
H=-Xp, (Inp,), where p, is the ratio of the param-
eter (absorbance or trapezoid area) for a particular
substrate to the sum of parameter values of all
substrates. Principal component analysis (PCA)
based on a correlation matrix was carried out to
observe discrimination of the soils in reduced two-
dimensional space and to explore which type of the
possible BIOLOG parameters is the most appropri-
ate for the evaluation of the functional diversity.
Spearman nonparametric correlation was used to
compare the ranking of the soils (1 = 12) according
to the different parameters. Pearson parametric
correlation was used when examined relationships
between results (n =31 x 12 =372) of various types
of the possible BIOLOG parameters. All statistical
analyses were done with STATISTICA 6 software
(StatSoft, Inc. 2001).

RESULTS AND DISCUSSION

At the first overall look, all soils displayed very
similar substrate richness (positive reactions). This
suggested that only the differences (if there would
be any) between substrates should be in the level
that they were used (i.e. in color intensity). Choi
and Dobbs (1999) concluded that the EcoPlates™
probably did not represent final and the most
optimal selection of the substrates for sensitive
discrimination of the microbial communities. It
is tempting to omit the group of the commonly
used substrates from the further evaluation in
order to increase the sensitivity of the assay to
the differences between used soils. However, in
our opinion such an approach would artificially
overestimate the differences among the soils.
Thus, all substrates should be further considered
and rather the selection of the most appropriate
parameter should be focused.

In general, the use of AWCD for the soils discrimi-
nation seemed to be very insensitive (Figure 1).
With the exception of soil 7, soils displayed very
similar AWCD implying that the standardization
of the inoculum made the BIOLOG results partially
independent on different actual activities of the
individual communities. This is confirmed by the
fact that AWCD did not correlate with potential
respiration, microbial biomass determined by fu-
migation-extraction method, or basal respiration
(Table 2, sector III). Our inoculum was standardized
in order to inoculate each well of the microplate
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Figure 1. Average well color development
(AWCD) for the twelve soils used
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with 1 ug SIR-C,, . Pennanen et al. (1998) referred
to this method as adjusting the inoculum size to
an equal biomass. We emphasize that this should
be understood rather as a standardization of the
inoculum activity according to principle of SIR
method (Anderson and Domsch 1978).

Garland and Mills (1991) proved that overall
activity in BIOLOG assay was linked to growth
of bacteria in the wells. However, Garland (1996)
found that a 10-20% variation in AWCD can still be
expected for samples even of identical cell numbers
in the inoculum and Haack et al. (1995) and Garland
(1996) found that color development was better
linked with actively respiring cells than with total
cell density. Thus, it is evident that color develop-
ment depends on both the number/biomass of cells
and their activity reflecting also physiological state
of those cells (Preston-Mafham et al. 2002). The
AWCD for the soil 7 was higher from other soils
strongly suggesting there could be still some factor
influencing overall activity even the standardized
inoculum was used. This could indicate that color
formation was still driven by cell growth even the
inoculum potential activity was adjusted a priori.
Shortly, it is still a discussion topic whether or not
the inoculum should be standardized according
to microbial activity or cell density and there ever
will be some additional effects on overall color
formation in the both approaches.

AWCD expression is loosing much information
originating from individual substrates utilization
curves and reflects the overall activity rather than
functional diversity of the community (Garland and
Mills 1991). Hence, it is necessary to consider indi-
vidual substrates reactions using multivariate sta-
tistical methods or the diversity indices. However,
what is the most appropriate type of parameter for
consideration? All types of the possible parameters
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were strongly inter-correlated (Table 3) suggest-
ing they revealed very similar information. These
generally strong correlations were probably caused
with inoculum a priori adjustment in our method.
Trapezoid areas were strongly correlated with all
other measures confirming they really integrated
information from the various times of the curve
development (Guckert et al. 1996, Garland et al.
2001). The lowest correlation with other parameters
displayed absorbances of the second day (both
raw and AWCD normalized) and of the read-
ing point at AWCD 0.50 level. These parameters
missed much diversity information because the
time was too early for nearly half of the wells to
develop the color probably due to rare members
of community still being in the lag phase of their
growth. They should not be used because they
could give misleading results.

The results of Shannon diversity index showed
completely different ranks of soils when using vari-
ous types of the parameters (Figure 2). However,
at this point it is not clear what classification was
more correct. Index calculated from 72 h and 100 h
absorbance values displayed similar rank of the
soils — Spearman’s correlation was 0.80 (Table 2,
sector I). Diversity index calculated from the
trapezoid area (TA) showed similar results to
those calculated from absorbances read in 72 h
and 100 h — Spearman’s correlation was 0.91 and
0.85, respectively (Table 2, sector I). This confirmed
the driving force of maximal absorbance in the
formation of TA value and that the results of the
TA and raw absorbances read in later times pro-
vide similar information (Garland et al. 2001). The
diversity index calculated from TA and from raw
absorbances in 72 h or 100 h did not reflect overall
activity differences because they did not correlate
with neither AWCD nor average trapezoid area

PLANT SOIL ENVIRON., 50, 2004 (4): 141-148
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(ATA) calculated for each plate (Table 2, sector II).
They also did not reflect microbial biomass or its
activity related to one plate well (Table 2, sector II).
When the absorbance was normalized by read-
ing in AWCD equal 1.00, the rank of the soils
seemed to be the reverse to overall activity of the
soils expressed by AWCD or ATA as indicated by
Spearman’s correlation (Table 2, sector II). This
suggested that the Shannon index calculated from
this parameter reflected more overall activity than
any diversity.

It is not appropriate to blindly transform the
data to suppress the influence of inoculum density,
without first recognizing whether density effects
might be an important aspect of differences be-
tween microbial communities under consideration
(Preston-Mafham et al. 2002). There was found
a very close relationship of the Shannon index to
the AWCD. This suggested that microtiter plates
with high levels of total activity were also likely
to show a high number of carbon sources being
utilized and hence a large number of carbon sources
dominating observed functional diversity. However,
the standardized inoculum density was not used
in these studies like in our work. Considering
absorbances at the fixed AWCD level brought an
artificial reciprocal dependence on overall activ-
ity into the diversity evaluation in our study. We
suggest that not-normalized raw absorbances or
trapezoid areas should be used for calculation of
diversity index if the methodically standardized
inoculum was used.

Very distinctive results were obtained when
principal component analysis (PCA) for various
parameters was carried out (Figure 3). In general,
not-normalized parameters (raw absorbances in
72 hor 100 h, and TA) revealed very similar results
and TA was chosen as an example in Figure 3. The
first principal component displayed almost half
of the data variation with little more explanation
of the total variability at the second component.
A strong common effect of majority substrates
was displayed at the first principle component
distinguishing the soils especially according to
overall color development in each microplate.
Thus, PCA extracted a pattern in the structure of
the data, which can be explained, in large part,
by differences in the rate of color development
among plates. The worst effect of the strong re-
dundancy for the majority of the substrates is that
they outweigh other more independent variables
and mask more subtle differences in the individual
substrates utilization (diversity) (Campbell et al.
1997). Normalized parameters (AN, TAN, and A read
in AWCD =1.00) displayed quite different results
of PCA (Figure 3). Lower Spearman correlation
with AWCD or ATA indicated relative independ-
ency on the overall activity differences and the
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Table 3. Pearson correlation between results (n = 372) of various types of parameters measured from BIOLOG EcoPLates™:
raw absorbances (A) read in 48 h, 72 h or 100 h; absorbances normalized by AWCD (AN); raw absorbances read in time when
AWCD was equal 0.50, 0.75 or 1.00 (A 0.50, A 0.75, A 1.00, respectively); trapezoid areas under the curves (TA); trapezoid areas

normalized by average trapezoid area (TAN)

AN 48 h 0.93

A 0.50 0.96 0.97

A72h 0.89 0.85 0.86

A 100 h 0.66 0.63 0.64 0.90

AN72h 0.83 0.89 0.86 0.94 0.86

AN 100 h 0.61 0.65 0.63 0.84 0.96 0.89

A0.75 0.92 0.95 0.94 0.90 0.74 0.94 0.77

A 1.00 0.81 0.83 0.83 0.92 0.87 0.96 0.91 0.93

TA 0.93 0.88 0.89 0.99 0.89 0.93 0.83 0.92 0.92

TAN 0.86 0.92 0.90 0.94 0.85 0.99 0.88 0.96 0.96 0.95
A48 h AN 48 h A0.50 A72h A100h AN72h AN100h A0.75 A 1.00 TA

normalization of these parameters also removed
the redundancy effect in PCA. Consequently, this
also resulted in decreased informative power of the
first two principal components — they explained
only a small part of the total variance (40%). As
apparent from Figure 3, no significant clusters of
the similar soils could be identified from the first
two principal components of any parameter.

In conclusion, we found the BIOLOG assay not
problematic from the methodical point of view.
However, its use in routine monitoring could be
suitable only if the results would be properly evalu-
ated. Unfortunately, there is no single answer what
parameter derived from the BIOLOG data provided
more correct results. We strongly suggest evaluat-
ing at least one non-normalized (e.g. TA) and one
normalized parameter (e.g. A 1.00) and to keep in
mind that they reveal different information. The
normalized parameters ignore differences between
overall color formation rates by mathematical

(AN and TAN) or methodical (A in fixed AWCD)
corrections. They bring especially qualitative in-
formation about the soils. If both qualitative and
quantitative information is considered using the
non-normalized parameters, care must be taken
for any density effects in the data. We used stand-
ardized inoculum in our work and consequently
no density effect could be expected. We assume
that differences in patterns of BIOLOG substrate
oxidation probably originated in really different
soil communities. However, a major distinguish-
ing feature between communities were the differ-
ences of the activity and soils otherwise showed
no significant differences in the carbon sources,
which can be used. There is also a possibility, that
the inoculum in our study should be standardized
rather according to cell number than according
to activity. However, there has been no referred
solution in the literature about which type of the
standardization would be more correct and this

(1Soil 1 B Soil 2 = Soil 3 & Soil 4 B Soil 5 1 Soil 6
MSoil 7 B Soil 8 F1Soil 9 ESoil10 BSoil 11 ESoil 12
3.4 _
3.3 1 T
&
31 i
3.0 - -
3.4 h
3.3 1 -
3.2 Figure 2. The results of Shannon
3.1 diversity index calculated from the
304 5 s 111 various parameters that can be de-
AWCD = 1.00 TA rived from the BIOLOG data
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Figure 3. The score plots derived from the principal component analysis (PCA) carried out for the various parameters that can

be derived from the BIOLOG data

needs further comparative research with more
properly chosen soils.
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Hodnoceni funkéni diverzity ptdnich mikrobidlnich spolecenstev — piipadova studie

V této pripadové studii jsme méfili funkéni diverzitu puadnich mikrobidlnich spolecenstev dvanacti pad z malé
prirodni oblasti s cilem posoudit vhodnost pouziti tohoto pfistupu pro rutinni monitoring ptidni biologické kvality.
Shledali jsme, ze metoda BIOLOG splnuje zejména praktické vyhody pro rutinni monitoring ptid, protoze je rychla
a jednoducha. Na druhou stranu jsme potvrdili nejednoznacnost kolem nejvhodnéjsi analyzy vicerozmérnych dat
z pouzité metody. Také vybér nejlepsiho parametru metody je problematicky. Abychom pfispéli k diskusi, jak maji
byt data z metody BIOLOG hodnocena, pouzili jsme pro srovndni riizné parametry a zpusoby jejich vyhodnoceni.
Ukazalo se, ze pokud bylo inokulum standardizovano, mély by byt pro vypocet indexu diverzity pouzity nenor-
malizované absorbance ¢i trapezoid areas. Co se tyka vicerozmérnych statistickych analyz, nelze jednoznacné urcit,
ktery parametr je korekinéjsi. Bylo doporuceno hodnoceni alespon jednoho nenormalizovaného (napft. trapezoid
area) a jednoho normalizovaného (napf. absorbance méfena pti daném AWCD) parametru s tim, Ze je nutno mit na
pameéti, ze pfinasi jinou informaci.

Klic¢ova slova: BIOLOG; pudni mikroorganismy; monitoring pud; funkéni diverzita
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