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Preface

Anthropogenic activity has led to significant degradation of the environment through the
discharge of pollutants. Enormous volumes of wastewater are generated daily by a range of
industrial, agricultural, and domestic activities. Much is treated prior to release; however,
accidental spillage can lead to significant pollution incidents. In addition, the legacy of
industrial, agricultural, or military activity has resulted in long-term contamination prob-
lems in soil and sediments.

A key issue in treating contaminated soil and water is dealing with the diversity of
potentially toxic pollutants, including heavy metals, polyaromatic hydrocarbons (PAH),
cyanides, and radioactive material, often contained within the same waste. Frequently,
such chronically contaminated material is treated using stringent chemical methods or, for
solid waste, physical processes such as encapsulation. Whilst effective, such processes are
often expensive, environmentally damaging in their turn, and contain rather than remove
contaminated material. Bioremediation offers a viable alternative to these methods by
harnessing the degradative potential of biological systems.

Bioremediation has a long history. The exploitation of microbial activity to successfully
degrade organic pollutants in soil using land-farming techniques was reported in the early
1970s. In situ treatment protocols appeared in the literature shortly afterwards, typically
in the treatment of hydrocarbon-contaminated groundwater by the injection of air and
nutrients or the application of lime and fertilizer to treat to surface contamination with
oil derivatives. However, subsequent events, particularly the decline of heavy industry and
the end of the cold war, led to large areas of land on which industrial or military activity
was conducted becoming available for redevelopment. In these areas, the anthropogenic
pollution had occurred over decades and involved an array of both organic and non-
organic contaminants. In order to effectively treat these large areas of land in which the
extent and type of pollution was often poorly defined and heterogeneous, a range of
new techniques were developed that relied on multidisciplinary approaches to define the
problem, treat the pollutants, and effectively monitor the consequences of these activities.

Devising a bioremediation strategy requires an understanding of the interaction of the
particular pollutant, or mixture, with the environment into which it is released, both in the
short and long term. Often this is dependent on the mobility or solubility of the particular
compound, its response to the physicochemical conditions in which it finds itself, and
the interaction between it and the biological activity found within the environment being
remediated. Many studies have observed that there are temporal changes affecting the
fate of toxic compounds within the environment. In some cases, these can be exploited
as part of the remediation process, while in others they result in long-term issues with
the persistence of compounds. Therefore, in tandem with monitoring and managing the
biological aspects of bioremediation, there is a requirement to characterize the fate of the
compounds of interest in the environment to inform the choice of the bioremediation
strategy to employ.

The application of molecular techniques into bioremediation protocols to add value
to the process will require a number of current issues to be resolved. In practical terms,
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vi Preface

the utility of these techniques for the removal of pollutants in the field requires that rates
of degradation can be quantified. Moreover, techniques that are used to reduce pollutants
to levels acceptable to legislative requirements will need to be validated to the satisfaction
of the regulatory bodies.

The challenge for both the researcher and practitioner is to more accurately model the
complex network of relationships between the pollutant, its physical and chemical envi-
ronment, and the biological systems that are involved in the degradation or remediation
activity. To achieve this will require the imaginative and ambitious application of multi-
disciplinary techniques that will enable more predictable removal of a pollutant from any
given environment. In this volume, we explore a range of such techniques, including the
contribution that recent advances in molecular biology can make to this ongoing work.
In addition, the volume addresses some of the broader issues such as the effect of the
environment in determining the availability and fate of organic and inorganic compounds
and how choices around the most appropriate bioremediation process can be arrived at, as
well as complementary techniques that support the effective deployment and monitoring
of a bioremediation approach.

In assembling this volume, I am indebted to the authors of each chapter for offer-
ing their expert insight into how we might effectively apply the techniques described to
enhance our work to deal with environmental contamination. Each chapter amply demon-
strates their expertise and will, I am sure, lead to the adoption of many of these techniques
and approaches in laboratories around the world.

Stephen P. Cummings
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vii



viii Contents

12. Plasmid-Mediated Bioaugmentation of Wastewater Microbial
Communities in a Laboratory-Scale Bioreactor . . . . . . . . . . . . . . . . . . . 185
Stephan Bathe and Martina Hausner

13. The Role of Decision Support for Bioremediation Strategies, Exemplified
by Hydrocarbons for In Site and Ex Situ Procedures . . . . . . . . . . . . . . . . 201
Elizabeth E. Diplock, Dave P. Mardlin, Kenneth S. Killham,
and Graeme I. Paton

14. Monitored Natural Attenuation . . . . . . . . . . . . . . . . . . . . . . . . . . 217
Kirsten S. Jørgensen, Jani M. Salminen, and Katarina Björklöf
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Hungary
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Chapter 1

Measurement of Bioaccessibility of Organic Pollutants
in Soil

Laura McAllister and Kirk T. Semple

Abstract

The quantification of organic contaminant bioaccessibility in soils and sediments is essential for the risk
assessment and remediation of contaminated land. Within this framework, practitioners require standard-
ised protocols. Cyclodextrins are a group of macrocyclic compounds that can form inclusion complexes
with organic xenobiotics. This occurrence can be exploited to measure the labile/rapidly desorbable com-
pound fraction, which correlates with microbial degradation. We present a rapid and easily reproducible
HPCD shake extraction technique that has been experimentally demonstrated to directly predict micro-
bial availability and degradation in soil. This method can provide practitioners with both an indication of
bioremediation end-points and may be valuable in the risk assessment of contaminated land.

Key words: Bioaccessibility, hydroxypropyl-�-cyclodextrin (HPCD), organic contaminants, non-
exhaustive extraction techniques.

1. Introduction

The identification and quantification of organic contaminants in
soils have been traditionally achieved using exhaustive chemi-
cal extraction techniques (1). However, experimental evidence
has clearly demonstrated that such measurements are not repre-
sentative of contaminant availability to soil and sediment biota
(2,3). Sequestration processes, including sorption to soil solid
phases and diffusion into micro- and nanopores with increased
soil−contaminant contact time, have been shown to reduce the
availability of contaminants to a given organism (3). Therefore,
the quantification of “total” concentrations bears little relevance

S.P. Cummings (ed.), Bioremediation, Methods in Molecular Biology 599,
DOI 10.1007/978-1-60761-439-5 1, © Humana Press, a part of Springer Science+Business Media, LLC 2010
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2 McAllister and Semple

for the assessment of contaminated land, in terms of both poten-
tial risk and viability of bioremediation (3, 4).

Bioassays can provide a direct measurement of bioaccessibil-
ity; however, these techniques can be expensive, time-consuming
and lack in precision (5). As a result, a number of non-exhaustive
extraction techniques have been proposed to measure bioacces-
sibility, and biodegradation in particular (5, 6, 7), by mimicking
microbe−contaminant interactions (Fig.1.1). The development
of such a method would provide practitioners with an indication
of bioremediation end-points and risk to potential receptors (3).

Fig. 1.1. Theoretical mechanisms for the biodegradation of phenanthrene and a putative chemical mimic allowing the
determination of biodegradation end-points. Reproduced from Semple et al. (2003) with permission from Blackwell
Publishing.

One technique that has generated considerable scientific
interest is the use of cyclodextrin solutions to predict micro-
bial bioaccessibility. Cyclodextrins are a group of macrocyclic
oligosaccharides, also known as cycloamyloses, cyclomaltoses and
Schardinger dextrins (8). Three major types are known: �, �
and � cyclodextrin, which are composed of 6, 7 and 8 �-1,4-
glycoside bonds (glycosidic/glucopyranose units), respectively.
Their physicochemical properties are such that each molecule
possesses a hydrophilic exterior and hydrophobic interior cavity.
As a result, cyclodextrins in solution can form inclusion com-
plexes with an extensive range of hydrophobic organic com-
pounds, including polycyclic aromatic hydrocarbons (PAHs) (9).
It is believed that contaminant mass transfer processes, most
notably desorption to the aqueous phase (where substrate uptake
is more extensive), govern microbial availability (10, 11). As
cyclodextrin extraction is also dependent upon contaminant trans-
fer, it thereby mimics biodegradative processes (12). Figure 1.2
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Fig. 1.2. Molecular structure of hydroxypropyl-�-cyclodextrin (HPCD) and diagrammatic representation of HPCD–
contaminant inclusion complex. Reproduced from Reid et al. (2004) with permission from Allen Press Publishing Services.

conceptualises the interaction between the cyclodextrin molecule
and phenanthrene.

The laboratory protocol was pioneered by Reid et al. (13)
using a hydroxypropyl-�-cyclodextrin (HPCD) solution with soils
artificially contaminated with PAHs. The fractions of phenan-
threne extracted (after known ageing periods) were correlated
with the corresponding microbially mineralised fractions, yield-
ing not only a strong relationship (r2= 0.964) but a slope that
approximated to 1 (0.997, i.e. a direct prediction). Further,
this compared favourably to correlations between biodegradation
and dichloromethane (0.648), butan-1-ol (0.614) and extractions
(Fig.1.3).
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Fig. 1.3. Correlation of phenanthrene mineralisation (as determined using catabolically active microorganisms) with
(A) Soxtex-DCM-extractable phenanthrene; (B) butan-1-ol-extractable phenanthrene; and (C) HPCD-extractable phenan-
threne. Assessments were made after 1 (•), 42 (�), 84 (�), and 322 days (♦) for soil systems originally spiked with
25 mg/kgwet weight (black) and 50 mg/kgwet weight (white). The dashed lines on each plot are of a 1:1 slope. Repro-
duced from Reid et al. (13) with permission from the American Chemical Society.



4 McAllister and Semple

Subsequently, this procedure has been studied and vali-
dated extensively. In artificially spiked systems, 1:1 relationships
between extractability and biodegradability have been established
in a wide variety of dissimilar soils (14, 15, 16), in the presence
of multi/co-contaminants (1, 17), cable-insulating oil (18) and
transformer oil (19). Good predictability of biodegradation has
also been established in field-contaminated sediments (20, 21).
Further, one extraction has been found to be sufficient to deter-
mine the biodegradable fraction in both field-contaminated (1)
and artificially spiked soils (12).

It has also been successfully tested with aged and field-
contaminated soils (1, 12, 15, 18, 19, 22, 23, 24, 25); all
investigations have produced direct 1:1 relationships between
extractability and microbial degradation. To date, extractions
have been predominantly tested with �-cyclodextrin, with only
some studies investigating �-cyclodextrins (23, 25), presenting
opportunities for further research. The rapid and easily repro-
ducible technique described here involves the addition of a
HPCD solution to a sample of contaminated soil, shaking, cen-
trifuging and finally either sampling the supernatant or quan-
tifying the residual concentrations in the soil (Fig.1.4). The
procedure provided for spiking soils uses phenanthrene for ease
of explanation; however, this can be substituted for other chemi-
cals/chemical mixtures. Protocols are provided for artificially
spiked and field-contaminated soils. The procedure of quantify-
ing microbial biodegradation, to verify the HPCD extraction, is
also described using both microbial inocula and indigenous soil
microbes.

Fig. 1.4. Schematic diagram illustrating the HPCD extraction protocol.

2. Materials

2.1. Phenanthrene
Standards

1. Non-labelled phenanthrene and its radiolabelled analogue
[9-14C] phenanthrene (radiochemical purity >98%) (Sigma
Aldrich Co. Ltd., U.K).
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2. Carrier solvent for soil spiking: acetone (see Note 1). A maxi-
mum ratio of 1:20 solvent:soil is observed.

3. Phenanthrene standard for degraders: N,N -dimethyl- for-
mamide (DMF). 12C-phenanthrene standard is added at a
ratio of 100 g/L DMF.

2.2. Sub-culturing of
Phenanthrene
Degraders

1. To prepare 1 L of minimal basal salts: add to 1 L of d
H2O, 0.3 g NaCl, 0.6 g (NH4)2SO4, 0.6 g KNO3, 0.25 g
KH2PO4, 0.75 g K2HPO4, 0.15 g MgSO4·7H2O and 1mL
trace element solution (as described below). Prior to use, the
solution must be autoclaved at 121◦C on a 20 min cycle (see
Note 2). The final solution should be stored in a fridge.

2. Trace element solution: To 250 mL d H2O, add 5 �g
LiCl(LiBO2), 20 �g CaSO4·5H2O, 25 �g ZnSO4·7H2O,
25 �g Al2(SO4)3·16H2O, 25 �g NiCl·6H2O(CoNO3),
25 �g CoSO4·7H2O(CoNO3), 7.5 �g KBr, 7.5 �g
KI, 150 �g MnCl2·2H2O, 10 �g SnCl2·2H2O and
FeSO4·7H2O. The final solution should be stored in a
fridge.

3. Phenanthrene standard for degraders (see Section 2.1.3).

2.3. HPCD Shake
Extraction

1. For each sample extraction, 2 g of hydroxypropyl-�-
cyclodextrin (HPCD) (Aldrich Chemical Co., UK) is mixed
well into 25 mL of deionised water (d H2O) to give an opti-
mal concentration of 50 mM (13).

2.4. Sample
Oxidisation

1. Organic-based combustion-aiding solution (maybe put
ingredients, i.e. chemical formula or something) (Combus-
taid) (Canberra Packard, UK).

2. To conduct a Spec check (to assess instrument trapping effi-
ciency): 40 �L Spec check standard is dissolved in 960 �L
ethanol (EtOH).

2.5. Respirometry 1. Sodium hydroxide (NaOH) (BDH Laboratory Supplies,
UK). A 1 M solution is made up with d H2O.

2. Ultima Gold liquid scintillation cocktail (Canberra Packard,
UK).

2.6. DCM−Soxtec
Extraction and
Analysis

1. To dry soil before extraction: anhydrous sodium sulphate
(Na2SO4) in a powdered or granular form (VWR Interna-
tional, Lutterworth, UK). Prior to use, dry in an oven at
450◦C for 6 h.

2. Dichloromethane (DCM) (Sigma Aldrich, UK).
3. To remove sulphur from DCM extracts: copper granules,

hydrochloric acid (HCl) (both from VWR International,
Lutterworth, UK), methanol and hexane.
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4. Sorbents: 923 silica and F-20 alumina. Prior to use, the sor-
bents need to be activated by baking ∼12 h in a furnace at
120◦C (silica) and 450◦C (alumina). Once cooled, sorbents
are deactivated by shaking in 5% (silica) and 1% (alumina)
d H2O (by weight of sorbent). Deactivated sorbents should
be used within 1 week (16).

5. To quantify compound losses during extraction and cleanup:
50 ng (per extraction) of deuterated surrogates of each con-
taminant known to be present in the soil.

3. Methods

The HPCD shake extraction procedure was refined by Reid et al.
(13). Their research found that maximum phenanthrene extrac-
tion was achieved with a HPCD concentration of ∼50–60 mM.
Further, extraction efficiency plateaued after 6 h, although at least
20 h is recommended to ensure complete extraction. The opti-
mised technique was then tested, firstly using different PAHs
over a range of concentrations, which indicated that extrac-
tion efficiencies were consistent and reproducible. The extent of
14C-phenanthrene extracted from dissimilar soil types varied as
a function of soil characteristics; for example, less was extracted
from soils with higher organic matter (OM). Finally, the fraction
extracted was observed to decrease as soil−phenanthrene contact
time (1–322 days) progressed, thus reflecting that extractability
was influenced by ageing.

The most effective method of quantifying chemical
extractability varies upon the nature of contamination. If soils
are artificially spiked with 14C-PAHs, sampling the HPCD super-
natant itself is the most straightforward technique, as 14C-labelled
chemicals are easily quantified using liquid scintillation counting
(LSC). In field-contaminated soils, residual PAHs post-HPCD
extraction, as determined by DCM extraction, are compared
with residual concentrations after biodegradation, also as deter-
mined by DCM extraction. It is essential that the necessary health
and safety measures assessments are conducted for using haz-
ardous substances, including radioactive compounds, solvents,
and PAHs, as well as carrying out appropriate disposal methods.

Thorough and effective cleaning of equipment is essential
prior to use. Standard cleaning procedure used in this experiment
requires a Decon90 R© soak (24 h), a thorough rinse/1 h soak in
normal water, a d H2O soak (3 h) and an acetone rinse. In addi-
tion, each extraction/bioassay should be carried out in triplicate,
including controls/analytical blanks.
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3.1. Soil Preparation 1. Soil is passed through a 2 mm sieve (to remove large debris)
and air dried for 24 h.

2. The moisture content is determined by drying 3 ∼2 g soil
samples at 105◦C for 24 h in porcelain crucibles. After dry-
ing, samples are cooled in a desiccator for 1–6 h and re-
weighed to calculate moisture loss.

3. Re-hydrate soil back to its original field moisture content
with d H2O in a large glass bowl.

3.2. Preparation of
Bacterial Degraders
for Inoculated Soil

1. Methods for culturing an inoculum may vary; however, a
final concentration of ca. 107 cells/g soil is recommended in
each bioassay/respirometer (15).

2. To sub-culture (from previously inoculated MBS): conical
flasks (1 L) with 600 mL of autoclaved MBS solution are
sealed with a cotton wool bung and tin foil (600 mL pro-
duces a final concentration of 50 mL; 2 × 600 mL = 100 mL
concentrate, 3 × 600 mL = 150 mL concentrate, etc.).

3. Use an autoclaved (as described in Section 2.4.1) pipette
tip (5 mL) to add 10 mL of previously inoculated MBS con-
taining degraders per 100 mL MBS (i.e. 60 mL for 600 mL
MBS). Cold phenanthrene standard is added at 10 �L per
100 mL MBS. Flasks are incubated at 22 ± 2◦C for 4 days
on a rotary shaker at 100 rpm.

4. Degraders are harvested after 4 days (late exponential phase
growth). The following instructions assume the use of a
Beckman J-6 M centrifuge (Beckman Coulter, USA). Sub-
cultured degraders are centrifuged in 500 mL Beckman cen-
trifuge tubes (∼45% of capacity; see Note 2) at 3600 × g,
15◦C for 30 min. At this point, the supernatant is disposed
and fresh autoclaved MBS is added to re-suspend the cell
pellet.

5. Step 3 is repeated to remove any residual phenanthrene.
After the second centrifugation, dispose off the supernatant
again and re-suspend the cell pellet with ∼1 mL of MBS.
Transfer the concentrate into a conical flask (250 mL), rins-
ing centrifuge tubes with MBS to remove all degrading cells.
For every 600 mL of MBS-degrading solution, re-suspend
with 50 mL of fresh MBS.

3.3. Studies Involving
14C-Spiked Soils

3.3.1. Soil Spiking

1. Both labelled and non-labelled phenanthrene are added to
the soil to provide both radioactivity and mass. Whilst both
may vary depending on the nature of the experiment, the
level of radioactivity is typically ∼83.3 Bq/g of soil required
and mass is 50 mg/kg soil.
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2. 12C-Phenanthrene and 14C-phenanthrene are added into a
vial with acetone. Standards are stored in the freezer until
use (see Note 3).

3. Standard radioactivity is quantified (in triplicate) by pipet-
ting 3 �L of prepared standard into 20 mL of scintil-
lation fluid in an economy glass vial. Samples are then
counted using LSC (Tri Carb 2300 TR liquid scintillation
counter; Canberra Packard, Belgium) (see Note 4). Stan-
dard calibration and quench correction techniques must be
applied.

4. The “bolus” methodology is employed for soil spiking.
Approximately one fourth of the soil is spiked initially and
blended (1–3 min). Soil is left in a fume hood for a period
of 1–2 h to allow solvent venting/evaporation. Remaining
soil is added in approximately three separate portions and
blended to ensure good homogeneity (see Note 5).

5. Where experiments are investigating the effects of ageing
upon bioaccessibility, spiked soils are stored for the required
aging period in sealed amber glass jars in the darkness at
20 ± 2◦C.

6. After spiking, soils that are to be inoculated should be
promptly sterilised to eradicate indigenous microbial activ-
ity using �-irradiation (32.2 KGy).

3.3.2. Determining
HPCD Extractable
Fraction of 14C-Spiked
Soil

1. One TeflonTM centrifuge tube (35 mL) is required
for each individual extraction (individual tube weights
must be recorded prior to soil addition). Soil (1.25 ±
0.1 g) is weighed into a tube with 25 mL of HPCD
solution.

2. Tubes are sealed, placed horizontally on an orbital shaker
(Janke and Kunkel, IKA-Labortechnik KS 250, supplied by
Fisher Scientific) and shaken at 100 rpm for 20–22 h at
room temperature.

3. Weigh all tubes and compare with weights recorded previ-
ously. If significant differences are observed, add d H2O to
balance.

4. Tubes are then centrifuged (Centaur 2 centrifuge; Mea-
suring scientific Equipment, Beckenham, UK) for 1 h at
3600 × g.

5. Once finished, 6 mL of each supernatant is sampled and
added to 14 mL Goldstar scintillation cocktail in econ-
omy glass vials (20 mL). Place caps on all vials and shake
manually.

6. Quantification of 14C-activity is performed by LSC (as
aforementioned in Section 3.3.1, Step 3).
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7. Discard remaining supernatant fluid (tubes must then be
weighed again) and remove the soil pellets from the tubes.
Weigh approximately 1 ± 0.1 g soil into a cellulose cone.

8. Add 200 �L of Combustaid and sample oxidise (see
Note 6). These instructions assume the use of a Canberra
Packard model 307 sample oxidiser.

9. Put 2× high-performance vials into holder (one each for
the sample and waste), put soil pellets into the basket and
burn each for ∼3 min (see Note 7). Put a lid on the vial,
shake and store overnight before scintillation counting (as
aforementioned in Section 3.3.1, Step 3).

10. Regular spec checks should be conducted to verify the trap-
ping efficiency of the instrument and analysed using LSC.
To determine background measurements, 200 �L Com-
bustaid is burnt. To quantify the standard, 200 �L Com-
bustaid is burnt, followed by 50 �L of spec check. The
recovery efficiency is carried out by adding 50 �L of spec
check to 200 �L Combustaid and sample oxidised. The
memory after this is then measured by burning 200 �L
Combustaid. All checks are carried out in triplicate; recov-
ery found should be ∼96–99%. Sample oxidations are then
calibrated by spec check data.

3.3.3. Bioassays of
14C-Spiked Soil

1. For inoculated soil, each microcosm consists of 10 ± 0.1 g
of each soil treatment, 5 mL of enriched inoculum and
25 mL of autoclaved MBS. Non-inoculated soil includes
10 ± 0.1 g of each soil treatment with 30 mL of MBS (see
Note 8).

2. Microcosms are performed in respirometers, as designed by
Reid et al.(26).Respirometers consist of an Erlenmeyer flask
with a TeflonTM-lined screw top lid that has been drilled
through the centre. Through this, a stainless steel rod is
placed and secured on either side with a washer and a nut.
A fine stainless steel crocodile clip is attached to a section of
rod on the inside of the lid.

3. A glass scintillation vial (7 mL) containing 1 mL sodium
hydroxide solution (NaOH) to trap 14CO2 evolution is sus-
pended in each flask through attachment to the crocodile
clip.

4. Respirometers are shaken horizontally on an orbital shaker
at 100 rpm, 20 ± 2◦C for the required length of time.

5. Respirometers are periodically sampled at desired time inter-
vals (typically at 12 or 24 h intervals). The lid of the Erlen-
meyer flask is removed and the CO2 trap quickly replaced
with a fresh vial. Wipe the removed vial with an acetone-
moistened tissue, add 6 mL of liquid scintillation fluid and
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Fig. 1.5. Relationship between fractions of 14C-phenanthrene extracted from four dissimilar soils using: (A) HPCD extrac-
tion; (B) water-only extraction, and the fraction mineralised in biodegradation assays after 1 day (◦), 20 days (�),
50 days (�), 100 days (�) contact times.Solid and dotted lines represent a 1:1 relationship and regression lines, respec-
tively. Reproduced from Allan et al. 2006(16) with permission from Elsevier.

cap. Count radioactivity using LSC as aforementioned in
Section 3.3.1, Step 3.

6. Final extents of microbial mineralisation can be correlated
with HPCD extracted fractions to verify the technique (an
example is provided in Fig 1.5).

3.4. Studies Involving
Field-Contaminated
Soils

3.4.1. Determining Total
Extractable
Concentrations of
Field-Contaminated Soil

1. Samples of untreated soil are first exhaustively extracted
to determine the total extractable contaminant fraction. In
this example, dichloromethane (DCM)–soxtec extraction
is used. These instructions assume the use of Foss Tecator
Soxtec (model 2055, Avanti).

2. Approximately 1.5–2.5 g of soil is ground with ∼8 g anhy-
drous sodium sulphate. Quantitatively transfer into What-
man cellulose extraction thimbles.

3. Add 50 ng of deuterated surrogate compounds of each
contaminant known to be present in the soil. Extract for
18 h with 270 mL DCM.

4. Following extraction, supernatants require preparation
before gas chromatography-mass spectrometry (GC-MS)
analysis. Copper granules are added to HCl in a conical
flask for 5 min, stirring occasionally with a glass rod. The
HCl is decanted and granules rinsed with water, methanol,
DCM and hexane. Activated granules are stored under hex-
ane and should be used within ∼1 h.

5. Activated copper granules are added to all DCM extracts.
Reduce extracts to 1 mL by rotary evaporation and leave to
stand for 1 h. If the granules are black after standing, add
more granules until they appear shiny.
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6. Using Pasteur pipettes, quantitatively transfer samples with
multiple DCM rinses and reduce in volume to 1 mL.

7. The cleanup columns are prepared by wet-packing glass
chromatography columns with 5 g of deactivated alumina
followed by 10 g of deactivated silica (both in DCM) and
finally sodium sulphate. Columns are rinsed with DCM and
then exchanged into pentane.

8. Quantitatively add samples to the columns and elute using
100 mL of DCM:penatane (1:1). Reduce samples to 1 mL
and exchange into 0.5 mL iso-octane before quantitative
transfer into gas chromatography vials (2 mL).

9. Samples are analysed for contaminants by gas chromatogra-
phy with a mass selection detector (Hewlett-Packard 5890
Series II gas chromatograph equipped with a 7673 auto-
sampler, 5972 mass selection detector (MSD), supplied by
Agilent Technologies, Cheadle, UK) and an HP-5 column
(5% phenyl methylsiloxane, 30 m length × 0.25 mm i.d.,
film thickness of 0.25 �m) (Metlab, Hawarden, UK).

10. The GC temperature programme is 70◦C for 2 min,
ramped at 20◦C/min to 100◦C, and finally at 6◦C/min to
300◦C (held for 3 min). The MSD is maintained at 280◦C.

11. Data are collected and quantified using HP Chemstation
software; quantification is conducted with the external cal-
ibration method.

3.4.2. Determining
HPCD Extractable
Fractions of
Field-Contaminated Soil

1. The HPCD extraction is carried out above up until and
including Step 2. At this point, the supernatant is discarded
and the soil shaken for 10 s with 25 mL of d H2O. Vials are
then centrifuged and the supernatant discarded again.

2. A sample of the soil is DCM−soxtec extracted (with an extra
15 g sodium sulphate) and analysed for contaminants with
GC-MS (as described above)

3.4.3. Bioassays of
Field-Contaminated Soil

1. Indigenous microbial degradation assays are set up by
adding 30 mL of autoclaved MBS to 10 ± 0.1 g of soil in
modified loosely capped Schott bottles (15).

2. The bottles are incubated on an orbital shaker at 100 rpm
and 20 ± 2◦C for ∼6 weeks.

3. Inoculated bioassays are conducted as above, with the excep-
tion of adding 1 mL of enriched catabolic inoculum and 29
mL of MBS to the microcosms (soils require sterilisation as
described in Section 3.3.1, Step 6).

4. After a specified assay time, soils are recovered by centrifu-
gation and a ∼1.5 g portion is DCM−soxtec extracted
and analysed for contaminants with GC-MS (as described
above).
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A B

Fig. 1.6. Linear regression correlating total PAH (naphthalene, biphenyl and flourene, phenanthrene and pyrene) con-
centrations following degradation by (A) an enriched inoculum and (B) indigenous microflora in 6 week bioassays and
the HPCD predicted end-point (n = 3) of soil from a former coke plant. The dashed line represents the y = x corre-
lation between predicted and observed concentration end-points. Error bars represent 1 standard error of the mean.
Reproduced from Doick et al. (2005) (19) with permission from the American Chemical Society.

5. Residual contaminant concentrations after biodegradation
can be correlated with residual concentrations after HPCD
extraction to verify chemical extractability (an example is
provided in Fig 1.6).

4. Notes

1. Acetone is a suitable carrier solvent for phenanthrene,
although another solvent, e.g. toluene, may be required to
dissolve highly hydrophobic contaminants.

2. MBS should not be autoclaved more than once; other-
wise, the compounds will precipitate out of solution and the
microbial degraders will not grow properly.

3. If centrifuge tubes are filled >45%, they will collapse at full
speed.

4. Standards can also be stored in the fridge, although freezing
is more effective in limiting volatilisation.

5. Storing vials in the darkness at room temperature for 24 h
prior to scintillation counting limits chemiluminescence.

6. Alternatively, soils can be spiked and re-hydrated (Section
3.1.3) in a single step at this point, rather than carrying out
both separately.
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7. If sample oxidisation cannot take place on the same day, put
soil into cellulose cones, wrap in tin foil and freeze. Must be
fully defrosted (∼30 min) before sample oxidised.

8. The burn time can be adjusted depending on the soil wet-
ness/soil moisture content. For example, a soil with a mois-
ture content of ∼50% may require 5 min burn time.

9. It is recommended that in each respirometer, the slurry sys-
tem has a soil:liquid ratio of 1:3 (27) for homogeneous dis-
tribution of 14C compounds (28) and a rapid and repro-
ducible determination of bioaccessibility (27).
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Chapter 2

Heavy Metal Bioavailability and Bioaccessibility in Soil

John Richard Dean

Abstract

This chapter considers the use of a variety of approaches to assess either the bioavailability or the bioac-
cessibility of metals in soil. The bioavailability of metals from soils is considered with respect to a series
of single-extraction methods, including the use of ethylenediaminetetraacetic acid (EDTA), acetic acid,
diethylenetriaminepentaacetic acid (DTPA), ammonium nitrate, calcium chloride and sodium nitrate.
Then, a procedure for the recovery of metals using a three-stage sequential extraction protocol is
described. Two alternate approaches for assessing the environmental health risk to humans by under-
taking in vitro gastrointestinal extraction (also known as the physiologically based extraction test, PBET)
are considered. Finally, two acid digestion protocols that allow the pseudo-total metal content of samples
to be assessed are provided.

In all cases details of how the different approaches can be performed are provided, including the
specific reagents required (and their preparation), details of the different extraction and acid digestion
protocols to be followed and suitable analytical details to allow the measurement of metals by inductively
coupled plasma mass spectrometry (ICP-MS) with/without a collision/reaction cell. A detailed Notes
section provides experimental details to guide the reader through some of the practical aspects of the
procedures. Finally, some experimental results are provided as evidence of the suitability of the approaches
described including single-extraction data, using EDTA and acetic acid, for metals in CRM BCR 700. In
addition, in vitro gastrointestinal extraction data are provided for metals in CRM SRM 1570A (spinach
leaves). The influence of time on the intestinal fluid phase on the recovery of metals in CRM SRM 1570A
(spinach leaves) and CRM INCT-TL-1 (tea leaves) is investigated, as well as the repeatability in terms of
recovery of metals from soil over a 3-week period by in vitro gastrointestinal extraction.

Key words: Single-extraction methods, sequential extraction method, physiologically based extrac-
tion test (PBET), in vitro gastrointestinal extraction, inductively coupled plasma mass spectrometry
(ICP-MS).

1. Introduction

The release of metals from soil is normally accomplished using
heat and concentrated acids (in a process termed acid digestion)

S.P. Cummings (ed.), Bioremediation, Methods in Molecular Biology 599,
DOI 10.1007/978-1-60761-439-5 2, © Humana Press, a part of Springer Science+Business Media, LLC 2010
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(1). The aim of this approach is to destroy the soil matrix releas-
ing metals into solution. In reality, depending upon the choice
of acid (or acid combination) this may or may not be possible,
but the approach is nevertheless used to determine the metal
(pseudo)total in the soil matrix. Approaches to assess the metal
bioavailability and bioaccessibility are available (2). In the case
of metal bioavailability, the approaches are based on the use of
selective chemical extractants to liberate the metals from the soil
matrix by overcoming specific interactions. These approaches are
based on single- or sequential extraction methods, which were
originally developed by the Standard, Measurements and Test-
ing Programme (SM & T – formerly BCR) of the European
Union (3–5). Single-extraction methods are based on the use of
ethylenediaminetetraacetic acid (EDTA), acetic acid or diethylen-
etriaminepentaacetic acid (DTPA) as well as some other reagents,
whereas the sequential extraction method uses specific reagents to
assess the exchangeable, reducible and oxidisable fractions of met-
als in soil. In the case of metal (oral) bioaccessibility, the approach
is based on the use of reagents that seek to mimic the human
digestive system (2). This method is often described as either
in vitro (simulated) gastrointestinal extraction or the physiologi-
cally based extraction test (PBET). In each case the use of specific
extraction scenarios to provide an estimation of the environmen-
tal risk to humans and plants from heavy metal contaminated soil
is done.

2. Materials

2.1. Extraction
Reagents for
Single-Extraction
Methods

1. 50 mM ethylenediaminetetraaceticacid (EDTA): In a fume
cupboard add 146 +/– 0.05 g of EDTA (free acid) to
800 +/– 20 mL of distilled water (see Note 1). To aid disso-
lution of EDTA, stir in 130 +/– 5 mL of saturated ammo-
nia solution (prepared by bubbling ammonia gas into dis-
tilled water). Continue to add the ammonia solution until
all the EDTA has dissolved. The resultant solution should
be filtered, if necessary, through a filter paper of porosity
1.4–2.0 �m into a pre-cleaned 10 L polyethylene bottle and
then diluted to 9.0 +/– 0.5 L with distilled water. Adjust the
pH to 7.00 +/– 0.05 by addition of a few drops of either
ammonia or concentrated hydrochloric acid, as appropriate.
The solution should then be made up to 10 L with distilled
water to obtain an EDTA solution of 50 mM. Analyse a sam-
ple of each fresh batch of EDTA solution for its metal impu-
rity content (see Notes 2 and 3).
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2. 0.43 M acetic acid: In a fume cupboard add 250 +/– 2 mL
of glacial acetic acid (AnalaR or similar) to approximately 5 L
of distilled water in a pre-cleaned 10 L polyethylene bottle
and make up to 10 L with distilled water. Analyse a sample of
each fresh batch of acetic acid solution for its metal impurity
content (see Notes 2 and 3).

3. 5 mM diethylenetriaminepentaacetic acid (DTPA): In a
fume cupboard dissolve 149.2 g triethanolamine (0.01 M),
19.67 g DTPA (5 mM) and 14.7 g calcium chloride in
approximately 200 mL distilled water. Allow the DTPA to
dissolve and then dilute to 9 L. Adjust the pH to 7.3 +/–
0.5 with concentrated HCl while stirring and then dilute to
10 L in distilled water. Analyse a sample of each fresh batch
of DTPA solution for its metal impurity content (see Notes
2 and 3).

4. 1 M ammonium nitrate (NH4NO3): In a fume cupboard
dissolve 80.04 g of NH4NO3 in water, then make up to 1 L
with water. Analyse a sample of each fresh batch of NH4NO3
solution for its metal impurity content (see Notes 2 and 3).

5. 0.01 M calcium chloride: In a fume cupboard dissolve
1.470 g of CaCl22H2O in water, then make up to 1 L with
water. Verify that the Ca concentration is 400 +/– 10 mg/L
by EDTA titration. Analyse a sample of each fresh batch of
CaCl2 solution for its metal impurity content (see Notes 2
and 3).

6. 0.1 M sodium nitrate (NaNO3): In a fume cupboard dissolve
8.50 g of NaNO3 in water, then make up to 1 L with water.
Analyse a sample of each fresh batch of NaNO3 solution for
its metal impurity content (see Notes 2, 3 and 4).

2.2. Extraction
Reagents for
Sequential Extraction
Method

1. Solution A: 0.11 M acetic acid. Add in a fume cupboard
25 +/– 0.1 mL of glacial acetic acid to approximately 0.5 L
of water in a 1 L polyethylene bottle and make up to 1 L with
water. Take 250 mL of this solution (acetic acid 0.43 M) and
dilute to 1 L with water to obtain an acetic acid solution of
0.11 M. Analyse a sample of each fresh batch of solution A
for its metal impurity content (see Note 2).

2. Solution B: 0.5 M hydroxylamine hydrochloride or hydrox-
yammonium chloride. Dissolve 34.75 g of hydroxylamine
hydrochloride in 400 mL of water. Transfer to a 1 L vol-
umetric flask and add 25 mL of 2 M HNO3 (prepared by
weighing from a concentration solution) (the pH should be
1.5). Make up to 1 L with water. Prepare this solution on
the same day as the extraction is carried out. Analyse a sam-
ple of each fresh batch of solution B for its metal impurity
content (see Note 2).
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3. Solution C: (8.8 M hydrogen peroxide (300 mg/g). Use
H2O2 as supplied by the manufacturer, i.e. acid-stabilized to
pH 2–3. Analyse a sample of each fresh batch of solution C
for its metal impurity content (see Note 2).

4. Solution D: (1 M ammonium acetate). Dissolve 77.08 g
of ammonium acetate in 800 mL of water. Adjust to
pH 2 +/– 0.1 with concentrated HNO3 and make up to
1 L with water. Analyse a sample of each fresh batch of solu-
tion D for its metal impurity content (see Note 2).

2.3. Extraction
Reagents for In vitro
Gastrointestinal
Extraction:
Approach 1

1. Gastric solution: 1.25 g pepsin (1 Anson unit/g lactose as
diluents), 0.5 g sodium malate, 0.5 g sodium citrate, 420 �L
lactic acid and 500 �L acetic acid made up to 1 L with water,
adjusted to pH 2.5 with concentrated HCl.

2. Intestinal solution: 52.5 mg bile salts (bovine) and 15 mg
pancreatin (pig) added into the sample−gastric solution
mixture and the pH adjusted to pH 7.0 with saturated
NaHCO3.

2.4. Extraction
Reagents for In vitro
Gastrointestinal
Extraction:
Approach 2

2.4.1. Simulated Saliva
Fluid

1. First add 145 mg of �-amylase (bacillus species), 50.0 mg
mucin and 15.0 mg uric acid to a 2 L HDPE screw-top
bottle.

2. Separately add 896 mg of KCl, 888 mg NaH2PO4, 200 mg
KSCN, 570 mg Na2SO4, 298 mg NaCl and 1.80 mL of
1.0 M HCl into a 500 mL volume container and make up
to the mark with water (inorganic saliva components).

3. In a second 500 mL volume container, add 200 mg urea
and make up to the mark with water (organic saliva compo-
nents).

4. Then, simultaneously pour 500 mL of inorganic and 500
mL of organic saliva components into the 2 L HDPE screw-
top bottle.

5. Shake the entire contents of the screw-top bottle thoroughly.
6. Measure the pH of this solution (gastric-simulated fluid).

The pH should be 6.5 ± 0.5. If necessary, adjust the pH by
adding either 1.0 M NaOH or 37% HCl.

2.4.2. Simulated Gastric
Fluid

1. First add 1000 mg of bovine serum albumin, 3000 mg
mucin and 1000 mg pepsin to a 2 L HDPE screw-top bottle.
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2. Separately add 824 mg of KCl, 266 mg NaH2PO4, 400 mg
CaCl2, 306 mg NH4Cl, 2752 mg NaCl and 8.30 mL of 37%
HCl into a 500 mL volume container and make up to the
mark with water (inorganic gastric components).

3. In a second 500 mL volume container, add 650 mg
glucose, 20.0 mg glucuronic acid, 85.0 mg urea and
330 mg glucosaminehydrochloride and make up to the mark
with water (organic gastric components).

4. Then, simultaneously pour 500 mL of inorganic and
500 mL of organic components into the 2 L HDPE screw-
top bottle.

5. Shake the entire contents of the screw-top bottle thoroughly.
6. Measure the pH of this solution (gastric-simulated fluid).

The pH should be within the range 0.9–1.0. If necessary,
adjust the pH to this range (0.9–1.0) by adding either 1.0 M
NaOH or 37% HCl.

7. Check that the combination of mixed saliva fluid (1 mL) and
gastric fluid (1.5 mL) is in the pH 1.2–1.4. If the combined
mixture is not within this range, it is necessary to adjust the
pH of the gastric fluid by adding either 1.0 M NaOH or 37%
HCl.

8. Re-check that the combination of mixed saliva fluid (1 mL)
and gastric fluid (1.5 mL) is in the pH 1.2–1.4.

2.4.3. Simulated
Duodenal Fluid

1. First add 200 mg of CaCl2, 1000 mg bovine serum albu-
min, 3000 mg pancreatin and 500 mg lipase to a 2 L HDPE
screw-top bottle.

2. Separately add 564 mg of KCl, 80 mg KH2PO4, 50.0 mg
MgCl2, 5607 mg NaHCO3, 7012 mg NaCl and 180 �L of
37% HCl into a 500 mL volume container and make up to
the mark with water (inorganic duodenal components).

3. In a second 500 mL volume container, add 100 mg urea and
make up to the mark with water (organic duodenal compo-
nents).

4. Then, simultaneously pour 500 mL of inorganic and
500 mL of organic duodenal components into the 2 L
HDPE screw-top bottle.

5. Shake the entire contents of the screw-top bottle thoroughly.
6. Measure the pH of this solution (simulated duodenal fluid).

The pH should be within the range 7.4 ± 0.2. If necessary,
adjust the pH of the duodenal fluid by adding either 1.0 M
NaOH or 37% HCl.
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2.4.4. Simulated Bile
Fluid

1. First add 222 mg of CaCl2, 1800 mg bovine serum albumin
and 6000 mg bile to a 2 L HDPE screw-top bottle.

2. Separately add 376 mg of KCl, 5785 mg NaHCO3,
5259 mg NaCl and 180 �L of 37% HCl into a 500 mL
volume container and make up to the mark with water (inor-
ganic bile components).

3. Into a second 500 mL volume container, add 250 mg urea
and make up to the mark with water (organic bile compo-
nents).

4. Then, simultaneously pour 500 mL of inorganic and 500
mL of organic bile components into the 2 L HDPE screw-
top bottle.

5. Shake the entire contents of the screw-top bottle thoroughly.
6. Allow the solution to stand for approximately 1 h, at room

temperature, to allow for complete dissolution of solid
reagents.

7. Measure the pH of this solution (simulated bile fluid). The
pH should be within the range 8.0 ± 0.2. If necessary, adjust
the pH of the duodenal fluid by adding either 1.0 M NaOH
or 37% HCl.

8. Check that the combination of saliva fluid (1.0 mL), gastric
fluid (1.5 mL), 3.0 mL duodenal fluid and 1.0 mL bile fluid
is in the pH 6.3 ± 0.5. If the combined mixture is not within
this range, it is necessary to adjust the pH of the duodenal
fluid by adding either 1.0 M NaOH or 37% HCl.

9. Re-check that the combination of saliva fluid (1.0 mL), gas-
tric fluid (1.5 mL), 3.0 mL duodenal fluid and 1.0 mL bile
fluid is in the pH 6.3 ± 0.5.

2.5. Instrumentation
for Metal Analysis

1. All metal measurements were made using an inductively
coupled plasma mass spectrometer (ICP-MS, XSeries II,
Thermo Electron Corporation, Cheshire, UK).

2. A multi-element standard is used for K, Ca, Mg, Na, Cr, Mn,
Fe, Ni, Cu, Zn, Mo, Cd and Pb and internal standard solu-
tions for Sc, In and Tb (SPEXCertiPrep, Middlesex, UK).

3. Methods

3.1. Chemical-
Selective Extraction
for Single-Extraction
Methods

Chemical-selective extractions of the soil are carried out in order
to assess the metal bioavailability. The main procedures identified
for the extraction of metals using single-extraction methods are
based on the use of ethylenediaminetetraacetic acid, acetic acid or
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diethylenetriaminepentaacetic acid. However, other reagents are
also used and include the use of ammonium nitrate, calcium chlo-
ride and sodium nitrate. The extraction protocols, using EDTA,
CH3COOH and CaCl2, used are based on those developed by the
Standard, Measurements and Testing Program (formerly BCR) of
the European Community (3–5) and subsequently re-evaluated
for EDTA and acetic acid (6).

3.1.1. Ethylenedi-
aminetetraacetic Acid
Extraction

1. 2 g of soil sample is weighed into a 50 mL Sarstedt extraction
tube and 20 mL of 0.05 M EDTA (pH 7.0) is added (see
Note 5).

2. The mixture is shaken in an end-over-end shaker at 30 rpm
for 1 h at ambient temperature (20 ± 2◦C) (see Note 6).

3. Then centrifuge the mixture for 10 min at 3000g.
4. Remove the supernatant with a pipette and store in a

polyethylene bottle at 4◦C.
5. Prior to analysis, re-homogenise the sample by manually

shaking for 5 min.
6. Analyse by ICP-MS (see Notes 10 and 11).

Example results for the EDTA extraction of nine elements
from a certified reference material (BCR 700) are shown
inTable2.1.

Table 2.1
Example results for selected single-extraction protocols

EDTA extraction CH3COOH extraction

Element

CRM organic-rich
soil (BCR 700)
(mg/kg)

Concentrations
(mg/kg)
Mean ± SD, n = 6

CRM organic-rich
soil (BCR 700)
(mg/kg)

Concentrations
(mg/kg)
Mean ± SD, n = 6

Cr 10.1 ± 0.9 9.2 ± 0.2 19.0 ± 1.1 20.5 ± 0.7

Mn na 146 ± 6 na 266 ± 19

Fe na 1224 ± 95 na 33.0 ± 1.8

Ni 53.2 ± 2.8 51.5 ± 1.0 99.0 ± 5.1 102.8 ± 2.6

Cu 89.4 ± 2.8 91.9 ± 1.3 36.3 ± 1.6 37.3 ± 2.6

Zn 510 ± 17 455 ± 5 719 ± 24 715.7 ± 55.5

Mo na 1.10 ± 0.08 na 0.06 ± 0.01

Cd 65.2 ± 3.5 65.7 ± 5.1 67.5 ± 2.8 67.1 ± 2.5

Pb 103 ± 5 101.9 ± 0.9 4.85 ± 0.38 4.82 ± 0.44

na = not available
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3.1.2. Acetic Acid
Extraction

1. 1 g of soil sample is weighed into a 50 mL Sarstedt extrac-
tion tube and 40 mL of 0.43 M CH3COOH is added (see
Note 5).

2. The mixture is shaken in an end-over-end shaker at 30 rpm
for 16 h at ambient temperature (20 ± 2◦C) (see Note 6).

3. Then centrifuge the mixture for 10 min at 3000g.
4. Remove the supernatant with a pipette and store in a

polyethylene bottle at 4◦C.
5. Prior to analysis, re-homogenise the sample by manually

shaking for 5 min.
6. Analyse by ICP-MS (see Notes 10 and 11).

Example results for the acetic acid extraction of nine ele-
ments from a certified reference material (BCR 700) are
shown in Table 2.1.

3.1.3. Diethylenetri-
aminepentaacetic Acid
Extraction

1. 2 g of soil sample is weighed into a 50 mL Sarstedt extraction
tube and 4 mL of 0.005 M DTPA is added (see Note 5).

2. The mixture is shaken in an end-over-end shaker at 30 rpm
for 2 h at ambient temperature (20 ± 2◦C) (see Note 6).

3. Then centrifuge the mixture for 10 min at 3000g.
4. Remove the supernatant with a pipette and store in a

polyethylene bottle at 4◦C.
5. Prior to analysis, re-homogenise the sample by manually

shaking for 5 min.
6. Analyse by ICP-MS (see Notes 10 and 11).

3.1.4. Calcium Chloride
Extraction

1. 2 g of soil sample is weighed into a 50 mL Sarstedt extraction
tube and 20 mL of 0.01 M CaCl2 is added (see Note 5).

2. The mixture is shaken in an end-over-end shaker at 30 rpm
for 3 h at ambient temperature (20 ± 2◦C) (see Note 6).

3. Decant 12 mL into a centrifuge tube and centrifuge for
10 min at 3000g.

4. Analyse extracts immediately by ICP-MS (see Notes 10
and 11).

3.1.5. Ammonium
Nitrate

1. 2 g of soil sample is weighed into a 50 mL Sarstedt extraction
tube and 5 mL of 1.0 M NH4NO3 is added (see Note 5).

2. The mixture is shaken in an end-over-end shaker at
50–60 rpm for 2 h at ambient temperature (20 ± 2◦C) (see
Note 6).

3. Then, pass the supernatant through an acid-washed filter
paper into a 50 mL polyethylene bottle (discard the first
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5 mL of the filtrate). Stabilise by adding 1 mL of concen-
trated HNO3.

4. If solids remain, centrifuge or filter through a 0.45 �m mem-
brane filter.

5. Analyse extracts immediately by ICP-MS (see Notes 10
and 11).

3.1.6. Sodium Nitrate
Extraction

1. 2 g of soil sample is weighed into a 50 mL Sarstedt extraction
tube and 5 mL of 0.1 M NaNO3 is added (see Note 5).

2. The mixture is shaken in an end-over-end shaker at 120 rpm
for 2 h at ambient temperature (20 ± 2◦C) (see Note 6).

3. Then centrifuge the mixture for 10 min at 4000g.
4. Remove the supernatant with a syringe and filter through a

0.45 �m membrane filter into a 50 mL polyethylene bottle.
Add 2 mL of concentrated HNO3 to a 50 mL volumetric
flask and make up to volume with the filtered extract.

5. Analyse extracts immediately by ICP-MS (see Notes 10
and 11).

3.2. Chemical-
Selective Extraction
for Sequential
Extraction Method

The procedure adopted for the sequential extraction of metals
from soil/sediments is based on three distinct stages (6). In stage
1 (exchangeable fraction), the metals released are representative
of those that are the most bioavailable (and hence most mobile).
They include those metals that are weakly absorbed on the sedi-
ment/soil surface by relatively weak electrostatic interaction, met-
als that can be released by ion exchange processes or metals
that can be co-precipitated with carbonates present in many sed-
iments/soils. Any changes in the ionic composition, influencing
adsorption−desorption reactions, or lowering of pH could cause
mobilisation of metals from this fraction. In stage 2 (reducible
fraction), the metals bound to iron/manganese oxides are iden-
tified; they are therefore unstable under reduction conditions.
Changes in the redox potential (Eh) could induce the dissolution
of these oxides, leading to their release from the soil/sediment.
Finally, in stage 3 (oxidisable fraction), those metals bound
to organic matter within the sediment/soil matrix are released
into solution. The residual fraction is then acid-digested (see
Section 6).

3.2.1. Stage 1 Extraction 1. 1 g of soil sample is weighed into a 80–100 mL PTFE cen-
trifuge tube and 40 mL of acetic acid (0.11 M) – Solution
A − is added (see Note 5).
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2. The mixture is shaken in an end-over-end shaker at
30 rpm for 16 h at ambient temperature (22 ± 5◦C) (see
Notes 6 and 7).

3. Centrifuge at 3000g for 20 min.
4. Remove the supernatant with a pipette and store in a

polyethylene bottle at 4◦C.
5. Analyse extracts by ICP-MS (see Notes 10 and 11).
6. Wash the residue with 20 mL of water by shaking for 15 min.
7. Centrifuge the residue for 20 min at 3000g and discard the

supernatant. Take care not to lose any of the solid residue.
8. Break the “cake” formed during centrifugation prior to

stage 2.

3.2.2. Stage 2 Extraction 1. Add 40 mL of hydroxylammonium chloride (0.1 M,
adjusted to pH 2 with nitric acid) − Solution B − to the
residue from stage 1.

2. The mixture is shaken in an end-over-end shaker at 30 rpm
for 16 h at ambient temperature (22 ± 5◦C) (see Note 6).

3. Centrifuge at 3000g for 20 min.
4. Remove the supernatant with a pipette and store in a

polyethylene bottle at 4◦C.
5. Analyse extracts by ICP-MS (see Notes 10 and 11).
6. Wash the residue with 20 mL of water by shaking for 15 min.
7. Centrifuge the residue for 20 min at 3000g and discard the

supernatant. Take care not to lose any of the solid residue.
8. Break the “cake” formed during centrifugation prior to

stage 3.

3.2.3. Stage 3 Extraction 1. Add carefully, to avoid losses due to any violent reaction,
10 mL of hydrogen peroxide (8.8 M) − Solution C − to
the residue from stage 2.

2. Allow the sample to digest for 1 h with occasional manual
stirring. Ensure the container is covered with a watch glass
(or similar).

3. Continue the digestion by heating the sample to 85 ± 2◦C,
with occasional manual stirring for the first 30 min, for 1 h
in a water bath or similar.

4. Reduce the volume of liquid to 2–3 mL by further heating,
after removal of the watch glass.

5. Add a further 10 mL of hydrogen peroxide (Solution C)
and heat to 85 ± 2◦C for 1 h in a water bath (with occa-
sional manual stirring for the first 30 min).
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6. Remove the watch glass and reduce the volume of liquid to
approximately 1 mL by further heating.

7. Add 50 mL of ammonium acetate (1.0 M) – Solution D −
to the cooled, moist residue.

8. The mixture is shaken in an end-over-end shaker at 30 rpm
for 16 h at ambient temperature (20 ± 5◦C).

9. Centrifuge at 3000g for 20 min.
10. Remove the supernatant with a pipette and store in a

polyethylene bottle at 4◦C.
11. Analyse extracts by ICP-MS (see Notes 10 and 11).

3.3. Physiologically
Based Extraction
Test or In vitro
Gastrointestinal
Extraction

In vitro gastrointestinal extraction consists of two sequential pro-
cesses, a gastric and an intestinal digestion, each one carried out
employing simulated human conditions (enzymes, pH and tem-
perature) (2). Several distinct approaches for performing in vitro
gastrointestinal extraction are available (7, 8); however, two are
considered in this chapter.

3.3.1. Approach 1:
Gastric Extraction

1. 0.3 g (accurately weighed) of sample is placed into a 50 mL
screw-cap Sarstedt tube and treated with 30 mL of gastric
juice.

2. The mixture is then shaken at 100 rpm in a thermostatic
water bath maintained at 37◦C.

3. After 1 h, the solution is centrifuged at 3000 rpm for 10 min
and a 5 mL aliquot is removed and filtered through 0.45 �m
filter disk.

4. The extracts are analysed by ICP-MS (see Notes 10 and 11).
5. 5.0 mL of the original gastric solution is then backflushed

through the filter into the sample tube to retain the original
solid:solution ratio, i.e. 0.3:30 g/mL.

3.3.2. Approach 1:
Intestinal Extraction

1. Intestinal juice (52.5 mg bile salts and 15 mg pancreatin) is
added into the sample tube and the mixture is adjusted to
pH 7.0 with saturated NaHCO3.

2. The sample is shaken at 100 rpm in a thermostatic water
bath maintained at 37◦C for a further 2 h.

3. A 5.0 mL aliquot is removed and filtered and analysed by
ICP-MS.

4. After an additional 2 h, a second 5.0 mL extract aliquot is
removed, filtered and analysed by ICP-MS (see Notes 10
and 11).

5. The second intestinal aliquot is used to check that the small
intestinal equilibrium has been reached (9).
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Example results for the in vitro gastrointestinal extraction of
nine elements from two certified reference materials (INCT-TL-
1 and SRM 1570a) are shown in Table 2.2. Data indicating that
the additional 2 h equilibration period (see Section 3.3.2, Step 4)
had no significance at the 95% confidence interval are shown in
Table 2.3 for the two certified reference materials. The repeata-
bility of the in vitro gastrointestinal extraction for the recovery of
eight elements from a contaminated soil digest on three separate
occasions is shown in Table 2.4.

3.3.3. Approach 2:
“Stomach” Extraction

1. 0.6 g (accurately weighed) of sample is placed into a 50 mL
screw-cap Sarstedt tube and treated with 9 mL of simulated
saliva fluid (see Note 12).

2. With the screw cap closed, manually shake the soil−fluid
mixture.

3. After 5–15 min, add 13.5 mL of simulated gastric fluid.
4. The mixture is then shaken on an end-over-end shaker main-

tained at 37 ± 2◦C.
5. After 1 h check the pH of the soil suspensions; the pH

should be 1.2–1.7 (see Note 13).
6. The solution is centrifuged at 3000 rpm for 5 min and a 1.0

mL aliquot of supernatant is removed.
7. To the supernatant add 9.0 mL of 0.1 M HNO3.
8. The sample is then stored at <8◦C prior to analysis by

ICP-MS (see Notes 10 and 11).

3.3.4. Approach 2:
“Stomach + Intestine”
Extraction

1. 0.6 g (accurately weighed) of sample is placed into a 50 mL
screw-cap Sarstedt tube and treated with 9 mL of simulated
saliva fluid (see Note 12).

2. With the screw cap closed, manually shake the soil−fluid
mixture.

3. After 5−15 min, add 13.5 mL of simulated gastric fluid (see
Note 12).

4. The mixture is then shaken on an end-over-end shaker
maintained at 37 ± 2◦C.

5. After 1 h check the pH of the soil suspensions; the pH
should be 1.2–1.7 (see Note 13).

6. Then, add 27.0 mL of simulated duodenal fluid and 9.0
mL of simulated bile fluid (see Note 12).

7. With the screw cap closed, manually shake the soil−fluid
mixture.

8. Adjust the pH of the resultant suspension to 6.3 ± 0.5 by
the drop-wise addition of 37% HCl, 1 M or 10 M NaOH,
as required.
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9. The mixture is then shaken on an end-over-end shaker
maintained at 37 ± 2◦C for 4 h.

10. Remove the soil suspension.
11. Measure (and record) the pH of the soil suspension; pH

should be 6.3 ± 0.5.
12. The soil suspension is then centrifuged at 3000 rpm for

5 min and a 1.0 mL aliquot of supernatant is removed.
13. To the supernatant is added 9.0 mL of 0.1 M HNO3.
14. The sample is then stored at <8◦C prior to analysis by

ICP-MS (see Notes 10 and 11).

3.4. Method: Soil
Digestion Procedure

An acid digestion procedure is used to provide pseudo-total metal
analysis.

3.4.1. Acid Digestion
Procedure

1. Approximately 1 g of soil sample is accurately weighed into
a digestion tube (250 mL volume).

2. Add 0.5–1.0 mL of water to obtain a slurry.
3. Then add, while mixing, 7 mL of 12.0 M HCl, followed

by 2.3 mL of 15.8 M HNO3 (drop by drop, if necessary to
reduce foaming) (see Note 8).

4. Add 15 mL of 0.5 M HNO3 to the reaction vessel and
connect to a water-cooled reflux condenser.

5. Allow to stand for 16 h at room temperature to allow slow
oxidation of the organic matter of the soil.

6. Raise the temperature of the reaction mixture until reflux
conditions are achieved and maintain for 2 h.

7. Allow to cool slowly to room temperature.
8. Rinse the contents of the condenser into the reaction vessel

with 10 mL of 0.5 M HNO3.
9. Quantitatively transfer the contents of the reaction vessel

to a 100 mL volumetric flask. Rinse the vessel with 0.5 M
HNO3 and transfer as well. Make up to the mark with
water, stopper and shake.

10. Allow the undissolved matter to settle and then analyse the
supernatant solution by ICP-MS (see Notes 10 and 11).

3.4.2. Alternate Acid
Digestion Procedure

1. Approximately 1 g of soil sample is accurately weighed
into a digestion tube and 10 mL of 1:1 v/v concentrated
HNO3:water is added.

2. The mixture is then heated at 95◦C on a heating block for
15 min without boiling.
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3. After cooling at room temperature for 5 min, 5 mL con-
centrated HNO3 is added and the sample is heated at 95◦C
for 30 min.

4. An additional 5 mL of concentrated HNO3 is added until
no brown fumes are given off.

5. Evaporate the solution to <5 mL.
6. After cooling, 2 mL of water and 3 mL of 30% H2O2 are

added and heated (<120◦C) until effervescence subsides
and the solution cools. Additional H2O2 is added until
effervescence ceased (but add no more than 10 mL H2O2).
This stage is continued for 2 h.

7. Evaporate the solution to <5 mL.
8. After cooling, add 10 mL of concentrated HCl and heat

(<120◦C) for 15 min.
9. After cooling, filter the sample through a Whatman No. 41

filter paper into a 100 mL volumetric flask, and then make
up to the mark with water.

10. Analyse by ICP-MS (see Notes 10 and 11).

3.5. Method: Sample
Analysis by ICP-MS

ICP-MS measurement conditions are optimised daily using the
built-in PlasmaLab software procedure. Samples of the soil
extracts/digests are analysed by ICP-MS using an external cali-
bration technique. Sc, In and Tb internal standards (10 �g/L)
are added to all samples, blanks and standard solutions. A blank is
analysed with each analytical batch (see Note 9).

3.5.1. ICP-MS Operating
Conditions: Standard
Mode

1. In standard mode the following elements can be analysed:
>90 amu

2. Forward power, 1400 W; coolant gas flow, 13.0 L/min; aux-
iliary gas flow, 0.90 L/min; nebuliser gas flow, 0.80 L/min;
quadrupole bias, −1.0 V; hexapole bias, 0.0 V; dwell time
per isotope, 10 ms.

3.5.2. ICP-MS Operating
Conditions:
Collision/Reaction Cell
Mode

1. In collision/reaction cell mode the following elements can
be analysed: <90 amu

2. Forward power, 1400 W; coolant gas flow, 13.0 L/min;
auxiliary gas flow, 0.90 L/min; nebulizer gas flow, 0.80
L/min; collision cell gas, 4.50 L/min of 7% H2/93% He;
quadrupole bias, –14.0 V; hexapole bias, −15.0 V; dwell
time per isotope, 10 ms.
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4. Notes

1. Unless otherwise stated, all solutions should be prepared in
water that has a resistivity of 18.2 M� × cm. This standard
is referred to in the text as “water”.

2. All laboratory ware should be made of borosilicate glass,
polypropylene, polyethylene or PTFE, except for the cen-
trifuge tubes, which should be made of borosilicate glass or
PTFE.

3. All vessels in contact with samples or reagents should be
cleaned in HNO3 (4 mol/L) for at least 30 min, then
rinsed with distilled water, cleaned with 0.05 mol/L EDTA
and rinsed again with distilled water. Alternatively clean all
vessels by immersing in HNO3 (4 mol/L) overnight and
then rinse two to three times with water.

4. When extracting with sodium nitrate (NaNO3), it is neces-
sary to correct the results for the difference in final volume,
i.e. 2 mL of HNO3 was added to 48 mL of extract to give
a final volume of 50 mL.

5. When using sequential extraction methods for the analysis
of sediment or soil samples, a separate sub-sample should
be dried (in a layer of approximately 1 mm depth) in an
oven at 105 +/– 2◦C for 2–3 h, transferred to a desiccator
and allowed to cool prior to weighing.

6. Ensure that the sample, i.e. sediment/soil, does not form a
“cake” during the extraction procedure. If a cake is formed,
either adjust the shaking speed to ensure that the suspen-
sion is maintained or mechanically break the solid “cake”
with a pre-cleaned glass rod. It is important that the sam-
ple remain in complete suspension during the extraction
process.

7. In sequential extraction the mechanical shaker, preferably
of the end-over-end type, should be operated at a speed
of 30 +/– 10 rpm and a temperature of 22 +/– 5◦C. All
samples should be centrifuged at 3000g for 20 min.

8. The combination of 12.0 mol/L HCl and 15.8 mol/L
HNO3 in a volume ratio of 3:1, respectively, is known as
aqua regia.

9. Calibration solutions for ICP-MS should be prepared with
the appropriate extraction solution, i.e. use matrix-matched
calibration solutions.

10. It is important to prepare a sample blank for every batch of
extractions, i.e. prepare a container with no sediment/soil,
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but treated in the same manner as though it contained the
sample.

11. It is recommended for ICP-MS that all extracts be filtered
(0.45 �m) prior to analysis.

12. Simulated gastrointestinal fluids are stored at room temper-
ature overnight prior to use. Prior to their use for bioacces-
sibility studies, the fluids need to be heated to 37◦C at least
2 h before their use on the day following their preparation.

13. If the pH of a sample suspension is not within the guide-
line of 1.2–1.7, the sample should be discarded and sub-
samples re-extracted. Before re-extracting, however, add
an additional amount of 37% HCl (up to a maximum of
1.0 mL).
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Chapter 3

Addressing PCR Biases in Environmental
Microbiology Studies

Rita Sipos, Anna Székely, Sára Révész, and Károly Márialigeti

Abstract

Each step of a molecular environmental microbiology study is prone to errors, though the qualitative and
quantitative biases of PCR amplification could result in the most serious biases. One has to be aware of
this fact, and well-characterized PCR biases have to be avoided by using target-optimized PCR proto-
cols. The most important tasks are primer and thermal profile optimization. We have shown that primer
mismatches, even in the case of universal primers, can cause almost complete missing of common taxa
from clone libraries, for example. Similarly high annealing temperatures can drastically distort community
composition of the sample in the PCR product. Strategies of primer selection and PCR thermal profile
design are discussed in detail.

Key words: PCR bias, environmental microbiology, PCR optimization, PCR primer selection, PCR
thermal protocol.

1. Introduction

PCR-based microbial community analyses are widely used in
microbial ecology and, for most environments, they give a more
realistic picture about community structure than classical tech-
niques based on cultivation. Over the past decades, this tech-
nique has helped to identify, taxonomically, microorganisms that
have never been cultured. In environmental microbiology, a rou-
tine molecular analysis starts with the thorough sampling of the
material to be investigated (soil, water, sediment, etc.). Subse-
quently, isolation and purification of nucleic acids is followed by
the corner-stone of the technique: a nucleic acid amplification
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step using PCR, with primers binding to conserved regions of
specific genes containing phylogenetic or functional informa-
tion. The template for the PCR amplification is a mixture of
homologous genes; therefore, the objective is to produce ade-
quate amounts of DNA from each taxon present in the sample
from which specific taxa can be distinguished qualitatively and
quantitatively. The analysis of the heterogeneous PCR products is
carried out by cloning and sequence analysis or by different finger-
printing techniques, such as denaturing gradient gel electrophore-
sis (DGGE), single-strand conformation polymorphism (SSCP),
or terminal restriction fragment length polymorphism (T-RFLP).

During the introduction of PCR-based analysis of rRNA
genes into environmental microbiology, acquiring sufficient
amount of specific PCR product seemed to be the ultimate goal of
the studies. However, with an increasing interest in understanding
the community function, both the qualitative and the quantitative
compositions of microbial communities have become important.
Thus, emphasis has been put on the possible distorting effects
of sample preparation and PCR conditions on the original gene
ratios of the investigated samples. This is particularly important in
bioremediation studies, where detecting the presence of a given
taxon may not be informative, whereas knowledge of the activity
and quantity of that particular taxon is crucial for in situ interven-
tion and remediation.

Although each step in the molecular approach can introduce
errors, the qualitative and quantitative biases experienced during
the PCR amplification step may result in the most serious dis-
tortions of the original composition of the microbial community
investigated. The operation of the PCR technique is based on
an exponential increase in the amount of original templates with
each amplification cycle, thus the negative effect of bias occurring
during the first cycles of the reaction could be magnified, leading
to false conclusions about the initial composition of the micro-
bial community. Moreover, any errors during the preceding steps
of sample preparation (e.g., sampling and nucleic acid isolation)
would also be multiplied by the PCR technique. Subsequent anal-
yses (clone library or fingerprinting techniques) carry over these
biases, questioning the implicit assumption that abundant bacte-
ria in environmental samples are represented by dominant clones
in 16S/18S rDNA libraries or strong bands in molecular finger-
printing patterns (1).

For these reasons, the “multi-template” or “mixed-template”
PCR is the most crucial step in the procedure of microbial com-
munity analysis. The fundamental problem of “multi-template”
PCR arises from the fact that this technique − as with most of the
other techniques applied in microbial ecology − was derived from
the field of diagnostic microbiology, and was therefore, developed
for specialized detection purposes. Originally, PCR was devel-
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oped to multiply one specific DNA fragment. Similarly, DGGE
was used for mutation detection and the method was optimized
for a single organism and usually a single DNA template. Neither
technique was developed and optimized for complex template sys-
tems of such diverse environmental templates as soil, sediment,
or sludge microbiota (2). While differences in cell lysis efficien-
cies may be overcome by the combination of different nucleic
acid isolation techniques (3), the quantitative aspect of the multi-
template PCR amplification step is poorly understood for com-
plex genomic DNA templates.

2. Materials

Any PCR reaction is made up of the following components: the
template DNA, forward and reverse primers, DNA polymerase
enzyme, and all the chemicals required for its proper functioning
(dNTPs, Mg2+, buffer, additives if any). There are several com-
mercially available enzymes, buffers, and kits that can be chosen
according to the type of experiment; however, it is very impor-
tant to use the same brand and lot of chemicals, consumables, and
types of instrument throughout the entire investigation, ensuring
the consistency of the results for correct conclusions. The ulti-
mate specificity of a given PCR setup is determined by the tem-
plate and the primer system together, as their complementarity is
the underlying principle of the reaction.

2.1. Template The quality and concentration of environmental DNA templates
can significantly affect the outcome of multi-template PCR.

2.1.1. Template
Concentration

For standard mono-template PCR, the recommended amount
of DNA template is around 1 ng in 50 �L reaction mixture
(a concentration of 0.02 ng/�L). In multi-template environmen-
tal PCRs, higher amounts of DNA template are used; neverthe-
less, a DNA concentration of maximum 1 ng/�L is suggested
because too high amounts of DNA template could increase the
yield of nonspecific PCR products (4). To achieve this DNA con-
centration, measurement of the isolated DNA is recommended.
The problem of too high concentrations can easily be solved by
diluting the original DNA solutions. Amplification should also be
attempted with lower template DNA concentrations. However, if
little or no PCR product is detected, the following solutions can
be considered: (1) repeating the DNA isolation step in the hope
of higher DNA yields; (2) concentrating the DNA template by
co-purification of various parallel isolated DNA; (3) conducting
nested PCR (see below).
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The following example illustrates how to concentrate DNA
templates in an environmental sample that yields no more than
1 ng/�L DNA. Combining the results of 10 parallel DNA isola-
tion procedures, each with a volume of 100 �L, will lead to 1 mL
of crude DNA solution with 1 ng/�L concentration. If you
concentrate your 1 mL DNA solution with a silica matrix-based
purification system generating a 30% loss of DNA, and elute your
DNA in 50 �L, you will get a DNA template with 14 ng/�L con-
centration, resulting in a 14-fold concentration. The same proce-
dure can be applied to PCR products if downstream applications
(e.g., DGGE) require a more concentrated sample.

2.1.2. Template Quality The quality of DNA templates is a common reason for environ-
mental PCR failure. In order to avoid this, special care must be
taken when performing nucleic acid extractions. Isolation of pure
DNA from soil samples has been a challenge because of the com-
plex and heterogeneous nature of the soil matrix and the inhibi-
tion of biochemical reactions by co-extracted substances (5-8). It
is of primary importance to take into consideration the chem-
ical characteristics (pH, clay content, organic matter content,
and composition) of a given soil sample prior to DNA extrac-
tion, as the choice of method greatly affects both DNA yield
and purity, influencing subsequent PCR performance (9). Most
common contaminants include humic acids, polysaccharides, and
urea, which exhibit similar solubility properties to DNA. Humic
impurities from soil are resistant to separation from DNA because
of their similar chemical properties (10). They are not com-
pletely removed during classical extraction protocols, such as
phenol−chloroform, detergent or protease treatments, remain-
ing as contaminants in the final DNA preparations. Furthermore,
highly organic soils containing humic acids with phenolic groups
covalently bind to DNA or proteins.

Prior to PCR amplification, isolated DNA should be quality
checked on an agarose gel. Observing a smear is the usual sign
of degraded or sheared DNA, which can lead to poor PCR per-
formance and nonspecific products. In this case, repeated DNA
isolation, with special care against nicking and shearing, and/or
purification on a size-selecting system is recommended. Bluish
clouds on the lower part of the agarose gel indicate the presence
of humic substances that inhibit DNA polymerases (11).

Several purification methods have also been evaluated to
remove humic acids from soil DNA. Some of these include the
use of hexadecyltrimethylammonium bromide (CTAB), caesium
chloride density gradients, polyvinylpolypyrrolidone (PVPP), var-
ious gel filtration resins, and ion exchange and size-exclusion
chromatography (12). However, many inhibitors cannot be
detected and identified; therefore, their specific elimination is
not possible. Repurification and/or dilution (5- to 100-fold) or
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repeated DNA isolation are generally proper solutions for inhibi-
tion problems.

2.2. Primer The most essential factor affecting a successful PCR amplification
is the choice of PCR primers. Choosing the appropriate primer
for a given experiment in microbial ecology depends on the pur-
pose of the investigation: whether it is the survey of the genetic
diversity of total microbial communities, the detection of indi-
vidual taxa of interest, or the determination of the relative abun-
dance and activity of certain groups of microbes. The intended
use ultimately determines whether primers for broad or narrow
phylogenetic spectrum are required, and whether protein-coding
genes or structural genes, like ribosomal genes, are targeted.

2.2.1. Broad Spectrum
or “Universal” Primers

In the case of targeting to reveal the prokaryotic diversity of a
sample of previously unknown composition, the most common
choice is to target the gene coding the small ribosomal sub-
unit (16/18S rRNA). However, designing the perfect “universal”
primer pair is not possible (13). In the case of bacterial 16S rRNA
sequences, the completely conserved regions make up more than
10% of the entire 16S rRNA sequence; however, the longest run-
ning segment is merely 10 bases long. Moreover, these completely
conserved nucleotide positions are usually not adjacent to each
other and in most cases these stretches are less than 3 bases long,
making it impossible to design a primer of sufficient length that
would match all bacterial sequences 100% (14) (Table 3.1). The
“universal” primers were originally designed on database infor-
mation available at the time of “invention,” and they are rarely
updated in light of the new 16S rRNA sequence information
available. Some of the “truly” universal primers − or “sequenc-
ing primers,” as they are called in laboratory slang such as 27F
or 1492R (15), should not be taken for granted since a large
portion of database sequences is missing parts at either end of
the whole 16S sequence, making them less reliable when check-
ing complementarity between primer and target sequences during
primer selection.

The bacterial 63F forward primer was designed by Marchesi
et al. (16) as part of a new 16S RNA bacterial “universal” primer
set, which, despite having bias against certain groups of bacteria,
demonstrated better PCR amplification performance from cul-
tures and environmental samples than other “universal” primers.
This primer became widely used in microbial ecology studies,
but successful PCR amplification with 63F from mono-cultured
bacteria was not always realized when using complex environ-
mental samples as templates, resulting in completely missing taxa
from clone libraries (17). The phenomenon was most striking
when an investigation was carried out with culture-dependent
and culture-independent methods in parallel, and the dominant
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Table 3.1
Widely used 16S rRNA primers (16, 40, 48) and their specificity mea-
sured by the percent ratio of the number of sequences that matched
(allowing 0 or 2 mismatches) and the number of all good-quality
sequences for the given taxon (domain, phylum) deposited in the RDP
database as of September 2008. Percent of matching sequences below
10% are highlighted black, between 10% and 50% are gray, and >50%
is not highlighted

isolates (Bacillus spp.) were completely missing from the clone
library, most likely due to the numerous mismatches against the
genus (18). The problematic amplification of Firmicutes due to
primer mismatches with the 63F primer from multi-template PCR
is described in detail later in this section. This example shows how
difficult the case of “universal primers” is, as with the onset of
newly discovered taxonomical groups within the prokaryotes, and
the wider range of microbial ecology applications, the previously
termed “universal” primers may turn out to be preferential and
might even fall back to be tagged as “taxon-specific.”

When the aim is to reveal the total diversity of a given sam-
ple, the best approach would be to attack the community total
genomic DNA with several “broad-spectrum” primers at the same
time. Once the general composition of a microbial community is
determined, key groups of interest can be targeted for further,
more detailed analysis with “taxon-specific primers.”

The use of several core housekeeping genes, such as those
coding for the RNA polymerase (rpoB), DNA recombinase
(recA), or the GTP-binding protein (lepA), have been suggested
as alternative or additional universal phylogenetic markers (19).
Case et al. (20) compared the phylogenetic resolution of rpoB
with that of the 16S rRNA gene. The results were comparable
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at all taxonomic levels; furthermore, rpoB provided better reso-
lution at species and subspecies levels. An additional advantage is
that rpoB is a single-copy gene, therefore, free of the bias resulting
from different copy numbers encountered with the 16S rRNA-
based investigations (21). The major obstacle of using housekeep-
ing genes or any other protein coding gene is the saturation of
all third codon positions, which makes it even more difficult to
design primers, especially universal ones. Among the disadvan-
tages of housekeeping genes is the lower concentration of target
mRNAs in cells, which makes them less suitable for analysis like
FISH (20).

2.2.2. Narrow Spectrum
or Taxon/Functional
Group-Specific Primers

Phylogenetic analyses make use of 16S rRNA primers targeting
defined groups within the domain Bacteria (often used in con-
junction with broad-spectrum “universal” primers, e.g., different
types of Proteobacteria, Actinobacteria, Acidobacteria (22–24),
or the Archea (25)). These group-specific 16S rDNA primers are
used for inferring phylogenetic relationship among different taxa;
however, discrimination of closely related species, e.g., within a
given genus, is often impaired. As an example, in the case of inves-
tigating the diversity of the beta-subclass of ammonia-oxidizing
bacteria (AOB), due to the limited resolution of several 16S
rDNA primers (26) the use of protein-encoding genes for certain
functions of AOB (e.g., amo A, amo B genes) should be a bet-
ter choice. As with all protein-coding genes, usually degenerate
primers are utilized.

Often the primary objective of an experiment is the inves-
tigation of a certain biological function, and the gene which is
responsible for that function might well be identified in distantly
related groups; this could happen when the genes are evolution-
arily ancient or as a result of horizontal gene transfer (27). Such
functional analyses include the examination of biodegradation
of certain compounds or key enzymatic transformations in the
biogeochemical cycling of elements; in these cases, the protein-
encoding genes for the given functions are also applied (biogeo-
chemical cycling: mcr A, dsr A, pmo A, nir S, nir K, nos Z (27);
biodegradation: bph A, cpr A, cat A). However, one must be very
careful when employing previously described primers from the
existing literature, as primer selectivity could give false results,
thus primers must be re-evaluated in the context of the given
experiment (28).

2.3. Primer Selection

2.3.1. General Aspects

There is no golden rule for finding the perfect primer for an exper-
imental setup; one must always balance between specificity and
efficiency or yield of the PCR product. Several publications have
been released on the general attributes for primer selection for a
given PCR that have to be met in order to achieve a successful
PCR with a high yield. These include optimal primer size (18–28
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mer oligonucleotide), melting temperature (T m), difference of
melting temperatures of primers from both directions (maximum
of 5◦C), G/C content (40–60%), specific binding at the 3′ end
of primers, avoidance of secondary structures produced by inter-
or intramolecular interactions (primer−dimer formation and hair-
pin structures), primer concentration, etc. (29). Several computer
programs aiding the primer designing process are also available.
The type of post-PCR analysis (DGGE, T-RFLP, SSCP, clone
library construction) also help to select from possible primer pair
alternatives, as the limitations and resolution of the applied tech-
niques confine the original search. For example, in the case of
DGGE, the maximum size of PCR amplicons that can be suc-
cessfully resolved with electrophoretic separation is approximately
500–600 bp long, which greatly affects primer selection.

2.3.2. Multi-template
PCR

The above-mentioned features are practical considerations for
almost any kind of PCR amplification strategy. However, when
dealing with environmental samples in a multi-template PCR set-
ting, one must concentrate, most of all, on avoiding biases, such
as preferential amplification due to primer selectivity in the case of
total community analyses, or the production of unwanted ampli-
cons owing to inadequate selectivity of the primers when aim-
ing at the detection of a specific group. Primer design is the
most important element of conducting an unbiased PCR ampli-
fication (21, 30). Primers perfectly binding to all targeted tem-
plates should be selected to avoid biases. Nonetheless, achieving
this theoretical criterion is impossible due to the lack of appro-
priate conserved regions with identical sequence in every known
and yet-to-be-known target; therefore, primers usually contain
mismatches.

A mismatch position within a primer is a nucleotide position
where the sequence of the target and the primer are not com-
plementary. Although mismatch sites naturally reduce PCR speci-
ficity and increase the possibility of mispriming and nonspecific
amplification, their incorporation into primer design is inevitable
in many cases. This is particularly true for the so-called universal
16S rRNA primers. The task is to find a compromise between the
desired “universal complementarity” and specificity. Several stud-
ies concluded that mismatches within primers greatly affect the
outcome of a multi-template PCR. Moreover, different factors
were determined (number, position and types of mismatches),
which significantly affected the exact degree of mismatch impact
on the product-to-template ratios of multi-template PCR; these
are summarized below:

1. The presence of mismatch sites within the primer causes
preferential amplification of the perfectly matching targets,
as demonstrated in Fig. 3.1(21).
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Fig. 3.1. The presence of mismatch sites within the primer causes preferential amplification. Applying mixed DNA tem-
plates of strains in a 1:1 concentration ratio. Strains containing no mismatches were preferentially amplified over the
ones showing three mismatches with this primer (mismatch setup), while the perfectly matching primer amplified all
templates without bias (non-mismatch setup). The relationship between the applied annealing temperature (expressed
here as the difference from the calculated melting temperature of the primer) and the deviation from the theoretical PCR
amplicon ratios changed almost exponentially.

2. The position of the mismatches are crucial for amplifica-
tion, as when the mismatch is closer to the 3′ end of the
primer, the drop in PCR amplification efficiency is more pro-
nounced. A single mismatch at the 3′ end of a primer can
inhibit PCR amplification altogether (30). Furthermore, it
makes a difference on which primer the mismatch is posi-
tioned (31).

3. The number of mismatches greatly influences PCR
amplification efficiency, as the number of mismatches
per sequence is negatively correlated with amplification
efficiency (32, 33).

4. Lowering the annealing temperature helps to compensate
for the weak PCR amplification that is obviously caused by
the mismatch effect (21, 34).

Intentional utilization of the mismatch effect is worthwhile
when the objective of the experiment is detecting low-frequency
species of great economic or physiological importance. The
design of a detection system with deliberate utilization of pref-
erential amplification could result in a lower detection limit of the
given taxon, thus making it a useful approach when the absence
or presence of a certain group or initial estimation is needed.
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Alternative solutions to the use of mismatches:
1. A PCR primer sequence is called degenerate if some of its

positions have several possible nucleotide bases. A degener-
ate primer is an equimolar mixture of a number of primers.
One solution to increase the amplification spectrum of
primers is to introduce degenerate nucleotide positions, but
some studies report biased template-to-product ratios (35)
and too high a degree of degeneracy could lead to amplifi-
cation of non-target sequences. Also when applying degen-
erate DGGE primers in microbial community fingerprinting
analysis, a single sequence produces multiple bands, overes-
timating the “true” diversity (30).

2. Another option is entering deoxyinosines at mismatch posi-
tions instead of increasing the degeneracy of the primer and
thereby extending the detectable diversity in environmental
samples (36).

3. In order to reduce PCR amplification bias due to primer
selectivity, one could perform several parallel PCR reac-
tions with different, slightly modified primers and, there-
after, merge these reaction mixtures prior to further genetic
analysis (14).

Steps of primer selection
1. Choose TARGET (protein-coding genes or structural

genes) and RANGE (broad = “universal” and narrow =
“taxon-specific”)

2. Check the scientific literature for existing primers where
available, and make your choice again from the accessible
primer selection according to the purpose of the investiga-
tion, general primer criteria (length, T m, number of allowed
mismatches) and post-PCR analysis type.

3. Even when the reference article demonstrates good appli-
cability of the given primer, always verify the specificity
of the primers in silico against the currently available
database information. ProbeCheck provides the latest plat-
form for oligonucleotide probe and primer specificity eval-
uation against several databases of phylogenetic and func-
tional marker genes including RDP II, Greengenes, SILVA
(official database of ARB), and FGPR sequence collections
(37). Other widely used programs for 16S rRNA primer cov-
erage estimation include the “probe match” function of the
RDP-II (http://rdp.cme.msu.edu (38)), or the ARB-PMO-
“probe match online” as part of the ARB program package
(http://pmo.arb-home.de (39)). The ARB package has the
advantage of supplementing sequence information with 3D
16S rRNA structure; although it was originally designed for
ribosomal RNA data, it can also be used with any kind of
nucleic acid or amino acid sequence.
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4. Even the very best of in silico evaluation of primer selectivity
does not substitute for proper empirical evaluation against
the desired target sequence (37).

If already existing primers are not available or do not meet
certain key primer criteria set forth by the objective of the given
investigation, one needs to design new primers.

1. Collect available sequences from databases as well as your
own sequences for which the primer would be targeted.
Align the different sequences using, e.g., ClustalW, to help
identify similarities among different sequences. Saved align-
ment sessions could further serve as the basis for a mag-
nitude of primer design programs (Primrose, PROBEmer,
Primer3, GeneFisher, Primer Premier, etc.). Some of the
programs offer the possibility to check non-target sequences
alongside the target sequences for planning the suitable
oligo. Generation of consensus sequences is followed by
the selection of possible primers, which from here on
depends on the user-specified criteria (length, number of
degenerate nucleotides and maximum number of mismatch
sites, self-homology, melting temperature, etc.). The offered
oligonucleotides should be re-checked for the user-defined
requirements.

2. A newly designed primer is primarily judged upon its phy-
logenetic coverage; thus always test the designed primer’s
specificity in silico, screening against databases to see how
well it matches target sequences and excludes nontarget
sequences. However, empirical testing with type strains and
mixed-template or environmental genomic DNA templates
is almost as relevant as the theoretical evaluation. Always use
a negative as well as a positive control sample when checking
the amplification efficiency. When testing the newly designed
primer on environmental samples, determine both whether
amplification has taken place and the composition of the
PCR product by cloning and sequencing (40).

2.4. Enzyme and
Accessories

Thermostable DNA polymerase enzyme is the key to PCR reac-
tion, since it catalyzes the incorporation of dNTPs into DNA dur-
ing amplification. The enzyme needs Mg2+ cation (0.5–5 mM),
appropriate buffer, and dNTPs (20–200 �M each) for proper
functioning. There are several commercially available DNA poly-
merases supplied with different buffer systems and, in some
cases, built-in Mg2+ ion concentration (already optimized for the
enzyme) for ready-to-use applications. However, these parameters
must be optimized for each experiment individually, as the success
of PCR amplification is highly dependent on the composition of
the buffer system (41).



48 Sipos et al.

Standard PCR amplifications use Taq DNA polymerases with
5′ → 3′ exonuclease activity, thus no proofreading function. Sev-
eral thermostable DNA polymerases possess 3′ → 5′ exonuclease-
dependent proofreading activity (Pfu, Vent, Deep Vent, Pwo),
which make them an excellent choice for high-fidelity amplifica-
tions desired for cloning, mutation analysis, and long PCR. For
improved specificity, “hot start” versions of DNA polymerases
(PfuTurbo Hotstart, HotMaster Taq, HotStarTaq, FastStart Taq)
have been developed by reversible inactivation or addition of a
blocking agent as an alternative for performing a “hot start” at
the beginning of a PCR protocol.

The ultimate goal of a PCR is to achieve maximum prod-
uct yield within the shortest time. Many studies demonstrated
that the amplification efficiency of PCR is strongly affected by the
type of DNA polymerase used (42-44). Because of the exponen-
tial nature of PCR, even a small difference in amplification effi-
ciency could produce big variations in the amounts of PCR prod-
ucts. In order to obtain higher PCR yields, mixtures or blends
of DNA polymerases, mixing non-proofreading and proofreading
enzymes, have been applied (45). A smaller amount of proofread-
ing enzyme has shown to improve the performance of the non-
proofreading Taq, making it suitable for long PCR amplifications
and providing enhanced yields.

The spectrum of DNA polymerases is very wide and one must
make a choice in agreement with the objective of the investigation
and according to the applied post-PCR applications, yet trying to
obtain the highest PCR yield. Below are some examples where the
selection of the appropriate DNA polymerase enzyme is of great
importance.

1. High-fidelity and long PCR applications should apply proof-
reading polymerases or DNA polymerase blends. Difference
in replication efficiencies exists among different DNA poly-
merases; pH and buffer composition exert an effect on the
error rates of the different enzymes. Fidelity analyses proved
that DNA polymerase mixtures showed error rates less than
that of Taq polymerase but several fold higher than the error
rate of Pfu alone (45).

2. The difference in the amplification efficiency of the various
DNA polymerase enzymes has to be considered when long
amplicons (>1–2 kb) or a GC-rich target is to be ampli-
fied. When performing standard PCR with short amplicons
of low GC content, the difference of PCR yield resulting
from the choice of polymerase is not so pronounced (43).

3. The thermostable DNA polymerase is exposed to a vari-
ety of inhibitors originating from either the sample itself
or the sample preparation. In the case of soil samples,
Taq polymerase exhibited high inhibitory susceptibility for
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humic acids; the effect was strongly dependent on the type
of the Taq enzyme used (46). Polymerase type-dependent
PCR inhibition was also observed with environmental sam-
ples containing blood, feces, meat, or various cations (Ca2+,
Mg2+, Na+, or K+) at different concentrations (42).

Purposeful enzyme selection is not always possible, as
the composition of targeted microbial communities is often
unknown. It is, therefore, crucial to maintain standardized con-
ditions throughout an experiment: using only one type of DNA
polymerase during an investigation, even creating larger stocks of
the enzyme by pooling several kits together. Also the operation of
a single thermocycler instrument with standardized thermal pro-
tocols is suggested for the comparison of intra-laboratory data
(44).

3. Methods

3.1. Thermal Profile Following the initial denaturation step, a general PCR is made
up of several cycles (20–40) and each cycle contains two to three
discrete temperature steps. The most commonly applied protocols
are three-step PCRs containing sections of denaturation, primer
annealing, and primer extension with varying incubation times.
The basic optimization possibilities of the temperature steps of a
typical PCR can be found in laboratory manuals (41); here we
highlight aspects of PCR thermal profile optimization that could
influence existing PCR biases.

Initial denaturation is usually performed at 92–95◦C for
2–5 min to guarantee complete separation of the DNA strands.
The length and temperature of this step are determined by the
type and length of the template DNA:

1. In the case of genomic DNA templates and templates with
high GC content or environmental templates of unknown
composition, higher temperatures and longer denaturation
are applied (e.g., 95◦C for 5 min). However, care should be
taken to preserve the activity of the polymerase enzyme used
(e.g., applying a “hot-start” protocol (41)).

2. Shorter initial denaturation time and lower temperature can
be used for nested-PCR application, or in cases where known
taxa of low G+C content are targeted.

The primer-annealing step is of great importance as the speci-
ficity of the PCR reaction is highly dependent on the chosen
primer-annealing temperature. The choice of PCR primers deter-
mines the applied annealing temperature, and this has to be opti-
mized empirically. An ideal primer-annealing temperature is 5◦C
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below the calculated Tm of the primers. If the temperature is
too high, little or no amplified product will form, whereas too
low annealing temperature increases the possibility of nonspecific
priming, resulting in spurious by-products. Although the effi-
ciency of PCR can also be increased by modifying the chemical
constitution of the buffer (PCR enhancers, co-solvents), primer,
and Mg2+ concentration, the annealing temperature is the easi-
est PCR parameter to control and modify. Where mispriming by
either primer occurs (internal or external to the target sequence),
a relatively high annealing temperature or the application of
touch-down protocol is suggested (47), exploiting the exponen-
tial nature of the PCR reaction. A higher temperature is applied
in the first cycle for increased specificity of primer−template
hybridization, then during the additional rounds the annealing
temperature is continuously decreased, generally by 0.5–1.0◦C
with each cycle, to reach a touch-down temperature (5–10◦C
lower) at which additional cycles complete the PCR. The highly
specific annealing during the initial rounds of the reaction ensures
that PCR products of the desired length dominate in the later
cycles. The touch-down PCR protocol is widespread in micro-
bial ecology studies, since this modification of the thermal profile
improves PCR efficiency for successful downstream applications.
The first application of the DGGE technique in microbial ecology
as a molecular fingerprinting method was described by Muyzer
et al. (48) and has been cited by an incredible 2341 times as of
September 2008. The authors applied a touch-down protocol for
V3 16S rRNA primers for cultures and environmental samples and
became the laboratory paradigm for DGGE analysis of complex
environmental samples.

Later studies investigating the relationship of PCR bias and
annealing temperature have found, however, that higher anneal-
ing temperatures increase preferential amplification while decreas-
ing the complexity of community patterns (17, 49). When the
effect of three primer mismatches was examined using predefined
DNA template ratios of a model community, an almost expo-
nential increase in the template-to-product ratios was observed
in favor of the template containing no mismatches with the
applied primer (Fig. 3.1, (21)). The degree of primer−template
mismatches of different primers also greatly influenced DGGE
community patterns, and the application of a touch-down PCR
furthermore intensified the uneven amplification of a mixture of
16S rDNA fragments (30).

1. In agreement with these findings, the application of a touch-
down protocol in microbial community analyses is not rec-
ommended where mismatches are expected, unless speci-
ficity is highly crucial and discarding spurious by-products
is not otherwise possible (increasing Mg2+ concentration,
addition of co-solvents, etc.).
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2. In order to capture the total microbial diversity of an envi-
ronmental sample, the lowest possible annealing tempera-
ture should be used, and the specificity of the obtained PCR
product should be checked by agarose gel electrophoresis.
Gradient PCR should always be the central point of PCR
optimization for a given sample; and even if a thermal gra-
dient cycler instrument is not available, several parallel PCRs
at different annealing temperatures should be performed
to select the optimal annealing temperature providing PCR
products of appropriate size and quantity.

The temperature of the primer extension step is determined
by the optimum temperature of the polymerase enzyme used,
while the length of extension is affected by both the type of
enzyme and the length of the target PCR amplicon. The com-
monly used temperature for Taq DNA polymerase is 72◦C, and
a 1 min extension time is well suited for the amplification of
products shorter than 2 kb in length (rate of 60 nucleotides per
second at 70◦C). Using a model community template, a signifi-
cant decrease in the number of chimeric PCR artifacts has been
demonstrated by increasing the length of primer extension from
20 s to 4 min (4).

A final elongation step of 5–15 min is usually included at the
end of the PCR program to ensure that all amplicons are fully
extended; any deviation from this interval is strongly dependent
on post-PCR analysis. An extra 30 min final extension protocol is
described by Janse et al. in DGGE community profiling to remove
artifactual double bands. A possible explanation for this is that
certain secondary products are formed due to prematurely halted
elongation, and these could be disrupted by longer incubation at
a relatively high temperature (50).

Longer final extension times should also be applied for
PCRs preceding “TA cloning.” Cloning and sequencing of PCR-
amplified sequences is the most widespread practice for the iden-
tification of microbial species. Among several methods developed
for the cloning of PCR-amplified DNA molecules, “TA cloning,”
which makes use of 3′-A overhangs generated by nonproofread-
ing DNA polymerase enzymes (Taq, Tfl, and Tth), is more effi-
cient than blunt-end cloning. In order to make sure that the PCR
products are fully extended and 3′ adenylated, a prolonged final
extension of 7–30 min is recommended.

3.2. Cycle Numbers According to the basic concept of PCR amplification, the num-
ber of product molecules doubles in every cycle, resulting in a
theoretical achievable number of products of 2n, where n stands
for the number of cycles. This means around 103-fold amplifi-
cation in 10, 106-fold in 20, 109-fold in 30, and 1012-fold in
40 cycles. Therefore, if time is not limited, many choose to exe-
cute as many cycles as possible. However, PCR amplification is
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not unlimited. Usually after reaching a product concentration of
10–8 M, the exponential amplification phase is replaced by the
attenuating plateau phase (51). The concentration of 10–8 M is
equivalent to approximately 1011–1012 product molecules in 50–
100 �L, meaning that 40 cycles would be needed only when
starting with less than 10 copies of the template. Even consid-
ering that PCR amplification is generally less efficient than theory
would suggest, the use of more than 30 cycles is in most cases
unnecessary.

On the other hand, using too many cycles is not only a waste
of time but can have an effect on some of the PCR biases. Earlier
studies considered the use of excess cycles in multi-template PCR
as the main reason of the distorted evaluation of species compo-
sition in molecular microbial ecology (52). However, subsequent
studies showed that the effect of different cycle numbers is of
minor importance (53, 54) or demonstrated that the unfavorable
effect of primer mismatches, causing the underestimation of cer-
tain templates, is attenuated in the successive cycles (Fig. 3.2)
(21).
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Fig. 3.2. The effect of cycle number on the deviation from the theoretical PCR amplicon ratios using mixed PCR prod-
uct templates (1:1 concentration ratio). At each cycle number the presence of preferential amplification due to primer
mismatches was obvious but was not significantly affected by cycle numbers.

Nevertheless, the probability of the formation of chimeras
and heteroduplexes grows as the number of cycles increases.
The theoretical reason of this phenomenon is that the het-
erologous products of the multi-template PCR are flanked by
homologous sequences like the primer-binding sites. The cross-
hybridization of the products could happen through these homol-
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ogous sections. In later cycles, the concentration of the PCR
products can reach a sufficiently high concentration for these
kinds of hybridization to compete with the formation of the
primer−template duplex (55). Significant growth in the number
of chimeras has been proved by increasing the number of cycles
from 20 to 30 in a model community study (4).

Another cycle number−dependent bias is the production
of the so-called stutter or shadow amplicons well known in
microsatellite analyses. In these cases several similar-sized bands
can be detected instead of the one expected. The reason of the
excess bands is the change in the number of repeating units of
the microsatellites due to insertion−deletion mutations caused by
the slippage of DNA polymerase during strand extension. Slip-
page happens in the primer−template complex by the formation
of loops in either the primer or the template strand. The size of
stutter bands differs from the original amplicon length by the
multiples of size of the repeats of the microsatellite (e.g., in the
case of tetranucleotide repeats, the stutter bands will be 4, 8, 12,
16, etc. shorter or longer than the expected band). The num-
ber of stutter bands increases with the number of PCR cycles
and deletions are more likely to happen, accordingly shorter stut-
ter products are more numerous (56). Strand slippage can occur
during the amplification of any repetitive sequence of even single-
nucleotide repeats. In genes with a functional secondary struc-
ture like ribosomal genes, the frequency of repeats and palin-
drome sequences is higher than in protein-coding genes. There-
fore, the formation of loops facilitating slippage is possible, and
stutter products will appear with the increasing number of cycles.
This bias has to be considered especially when planning length-
dependent post-PCR analyses like T-RFLP, ARISA, or LH-PCR
(Fig. 3.3).

Recommended cycle number:
1. Start the optimization of your experiment with 25–30 cycles.
2. If the only aim of your PCR is to detect a gene (e.g., detec-

tion of Dehalococcoides spp. from a TCE-contaminated site)
or to quantify it (real-time qPCR), you can go up to 40
cycles.

3. Try to use as few cycles as possible if any downstream pro-
tocol including sequence analyses (e.g., cloning) and/or
length-based fingerprinting (e.g., T-RFLP) is planned.

3.3. Nested PCR Nested or double-PCR is defined as a protocol consisting of two
consecutive PCRs with two different primer pairs that are used
for a single locus (57). First, a standard PCR reaction is per-
formed with an external primer set. In the second PCR step, the
nested primers bind within the sequence of the first PCR product,
hence the second PCR generates a shorter product than the first
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Fig. 3.3. Evaluation of cycle-dependent production of stutter terminal fragments (T-RFs). The dominant environmental
clone of a wastewater sample was submitted to T-RFLP analysis after PCR amplification with different number of cycles.
The diagram is the result of five parallel experiments: for each cycle number the expected-size T-RF (0) and the few
bases shorter (–1) or longer (+1, +2) stutter T-RFs are displayed. The same stutter fragments could be detected in the
original environmental T-RFLP pattern.

one. Sometimes, even a third PCR round is executed in order to
detect certain microbial groups present in low numbers in com-
plex microbial communities (58). Seminested PCR is conducted
when one of the oligos of the first primer pair is used in com-
bination with a third internal primer in the second PCR round
(59).

The two sets of primers can have the same (60, 61) or differ-
ent specificity. When the two PCR rounds differ in the specificity
of the applied primer pairs, two setups are possible: using a uni-
versal primer pair in the first step and a group-specific primer set
in the second (62), or in reverse order applying taxon-specific
primers first and universal ones afterward (63, 64).

Nested PCR has several advantages.
1. It increases the specificity of the amplification, because if

unspecific amplicons are produced in the first PCR step
due to erroneous primer annealing, the probability that they
would also be amplified in the second round with a second
pair of primers is very low.

2. It improves sensitivity by increasing the yield of PCR prod-
ucts and by detecting species that are present in lower
numbers (65). The enhanced detection capability may be
attributed to the amplification of ample amounts of DNA
even from the groups presented in low numbers during the
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first PCR round, and can also be due to the dilution of
inhibitory substances present in the DNA samples (58).

3. It allows the comparison of different microbial groups by
the same DGGE/TGGE analysis, when the first taxon-
specific PCR step is followed by a second PCR with
internal “universal primers.” In this case, intergel compar-
isons are easy to make, since the length of the different
PCR amplicons is the same and can be separated under
the same DGGE/TGGE conditions, requiring only one
DGGE/TGGE electrophoretic optimization step (23).

Nevertheless, nested PCR should be evaluated with caution
as the use of two successive PCR reactions can introduce even
greater bias due to preferential amplification. However, according
to several studies (23, 58, 61), the increased bias of preferential
amplification by nested PCR may be overestimated. When using a
less sensitive method such as DGGE to compare the fingerprints
of the PCR products, the patterns obtained from nested PCRs
are usually almost identical with the ones generated by direct
PCR. Only minor variations in the relative band intensity could
be observed, suggesting that the nested PCR approach did not
result in changes in the dominant members of the given micro-
bial community.

In conclusion, nested PCR is an appropriate choice when (1)
our goal is the detection of a less abundant group or (2) we are
planning to use a post-PCR protocol demanding a higher PCR
yield, and direct PCR approach resulted in an insufficient amount
of PCR product.
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Chapter 4

MPN- and Real-Time-Based PCR Methods for the
Quantification of Alkane Monooxygenase Homologous
Genes (alkB) in Environmental Samples

Alfredo Pérez-de-Mora, Stephan Schulz, and Michael Schloter

Abstract

Hydrocarbons are major contaminants of soil ecosystems as a result of uncontrolled oil spills and wastes
disposal into the environment. Ecological risk assessment and remediation of affected sites is often con-
strained due to lack of suitable prognostic and diagnostic tools that provide information of abiotic–biotic
interactions occurring between contaminants and biological targets. Therefore, the identification and
quantification of genes involved in the degradation of hydrocarbons may play a crucial role for evaluating
the natural attenuation potential of contaminated sites and the development of successful bioremedi-
ation strategies. Besides other gene clusters, the alk operon has been identified as a major player for
alkane degradation in different soils. An oxygenase gene (alkB) codes for the initial step of the degra-
dation of aliphatic alkanes under aerobic conditions. In this work, we present an MPN- and a real-time
PCR method for the quantification of the bacterial gene alkB (coding for rubredoxin-dependent alkane
monooxygenase) in environmental samples. Both approaches enable a rapid culture-independent screen-
ing of the alkB gene in the environment, which can be used to assess the intrinsic natural attenuation
potential of a site or to follow up the on-going progress of bioremediation assays.

Key words: Most probable number-PCR, real time PCR, alkane monooxygenase homologous
genes.

1. Introduction

Aliphatic n-alkanes are saturated hydrocarbons present in crude
and refined oils. Although n-alkanes can be produced by plants
and microorganisms (e.g., waxes) (1,2), they are mainly released
into the environment by seepage from reservoirs or through
anthropogenic activities related to the extraction, transportation,
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further processing, handling, and disposal of oil (3). Some algae
that degrade n-alkanes have been described; however, bacteria
and fungi are the most important groups capable of using long-
chain n-alkanes as a carbon and energy source (4). Bacterial degra-
dation of n-alkanes is possible under aerobic and anaerobic con-
ditions, although the former allows much faster rates of transfor-
mation (5).

During the past decades, research related to alkane degra-
dation has focused on the identification and characterization
of enzymes involved in the initial step of aerobic bacterial
catabolic pathways. Recently, two unrelated classes of enzymes
for long-chain n-alkane oxidation have been proposed (6): (1)
Cytochrome-P450-related enzymes in both yeasts and bacteria,
e.g., bacterial CYP153 enzymes, and (2) bacterial particulate
alkane hydroxylases (pAHs). The latter class of integral membrane
non-heme di-iron monooxygenases of the alkB-type catalyzes the
terminal or subterminal oxidation of n-alkanes to primary or sec-
ondary alcohols, which is the initial step in the aerobic degrada-
tion of n-alkanes (3). This enzyme allows a wide range of Pro-
teobacteria and Actinomycetales to grow on n-alkanes with car-
bon chain lengths from C5 to C16.

Most studies dealing with the detection of alkB in microbial
communities to date are based on PCR methods using cultured
isolates (7, 8, 9). Due to the high diversity of alkB sequences
in bacteria from different taxonomic groups, analysis of environ-
mental samples required the use of multiple primer and probe sets
targeting the respective groups. In order to allow a specific and
sensitive detection of alkB genes in environmental samples with-
out discriminating any of the known bacterial groups harboring
this gene, a PCR hybridization method was described recently
(10). Based on this initial work, we present here an improved
MPN- and a real-time PCR methods, which allow rapid quan-
tification of alkB gene in numerous environmental samples. Fur-
thermore, the amplified products can be directly used for assessing
community diversity using fingerprinting or cloning techniques.

2. Materials

2.1. Cell Lysis and
Nucleic Acid
Extraction

1. FastDNA SPIN Kit for soil (MP Biomedicals, Heidelberg,
Germany)

2. PreCellys24 homogeniser (Peqlab Biotechnologie GmbH,
Erlangen, Germany)

3. PreCellys ceramic kit 1.4 mm (Peqlab Biotechnologie
GmbH, Erlangen, Germany)
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2.2. MPN-PCR
Amplification of alkB

1. Autoclaved MiliQ water (see Note 1).
2. 3% bovine serum albumin solution. After sterilization by

filtration (22 �m) store in aliquots at −20◦C (see Note 1).
3. dNTPs (Fermentas GmbH, St. Leon-Rot, Germany)
4. Taq polymerase (5 U/�L) (Invitrogen, Carlsbad, CA,

USA).
5. 10× buffer provided with Taq polymerase.
6. MgCl2 (50 mM) provided with Taq polymerase or self pre-

pared (in this case see Note 1).
7. Degenerate PCR primer (10) (Metabion, Martinsried, Ger-

many)
8. alkB forward (5′AAY ACI GCI CAY GAR CTI GGI CAY

AA 3′)
9. alkB reverse (5′ GCR TGR TGR TCI GAR TGI CGY

TG 3′)
10. Template DNA (see Note 2). Dilutions of template DNA

should be prepared directly before use (see Note 3). We
recommend the use of freshly prepared dilutions for every
new PCR reaction.

11. Thermocycler (T3 Thermocycler, Biometra, Goettingen,
Germany)

2.3. Real-Time PCR
Amplification of alkB

1. 3% bovine serum albumin solution. After sterilization by
filtration store in aliquots at −20◦C. Use filters with 22 �m
pore size (see Note 1).

2. MgCl2 solution (50 mM) (see Note 1).
3. Power SYBR R© Green PCR Master Mix (Applied Biosys-

tems, Foster City, CA, USA). Store Master Mix in single-
use aliquots at 28◦C for short-term storage (see Note 4).

4. Degenerated PCR primer (10) (Metabion, Martinsried,
Germany) (see Note 5):
alkB forward (5′AAY ACI GCI CAY GAR CTI GGI CAY
AA 3′)
alkB reverse (5′ GCR TGR TGR TCI GAR TGI CGY
TG 3′)
Store aliquots of appropriate dilution at −20◦C (see
Note 3).

5. Template DNA (see Note 2). Dilutions of template DNA
should be prepared directly before use (see Note 3). Use
freshly prepared dilutions for every new PCR reaction.

6. Thermo-Fast R© 96 detection plate (Thermo Scientific)
7. MicroAmpTM optical adhesive film (Applied Biosystems,

Foster City, CA, USA)
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8. Domed 12 cap strips (Thermo Scientific)
9. Cooled centrifuge for detection plates (e.g., Omnifuge 2.0

RS, Heraeus Sepatech Osterode, Germany)
10. A repeater-step pipette (e.g., Distriman R©, Gilson Inc.,

Middleton, WI, USA)
11. 7300 real-time PCR system (Applied Biosystems, Foster

City, CA, USA)

2.4. Agarose Gel
Electrophoresis

1. Agarose for gel electrophoresis is dissolved in 1× TAE buffer
to a final concentration of 2% and should be prepared before
use.

2. TAE buffer: 40 mM Tris-base, 1 mM disodium ethylendi-
amintetraacetate dihydrate dissolved in water pH 8.0 (see
Note 1).

3. Loading dye 6× (Fermentas GmbH,St. Leon-Rot,
Germany)

4. GeneRulerTM 100 bp or 1 kb DNA ladder (Fermentas
GmbH, St. Leon-Rot, Germany)

5. PerfectBlue Gelsystem Mini L (Peqlab Biotechnologie
GmbH, Erlangen, Germany) with Power Supply Power Pac
300 (Biorad, Hercules, CA, USA)

6. Gel documentation system

3. Methods

In this work we present two quantitative PCR methods to study
the relative abundance of the bacterial alkB gene in environmental
samples. The first one is based on an MPN PCR approach, while
the second one is a real-time PCR procedure. Both methods were
tested using a wide range of samples. These included different
types of soil: forest and agricultural, low (<1%) and high (>5%)
organic C content, noncontaminated (<100 mg total hydrocar-
bons/kg soil dry weight) and contaminated with hydrocarbons
(5000 mg total hydrocarbons/kg soil dry weight), sand and loam
texture. In addition, plant residual material was evaluated (pea
and maize). For a more detailed discussion on the advantages and
disadvantages of quantitative PCR procedures, we refer to (11).
A brief introduction is given below.

The MPN PCR approach is based on the combination of
PCR with the statistical MPN (most probable number) procedure
developed by McCrady (12) and later improved by other authors
(13). This method consists of serial dilutions of DNA/cDNA
samples until extinction and replicated PCR reactions for every
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dilution. The result of each reaction is scored positive or negative
after gel electrophoresis analysis. The number of gene copies is
calculated using the MPN statistics.

The real-time PCR technique is based on the detection of flu-
orescence signals emitted due to the synthesis of PCR amplicons
by Taq polymerase (2). In the present method, amplicon synthesis
is monitored using SYBR R© Green, a fluorescent dye that binds to
double-stranded DNA. In contrast to other PCR methods, quan-
tification using real-time PCR is a non-end-point measurement
and based on a continuous increase of a fluorescence signal, which
is measured after each cycle.

3.1. Cell Lysis and
Nucleic Acid
Extraction

1. To ensure good homogeneity of samples, these may be addi-
tionally ground in liquid N until a fine powder is obtained.

2. Weigh 0.5 g of ground sample (fresh weight) into a lysis tube
containing ceramic balls.

3. Add the corresponding buffers (see Note 2).
4. Lyse cells in a homogenizator (30 s at 5.5 m/s)
5. Proceed with the extraction protocol as indicated by the

author’s or the manufacturer’s instructions.
6. Depending on the protocol, used nucleic acids may be either

resuspended or eluted with water (see Note 1).

3.2. Quantification
Using MPN-PCR

1. The extracts obtained in the previous section are used for
the MPN PCR approach. Prepare a succession of 1/10
serial dilutions of the sample of interest (see Notes 1 and
6). At least three replicates of each dilution are required.

2. Prepare a PCR reaction mix (23 �l) following this scheme:

Reagents Volume (�L) Final concentration

10× buffer 2.5 1×
MgCl2 (50 mM) 1 2 mM

dNTPs (2 mM) 1.25 0.1 mM

Fwd primer (4 �M) 0.625 0.1 �M

Rev primer (4 �M) 0.625 0.1 �M

BSA (3%) 0.5 0.06%

Taq polymerase (5 U/�L) 0.25 0.01 U/�L
Water 16.25

3. We suggest that a Master Mix is prepared for the desired
number of samples.
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Stage Time Temperature (◦C) Touchdown Cycles

Stage 1

Hotstart 10 min 95 (see Note 7) ×1

Stage 2

Denature 45 s 95 ×5

Anneal 1 min 62 −1◦C/cycle

Extend 45 s 72 (see Note 8)

Stage 3

Denature 45 s 95 ×30

Anneal 1 min 57

Extend 45 s 72

Stage 4

Final extension 10 min 72 ×1

Pause − 4

4. Load 23 �L of reaction mix in each reaction tube.
5. Add 2 �L of template. Store on ice until you are done with

all samples. Vortex briefly and centrifuge.
6. Run the following PCR program:
7. When the PCR is completed, vortex the samples briefly

for 2 s and centrifuge for 5 s) using a microcentrifuge
(14000 × g).

8. Carry out an agarose gel electrophoresis (2% agarose).
A total of 15 �L PCR product and 4 �L of loading dye
should be sufficient for detection of the amplified product.
Let the samples run for 1 h at 120 V. At least 100 bp DNA
ladder should be included on one of the gel lanes.

9. Following gel electrophoresis, visualize amplicons on the
gel with ethidium bromide. In general, a 10–15 min bath
is enough if the bath has been recently prepared or has not
been used too many times.

10. Detect amplified products with a gel documentation system
− the size of the band of interest is approximately 550 bp.

11. Identify the three sets of tubes/reactions that show dilu-
tion of the gene to “extinction.”

12. Note the number of positive and negative scores resulting
from each reaction (e.g., 3 positives for the first dilution, 2
for the second, and 0 for the last).
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13. Use an MPN-Table or MPN-calculator (see Note 9) to
compute the most probable number of gene copies in
1 �L of the original dilution.

14. Since the amount of nucleic acids in the original extract
is known (nondiluted sample), the final result can be
expressed as the number of gene copies/mg of DNA or
the number of gene copies/g of soil material (dry weight).

3.3. Quantification
Using Real-Time PCR

1. Make 1/10 serial dilutions for the standard (see Notes 3,
10, 11, and 12). For samples we recommend that 1 in
2 or 1 in 3 serial dilutions are performed to find out the
dilution that gives the highest copy number for that sample
following PCR reaction (see Notes 3, 11, and 13).

2. Prepare a PCR reaction mix (23 �l) following this scheme
(see Note 14):

Reagents Volume (�L) Final concentration

MgCl2 (50 mM) 1 2 mM

Foward primer (4 �M) 0.625 0.1 �M

Reverse primer (4 �M) 0.625 0.1 �M

BSA (3%) 0.5 0.06%

SyberGreen Master Mix 12.5
Water 7.75

3. Prepare a master mix for the desired number of samples.
4. Load 23 �L of reaction mix in each reaction well of the

plate (see Note 15).
5. Cover the negative controls with cap strips to prevent con-

tamination.
6. Add 2 �l of the template DNA to each reaction well of the

plate following your working scheme. The final volume of
each reaction is 25 �L.

7. When you are done with the templates, add 2 �L of water
to template-free reaction wells. These will act as negative
controls. Use at least three wells for this purpose.

8. Seal the PCR plate with the MicroAmpTM optical adhesive
film. Remove air bubbles by pushing the film to the plate
tightly.

9. Spin down the plate for 30 s and load the qPCR system.
10. Run the following PCR program:
11. Values can be calculated based on the Ct value.
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Stage Time Temperature (◦C) Touchdown Cycles

Stage 1

Hotstart 10 min 95 (see Note 7) ×1

Stage 2

Denature 45 s 95 ×5

Anneal 1 min 62 −1◦C/cycle

Extend 45 s 72 (see Note 8)

Stage 3

Denature 45 s 95 ×40

Anneal 1 min 57

Extend 45 s 72

Data Collection 30 s 78 (see Note 16)

Stage 4 (termination)

Denature 15 s 95 ×1

Anneal 30 s 60 (see Note 17)

Extend 15 s 95

12. To ensure that the quantified amplicons possess the right
size, run an agarose gel as described in the MPN PCR
approach.

13. As for MPN PCR the final result can be expressed either as
the number of gene copies/mg of DNA or the number of
gene copies/g of soil material (dry weight).

4. Notes

1. All solutions should be prepared in water treated with 0.1%
diethylpyrocarbonate (DEPC) (Sigma-Aldrich, Munich,
Germany). This standard is referred to as “water” in this
text.

2. For extraction and isolation of nucleic acids, follow the
instructions proposed by the authors of the method or the
manufacturer’s instructions in those cases where different
kit systems are used. When measuring the concentration of
the isolated nucleic acids, the ratio of sample absorbance
at 260 and 280 nm (260/280) should be in the range of
1.8–2.2 for “pure” nucleic acids. A ratio appreciably lower
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might be indicative for the presence of co-purified contam-
inants such as humic acids or phenol.

3. Make all dilutions with water.
4. The SYBR R© Green 1 Dye in the master mix is light-

sensitive and should be kept in the dark. See manufacturer’s
instructions for long-term storage and safety.

5. We inserted inosine where the bases were fourfold degen-
erated to reduce the degeneracy and improve binding of
the primers to template.

6. For samples with low copy numbers, a succession of serial
dilutions up to 104 might be sufficient. Dilutions up to
105 or 106 may be necessary for samples with high copy
numbers.

7. The hotstart stage allows specific annealing reactions to
occur and prevents nonspecific annealing events. With a
lack of nonspecific hybridization of primers to template
or to one another, the resulting amplified DNA bands are
cleaner.

8. Due to the degeneracy of the primers and hence differing
melting temperature ranges, a touchdown PCR step greatly
improves annealing to the template.

9. MPN-tables are available in numerous books, e.g., (15).
Instead, you can download a free MPN-calculator from the
Internet. Both MPN-tables and calculators should provide
the upper and lower limit of the 95% confidence interval.

10. We found copy numbers of the standard from 108/�l to
102/�l to be appropriate for this protocol.

11. When drops are located on the lid of the reaction tube,
spin down the tubes. This helps to reduce the danger of
cross-contaminations when opening the tubes.

12. We used a 550 bp long fragment of the alkB gene of Pseu-
domanos putida Gpo1 cloned into pCR 2.1-Topo vector
(Invitrogen, Carlsbad, CA, USA) as the external standard.
After plasmid isolation the DNA concentration was mea-
sured and the number of copies of the fragment calculated.
Alkane monooxygenase genes from other strains may also
be used as well.

13. In general, dilutions higher than 1/100 are not necessary
for environmental samples.

14. We have used the 7300 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) and optimized the
qPCR-protocol for this system. When other systems are
used, other optimization steps might be necessary. Please
follow the manufacturer’s instructions for each system.
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15. A repeater-step pipette may reduce pipetting errors when
processing a large number of samples.

16. Due to high primer degeneracy primer-dimers can occur
during the annealing step. These will give a positive signal
using the Sybr Green detection system. To avoid this, an
additional data collection step at 78◦C is included to ensure
that no primer-dimers are detected, since the latter have a
denaturation temperature below 78◦C.

17. During this step the dissociation curve is recorded, allow-
ing the detection of unspecific PCR products.
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Chapter 5

Application of Fingerprinting Molecular Methods
in Bioremediation Studies

Dimitrios G. Karpouzas and Brajesh K. Singh

Abstract

Bioremediation has been identified as a beneficial and effective strategy for the removal of recalcitrant
environmental contaminants. Bioaugmentation of polluted environments with exogenous degrading
microorganisms constitutes a major strategy of bioremediation. However, the ecological role of these
strains and their impact on the endogenous microbial community of the micro-ecosystems where they
are released should be known. Fingerprinting PCR-based methods, like denaturating gradient gel elec-
trophoresis (DGGE) and terminal restriction fragment length polymorphism (TRFLP), could be used in
studies exploring the ecology of pollutant-degrading microorganisms and their effects on the structure
of the soil microbial community. This chapter provides a brief outline of the technical details involved in
the application of DGGE and TRFLP fingerprinting in soil microbial ecology, with particular reference
to bioremediation studies.

Key words: Bioremediation, bacteria, DGGE, TRFLP, degradation, organic pollutants.

1. Introduction

Bioremediation has been recognized as an attractive decontam-
ination strategy compared to physical and chemical treatments.
This is due to its lower cost and little environmental distur-
bance taking place during its application (1). Biostimulation
and bioaugmentation have been the main bioremediation strate-
gies. Biostimulation relies on the optimization of the metabolic
activity of the indigenous soil microflora for effecting pollutants
removal, while bioaugmentation involves inoculation of contami-
nated environmental matrices with pollutant-degrading microor-
ganisms to achieve accelerated decontamination.

S.P. Cummings (ed.), Bioremediation, Methods in Molecular Biology 599,
DOI 10.1007/978-1-60761-439-5 5, © Humana Press, a part of Springer Science+Business Media, LLC 2010
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The first step in bioaugmentation is the isolation, characteri-
zation and large-scale cultivation of pollutant-degrading microor-
ganisms. Commonly, enrichment cultures in selective media
where the pollutant serves as the sole source of C and/or N,
P, S are employed for the isolation of such microorganisms. It
is inevitable that enrichment techniques introduce a bias and
the bacteria obtained may not have a significant role in the in
situ degradation of the pollutant. Although several individual
microorganisms or microbial consortia capable of rapidly degrad-
ing various pollutants have been isolated and characterized, their
true ecological significance should be investigated before their
release as bioaugmentation agents.

Molecular fingerprinting techniques were introduced in soil
microbial ecology in the past 15 years and allowed the study of
the ecology of microorganisms which could not be cultivated in
synthetic media yet constitute the majority of soil microorgan-
isms (2). Denaturating gradient gel electrophoresis (DGGE) and
terminal restriction fragment length polymorphism (TRFLP) are
two of the most popular fingerprinting methods used in micro-
bial ecology (3). DGGE and TRFLP alone or in combination
with cloning and sequencing have been used in different steps of
bioaugmentation strategies. DGGE has been used in conjunction
with culture-dependent techniques in order to elucidate the phy-
logeny but mainly the role and the ecological significance of the
different members of complex pesticide-degrading microbial con-
sortia (4–9). Other studies have used DGGE and TRFLP analysis
in order to trace the fate of degrading microorganisms released
in polluted soil ecosystems (10). In addition, DGGE (1, 11) and
TRFLP (12) have been used to study possible perturbations in
the soil microbial community, caused during bioaugmentation or
biostimulation by the release of pollutant-degrading microorgan-
isms. Here we present a methodological approach for the applica-
tion of DGGE and TRFLP in bioremediation studies.

2. Materials

2.1. Denaturating
Gradient Gel
Electrophoresis

2.1.1. PCR Procedures
(see Note 1)

1. 10× Mg++-free DyNAzyme EXT buffer (Finnzymes).
2. 50 mM MgCl2 solution (Finnzymes): 1.5 mM concentra-

tion in the reaction is used.
3. dNTPs (HT Biotechnology LTD): A working solution

(10 mM concentration of each dNTP) is prepared while the
concentration for each dNTP in the reaction is 0.2 mM.

4. Primers: A 10 pmol/�L working solution of each primer
in sterile double distilled (dd)H2O is prepared and their
amount in the reaction ranges from 5 to 20 pmol.
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5. Bovine serum albumin (BSA): Add in PCR reactions
(200–400 ng/�L) with soil DNA in order to prevent inhi-
bition of polymerase by co-extracted humic acids.

2.1.2. DGGE Procedures 1. DGGE system (INGENY phorU-2X2 or BioRad DCode).
2. 40% bisacrylamide 37.5:1 acrylamide:bisacrylamide

solution
3. Deionized formamide solution
4. 50× TAE: 242 g Tris, 57 mL acetic acid and 100 mL of

0.5 M EDTA (PH 8.0) are dissolved in 1 L of dH2O.
5. 10% ammonium persulphate solution (APS): 0.1 g APS is

dissolved in 1 mL sterile dH2O (stored at –20◦C until use).
Before gel casting one tube is thawed, each aliquot is for a
single use.

6. TEMED (N,N,N′,N′-tetramethylenediamine)
7. GelBond PAG films (Camprex)
8. 0 % denaturant solution: 20 mL acrylamide and 2 mL 50×

TAE in 100 mL of dH2O (see Note 2).
9. 100% denaturant solution: 20 mL acrylamide, 40 mL for-

mamide, 2 mL 50× TAE, 42 g urea made upto a final vol-
ume of 100 mL in dH2O (see Note 2).

10. SYBR Gold Nucleic Acid Gel stain (Invitrogen): 1× work-
ing solution is prepared by dissolving 50 �L of the 10000×
stock solution (stored at –20◦C) in 500 mL 1× TAE.

2.1.3. Silver Staining
Reagents (see Note 3)

1. Fixing solution I: 100 mL absolute ethanol, 5 mL glacial
acetic acid, 895 mL dH2O.

2. Staining solution: AgNO31 g/ L.
3. Developing solution: Dissolve 0.1 g NaBH4 in 1 L of 1.5%

NaOH (w/v), add 4 mL of formaldehyde.
4. Fixing solution II: Na2CO37.5 g/ L.
5. Preservative solution: Mix 250 mL absolute ethanol and

100 mL glycerol (v/v), the volume is made to 1 L with
dH2O.

2.1.4. Cloning
Procedures

1. PCR clean up kit (Macherey-Nagel GmbH & Co., or
Qiagen).

2. pGEM-T Easy cloning vector (Promega).
3. Competent E. coli cells.
4. LB agar plates and broth: 10 g NaCl, 10 g cazein, 5 g yeast

extract and 15 g agar (for preparation of agar plates) are
dissolved in 1 L dH2O, sterilized, and when cool antibiotics
are added.
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5. Ampicillin solution: stock solution of 100 mg/mL in
ddH2O is prepared, filter sterilized and 500 �L aliquots are
added to 500 mL LB (already autoclaved) for a final concen-
tration of 100 �g/mL.

6. IPTG (0.1 M): 0.238 g IPTG (stored at –20◦C) dissolved in
10 mL ddH2O and the solution is filter sterilized (stored at
4◦C).

7. X-GAL (2% solution): 0.2 g X-GAL (stored at –20◦C) is
dissolved in 10 mL dimethylformamide and the solution is
filter sterilized (stored at –20◦C).

8. 96-well plates

2.2. Terminal
Restriction Fragment
Length
Polymorphism

2.2.1. PCR Procedures

The reagents are the same as the ones described for DGGE,
except primers are labelled with a fluorescent dye at the 5′ end.

2.2.2. PCR Product
Purification by Ethanol
Precipitation

Sodium acetate trihydrate (3 M): Add ca. 50 mL dH2O to
40.824 g sodium acetate, mix and heat. Take to pH 4.6 with
glacial acetic acid, and then make upto 100 mL. The solution
should be autoclaved before use.

2.2.3. Restriction
Digestion Reagents

1. Restriction enzymes
2. Appropriate buffer
3. Acetylated BSA

2.2.4. Sequencing
Reagents and
Instruments

1. Standard size marker
2. Deionized formamide
3. Running buffer and EDTA
4. DNA sequencer

3. Methods

3.1. Denaturating
Gradient Gel
Electrophoresis

3.1.1. PCR Procedures

PCR is a crucial step and allows the user to select which microbial
groups to study. Thus, PCR aiming to amplify the 16S rRNA gene
of the whole bacterial community will inevitably lead to a rather
complex fingerprint, which can be difficult to analyse. In order
to avoid this, group-specific primers that amplify variable regions
of the small ribosomal subunit may be used in bioaugmentation
studies, where the aim is to identify possible effects of inoculation
on the structure of certain microbial guilds that are involved in
important soil functions like nitrification or carbon assimilation.
Group-specific primers that have been used in such studies are
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Table 5.1
A list of group-specific primers that are used in DGGE
fingerprinting studies

Primers Microbial group

CTO189f ABC − CTO654r (13) Ammonia-oxidizing bacteria

F243 − 513r (14) Actinomycetes
Sphingo108f − Sphingo420r (15) Sphingomonas

ITS1F − ITS4B (16) Basidiomycetes
ITS1F − ITS4A (17) Ascomycetes

NS31 − AM1 (18) and NS31 −
Glo1 (19)

Arbuscular mycorrhiza fungi
(AMF)

listed in Table 5.1. Universal bacterial or fungal primers can be
alternatively used when the studied soils are expected to have low
microbial diversity, such as heavily polluted soils or when a phy-
logenetic analysis of an enrichment culture is needed. In the for-
mer case, universal bacterial or fungal primers could be utilized
in bioremediation studies in order to trace the fate of the inocu-
lum and at the same time identify perturbations in the structure
of the microbial community. In the latter case, DNA extracted
from (i) the original soil, (ii) the enrichment culture and (iii) the
individual isolated strains is subjected to PCR with universal bac-
terial primers (357f – GC and 534r) and the fragments derived
are analysed in a comparative DGGE analysis in order to identify
the ecological role and significance of the members of degrading
consortia in the in situ degradation of a pollutant.

Several group-specific or universal primers provide relatively
large products (400–700 bp), which either could not be analysed
in DGGE (>600 bp) or provide poor resolution (400–600 bp).
This has been the case with primer sets CTOs and NS31-AM1
(Fig. 5.1), which give products of 465 and 550 bp, respec-
tively. Thus, we commonly follow a nested or semi-nested PCR
approach to obtain PCR products for DGGE analysis. In this pro-
cedure, in the first PCR round soil DNA is amplified with group-
specific primers and the product obtained is subjected to a sec-
ond, nested-PCR with universal primers. It should be noted that
in the second PCR round one of the two primers should carry a
so-called GC-clamp’, a 40-bp G- and C-rich sequence, at its 5′

end to prevent complete denaturation of the dsDNA fragments
at high denaturant concentrations. Thus the second PCR round
produces shorter products with a GC clamp attached, which are
suited for DGGE analysis.

3.1.2. DGGE Procedures In DGGE analysis DNA fragments of the same length but dif-
ferent nucleotide sequences are separated based on their different
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Fig. 5.1. DGGE analysis of the same community of AMF in roots of Vicia faba plants,
which have been treated with different levels of olive mill wastewater 30 days before.
Panel (a) fingerprints obtained with NS31-GC and AM1 primer set (600 bp product),
Panel (b) fingerprints obtained after nesting of the PCR product obtained by primers
NS31 − AM1 with nested primers NS31-GC and Glo1 (250 bp product).

mobility in polyacrylamide gels in a linear gradient of denaturat-
ing agents. The DGGE fingerprint of a soil microbial commu-
nity comprises numerous bands, and each of them ideally rep-
resents a single taxa. However, it is possible, especially in more
complex microbial communities, that two DNA fragments of dif-
ferent nucleotide sequence could migrate to the same position in
the gel.

Before DGGE analysis, soil DNA extraction, PCR amplifi-
cation and preparation of all reagents and solutions should be
completed. We routinely use the following protocol for DGGE
analysis with the INGENY system:

1. The pressure units are placed in the electrophoresis cas-
sette, with the circular protuberances facing the cassette to
come into good contact with the small glass plate.

2. A GelBond PAG film is cut carefully based on the shape
and dimensions of the back glass plate (large notches) and
it is subsequently firmly attached on it ( see Note 4).

3. The glass-plate assembly is set up by placing the white
teflon spacer, which has been already greased, onto the
back glass plate and on top of that the second glass plate is
placed with the small notches facing down (see Note 5). It
should be noted that the small enforcement at the bottom
of the spacer must fit firmly against the bottom of the glass
plate with the small notches.

4. The glass-plate assembly is placed in the electrophoresis
cassette and the spacer is pulled up as far as it goes without
lifting the glass-plate assembly. This is essential in order to
insulate the bottom of the glass sandwich and minimize the
danger of leaks during gel casting.
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5. The screws are tightened and the combs are placed at the
top of the glass-plate assembly.

6. The denaturants solutions (0% and 100%) should be mixed
in appropriate volume ratios in order to achieve the desired
gradient solutions. A guide for the preparation of gradient
solutions is listed:

Denaturants
Concentration (%)

0% solution
(mL)

100% solution
(mL)

20 20 5

30 17.5 7.5
40 15 10

50 12.5 12.5
60 10 15

70 7.5 17.5

7. The gradient solutions are transferred to the gradient-
making device with the high- and low-concentration solu-
tions placed in the left (connected to the tubing) and right
leg of the device, respectively.

8. Aliquots of 100 �L APS and 10 �L of TEMED are added
into the gradient solutions and are mixed briefly using a
magnetic stirrer (see Note 6).

9. A pipette tip is adjusted on the free end of the tubing and
placed centrally between the glass plates.

10. The connection valve in the mixing device and the peri-
staltic pump are switched on concurrently and the acry-
lamide is transferred to the glass-plate assembly, while gra-
dient solutions in both legs of the gradient-making device
are continuously mixed on a magnetic stirrer.

11. When the level of the acrylamide in the glass-plate assembly
reaches just below the combs, gel casting is halted and the
acrylamide is left to polymerize for an hour.

12. After polymerization is completed, approximately 4 mL
of 0% denaturant solution amended with 20 �L APS and
2 �L TEMED (stacker solution) is added to the top of the
gel for the wells to be formed (see Note 7).

13. After complete polymerization of the stacker (an hour), all
screws are loosened gently (just to touch the pressure unit)
and the cassette is placed inside the buffer tank where the
temperature has been set to 60◦C.

14. The buffer flow tube is connected with the blue connec-
tor of the cassette to ensure buffer circulation in the upper
buffer reservoir and the combs are removed (see Note 8).
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15. The spacers are pushed all the way down and the bubbles
formed under the gel should be removed by briefly holding
the cassette at an angle.

16. The upper two screws are tightened and the electrodes are
connected to the electrophoresis cassette.

17. The samples are loaded on the wells using long pipette tips
(see Note 9).

18. The buffer tank is connected to an external power supply
and the gel is run at 75 V for 960 min (1200 volt-hours)
(see Note 10).

19. On completion of electrophoresis, the cassette is removed
from the tank and the gel is detached from the glassplate
assembly, rinsed briefly with water and stained.

20. Silver staining provides the best resolution and the clear-
est banding patterns, but its use should be avoided when
DGGE band excision is required since it leads to low DNA
recoveries. The silver staining protocol we regularly use is
as follows:
a. Gel is placed in a plastic tray with 500 mL of fixing solu-

tion I and left to agitate gently for 2 h.
b. Gel is transferred to 500 mL of staining solution and

agitated for 20 min.
c. Gel is transferred to 500 mL of developing solution and

agitated for 10–20 min until the banding patterns are
clearly visible and well stained.

d. Gel is placed in 500 mL of fixing solution II and left to
agitate for 20 min.

e. Gel is removed, cut to appropriate size and placed in
water-tight plastic bags with 10 mL of preservative solu-
tion until photographed.
In all steps the gel should be fully immersed in the solu-
tions used.

21. SYBR Gold staining procedures: This procedure is preferred
when DGGE bands are going to be excised. Other nucleic
acid stains such as ethidium bromide or SYBR Green
can also be used although SYBR Gold provides compa-
rably higher resolution. SYBR Gold staining involves gel
immersion in 400–500 mL of 1× SYBR Gold solution,
gentle agitation for 40 min and then visualization under
UV light.

22. DGGE analysis: Image analysis software is used to anal-
yse the banding patterns of DGGE gels. GelCompar is the
most popular of those which digitizes the gel and converts
it into a matrix of binary or relative abundance data for
statistical analysis using multivariate techniques. Principal
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coordinate analysis, cluster analysis, canonical variance anal-
ysis and other multivariate techniques are used for statisti-
cal interpretation of DGGE fingerprinting using statistical
packages such as Genstat, Statistica or MultiVariate Statis-
tical Package (MVSP). A recent comprehensive review on
the multivariate analysis of fingerprinting data is available
by Marzorati et al. (20).

3.1.3. Band Excision,
Cloning and Sequencing

In studies looking at the impact of bioaugmentation on the struc-
ture of the microbial community, a common strategy to acquire
phylogenetic information for bands whose presence or absence
appears to be related to specific treatments (e.g. inoculated with
pesticide-degrading bacteria) is the direct excision and sequencing
of the band. In our experience this approach is time-consuming
and troublesome, especially in complex communities where bands
are not well separated. We have observed that upto three or
four cycles of band excision, re-amplification and repeated DGGE
screening against the environmental sample are required to derive
the selected bands in a pure state.

We use a different approach for elucidating phylogenetic
information from DGGE fingerprints. Direct cloning of the ini-
tial PCR round (600–1000 bp product) and subsequent screen-
ing of the clones in a second DGGE round against the environ-
mental samples offer a more convenient approach for phyloge-
netic analysis of microbial communities fingerprinted by DGGE.
In addition, this approach allows sequencing of large PCR prod-
ucts (600–1000 bp), thus providing more reliable phylogenetic
analysis compared to band excision, which leads to sequencing of
small DNA fragments (150–300 bp). The protocol we routinely
use is described briefly:

1. The products from the first PCR round are thawed and equal
volumes of the replicates of a single treatment are mixed to
a final volume of 60 �l (see Note 11).

2. The PCR product is purified using a standard spin-column
PCR-clean-up procedure, with elution made in 30 �L sterile
ddH2O (see Notes 12 and 13).

3. We routinely use pGEM-T-Easy cloning vector (see Note
14). Depending on the DNA concentration of the purified
PCR product, 0.5–4 �l of the DNA insert is used in the
ligation reaction with pGEM-T-Easy (see Note 15).

4. The ligation reaction is mixed and incubated overnight at
4◦C (see Note 16).

5. Transformation into competent cells is performed accord-
ing to manufacturers’ instructions. The whole volume of
the transformation culture (ca. 320 �L) including compe-
tent cells (60 �L), plasmid DNA (2 �L), IPTG (50 �L),
X-GAL (10 �L) and LB (200 �L) are spread in LB plates
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containing ampicillin (see Note 17). Three plates per trans-
formation culture are usually spread to obtain adequate
number of clones.

6. The plates are incubated overnight at 37◦C, and next morn-
ing the efficiency of transformation is visually checked. Sub-
sequently, plates are stored in the fridge before final selection
of positive clones.

7. Next day, 30–50 white colonies from each treatment are
selected with a toothpick. For each colony selected, the
toothpick is first dipped into a 96-well plate containing the
PCR mix and then in the corresponding well of a second
96-well plate containing 150 �L of LB + ampicillin. For the
colony-PCR amplification, a 10× colony-PCR buffer that
facilitates lysis of cells is used along with the set of primers
which were utilized at the nested-PCR round aiming to
acquire a product which will be appropriate for DGGE anal-
ysis (see Note 18).

8. Further DGGE screening of the selected cloned fragments
against the environmental sample is done using the same
electrophoresis and gradient conditions. In a gel with 32
wells, we tend to analyse 24 clones plus three marker
lanes and three lanes with the environmental sample (see
Note 19).

9. Clones showing the same migration with certain bands in
the environmental sample are further processed for sequenc-
ing by extraction of the plasmid from the sub-culture of the
clone in the 96-well plates (see Step 7 in Section 3.1.3). It
is common that several clones show the same migration pat-
tern as can be seen in Fig. 5.2. In that case two or more of
the clones with the same migration pattern are sequenced.
This way we avoid underestimating the diversity of the com-
munity since it is possible that different sequences with the
same GC% ratio will show the same migration pattern.

3.2. Terminal
Restriction Fragment
Length
Polymorphism

Terminal restriction fragment length polymorphism (TRFLP) is
an automated and sensitive method that can be used to com-
pare microbial communities and monitor changes in community
structure. A fluorescently labeled primer is used for the PCR, and
after restriction digestion, fragments of varied length are gen-
erated (see Note 20). The sequencer recognizes only the fluo-
rescently labelled terminal fragments and, therefore, in princi-
ple, each fragment represents a unique genome in the sample
(21). The TRFLP, just like DGGE, can be used to examine both
the survival and the abundance of bioaugmentation agents in
polluted environment as well their effects on indigenous popu-
lations. TRFLP has some advantages over DGGE in the sense
that the data are semi-quantitative and, therefore, can be used to
monitor relative abundance of bioremediation agents over a
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Fig. 5.2. DGGE screening of the migration pattern of 18 clones (1–20) of the ITS region of
the community of basidiomycetes against the fingerprint of the soil sample from where
they were originated (E). M, fungal marker lanes containing 20 ng/�L of the ITS-PCR
products of the following fungi with the sequence appearing on the gel from top to
bottom: Pleurotus djamor, Fusarium oxysporum radici lycopersici, F. solani, P. eryngii,
P. ostreatus, P. cystidiosus.

period of time. Also, TRFLP is high-throughput method; there-
fore, a large number of samples can be analysed simultaneously. It
can also be used to identify microbial strains using several public
databases without a need of cloning and sequencing although at
a lower resolution. TRFLP can also be used to examine the effect
of biostimulation process on microflora of polluted environment.

The PCR procedure for TRFLP is the same as for DGGE
except that here one or both primers used are fluorescently
labelled at the 5′ end.

3.2.1. Purification of
PCR Products

1. There are several commercial kits available, which can be
used for cleaning PCR products and two of them were men-
tioned in previous sections. For economic reasons, several
laboratories still use classical ethanol precipitation approach.
Table 5.2 describes in detail the ethanol precipitation pro-
cedure both for a single tube and in 96-well plate format.

3.2.2. Restriction
Digestion of Purified
PCR Products

1. The selection of restriction enzymes for digestion depends
on the heterogeneity of the target sequence. There
are several software packages and public databases
available to help selecting appropriate restriction
enzyme(s) for 16S rRNA genes. For example, MiCA
(http://mica.ibest.uidaho.edu/digest.php) can be used to
predict the TRFs for all known 16S rDNA available in public
database using a single or multiple restriction enzymes. For
other genes, the available sequences can be obtained from
public databases such as NCBI or EMBL and then use
REMA (www.macaulay.ac.uk/rema) software to predict the
expected TRFs and select the best discriminatory restriction
enzymes for digestion.
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Table 5.2
A brief outline of the ethanol precipitation procedure of PCR products

Specifics

Step Tube Plate (make mix)

Add ethanol 100 �L 25,000 �L

Add sodium acetate 5 �L 1,250 �L
Mix

Dispense 100 �L per well
Incubate −20◦C for at least 20 min (o/n is ok)

Spin 30 min at max
speed

14,100 × g 1109 × g

Remove s/n Use pipette to remove
s/n taking care not to
take pellet

Place plate upside down gently over
blue paper towel. Check pellet is
still in plate and not on blue paper
towel.

Put plate over fresh blue paper
towel and spin briefly upside down.
Check pellet is still inside wells.

Add 70% ethanol 150 �L per well or per tube

Incubate at −20◦C for
10 min

Spin 20 min at maxi-
mum speed

14,100 × g 1109 × g

Remove s/n Use pipette to remove
s/n taking care not to
take pellet

Place plate upside down gently over
blue paper towel. Check pellet is
still in plate and not on blue paper
towel.

Air dry pellet in desicca-
tor

Put plate over fresh blue paper
towel and spin briefly upside down.
Check pellet is still inside wells.

Dissolve pellet in 10–20 �L nuclease-free water

2. The concentrations of the different reagents recommended
for restriction digestion are listed in Table 5.3.

3. Samples should be incubated at the optimum temperature
of the restriction enzymes for at least 15 min followed by a
deactivation step at 95◦C for 10 min.

3.2.3. Fragment Size
Analysis on a DNA
Sequencer

1. The size (in base pair) of the TRF is determined by capillary
electrophoresis on a sequencer. Here we describe a method-
ology and chemistry based on Applied Biosystem Instru-
ments (ABI) sequencer. However, the principle is applicable
to sequencers from all other manufactures.
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Table 5.3
A list of the reagents used in restriction digestion in TRFLP
analysis

Reagents Supplier �L added per initial 50 �L reaction

Enzyme Promega 2

BSA (100×) Promega 0.2
10× buffer Promega 2

Sample − Ideally ∼500 ng sample − upto 15.8 �L
dH2O (autoclaved) MilliQ Upto 20 �L

2. After digestion, 1 �L of the DNA is transferred to an opti-
cal 96-well reaction plate and is mixed with 0.3 �L of LIZ-
labelled GeneScanTM-500 internal size standard and 12 �L
of Hi-DiTM (highly deionized) formamide. Again, several
different size markers (with different colour and base pair
size) are available from various suppliers.

3. After mixing with the marker, samples are denatured at 95◦C
for 5 min and then chilled on ice for 5 min.

4. The sample DNA is then loaded by injection into the cap-
illaries and the DNA fragments are separated according to
their base pair size (see Note 21).

5. Fragment analysis

Description POP 4 Unit

Oven temperature 60 oC

Poly fill volume 7300 Steps
Current stability 5 �Amps

Pre-run volt 15 kVolts
Pre-run time 180 s

Injection volt 1.6 kVolts
Injection time 15 s

Volt steps 20 nk
Volt step interval 15 s

Data delay time 750 s
Run volt 15 kVolts

Run time 2500 s

50 cm capillary. Module: FragmentAnalysis50 POP4 1. Dye
Set G5.
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(a)

(b)

Fig. 5.3. (a) A typical TRFLP profile from an environmental sample obtained when both forward and reverse primers
(with FAM and VIC respectively) are labelled. Value on X-axis represents base pair size for each fragment, which can be
used for identification of taxa. Value on Y-axis represents the fluorescent unit, which is directly proportional to relative
abundance of a particular TRF in the profile. (b) A typical TRFLP profile from a single bacterial species where only forward
primer (with NED) is labelled.
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3.2.4. Fragment Size
Data Analysis

1. We add an example of data analysis using software Gen-
eMapper (ABI, version 3.7). Please note that fragment data
analysis software varies depending on the manufacturer of
the sequencers (see Note 22). Figure 5.3 shows the out-
put data obtained for a typical soil community (Fig. 5.3a)
and for a single bacterial species (Fig. 5.3b). GeneMapper
provides a range of algorithms for data analysis. Please see
manual for the detail of algorithm approaches and their suit-
ability for different applications.

2. For TRFLP profiles obtained from complex communities
(soil and water samples), it is advisable that only peaks cor-
responding to fragments between 50 and 500 bp taken into
account as most TRFs fall in this range. This will exclude
TRFs caused by primer-dimers (see Note 23). However, if
necessary, peak size larger than 500 bp can also be obtained
using internal markers, which have a larger range (ABI pro-
vides makers upto 1000 bp long).

3. TRFLP provides semi-quantitative (relative abundance) as
well as binary data (presence and absence of TRFs). The
table obtained from the GeneMapper includes information
on number of TRFs, TRF size (in base pairs), height and
area (in fluorescence units). The relative abundance of an
individual TRF in a profile is obtained from the height
or the area of the TRF, which is directly proportional to
the TRF copy number present in the sample. The relative
abundance of a particular TRF within a profile is calcu-
lated as the peak height (or area) of that TRF divided by
the total peak height (or area) of all TRFs together in the
profile (22).

4. For community profiles, it is advisable that any TRF that
accounts for less than 0.5–1% of the total peak fluorescence
is excluded from further analysis. This approach minimizes
the effect of variations in the TRFLP profiles caused by the
quantity of DNA analysed.

4. Notes

1. We prefer to use higher volumes in PCR reactions (50 �L)
in order to have excess volumes of product if cloning is
going to be performed

2. Denaturant solutions 0% and 100% should be made at
low volumes (100 mL) in order to use them relatively
fresh for the preparation of gradient solutions. Denaturants
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solutions should be stored in the dark. In preparation of the
100% denaturant solution, urea is difficult to dissolve, and
it is recommended to gently warm the solution and use a
magnetic stirrer to facilitate dissolution.

3. The staining and the developing solutions should be pre-
pared on the day of use. In the developing solution
formaldehyde should be added first. AgNO3, NaBH4 and
formaldehyde are toxic and they should be disposed of in
appropriate waste containers.

4. GelBond PAG films facilitate safe handling of the delicate
DGGE gels. However, due to their high cost, we tend to
use them only for the production of publication quality
DGGE gels with silver nitrate staining. When the film is
attached on the glass plate, its hydrophobic side should be
facing the glass plate. Firm attachment is achieved by addi-
tion of water in the interface between glass and film. Excess
water is removed by rolling a pencil or a ruler on the surface
of the film.

5. Before the preparation of the glass-plate assembly, a thin
layer of silicon grease should be spread on both sides of the
spacer to prevent any leaks during gel casting. Excess greas-
ing might diminish the quality of the DGGE, especially at
the side lanes.

6. After APS and TEMED have been added in the gradi-
ent solutions, polymerization of acrylamide:bisacrylamide
starts immediately at room temperature. Therefore, gel
casting should be initiated as soon as possible to avoid poly-
merization of acrylamide inside the tubing. After APS and
TEMED addition and before gel casting, gradient solutions
should be kept on ice to retard acrylamide polymerization.

7. The stacker should be preferably added with a pipette or a
syringe in order to guarantee formation of nice and robust
wells.

8. The combs should be removed only after the upper buffer
reservoir of the cassette is full with buffer in order to ensure
that the wells are filled up with buffer.

9. Preferably, two lanes on both sides of the gel are left empty
since possible “smiling” effects might diminish the quality
of the fingerprints in those lanes. In the first DGGE analy-
sis of a particular set of samples, we tend to load 1 �L and
1.5–2 �L for strong and faint PCR products, respectively,
with 5 �L of loading buffer. The quality of the fingerprint-
ing obtained will be used as a guide for optimization of
the amount of DNA loaded in subsequent gels. In each gel
two or three marker lanes should be loaded. This not only
provides a control of DGGE gels inherent heterogeneity
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but also allows gel comparisons. Several people use size
standards as markers, which is rather meaningless. We have
prepared and routinely use our own standards for bacte-
rial and fungal communities. These were made by mixing
equal portions of PCR products from clones showing dif-
ferent migration.

10. The exact running time depends on the size of the prod-
uct and the resolution required. Generally, it is expected
that electrophoresis at low voltage for longer time provides
improved resolution, but in most cases the decision is based
on previous experience. The buffer flow at the upper buffer
reservoir should be maintained closed for the first 5 min
of electrophoresis in order to prevent any flushing out
of the loaded samples from the wells. The running buffer
(1× TAE) should be replaced after every three to four elec-
trophoreses.

11. For PCR products that have been stored in the freezer for
long, it would be preferable to follow an A-tailing proce-
dure in order to replace any A-overhangs that tend to fall by
prolonged storage. This short intervention would ensure
adequate ligation efficiency into your cloning vector.

12. We use sterile ddH2O instead of the elution buffer for the
elution of DNA from the spin columns. We have observed
that in this way no extra salts and buffers are introduced
in the ligation reaction with the DNA and this leads to
optimum cloning efficiencies.

13. The purity and the amount of the purified PCR product
derived from PCR cleanup should be routinely checked by
agarose gel electrophoresis. This provides a crude measure
of the amount of PCR product and facilitates the optimiza-
tion of the volume of PCR-insert, which will be used in the
ligation.

14. In our experience, pGEM produces relatively higher and
consistent cloning efficiency with relatively lower cost. On
the other hand, TOPO cloning does not involve ligation
and thus the time required for completion of cloning is
significantly less. However, it should be noted that TOPO
is slightly more expensive compared to pGEM.

15. The amount of the cloning vector used in the ligation reac-
tion is estimated based on the size and the amount of the
cloned insert and we usually aim for a 3:1 molar ratio
between insert: vector. However, in our experience devi-
ations from this ratio could provide high ligation efficiency
after empirical assessment.
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16. Overnight incubation maximizes ligation efficiency com-
pared to the 1 h incubation, which is alternatively proposed
by the pGEM-T-Easy manufacturers.

17. We have been using competent cells from different com-
panies, including DH5A (Invitrogen), XLBlue (Strata-
gen) and JM109 (Promega), with good efficiency. Rela-
tively higher transformation efficiency was evident when
SOC instead of LB is used according to manufacturers’
instruction.

18. This rapid colony-PCR procedure enables (i) the screening
of the selected clones for positive acquisition of the insert
and at the same time (ii) produces PCR products with the
GC-clamp attached, which could be directly screened in a
second DGGE round against the environmental samples
from where they are originated

19. The number of clones selected for screening depends not
only on the complexity of the microbial community but
also on the instrument availability. For complex microbial
communities we screen 40–50 clones, while in less com-
plex communities where only few bands are targeted 25–
30 bands are commonly screened. We usually load 0.5–
1 �l of the colony-PCR product in each DGGE lane. The
exact amount depends on the strength of band given by
the PCR product in the agarose gel. The amount loaded
corresponds to 10–20 ng of DNA per lane.

20. For TRFLP, several different types of fluorescent dyes are
used for primer labelling (FAM, HEX, VIC, NED, PET are
just a few examples). It is important to check the colour
filter of the sequencer optimized for each dyes individually
and in combination. Please see sequencer manual for detail.

21. Care should be taken in the amount of DNA loaded on
the capillary. It is advisable for community analysis to use
between 500 and 1000 ng of DNA for digestion in 20 �L
reaction and only 1 �L should be loaded on the DNA
sequencer. However, this concentration of DNA is also
dependent on the number of different fragments expected
in each profile. If DNA concentration is very high and
the numbers of fragments in a profile are low, then the
profile produces several artefact TRFs, a process called
capillary bleeding. Therefore, it is important that opti-
mized concentrations of DNA should be loaded on the
sequencer.

22. There is always a minor shift in position for the same TRFL
when run separately. However, most of the software pack-
ages available in the market have functions to take this into
account. Depending on the quality of data between one
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and three base pairs difference can occur when same sam-
ple is run on different sequencers. This should be taken
into account for data analysis. However, if all profiles were
generated in one run and on the same sequencer, the dif-
ference should be less than one base pair.

23. It is necessary that if two different set of samples to be
compared, the analysis method should be the same. Any
change in the analysis parameter may result in very different
profiles.
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Chapter 6

Using Terminal Restriction Fragment Length Polymorphism
(T-RFLP) Analysis to Assess Microbial Community Structure
in Compost Systems

Sonia M. Tiquia

Abstract

Terminal restriction fragment length polymorphism (T-RFLP) analysis of PCR-amplified genes is a widely
used fingerprinting technique in composting systems. This analysis is based on the restriction endonu-
clease digestion of fluorescently end-labeled PCR products. The digested product is mixed with a DNA
size standard, itself labeled with a distinct fluorescent dye, and the fragments are then separated by cap-
illary or gel electrophoresis using an automated sequencer. Upon analysis, only the terminal end-labeled
restriction fragments are detected. An electropherogram is produced, which shows a profile of compost
microbial community as a series of peaks of varying height. This technique has also been effectively used
in the exploration of complex microbial environments and in the study of bacterial, archaeal, and eukaryal
populations in natural habitats.

Key words: T-RFLP, fingerprinting technique, microbial composition, composting, PCR-based
technique, culture-independent method.

1. Introduction

Composting is a biological conversion of solid organic wastes
into stable materials such as fertilizers (1). The decomposition
of organic matter during composting is mediated by a succes-
sion of microbial communities. The initial phase of composting
process is characterized by the growth and activity of mesophilic
microbes, which in turn leads to a rapid increase in temperature.
At the next stage, the thermophilic microbes become responsi-
ble for the degradation process. The final stage, which includes
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cooling-down and maturing phases, is characterized by the devel-
opment of a new mesophilic community (2–3). The optimiza-
tion of compost quality is directly linked to the composition and
succession of microbial communities in the composting process.
Therefore, it is important to monitor the succession of microbial
communities for effective management of the composting pro-
cess.

Culture-independent methods have been recently employed
to monitor the succession of microbial communities during the
composting process. One of the most important methods for
the survey of compost microorganisms is the analysis of a clone
library (4) or, more and more promisingly, the analysis of a
metagenomic library (5). However, due to the complexity of the
compost communities and the effort required for these analy-
ses, clone libraries have been restricted to the analysis of a sin-
gle sample or a few samples. To circumvent the limitation of the
clone library approach, several PCR-based methods now exist
to allow rapid fingerprinting and monitoring of the compost-
ing process. These techniques include terminal restriction frag-
ment length polymorphism (T-RFLP) (6), denaturing gradient
length polymorphism (DGGE) (2), single-strand conformation
polymorphism (SSCP) (7), and phospholipid fatty acid analy-
sis (PLFA) (8). In recent years, T-RFLP has been widely used
for the analysis of microbial communities during composting
process (6, 9–12) due to its high throughput and phylogenetic
resolution.

Typically, T-RFLP analysis involves amplification of target
genes from whole-community DNA extracts by using specific
primer pairs, one of which is fluorescently labeled. Subsequently,
amplicons are digested with restriction enzymes (usually tetranu-
cleotide recognizing) and fragments are size-separated by elec-
trophoresis on automated sequencers, whereby only the labeled
terminal fragments (T-RFs) are detected and quantified. Indi-
vidual T-RFs can be assigned presumptively to operational taxo-
nomic units, which ideally correspond to phylogenetically related
microorganisms, based on in silico search for matching restric-
tion sites in sequences from clone libraries established in parallel
from the same sample. In general, the T-RFLP technique has been
proven to be reproducible as an accurate tool for community fin-
gerprinting (13–16) . However, since T-RFLP is based on PCR
amplification, all biases related to this technique apply (17).

2. Materials

2.1. DNA Extraction
and PCR
Amplification

1. Kit for extracting environmental DNA. We routinely use
the Power Soil DNA extraction kit (MO BIO Laborato-
ries, Inc., Carlsbad, CA) for compost samples (see Note 1).
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Alternatively, good results are obtained from Soil FASTDNA
kit or from the extraction protocols developed by Yang et al.
(18).

2. Double distilled water (ddH2O) sterilized by autoclaving or
filtering. Prepare 100 �L aliquots before sterilization and
keep at −20◦C. Discard the aliquot after use.

3. 10× PCR buffer: 500 mM KCl, 10 mM Tris−HCl, 0.1%
Triton X-100, pH 9.0

4. 50 mM MgCl2 stock solution (Invitrogen, Carlsbad, CA)
5. Stock solution of a mixture of dexoyribonucleotide triphos-

phates (dNTPs): 2 mM of each dNTP in ddH2O. Prepare
aliquots of 20 �L and store at −20◦C.

6. Taq DNA polymerase (Invitrogen, Carlsbad, CA) or other
thermostable DNA polymerase

7. Primers for the amplification of the gene of inter-
est: For instance on 16S rDNA, 8f primer (5′-AGAG
TTTGATCCTTGGCTCAG-3) and 1492r primer (GCY-
TACCTTGTTACGACTT) give good results (see Note
2). 8f primer is labeled at the 5′ end with 6-FAM (6-
carboxyfluo-rescein) fluorescent dye (Applied Biosystems,
Foster City, CA). Prepare stock solutions of primers at 20
�M and store at −20◦C.

8. Bovine serum albumin (BSA): This protein eliminates PCR
inhibitors in compost DNA samples.

9. Dimethyl sulfoxide (DMSO): Aliquot 500 �L and keep at
−20◦C.

2.2. Gel
Electrophoresis and
PCR Purification

1. TAE buffer: 40 mM Tris-acetate, 1 mM EDTA, pH 8. Pre-
pare a 50× stock solution.

2. Agarose (Sigma-Aldrich St. Louis, MO).
3. Ethidium bromide stock solution: 10 mg/mL. Store in a

dark bottle. Caution: Ethidium bromide is a mutagen, sus-
pected carcinogen, and at high concentrations is irritating
to the eyes, skin, mucous membranes, and upper respiratory
tract. Preparation of stock solutions and any operations capa-
ble of generating ethidium bromide dust or aerosols should
be conducted in a fume hood to prevent inhalation. Nitrile
gloves should be worn at all times.

4. 10× DNA-loading buffer: 70% (w/v) glycerol, 0.5% bro-
mophenol blue. Store at 4◦C.

5. DNA size marker: 100-bp or 1-kbp molecular marker (Invit-
rogen, Carlsbad, CA) for agarose gel electrophoresis.
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6. Kit for purification of PCR products from unincorporated
primers and salts. Good purification results are obtained with
Qiagen PCR purification kit (Qiagen Inc., Valencia, CA).

7. Ethanol (100%)

2.3. Restriction
Digestion and T-RFLP

1. Restriction enzymes with four-base recognition sequence
(i.e., Hha I, Msp I, Rsa I) and their specific buffers (Roche
Applied Science, Indianapolis, IN). Four base pair cutter
restriction enzymes are most appropriate as the probabil-
ity of having a restriction site within the amplicon is high.
Various restriction enzymes can be used in single-enzyme
reactions in order to determine which one yields the highest
number and most even distribution of terminal restriction
fragments (see Note 3).

2. Double-distilled water (Prepared in Section 2.2.1).
3. TAMRA 500 (Applied Biosystems, Foster City, CA) molec-

ular size marker for capillary electrophoresis.

3. Methods

3.1. DNA Extraction Numerous methods are available for extracting community DNA
from composts. It is important that the extraction procedure
works both for Gram-positive bacteria and for Gram-negative
bacteria. We employ a bead-beating technique using the Power
Soil DNA extraction kit following the manufacturer’s instruc-
tions, which briefly are as follows:

1. Transfer 0.25 g of compost sample to the PowerBead tubes
and gently vortex to mix.

2. Add 60 �L of Solution C1 (contains SDS and other dis-
ruption agents required for complete cell lysis) and invert
several times.

3. Secure PowerBead tubes horizontally using the MO BIO
Vortex Adapter tube holder for the vortex or secure tubes
horizontally on a flat-bed vortex pad with tape. Vortex at
maximum speed for 10 min.

4. Centrifuge tubes at 10,000 × g for 30 s at room tempera-
ture.

5. Transfer the supernatant to a clean 2 mL collection tube.
6. Add 250 �L of Solution C2 (contains a reagent that precip-

itate non-DNA organic and inorganic materials) and vortex
for 5 s. Incubate at 4◦C for 5 min and then centrifuge the
tubes at room temperature for 1 min at 10,000 × g.

7. Avoiding the pellet, transfer up to 600 �L of supernatant
to a clean 2 mL collection tube 7. Add 200 �L of Solution
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C3 (a second reagent to precipitate additional non-DNA
organic and inorganic material) and vortex briefly. Incubate
at 4◦C for 5 min. Centrifuge the tubes at room temperature
for 1 min at 10,000 × g.

8. Transfer up to 750 �L of supernatant to a clean 2 mL col-
lection tube.

9. Add 1.2 mL of Solution C4 (a high concentration salt solu-
tion) to the supernatant and vortex for 5 s.

10. Load the supernatant spin filter and centrifuge at
10,000 × g for 1 min at room temperature. A total of three
loads for each sample processed are required.

11. Add 500 �L of Solution C5 (an ethanol-based wash solu-
tion) and centrifuge at room temperature for 30 s at
10,000 × g . Discard the flow through from the 2 mL
collection tube. Centrifuge again at room temperature for
1 min at 10,000 × g .

12. Carefully place spin filter in a clean 2 mL collection tube.
Avoid splashing any Solution C5 onto the spin filter. Cen-
trifuge at room temperature for 30 s at 10,000 × g . Dis-
card the spin filter. The DNA in the tube is now ready for
any downstream application.

3.2. PCR
Amplification, Gel
Electrophoresis, and
Purification of PCR
Products

1. Perform PCR amplification in a total volume of 50 �L. The
PCR set up is laid out on Table 6.1. Consider preparing a
master mix solution. For instance, for 10 samples, prepare
a master mix solution for 11 reactions. Prepare a master
mix containing 394.9 �L of dH2O, 55 �L of 10× PCR

Table 6.1
PCR reaction

Components Volume Final concentration

10× PCR buffer 5 �L 1×
25 mM MgCl2 2.5 �L 2.5 mM

10 mM PCR nucleotide mix 1 �L 0.2 mM each

10 pmol forward primer 1 �L 0.2 pmol

10 pmol reverse primer 1 �L 0.2 pmol

5U/�L Taq DNA polymerase 0.50 �L 2.5 U

BSA 0.60 �L 1.2%

DMSO 1.50 �L 3%

Environmental DNA (50 ng/�L) 1 �L

Sterile dH2O To 50 �L
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buffer, 25.5 �L of 25 mM MgCl2, 11 �L of 10 mM PCR
nucleotide mix, 11 �L of each primer solution, 5.5 �L of
Taq DNA polymerase (5 U/�L), 6.6 �L BSA, and 16.5 �L
DMSO. Mix and aliquot 49 �L of master mix solution in 0.2
mL PCR tubes. Add 1 �L of template DNA (from extrac-
tion previously prepared at 50 ng/�L, see Section 3.1 ) to
each PCR tubes containing the 49 �L of master mix.

2. The above PCR protocol has been optimized in an iCy-
cler Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules,
CA). The reaction mixture, after incubation at 94◦C for
2 min, is cycled through the following temperature profiles:
94◦C for 30 s, 58◦C for 1 min, and 72◦C for 1 min for 25
cycles. Finally, the reaction mixtures are incubated at 72◦C
for 7 min.

3. Prior to the PCR product being analyzed, check 5 �L of
each amplification mixture by agarose gel (1.0% w/v) elec-
trophoresis in TAE buffer containing 1 �g/mL (w/v) of
ethidium bromide.

4. If nonspecific products are observed, then the desired prod-
uct should be purified by excising the respective part of
the gel using a gel purification system. Otherwise, the PCR
product is purified using commercial kit such as QIAquick
PCR purification kit to remove excess primers.

5. It might be necessary to pool several PCR reactions to obtain
enough products for further steps (200–300 ng of DNA
recommended per restriction digest). The amplification effi-
ciency of labeled primers tends to be lower than that of unla-
beled primers, frequently leading to lower yields. The con-
centrate DNA and the volume of the pooled PCR reactions
can be reduced to half to a fifth of the original volume using
a Speedvac or ethanol precipitation.

3.3. Restriction
Digestion of the PCR
Products

1. Once purified, the PCR products are digested with a restric-
tion enzyme. Restriction enzyme digestion of PCR prod-
uct will generate products of varying length with respect to
sequence diversity. For each digestion, 200–300 ng of puri-
fied PCR product (assuming a 50% loss during purification)
and 10–20 U of restriction enzyme should be used. The
incubation period can vary from 4 to 12 h at 37◦C to assure
complete digestion (see Note 3 ).

2. Restriction enzymes are inactivated by heating to 65◦C for
20–25 min.

3. Separate the digested products by capillary electrophoresis
on an automated sequencer. Inject 5 �L of digestion prod-
uct with 0.5 �L of molecular weight standard TAMRA-500.
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4. Run the electrophoresis as indicated by the manufacturer of
the instrument.

3.4. Desalting of
Digested PCR
Products

In capillary electrophoresis the injection of DNA samples can be
achieved by two methods. First, hydrodynamic injection requires
pressure difference over the capillary. Alternatively, electrokinetic
injection uses a combination of electrophoresis and electroendos-
mosis to inject the sample. PRISM 310 and 3100 Genetic Ana-
lyzers use the latter. The presence of ions can interfere with the
uptake of DNA using electrokinetic injection because of prefer-
ential injection of higher charge-to-mass molecules (e.g., Clīons).
Therefore, it is essential to desalt the inactivated restriction digest
with Microcon columns, Qiaquick Nucleotide Removal Kit, or
conventional ethanol precipitation. In our case, the restriction
products are diluted with water upto 500 �L, before concentra-
tion and desalinization on Microcon columns.

3.5. Analysis of
T-RFLP Profiles

The profiles generated by T-RFLP can vary in two ways. First,
there can be variation in the number and size (base pairs) of
T-RFs present in a profile. For example, profiles from day 0
(DO) compost and day 28 (D28) compost are clearly different
(Fig. 6.1). Secondly, differences can be found in the height (and
consequently the area) of any particular peak. This variation can
have a major influence in estimates of the biodiversity represented
in the numerically rarer members of the community. Such a vari-
ation is clearly seen when comparing the heights of peaks in T-
RFLP profiles from DO, D5, D12, D21, and D28 manure com-
posts. The height of each peak can provide a measure of relative
proportion of each component of a population, although biases
caused by preferential annealing of the primer of templates (19)
means that the absolute values should be treated with caution.

The second output generated from the analysis program is
numerical and consists of a table, which includes the size in base
pairs of each of the peaks (calculated by reference to the internal
standard) and the height of each peak (relative to the amount of
fluorescence detected) (Table 6.2). When analyzing any particu-
lar profile, a minimum threshold of fluorescence is first defined to
exclude background noise. The minimum peak height is normally
set at 50–100 fluorescent units (6, 11, 13, 16) (see Note 4 ). The
calculation of T-RF size after comparison with internal standard
can be estimated using the Local Southern size calling algorithm
method on the GENESCAN software.

3.6. Computer
Programs Used for
Exploratory Analysis
T-RFLP Microbial
Community
Fingerprints

The output generated from automatic sequencers is rarely suitable
for statistical analysis and for assigning detected T-RFs and their
relative abundances to appropriate ribotypes. The process of man-
ually sorting and manipulating profiles into the desired format is
tedious, time-consuming, and often influenced human error. The
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D0D0
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D21

D28

(1441=80 bp)
(1441T= 144 bp)

Fig. 6.1. T-RFLP profiles from Hha I analysis of 16S rRNA gene PCR products from DNA
isolated from manure compost at different stages of composting (D0, day 0; D5, day 5;
D12, day 12; D21, day 21; D28, day 28).

following are computer programs that are available for various
analyses of T-RFLP data:

1. RIBOSORT is a computer package used for editing of
automates T-RFLP data (20). It is designed to eliminate
the laborious task of manually classifying community fin-
gerprints in microbial ecology studies. The program auto-
matically assigns detected fragments and their respective
relative abundance to appropriate ribotypes.

2. T-RFLP FRAGSORT correlates multiple 16S rRNA gene
T-RFLP profiles with corresponding in silicoa mplification
and Digestions of Ribosomal Database Project II Align-
ments (http://www.oardc.ohio-state.edu/trflpfragsort).
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Table 6.2
Example of numerical T-RFLP output of 3′ fragments gen-
erated by Hha I digestion of 16S rRNA from PCR products
directly amplified from D0 (day 0) manure compost

Dye/sample
peaka Minutesb Sizec

Peak
heightd

Peak
areae

Data
pointf

G, 17 91.68 199.68 167 1659 3438

G, 18 93.23 203.68 127 1658 3496

G, 19 93.60 204.65 431 4517 3510

G, 20 93.97 205.62 335 3747 3524

G, 21 94.29 206.45 198 2390 3536

G, 22 94.69 207.50 108 1259 3551

G, 23 95.17 208.75 162 3086 3569

G, 24 97.47 214.80 156 1584 3655

G, 25 97.81 215.72 553 6019 3668

aG indicates green, i.e., 3′ fragments. 17–25 represents the number of each fragment
in the profile.
bTime in minute of migration of the fragment during electrophoresis before it reaches
the detector.
cSize of fragments in base pairs.
dPeak height is given as fluorescent units.
ePeak area is a function of the peak height and the relative spread of each peak.
fEach peak is assigned a data point.

3. TAP-TRFLP uses virtual digests of sequence databases to
determine predicted fragment lengths to ribosomal DNA
(21).

4. TRAMPR matches a database of eukaryotic T-RFLP pro-
files from multiple restriction digests to environmental
samples (22).

5. T-RFLP PROFILE calculates the similarity between pro-
files (https://rdp8.cme.msu.edu/cgis/trflp.cgi).

6. T-RFLP STATS has been developed for clustering T-RFLP
profiles from multiple communities (23).

7. T-ALIGN is a program that compares multiple T-RFLP
profiles to identify shared and unique components of
microbial communities and also constructs consensus pro-
files from multiple T-RFLP profiles (24); http://inismor.
ucd.ie/∼talign/index.html).

8. FRAGMATCH matches a database of eukaryotic T-RFLP
profiles from multiple restriction digests to environmental
samples (25).
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9. TRFCUT uses virtual digests of sequence databases to
determine predicted fragment lengths to functional marker
genes (26).

10. MiCA T-RFLP Analysis (APLAUS+) compares the data
from one or more T-RFLP profiles to the outcomes of
in silico analyses of sequences in the database done using
the same primers and enzymes (http://mica.ibest.uidaho.
edu/pat.php).

11. MiCA: T-RFLP Analysis (PAT+) a phylogenetic assign-
ment tool that enables investigators to quickly find pos-
sible phylogenetic assignments based on data from series
of restriction enzyme digests (http://mica.ibest.uidaho.
edu/pat.php).

12. T-RFLP PROFILE MATRIX has been developed for
clustering T-RFLP profiles from multiple communities
(https://rdp8.cme.msu.edu/cgis/trflp.cgi).

3.7. Application of
Diversity Statistics to
Describe Diversity
Patterns of T-RFLP
Profiles

Diversity of T-RFLP patterns, such as the Shannon index (Ĥ),
equitability index (J ), richness (d), and evenness (e ), can be
used as means of evaluating microbial diversity of compost sam-
ples using the formula suggested by Atlas and Bartha (27). The
T-RFLP-based diversity statistics can be calculated as follows:

Shannon index (H) = C

N
N log10 N −

∑
ni log10 ni,

where C = 2.3; N = sum of peak areas in a given T-RFLP;
ni = area of T-RF i; and i = number of T-RFs of each T-RFLP
pattern. This calculation was derived on Shannon and Weaver’s
formula based on the

Equilitability index (J ) = H

Hmax
,

where Ĥ = Shannon-diversity index and Hmax theoretical
maximal Shannon index for the T-RFLP examined, assuming that
each peak represents only one member.

Richness (d) = S − 1
logN

,

where S = number of T-RFs, N = sum of all peak areas in a
given T-RFLP pattern.

Evenness (e) = H

logS
,

where Ĥ = Shannon index, S = total number of T-RFs.
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3.8. Application of
Multivariate
Statistical Analyses
to Interpret T-RFLP
Data

T-RFLP experiments generate large data sets, and a major chal-
lenge in T-RFLP experiments is to extract meaningful informa-
tion out of the data. Too often, noise and bias from large data sets
cloud data analysis and thus hinder our ability to learn about what
basic principles control microbial community diversity and com-
position, microbial processes, and interspecies interactions (28).
The management of microbial communities for practical applica-
tions such as bioremediation and waste treatment is also impeded
by our inability to predict community dynamics and function
under different environmental conditions. The most simplistic
T-RFLP community analysis approach is to compare the presence
or absence of different peaks. Such an approach is valid; however,
it lacks the benefits of quantitative analysis. Many different statis-
tical methods have been used for analyzing T-RFLP data, such as
principal components analysis (6, 29–30), cluster analysis (6, 9–
10, 13), self-organizing maps (28), and multidimensional scaling
(31). The combination of these analyses offers a balance between
noise elimination and information retention, yielding a powerful
and yet easily interpreted method to examine community patterns
based on T-RFLP data.

4. Notes

To be useful as a biomarker in composting systems, T-RFLP data
need to be highly reproducible and must reflect compost micro-
bial community composition. Like any other method, T-RFLP
suffers from its own inherent pitfalls that need to be taken account
with. Below are the crucial steps in T-RFLP that require attention.

1. Sample preparation and DNA extraction have the poten-
tial to influence T-RFLP fingerprint of microbial commu-
nity, thus the representative sample size and DNA extrac-
tion protocol should be selected and verified carefully to
minimize the possibility of later misinterpretation of results.
In order to minimize the inherent random bias in compost
sample composition, numerous replicate samples should be
analyzed or even replicate extractions pooled. Subsequent
steps in T-RFLP analysis are highly dependent on the start-
ing DNA purity and extent of shearing. It would be worth-
while to consider a DNA extraction protocol with signif-
icantly remove contaminants that co-elute with DNA and
reduce the degree of shearing. It is needless to say that these
factors should be kept at minimum or at least constant across
various samples and replicates.

2. Primer selection and PCR conditions can be improved
to increase specificity and reduce bias during PCR. The
numbers of ribosomal, housekeeping, and other functional
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gene sequences in databases have increased exponentially,
thus enabling constant improvement in primer quality
through their evaluation using freely available tools such
as Amplicon (http://sourceforge.net/projects/amplicon),
BLAST http://www.ncbi.nlm.nih.gov/BLAST/ and Fun-
Gene (http://flyingcloud.cme.msu.edu/fungene//). Clas-
sical PCR optimization of PCR composition and thermal
cycling parameters should also not be neglected.

3. The choice of restriction enzyme to be employed should
be based on those that cut frequently (i.e., four-base cut-
ters) and produce unique patterns between operational tax-
onomic units. PCR product digestion with endonucleases
should be explored to determine which enzyme results in the
highest number of peaks detected, therefore yielding best
enzyme for each primer and PCR condition set. The use of
multiple enzymes is also suggested in order to obtain bet-
ter resolution between different communities. By choosing
the appropriate number and types of restriction endonucle-
ases, the probability that the resulting T-RF size distribu-
tions more accurately reflect the natural diversity of micro-
bial populations within a sampled community is increased.
In some instances, enzymatic digestions of PCR products
can yield incomplete digests due to various reasons such as
template purity, complexity, PCR salt interference, or traces
of PCR enhancers and additives. Longer restriction times
and higher enzyme concentration in restriction reactions of
PCR products from environmental samples (i.e., composts,
soils, sludge) are therefore suggested.

4. For the analysis of chromatogram, peaks below 50–100 units
of fluorescence are excluded because of their low level of
reproducibility. However, differences in DNA loading can
also generate slightly different profiles. For this reason, it
could be useful to standardize the DNA quantities loaded
into the capillary. There is yet, no agreed-upon method for
normalizing samples with different amounts of DNA, which
would allow easy comparison of profiles with different total
amounts of fluorescent label (32). Kaplan et al. (33) present
a method for standardizing T-RFLP patterns based on T-RF
peak area. The amount of DNA loaded onto a gel or a capil-
lary is estimated as the sum of all T-RF peak areas in a pattern
(total peak area). Dunbar et al. (34) propose a method for
standardizing T-RF patterns based on peak height. The sum
of peak height values is then standardized between samples
by proportionally decreasing the height of each peak in the
profiles until the sum of peak heights (total fluorescence) for
each profile equals the lowest value represented among the
samples.
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Chapter 7

Combination of Fluorescence In Situ Hybridization with
Staining Techniques for Cell Viability and Accumulation
of PHA and polyP in Microorganisms in Complex
Microbial Systems

Jeppe Lund Nielsen, Caroline Kragelund, and Per Halkjær Nielsen

Abstract

Fluorescence in situ hybridization (FISH) can be combined with a number of staining techniques to
reveal the relationships between the microorganisms and their function in complex microbial systems
with a single-cell resolution. In this chapter, we have focused on staining methods for intracellular stor-
age compounds (polyhydroxyalkanoates, polyphosphate) and a measure for cell viability, reduction of the
tetrazolium-based redox stain CTC. These protocols are optimized for the study of microorganisms in
waste-water treatment (activated sludge and biofilms), but they may also be used with minor modifica-
tions in many other ecosystems.

Key words: FISH, ecophysiology, polyhydroxyalkanoate, polyphosphate, Neisser, CTC, tetra-
zolium, respiratory activity, intracellular storage.

1. Introduction

Microorganisms in mixed communities can be visualized, iden-
tified and quantified at single-cell level by fluorescence in situ
hybridization (FISH) using fluorescently labelled oligonucleotide
probes targeting the ribosomal RNA. Importantly, FISH can
also be combined with a number of other staining techniques
to understand the relationships between the microorganisms and
their function while still maintaining a single-cell resolution. Dur-
ing the past 10 years, a range of such methods has been developed
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Table 7.1
Overview of methods used for single-cell level ecophysiological characterization
in mixed microbial ecosystems. All methods are combined with FISH

Information Method References

Uptake of substrates under defined
conditions

Microautoradiography (MAR)
Quantitative MAR (Q-MAR)
Heterotrophic CO2 assimilation

(HetCO2-MAR)

(1)
(5)
(6)

Uptake of substrates under defined
conditions

NanoSIMS (7, 9)

Uptake of substrates under defined
conditions

Surface structures
microRaman

(8, 10)

Storage compounds (PHA, lipids) Sudan Black
Nile Blue

(15, 16)
(17, 18)

Storage compounds
(S-compounds)
(Poly-P)

Thiosulphate
Neisser, DAPI

(23)
(14)

Cell respiratory activity/viability Reduction of CTC (11, 13, 12)

Exoenzyme expression to aid sub-
strate uptake

ELF
BODIPY

(30, 31)
(32, 33)

Surface properties Degree of hydrophobicity
Presence of proteinaceous amyloidal

fibrils

(34, 35, 36)
(37, 38)

(Table 7.1) and applied in various ecosystems, although primarily
related to biological wastewater treatment.

In particular, the combination of FISH with microautoradio-
graphy (MAR) has been widely used to reveal important physio-
logical traits of uncultured microorganisms (1,2). This is a power-
ful technique to study the direct uptake of radiolabelled substrates
under defined incubation conditions, enabling the link between
physiological capability and identity (1, 3, 4). Variations of the
MAR protocol such as quantitative MAR and HetCO2-MAR
allow for quantification of substrate uptake and more detailed
physiological investigations (5, 6). New combinations along the
same lines are NanoSIMS-FISH and microRaman-FISH, which
basically offer similar type of information, but with increased res-
olution and information on the fate of the transformed com-
pounds, and by using non-radioactive substrates (7 – 10).

However, several other FISH combinations do not require
expensive and specialized equipment and can answer important
questions related to microbial activity in mixed communities.
FISH combined with the redox dye CTC (5-cyano-2,3-ditolyl
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tetrazolium chloride) has been used to show respiratory activity
in individual cells (11, 12) through reduction of CTC by the res-
piratory electron transport chain into insoluble, fluorescent for-
mazan crystals (CTF), which precipitates inside the cells (11).
The method is regarded as a good estimator for cell viability,
rather than cell activity. However, CTC does not penetrate all
bacteria, e.g. some filamentous Alphaproteobacteria (Kragelund,
unpublished results), and will, in activated sludge and perhaps
also in other ecosystems, underestimate the true number of viable
cells (12, 13). However, a positive signal is always considered
to indicate a viable cell, so the method can be used to estimate
the minimum number of viable cells and to investigate whether
probe-defined cells are viable.

The presence of storage compounds such as polyhydroxyalka-
noates (PHA) or other lipid storage compounds (14) in cells can
be visualized by combining staining (Sudan Black (15, 16) or Nile
Blue (17, 18, 19)) with FISH. These storage compounds may
be important under feast-famine conditions often encountered
in many ecosystems, since the storage material can be utilized as
energy and/or reserves of carbon during periods of unbalanced
growth due to unfavourable conditions (20). Signal intensities are
proportional to the amount of material and can thus provide the
basis for a quantitative method at single-cell level through image
analysis (17, 18, 19). PHA determined by Nile Blue also stains
waxes and fats besides PHA present in cells (21).

Intracellular polyphosphate (polyP) inclusions can be
detected by Neisser or DAPI (4′-6-diamidino-2-phenylindole)
staining (15, 16, 22). Intracellular elemental sulphur granules
can be visualized by phase contrast microscopy (23). DAPI can
also be used for the detection of lipid granules. It is possible
to distinguish between lipids and polyP, as the signal from lipids
fades quickly as opposed to the signal from polyP, which appears
strongly yellow. Both stains have successfully been combined with
FISH (15, 16, 24), although combinations with DAPI can give
high background intensities (16, 24). Lowering the DAPI con-
centration and staining for longer time can reduce this back-
ground signal.

In this chapter, we have concentrated on the methods and
protocols that have been optimized and extensively applied for
the study of ecophysiology of microorganisms in wastewater treat-
ment (activated sludge and biofilms), but they may also be used
with minor modifications in many other ecosystems. We have
recently described in detail the MAR-FISH protocol, so these are
not included here and can be found elsewhere (4). Very detailed
protocols of FISH are available elsewhere (25, 26), but a brief
description has been included here. The combinations of the
various staining techniques with FISH described in the follow-
ing methods are best performed by following a standard FISH
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procedure, see Section 3.1. The more sensitive CARD-FISH pro-
cedure can generally also be applicable, but will not be described
in this chapter. For detailed protocols on CARD-FISH see (27)
and Pernthaler.The chapter focuses on the use of FISH combined
with staining for respiratory activities, storage products such as
PHA and polyphosphate. The combination of FISH with other
stains for extracellular enzymes and surface properties can be
found in Chapter 8.

1.1. Combining FISH
with Other Stainings

When combining FISH with other staining techniques, it must
be carefully considered which of the two techniques should be
carried out first. The FISH procedure treatment (fixation, dehy-
dration with ethanol, high salt concentrations, heating, rinsing,
etc.) will often result in the subsequent staining technique acting
on chemically altered microorganisms. On the other hand, per-
forming the staining technique prior to the FISH will often cause
bleaching or degeneration of the staining signal during the FISH
procedure.

Limitations of traditional bandpass filters to distinguish two
or more fluorophores with only slightly different (or even highly
overlapping) emission spectra or crosstalk between emissions can
be solved by a technique called emission fingerprinting. With this
technique, the fluorescent signal is split into its spectral compo-
nents, which can then be collected by a multichannel detector.
This allows a comparison and separation of the spectral emission
profiles of each fluorochrome present in the sample, and it is then
possible to use dyes in combinations that are normally impossible
to separate (28). Equipment for such separation of the fluores-
cence components is only available for certain microscopes (e.g.
LSM 710/510 META, Carl Zeiss), and their use will not be fur-
ther described in this chapter.

One very effective way to combine fluorescent staining and
still be able to overcome the effects of spectral overlapping or
signal bleaching through the use of chemicals necessary for FISH
is by the application of relocation. An automatic stage controller
on the microscope can usually relocate the stored position within
an accuracy of 1 �m, and even after physical removal of the slide
from the stage. It becomes possible to record the image and its
position on the slide after the initial FISH or staining procedure,
then remove the slide to perform the second technique followed
by relocation and recording of the second image. If the proper
control is exerted to avoid overlap of signals, this will provide
a powerful approach to perform two or more different staining
techniques on the same sample simultaneously. Manual relocation
can also be performed, but requires a great deal of patience.

Typically, the combinations of fluorescent staining techniques
with FISH consist of the following steps:
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• Incubation of biological sample with (fluorescent) substrate
(e.g. CTC), staining with the fluorescent dye (e.g. PHA)

• Microscopic evaluation of the obtained results (positions of
interest are marked using stage controller)

• FISH procedure (fixation, hybridization and washing)
• Microscopic evaluation of the FISH (after relocation of the

point of interest)
• Comparison of fluorescent signals by the staining/substrate

and the FISH data by image analysis

2. Materials

2.1. Fluorescence In
Situ Hybridization
(FISH)

1. Containers for dehydration of slides in 50, 80 and 96%
ethanol

2. Slides or cover glass (gelatine or poly-L-lysine coated)
3. 50 mL Falcon tubes
4. Antifading mountant (e.g. CitiFLUOR R©, Vectrashield R© or

mixtures thereof)

2.2. Materials
(PHA-FISH)

1. Nile Blue (1% aqueous solution)
2. Acetic acid (8% aqueous solution)
3. Coplin jar
4. Microscope slides (coated with gelatine or poly-L-lysine).

2.3. Materials
(Neisser Staining and
DAPI Combined with
FISH)

1. Solution A: 0.1 g methylene blue, 5 mL 95% ethanol, 5 mL
glacial acetic acid, 100 mL dH2O.

2. Solution B: 3.3 mL crystal violet (10 % w/v in 95% ethanol),
6.7 mL 95% ethanol, 100 mL dH2O.

3. Solution 1: Mix two parts by volume of solution A with one
part of solution B.

4. Solution 2: 33.3 mL bismark brown (1% aqueous), 66.7 mL
dH2O.

5. Microscope slides (gelatine coated, see procedure in Section
3.1).

6. Coplin jars.
7. DAPI (4′,6-diamidino-2-phenylindole dihydrochloride)

solution (1 �g/L).

2.4. Materials
(CTC-FISH)

1. 50 mM CTC aqueous solution (Polyscience Inc.).
2. Rotary shaker.
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3. Method

3.1. Procedure for
Gelatine Coating of
Microscopic Glass
Slides

1. Place the slides in a beaker containing preheated (60◦C) 1 M
HCl solution. Let the slides stand for at least 8 h. After cool-
ing, rinse the slides carefully in dH2O. Rinse the slides in
95% ethanol and let air-dry.

2. Rinse the slides (either normal glass slides or Teflon-coated
slides) in 70% ethanol, let air-dry, dip in 0.5% gelatine solu-
tion for 5 min at 70◦C.

3. Remove the slides and let them air-dry in vertical position in
a dust-free environment.

3.2. Fluorescence In
Situ Hybridization
(FISH)

1. Immobilized biofilm or activated sludge on gelatine-coated
slides or cover glass is fixed by dipping in 4% paraformalde-
hyde at 4◦C (Gram-negative cells) or 50% ethanol (Gram-
positive bacteria) for 3 h.

2. Wash by dipping the slide in dH2O.
3. Let the slide air-dry.
4. Dehydrate for 2 min each in 50, 80 and 96% ethanol.
5. Let the slide air-dry.
6. 2 mL of hybridization buffer with the proper stringency

(salt, formamide) for the applied oligonucleotide probe are
prepared according to Table 7.2. If probes have been opti-
mized to work at different temperature, see Note 1.

Table 7.2
Hybridization buffer composition

Reagent Amount Final Concentration

5 M NaCl 360 �L 0.9 M

1 M Tris–HCl, pH 8.0 40 �L 20 mM
Formamide 0–1600 �L1 0–80%1

Distilled H2O Add to 2 mL
10% SDS 2 �L 0.01%

1Depending on the Td of the probes used, see Note 3.

7. 8 �L of hybridization buffer is transferred onto the slide
within a small area (prepare one slide at a time to avoid
evaporation of hybridization buffer and thus changed strin-
gency).

8. Add 1 �L of each gene probe (probe concentration
50 ng/�L) and mix carefully (avoid contact with the sam-
ple) with the hybridization buffer. If more gene probes
are added on the same slide, the order is not important
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−1 �L of each of the probes is added to the well. Equimo-
lar concentrations of each competitor probe are added if
needed. If probes optimized for different formamide con-
centrations are required on the same slide, they must be
applied in a double hybridization (see Note 2).

9. Place the slide horizontally in a moisture chamber (50 mL
Falcon R© tube with ca. 1.5 mL hybridization and a piece of
paper tissue). The slide is hybridized in an oven (46◦C) for
at least 1.5 h; longer incubations will increase hybridization
to less accessible regions of the ribosome (see Note 3).

10. During hybridization the washing buffer is prepared in a
50 mL polyethylene tube (formamide is replaced by NaCl,
according to Table 7.3). The washing buffer is preheated
in a 48◦C water bath.

Table 7.3
Washing buffer composition

Formamide
(%)

1 M Tris/HCl
pH 8.0 (�L)

10% SDS
(�L)

5 M NaCl
(�L)

0.5 M EDTA
(�L)

0 1000 50 9000 0

5 1000 50 6300 0
10 1000 50 4500 0

15 1000 50 3180 0
20 1000 50 2150 500

25 1000 50 1490 500
30 1000 50 1020 500

35 1000 50 700 500
40 1000 50 460 500

45 1000 50 300 500
50 1000 50 180 500

55 1000 50 100 500

The slides are gently rinsed by pouring a few milliliter of
preheated washing buffer over the sample.

11. Each slide is transferred to a 50 mL polyethylene tube with
the remaining preheated washing buffer, and incubated for
15 min at 48◦C (water bath).

12. The slides are removed from the washing buffer and dipped
in ice-cold dH2O.

13. The slides are dried on the bench. The slides must be com-
pletely dry before continuing to the next step. Samples can
be stored at −20◦C at this point.
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14. DAPI is added after FISH to a final concentration of
1 �g/mL where it stains for 15 min in the dark. Rinse with
plenty of distilled water, and let the slide air-dry. If DAPI
was added prior to FISH, see Note 4.

3.3. PHA-FISH 1. Dilute freshly collected activated sludge or biofilm (approx-
imately 3 g dry weight/L) 1:4 with dH2O, and transfer
20 �L to a gelatine-coated microscope slide. If sample
homogenization is required, please see Note 5.

2. Let the slide air-dry.
3. Stain the sample by dipping the slide into a Coplin jar with

55◦C warm 1% aqueous solution of Nile Blue for 10 min.
4. Remove the excess stain by carefully rinsing with dH2O

(room temperature).
5. Wash the stained cells for 1 min in 8% acetic acid (room

temperature).
6. Remove the excess acetic acid by carefully rinsing with

dH2O (room temperature).
7. Let the slide air-dry.
8. Add a drop of dH2O to the slide and evaluate it on an

Epifluorescence microscope, using the appropriate filters
(excitation wavelength 543 nm). A positive PHA stain-
ing will show clearly fluorescent PHA granules inside the
cell. A positive signal should be clearly visible and easily
distinguished from a negative signal using identical settings
under the image acquisition.

9. Record any field of interest with a CCD camera or laser
scanning microscope and store the coordinates for the field
of interest on the microscope stage.

10. Remove the slide from the stage and let the slide air-dry.
11. Fix the sample directly on the slide. Different fixation pro-

cedures are followed depending on target of FISH probes
applied (see Note 6).

12. For increased permeability of oligonucleotide probes, see
Note 7.

13. Let the slide air-dry.
14. FISH is carried out as described in Section 3.1. For clear

differentiation of the fluorescence signals from the PHA
staining and FISH, only oligonucleotide probes labelled
with a strong fluorochrome clearly distinguishable from the
PHA emission spectra (such as the FLUOS, Cy5 or some
of the Alexa dyes) should be used.

15. Relocate the co-ordinates where the PHA images were
acquired on the microscope stage, and evaluate the FISH
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signal. Make sure the amended FISH probes have been
hybridized in this field of view. Record the image to be
combined with the images of the PHA stain.

It is also possible to carry out the PHA staining on ethanol or
PFA fixed samples. In that case the fixed samples are immobilized
and stained as described above, except step 11 is excluded.

For quantification of the amount of PHA content inside bac-
teria, see Note 8.

3.4. FISH and
polyP-Staining

3.4.1. FISH Combined
with Neisser Staining
(polyP-Staining)

1. Dilute freshly collected activated sludge or biofilm (approx-
imately 3 g dry weight/L) 1:4 with dH2O and transfer
20 �L to a gelatine-coated microscope slide. If sample
homogenization is required, see Note 5.

2. Let the slide air-dry.
3. Perform FISH according to Section 3.1
4. Record any field of interest with a CCD camera or laser scan-

ning microscope and store co-ordinates for the field of inter-
est on the microscope stage.

5. Remove the slide from the stage and wash away the moun-
tant by gently rinsing the slide with 70% ethanol. Let the
slide air-dry.

6. Place the slide in solution 1 for 30 s in a Coplin jar. Rinse for
2 s with dH2O.

7. Place the slide in solution 2 for 60 s in a Coplin jar. Rinse
with water and dry carefully with tissue paper.

8. Examine the sample under microscope with 1000× magni-
fication using oil immersions.

9. Relocate the co-ordinates where the FISH images were
acquired on the microscope stage and evaluate the Neisser
staining. Make sure the amended FISH probes have been
hybridized in this field of view by including a specific as
well as a general probe (e.g. group specific or the EUB mix
probes). Record images to be combined with FISH images.

3.4.2. DAPI Combined
with FISH
(polyP-Staining)

1. Dilute freshly collected activated sludge or biofilm (approx-
imately 3 g dry weight/L) 1:4 with dH2O and transfer
20 �L to a gelatine-coated microscope slide. If sample
homogenization is required, see Note 5.

2. Let the slide air-dry.
3. Fix the sample directly on the slide. Different fixation

procedures are followed depending on the target of
FISH probes applied (see Note 6). Samples fixed by 4%
paraformaldehyde followed by thorough rinsing in dH2O
and air-dried can be stored at this point at −20◦C for
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several months without significant loss of signal. Avoid
ethanol, as this will dissolve the precipitate.

4. For increased permeability of oligonucleotide probes, see
Note 7.

5. Let the slide air-dry.
6. FISH is carried out as described in Section 3.1.
7. Add approximately 10 �L of DAPI solution for up to 1 h

and incubate in the dark.
8. Wash the slide with dH2O.
9. Let the slide air-dry.

10. Mount the slide with an antifading agent (e.g. Citifluor)
and examine under epifluorescence microscope. It is possi-
ble to record both FISH signal and DAPI signal simultane-
ously.

3.5. CTC-FISH 1. Dilute freshly collected activated sludge or biofilm (approx-
imately 3 g dry weight/L) 1:4 with dH2O. Transfer 2 mL
to an incubation vial.

2. Add 10 �L CTC and incubate for 1 h on a rotary shaker.
3. Transfer 20 �L to a gelatine-coated microscope slide. If

sample homogenization is required, Please see Note 5.
4. Examine the slide while it dries using an inverted fluores-

cence microscope.
5. Record any field of interest with a CCD camera or the laser

scanning microscope and store co-ordinates for the field of
interest on the microscope stage.

6. Remove the slide from the stage and let the slide air-dry
completely.

7. Fix the sample directly on the slide. Different fixation pro-
cedures are followed depending on the target of FISH
probes applied (see Note 6).

8. For increased permeability of oligonucleotide probes, see
Note 7.

9. Let the slide air-dry.
10. FISH is carried out as described in Section 3.1.
11. Relocate the co-ordinates where the CTC images were

acquired on the microscope stage and evaluate the FISH
hybridization. Make sure the amended FISH probes have
been hybridized in this field of view by including a spe-
cific as well as a general probe (e.g. group-specific or the
EUB mix probes). Record images to be combined with
CTC images.
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4. Notes

1. Hybridizations are typically designed to occur at 46◦C, but
can be carried out at other temperatures by changing the
matching formamide concentration according to the rela-
tion: 1% Formamide = 0.65◦C.

2. Probes with different Td (requiring different formamide
concentrations) cannot be applied together, and must
be applied in a double hybridization with two subse-
quent hybridizations starting with the highest formamide
concentration.

3. Increased hybridization to less accessible regions of the ribo-
some has been shown to occur upon hybridization for up to
72 h (29).

4. DAPI added prior to the FISH procedure will fade, and
combinations of FISH with DAPI staining should thus be
performed after FISH.

5. The sample is smeared to cover an area of approximately
2 cm2 using the side of a pipette tip. The sample can option-
ally be gently homogenized by a tissue grinder for 45 s prior
to the immobilization for increased visibility of individual
cells.

6. Fix the sample directly on the slide by adding 500 �L freshly
prepared 4% paraformaldehyde (for Gram-negative cells) for
1–2 h or by dipping in a beaker with 50% ethanol (for Gram-
positive cells) for at least 3 h.

7. For increased permeability of oligonucleotide probes, slides
for Gram-negative cells should be further treated by washing
in 50% ethanol for 2–4 h. For permeabilization of certain
Gram-positive microorganisms, enzyme treatment must be
applied at this point.

8. It is possible to quantify the amount of PHA present
inside FISH-positive cells. Quantification of PHA formed
inside bacteria (e.g. filamentous bacteria or single cells)
after incubation under defined conditions can be mea-
sured using image analysis software such as ImageJ, an
image-processing package that is available as freeware
(http://rsb.info.nih.gov/ij/). After incubation with sub-
strates under defined conditions, the sample should be fixed
for FISH and appropriate FISH probes applied. The FISH-
positive bacteria of interest are recorded, and the position
marked by a stage controller. Afterwards, the sample is
stained with Nile Blue and the previous FISH-positive bac-
teria are relocated and PHA content recorded. For quan-
tification of Nile Blue, a number of images are recorded
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(approximately 30 images, depending on standard devi-
ation) and analysed. Segments of individual filaments or
microcolonies are selected and analysed by recording the
maximum intensity in each perpendicular line to the fila-
ment/microcolony image. An average intensity can then be
calculated (based on minimum 100 cells) for each incu-
bation. A number of images must be examined for each
substrate incubation, and average fluorescence intensity and
standard deviations can then be calculated. Statistical eval-
uations must be applied to find significant PHA formation
from substrate addition, compared to the indigenous PHA
content in the cells on a relative scale. We have not seen
any studies which include a quantification of the absolute
amount of PHA using this method, although it potentially
is possible with proper standards.
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Chapter 8

Ecophysiological Analysis of Microorganisms in Complex
Microbial Systems by Combination of Fluorescence In Situ
Hybridization with Extracellular Staining Techniques

Jeppe Lund Nielsen, Caroline Kragelund, and Per Halkjær Nielsen

Abstract

Ecophysiological analysis and functions of single cells in complex microbial systems can be examined
by simple combinations of Fluorescence in situ hybridization (FISH) for identification with various
staining techniques targeting functional phenotypes. In this chapter, we describe methods and proto-
cols optimized for the study of extracellular enzymes, surface hydrophobicity and specific surface struc-
tures. Although primarily applied to the study of microbes in wastewater treatment (activated sludge and
biofilms), the methods may also be used with minor modifications in several other ecosystems.

Key words: FISH, ecophysiology, extracellular enzymatic activity, enzyme-labelled fluorescence,
BODIPY, microsphere adhesion to cells, antibodies, cell surface hydrophobicity.

1. Introduction

Microorganisms in mixed communities can be visualized, iden-
tified and quantified at single-cell level by fluorescence in situ
hybridization (FISH) using fluorescently labelled oligonucleotide
probes targeting the ribosomal RNA. Importantly, FISH can
also be combined with a number of other staining techniques
to understand the relationships between the microorganisms and
their function while still maintaining a single-cell resolution.

Enzyme-labelled Fluorescence combined with FISH (ELF-
FISH) is a powerful technique for identifying cells with cer-
tain types of exoenzymatic activity, such as lipase (1, 2) or
phosphatase activity (3, 4). The mechanism behind the ELF
approach lies within a substrate linked to a fluorescent and
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a quenching molecule. Upon degradation of the substrate,
the quenching will cease and the fluorescent substrate or
degradation products, thereof, will then precipitate near the
site of action. Six ELF-labelled substrates are commercially
available (for enzymatic detection of phosphatase, chitinase,
�-glucuronidase, �-galactosidase, esterase and lipase activi-
ties).

BODIPY-FISH is also a powerful technique for the detection
of certain types of exoenzymatic activity, such as protease activity,
exemplified by BODIPY labelled casein or bovine serum albu-
min (BSA) (5, 6). Other BODIPY substrates exist, for example,
BODIPY starch and BODIPY cellulose. The mechanism of the
BODIPY technique is based on a heavy labelling of the substrate
(exemplified by casein in the described method below), but due
to the folding of the protein the conjugate fluorescence is almost
totally quenched. Upon protease activity, the protein is cleaved
and the quenching decreases. A part, but not all of the cleaved
peptides, will subsequently precipitate near the protease site.

Cell surface structures and properties can be visualized by var-
ious methods. Bacterial cell surface hydrophobicity is an impor-
tant factor that influences bacterial adhesion to surfaces (e.g.
(7 – 9)). The surface hydrophobicity can be qualitatively detected
by microsphere adhesion to cells (MAC) analysis, which is based
on microscopic enumeration fluorescent microspheres with a
hydrophobic surface attaching to the bacterial surface (2, 7 – 9).
Combinations of MAC with FISH will thus enable identification
of the cells producing hydrophobic cell surfaces (4, 10).

Presence of specific components on the cell surface, such as
proteinaceous amyloidal fibrils, can be detected with appropri-
ate antibodies (11, 12). By applying a range of oligonucleotide
probes targeting different phylogenetic groups, it is possible after
antibody labelling to identify the antibody-positive cells. Unspe-
cific binding of the antibody can be minimized by blocking of
unspecific sites with, for example, gelatine. The protocol has been
tested with conformational antibodies for detection of amyloidic
fibrils, but should be applicable with most types of antibodies
(11, 12).

In this chapter, we have concentrated on the methods and
protocols that have been optimized and extensively applied for
the study of ecophysiology of microorganisms in wastewater
treatment (activated sludge and biofilms), but they may also be
used with minor modifications in many other ecosystems. We
have focused on the use of FISH combined with staining for
exoenzymes (ELF, BODIPY), and surface properties and com-
ponents (MAC and antibodies). The use of FISH combined with
stains for respiratory activities and storage products such as PHA
and polyphosphate can be found in Chapter 7.
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1.1. Combining FISH
with Other Stainings

When combining FISH with other staining techniques, it must be
carefully considered which of the two techniques should be car-
ried out first. The FISH procedure treatment (fixation, dehydra-
tion with ethanol, high salt concentrations, heating, rinsing, etc.)
will chemically alter the microorganisms and thereby change the
conditions for the subsequent staining technique. On the other
hand, performing the staining technique prior to the FISH will
often cause bleaching or degeneration of the staining signal dur-
ing the FISH procedure.

Limitations of traditional bandpass filters to distinguish two
or more fluorophores with only slightly different (or even highly
overlapping) emission spectra or crosstalk between emissions can
be solved by a technique called emission fingerprinting. With this
technique, the fluorescent signal is split into its spectral compo-
nents, which can then be collected by a multichannel detector.
This allows a comparison and separation of the spectral emission
profiles of each fluorochrome present in the sample, and it is then
possible to use dyes in combinations that are normally impossible
to separate (13). Equipment for such separation of the fluores-
cence components is only available for certain microscopes (e.g.
LSM 710/510 META, Carl Zeiss), and their use will not be fur-
ther described in this chapter.

One very effective way to combine fluorescent staining and
still be able to overcome the effects of spectral overlapping or sig-
nal bleaching through the use of chemicals necessary for FISH is
by the application of relocation. An automatic stage controller on
the microscope can usually relocate the stored position with a pre-
cision of 1 �m, even after physical removal of the slide from the
stage. It becomes possible to generate two images by recording
the position after the initial FISH or staining and then removing
the slide to perform the second technique followed by relocating
and recording the second image. If the proper control is exerted
to avoid overlap of signals, this will provide a powerful approach
to perform two or more different staining techniques on the same
sample simultaneously. Manual relocation can also be performed,
but requires a great deal of patience.

Typically, the combinations of fluorescent staining techniques
with FISH consist of the following steps:

• Incubation of biological sample with (fluorescent) sub-
strate/marker

• Microscopic evaluation of the result obtained (positions of
interest are marked using stage controller)

• FISH procedure (fixation, hybridization and washing)
• Microscopic evaluation of the FISH (after relocation of the

point of interest)
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• Comparison of fluorescent signals by the stain-
ing/substrate/marker and the FISH data by image
analysis

2. Materials

2.1. Fluorescence In
Situ Hybridization
(FISH)

1. Containers for dehydration of slides in 50%, 80% and 96%
ethanol

2. Slides or cover glass (gelatine or poly-L-lysine coated)
3. 50 mL Falcon tubes
4. Antifading mountant (e.g. CitiFLUOR R©, Vectrashield R© or

mixtures hereof)

2.2. ELF-FISH 1. ELF R©97-labelled substrate (esterase, lipase, chitinase,
galactosidase, glucuronidase and phosphatase) or
ELF R©97 phosphatase substrate (5 mM 2-(5′-chloro-2-
phosphoryloxyphenyl)-6-chloro-4(3H)-quinazolinone)
containing 2 mM sodium azide (Molecular Probes, Eugene,
OR, USA)

2. Detection buffer (composition not available from supplier)
(Molecular Probes, Eugene, OR, USA)

3. Microscope slides (gelatine-coated slide, see below)
4. Epifluorescence microscope (or laser scanning microscope)

2.3. BODIPY-FISH 1. BODIPY FL casein (or similar BODIPY FL substrate)
(EnzChek R© Protease Assay Kit; Molecular Probes)

2. Distilled water (dH2O)
3. Tris buffer (10 mM Tris/HCl, pH 7.8)
4. Epifluorescence or laser scanning microscope with filters

matching the emission and excitation wavelengths of the
BODIPY fluorochrome

5. Microscope slides (gelatine-coated, see procedure above)
6. Aluminium paper
7. Antifading mountant (e.g. CitiFLUOR, Citifluor Ltd., Lon-

don, UK)
8. Paraformaldehyde (4%) (in phosphate-buffered saline, pH

7.0)
9. Inhibitors: 50 mM sodium fluoroacetate (Sigma-Aldrich

Logistik, Gmbh, Germany), 100 mM sodium azide
(Sigma-Aldrich Logistik, Gmbh, Germany), 100 mM
sodium iodoacetate (Merck KGaA, Darmstadt, Germany).
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2.4. MAC-FISH 1. Fluorescent polystyrene microspheres, FluoSpheres (diam-
eter 0.1 or 0.01 �m, with a modified surface (sulphate-
modified for hydrophobic, or carboxylate-modified for
hydrophilic) (Molecular Probes, Eugene, OR, USA). We
recommend yellow green (505/515) sulphate-modified
beads with a diameter of 0.01 �m.

2. Sonicator
3. Inverted epifluorescence microscope

2.5. Antibodies
(Ab)-FISH

1. Tissue grinder (Thomas Scientifics R©, USA)
2. Phosphate-buffered saline (PBS)
3. 2% gelatine
4. 10% Tween 20
5. 10% Triton X-100

3. Method

3.1. Procedure for
Gelatine Coating of
Microscopic Glass
Slides

1. Place the slides in a beaker containing preheated (60◦C) 1 M
HCl solution. Let the slides stand for at least 8 h. After cool-
ing, rinse the slides carefully in dH2O. Rinse the slides in
95% ethanol and let air-dry.

2. Rinse the slides (either normal glass slides or Teflon-coated
slides) in 70% ethanol, let air-dry, dip in 0.5% gelatine solu-
tion for 5 min at 70◦C.

3. Remove the slides and let them air-dry in vertical position in
a dust-free environment.

3.2. Fluorescence In
Situ Hybridization
(FISH)

Please see Chapter 7 for details.

3.3. ELF-FISH 1. 100 �L of fresh biomass (suspension of activated
sludge/biofilm) is mixed with 0.5 �L 5 mM ELF R©97
phosphatase substrate (or ELF R©97acetate, ELF R©97 �-D -
glucuronide or ELF R©97 NAG), for all other exoenzyme
2�l 10mM is used (see Note 1 for the corresponding
exoenzyme).

2. Prepare a negative control with pasteurized biomass
(10 min at 80◦C, performed just prior to the incubation,
to avoid activity from sporulated organisms).

3. Incubate in the dark at room temperature for at least
60 min (incubation may be extended for several hours
depending on the activity in sample).
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4. The phosphatase reaction can be stopped by the reaction
by addition of 100 �L PBS including 25 mM EDTA and
5 mM levamisol (pH 8.0) (optional).

5. Transfer 15 �L of the reaction mixture onto a gelatine-
coated microscope slide, and smear the sample using the
side of the pipette tip. Let the slide air-dry.

6. Add a drop of dH2O and evaluate the slide on an epi-
fluorescence microscope using the proper filters (Ex/Em
of ELF product: 345/530 nm, and can thus be visualized
by a normal DAPI long-pass filter). A positive ELF-signal
viewed with a LP-DAPI filter should emit an intensely
fluorescent yellow-green precipitate at the site of enzy-
matic activity, while soluble ELF R©substrates fluoresce only
weakly in the blue range.

7. Record any field of interest with a CCD camera or laser
scanning microscope and store the co-ordinates for the
field of interest on the microscope stage.

8. Remove the slide from the stage, and let the slide air-dry.
9. Fix the sample directly on the slide. Different fixation

protocols are followed depending on the target of FISH
probes applied (see Note 2). Samples are fixed by 4%
paraformaldehyde followed by thorough rinsing in dH2O
and air-dried, and can be stored at this point at −20◦C
for several months without significant loss of signal. Avoid
ethanol as this will dissolve the precipitate.

10. For increased permeability of oligonucleotide probes, see
Note 3.

11. Let the slide air-dry.
12. FISH is carried out as described in Chapter 7, Section 3.1.

For clear differentiation of the fluorescence signals from the
ELF and FISH, oligonucleotide probes labelled with the
cyanine dye Cy3 (or similar) should be used.

13. Relocate the same position where the ELF images were
taken on the microscope stage, and evaluate the FISH
signal. Make sure the amended FISH probes have been
hybridized in this field of view. Record images to be com-
bined with the images of the ELF stain.

14. Compare the fluorescence signal of the positive signal on
the sample with the negative control.

The protocol for lipase and �-D-galactosidase vary slightly
from the protocol described above due to the substrates’ low sol-
ubility in water. Thus, before the incubation, the biomass sample
(e.g. activated sludge) must be dissolved in DMF and methanol.

The alterations for these two substrates to the protocol above
are:

1. 100 �L activated sludge is centrifuged (4500×g for 8 min,
room temperature).
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2. The pellet is resuspended in 100 �L DMF and 2 �L 10 mM
ELF R©97 palmitate is added (for the lipase assay), or it is
resuspended in 100 �L 10 mM methanol with 2 �L 10 mM
ELF R©97 �-D-galactopyranoside (for the �-D-galactosidase
assay).

3. Mix carefully.
4. Incubate in the dark for 60 min or more at room tempera-

ture.
5. Continue with step 5 in the protocol above for the ELF R©97

phosphatase assay.

3.4. BODIPY-FISH 1. 400 �L freshly collected activated sludge (approximately
3 g/L dry weight) are centrifuged (4500 × g for 8 min,
room temperature).

2. The volume of supernatant is replaced by Tris/HCl buffer
(10 mM, pH 7.8) and the pellet resuspended.

3. Inhibitors can be added at this point if necessary. Add
2 mM iodoacetate, 2 mM azide and 1 mM fluoracetate to
block certain types of metabolism to prevent soluble fluo-
rescent substrate to be taken up by the cells.

4. BODIPY FL casein is added to the sludge (final amount
10–50 mg/g dry weight), depending on the characteristics
of the sludge. Final volume ca. 600 �L. Mix carefully.

5. The incubation bottle must be wrapped in aluminium
paper to exclude light.

6. Incubate the bottle on a rotary shaker (150–200 rpm at
room temperature) for 1 h.

7. Transfer 15 �L of BODIPY incubated sludge to a micro-
scope slide, and smear the sample using the side of the
pipette tip, and let it air-dry at room temperature in the
dark.

8. Add a drop of dH2O and evaluate the slide on an epifluo-
rescence microscope using the appropriate filters. A positive
green BODIPY signal is distinguished from a negative sig-
nal by comparison of signals using identical settings under
the image acquisitions.

9. Record any field of interest with a CCD camera or laser
scanning microscope and store the co-ordinates for the
field of interest on the microscopic stage.

10. Remove the slide from the stage, and let the slide air-dry.
11. Fix the sample directly on the slide, see Note 2.
12. For increased permeability of oligonucleotide probes, see

Note 3.
13. Let the slide air-dry.
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14. FISH is carried out as described in Chapter 7, Section 3.1.
For clear differentiation of the fluorescence signals from
BODIPY and FISH, only oligonucleotide probes labelled
with the cyanine dye Cy3 should be used.

15. Relocate the same position where the BODIPY images
were taken on the microscope stage, and evaluate the FISH
signal. Make sure the amended FISH probes have been
hybridized in this field of view. Record images to be com-
bined with the images of the BODIPY stain.

3.5. MAC-FISH 1. 10 �L of fluorescent microspheres are diluted in 90 �L
dH2O in an Eppendorf tube.

2. The spheres are sonicated for 100 min in a sonicator
(60 W). After sonication the spheres should be used within
2 h to avoid aggregation.

3. 10 �L of fresh sludge is diluted by the addition of
100 �L of sterile filtered effluent water from the same
wastewater treatment plant, and then 10 �L of micro-
spheres are added.

4. Vortex the mixture for 2 min (set at 1400 rpm).
5. Transfer 3 �L of the mixture to a gelatine-coated micro-

scope slide. Examine the sample as it dries using an inverted
microscope with the proper filters (depending on the
chosen fluorophores). The more fluorescent microspheres
attached to a cell surface, the more hydrophic the cell is
compared to other cells in near vicinity. Fluorescent spheres
emit a strong easily recognizable fluorescent signal. The
sample should not dry out as this would cause free spheres
to be adsorbed to all surfaces (see Note 6).

6. Record any field of interest with a CCD camera or laser
scanning microscope and store the co-ordinates for the
field of interest on the microscope stage.

7. Remove the slide from the stage, and let the slide air-dry.
8. Fix the sample directly on the slide, see Note 2.
9. For increased permeability of oligonucleotide probes, see

Note 3.
10. Let the slide air-dry.
11. FISH is carried out as described Chapter 7, Section 3.1.

For clear differentiation of the fluorescence signals from
the microspheres and FISH, only oligonucleotide probes
labelled with strong fluorophores like the cyanine dye Cy3
should be used when combined with green fluorescent
microspheres.
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3.6. Ab-FISH 1. 1 mL freshly collected activated sludge/biofilm (approxi-
mately 3 g/L dry weight) is diluted 1:4 with dH2O.

2. The sample is gently homogenized with a tissue grinder for
45 s (optional).

3. Two 80 �L aliquots are transferred to two 1.5 mL Eppen-
dorf tubes (the sample and a control).

4. The tubes are centrifuged (12,000 × g for 4 min).
5. Discard the supernatant.
6. Resuspend the pellet in a mixture of 40 �L of PBS and 40

�L of 2% gelatine.
7. Fix the cells by addition of 1 �L 4% Na-azide to each tube.
8. Incubate the mixtures at 37◦C for 1 h.
9. Dilute the primary antibody stock in PBS (depending on

the binding characteristics and concentration of the anti-
body in PBS; should be determined empirically for each
sample and Ab).

10. Add 1.5 �L of this primary antibody working solution to
the sample (but not to the control).

11. Add Tween 20 to both tubes to a final concentration of
0.6 mg/L.

12. Incubate the mixture at 37◦C for 2 h.
13. Centrifuge the sample (13,000 × g for 4 min, room tem-

perature) and discard the supernatant.
14. Wash the pellet once with 83 �L mixture of

PBS/gelatin/Triton X 100 (41 �L of PBS, 41 �L
2% gelatine and 0.82 �L of 10% Triton X).

15. Centrifuge the sample (13,000 × g for 4 min, room tem-
perature) and discard the supernatant.

16. Add 40 �L of 2% gelatine and 40 �L secondary antibody
working solution (e.g. Goat-anti-mouse); proper dilution
should be optimized for each sample.

17. Add 0.2 �L of 10% Tween 20.
18. Incubate the mixture at 37◦C for 1 h.
19. Wash three times with PBS containing 0.1%Trition X 100

(83.5 �L of PBS + 0.84 �L of 10% Triton X).
20. Resuspend the pellet in 84 �L PBS.
21. Transfer 15 �L of antibody incubated sludge to a micro-

scopic slide, and smear the sample using the side of the
pipette tip, and let it air-dry at room temperature in the
dark.

22. Let the slide dry and evaluate it on an epifluorescence
microscope using the appropriate filters. A positive anti-
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body signal is distinguished from a negative signal by com-
parison of signals using identical settings under the image
acquisitions.

23. Record any field of interest with a CCD camera or laser
scanning microscope and store the coordinates for the field
of interest on the microscope stage.

24. Remove the slide from the stage, and let the slide air-dry.
25. Fix the sample directly on the slide, see Note 2.
26. For increased permeability of oligonucleotide probes, see

Note 3.
27. Let the slide air-dry.
28. FISH is carried out as described in Chapter 7, Section 3.1.

For clear differentiation of the fluorescence signals from the
antibody and FISH, only oligonucleotide probes labelled
with the cyanine dye Cy3 should be used when combined
with green fluorescent labelled secondary antibodies.

29. Relocate the same position as the antibody images were
taken on the microscope stage, and evaluate the FISH
signal. Make sure the amended FISH probes have been
hybridized in this field of view. Record images to be com-
bined with the images of the Ab-stain.

4. Notes

1. Several ELF-labelled substrates are available for detection
of different exoenzymatic activities. ELF R©97-2-(5′-chloro-
2-phosphoryloxyphenyl)-6-chloro-4(3H)-quinazolinone) is
used for the detection of endogenous phosphatase activ-
ity. ELF R©97 palmitate is used for the detection of lipase
activity, ELF R©97acetate as substrate for esterase activ-
ity, ELF R©97 �-D-galactopyranoside as substrate for �-D-
galactosidase, ELF R©97 �-D-glucuronide as substrate for
�-D-glucuronidase, ELF R©97 N-acetylglucosaminide (NAG)
for chitinase/ N-acetylglucosaminidase activity.

2. Fix the sample directly on the slide by adding 500 �L freshly
prepared 4% paraformaldehyde (for Gram-negative cells) for
1–2 h, or by dipping in a beaker with 50% ethanol (for
Gram-positive cells) for at least 3 h.

3. For increased permeability of oligonucleotide probes, slides
for Gram-negative cells should be further treated by washing
in 50% ethanol for 2–4 h. Enzyme treatment must be applied
at this point for permeabilization of primarily Gram-positive
microorganisms.
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4. Several BODIPY substrates are available with various fluo-
rescence markers, but in our experience the pH-insensitive
green fluorescent BODIPY FL is superior for combinations
with FISH. The following protocol describes in detail how
BODIPY-FISH should be carried out to obtain optimal and
reproducible results.

5. The degree of hydrophobicity is arbitrary, and can only
be used for comparison between different cells within the
same sample. Even comparison between samples or between
different experiments should be taken with caution. The
hydrophobicity can be measured as the number of spheres
per cell or by intensity per area. An example of interpretation
could look like this: very hydrophilic (no spheres), moder-
ate hydrophilic (few spheres), intermediate (∼6 spheres per
cell), hydrophobic (∼20 spheres per cell), very hydrophobic
(cells covered by spheres) (9).

6. Spheres not bound to any surfaces will, during the dry-
ing phase, accumulate on any surfaces and thus cause false-
positive MAC signals to occur. Thus great care should be
taken during recording of the MAC signal. The best way
to avoid this problem is by transferring the MAC-incubated
sample to a slide directly on an inverted microscope, and
then record the images during immobilization of the
sample.
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Chapter 9

Applications of DNA-Stable Isotope Probing
in Bioremediation Studies

Yin Chen, Jyotsna Vohra, and J. Colin Murrell

Abstract

DNA-stable isotope probing, a method to identify active microorganisms without the prerequisite of
cultivation, has been widely applied in the study of microorganisms involved in the degradation of envi-
ronmental pollutants. Recent advances and technique considerations in applying DNA-SIP in bioreme-
diation are highlighted. A detailed protocol of a DNA-SIP experiment is provided.

Key words: DNA, stable isotope probing, bioremediation.

1. Introduction

It has been widely recognised that the environment has been
polluted by a number of synthetic compounds in the past cen-
tury, especially after industrialisation. The past few decades have
witnessed an increasing interest in bioremediation where liv-
ing organisms (mainly microorganisms) are used to break down
these pollutants in the environment to environmental-friendly
compounds. To evaluate the role of microorganisms in the
metabolism of certain pollutants in the environment, many tech-
niques need to be employed, including biological and analytical
methods, of which stable isotope probing (SIP) is of particular
interest (Table 9.1).

Stable isotope probing (SIP) relies on the incorporation
of stable isotopes (13C, 15N) into DNA (1), RNA (2) or
phospholipid fatty acid (PLFA) (3–4). Subsequent separation
and identification of labelled DNA, RNA or PLFAs offer

S.P. Cummings (ed.), Bioremediation, Methods in Molecular Biology 599,
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culture-independent insight into microorganisms involved in the
uptake of particular labelled compounds, therefore linking the
phylogeny of microorganisms to their functions. The application
of SIP in bioremediation has been discussed in several reviews (5–
9). Here we describe a detailed protocol for DNA-based stable
isotope probing.

Soil

Airtight gas jar

Cotton wool soaked in 
water to create a moist 
atmosphere

Vial containing 13C 
labelled-benzene and 
toluene

For sampling 
the gas

Labelling of sample of 
interest with stable isotope 
labelled substrate 

Separation of “heavy” 13C-DNA from the background 
“light” 12C-DNA by ultracentrifugation 

Analyses of “heavy” DNA 

Clone library analyses of 16S rRNA; “functional 
genes”; microarray, phylogenetic analysis; 
metagenomics; direct pyrosequencing (454) etc.

1

2

3

Fig. 9.1 Flow chart showing major steps in DNA-SIP analyses, involving: (1) labelling
of sample of interest with stable isotope labelled substrate; (2) separation of “heavy”
13C-DNA from the background “light” 12C-DNA by ultracentrifuge; (3) analysis of “heavy”
13C-DNA.

DNA-SIP involves three major steps (Fig. 9.1): (1) Labelling
of the sample of interest with stable isotope-labelled substrate;
(2) Separation of “heavy”13C-DNA from the background “light”
12C-DNA by ultracentrifugation; and (3) Analyses of “heavy”
13C-DNA. The original DNA-SIP experiments only focused on
the analyses of 16S rRNA genes and so-called functional genes
involved in a particular bioprocess; initial studies in our laboratory
(10–12) and more recently in the laboratory of Lidstrom and col-
leagues (13) have demonstrated the combined use of DNA-SIP
and metagenomics.



SIP in Bioremediation 133

2. Materials

2.1. Reagents 1. 13C-labelled compounds, e.g. 13C6-Benzene (> 99% 13C,
Sigma-Aldrich)

2. Agarose (Helena, UK)
3. 75% (v/v) ethanol (reagent grade, Sigma-Aldrich)
4. FAST PREP DNA R© extraction kit (Qbiogen)
5. CsCl (Fisher Scientific) stock solution (density 1.890 g/mL

in water)
6. Gradient buffer, containing 0.1 M Tris–HCl (pH 8.0),

0.1 M KCl and 1 mM EDTA, autoclaved
7. DNA precipitation buffer. 30% (w/v) polyethylene glycol

6000 and 1.6 M NaCl, autoclaved
8. Glycogen in water (20 mg/mL)
9. TE buffer. 10 mM Tris–HCl (pH 7.6) and 1 mM EDTA,

autoclaved.

2.2. Equipment 1. Suitable devices for substrate exposure and labelling,
e.g. BBL GasPak 150 anaerobic system, US916 (Rankin
Biomedical Corporation) with flask inside to contain envi-
ronmental samples (e.g. soil slurry).

2. Appropriate devices and methods for measuring substrate
consumption or corresponding microbial activities, e.g. gas
chromatograph equipped with flame ionisation detector
(Agilent) to measure benzene concentrations during SIP
incubations.

3. Bead beater (B. Braun, Melsungen AG)
4. Nanodrop 1000 spectrophotometer (NANODROP)
5. Centrifuge tubes (5.1 mL polyallomer, Beckman)
6. Ultracentrifuge (Beckman) and rotor VTi 65.2 (Beckman

Coulter)
7. Tube sealer (Beckman Coulter)
8. Microcentrifuge (Eppendorf)
9. Microcentrifuge tubes (1.5 mL, Eppendorf)

10. High-performance liquid chromatography (HPLC) pump
(Sykam) and corresponding tube (1.5 mm bore × 1.5 mm
wall, Appleton Woods)

11. Pipettors (Gilson) and corresponding tips (Sarstedt, UK)
12. Needles, various sizes
13. Digital refractometer AR200 (Reichert).
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3. Methods

3.1. SIP Incubations
with 13C

The first and crucial step in DNA-SIP is to label environmen-
tal samples with sufficient 13C-substrate, yet minimise potential
cross-feeding of 13C-labelling, i.e. to ensure the incorporation
of 13C-labelled carbon into only the primary consumers of the
target substrate. Unfortunately, there are no standard rules that
one can follow and this needs repeated experiments to find out
the appropriate amounts for a certain sample empirically. Typi-
cally, we found that ∼50 �mol13C per g (for soil/ sediment sam-
ples) and 5 �mol13C per ml (for water samples) incorporation are
sufficient to detect active microorganisms above background (see
Note 1–3).

3.2. DNA Extraction Standard protocols can be used for extracting DNA from SIP
incubations. In our laboratory, the following protocols were
routinely used for DNA extraction from soil/ sediment (bead-
beating-based method using FAST PREP DNA extraction kit
from Qbiogen), water samples (14–15) and high molecular mass
DNA from soil/sediment (10, 16), respectively. Extracted DNA
can be quantified using a spectrophotometer (e.g. NANODROP)
or by agarose gel electrophoresis against known amounts of DNA
standards. Additional purification of DNA may be required to
remove contaminants, which can sometimes interfere with down-
stream analyses (see Note 4).

3.3.
Ultracentrifugation

The original method for ultracentrifugation involves the use of
ethidium bromide to visualise DNA after ultracentrifugation (1).
This protocol requires >700 ng of labelled 13C-DNA to form a
visible band after ultracentrifugation (Vorha and Murrell, unpub-
lished data) (15). This protocol is rarely used now since long
incubation times are needed to achieve such a large amount
of labelling. More recent studies deal with labelling requiring
only a few nanograms of “heavy” DNA for detection. Thus,
a fractionation-based method (17–18) was developed and we
describe this method below.

1. Firstly, prepare gradient buffer and a CsCl stock solution
with a density of 1.890 g/mL.

2. To set up the gradient including DNA and CsCl, mix DNA
(500 ng–5 �g) and gradient buffer together in a total vol-
ume of 1.2 mL. In a 15 mL Falcon centrifuge tube, com-
bine 4.8 mL of CsCl stock solution (density 1.890 g/mL)
and the 1.2 mL solution that contains DNA and gradient
buffer. The average density of the final solution should be
1.725 g/mL (see Note 5).
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3. Mix gently by inversion and add to an ultracentrifugation
tube (5.1 mL) using either a Pasteur pipette, a syringe and
needle or a 1000 �L pipettor with tip. Balance tubes and seal
tubes carefully and start ultracentrifugation at 44,100 rpm
in a VTi 65.2 rotor for 36–40 h at 20 ◦C with vacuum on,
maximum acceleration and no brake.

3.4. Fractionation
and DNA
Precipitation

1. After centrifugation, take out the tubes from the rotors very
carefully to avoid mixing. Fix the centrifuge tube to a clamp
and very carefully pierce the bottom of the tube with a
needle (19-gauge) after cleaning the tube with 75% (v/v)
ethanol.

2. Displace the CsCl solutions from the top of the centrifuge
tube with sterile deionised water using a HPLC pump. The
flow rate of the pump should be controlled so that approx-
imately 400 �L per fraction is collected every minute into
a 1.5 mL microcentrifuge tube, resulting in 12–13 fractions
per centrifuge tube (5.1 mL in size) (see Note 6).

3. Precipitate DNA from CsCl solutions for each fraction by
adding two volumes of precipitation buffer. Addition of
glycogen (∼20 �g) is helpful as a carrier to ensure complete
recovery of DNA present at low concentrations. Precipitated
DNA should be washed once with ethanol 75% (v/v), air-
dried and dissolved in 50 �L TE buffer (see Note 7).

3.5. Identification
and Analyses of
“Heavy” DNA

1. Identifying “heavy” DNA from the fractionated DNA is not
trivial. We observed that environmental samples exposed to
low concentrations of 13C-labelling yielded a smear of DNA,
usually from fraction 6 to 12.

2. Fingerprint methods, such as denaturing gradient gel elec-
trophoresis (DGGE), are highly recommended to confirm
the presence of the “heavy” DNA, which is normally on the
edge of the smear (see Note 8).

Further analyses of “heavy” DNA can be performed to
identify active microorganisms involved in a particular biopro-
cess (Table 9.1). The 16S rRNA gene is the obvious phylo-
genetic marker, considering that extensive sequences are avail-
able in databases (such as GenBank) and standard primer sets
targeting Bacteria, Archaea and Eukaryotes can be used. PCR
can also be done using functional gene markers targeting genes
involved in a particular pathway, such as chloromethane util-
isation (cmuA) (19) and ARHD (aromatic ring hydroxylating
dioxygenases) (20). These PCR products can be cloned and
sequenced for subsequent phylogenetic analyses (see Note 9).

“Heavy” DNA can also be used for metagenomic analy-
ses (10–13), either by large-scale shotgun or parallel sequencing
to reconstruct metabolic pathways from the dominant members
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(21–22) or by functional metagenomic screening to identify
genes encoding industrial/ medical relevant enzymes / bioactive
compounds (23–24) (see Note 10).

4. Notes

1. It is highly recommended that potential target substrate
degradation activity of a given environmental sample is
measured before setting up SIP incubations. Inclusion of
12C-substrate controls and replications of 13C-substrate
SIP incubations are also recommended.

2. The concentration of substrate for SIP incubations needs
to be chosen with great care. Environmental pollutants are
usually toxic for microorganisms; thus a low concentration
of substrate in the SIP incubation is preferable. However,
DNA-SIP requires a certain amount of labelling so that
13C- DNA can be detected above background. Therefore,
the overall solution will be to consider the balance of the
concentration of labelled substrate, activity of the samples
and incubation time.

3. To maximise the separation between labelled- and unla-
belled DNA, >99% 13C/15N-labelled substrate is recom-
mended. However, due to the complexity of environ-
mental pollutants, usually it is difficult to purchase fully
labelled substrate. Using such partially labelled substrates
may result in difficulty in identifying “heavy” DNA and
additional CsCl ultracentrifugation with bisbenzimide may
be required to enhance separation of isotopically labelled
DNA from unlabelled DNA (25).

4. Contaminants such as humic substances can inhibit down-
stream PCR amplification and need to be removed from
DNA. Standard agarose gel electrophoresis can be used
to remove these contaminants. Alternatively, repeated CsCl
centrifugation can be applied. To avoid DNA shearing dur-
ing purification, a low melting point agarose can be used in
combination with �-agarase (New England Biolabs) diges-
tion following standard protocols from manufacturers.

5. Successful separation of labelled and unlabelled DNA
relies heavily on the accuracy of the average density of
CsCl/DNA mixture. Keep in mind that the density of CsCl
stock solution may vary between each batch. Therefore,
before ultracentrifugation, the average density of the mix-
ture should be measured and may need to be adjusted using
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either CsCl stock solution or gradient buffer to make up to
1.725 g/mL.

6. Before precipitating DNA from CsCl solutions, density of
each fraction should be measured to ensure the correct for-
mation of the density gradient within the centrifugation
tube. Measuring the density of CsCl using a digital refrac-
tometer (Digital refractometer AR200, Reichert) is recom-
mended. Alternatively, an analytic balance can be used to
weigh 100 �L from each fraction of the gradient. Expected
density should be around 1.69–1.76 g/mL from top to
bottom, with a median density of ∼1.725 g/mL for frac-
tion 6 or 7.

7. It is recommended that an aliquot (∼5 �L) of the DNA
from each fraction is run on an agarose gel (1%, w/v) to
examine “heavy” DNA in fractions (normally fraction 6–8).
Alternatively, real-time PCR can be carried out to evaluate
“heavy” DNA fraction as described by Lueders et al. (17).

8. It is highly recommended, when setting up a DNA-SIP
experiment, to include a 12C-substrate-exposed control.
Fingerprints between 13C-labelled and 12C-labelled frac-
tions can therefore be compared and this is extremely useful
in identifying “heavy” DNA from SIP incubations.

9. “Functional genes”, i.e. genes encoding key enzymes
involved in substrate utilisation, are not always available for
the degradation of certain environmental pollutants simply
because they may be poorly characterised. Therefore, isola-
tion and characterisation of representative microorganisms
in the degradation of those pollutants are also important.

10. To produce sufficient DNA for making a metagenome
library or for shotgun sequencing, multiple displacement
amplification may be performed from the “heavy” DNA
using Phi 29 DNA polymerase (26).
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Chapter 10

Two-Dimensional Gel Electrophoresis: Discovering
Biomolecules for Environmental Bioremediation

Om V. Singh and Anuj K. Chandel

Abstract

Environmental contamination has been viewed as an ecological malaise for which bioremediation can
be prescribed as a “perfect medicine.” The solution to the problems with bioremediation lies in ana-
lyzing to what extent the microbes’ physiological machinery contributes to the degradation process and
which biomolecules and their mechanisms are responsible for regulatory factors within the degradation
system, such as protein, metabolite, and enzymatic chemical transformation. In the post-genomic era,
recent advances in proteomics have allowed us to elucidate many complex biological mechanisms. Two-
dimensional gel electrophoresis (2DE) in conjunction with mass spectrometry (MS) can be utilized to
identify the biomolecules and their molecular mechanisms in bioremediation. A set of highly abundant
global proteins over a pI range 4–7 was separated and compared by size fractionation (25–100 kDa) on
2DE. We identified a set of catabolic proteins, enzymes, and heat shock molecular chaperones associated
with the regulatory network that was found to be overexpressed under phenol-stressed conditions. This
chapter also offers optimized ideal directions for 2DE, followed by easy-to-follow directions for a protein
identification strategy using MALDI-TOF and targeting novel proteins/enzymes for a universal set of
experiments.

Key words: Proteomics, two-dimensional gel electrophoresis, environmental pollutants, phenol,
bioremediation, microorganism.

1. Introduction

Toxic pollutants in the environment are of major concern world-
wide; many toxic, mutagenic, and carcinogenic aromatic pollu-
tants are posing serious threats to human health and the envi-
ronment (1–4). Many site-specific microorganisms are capable of
carrying out bioremediation (5–7). However, certain pollutants
have been unusually recalcitrant: either the microbes are unable to
completely mineralize them or their sister metabolites accumulate
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in the environment and become a major threat (8). Exploring new
catabolic pathways and studying regulatory control of primary
and secondary metabolites are two possible solutions to produce
effective bioremediation. The current sophisticated techniques in
proteomics make it possible to dissect the regulatory network by
exploring proteins and enzymes of interest that are being dif-
ferentially expressed in microbes during bioremediation (9–11).
The mainstay of protein expression profiling for the past 30 years
has been two-dimensional gel electrophoresis (2DE), where pro-
teins are separated by the complementary techniques of isoelectric
focusing (IEF) in the first dimension and SDS-PAGE size frac-
tionation in the second dimension.

2DE can efficiently explore the physiological state of an
organism, leading to a differential expression in genes and pro-
teins that induces a chain of enzymatic reactions to catalyze the
mineralization of contaminants in the cell (12–16). When the
cellular lysate of Mycobacterium sp. was profiled on a 2DE gel,
an 81-kDa protein similar to catalase-peroxidase was shown to
be significantly induced under pyrene exposure (12). Later, two
ring-hydroxylating dioxygenases, Pdo1 and Pdo2, were induced
during pyrene catabolism by another Mycobacterium sp. (13).
About 80 unique proteins were identified by 2DE/MS from Pseu-
domonas putida KT 2440 cultured in the presence of six different
organic compounds (14). Based on 2DE analysis, an enzymatic
pathway has been proposed for phthalate metabolism in Rhodococ-
cus sp. strain TFB (15). 2DE also provided quantitative mecha-
nistic insights into the global response to phenol during phenol
biodegradation by Pseudomonas sp. M1 (16).

2DE identification marks these proteins and enzymes as pos-
sible catalysts that can direct the use of biomolecules extracted
or removed from cell and/or cell-free systems for field biore-
mediation. Newly introduced technologies such as difference in-
gel electrophoresis (DIGE) and the metabolic labeling strategy
known as SILAC (stable isotope labeling by amino acids in cell
culture) have limitations that include labeling strategies, sample
complexity, fractionation, relative versus absolute changes, and
the range of differences. Therefore, 2DE remains the most fre-
quently used method to easily estimate protein abundance in
microbial cells. The current study provides explicit directions for
using 2DE to discover biomolecules during bioremediation.

2. Materials

2.1. Cell Growth and
Lysis

1. Microorganism Pseudomonas putida-11 was cultured in
basal mineral salt medium containing (per liter): 1.5 g
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Na2HPO4, 1.0 g KH2PO4, 0.4 g (NH4)2SO4, 0.3 g
MgSO4·7H2O, pH 7.4, 2.0 mL trace element solu-
tion. The trace element solution contained (per liter)
0.05 g SnCl2·2H2O, 0.05 g LiCl, 0.1 g Al(OH)3, 0.05 g KI,
0.06 g MnSO4·4H2O, 0.05 g H3BO3, 0.1 g NiSO4·6H2O,
0.05 g (NH4)6Mo7O24·4H2O, 0.05 g BaCl2, 0.1 g
CoCl2·6H2O, 0.1 g ZnSO4·7H2O.

2. Microbial wash solution: phosphate buffered saline (pH
7.0), without CaCl2 and MgCl2 (Gibco).

3. Modified 2D lysis buffer: 9 M urea, 4% CHAPS, 20 mM
Tris–HCl, pH 8.8.

2.2. Sample
Preparation and
Two-Dimensional Gel
Electrophoresis

1. Protein analysis and sample cleanup kits: RC-DC protein
analysis kit (Bio-Rad, Hercules, CA), and 2D cleanup kit
(GE Healthcare).

2. Rehydration buffer: 8 M urea, 2 M thiourea, 4% CHAPS,
40 mM dithiothreitol (DTT), 0.5% carrier ampholyte (pH
4–7), 0.002% bromophenol blue (w/v). Buffer should be
stored at −20◦C and thawed at room temperature prior to
use.

3. Protein rehydration: passive rehydration in disposable rehy-
dration/equilibration trays (Bio-Rad), and active rehydra-
tion in PROTEAN R© isoelectric focusing (IEF) trays (Bio-
Rad).

4. Immobilized pH gradient (IPG) strips: (ReadyStripTM,
17 cm, pH 4–7, Bio-Rad). IPG strips have to be stored
at –20◦C or as recommended by manufacturer.

5. First-dimensional IEF: PROTEAN R© IEF cell (Bio-Rad);
Make paper wicks in 5–6 mm size using Whatman #1 filter
paper (Millipore, MA); mineral oil (Sigma, MO).

6. Equilibration buffer: Buffer I: 6 M urea, 2% SDS, 0.375 M
Tris−HCl pH 8.8, 20% glycerol and each time add
130 mM fresh DTT. Buffer II: 6 M urea, 2% SDS,
0.375 M Tris−HCl pH 8.8, 20% glycerol and each time
add 135 mM fresh iodoacetamide (IAA). Buffer needs to
be stored at −20◦C and thawed at room temperature prior
to use.

7. Overlay agarose: 0.5% agarose (low melting grade) in 1×
Tris/glycine/SDS buffer (1× TGS solution: 25 mM Tris,
192 mM glycine, and 0.1% (w/v) SDS, pH 8.3). 1× TGS
can be stored at room temperature.

8. Second-dimension SDS-PAGE: 30% acrylamide/bis
solution (37.5:1 with 2.6% C) (this is a neurotoxin
when unpolymerized − care should be taken to avoid
exposure) and N,N,N,N ′-tetramethyl-ethylenediamine
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(TEMED, Bio-Rad). TEMED can be stored at room
temperature.

9. Ammonium persulfate: Prepare 10% solution in water (see
Note 1) and immediately freeze in single-use aliquots of
1 mL at −20◦C.

10. Water-saturated isobutanol: Shake equal volumes of water
and isobutanol in a glass bottle and allow to separate; use
top layer. Solution can be stored at room temperature.

11. Running buffer: 1× TGS (Bio-Rad) (25 mM Tris, 192 mM
glycine, and 0.1% (w/v) SDS, pH 8.3).

12. Second-dimensional gel electrophoresis: EttanTM DALT
six large Vertical System (GE Healthcare).

13. 2D gel image development: SilverQuestTM silver staining
kit (Invitrogen).

14. Image acquisition: Molecular Imager FX (Bio-Rad).
15. Spot pattern analysis: Progenesis Nonlinear Dynamics soft-

ware version 2005.

2.3. Protein In-Gel
Digestion and
Peptide Extraction

1. Protein spot excision: Spot Picker, 1.5 mm (The Gel Com-
pany, San Francisco, CA).

2. Destaining solution (see Note 2): Solution I: 30 mM
potassium ferrocyanide; Solution II: 100 mM sodium
thiosulfate.

3. Protein digestion solution: Sequencing-grade modi-
fied trypsin (Promega, Madison, WI). Stock solution:
500 ng/�L by adding 40 �L 1% acetic acid solution in
one trypsin vial of 20 �g. Aliquot into eight tubes with
5 �L in each tube and store at −20◦C. Working solution:
Dilute stock solution into 10 ng/�L immediately before
use by adding 2.5 �L to 122.5 �L of 10 mM ammonium
bicarbonate (NH4HCO3).

4. Peptide extraction: 0.1% trifluoroacetic acid (TFA) in 60%
acetonitrile (ACN).

5. Peptide purification: ZipTip C18, tip size − P10 (Milli-
pore, MA).

6. Wetting solution: 50% ACN in 0.1% TFA solution in water.
7. Equilibration and washing solution: 0.1% TFA in water.
8. Wash solution: 5% methanol in 0.1% TFA in water.
9. Matrix solution: 10 mg matrix �-cyano-4-hydroxy-

cinnamic acid (CHCA) (Sigma) in 60% ACN.
10. Vacufuge: Eppendorf, Brinkman Intr. Inc., NY.
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2.4. Mass
Spectrometry and
Peptide Mass
Fingerprinting

1. Peptide standards (Sigma): Prepare by adding 1.5
�L bradykinin, 0.5 �L ACTH, 2.0 �L insulin from
10 pmol/�L stock solution to 6 �L matrix �-cyano-4-
hydroxy-cinnamic acid (CHCA) (Sigma) solution that is pre-
pared by dissolving 10 mg in 60% ACN. All peptide stock
solutions should be stored at −20◦C.

2. Peptide-loading platform: MALDI plate (Applied-
Biosystem).

3. Matrix-assisted laser desorption ionization (MALDI) − time
of flight (TOF) mass spectrometer (MS) (Voyager DE-STR,
Applied-Biosystem, MA).

4. Peptide mass fingerprinting (PMF): Online peptide search
engines − i. ProFound-peptide mapping, ii. MS-Fit, and iii.
MASCOT Peptide Mass Fingerprint equipped with NCBInr
and Swiss-Prot databases.

3. Methods

3.1. Microbial Growth
and Protein
Extraction

1. Microorganism Pseudomonas putida-11 is grown in
succinate-supplemented mineral salt medium as the carbon
source (25 mM). A reliable cell number of P. putida is
obtained in 200 mL culture medium grown in an orbital
shaker (200 rpm) at 30◦C in 500 mL Erlenmeyer flasks.
The growth is monitored by culture optical density (OD) at
600 nm after every 6 h. The inoculum for phenol biodegra-
dation is prepared using the exponential growth phase. Cells
are grown in the exponential phase up to an OD600 of 0.2,
and then phenol is added to obtain a final concentration of
500 mg/L along with control (negative phenol) in parallel.
Cells are exposed to phenol for an additional 5 h.

2. Total protein extraction of phenol-stressed P. putida is
obtained from cell pellets resulting from the centrifugation
of 200 mL culture samples at 5000 × g at 4◦C. The cell
pellets are washed twice with phosphate buffer saline (PBS)
followed by centrifugation at 5000 × g at 4◦C.

3. Cell pellets are lysed by resuspending in 1 mL 2D lysis
buffer, then sonicated using Sonic Dismembrator (Fisher
Scientific) by immersing in ice (eight treatments of 8 s with
30 s intervals between treatments). The sonicated cellular
lysate was incubated for 2 h on ice. The protein supernatant
is recovered by centrifugation at 12,000 × g for 15 min at
4◦C to remove the cell debris. The supernatant is collected
and kept at −80◦C to await further analysis of the protein.
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3.2. Sample
Preparation for 2D
Gel Electrophoresis

1. 2DE is performed as previously described after multiple
modifications and optimizations for the current study. The
total protein content in the cell extract is quantified using a
Bio-Rad RC-DC kit as recommended in the manufacturer’s
protocol, by removing the higher concentration of urea that
interferes in the Lowery method to analyze the total protein
content (see Note 3).

2. The total protein (100 �g) samples from the phenol-stressed
cells and the control are cleaned using a 2D cleanup kit
(GE healthcare) as described in the manufacturer’s recom-
mended protocol.

3. The final protein pellets are dissolved in 300 �L IEF rehy-
dration buffer (see Note 4). The dissolved protein solution
is centrifuged at 12,000 × g for 10 min at room temperature
to make the impurities settle.

3.3.
First-Dimensional
Gel Electrophoresis

1. Using forceps, the paper wicks are placed at both ends of
the PROTEAN IEF focusing tray. 10 �L of deionized water
is pipetted onto each wick to wet them. Then the pro-
tein sample in rehydration buffer (300 �L) is loaded onto
the rehydration tray, avoiding trapping air bubbles in the
solution.

2. With forceps, the precast ReadyStrip IPG strip (17 cm, pH
4–7) is placed in the PROTEAN IEF focusing tray for active
rehydration, gel side down onto the sample, making sure
that the acidic end (marked + on IPG strip) is at the anode
(red/+). Each of the strips is covered with 2 mL of mineral
oil to prevent evaporation during the rehydration process.
The rehydration tray is then covered with a plastic lid (see
Note 5).

3. Rehydration was performed under active conditions for 12 h
at 35◦C on 50 V. IEF is carried out using the following con-
ditions on the PROTEAN IEF cell: (i) 250 V for 20 min
on linear ramp, (ii) 10,000 V for 2 h on linear ramp, (iii)
10,000 V at 45,000 V/h on rapid ramp, (iv) holding at
500 V on rapid ramp until IPG strips are removed from the
first dimension (see Note 6).

4. After the first dimension, the IPG strips are carefully
removed and held vertically for about 10–15 s to remove
the excess mineral oil, then rinsed with running water. IPG
strips can also be placed onto a piece of dry filter paper and
blotted with a second piece of wet filter paper (see Note 7).

5. Prior to the second dimension of gel electrophoresis, the
focused proteins on the IPG strips are subjected to a two-
step equilibration using equilibration buffer I followed by
equilibration buffer II.
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6. The IPG strips are equilibrated in a passive equilibration tray
by keeping the gel side facing up and adding 5 mL of equi-
libration buffer I with freshly added 130 mM DTT, then
gently shaking for 10 min on an orbital shaker at room
temperature.

7. The equilibration buffer I is decanted and buffer II was
added, including a freshly added 135 mM IAA. The IPG
strips are incubated for 10 min, gently shaking on the orbital
shaker at room temperature.

8. During the second equilibration step, the overlay agarose is
melted in a microwave oven.

3.4. Preparation of
Molecular Weight
Marker for
Second-Dimensional
Gel Electrophoresis

1. Regardless of specified pH, the IPG strips (7 cm) are
rehydrated under passive conditions in disposable rehydra-
tion/equilibration trays with 75 �L Precision Plus Protein
Standards marker for 12 h at room temperature. Rehydrated
IPG strips are stored at 4◦C in the same rehydration tray
facing gel side up (see Note 8).

2. Prior to second-dimensional gel electrophoresis, the IPG
strips are clipped to 5–8 mm size and placed on top of the
second-dimension SDS-PAGE.

3.5.
Second-Dimensional
Gel Electrophoresis
on SDS-PAGE

1. This protocol assumes the use of an EttanTM DALT six-
large-vertical-gel system, but these instructions can easily be
adapted to other formats, including minigels. It is critical
that the glass plates for the 2D gels be scrubbed clean with
laboratory-grade detergent after use and rinsed extensively
with distilled water.

2. A 1.0-mm thick, 10% gel is prepared by mixing 16.6 mL
30% acrylamide/bis solution (37.5:1, 2.6% C) with 20 mL
sterile deionized water, 12.5 mL Tris 1.5 M (pH 8.8),
0.5 mL 10% SDS solution, 0.5 mL 10% ammonium persul-
fate solution, and 20 �L TEMED. The gel is poured, leaving
about 1.5 cm of space for the IPG strips, and overlaid with
1 mL water-saturated isobutanol. The total time for 24 cm
gel polymerization is about 2–3 h longer than for the minigel
(7 cm) (see Note 9).

3. 1× running buffer was prepared by diluting 500 mL 10×
TGS buffer with 4500 mL of water in a measuring cylinder
and pouring into the assembly up to the designated mark.
The circulatory pump is then turned on to mix the buffer.

4. A 100 mL graduated cylinder or tube of the same length or
longer than the IPG strips is filled with 1× TGS buffer. Bub-
bles on the surface of the buffer are removed using a Pasteur
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pipette. Then, the IPG strips are picked up with forceps and
immersed in the 1× TGS buffer, rinsing off the extra equili-
bration buffer.

5. The empty space at the top of the SDS gel is filled with 1×
TGS buffer. IPG strips are placed on one side of the glass
plate on top of the gel and slightly pushed into the solution
using forceps and a spatula (the 1× TGS makes it easier to
slide the IPG strips down on top of the SDS gel). The for-
ceps and spatula should push on the plastic backing of the
strip and not the gel matrix. Once the IPG strips are set on
the top of the gel, excess 1× TGS is poured off by inclining
the gel on either side. A pre-rehydrated piece of molecu-
lar weight marker is loaded toward the acidic end (positive)
(see Note 10). The IPG strips are then overlaid with melted
agarose covering solution.

6. Assembly of the gel unit is completed by filling it with
1× TGS as recommended by manufacturer and connecting
it to a power supply. The second-dimension electrophore-
sis is performed at 50 V for 30 min, followed by 100 W
until the blue dye front arrived at the bottom of the gel
(∼5–6 h). While it is running, overheating in the assem-
bly can be avoided by attaching a water circulatory pump
at 10◦C. Alternatively, second-dimension gel electrophore-
sis can be performed overnight at 100 V until the blue dye
front arrives at the bottom of the gel.

3.6. Image
Acquisition and 2D
Gel Spot Pattern
Analysis

1. The 2DE gels are stained with silver stain using the MS-
compatible SilverQuestTM Silver staining kit as described
in the manufacturer’s manual. Highly reproducible silver-
stained gel images are acquired using Molecular Imager FX.
Figure 10.1 shows consistently reproducible images of the
total protein profile of P. putida under control and phenol-
exposed (500 mg/L) conditions at 30◦C for 5 h.

2. Any two gels undergoing direct comparison should always
be run and silver-stained in parallel. Gels can be stored in
30% ethanol at room temperature until punched for protein
spots.

3. Consistently replicated images are further processed for spot
detection, gel alignment, and spot quantification by match
ratio using Progenesis Nonlinear Dynamics software. Once
software-based automatic warping and matching is com-
plete, an average gel of all three replicate gels was created
using the average gel command.

4. After normalization, using Progenesis background correc-
tion, the software is used to detect the spot volume of
all three-replicate gels. This normalization is corrected for
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Fig. 10.1. A comparison in proteome map of Pseudomonas sp.-11. Cellular lysate was
prepared by growing cells in succinate-supplemented carbon source (left, control) fol-
lowed by an additional 5 h in phenol (500 mg/L) (right, sample stressed). Total protein
(100 �g) underwent isoelectric focusing onto an IPG strip (pH 4–7 nonlinear) and sepa-
rated on second dimension on 10% SDS-PAGE gel. Proteins were visualized by MS com-
patible silver staining. The images were scanned and analyzed for protein differential
expression using Progenesis Nonlinear Dynamic software (version 2005). Zoomed cen-
tral area from two gels show informative region that was identified having higher num-
ber of overexpressed proteins/ enzymes and molecular chaperones in phenol stressed
(right) versus the control condition (left). Arrows indicating individual protein spots that
were over expressed. The corresponding protein gel spots were excised, trypsinized,
and analyzed by MALDI-TOF MS. The proteins were then subsequently identified by
peptide mass fingerprints as show in Table 10.1.

loading differences, since the normalized intensities are
given relative to the median of spot intensities, and it approx-
imated the correction for nonlinear responses at the low and
high ends of the intensity range. Progenesis software auto-
matically calculates and reports the variation or error of all
2DE spots represented in a digitally constructed average gel.
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5. To compensate for variations in gel staining and differences
in protein spot numbers for each gel, normalized spot vol-
umes are used to compare protein expression levels. The
software calculated the normalized spot volume by divid-
ing the single spot volume by the total spot volume and
then multiplying by the total spot area. This normalization
corrects loading differences, since the normalized intensities
are given relative to the median of spot intensities, and it
approximated the correction for nonlinear responses at the
low and high ends of the intensity range. The applications
of these corrections in silver-stained 2DE gels are shown
in Fig. 10.2. Log normalization is performed by export-
ing data into an Excel sheet. Each data point is calculated as
the mean ±SEM of spot volume relative to an average con-
trol gel. The analysis of variance is calculated and the P value
<0.05 is considered significant.

Fig. 10.2. Relative normal distribution of median protein spots volumes from three sets
of experiment in control versus sample, i.e., phenol-stressed cellular lysate of Pseu-
domonas sp.-11 and its approximate corrections with silver-stained reference gel of
control Pseudomonas sp.

3.7. Protein In-Gel
Digestion

1. After gel image analysis, the protein spots of interest are
excised manually using a plastic plunger (The Gel, San
Francisco, CA) and digested in parallel with a blank gel as
control in triplicate (see Note 11).

2. Protein gel pieces are placed in 1.5 �L Eppendorf tubes
pre-rinsed with ACN. Gel pieces are washed twice with 50%
methanol for 10 min, and can then be stored at −20◦C.
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3. The protein gel pieces are then destained by adding a
1:1 mix (100 �L + 100 �L) of destaining solution I
and solution II until the gel pieces are no longer brown
(∼10–15 min) (see Note 12).

4. The destaining solutions are discarded and the gel pieces
are washed three times with 200 �L water for 10 min each
(additional washes can be done based on the clarity of the
gel pieces).

5. Destained gel pieces were washed with 20 mM
NH4HCO3(100 �L) and dehydrated with ACN (100 �L),
twice for 10 min each. Finally, the dehydrated gel pieces
are dried in a vacufuge until completely dry like rice grains
(∼15–20 min).

6. The dried gel pieces are swelled in 25–30 �L of pro-
tein digestion solution (10 ng/�L trypsin in 20 mM
NH4HCO3) by incubating on ice for 45 min.

7. The excess trypsin solution around the gel pieces is
removed and replaced by 25 �L of 10 mM NH4HCO3
(see Note 13).

8. Protein digestion is continued by incubating the gel pieces
overnight at 37◦C in a water bath with gentle shaking.

9. After a brief centrifugation at a higher speed, the super-
natant is collected and stored in 1.5 mL Eppendorf tubes
pre-rinsed with ACN.

10. Peptides are extracted from the gel pieces by adding
200 �L of 0.1% TFA in 60% ACN, followed by vigorous
shaking for 60 min at 30◦C.

11. The sample tubes are centrifuged briefly and the super-
natants are mixed together. Then Step 10 is repeated.

12. The supernatants are collected and dried in a speed vac
using a vacufuge (Eppendorf). The resulting peptides are
solubilized in 10 �L 0.1% TFA and can then be stored at
−20◦C before purification by ZipTip.

3.8. Peptide
Purification and
Mass Spectrometry

1. Prior to peptide purification, the matrix-assisted laser des-
orption ionization (MALDI) plate is washed in four steps:
1−deionized water, 2–50% methanol; 3–100% methanol,
and 4–100% ACN. These steps are repeated twice and then
the MALDI plate is left to dry completely.

2. The frozen peptides are thawed on a bench and centrifuged
briefly at high speed. The manufacturer’s recommended
protocol is followed for peptide purification, with slight
modifications. The ZipTip C18 reverse phase column is
wetted four times in wetting solution. The ZipTip is then
equilibrated and washed four times in washing solution.
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The dissolved peptides are bound to the column by filling
the ZipTip with peptide solution about 10–15 times. The
bound peptides are washed in wash solution four times, and
finally released by rinsing the ZipTip with 2 �L CHCA
matrix solution and spotting it directly onto the MALDI
plate (see Note 14).

8. A standard solution of peptides is prepared in a 500 Eppen-
dorf tube by adding 1.5 �L bradykinin, 0.5 �L ACTH,
and 2.0 �L insulin from 10 pmol/�L stock solution in
6 �L matrix, and spotted on the same plate to calibrate the
MALDI instrument.

9. Mass analyses are performed using a MALDI-TOF
mass spectrometer (Voyager DE-STR, Applied-Biosystems.
Framingham, MA) equipped with a 337 nm nitrogen laser.

10. Mass spectra are automatically calibrated upon acquisition
using two-point residual porcine trypsin autolytic frag-
ments (842.51 and 2210.10 [M+H+] ions) and matrix
added standard bradykinin and ACTH peaks (757.39
and 2,465.19 [M+H+] ions). Raw spectra are baseline-
corrected and noise-filtered (correlation factor = 7).

11. The spectra are deisotoped and the peaks automatically
collected using the “copy peak list” feature of the soft-
ware. Keratin and trypsin-derived extra peaks are manu-
ally removed from monoisotopic standard peak lists. All the
submitted masses are accurate to the level of 25–50 ppm.

3.9. Identification of
Proteins

1. Monoisotopic masses of each spectrum in triplicate are
searched in the NCBInr databases (NCBInr 2005.01.03)
using the MS-Fit search engine (The Rockefeller University
Edition, version 2005.02.14). Identified proteins are further
confirmed by searching in ProFound-Peptide Mapping and
MASCOT Peptide Mass Fingerprint search engines using
the NCBInr and Swiss-Prot 07.05.2006 databases.

2. The unmatched peptides and miscleavage sites are neglected.
All mass searches are performed under all bacterial taxo-
nomic categories in a pre-assumed experimental mass and pI
range and cross-checked with other available search engines.

3. The search parameters are allowed complete modification
with iodoacetamide (Cys). Peptides are matched with the
theoretical peptide masses of all proteins against all bacte-
rial entries in the NCBInr database with these parameters: i.
peptide tolerance limit of 20–50 ppm or better mass accu-
racy; ii. number of peptides matched averaging more than
15 (minimum = 6); (iii) matched peptides covering at least
25% of the whole protein sequence with a significant Z score
(>90 % probability) and higher Mowse score; (iv) each iden-
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tified protein cross-referenced to the comparable pI and
molecular weight (kDa) obtained from experimental image
analysis on the 2D gel (see Note 15).

4. Table 10.1 shows the identified proteins, the total number
of hit peptides, and the coverage value of overexpressed pro-
teins in P. putida under phenol-stressed conditions.

4. Notes

1. Unless stated otherwise, all solutions should be prepared in
deionized water. This standard is referred to as “water” in
the text.

2. Unless stated otherwise, all solutions should be stored at
4◦C.

3. Always thaw protein samples on ice. Briefly centrifuge tubes
at higher speed whenever protein needs to be thawed on ice
from –80◦C.

4. If pellets do not dissolve, vortex them for 5–10 min at
room temperature. Do not overdry the protein pellets in
step 2; overdried pellets may dissolve during the repeated
freeze-and-thaw process.

5. Before they are loaded for active rehydration, the frozen
ReadyStrip IPG strips are removed from −20◦C and left
to sit on the bench for 5–10 min. Then the cover sheets
are carefully peeled from the ReadyStrip IPG strips using
forceps and they are loaded into the solution facing gel side
down onto the protein sample, making sure not to trap any
air bubbles underneath the strips. If any air bubbles are
trapped, hold one end of the IPG strip with forceps and
move it back and forth slowly until the bubble moves to
the edge of the strip. Slowly add mineral oil on the backing
of the IPG strips.

6. Refer to the PROTEAN IEF cell manual from Bio-Rad
to program the machine. During IEF, the user should
watch to ensure that the current does not reach or exceed
50 �A/gel. If the current reaches this limit, it indicates
that the protein sample contains salt impurities, which may
cause horizontal lines in the second-dimensional gel image.
To remove salt impurities from the protein sample, wash
twice with the wash buffer in the 2D cleanup kit system
under step 2.2 (1).

7. Try to remove excess mineral oil from the IPG strips, as it
may create horizontal lines in the 2D gel.
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8. The IPG strip gel should not dry out during storage. This
can be avoided by sealing the rehydration tray with plastic
wrap.

9. Gel polymerization efficiency can be examined by checking
the leftover gel solution in the beaker. Do not leave poly-
merized gel inside the assembly overnight at room temper-
ature; this may dry out the gel.

10. Always place a molecular weight marker at one end (either
acidic, +/, or basic, −) to verify the polarity of the IPG
strips and the orientation of the gel.

11. Extra care needs to be taken during spot punching to avoid
possible contamination of keratin and overlapping of other
spots. Excise a sufficient number of blank gel pieces.

12. Reagent A and Reagent B, available in the Invitrogen Sil-
verQuest silver staining kit, can be used.

13. Add an extra 10 mM NH4HCO3 if necessary; gel pieces
should not dry out during incubation.

14. Make a replica of the MALDI plate with the exact position
of each spot and standards on a separate paper sheet to
recognize the spotted samples.

15. Selection should be made based on the maximum cover-
age value. Prefer peptide error ±25 or less; otherwise the
search may hit the wrong protein. The peptide sequence
must have proline (P), which is an uncharged residue and
flies faster in the MALDI-TOF tube; if it is not included in
the search, then the bulky charged residue inside sequence
should have alanine (A) or lysine (K).
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Chapter 11

The Application of Molecular Techniques to the Study
of Wastewater Treatment Systems

Irena Wojnowska-Baryła, Agnieszka Cydzik-Kwiatkowska,
and Magdalena Zielińska

Abstract

Wastewater treatment systems tend to be engineered to select for a few functional microbial groups
that may be organized in various spatial structures such as activated sludge flocs, biofilm or granules
and represented by single coherent phylogenic groups such as ammonia-oxidizing bacteria (AOB) and
polyphosphate-accumulating organisms (PAO). In order to monitor and control engineered microbial
structure in wastewater treatment systems, it is necessary to understand the relationships between the
microbial community structure and the process performance. This review focuses on bacterial communi-
ties in wastewater treatment processes, the quantity of microorganisms and structure of microbial consor-
tia in wastewater treatment bioreactors. The review shows that the application of molecular techniques
in studies of engineered environmental systems has increased our insight into the vast diversity and inter-
action of microorganisms present in wastewater treatment systems.

Key words: Molecular technique, engineered microbial structure in wastewater treatment.

1. Bacterial
Communities
in Wastewater
Treatment
Processes

Selection of microorganisms through their ability to produce
energy under specific conditions has been used as a basis for bio-
logical nutrient removal (BNR) plant designs. The periodic expo-
sure of the microbial community to anaerobic, anoxic and aerobic
conditions has enabled the selection of nitrifiers, denitrifiers and
phosphate-accumulating microorganisms in one reactor system so
that COD, N and P removal, which is rather problematical, can
be accomplished in a single sludge. The wide range of operating
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conditions and reactor configurations present in treatment plants
results in a great complexity of microbial communities involved
in pollutant removal (1).

In biomass responsible for nutrient removal, the dominant
group is Betaproteobacteria, followed by Alphaproteobacteria,
Gammaproteobacteria and in some cases Deltaproteobacteria (2).
Other groups of bacteria, such as Planctomycetes, Firmicutes,
Bacteriodetes and Cytophaga, are generally present, but often
in relatively low numbers (3, 4). In wastewater treatment pro-
cesses, the dissolved and particulate biodegradable constituents
of wastewater are transformed into simpler end products and
biomass. Microorganisms involved in pollutant removal can be
organized in various spatial structures such as activated sludge
flocs, biofilm or granules.

Activated sludge flocs are formed as a result of biofloccula-
tion, a process where microbial cells (predominantly bacteria) and
particles from the wastewater aggregate. Recalcitrant constituents
and suspended and non-settable colloidal solids are then incorpo-
rated into biological flocs. Wilén et al. (5) indicated that effective
bioflocculation is the key to efficient solid−liquid separation of
activated sludge from treated waste. Decreased floc stability can
be caused by environmental stresses such as sudden temperature
changes, pH variations, toxic compounds or poor bioflocculation
(6, 7). Deflocculation causes an increased number of small flocs
and free bacteria, which cannot be separated from the water by
means of settling, resulting in high effluent suspended solids (SS)
concentrations. Both the physicochemical adhesion of cells and
other particles and the formation of microbial colonies by cell
division are important for bioflocculation to occur. However, only
a minor fraction (5–20%) of the organic matter in the sludge floc
is made up of bacteria, the rest consists mainly of extracellular
polymeric substances (EPS) (8). The EPS holds the microorgan-
isms together in a matrix onto which organic fibres, organic and
inorganic particles as well as various colloids can adsorb; this close
proximity between microorganisms and the organic material pro-
motes its digestion by extracellular enzymes (9). It is believed that
EPS is important for floc structure and stability as well as deter-
mining its physicochemical and biological properties (10). Differ-
ent groups of bacteria have different abilities to flocculate due to
differences in their physicochemical properties. These differences
can be species or strain specific, or as a result of certain cellular
activities. It has been shown that active aerobic metabolism of the
bacteria is essential to maintain stable aggregates on a short-term
basis (11).

Jorand et al. (12) proposed a model where the floc contains
three structural levels, primary particles (single cells) are bound
together with one type of EPS to secondary particles (micro-
bial colonies), which are in turn bound together by another type
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of EPS into a tertiary structure. The microstructure, defined as
the position of specific bacterial populations, seems to be non-
randomly distributed in the flocs (13). The macrostructure, i.e.
the morphology of the overall floc, characterized by the param-
eters of floc size, abundance and type of filaments, density and
overall shape, influences floc stability and settling characteris-
tics. Bacteria are obviously an important component of activated
sludge flocs and determining important aggregation properties;
however, bacterial community composition and its possible cor-
relation with floc settling and aggregation are poorly understood.

Immobilization of microorganisms into biofilms or granules,
a process of cell-to-substratum or cell-to-cell attachment, is exten-
sively employed in biotechnological applications (14). Tradition-
ally, microbial biofilms were thought to be flat homogenous struc-
tures independent of the complex and dynamic environmental
conditions under which they grew. Diffusion was considered as
the predominant mechanism of mass transport, and the depth of
penetration was thought to depend on biofilm thickness, regard-
less of the type of internal microstructure (15). However, it is
now apparent that biofilms consist of microcolonies of cells and
extracellular polymeric substances (EPS) separated by interstitial
voids (16). The microcolonies are about 300 �m and the voids
are about 100 �m wide. The voids are open channels connected
with the bulk fluid. In the channels both diffusion and convection
contribute to mass transfer, while in the microcolonies transport
is determined by diffusion only. The architecture of a biofilm is
affected by a multitude of external and internal factors, the sur-
face loading rate, the shear rate (17) and the type of flow regime
(laminar or turbulent conditions) (18).

The biofilm structure is important in genetic transfer by bac-
terial conjugation because it determines how deeply the donor
cells can penetrate the biofilm. Open channels and pores allow
more efficient donor transport and hence more frequent cell col-
lisions, leading to rapid spread of the genes by horizontal gene
transfer. Such insights into the physical environment of biofilms
can be used for bio-enhancement of catabolic processes by the
introduction of mobile genetic elements into an existing micro-
bial community (19). In wastewater treatment systems, biofilm
reactors are used when the reactor capacity obtained by using
freely suspended organisms is limited by the biomass concen-
tration and hydraulic residence time (20). In these situations,
they are an effective solution to retain biomass in the reactors
and to improve the volumetric biodegradation capacity, for exam-
ple, in the case of slow-growing organisms such as nitrifiers or
methanogens, or for diluted feed streams, in which only low
biomass concentration can be achieved, without biomass reten-
tion. Traditional biofilm systems, such as trickling filters and
rotating biological contactors, have small specific biofilm surface
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areas available for substrate transport and reaction and a limited
reactor capacity. However, a significant increase in biofilm surface
area can be obtained by using small particles or highly porous
materials as biomass carriers, as is achieved in upflow sludge blan-
kets, fluidized bed reactors, expanded granular sludge blankets,
biofilm airlift suspension reactors, internal circulation reactors and
column reactors with biomass immobilized on porous ceramic
carriers (20, 21).

Advances in granulation technologies have been achieved by
focussing on general aspects of granule formation: effects of sub-
strate type, loading rate, filling patterns, shear stress, dissolved
oxygen concentration, COD/N ratio, settling velocity on gran-
ulation, and characteristics of granules such as granule size, mor-
phology, sludge volume index (SVI), density, hydrophobicity, and
conversion processes under different conditions (22). The forma-
tion of aerobic granules is crucial for their applicability in wastew-
ater treatment and this process takes several weeks; therefore, the
start-up time of an aerobic granular system is significantly longer
than a conventional activated sludge process (23). It is well known
that the aggregation of bacterial cells and the formation of flocs
and even more dense aggregates can be enhanced by the addi-
tion of flocculants such as calcium, aluminium and iron. Similarly,
the formation of granules may be enhanced by selected microbial
cultures (24), for example, Limbergen et al. (25) proposed that
the selection and application of floc-forming bacteria are impor-
tant for good flocculation in an activated sludge system. This was
demonstrated by the application of an enrichment culture, with
an increased cell surface hydrophobicity, for a faster formation of
mechanically stronger granules that formed within several days
after inoculation and were suitable for reactors with mechanical
stirring (26). Similarly, Tay et al. (27) applied acetate-fed gran-
ules as a starting seed for the development of phenol-degrading
granules that developed within 1 week after initiating the reac-
tor. Some studies have indicated that microbial granules cultivated
under aerobic conditions are less stable than anaerobic granules.
The poor stability of microbial granules can be a limiting fac-
tor in their application in real wastewater treatment practice. A
possible reason for the poor stability of aerobic granules is the
fast growth rate of heterotrophic bacteria, which dominate the
granules. Studies on aerobic granulation indicated that the selec-
tion of slow-growing bacteria or the presence of slowly degrading
compounds could lead to the formation of more stable granules
(28). Therefore, it was hypothesized that the presence of a carbon
source that is relatively recalcitrant might facilitate better granu-
lation due to the selection of slow-growing bacteria (29).

Aerobically grown granules have a diverse microbial com-
munity, a complex spatial structure, coordinated physiological
functions, and are characterized by specific temporal changes
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(26). It was shown that microbial granules were composed of a
variety of biological layers arranged as a sequence of obligate aer-
obic microorganisms, facultative anaerobic, and obligate anaero-
bic bacteria, and, finally, a core of dead and lysed cells (30). The
microbial diversity of aerobic granules is closely related to their
structure and the composition of the culture media in which they
are grown. Heterotrophic, nitrifying and denitrifying populations
can coexist in the microbial matrix of granules, with their respec-
tive activities being related to the nitrogen-loading rates and the
availability of an external carbon sources. It has been shown that
microbial granules subjected to alternating aerobic and anaerobic
conditions are capable of removing organics and nitrogen from
wastewater, and the coexistence of different species in the same
microbial matrix provided a platform for bacteria to perform their
respective functions synergistically (31). Aerobic granules contain
channels and pores that penetrate to a depth of 900 �m below
the surface (32), the porosity peaking at depths of 300–500 �m
(22). These channels and pores could facilitate the transport of
oxygen and nutrients into, and metabolites out of, the granules.
Polysaccharide formation peaked at a depth of 400 �m below the
granule surface while a layer of dead microbial cells was located at
a depth of 800–1000 �m (33). In order to fully utilize the aerobic
microorganisms in the granules, the optimal diameter should be
less than 1600 �m, which is twice the distance from the granule
surface to the anaerobic layer (34). Consequently, smaller gran-
ules will be more effective for aerobic wastewater treatment as
they have more live cells within a given volume.

2. Biomass
Sample
Pre-processing
for Molecular
Analyses

DNA extraction procedures for environmental samples can
involve cell extraction or direct lysis, depending on whether or
not the microbial cells are isolated from their matrix. The pro-
tocol of DNA extraction requires three steps: cell lysis, removal
of cell fragments and nucleic acid precipitation and purification.
Cell lysis is a particularly critical step in DNA extraction from
the environmental matrix. It is designed to release the DNA by
breaking the cell wall and membranes of the microorganisms.
Cell lysis can be achieved by incubation with detergent and/or
with lytic enzymes, either by incubation with guanidium isoth-
iocyanate (35) or by different mechanical treatments. Cell lysis
generally combines detergent and lytic enzymes, the most widely
applied detergent is sodium dodecyl sulfate (SDS), but sarkosyl
is also used (36). The detergent can be used warm or cold to
limit the extraction of humic substances. Lysozyme is the most
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commonly used enzyme for the hydrolysis of the polysaccha-
ride component of the bacterial cell wall; in addition, some pro-
teases, like proteinase K, achromopeptidase or pronase can also
help to liberate nucleic acids. Physical methods, including ther-
mal shocks (repeated freezing and thawing of sample), bead-mill
homogenization, bead-beating, microwave heating or the use of
ultrasound have also been used for cell disruption. The simplest
method, however, is grinding of sample in liquid nitrogen using
a mortar and pestle or homogenizing with beads (silica, agate,
glass) of various sizes and quantity (37, 38).

Nucleic acid-based methodologies for the monitoring of
organisms or particular genes require nucleic acid extracts that
are sufficiently free from inhibitory compounds, such as proteins,
phenolic compounds, humic acids and heavy metals, to allow reli-
able PCR amplification, enzyme digestion, hybridization and/or
reverse transcription (39 – 41). To this end, a number of nucleic
acid purification strategies have been devised (42). However, the
application of these strategies can reduce nucleic acid yield and,
consequently, devalue the nucleic acids for the study of micro-
bial diversity or environmental genomic analyses. At least four
types of purification are commonly used: caesium chloride den-
sity gradient ultracentrifugation, chromatography, electrophoresis
and dialysis followed by filtration. The efficiency of extraction/
purification depends on the properties of the environmental sam-
ple, and each step of the extraction procedure must be adjusted
for each sample (43). The choice of a protocol must be a com-
promise between the recovery of DNA that will be the most rep-
resentative of the microbial community and the quality of the
DNA (44). Most DNA extraction procedures focus on extrac-
tion and purification of DNA from soils and sediments, not from
engineered biological systems. DNA extraction from activated
sludge requires treatment to disrupt bacterial cells regardless of
their biochemical composition or their localization in the floc.
The efficiency of the extraction determines the quantity, quality
and diversity of the extracted DNA or RNA. Griffiths et al. (45)
described the first direct method for rapid coextraction of RNA
and DNA from soil for the comparison of bacterial diversity by
16S rRNA reverse transcription-PCR (RT-PCR) and 16S riboso-
mal DNA (rDNA)-PCR. The efficacy and reproducibility of the
method were confirmed by denaturing gradient gel electrophore-
sis (DGGE). In related studies, the method has been used to
extract total nucleic acid from samples of activated sludge (45).
According to Bourrain et al. (46), extraction of DNA from acti-
vated sludge samples required the following steps: sample disper-
sion, cell lysis treatment, DNA extraction purification and quan-
tification. A preliminary dispersion step allowed cell lysis treat-
ment to act more effectively on the bacteria inside the sludge
floc structure. A cation-exchange resin (CER) treatment provided



Review of Molecular Techniques in Wastewater Systems 163

higher DNA levels in sludge samples characterized by high val-
ues of organic matter, whereas sonication treatment proved more
efficient in activated sludges characterized by poor compaction
properties caused by a high density of filamentous bacteria.

There are many published methods for extracting DNA
from environmental samples including aerobic granules, several
of which have been tested using seeded samples (47 – 51). These
studies seem to show that the inoculated bacteria were often more
easily lysed than the autochthonous bacteria, so that they were
more readily amplified.

The most commonly used technique for visualization and
quantification of the microorganisms present in an engi-
neered biological system is fluorescence in situ hybridization
(FISH). Prior to FISH analysis, biofilm samples are fixed
in 4% paraformaldehyde and frozen at −30◦C. From the
frozen biofilm samples, biofilm sections with 10 �m(52), 20
�m(53) or 25 �m thicknesses (54) are prepared by ver-
tically cutting using a microslicer at −20◦C. Thin sections
of biofilm are placed in a hybridization well on a gelatin-
coated microscopic slide and the standard hybridization pro-
tocol is used. A similar protocol was used by Tsuneda
et al. (55) for the preparation of granulated activated sludge sam-
ples prior to hybridization.

3. Quantity of
Microorganisms
and Structure
of Microbial
Consortia in
Wastewater
Treatment
Bioreactors

To design and control the activated sludge, granulated activated
sludge or biofilm systems more efficiently, it is necessary to under-
stand the relationships between the microbial community struc-
ture and the process performance (56, 57). Traditional microbi-
ological techniques and conventional microscopy are insufficient
to determine the composition, structure, stability, function and
activity of bacteria involved in wastewater treatment processes.
A wide range of molecular biology tools such as FISH with 16S
rRNA-targeted oligonucleotide probes, DGGE or real-time PCR
have to be used in order to gain an insight into the complex bac-
terial communities in engineered systems (53, 56, 58).

3.1. Quantification of
Microorganisms

One of the most widely employed techniques for bacterial enu-
meration is FISH, a technique which allows the identification
of microorganisms at any desired taxonomical level depending
on the specificity of the probe used (59). Probes used in FISH
analysis are short sequences of DNA labelled with a fluorescent
dye, which recognize 16S rRNA sequences in the fixed cells and
hybridize with them in situ. The majority of FISH applications
in wastewater treatment have been directed towards the study of
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those microorganisms taking part in the biological elimination of
nitrogen and, to a lesser extent, phosphorous (59).

Nitrification, which converts ammonia to nitrite and nitrate,
is the initial step of biological nitrogen removal carried out by
two phylogenetically independent groups of autotrophic aerobic
bacteria, namely ammonia-oxidizing bacteria (AOB) and nitrite-
oxidizing bacteria (NOB). Nitrification is the rate-determining
process in nitrogen removal. Nitrifying bacteria have slow growth
rates and are sensitive to toxic shocks, pH and temperature
changes. This explains why many sewage treatment plants fail to
establish stable nitrification. Therefore, knowledge of the quan-
tity of nitrifiers and their spatial organization and activities is
important to improve treatment performance and process stability
(60, 61).

The oldest method for the enumeration of AOB is culture-
dependent MPN (most probable number). However, the cul-
turing time is long and there is the possibility of underesti-
mation due to difference of culturability among the species of
AOB (2). In order to overcome these limitations, new meth-
ods have been developed, which include FISH (2, 62), dot blot
hybridization using a 16S rRNA-targeted oligonucleotide probe
(62), and an antibody method (63). Work on the detection lim-
its of these methods (MPN: 7×104cells/mL, antibody: 1×104

cells/mL, FISH: 9×103 cells/mL and dot blot hybridization:
1×103 cells/mL) has shown that for relatively low ammonium-
loaded suspended systems, such as the final effluent of municipal
wastewater treatment plants, only dot blot hybridization can give
reliable enumeration.

FISH has been successfully applied to quantify AOB in
biofilm systems (64) and high ammonium-loading systems (2).
Numerous probes used for the identification of Eubacteria, AOB
and NOB have been published (65, 66); some examples are given
in Table 11.1. Some data indicate that counting total numbers
of nitrifying bacteria can be hampered because AOB forms dense
clusters (67) and NOB cells are relatively small (68). The clus-
ter sizes of ammonia-oxidizing bacteria in autotrophic nitrify-
ing biofilm were found to be larger than those in the domestic
wastewater biofilm, probably due to the higher ammonium-
loading rate. Therefore, Okabe and Watanabe (68) used the sur-
face fraction of total biomass area and probe-stained cell area
(cluster of nitrifiers) to quantitatively characterize the population
structure of nitrifying bacteria. A study to quantify, using FISH,
the AOB and NOB in the biofilm of a sequence batch reactor
(SBR) receiving reject water from sludge dewatering with a high
concentration of ammonia (400–500 mg/L) and high salinity
(conductivity 5000–6000 �S/cm) showed that ammonia oxidiz-
ers occupied a particularly high percentage of the total bacterial
cell area (slightly more than 55%), while the combined cell area
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Table 11.1
Selected probes used for the identification of Eubacteria and nitrifying bacteria

Probe Sequence (5′–3′) Target organisms Reference

EUB338 GCTGCCTCCCGTAGGAGT All Eubacteria (65)
NEU CCCCTCTGCTGCACTCTA Halophilic and halotolerant

members of the genus
Nitrosomonas

(62)

Nso190 CGATCCCCTGCTTTTCTCC Ammonia-oxidizing
�-Proteobacteria

(62)

Nso1225 CGCGATTGTATTACGTGTGA Ammonia-oxidizing
�-Proteobacteria

(62)

Nsm156 TATTAGCACATCTTTCGAT Nitrosomonas C-56,
Nitrosomonas europaea,
Nitrosomonas
eutropha, and Nitrosococ-
cus mobilis

(62)

Nsv443 CCGTGACCGTTTCGTTCCG Nitrosolobus multiformis,
Nitrosospira briensis, and
Nitrosovibrio tenuis

(62)

NIT1 CACCTCTCCCGAACTCAA Nitrobacter spp. (58)

NIT2 CGGGTTAGCGCACCGCCT Nitrobacter spp. (58)
NIT3 CCTGTGCTCCATGCTCCG Nitrobacter spp. (58)

Nb1000 TGCGACCGGTCATGG Nitrobacter spp. (62)
Ntspa712 CGCCTTCGCCACCGGCCTTCC Phylum Nitrospira (66)

Ntspa662 GGAATTCCGCGCTCCTCT Genus Nitrospira (66)

of all nitrite-oxidizers was much smaller (about 8%). Among the
nitrite-oxidizers, Nitrospira-like bacteria were clearly the domi-
nant population, indicating that these bacteria should be regarded
as the key organisms of nitrite oxidation in wastewater treatment
plants (69).

Many studies deal with nitrifying trickling filters in municipal
wastewater treatment plants. Biesterfeld et al. (57) showed that
ammonia oxidizers composed as much as 17% of the total biofilm
area, which was consistent with previous observations of 5–20%
ammonia oxidizers in domestic wastewater systems (70). Accord-
ing to Persson et al. (71), the proportions of AOB varied from
16% to 45% in biofilm. Ballinger et al. (72) showed that the num-
ber of AOB depends on the C/N ratio in wastewater, while other
work (73) revealed that the number of NOB is determined by
free ammonia concentration.

Denitrification in wastewater treatment is the final step of
nitrogen elimination following nitrification. Despite significant
application of denitrification processes, knowledge about the
bacteria involved in the process is relatively limited. An approach
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involving 16S rRNA genes is not suitable for the investigation
of communities of denitrifying bacteria in wastewater treatment
processes because denitrification is widespread among phyloge-
netically unrelated groups (74). Biological denitrification is a res-
piratory process defined as the enzymatic, stepwise reduction of
nitrogen oxides associated with electron transport phosphoryla-
tion and evolution of the gases: nitric oxide (NO), nitrous oxide
(N2O) and molecular nitrogen (N2) (75). The key step in the pro-
cess is catalysed by nitrite reductase (76). Two structurally differ-
ent but functionally equivalent enzymes catalyse nitrite reduction,
nirK and nirS. These genes are useful targets for PCR primers
to detect communities of denitrifying bacteria in samples from
activated sludge. A combination of DGGE analysis based on 16S
rRNA genes and FISH technique (77) showed that the genus of
Thauera was a major group of denitrifying bacteria in the denitri-
fying fluidized bed reactor (FBR). Excellent correlation between
the nirS gene abundance and the denitrifying rates of the FBR
was observed throughout the experimental period.

In an enhanced biological phosphate removal (EBPR) pro-
cess, wastewater is treated in anaerobic−aerobic sequential condi-
tions. During the anaerobic stage, polyphosphate-accumulating
organisms (PAO) sequester short-chain organic acids in the
wastewater forming intracellular polyhydroxyalkanoates, partic-
ularly polyhydroxybutyrate (PHB). Hydrolysis of intracellular
polyphosphate provides the energy needed for this sequestration.
During the subsequent aerobic stage, PHB is consumed to pro-
duce energy for bacterial growth and to restore the polyphosphate
pool. As the quantity of phosphate removed from wastewater
during the aerobic stage is greater than that released dur-
ing the anaerobic stage, phosphate is accumulated in bacte-
rial cells and removed from the system along with the waste
sludge (78).

Successful operations of EBPR processes require the selec-
tion of PAOs over competitive organisms such as glycogen-
accumulating organisms under optimal growth conditions, and
thus it is important to identify which of these physiological
groups are present in these communities (79). There are a num-
ber of probes used for the identification of PAOs (80 – 82)
(Table 11.2).

Wong et al. (83) investigated activated sludge samples taken
from different wastewater treatment plants with and with-
out enhanced biological phosphorous removal, using FISH.
The study showed that Rhodocyclus-related polyphosphate-
accumulating organisms (PAOs) and glycogen-accumulating
organisms from a gammaproteobacterial lineage GB were the pre-
dominant populations detected, representing 4–18% and 10–31%
of total cells, respectively. However, there was poor correlation
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Table 11.2
Selected probes used for the identification of bacteria responsible for
phosphorus removal

Probe Sequence (5′–3′) Target organisms Reference

ACA ATCCTCTCCCATACTCTA Acinetobacter calcoaceticus (80)

MP2 GAGCAAGCTCTTCTGAACCG Microlunatus phosphorus (81)
PAO651 CCCTCTGCCAAACTCCAG PAO-cluster (82)

PAO846 GTTAGCTACGGCACTAAAAGG PAO-cluster (82)

between Rhodocyclus-related PAO population and sludge total
phosphorous (TP) content.

Eschenhagen et al. (84) compared the bacterial composi-
tion of activated sludge from two laboratory plants with differ-
ent modes of operation: anoxic/oxic (EBPR, no nitrification)
and Phoredox-system (EBPR, nitrification and denitrification).
In addition to FISH, they applied terminal restriction fragment
length polymorphism analysis and comparative 16S rDNA anal-
ysis that indicated highly diverse microbial communities in both
plants, suggesting substantial differences in the microbial struc-
ture. An enhanced biological phosphorus removal process com-
bined with a biological nitrogen removal process is difficult to
achieve because organic compounds expressed as COD are a lim-
iting factor for phosphate release and denitrification at a low C/N
ratio. The solution is the introduction of denitrifying phosphate-
accumulating organisms (DNPAOs), which are capable of utiliz-
ing nitrate as an electron acceptor to simultaneously remove phos-
phorus and nitrogen from wastewater. A study to determine the
presence of DNPAOs in activated sludge in SBRs operated under
three different electron acceptor conditions (85) indicated that
PAOs, responsible for phosphorus removal, consisted of at least
three populations, including DNPAOs, in each reactor, and the
microbial community structure was changed depending on the
redox conditions.

Real-time PCR is a technique for collecting data, which fol-
lows the DNA production during each PCR cycle and quanti-
fies it through a fluorescent reporter signal. This can be achieved
using a variety of different fluorescent chemicals that correlate
PCR product concentration and fluorescence intensity. Reactions
are characterized by the point in time where the target amplifica-
tion is first detected − this value is usually referred to as the cycle
threshold (Ct). The amount of PCR product is positively corre-
lated with the initial amount of target DNA. Real-time PCR assays
are so accurate that it is even possible to detect a single copy of
a specific transcript (86). Real-time quantification can be divided
into two types: absolute and relative quantification (87). Absolute
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quantification uses serially diluted standards of known concentra-
tions to generate a standard curve that produces a linear rela-
tionship between the Ct value and initial amounts of sample,
allowing the determination of unknowns based on their Ct val-
ues. In contrast, during relative quantification, changes in sample
gene expression are measured based on either an external stan-
dard or a reference sample, also known as a calibrator.

The discharge of treated wastewater from wastewater treat-
ment facilities to the surrounding environment can pose a threat
to health, so molecular techniques that enable the monitor-
ing of hazardous substances and microorganisms have signif-
icant applications. Quantitative real-time PCR can be applied
to detect and enumerate bacterial pathogens during municipal
wastewater treatment. Using this technique, the number of two
enteric pathogens, Salmonella spp. and Campylobacter jejuni,
and two bacteria commonly used as indicators, Escherichia coli
and Clostridium perfringens, was monitored during municipal
wastewater treatment and sludge composting. The bacterial taxa
behaved differently during the process, and the main differences
were observed during biological treatment in the activated sludge
basins. Salmonella spp. and C. jejuni survived better during acti-
vated sludge treatment than E. coli, with C. jejuni being the most
resistant to wastewater treatment among the four bacterial groups
(88). The study concluded that the use of E. coli as an indica-
tor of faecal contamination is debatable because of its different
survival capacity in comparison with pathogenic bacteria. There
has also been work (89) focused on the development of real-
time assays for the quantifiable detection of antibiotic-resistance
genes in different municipal wastewater samples (genes vanA,
ampC and mecA). Despite the fact that the high bacterial diver-
sity of wastewater represents a complex matrix for the applica-
tion of molecular biology techniques, the resistance gene vanA
was detected in 21% of the samples and ampC in 78%. The gene
mecA was not found in municipal wastewater, but in two clinical
wastewater samples. This approach has potential for the monitor-
ing of antibiotic-resistant bacteria pathways and observing the fate
of resistance genes within natural and engineered biocoenoses.

RT-PCR allows enumeration and investigation of the ecol-
ogy of specific microorganisms responsible for key processes
during wastewater treatment, e.g. ammonium oxidation dur-
ing nitrification. Limpiyakorn et al. (90), examining activated
sludge samples taken from five different sewage treatment sys-
tems, showed that the total number of ammonia-oxidizing bacte-
ria (AOB) varied between 3.4±1.0×109–1.1±0.3×1010 cell/L,
which can account for 0.13–0.33% of the total bacterial popula-
tion. Moreover, in all systems the majority of the AOB population
comprised Nitrosomonas oligotropha clusters commonly found
in oligotrophic environments, including wastewater treatment



Review of Molecular Techniques in Wastewater Systems 169

systems with low ammonium load. The study concluded that the
low ammonium concentration and the low volumetric ammonia
removal in the systems investigated were the main factors sup-
porting the predominance of the N. oligotropha cluster.

Quantitative real-time PCR can also be a tool for monitor-
ing the presence of microorganisms that pose a threat to the effi-
cient operation of wastewater treatment plants, e.g. filamentous
organisms such as Microthrix parvicella that lead to foaming and
bulking of activated sludge when they proliferate uncontrollably.
The obstructed retrieval of bulking and foaming activated sludge
in secondary clarifiers may result in reduced wastewater treatment
performance. Kaetzke et al. (91) developed a method for deter-
mining the relative frequency of the above-mentioned microor-
ganisms in activated sludge samples by combining real-time PCR
with both universal 16S rRNA gene primers and others specific
for the M. parvicella. They analysed 32 activated sludge sam-
ples obtained from different wastewater treatment plants. And
found the level of M. parvicella 16S rRNA gene copies in non-
foaming samples was below 3% of the total number of 16S rRNA
gene copies but between 0% and 18% in the 14 samples originat-
ing from wastewater treatment plants that displayed foaming and
bulking problems. This research offers the opportunity to mon-
itor the amount of M. parvicella in wastewater treatment plants
and to change the operating strategy before bulking and foaming
of activated sludge occurs.

Real-time multiplex PCR is a variant of PCR in which two
or more loci are simultaneously amplified in the same reaction.
The optimization of the protocol is crucial for the success of
the experiment and critical factors, e.g. primer concentration or
cycling profile have to be carefully analysed (92). Geets et al. (93)
employed real-time PCR for the simultaneous quantification of
nitrifying and denitrifying bacteria in activated sludge samples.
Simultaneous quantification was possible along the 5-log dynamic
range and with a high linear correlation (R2>0.98). The abun-
dance of ammonia oxidizers was from 106 down to 104/mL,
whereas nitrite oxidizers were less abundant. As for the denitri-
fication genes (nirS, nirK, nosZ), their abundance was generally
in the order of 108–105/mL. The authors concluded that this
approach can be applied as a fast and accurate tool for studying
nitrifier and denitrifier community dynamics in engineered envi-
ronmental samples.

It is worth stressing that the most comprehensive results
can be obtained by combining particular techniques. For exam-
ple, the results of PCR-DGGE and sequencing can be used for
designing probes for FISH (56) or FISH and real-time PCR
complement each other and, if combined, they give operators
and researchers a broader assessment of the activated sludge
community (94).
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3.2. Spatial
Organization of
Bacteria

In order to study to understand how microbial aggregates form
and how cells interact within them, visualizing and quantifying
their spatial organization is required. Manser et al. (95) indi-
cated a method to quantify nitrifying bacteria in activated sludge
using FISH and epifluorescence microscopy. Combining FISH
with confocal laser scanning microscopy (CLSM) allows the visu-
alization of three-dimensional microbial structures of activated
sludge flocs, biofilm and granules (59, 69, 71, 94, 96). More-
over, this technique allows the optical sectioning of samples non-
destructively and thus the investigation of the spatial distribution
of bacteria in activated sludge or biofilm samples (15, 58, 67).

The use of FISH and CLSM showed that the spatial orga-
nization of bacteria depended on the C/N ratio; in domestic
wastewater treatment systems where the C/N ratio was high, het-
erotrophic bacteria occupied the outer part of the biofilm while
AOB were distributed in the inner part. As the C/N ratio grad-
ually reduced, nitrifying bacteria began to colonize the outer
layer of the biofilm previously occupied by the heterotrophic
bacteria (61).

Similarly, Jang et al. (54) showed that the bacterial dis-
tributions were significantly changed depending on the aera-
tion. At a dissolved oxygen concentration of 2 mg O2/L, het-
erotrophs dominated throughout the whole depth of the biofilm.
At 10 mg O2/L, the numbers of nitrifying bacteria were sig-
nificantly increased suggesting that when oxygen is not limit-
ing, those microorganisms with a slow growth rate in a mixed
autotrophic/heterotrophic biofilm are typically more abundant in
deeper sections of the biofilm. However, other work found aer-
obic ammonium- and nitrite-oxidizing microorganisms (Nitro-
somonas and Nitrobacter) are dominant in the upper aerobic
100–200 �m of the biofilm (97, 98). Similar observations
were made in the research of biomass in granules. Colonies of
ammonia-oxidizing bacteria existed in the outer parts of the gran-
ules (55), with most of the nitrification occurring from the surface
to a depth of 300 �m (99).

4. Activity of
Particular
Groups of
Microorganisms
in Wastewater
Treatment
Processes

The great challenge researchers are facing now is to relate the
analysis of complex microbial consortia to the metabolic func-
tions of specific groups of bacteria in the bioreactor. Research
is increasingly focused on how environmental conditions influ-
ence microorganism’s specific activity in wastewater treatment
processes. The most credible indicator of living cells or a
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specific activity in a complex microbial community is mRNA. This
is due to the fact that the turnover of mRNA is rapid in liv-
ing bacterial cells, with most mRNA having a half-life of only a
few minutes (100). This information is extremely valuable when
studying wastewater treatment processes because it allows differ-
ential detection of bacteria that are active in the treatment pro-
cess, excluding those that are only present in a dormant form.

Relating biological activity to environmental conditions is
economically important in the context of wastewater treatment.
The application of molecular techniques based on RNA anal-
ysis poses an opportunity to identify which microorganisms in
the biomass are active at given stages of wastewater treatment.
Milner et al. (101) contrasted the presence and activity of the
most abundant Bacteria in plug flow and completely mixed acti-
vated sludge plants. Their presence was detected by amplifying
16S rRNA gene fragments and their activity by amplifying native
16S rRNA using reverse-transcriptase PCR with Bacteria-specific
primers, the amplified sequences were compared using DGGE.
The plug flow plant exhibited a physicochemical gradient with
an initial anoxic zone, whilst the two completely mixed reactors
did not. Similarities were observed between the DGGE profiles
for presence and activity; however, in the plug flow reactor one
prominent band was detected in the active population but was
absent from the corresponding profile of the 16S rRNA gene. The
intensity of this band, identified as a Nitrosomonas-like sequence,
varied along the physicochemical gradient of the plug flow reactor
in a manner that coincided with the growth of AOB and the loss
of ammonia.

It is also possible to monitor the activity of microorganisms
introduced into activated sludge systems in order to enhance the
removal of particular pollutants. Selvaratnam et al. (102) intro-
duced a phenol-degrading bacterium Pseudomonas putida ATCC
11172 containing the dmpN gene, coding for phenol hydroxy-
lase, an enzyme involved in the conversion of phenol to catechol,
to a laboratory-scale SBR reactor. Applying reverse transcriptase
PCR, the authors showed that the greatest dmpN gene expression
was noted 15 min after the maximum concentration of phenol
was observed in the reactor and 15 min after the start of aera-
tion. Conversely, decreased phenol concentrations in the reactor
corresponded to reduced levels of dmpN expression.

The expression of ammonia monooxygenase-encoding
mRNA in aggregated sludge from a fluidized bed wastewater
treatment system has been successfully used as an indicator of
ammonia oxidation activity in order to monitor nitrifying bacteria
in engineered systems. The work showed that in batch mode the
sudden exposure to ammonia resulted in a quick response (1–2 h)
of amoA mRNA transcription, while in continuous-feeding oper-
ation amoA mRNA level dynamically changed in response to the



172 Wojnowska-Baryła et al.

change in the surrounding environmental conditions (103). Sim-
ilarly, Cydzik-Kwiatkowska et al. (104) investigated transcription
levels of amoA mRNA and 16S rRNA during the aeration phase
in a sequencing batch reactor, using reverse transcription PCR.
Expression of the amoA gene reached a detectable level 2 h after
the beginning of the aeration phase and did not disappear until
its end. Lack of detectable amoA expression at the beginning of
the aeration phase was in agreement with nitrite concentration
decrease. A gradual increase in amoA transcript level observed
during the following hours indicated a rise in ammonia-oxidizing
bacteria activity, and a detectable change in nitrite concentration
was observed 2 h after the RT-PCR signal was provided for the
first time. Changes in the 16S rRNA transcription level indicated
that the metabolic activity of the activated sludge bacterial com-
munity increased gradually during the aeration phase.

A study of the expression of the NirS gene by mRNA analysis
after shifting an aerobic culture of Pseudomonas stutzeri to nitrate
respiration indicated that monitoring of mRNA levels allowed
important questions to be answered regarding the maintenance
and physiological status of a given gene in mixed culture and alter-
ing bioreactor operational strategies in order to obtain optimal
pollutant removal (105).

Quantification of the signal given by rRNA-targeted oligonu-
cleotides has been shown to allow the estimation of in situ growth
rates of individual cells (106). When the majority of cells visu-
alized in activated sludge flocs by staining with the DNA fluo-
rochrome 4′,6-diamidino-2-phenylindole (DAPI) also hybridized
with a probe specific for the domain Bacteria, this indicated not
only in situ dominance of members of this domain but also high
cellular ribosome contents and consequently high growth rates
and high metabolic activity of the majority of cells. Witzig et al.
(107) used the rate of oxygen consumption and cell detectability
by FISH to determine the physiological state of the bacterial cells
in an aerobic membrane bioreactor treating municipal wastewa-
ter. It was found that bacteria present in the highly concentrated
biomass of the reactor used the energy supplied for their main-
tenance metabolism and were not in a physiological state charac-
teristic for growth. This assumption could explain the zero net
biomass production observed in the reactor.

5. Diversity and
Composition
Changes of
Bacterial
Consortia in
Bioreactors

Many wastewater engineers contend that if reactors with acti-
vated sludge or other kind of biomass work properly resulting
in a high pollutant removal rate, there is no need to apply com-
plex molecular biology tools for detailed evaluation of biomass.
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However, others argue that diversity within certain bacterial
groups catalysing critical steps in nutrient removal is crucial to
improving process stability and efficiency (69). Knowledge of
how to increase the diversity of such bacterial groups by changes
in the process regime makes it possible to design more robust
and reliable wastewater treatment plants. If the microbial com-
munities are confronted by unfavourable conditions, the stability
of, for example, the ammonia-oxidation process should be higher
in a reactor harbouring a more diverse ammonia-oxidizing com-
munity. The presence of many species able to perform the same
ecological function increases the probability that a sudden change
of environmental conditions will not decrease the effectiveness
of wastewater treatment, because at least one of the species will
manage to adapt and ensure maintenance of the specific metabolic
pathway (108, 109). Taking such functional redundancy into con-
sideration, it is likely that microbial population shifts and diversity
measurements are a valuable tool in predicting wastewater treat-
ment efficiency in bioreactors.

The diversity of microorganisms in activated sludge, biofilm
or granulated activated sludge depends on the influent wastew-
ater and the technological parameters of the process, e.g. the
solids retention time. It is impossible to assess microbial diver-
sity in a system by relying only on conventional microbiological
techniques based on the isolation of pure cultures and morpho-
logical, metabolic and biochemical assays. Culture media tend to
be highly selective for particular groups of bacteria. The appli-
cation of molecular biology techniques, such as amplified ribo-
somal DNA restriction analysis (ARDRA), ribosomal intergenic
spacer analysis (RISA) terminal restriction fragment length poly-
morphism (t-RFLP) or denaturing gradient gel electrophoresis
(DGGE), to the study of microbial diversity in engineered sys-
tems overcomes this problem to some extent.

The studies of Fernandez et al. (110), based on amplified
ribosomal DNA restriction analysis, showed that the process sta-
bility of methanogenic bioreactors depended on the diversity of
functional groups within each trophic level. The authors inves-
tigated microbial populations from Bacteria and Archea in a
methanogenic reactor operating over 2 years under constant con-
ditions and with stable performance. The study showed that
functional stability did not imply community stability and that
an extremely dynamic community could be developed in a sim-
ple ecosystem fed with a single simple substrate (glucose). This
implies that the dynamics of the microbial community was driven
by the large number and diversity of minority populations present
in the reactor.

Molecular techniques can be successfully employed for eval-
uating the impact of different physical or chemical factors on
the microbial consortia, for example, the non-thermal effects of
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microwave radiation on the biofilm in bioreactors fed with syn-
thetic wastewater (111). In this study, eight trickling bioreac-
tors were used in the experiment, four of which were located
inside a microwave-exposed chamber, whereas the other four
(control group) were placed in a chamber heated with warm
air. The four research columns were irradiated with microwave
radiation at 0.01 W/cm3 of the reactor media. The results
showed that microwave radiation positively influenced nitrifica-
tion and denitrification efficiency (35.9% of nitrogen removal in
microwave-radiated reactors versus 19.2% in control reactors),
and the analysis of bacterial diversity based on DGGE patterns
showed that significantly different communities developed in the
reactors exposed to microwave radiation in comparison to the
control reactors. Moreover, bacterial richness measured by the
Shannon index was significantly higher in the microwave treated
samples, suggesting that this biofilm was less prone to environ-
mental disturbances.

It is also possible to observe changes within bacterial commu-
nities in time. Cydzik-Kwiatkowska (112) investigated the impact
of ammonia and organic carbon load on ammonia-oxidizing bac-
teria (AOB) community in activated sludge. The experiment was
carried out in two SBR reactors differing in ammonia load. Feed-
ing conditions in the reactors were switched from those favour-
ing autotrophic nitrification through to favouring heterotrophic
processes and then back to autotrophic conditions. Observations
of AOB community changes were based on PCR-RFLP analysis
of amplified amoA gene fragments. AOB genetic diversity was
evaluated on the basis of the number of different amoA gene
forms. When only carbonates were introduced with wastewater,
a stable ammonia-oxidizing bacteria community became estab-
lished at about day 23 and 28 with an ammonia load of 250
and 130 mg N-NH4/d, respectively. The diversity of ammonia-
oxidizing bacteria was higher at lower ammonia load, and in both
reactors a statistically higher diversity of AOB was observed when
only carbonates were present in the wastewater in comparison
to conditions in which sodium acetate was introduced to the
reactors.

There are various plant designs in use for the treatment of
wastewater. If two systems work equally efficiently in terms of
pollutant removal, molecular biology techniques can be used for
the evaluation of microbial community diversity in both systems
in order to choose the one supporting the higher diversity. Rowan
et al. (113) investigated the diversity of ammonia-oxidizing bacte-
ria consortia in two full-scale treatment reactors, namely a biolog-
ical aerated filter (BAF) and a trickling filter, each receiving iden-
tical wastewater. Diversity was evaluated on the base of DGGE
profiles. The community structure of AOB was different in
different sections of each of the reactors, and differences were also
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noted between the reactors. The BAF reactor harboured a lower
detectable diversity of AOB compared with the filter beds that,
according to reports from practitioners, suffer less from nitrifica-
tion failure (114). Cloning and sequencing of 16S rRNA gene
fragments from AOB populations revealed that all samples ana-
lyzed appeared to be dominated by ammonia-oxidizing bacteria
most closely related to Nitrosococcus mobilis.

The application of molecular biology techniques allows bet-
ter understanding of the link between operational parameters and
microbial community dynamics in wastewater bioreactors. LaPara
et al. (115) studied the effect of temperature on bacterial commu-
nities in bioreactors treating pharmaceutical wastewater. The phy-
logenic diversity of the thermophilic (50–58◦C) and mesophilic
(28–32◦C) bioreactors was studied by PCR-DGGE of the variable
V3 region of the 16S rRNA gene and cloning and determination
of the nucleotide sequence of nearly complete 16S rRNA genes
amplified by PCR. PCR-DGGE results suggested that the bacte-
rial community in mesophilic reactors supported a greater num-
ber of bacterial taxa than the thermophilic reactors. These results
were confirmed by cloning of 16S rRNA genes. Collector’s curves
showed that the plateau level from plots of clones found in the
mesophilic reactors (>31 unique phylotypes) was much greater
than that of the two thermophilic reactors studied (9–10 unique
phylotypes). The effects of C/N ratios (C/N 3:1, 5:1, 10:1) on
the microbial community structure in wastewater in a suspended
carrier biofilm reactor, with simultaneous nitrification and dentri-
fication (SND), have also been studied using DGGE and FISH.
The data showed that the total diversity of microbial community
structure was positively correlated with C/N ratio, while that of
the three communities of ammonia-oxidizing bacteria indepen-
dent of it. The population of nitrifiers was inversely proportional
to the C/N ratio, with the average fraction of AOB and NOB to
all bacteria of 5.4, 4.8, 3.1% and 4.6, 3.5, 2.7%, respectively, as
the C/N ratio changed from 3:1, 5:1 to 10:1 (116). Such stud-
ies demonstrate that molecular methods used to monitor shifts
of microbial communities could offer guidance for process opti-
mization and enhanced stability in wastewater engineering.

6. Bioaugment-
ation

Analysis of microorganisms within bioaugmented reactors is
essential in understanding their fate and activity during engi-
neered treatment processes. The availability of DNA probes for
a number of degradative genes and the advent of the polymerase
chain reaction (PCR) have provided new tools to achieve these
aims. Many quantitative studies on bioaugmentation strategies
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have been published (117, 118). One of the factors that deter-
mine the need for bioaugmentation is the presence or the absence
of a bacterial population that is capable of degrading a target
pollutant. To date, most bioaugmentation practices have been
accomplished by enhancing the growth of indigenous microor-
ganisms or by augmenting the existing microbial population with
exogenous microorganisms capable of degrading the pollutant of
interest. In bioreactors, conditions can be effectively optimized to
achieve maximum microbial degradation of wastes and pollutants
by bioaugmentation. However, one of the major constraints of
this application is the ability to follow the added microorganism
effectively and the ability to predict whether this organism will
persist in the treatment system. Selvaratnam et al. (119) demon-
strated not only the presence or absence but also the physiologi-
cal status of added Pseudomonas putida by monitoring the dmpN
gene during phenol degradation in a SBR. The evidence that
enhanced phenol biodegradation was a result of microbial action
was indicated by the persistence and expression of the dmpN gene
for over 41 days. The data clearly showed that bacterial consor-
tia monitoring with molecular techniques can successfully assess
the state of a bacterium used in bioaugmentation and whether
bioaugmentation had been effective in enhancing the degrada-
tion of phenol.

It is also possible to use genetically modified microorganisms
containing heterologous genes that have been inserted into the
chromosome to achieve pollutant removal. These microorganisms
can be used for in situ degradation of different mixtures of chloro-
and methylphenols in a laboratory-scale sewage plant. For exam-
ple, Lee et al. (120) constructed a hybrid strain of P. putida that
had the ability to utilize benzene, toluene, and p-xylene simul-
taneously. The hybrid strain contained genes encoding toluene
dioxygenase from the tod pathway, and the entire TOL plas-
mid. Complete degradation of pollutants was achieved without
metabolite accumulation.

Under practical conditions, target substances are in most cases
mixed with a wide variety of other degradable materials. Many of
these materials may be much more attractive to the bioaugmenta-
tion culture than the target substances, so they may be biode-
graded preferably. In addition, target pollutants are often at a
low concentration and occur occasionally in influent, so selection
pressure from these pollutants may be too weak to maintain the
specific degradation ability of the added bacteria. Comprehensive
actions between the supplemented and the indigenous microbial
community may also affect the results of bioaugmentation.

Several approaches, such as selection of an inoculum based
on a comprehensive knowledge of the indigenous microbial
community in the target habitat (121) and a slow release
approach (122), have been explored to improve performance of
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bioaugmentation. For reliable exploitation in bioaugmentation
application, Thompson et al. (123) recently suggested the appli-
cation of ecological theories for designing bioaugmentation
strategies. In ecology, process reliability and stability are assumed
to be related to functional redundancy, which is ensured by the
presence of a reservoir of species able to perform the ecologi-
cal function (124). Species are not functionally redundant for an
ecosystem process through time (125), for example, one species
within a group of Pseudomonas could increase in response to the
reduction or loss of another taxa under randomly fluctuated envi-
ronments and fill the functional niches occupied by the sensitive
species (126).

The survival of the inoculated microbial culture is critical for
successful bioaugmentation, but impossible to predict precisely.
As an alternative strategy, bioaugmentation of a group of func-
tionally similar strains may be an effective strategy for the stable
performance of biological systems. However, the concern with
the implementation of such a strategy is whether functionally sim-
ilar strains can coexist in biological systems after bioaugmenta-
tion in the face of severe inter-strain competition and competi-
tive exclusion. Competitive interaction, however, can be avoided
and/or reduced by spatial isolation (127). Even competitively
inferior strains could also become established in microbial com-
munities in heterogeneous environments. Jiang et al. (50) eval-
uated simultaneous bioaugmentation of two functionally similar
bacterial strains in aerobic granules. FISH and DGGE showed
that the two strains could coexist in aerobic granules but not in
activated sludge. These findings suggested that the compact struc-
ture of aerobic granules provided spatial isolation for coexistence
of competitively superior and inferior strains with similar func-
tions. Qu et al. (128) isolated Sphingomonas xenophaga QYY with
the ability to degrade bromoamine acid (BAA) from sludge sam-
ples. In order to estimate the relationship between community
dynamics and the function of augmented activated sludge, a com-
bined method based on fingerprints (RISA) and 16S rRNA gene
sequencing was used. The results indicated that the microbial
community dynamics were substantially changed, and the intro-
duced QYY strain was persistent in the augmented systems. Simi-
larly, Fouratt et al. (129) demonstrated how community profiling
of an undefined microbial population via temperature gradient gel
electrophoresis (TGGE) can be used to examine the biological
importance of organisms isolated from the same mixed popula-
tion. They demonstrated that in biomass as well as in genomic
DNA spiking experiments, a nitrifying bioaugmentation product
(NBP) had to be present at a level of at least 5% of the total bac-
terial population in order to be detected whereas bioaugmenta-
tion at 1% of the total population was enough to yield significant
improvements in nitrification efficiency.
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Chapter 12

Plasmid-Mediated Bioaugmentation of Wastewater
Microbial Communities in a Laboratory-Scale Bioreactor

Stephan Bathe and Martina Hausner

Abstract

Xenobiotic degradation during biological wastewater treatment can be established or enhanced by
bioaugmentation − the addition of biological agents carrying biodegradation genes required to perform
the task. Whereas the addition of microbial cells carrying chromosomally encoded catabolic genes can be
impaired by limited survival of the added microorganisms, the addition of donor organisms carrying a
transmissible catabolic plasmid is a promising alternative. This plasmid can spread within the indigenous
microbial community of the system, circumventing the need for extended survival of the introduced bac-
terial strain. Here we discuss how the catabolic plasmid pNB2 can be evaluated towards its potential to
facilitate the degradation of a xenobiotic compound, 3-chloroaniline, and demonstrate the applicability
of this plasmid to accomplish 3-chloroaniline degradation in a bioreactor setting after in situ transfer to
suitable recipient strains.

Key words: Catabolic plasmid, Pseudomonas putida, transposon labelling, 3-chloroaniline, bioreac-
tor, xenobiotic degradation, gfp, dsRed, Comamonas testosteroni, pNB2.

1. Introduction

Bioremediation, microbially mediated degradation or detoxifica-
tion of contaminants, is a promising approach to remediating
contaminated aqueous environments. Biofilms, flocs and other
bioaggregates are self-organizing accumulations of microorgan-
isms. Their products, extracellular polymeric substances (EPS),
play an important role in both natural and man-made environ-
ments with respect to transformation and transport of contami-
nants. Many xenobiotics become adsorbed to biofilms (1) where
they exert selective pressure on attached microbial communities,
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resulting in adaptation of microorganisms to the contaminant.
Microbial adaptation can be facilitated by (i) an increase in the
numbers of specific degraders, (ii) microbial community adap-
tation through mutations or (iii) acquisition of relevant genetic
information by the community through horizontal gene trans-
fer (HGT), and thus an ultimate increase in the community’s
biodegradation potential (2). Biofilms represent environmental
niches characterized by high cell densities and hence are ideal
environments for HGT to occur (3, 4). Catabolic genes or those
coding for antibiotic or metal resistance are often carried on plas-
mids. Plasmid transfer via conjugation (exchange of genetic infor-
mation from one cell to another mediated by cell-to-cell con-
tact) has been detected in many environments including soils,
activated sludge, sediments, the rhizosphere and phyllosphere of
plants, and model, engineered and natural biofilms. One com-
mon approach to initiating or accelerating bioremediation is
bioaugmentation, the introduction of desired metabolic functions
into an existing microbial community (5). This is often accom-
plished through the addition of a bacterial strain with the desired
metabolic properties (i.e. the capability to degrade a relevant pol-
lutant) to the indigenous microbial community (6). Alternatively,
a mixed culture possessing the desired catabolic functions can be
used (7). However, previous work has shown that strains added
to existing microbial populations may not survive under the new
environmental conditions and disappear to levels below detec-
tion limits (8, 9). On the other hand, bioaugmentation via in situ
genetic manipulation (the introduction of catabolic genes into an
existing indigenous community by means of HGT via conjuga-
tion or transformation) may lead to a successful introduction of
degradative genes into an existing microbial community (10–12).
In this way, genes encoding catabolic enzymes on mobile genetics
elements harboured in a suitable bacterial host are introduced to
indigenous populations. For example, studies have demonstrated
that conjugative catabolic plasmids of the incompatibility group
P1 are frequently transferred to a broad range of proteobacterial
recipients (10). An example of such plasmids is plasmid pNB2
(11), which carries genes for the degradation of aniline and 3-
chloroaniline.

Fluorescent proteins such as the green fluorescent protein
(GFP) from Aequorea victoria (13, 14) or the red fluorescent
protein DsRed (drFP583, commercially available as DsRed) iso-
lated from a Discosoma sp. coral (15) have been used as mark-
ers for in situ monitoring of plasmid transfer (16). Fluorescent
reporter genes have been used monitoring gene transfer in dif-
ferent environments, including agar surfaces, the phylloplane,
microbial wastewater communities or biofilms (10, 17–19).

In this contribution, we describe the evaluation of the suc-
cess of bioaugmentation of microbial wastewater communities in
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laboratory-scale bioreactors with a donor strain carrying plasmid
pNB2 (20, 11). We also outline techniques used to construct flu-
orescent protein-labelled donor strains and plasmids.

2. Materials

2.1. Media 1. LB-broth/agar 10.0 g/L tryptone, 5.0 g/L yeast extract,
5.0 g/L NaCl, 15 g/L agar.

2. Nutrient broth/agar: 5.0 g/L peptone, 3.0 g/L meat
extract, 15 g/L agar.

3. R2A agar: 0.5 g/L yeast extract, 0.5 g/L peptone, 0.5 g/L
casamino acids, 0.5 g/L dextrose, 0.5 g/L starch, 0.3 g/L
sodium pyruvate, 0.3 g/L K2HPO4, 0.3 g/L MgSO4,
15 g/L agar.

4. MMN-medium: Sterilize solutions a–c by autoclaving and
the citrate solution by filter sterilization. For preparation of
the medium, make up a 1× phosphate buffer solution (for
plates, include 15 g/L of ultra-pure agar). Allow to cool to
50◦C, then add the salt solution to 1× concentration and (if
required) the ammonium solution to 1 mM. Citrate is added
to a final concentration of 0.2%, and 3-chloroaniline (3CA)
to 100–200 mg/L.
a. 100× phosphate buffer solution: 141.96 g/L Na2HPO4,

136.09 g/L KH2PO4.
b. 200× salt solution: 19.7 g/L MgSO4, 1.18 g/L

CaCl·2H2O, 0.23 g/L H3BO3, 0.56 g/L FeSO4·7H2O,
0.34 g/L MnSO4·H2O, 0.08 g/L CuSO4 · 5H2O,
0.05 g/L CoCl2·6H2O, 0.02 g/L Na2MoO4·2H2O,
0.64 g/L of Na2EDTA.

c. Ammonium solution: 1 M NH4Cl.
d. Carbon source solutions: 20% Sodium citrate,

3-chloroaniline, 10% sodium succinate.
5. Synthetic wastewater: The synthetic wastewater was pre-

pared directly before use without sterilization using tap
water. Stock solutions a and b do not require sterilization,
but upon prolonged storage, precipitates may form in solu-
tion b, which should then be replaced. Add 2 mL of solution
a and 12.5 mL of solution b to 985.5 mL of water to prepare
1 L of the final synthetic wastewater (SWW).
a. 500× organic substrate solution: 64.0 g/L anhydrous

sodium acetate, 66.8 g/L citric acid, 62.0 g/L sodium
gluconate, 47.0 g/L anhydrous glucose, 33.0 g/L
NaH2PO4 · H2O, 18.0 g/L KCl.
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b. 80× salt solution: 22.1 g/L NaHCO3, 11.4 g/L
MgSO4· 7H2O, 8.6 g/L NH4Cl.

2.2. Bacterial Strains
and Plasmids

1. Wild-type plasmid pNB2 and host strain: Plasmid pNB2
(11) is a broad host range IncP1 plasmid (88 kb), which
carries genes for mercury resistance and for the degradation
of aniline and 3CA (20). The plasmid-carrying strain was
Comamonas testosteroni I2 obtained from a public culture
collection (LMG 19558).

2. Experimental plasmid donor strain: Pseudomonas putida
SM1443. Strain SM1443 is a modified P. putida KT2442
lacIq strain with npt removed by site-specific recombination.
This strain was constructed by Christensen and colleagues
(18). For our work, we obtained P. putida SM1443 through
a kind donation from Soren Molin (Department of Systems
Biology, Technical University of Denmark, Lyngby).

3. gfp-transposon donor strain: Escherichia coli CC118 �pir −
pUTgfp2x. We obtained this strain from Janet Jansson
(Department of Microbiology, Swedish University of Agri-
cultural Sciences). The pUT-derivative pUTgfp2x contains a
kanamycin resistance cassette and two copies of the wild-type
gfp gene under the control of a constitutive psbA promotor
(14).

4. dsRed-transposon donor strain: E. coli CC118 �pir −
pUTdsRed. This strain was obtained from Leo Eberl
(Department of Microbiology, University of Zürich). The
pUT-derivative used here contains a dsRed expression cas-
sette under the control of an inducible lac promotor
together with a gentamycin resistance gene (21).

5. Helper strain: E. coli HB101 − pRK2013. This strain can
be obtained from the German Collection of Microorgan-
isms and Cell Cultures (DSM No. 5599). Plasmid pRK2013
carries RK2 transfer genes as well as a kanamycin resistance
cassette, and is a helper plasmid for mobilization of non-self-
transmissible plasmids.

3. Methods

3.1. Labelling of
Strains and Plasmids

This approach utilizes suicide vectors of the pUT-series based on
transposon Tn5 (22). These vectors carry an antibiotic resistance
gene cassette as well as a recognition site for the NotI restriction
enzyme, surrounded by Tn5 recognition sequences. Additional
genes (for example, gfp genes used for fluorescent “tagging” of
the donor strain) can be cloned into the NotI recognition site.
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The plasmid also carries the Tn5 transposase genes. The plas-
mid has a R6K origin of replication and can replicate only in
bacterial strains producing the replication protein �. Examples
of such strains are the E. coli �pir strains carrying the pir gene in a
� prophage. The plasmid can be mobilized for conjugation with
a helper plasmid by means of a three-parental mating in which
an E. coli �pir strain carrying a pUT plasmid (in our case E. coli
CC118 �pir − pUTgfp2x or E. coli CC118 �pir − pUTdsRed) is
mated with an E. coli strain harbouring the helper plasmid (E. coli
HB101 − pRK2013) and a suitable recipient strain, which does
not produce the replication protein �. The goal of the triparental
mating is to introduce the pUT plasmid into the recipient strain,
where it cannot replicate in the absence of the replication protein.
In this way, only target strain colonies where transposon Tn5 with
cloned information has been integrated into the chromosome are
selected on minimal medium agar plates with appropriate antibi-
otics. The amino acid auxotrophic donor and helper E. coli strains
are counter-selected by the use of an appropriate synthetic mini-
mal medium or suitable antibiotics.

3.1.1. Chromosomal
Labelling of
Pseudomonas putida
SM1443 with gfp

1. Grow individual 5 mL overnight cultures in LB medium
with shaking at 150 rpm of the following strains:
a. E. coli CC118 �pir − pUTgfp2x (with 50 �g/mL

kanamycin at 37◦C)
b. E. coli HB101 − pRK2013 (with 50 �g/mL kanamycin

at 37◦C)
c. P. putida SM1443 (at 30◦C)

2. Centrifuge 1 mL of each culture for 5 min at 5,000g, dis-
card supernatants and resuspend each cell pellet in 1 mL
PBS.

3. Centrifuge again, discard supernatants, and resuspend each
pellet in 50 �L PBS.

4. Mix the three cell suspensions (total volume 150 �L) in
one reaction tube.

5. Transfer 100 �L of the cell suspension to an LB agar plate
with a pipette (one big “drop” results on the LB plate).

6. Allow conjugation proceed overnight at 30◦C.
7. Next day, remove the entire “patch” from the LB plate with

a sterile inoculation loop and transfer the biomass to 1 mL
PBS.

8. Vortex vigorously.
9. Centrifuge for 5 min at 5,000g and discard the supernatant.

Resuspend again in PBS.
10. Spread-plate proportions of the cell suspension on MMN-

agar plates containing 0.2% citrate and 100 �g/mL
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kanamycin in order to obtain single colonies. This medium
selects for P. putida transposon mutants (it does not sup-
port growth of the aminoauxotrophic E. coli strains).

11. Incubate at 30◦C for 2 days.
12. Inspect plate with a transilluminator by exposing it to UV

light (for a very short time) to select a green fluorescent
colony (P. putida SM1443::gfp2x).

3.1.2. Labelling of
Plasmid pNB2

The introduction of a fluorescent protein marker gene into pNB2
is performed in two steps, see also (10). First, a triparental mat-
ing between the original plasmid host, the dsRed donor strain,
and the helper strain is conducted as described above to produce
a Comamonas cell mixture with a transposon label either in the
chromosome or in the plasmid. Second, a mating between this
cell mixture and P. putida SM1443::gfp2x is performed, and Pseu-
domonas cells carrying a dsRed-labelled pNB2 plasmid are isolated
by selecting for the antibiotic resistance cassettes associated with
dsRedand gfp.

1. Grow individual 5 mL overnight cultures in LB medium
with shaking at 150 rpm of
a. E.coli CC118 �pir − pUTdsRed (with 25 �g/mL gen-

tamycin at 37◦C)
b. E.coli HB101 − pRK2013 (with 50 �g/mL kanamycin

at 37◦C)
c. Comamonas testosteroni I2 carrying plasmid pNB2 (at

30◦C)
2. Centrifuge 1 mL of each culture for 5 min at 5,000g, dis-

card supernatants and resuspend each cell pellet in 1 mL
PBS.

3. Centrifuge again, discard supernatants, and resuspend each
pellet in 50 �L PBS.

4. Mix the three cell suspensions (total volume 150 �L) in
one reaction tube.

5. Transfer 100 �L of the cell suspension to an LB agar plate
with a pipette (one big “drop” results on the LB plate).

6. Allow conjugation to proceed overnight at 30◦C.
7. Next day, remove the entire “patch” from the LB plate with

a sterile inoculation loop and transfer the biomass to 1 mL
PBS.

8. Vortex vigorously.
9. Centrifuge for 5 min at 5,000g and discard the supernatant.

Resuspend in 100 �L PBS.
10. Spread-plate the complete cell suspension on an MMN-

agar plate containing 0.2% citrate and 25 �g/mL
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gentamycin and incubate for 2 days at 30◦C. This should
select for a lawn of Comamonas testosteroni transposon
mutants with the dsRed transposon integrated either in
their chromosome or in plasmid pNB2.

11. Meanwhile, grow a 5 mL overnight culture of P. putida
SM1443::gfp2x in LB medium containing 50 �g/mL
kanamycin at 30◦C. This should be ready at the end of the
2-day incubation of the MMN-agar plate from step 10.

12. In order to isolate cells with dsRed-labelled plasmids, the
entire bacterial lawn is scraped off the MMN-plate with a
sterile inoculation loop and transferred to 500 �L PBS.

13. Centrifuge 1 mL of the Pseudomonas culture and resuspend
in 500 �L PBS.

14. Mix the two suspensions from steps 12 and 13, cen-
trifuge, discard the supernatant, and resuspend the pellet in
100 �L of PBS.

15. Transfer the cell suspension to the surface of an LB agar
plate with a pipette (one big “drop” results on the LB
plate) and incubate overnight at 30◦C.

16. Next day, remove the entire “patch” from the LB plate with
a sterile inoculation loop and transfer the biomass to 1 mL
PBS.

17. Centrifuge for 5 min at 5,000g and discard the supernatant.
Resuspend again in PBS.

18. Spread-plate proportions of the cell suspension on MMN-
agar plates containing 0.2% citrate, 25 �g/mL gentamycin
and 100 �g/mL kanamycin to select for colonies of Pseu-
domonas putida SM1443::gfp2x cells possessing a dsRed-
labelled plasmid pNB2.

19. Select a well-isolated colony and inspect it with a fluores-
cent microscope.

20. Upon microscopic observation and exposure to blue light,
cells should show constitutive green fluorescence and no
red fluorescence upon exposure to green light (red fluores-
cence should be suppressed as a result of the chromosoma-
lly encoded lac-Repressor in SM1443). However, growth
of the cells on agar with 0.5 mM IPTG should result in
the induction of red fluorescence in the SM1443 cells (see
Note 1).

The constructed strain possesses chromosomal resistances
against 100 �g/mL rifampicin and 50 �g/mL kanamycin as
well as plasmid-conferred resistances against 25 �g/mL gen-
tamycin and 5 �g/mL HgCl2 on LB medium. It should be noted
that Pseudomonas putida SM1443::gfp2x − pNB2::dsRed did not
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grow on MMN-medium containing 3-chloroaniline as the sole
carbon source.

3.2. Microscopy Three microlitres of a bacterial suspension are added to a well on
a 6- or 10-well slide. GFP (excitation, 488 nm, emission, 509 nm)
and dsRed (excitation, 563 nm, emission, 581 nm) fluorescence
are investigated with a fluorescence microscope using appropri-
ate filter sets and/or laser excitation wavelengths (488 nm and
543 nm, for GFP and dsRed, respectively) and emission fil-
ters (e.g. long-pass 505 nm or long-pass 560 nm for GFP and
dsRed, respectively) for confocal laser scanning microscopy. For
our work, we use a Zeiss LSM 510 (Carl Zeiss, Jena, Germany)
confocal laser scanning microscope.

3.3. Evaluation of the
3-Chloroaniline
Degradation
Potential of Plasmid
pNB2

Plasmid pNB2 was first isolated from a 3-chloroaniline-degrading
strain of Comamonas testosteroni. After transfer of the plasmid
to a Ralstonia eutropha strain, the newly formed transconjugants
gained the ability to degrade aniline, but not 3-chloroaniline (23).
However, this standard evaluation procedure of plasmid participa-
tion in a degradation pathway is restricted by the limited genetic
background of a single recipient strain.

For a more thorough analysis, we, therefore, propose trans-
fer of a potentially catabolic plasmid from a non-degrading host
strain to a mixture of recipient strains, e.g. from activated sludge.
Inoculation of the mating mixture into a medium containing the
xenobiotic of interest as the sole carbon source can then reveal
if this approach leads to degradation of the compound. This
approach revealed that pNB2 carries part of the genes necessary
for 3CA degradation (20), as outlined below.

3.3.1. Preparation of
3CA-Degrading
Transconjugant Cultures

1. Prepare an overnight donor cell culture of Pseudomonas
putida SM1443::gfp2x − pNB2::dsRed grown in LB
medium with 25 �g/mL gentamycin and 50 �g/mL
kanamycin.

2. Prepare a suspension of mixed recipient cells (e.g. fresh
or pre-grown activated sludge or soil bacterial cell suspen-
sion). We used activated sludge that had been stored as a
glycerol stock at −70◦C and had been pre-grown overnight
in synthetic wastewater.

3. Centrifuge 1 mL or donor cell culture and 2 mL of mixed
recipient cell culture, centrifuge, discard the supernatants,
and resuspend each culture in 500 �L of PBS.

4. Mix the two cell suspensions, centrifuge again, discard the
supernatant, and resuspend the pellet in 100 �L of PBS.
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5. Repeat steps 2 and 3 in order to obtain separate suspensions
of donor and recipient cells to use as controls. Centrifuge
these as well and resuspend in 100 �L of PBS each.

6. Pipette the three suspensions on separate places of an R2A
agar plate (or on separate plates to avoid contamination)
and incubate overnight at 30◦C.

7. Scrape the mating spot from the agar surface and resuspend
the cells in 1 mL of PBS (see Note 2). Repeat for donor and
recipient cell control spots.

8. Centrifuge the suspensions, discard the supernatants, and
resuspend the pellets in PBS.

9. Inoculate the complete suspensions into shake flasks con-
taining 25 mL of synthetic wastewater with 100 �g/mL
3CA as the sole carbon source.

10. Shake the flasks at room temperature and 150 rpm. Every
two days, remove a 500 �L sample and determine its 3CA
concentration.

In our laboratory, the mating spot cultures showed a 3CA
degradation after 6–10 days of incubation, whereas neither donor
cell nor recipient control degraded the compound.

3.3.2. Spectroscopic
Determination of the
Concentration of 3CA in
Liquid Samples

The aromatic ring of 3-chloroaniline shows an absorption maxi-
mum at 235 nm. We found this absorbance to be concentration-
dependent according to Lambert-Beer’s law with an extinction
coefficient of 7.9/mM/cm. The concentration of 3CA in liquid
samples can, therefore, be measured by simple UV spectroscopy,
provided that no other aromatic compounds are present in the
sample (11) (see also Note 3).

1. Take an appropriate amount of sample (dependent on the
size of the spectrophotometer cuvette, mostly around 1 mL)
and remove particles by filtration or centrifugation.

2. Measure the absorbance of the cleared sample in a UV spec-
trophotometer at 235 nm, blanked against the same medium
without 3CA. If necessary, dilute the sample in order to
remain within the linear range of the spectrophotometer.

3. Calculate the concentration from a standard curve made up
from measuring solutions with known amounts of 3CA or
by using Lambert-Beer’s law and the extinction coefficient
given above.

3.3.3. Isolation and
Characterization of
Transconjugants

Single strains carrying pNB2::dsRed can be isolated from enrich-
ment cultures by selecting for the metabolic traits residing on
the plasmid: degradation of aniline and 3-chloroaniline as well
as resistances against gentamycin and mercury. We used the fol-
lowing procedure (see Note 4).
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1. Prepare appropriate dilutions from the mating spot cul-
tures in PBS and spread-plate them on R2A agar containing
25 �g/mL gentamycin and incubate for 3 days at 30◦C.

2. Restreak around 50 single colonies grown on the agar sur-
face (make short streaks of approximately 1 cm length) on
the same medium. In this way, approximately 25 colonies
per plate can be maintained for a limited period of time for
PCR and microscopy analyses.

3. Prepare individual cell suspensions of the colonies by scrap-
ing off biomass with a pipette tip so that a small lump of cells
is visible at the end of the tip. Insert the tip into a 0.5 mL
PCR-cup containing 100 �L of ddH2O and resuspend the
cells by gentle up-and-down pipetting.

4. Immediately after preparation of the suspensions, check for
red and green fluorescence.

5. Use 1 �L of the suspensions as template in a PCR reac-
tion targeting the tdnQ gene residing on pNB2. Use a
standard PCR mix (1× PCR-buffer, 2.0 mM of each dNTP,
2.5 mM of MgCl2, 0.2 �M of each primer, 0.5 U Taq
in a final volume of 25 �L). The primers are tdnQ-for
(5′-GCGCAGCATCGAGGATGAATTG-3′), tdnQ-rev (5′-
GATGCCAGCCCGAGACCAAG-3′), and 5 min of denat-
uration at 95◦C followed by 30 cycles of 95◦C for 30 s, 62◦C
for 30 s, and 72◦C for 1 min.

6. Run a 2% agarose gel of the PCR products (5–10 �L each),
stain and visualize the DNA. The tdnQ PCR product should
have a size of 191 bp.

7. Colonies showing red fluorescence and a tdnQ PCR product
are being regarded as transconjugants.

3.3.4. Differentiation of
Transconjugant Strains
by Rep-PCR
Fingerprinting Using
Primer BoxA1R

The transconjugant colonies isolated from the mating spot enrich-
ment cultures above can represent different bacterial species and
strains. In order to identify genetically different isolates, the iso-
lated colonies can be screened by using a genetic fingerprinting
approach. A PCR reaction is performed, which leads to a strain-
specific product pattern that can be resolved by agarose gel elec-
trophoresis. This procedure also helps to reduce redundancy in
the isolate collection by elimination of clones of the same strain.

1. Use 2 �L of the transconjugant cell suspensions as tem-
plate in a 25 �L PCR reaction containing the fol-
lowing ingredients: 1× PCR buffer, 6.25 mM MgCl2,
1.25 mM of each dNTP, 10% DMSO, 1.5 units of
Taq-polymerase, and 6 �M of primer BoxA1R (5′-
CTACGGCAAGGCGACGCTGACG-3′). Perform the fol-
lowing thermal program in a PCR thermocycler: An initial
denaturation of 10 min at 95◦C followed by 25 cycles of
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45 s at 94◦C, 1.5 min at 50◦C, and 8 min at 65◦C. Finish
the reaction sequence with an extension of 16 min at 65◦C.

2. Prepare a 2% agarose gel of around 15 cm length, preferably
with a thin comb (1 mm) to get sharp bands. Load half of
the PCR reaction in a well and run the gel for the period
of time enabling the bromophenol blue dye to migrate at
least two thirds of the gel length (i.e. make sure you get
a good separation of products by running the gel for a long
time). Run an extended 100 bp DNA ladder (e.g. Fermentas
100 bp DNA ladder plus) as a size marker in every sixth lane
to enable a good comparability between gel profiles.

3. Isolates with visually different fingerprints should be consid-
ered to be different strains. Select one representative of each
group for phylogenetic characterization using comparative
sequence analysis of the 16S rRNA gene and investigation
of degradation capabilities (see below).

3.3.5. Screening of
Transconjugant
Degradation Capabilities

Confirmed and differentiated transconjugant strains should finally
be screened for their ability to degrade 3-chloroaniline: the
MNN-medium offers the possibilities to test for the utilization
of 3-chloroaniline as a carbon source, as a nitrogen source, or
both.

1. Grow 5 mL overnight cultures of transconjugant strains in
liquid R2A medium containing 25 �g/mL of gentamycin.

2. Centrifuge an aliquot of each culture, remove the super-
natant, and resuspend in an equal volume of PBS in order
to remove nutrient traces.

3. Inoculate 100 �L of cell suspension into 5 mL of MNN-
medium containing either:
a. 200 mg/L of 3-chloroaniline (use as C- and N-source)
b. 200 mg/L of 3-chloroaniline and 1 mM of NH4Cl (use

as C-source)
c. 200 mg/L of 3-chloroaniline and 1 g/L of sodium suc-

cinate (use as N-source)
4. Incubate for up to 2 weeks with shaking at 150 rpm and

30◦C.
5. Check for cell growth by analysing turbidity and for utiliza-

tion of 3CA by spectrophotometry.

3.4. Bioaugmentation
of Microbial
Wastewater
Communities

3.4.1. Reactor Setup

To test the feasibility of accelerated degradation of 3CA in
laboratory-scale bioreactors using plasmid pNB2 and a Pseu-
domonas putida SM1443::gfp2x carrying a dsRed-tagged pNB2
plasmid derivative (Section 3), three Erlenmeyer flasks, each with
a total volume of 1 L and a working volume of 500 mL, amended
with wood chips were used as model laboratory-scale sequencing
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batch moving bed reactors (SBMBRs; design adapted from the
semi-continuous activated sludge reactors described by Boon
and colleagues (6)). The reactors were set up and operated as
described below:

1. Add 10 g of wood chips to each reactor as biofilm carrier
material

2. Operate the reactors with a variable cycle duration and a
volumetric exchange ratio of 100% per cycle

3. Provide mixing and aeration by continuous shaking on a
rotary shaker at 120 rev/min, with a 3 h stationary period
per day without shaking.

4. Use synthetic wastewater (SWW; Section 2) as feed.
5. Prepare an activated sludge culture inoculum as glycerol

stock cultures (Section 2; Bathe, 2004).
6. Inoculate 10 mL of this activated sludge inoculum stock

culture into 500 mL of SWW and incubate at 30◦C and
150 rev/min overnight, pellet by centrifugation for 10 min
at 10,000 g and resuspend in 1.5 L of fresh SWW.

7. Inoculate each reactor with 500 mL of this suspension.
8. On the following day, replace the bulk liquid in the reactors

with fresh SWW.
9. Bioaugmentation of the reactors:

a. Add the pNB2 donor strain to a final density of approxi-
mately 108 cells/mL to the test (bioaugmented) reactor.

b. Add cells of a 3CA-degrading pNB2 transconjugant
strain isolated above to a final density of approximately
108 cells/mL to a second reactor, designated as a posi-
tive degradation control.

c. A third reactor (negative control) receives just the acti-
vated sludge inoculum and no additional culture.

10. Incubate all reactors overnight and on the following day
(day “0” with respect to 3CA addition), withdraw the
medium from the reactors and replace it with fresh SWW
containing 3CA at a final concentration of 80 mg/L.

11. From this day on, exchange spent medium with fresh
medium when 3CA in the test (bioaugmented) reactor was
degraded.

The 3CA concentration in the positive control reactor should
rapidly drop due to the direct addition of 3CA-degraders. The
plasmid-bioaugmented reactor will likely display a slower onset
of degradation, since 3CA-degrading cell populations formed by
HGT need to grow to a relevant size. In our hands (5), 3CA was
completely degraded in the positive control after 4 days, while
the plasmid-bioaugmented reactor initially required 18 days to
establish 3CA degradation.
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3.4.2. Sampling and
Processing of Samples
for 3CA Concentration
and COD Determinations

1. For 3CA and COD measurements, withdraw samples
directly from the reactors and filter them through a 0.22
�m filter.

2. Determine 3CA concentration photometrically by mea-
suring the absorption of its aromatic ring at 235 nm
(Section 3).

3. Determine COD using commercially available cuvette tests
(Dr Lange, Duesseldorf, Germany) according to standard
American Public Health Association (APHA) procedures.

3.4.3. Sampling of
Biofilms and DNA
Extraction

1. Sample biomass by collection of a mixture of wood chips
and reactor bulk liquid in a 50 mL test tube, whereby the
volume of settled wood chips in the tube was approximately
25 mL and the liquid volume was approximately 15 mL, for
a total volume of approximately 40 mL.

2. Suspend the biofilms in the bulk liquid by vigorous vortex-
ing and shaking for 5 min.

3. Gently pour the suspensions off the wood chips and collect
the biomass in the collected suspensions by centrifugation
for 5 min at 10,000 g.

4. Wash the resulting pellet twice with 0.85% KCl and then
store as a pellet at –20◦C.

5. Extract DNA using a protocol for miniprep of bacterial chro-
mosomal DNA (24):
a. Suspend approximately 50 mg of the collected biomass

pellet in 567 �L TE buffer.
b. Add 30 �L of 10% SDS and 3 �L of Proteinase K

(20 mg/mL) to the sample and incubate for 1 h at 37◦C.
c. Add 100 �L of 5 M NaCl and 80 �L of 10%

CTAB/0.7 M NaCl, mix thoroughly, and incubate for
10 min at 65◦C.

d. Extract the solution with chloroform, phe-
nol/chloroform, and again chloroform.

e. Precipitate the DNA with 0.6 vol of isopropanol, pellet
by centrifugation for 15 min at 15,000 g and wash with
1 mL of 70% ethanol.

f. Resuspend in 100 �L of autoclaved molecular biology
grade water.

3.4.4. Multiplex PCR for
Analysis of Horizontal
Gene Transfer of pNB2

This is a quick, semi-quantitative method to determine the pres-
ence/absence of donor strain and plasmid in relation to the total
bacterial population (11). Quantitative data can be obtained by
real-time PCR or microscopy (see Note 5).
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1. Set up a PCR reaction containing 0.2 �mol/L of each
primer (5′-TTTCAAGAGTGCCATGCCCGAAGG-3′) and
GFPr (5′-CTGGTAAAAGGACAGGGCCATCGC-3′) tar-
geting the wild-type gfp gene residing on the chromo-
some of the donor strain (10), 0.2 �mol/L of each primer
tdnQ-for and tdnQ-rev (2), and 0.1 �mol/L of primers
517f (5′-GCCAGCAGCCGCGGTAATAC-3′) and 1072r
(5′-CGAGCTGACGACAGCCATGC- 3′) targeting bacte-
rial 16S rRNA genes, 2.0 mmol/L of MgCl2, 0.2 mmol/L
of each dNTP, 10 ng of template DNA and 0.01 U/�L Taq
polymerase (Qiagen HotStarTaq, Hilden, Germany) in Qia-
gen PCR buffer in a final volume of 20 �L.

2. Set up the PCR program as follows: an initial denaturation
step at 95◦C for 15 min, followed by 28 cycles of 95◦C for
30 s, 60◦C for 1 min, 72◦C for 2 min and a final extension
at 72◦C for 7 min.

3. Separate the DNA by electrophoresis on a 2%-TAE-agarose
gel and visualize by staining with ethidium bromide.

4. Notes

1. The fluorescence intensities observed here can vary depend-
ing on the insertion site of the transposon in chromo-
some or plasmid and is also determined by maturation time
and protein turnover in the host cell. In our experience,
storage of plates at low temperature (e.g. in the fridge
overnight) increases single-cell fluorescence. Additionally,
rapidly maturing dsRed and gfp variants with high fluores-
cence intensities have been developed in the meantime and
partly applied in microbial transposon labelling systems.

2. Microscopic observation of mating spot cells should show
green fluorescent donor cells, red fluorescent transconju-
gant cells, as well as non-fluorescent recipient cells. The red
fluorescence can vary considerably between individual cells
depending on the microbial species and the time allowed for
maturation. Again, prolonged storage under low tempera-
tures can increase fluorescence intensities (but also have an
influence on conjugation rates).

3. 3CA concentration can also be determined by HPLC. This is
a more time-consuming strategy, but may be more accurate
than spectrophotometry and also allows the use of complex
media, which may absorb at 235 nm.

4. It should be taken into account here that, dependent on
the media used, different subpopulations of transconjugants
are being targeted that do not necessarily possess similar
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traits. For example, strains isolated based on gentamycin
resistance do not necessarily degrade 3-chloroaniline, even
if the inoculum was a 3CA-enrichment culture. Similarly,
non-transconjugants displaying similar properties can also be
isolated. Separate screenings for plasmid presence by PCR
and/or epifluorescence microscopy as well as testing of the
degradative properties of the isolates are, therefore, required
as well.

5. Besides assessment of the presences of plasmid and donor
cells by multiplex-PCR, the detection of donor and
transconjugant abundances is also possible by real-time
PCR, analogous to the procedure described previously (25),
using primers targeting (ii) plasmid-specific genes (tdnQ or
dsRed), (ii) genes specific for the donor strain (e.g. gfp)
and (iii) general bacterial primers (e.g. 341f/534r) in order
to quantify donors only and plasmid-carrying cells (donors
and transconjugants) in comparison to the total bacterial
population. In principle, donors and transconjugants can
also be visualized by epifluorescence microscopy of GFP
and DsRed, but in our experiments, a quantitative analy-
sis was not possible due to weak fluorescence signals and
rapid bleaching. This can be overcome by the use of new-
generation gfp and dsRed mutants available now.
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Chapter 13

The Role of Decision Support for Bioremediation Strategies,
Exemplified by Hydrocarbons for In Site and Ex Situ
Procedures

Elizabeth E. Diplock, Dave P. Mardlin, Kenneth S. Killham,
and Graeme I. Paton

Abstract

Despite the widespread availability of state-of-the-art biological techniques, remediation practitioners
have been slow to adopt these technologies to assist in designing or indeed monitoring remediation
strategies. In part, this is because practitioners are driven by cost and fail to see the benefit of emerging
technologies, and in part because most companies have only a small portfolio of procedures available to
them. Here, we review the component parts required to design a decision support tool, appraise one
that the authors have developed and critically evaluate its application to case studies. If bioremediation
is to become adopted, then it is likely to have to operate in parallel with other remediation methods.
Furthermore, remediation strategies must couple effective technology with a transparency of information
such that all parties (practitioners, developers and stakeholders) understand how decisions were reached.

Key words: Decision support tool, bioremediation, hydrocarbons, in site, ex situ.

1. Definitions

A clear outcome of the CLARINET group was that they high-
lighted that the term “decision support” has no clear universal
meaning and that there is no real classification that constitutes
what makes a decision support system or tool (1). The Oxford
dictionary defines the words “decision”, “support” and “tool” as:
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• Decision: “a conclusion or resolution reached after considera-
tion; the action or process of deciding or the quality of being
decisive”.

• Support: “a person or thing that supports; the action of sup-
porting or the state of being supported or assistance, encour-
agement or approval”.

• Tool: “a device or implement used to carry out a particular
function; a thing used to help perform a job or a person used
by another”.

So, in relation to remediation technologies, a decision sup-
port tool could be defined asa device for providing assistance that
results in a considered conclusion for the selection of the most appro-
priate remediation technology. A great deal of attention has been
focussed on risk assessment and hazard associated clean-up tar-
gets, with only tokenistic generalities being applied to the pro-
cedures and data requirements necessary to reach justifiable and
transparent remedial decisions.

2. Background

The development of environmental decision support systems or
tools (DSS/DST) is at the heart of environmental management.
DSTs have the potential to integrate environmental data into a
framework for undertaking site characterisation, monitoring and
remediation decisions. Ideally, the DST should endeavour to inte-
grate, analyse and present environmental information to remedia-
tion project managers, enabling a clear and cost-effective remedia-
tion strategy to be implemented. This tool should strike a balance
between considering site complexity and simplicity of use. The
key components that constitute decision-making include

• Site characterisation and site survey strategies:
- data analysis including interpretation of site characterisation

data and integration of information.
• Remediation strategies including tools for dealing with

restrictions during the remediation planning process. Reme-
dial action analysis which includes optimisation of design as
well as a comparison between different technologies and risk
management.

• Human health and ecological risk analysis (compliance with
regulatory limits).

• Financial aspects (cost/benefit analysis) including financial
optimisation and liability transfer.

• Socio-economic implications of the decision-making and the
impacts of environmental improvement.

Decision-making with respect to the management of con-
taminated land has been transformed in recent decades, shifting
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from cost-driven approaches, through technology feasibility
studies, to risk-based criteria (2). Perhaps in the United King-
dom, the decision-making approach has evolved a step further
because risk assessment criteria underpin the definition of con-
taminated land. Indeed, the ability to differentiate risk and haz-
ard assessment from the decision support makes the process more
streamlined and less ambiguous.

There are many technologies that have been designed and
evolved over the past few decades, and these can target soils
and/or controlled waters. Proven techniques for ex situ remedia-
tion are thermal treatment, extraction and biopiling, whereas for
in situ remediation biorestoration, soil washing and soil venting
are common. Successful containment techniques which prevent
contamination from migrating consist of employing bentonite
screens and soil vapour extraction.

Unbiased environmental decision-making is complex, multi-
faceted, and could involve many different stakeholders with dif-
ferent priorities or objectives: presenting exactly the type of prob-
lem that behavioural decision research shows humans are typically
poor at solving, unaided. Most people, when confronted with
such a problem will attempt to use intuitive approaches to simplify
complexity until the problem appears manageable. In such a prac-
tice, vital information may be lost, opposing points of view dis-
carded, elements of uncertainty may be ignored − in short, there
are many reasons to expect that, on their own, individuals will
often experience difficulty making informed decisions about sub-
jects that involve uncertainties and tradeoffs. Furthermore, envi-
ronmental decisions characteristically necessitate multidisciplinary
knowledge that encompasses sciences of a physical, natural and
social standpoint. Consequently, the tendency for environmental
problems to require shared resources means that group decisions
are often called for. These may have advantages over individual
choices such as greater consideration as a higher chance of sys-
tematic thinking is likely to be involved.

The clean-up or “remediation” of a contaminated site aims
to improve the quality of the site and minimise the risk poten-
tially caused to humans, controlled waters or the environment.
This process is a planned approach and the decision as to which
remediation approach is most suitable is a crucial step. Indeed,
the need to integrate justifiable risk and hazard assessment has led
to great complexity in the evolution of decision support tools (3).

The selection of a remediation strategy is a complex task,
but there is a lack of peer-reviewed papers that explain the steps
adopted to reach such decisions. Poor selection of a remediation
methodology may well end in failure to meet environmental stan-
dards and/or the defined budget. Accordingly, decision-makers
often make inaccurate choices by opting for the most uncompro-
mising technology, which could be the most expensive, to ensure
remediation objectives are met (4).
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In the United Kingdom, a risk-based approach has been
adopted to the management of contaminated land in accordance
with policy set out in DEFRA’s Circular 01/2006: Environmental
Protection Act 1990: Part IIA Contaminated Land. This necessi-
tates that remediation is undertaken where:

• Contamination poses unacceptable actual or potential risks
to health or the environment and that

• Suitable and cost-efficient means are accessible to do so, tak-
ing into account the actual or indented end-use of the site.

It has become commonplace to make use of multi-criteria
decision analysis (MCDA) to rank remediation technologies and
their suitability. A decision support tool should be designed to
assist the decision-maker involved with contaminated land, in car-
rying out focussed analyses and making certain reproducible and
transparent processes that consider all the variables involved (11,
5). This should be a balanced and systematic process founded
on the principles of transparency. Decisions about which manage-
ment options are most appropriate for a particular site need to be
considered in a holistic manner (Fig 13.1).

Technical Feasibility &
Suitability 

Remediation Project 
Dynamics

Social/Environmental 
Impacts

Risk Management
& Legislation

Stakeholder 
Satisfaction

Cost Effectiveness
Sustainable 
Development

Fig. 13.1. Factors that require consideration when selecting an effective remediation solution to a contaminated land
problem.

There has been a great deal of discussion about the nature
and form that a DST ought to take, but there is little evidence
that users have managed to actually develop or design one (1, 3,
6, 7, 8, 9, 10). In part, this is because there has been too much
focus on trying to deal with the clean-up target as part of the tool.
In reality, the clean-up is defined prior to the systematic selection
of the strategy.

The decision-making process for any problem usually encom-
passes:

• A phase in which the problem is identified;
• A phase in which possible solutions are identified and devel-

oped;
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• A selection phase in which the solution to be implemented is
chosen;

• A monitoring phase to prove/disprove that the chosen
option or set of options has been implemented.

Decision support integrates specialist expertise in a way that
allows its reproducible use. It incorporates information concern-
ing a site and general information such as legislation, guide-
lines and know-how, to produce decision-making knowledge in a
way that is transparent, consistent and reproducible. Existing DS
varies from simple diagrams derived from standards or regulations
to software-based systems. Applications have been developed for
contaminated site management, involving the characterisation of
contamination, risk assessment phases, risk management, aftercare
and monitoring.

Fundamentally, there are two different ways to the approach
linking the most suitable remediation strategy to a given scenario.
The first is to interpret the key systematic aspects that determine
the most suitable technique. Conversely, the other is to relate
all available technologies and modify these to suit site-specific
scenarios.

3. Availability of
Data and Value
of Data in
Decision-Making First and foremost a detailed site investigation that characterises

the chemicals of concern associated with the site, their extent and
the nature of the harm that they pose is essential. So too is the
detailed geochemical interpretation and an understanding of the
physicochemical attributes underpinning the site. In this way, an
estimate of the extent of the pollutant and the recalcitrance of
the targets can be made. These data are essential in aiding the
justification of a selected remediation strategy.

What makes bioremediation different from remediation is
that there is a need to characterise and to understand the per-
formance of a given biological process. Hence, if bioremediation
is to be selected as a suitable approach then, in addition to the
considerable volume of site data, there is a need to evolve a sam-
pling regime capable of collating biological information.

4. Audit of
Biological
Methods to Aid
Decision-Making
in Bioremediation

Microbial bioassays have been widely reviewed for their appli-
cations in bioremediation sciences and application (11, 12). In
summary, the assays operate at either the phenotypic, genotypic
or functional level and have probably been of more value as aca-
demic examples rather than genuine examples.
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Petroleum hydrocarbons are produced by natural geochemi-
cal processes. Hence they have been present in the environment
long enough for an array of enzymes to have evolved, which
can metabolise all of its components. Degrading microorgan-
isms are ubiquitous in the soil and sub-soil environments; as a
consequence, it is generally possible to instigate bioremediation
of oil pollution without the use of inocula. Traditionally, it has
been reported that the degrader community usually constitutes
less than 1% of the microbial community, but in the presence of
petroleum this rises to approximately 10% of the microbial com-
munity (13, 14). Petroleum pollution usually increases the total
amount of microbial activity at a site (for example, as measured
by respiration), but decreases the diversity of the microorgan-
isms present (15). Studies carried out after the Exxon Valdez spill
found average concentrations of oil-degraders of 106 cells/g, with
enrichment factors as high as 104 (16). The increase in the num-
bers of oil-degraders was significant, but the degree of enrichment
was variable.

The effects of oil pollution on microbial communities can
be studied at a genetic level: the frequency and distribution
of hydrocarbon-degrading genes can be assessed. A range of
probes have been developed to monitor genes from pathways for
aliphatic, monoaromatic, and polyaromatic hydrocarbon degrada-
tion (17). The probes can be applied to DNA, mRNA or rRNA;
preliminary PCR is usually performed to enhance the sensitivity of
detection (18). The probes can be applied to environmental iso-
lates; however, a more valuable approach is to extract nucleic acids
directly from soils, thus avoiding the bias associated with cultur-
ing (19, 20). Schmidt et al. (21) used six gene probes taken from
aerobic hydrocarbon degradation pathways and two associated
with methanogens to assess an aquifer contaminated with jet fuel.
Almost all samples gave a positive response for all genes: radiola-
belled hydrocarbons added to the samples were rapidly degraded.

Existing gene probes for hydrocarbon degraders have been
shown to correlate with oil contamination and degradative poten-
tial. However, they are not able to completely characterise the
ecological effects of oil pollution: several studies have reported
that not all PAH degraders isolated from contaminated soils were
able to hybridize with existing probes (22, 23, 24).

Despite the ability of indigenous microorganisms to degrade
petroleum hydrocarbons, there are still situations where an inocu-
lum might be used, such as the bioremediation of high molecular
weight PAHs. Natural communities are often unable to degrade
PAHs of four rings or greater, and are usually unable to degrade
asphaltenes (14). It has been suggested that, because of the dif-
ficulties inherent in using microbial inocula, the use of cell-free
immobilised enzyme systems might be preferable (25). A sit-
uation which would be likely to require seeding is when the
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contaminant(s) being degraded is utilised as a co-substrate rather
than as a sole carbon source; in this case, the indigenous degrad-
ing populations will not be able to multiply at the expense of the
non-degraders (26). Inoculation may possibly be advantageous if
rapid cleanup is desired, and there is a lag period before indige-
nous populations can adapt; however natural degrading popula-
tions often develop quickly (14).

Hydrocarbons are fully reduced compounds and thus do
not undergo reductive degradation, but they can be metabolised
under anaerobic conditions, provided that alternative terminal
electron acceptors are present. After oxygen has been depleted,
the commonest oxidation pathways for hydrocarbons in soil are
(in order of use): nitrate reduction, iron reduction, sulphate
reduction and methanogenesis (27). Manganese reduction can
also take place. Anaerobic degradation has been established for
representatives of all of the hydrocarbons found in petroleum
products: monoaromatics including benzene (28, 29); PAHs up
to four rings (30, 31, 32); n -alkanes, including long-chain alka-
nes (33); branched alkanes and cycloalkanes. There are many
examples of intrinsic bioremediation projects where the demon-
stration of anaerobic degradation is a fundamental part of the
assessment (e.g. 34). Anaerobic bioremediation is slower and less
efficient than aerobic processes (27), and is therefore employed
for in situ bioremediation of groundwater contamination most
frequently in intrinsic bioremediation, when anaerobic processes
are the norm for PHCs in groundwater, and rapid clean-up is not
an aim. However, it is also possible to stimulate in situ anaerobic
biodegradation by the addition of EAs such as nitrate directly to
a polluted aquifer (35).

Petroleum and soil are both complex mixtures and, therefore,
the environment in which bioremediation takes place is hetero-
geneous. Petroleum products can be present in soil in at least
five discrete phases: in the vapour phase, in the aqueous phase,
as NAPLs (non-aqueous phase liquids, i.e. oily liquids), adsorbed
to particulate matter, and (as separated asphaltenes and resins) as
solids. Therefore, the bulk of degradation will be carried out by
microorganisms adhering to an interface between two phases −
primarily at the water/NAPL boundary (36).

5. University of
Aberdeen (UoA) −
Remedial Decision
Support Tool
(DST) Appraisal

Decision support tools cannot solely deal with bioremediation
approaches. Furthermore, it must be capable of being inter-
preted by non-experts, yet have such transparent data output that
decision-making has clarity and logic. Indeed, an ideal system
must be adaptable to the future and it must be directly integrated



208 Diplock et al.

with technology and able to evolve as new approaches become
available. In summary the key features are:

• Users to identify and systematically compare information
regarding each technology to meet remediation targets,
highlighting their strengths and weaknesses.

• Establish a structure of technology evaluation and selection
process, which simplifies decision-making and streamlines
the factors involved in the remediation process.

• To define consistent, quantitative and qualitative indicators
for key technical, environmental, economic and legal criteria
that influences the selection and use of technologies.

• Provide a multi-criteria optimisation approach that deter-
mines whether a remedial option is feasible, effec-
tive/efficient and whether it satisfies all criteria and con-
straints identified by interested parties.

• Enable explanation and justification of the choice by pro-
viding evidence on the advantages and disadvantages of the
potential options in a clear, concise and transparent manner.

• Enable a quicker turnaround of feasibility studies for reme-
dial options.

• Allows site owners, consultants, stakeholders the opportunity
to explore alternatives available to them.

5.1. Systematic
Approach

After a comprehensive appraisal of the existing approaches, one
of the most obvious features is that the available approaches are
very bias and data demanding. Furthermore, they try to link
risk assessment into the decision process. In this UoA DST, this
has been circumvented by making a systematic tiered approach
(http://www.abdn.ac.uk/remediation-dst/). This is a tool that
addresses the concerns of uncertainty and enables a procedure to
match specific issues of the site in question with the available tech-
nologies. Less hierarchy and rigidity enhances both the flexibility
and the adaptability of the procedure. Tier 1 integrates generic
and risk-derived assessment criteria laying out the general proce-
dures that are required. Tier 2 matches the most suitable tech-
nology to the specific details of the given area of the site. Tier
3 describes specifically the steps required to optimise the reme-
diation strategy and makes detailed recommendations as to what
ought to be measured and how this can be effectively managed.
Three case studies are detailed later in this chapter.

5.2. Application of
UoA DST to On Site
Hydrocarbon
Remediation
5.2.1. Tier 1 The steps required at Tier 1 (Fig 13.2) are generic for each of the

case studies. But the list of details serves to enable the practitioner
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Fig. 13.2. Tier 1 of DST.

to follow the best practice under DEFRA Guidance and for the
regulator to check the procedure against the proposed guideline.
Most importantly, if there is no clean-up value at this stage, then
it is not possible to determine the procedures for defining the
suitability of a given strategy at a later stage.

5.2.2. Tier 2 This is the key matrix that enables the user to compara-
tively appraise the options available. Limited information can be
used, but there is greater uncertainty with the outcome. The
ranked appraisal is specific to the CoC or the previous land use
(Fig 13.3). This tier enables transparency and clarity in the
decision-making process. By selecting the nature and source of
the industrial pollution and as a consequence measuring the
CoC, it is possible to immediately dismiss as unsuitable certain
approaches. The DST integrates the key components that enable
decisions to be made, and as a consequence this acts as a transpar-
ent tool for both the practitioner (and client) and the regulator.
The system also interfaces with impartial descriptors to aid par-
ties. The approach is dynamic and simple to update, hence the
DST can be extended and adapted to new technologies. Once
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the appropriate methods have been highlighted, laboratory-scale
testing is encouraged. Empirical testing of the data was conducted
and interpreted in a risk-based framework.

In summary, the aspects of risk assessment and the corre-
sponding clean-up targets have been appraised and hence the
initial question relates to whether the target is defined by the
soil concentration or the water concentration and which matrix
will undergo the remediation. The key components that are then
addressed are matching the site characteristics to the economics,
licence and practicalities of the given remedial options through
a rank systematic process that has been pre-rated. This rating
can be adjusted as more information becomes available, and
details of the procedure can be found at http://www.abdn.ac.
uk/remediationdst/.

5.2.3. Tier 3 The DST is further enhanced by means of detailed analysis to
optimise the procedures for best practice (Fig 13.4). This DST
not only offers a valuable contribution to the design and imple-
mentation of remedial strategies but also enables the process of
decision-making to be made on a more transparent basis, which is
ultimately sought by the regulators. Such tools are invaluable and
can be integrated with risk assessment approaches and updated in
response to technology.

Material Being Excavated

well. 

/ 

well. 

/ 

Fig. 13.4. Tier 3 of DST.
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1. Former Railway Yard; UK

Problem:
This former railway yard offered a tremendous 
opportunity for development due to its prime location. The 
legacy of steam engines, diesel and electrical 
locomotives, however resulted in significant hydrocarbon 
contamination of the soil. Commonly coal and ash were 
dumped around sidings, solvents and lubrication oil 
handling was poor and fuel spillages were common.

DST Top 3 Technologies:
1. Biopiling 
2. Windrowing 
3. Landfilling 

Outcome:
Completion of the last biopile saw the 
remediation of 20,000 cubic metres 
equating to about 30,000 tonnes. The 
soil met the strict criteria that had been 
negotiated with the regulator within a 
suitable timescale. Had landfill been 
required, costs would have risen to 
many millions of pounds.

Remediation Solution:
To make best use of the limited space 
available the biopile treatment was 
carried out and then the soil which had 
met the remedial targets was stockpiled 
prior to backfilling. This was the unique 
aspect about this site in that the 
remediated soils were put directly to an 
end use. All of this was carried out in full 
consultation with Regulators. As one pile 
was competed the next one commenced.

Fig. 13.5. Case study 1.
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2. Industrial Site; Eastern Europe

Problem:
 A leading international cement and aggregate provider were 
concerned about the environmental liability associated with a 
cement plant located in the Eastern Europe, as there was a landfill 
site near the plant which had been used to dump various wastes 
over the years. A local environmental company had carried out a 
superficial site investigation which identified potential contamination 
at the site and as a result the company were very concerned about 
any future environmental implications.

Borehole 
ID 

Hydrocarbon  
Concentration (mg/l) 

Dissolved  
O2 Concentration (%) 

PC 1 0.14 4.2 
PC 2 0.10 1.0 
PC 3 0.02 3.2 
PC 4 0.06 0.2 
PC 5 0.02 1.0 
PC 6 0.02 2.2 
PC 7 0.02 2.2 
PC 8 0.01 2.2 
PC 9 0.14 0.2 
PC 10 0.08 4.2 
PC 11 0.01 2.4 
PC 12 0.01 0.8 
SB 1 0.01 4.0 
SB 2 0.01 1.8 

DST Top 3
Technologies:
1. MNA 
2. Windrow/ Biopile 
3. Landfilling 

Outcome:
By assessing risks in a methodical manner, 
the design and implementation of an 
investigation strategy that directly assessed 
the conditions at the landfill site was 
achieved. A cost effective solution to the 
client was achieved and the client now feels 
they have this environmental issue under 
control.

Remediation Solution:
A detailed risk assessment of the soil and 
groundwater samples was undertaken. The 
results of the soil and groundwater risk 
assessments showed that there was minimal 
contamination in the site and groundwater 
samples. A report was produced that was 
compliant with UK legislation (in the absence 
of local legislation). It was recommended that 
routine monitoring of the existing boreholes 
should be carried out in order to be proactive 
in terms of any future liability and 
demonstrate best practice.

Groundwater Hydrocarbon Contamination Groundwater Dissolved Oxygen Concentration

The DST enabled a 
systematic evaluation of the 
predicted rate of natural 
attenuation and the key gas 
measurements that were 
required to be made during 
the process. These were 
devised by using a range of 
MNA models that were 
integrated parallel to the DST. 
Microbial performance was 
key to meeting the defined 
risk derived criteria 

Fig. 13.6. Case study 2.
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6. Case Study
Examples

The two case studies presented demonstrate the functionality of
the UoA DST:

Case study 1: Former railway yard, UK (Fig. 13.5).
Case study 2: Industrial site, Eastern Europe (Fig. 13.6).
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Chapter 14

Monitored Natural Attenuation

Kirsten S. Jørgensen, Jani M. Salminen, and Katarina Björklöf

Abstract

Monitored natural attenuation (MNA) is an in situ remediation technology that relies on naturally occur-
ring and demonstrable processes in soil and groundwater which reduce the mass and concentration of the
contaminants. Natural attenuation (NA) involves both aerobic and anaerobic degradation of the contam-
inants due to the fact that oxygen is used up near the core of the contaminant plume. The aerobic and
anaerobic microbial processes can be assessed by microbial activity measurements and molecular biology
methods in combination with chemical analyses. The sampling and knowledge on the site conditions
are of major importance for the linkage of the results obtained to the conditions in situ. Rates obtained
from activity measurements can, with certain limitations, be used in modeling of the fate of contaminants
whereas most molecular methods mainly give qualitative information on the microbial community and
gene abundances. However, molecular biology methods are fast and describe the in situ communities
and avoid the biases inherent to activity assays requiring laboratory incubations.

Key words: Monitored natural attenuation, bioremediation, functional genes, anaerobic
biodegradation.

1. Introduction

Monitored natural attenuation (MNA) is an in situ remediation
method that relies on the monitoring of natural processes in soil
and groundwater environments which act without human inter-
vention to reduce the mass, toxicity, mobility, volume, or con-
centration of contaminants in those media (1). Complete miner-
alization of the contaminant is preferred upon the use of MNA
as a remediation and risk management strategy. Monitored nat-
ural attenuation is thus best suited for biodegradable contami-
nants such as petroleum hydrocarbons. Like many active in situ

S.P. Cummings (ed.), Bioremediation, Methods in Molecular Biology 599,
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remediation methods, MNA may take time, but viewed on a long-
term scale it may be more sustainable than many other remedia-
tion technologies, since no excavation and pumping of ground-
water is required and neither transport nor final deposition places
for the contaminated soil are needed.

Natural attenuation (NA) involves both aerobic and anaero-
bic degradation of the contaminants due to the fact that oxygen
is depleted near the core of the contaminant plume. A sequence
of anaerobic processes develops in the core of the plume indicat-
ing indirectly that the contaminants are being biodegraded. These
anaerobic processes include denitrification, manganese reduc-
tion, iron reduction, sulfate reduction, and fermentation coupled
with methanogenesis. Often one or more anaerobic processes
become dominant. The US-EPA (1) was the first to propose that
three lines of evidence for NA should be applied to demonstrate
that natural attenuation is taking place: (i) documented decrease
in contaminant concentrations at the site (historical data), (ii)
documented geochemical conditions resulting from biological
activities (indirect evidence), (iii) documented microbiological
degradation activity (direct evidence). These principles have been
adopted by many countries for the regulation of natural attenu-
ation. Molecular biology methods provide direct demonstration
of the third line of evidence (iii), and indirect evidence on criteria
two (2). However, validation against chemical and other labora-
tory assays on microbial activity are of extreme importance for
a more standardized use of molecular tools in the monitoring
of bioremediation. We have investigated the progress of natural
attenuation of petroleum hydrocarbons at a former landfill site,
Trollberget in Southern Finland, and we have gained experience
in the feasibility of different method in the assessment of natural
attenuation (3, 4, 5, 6, 7). The petroleum hydrocarbon contami-
nation at this site is mainly located in 1–4 m depth including both
unsaturated and saturated zones. This chapter aims at evaluating
these methods rather than giving complete method protocols for
these. Most of the molecular techniques used in our study are
described in detail in other chapters of this volume.

2. Materials

2.1. Sampling 1. Excavator or drilling rig
2. Groundwater and/or soil gas tubes to be installed
3. Spades and spoons
4. Containers (trays) for handling temporary soil batches
5. Eight-millimeter sieve
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6. Sampling jars (preferably glass if the contaminants are
petroleum hydrocarbons)

7. O2 -free N2 gas
8. Water sampling device
9. Portable gas analyzer

10. Means for cleaning sampling devices

2.2. Aerobic
Microbial Activity
Measurements
(Non-molecular
Biology)

1. 120 mL serum bottles with butyl rubber stoppers
2. 110 mL wide-mouth bottles and stoppers with attached

NaOH traps
3. Syringes and needles
4. 14C-labeled substrates: (e.g., UL-14C-naphthalene (31

mCi/mmol, Sigma), 14,15-14C-octacosane (20.5 mCi/
mmol), or UL-14C-toluene (2.8 mCi/mmol)

5. Scintillation vials and scintillation liquid
6. Liquid scintillation counter
7. CO2 analyzer
8. Microtitre plates
9. Medium for MPN, Bushnell-Haas, (8)

10. Contaminant carbon source (pure)
11. Color indicator (iodonitrotetrazolium violet (INT), 0.3%,

sterile filtered 0.2 �m)

2.3. Anaerobic
Microbial Activity
Measurement
(Non-molecular
Biology)

1. C2H2 gas
2. Syringes and needles
3. Gas chromatograph (GC-ECD) for N2O quantification,

Porapak Q column
4. Sterile 0.9% NaCl solution
5. SO4

2− solution (0.5 mM in 0.9% NaCl)
6. Glove box with gas supply (85% N2, CO2 10%, and H2 5%)
7. HEPES buffer (50 mM, pH 7)
8. Ferrozine (0.5 g/L in 50 mM HEPES, pH 7)
9. Spectrophotometer for Fe2+ quantification

10. 0.2-�m filters to be used before ion chromatography and
Fe2+ determination

11. Ion chromatograph for SO4
2− measurement

12. Gas chromatograph (GC-FID) for methane quantification

2.4. Molecular
Biology Methods

1. DNA extraction kit (Fast DNA Spin kit for soil, BIO 191,
Q-biogene, or PowerSoil DNA isolation kit (Mo Bio Lab-
oratories)
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2. Homogenizer for DNA extraction (e.g., FastPrep Instru-
ment (Savant Instruments)

3. Specific primers for the organism of interest
4. PCR reagents
5. PCR machine
6. Real-time PCR machine
7. Gel electrophoresis and documentation equipment
8. Cloning kit
9. Enzymes for RFLP

3. Methods

3.1. Site
Investigation and
Sampling

Natural attenuation is always site-specific and, therefore, a care-
ful site investigation must be performed when monitored natu-
ral attenuation is evaluated and used as a remediation technol-
ogy. The purpose of the site investigation is to determine the
spatial distribution of the contaminants, the risks for spreading
and exposure to receptors, and to evaluate the extent and poten-
tial of biological degradation in situ to aid in the remediation of
the site. The initial site investigation is extensive and, later on,
one can focus on monitoring only selected parameters to follow
the progress. Sampling is an integral part of natural attenuation
because the result of any biological activity measurement only
makes sense when it is seen in context of the time and sample
origin. Therefore, sampling is included in this chapter in some
detail. Chemical analyses will give data on contaminant concentra-
tions and geochemistry at each sampling time, and with repeated
sampling campaigns a time series can be obtained. On the con-
trary, biological assays give activity rates at each sampling time
point because the samples are incubated in the laboratory after
sampling. The steps in the site investigation are listed below:

1. Collection of historical data on the site use and, for example,
possibly existing groundwater monitoring data and earlier
soil sampling data.

2. Preparation of a sampling plan (see Note 1). Evaluate which
environmental compartments and depths are to be investi-
gated: e.g., soil, soil gas, sediment, and groundwater. Eval-
uate which chemical, geological, microbiological parameters
are to be analyzed from the samples. Recommendations for
minimum groundwater physical–chemical parameters: tem-
perature, pH, contaminant concentration (e.g., petroleum
hydrocarbons C10–C40), TOC, O2, HCO3

−, electrical con-
ductivity, NO3

−, Fe2+, SO4
2−, and CH4. These parameters
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include the contaminants and the indirect indicators of aer-
obic (O2 and HCO3

−) and anaerobic (NO3
−, Fe2+, SO4

2−,
CH4, and HCO3

−) microbial activity. Recommendation for
minimum physical–chemical soil parameters: temperature,
contaminant concentration (e.g., petroleum hydrocarbons
C10–C40), soil organic matter, water content, soil gas com-
position (measured in situ).

3. Soil sampling. A joint sampling campaign for samples for dif-
ferent purposes is recommended if heavy drilling and excava-
tion equipment is used. Samples for chemical, physical, and
microbiological analyses are usually taken in separate bottles.
The following procedure focuses on sampling for microbio-
logical assays that need incubation.
Soil sampling by drilling (see Note 2): the sample from a
certain depth interval (e.g., 0.5-m intervals) should be col-
lected separately and sieved. An 8-mm sieve is appropriate
for this purpose, as it discards larger stones but retains soil
aggregates. Triplicate samples from this homogeneous batch
should be taken into glass jars or other appropriate contain-
ers (see Note 3). If the sample is from the anaerobic zone,
the head space of an oxygen-tight sample bottle should be
flushed with nitrogen in the field (Fig14.1). The samples
should be transported below +10◦C and stored at +4◦C until

Fig. 14.1. Preparation of anaerobic microcosms in the field. The head space of 120
serum bottles containing soil are flushed with nitrogen gas in the trunk of a car.
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the analyses. Samples for DNA extraction can be taken from
the same sample bottles within a few days; but if the samples
need to be stored for longer time, separate jars for storage at
–20◦C should be prepared (see Note 4).

4. Installation of soil gas monitoring wells. It is convenient to
install soil gas monitoring tubes into the bore hole used for
soil sampling (4). Insert a perforated tube, e.g., 25 mm in
diameter and 0.5 m longer than the depth of the hole. Seal
the top soil around tube with bentonite in order to prevent
leakage of atmospheric air from above. Cap the tube with a
tight stopper.

5. Soil gas sampling (see Note 5). The purpose of the soil
gas sampling is to obtain information on the oxygen
conditions in the subsurface and, based on this, to deter-
mine at what depth aerobic and anaerobic processes domi-
nate (Fig. 14.2). The soil gas concentrations give a picture
of the steady-state conditions in the soil, but do not as such
measure any activity (3). The composition of soil gases at

Fig. 14.2. Sampling a gas monitoring well at the Trollberget site in Southern Finland
using a portable gas analyzer. The analyzer has an air pump and sensors for mea-
surement of O2, CO2, and CH4. Two gas monitoring wells reaching different depths are
installed next to each other.
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the site can be measured from soil gas monitoring wells that
have been installed at least 24 h earlier (4). Concentrations
of O2, CO2, and CH4 in the soil can be monitored at the site
from the wells using a portable Dräger Multiwarn II multi-
gas analyzer (Drägerwerk, Lübeck, Germany) (Fig. 14.2).
Concentrations of methane can be confirmed in the labora-
tory (see below) from gas samples obtained by collecting a
sample into a gas-tight glass vial in the field. If in situ gas
production rates are required, the monitoring wells should
be flushed with fresh atmospheric air and sealed for several
hours before starting a gas measurement time series.

6. Groundwater sampling (see Notes 6 and 7). Groundwater
samples can be taken using different types of samplers. We
have used either an inertial pump consisting of a foot valve
and piece of Teflon tubing or a bailer. Care should be taken
to avoid oxygen contamination of the water sample. It is
recommended to use a sampler that is designed for sampling
of anaerobic groundwater when it is known that the well
contains anoxic groundwater (see Note 8). Different sample
bottles for organic and inorganic chemical and microbiolog-
ical analyses are usually needed.

7. Preparation of microcosms assays. These microcosms can be
used for contaminant degradation studies, aerobic respira-
tion, methane production tests, or other tests (see Note 9).
It is convenient to prepare several parallel bottles that can
be used for destructive sampling over a time series. For the
measurement of microbiologically produced gases, CO2 and
CH4, use 120-mL serum bottles that can be closed by tight
butyl rubber stoppers. Place 10–30 g of sieved soil into each
preweighed bottle. The bottles can then be weighed upon
return to the laboratory in order to obtain the exact sam-
ple weight. Three replicates should be made for each time
point. After incubation and gas measurements, the bottles
can be sacrificed for chemical analysis for the contaminant,
DNA extraction, etc. A time series should have at least 5
time points inclusive of the 0-time (see Note 10).

3.2. Aerobic
Microbial Activity
Measurements
(Non-molecular
Biology)

1. Petroleum hydrocarbon degradation rates in microcosms.
The degradation rate of petroleum hydrocarbons can be
determined in controlled laboratory experiments by mea-
suring the decrease in the original petroleum hydrocarbon
concentration by time (3, 4). Degradation rates obtained
with original contaminants reflect in situ degradation bet-
ter than those obtained with spiked contaminants, because
freshly added compounds may act very differently compared
to aged contaminants. The 120-mL microcosm bottles pre-
pared from the same batch of homogenous soil sample are
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incubated at 7◦C in the dark for 4 months (aerobic tests).
Triplicate bottles are sacrificed for analysis of petroleum
hydrocarbons at regular intervals. The disappearance rate of
petroleum hydrocarbons is calculated. Since no amendments
are made and the incubation is made at in situ temperature,
the rate obtained is as close to in situ conditions as possible.

2. 14C-mineralization tests. Mineralization of 14C-labeled com-
pounds gives evidence on the complete conversion of the
contaminant to 14CO2. However, petroleum hydrocarbon
contamination is usually a mixture of hundreds of com-
pounds and, therefore, it is necessary to select model
compounds. 14C-octacosane (e.g., hexadecane is also suit-
able), 14C-toluene, and naphthalene can function as model
compounds for alkanes, monoaromates, and polyaromates,
respectively (6, 7) (Fig. 14.3). Place10-g subsamples of
sieved soil into air-tight 110-mL bottles with stoppers
that carry a cup containing 1 M NaOH to trap the pro-
duced 14C-CO2 in. One killed control and three repli-
cates should be prepared for each soil sample. Add to
every sample approximately 100,000 DPM of UL-14C-
naphthalene (31 mCi/mmol, Sigma), 14,15-14C-octacosane
(20.5 mCi/mmol), or UL-14C-toluene (2.8 mCi/mmol).
Incubate the samples at +7±1◦C. Measure the radioactive
14CO2 produced in the samples using a liquid scintillation
counter over time.

UL-14C-naphthalene

UL-14C-toluene

Target gene

alkB

xylE

nahAc

Target enzyme

Alkane hydroxylase

Catechol-2,3-dioxygenase

Naphthalene dioxygenase

CH3(CH2)26CH3

Model compound

14,15-14C-octacosane

Fig. 14.3. Example of available 14C-labeled model compounds and the corresponding
genes that encode key enzymes from aerobic degradation pathways. Alkanes, monoaro-
matic, and polyaromatic compounds are represented. 14C-labeled substrates are used
in mineralization assays and the corresponding functional genes can be quantified in
soil samples by quantitative PCR.

3. Aerobic respiration. The total microbial CO2 production is
a measure of the overall microbial activity, but it does not
confirm that the contaminant is degraded. If much other
organic matter is present in the sample in addition to the
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contaminant, this method does not tell very much about the
specific degradation activity. Measure the CO2 concentration
in closed bottles (prepared as microcosms) over time. Gas
samples of 0.5 mL are injected into a carbon analyzer.

4. Enumeration of aerobic PHC degraders by most-probable-
number technique (MPN). The most-probable-number
technique (MPN) is a method where bacteria, able to
degrade specific compounds in the samples, are determined
by culturing in the laboratory (8). This method is easy to
perform and interpret. The method relies on the cultivation
of microbes in liquid medium containing the contaminant
as the sole C-source under laboratory conditions. There-
fore, no direct conclusions about the number of microbes
or their activity on the site can be made. Briefly, soil dilu-
tions are distributed into microplates containing 1% diesel
oil or lubrication oil as the only carbon substrate. The plates
are incubated at 20◦C for 4 weeks after which wells contain-
ing bacteria are detected by the addition of a color indica-
tor. The most probable number of diesel and lubrication oil
degraders is determined statistically.

3.3. Anaerobic
Microbial Activity
Measurements
(Non-molecular
Biology)

1. Petroleum hydrocarbon degradation rates in microcosms.
The anaerobic degradation rate of petroleum hydrocarbons
can be determined in controlled laboratory experiments by
measuring the decrease in the original petroleum hydrocar-
bon concentration in the soil over time in anaerobic condi-
tions (5). The 120-mL microcosm bottles containing 30 g of
soil should be flushed with nitrogen for 4 min (Fig. 14.1).
Incubate at 7◦C in the dark for 10 months. Triplicate bottles
should be sacrificed for analysis of petroleum hydrocarbons
at regular intervals. The disappearance rate of petroleum
hydrocarbons is calculated. Since no amendments are made
and the incubation is at in situ temperature, the rate is as
close to in situ conditions as possible.

2. Denitrification rates in microcosms. The denitrification rate
is a measure of the ability of the microbial community to use
nitrate as an alternative electron acceptor. NO3

− is reduced
to N2 and the organic contaminant is oxidized to CO2. We
here measure the production of the intermediate N2O by
inhibiting the last step in the denitrificaiton process (5). The
120-mL microcosm bottles in triplicate containing 10 g of
soil should be flushed with nitrogen for 4 min in the field.
In the laboratory, add 10 mL of C2H2 gas to the bottles
to inhibit the conversion of N2O to N2. If nitrate is not
present in the samples, 0.5 mL of anoxic 10 mM KNO3
should be added to the bottles. Incubate at 7◦C in the
dark for about 1 week. Measure the produced N2O in the
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headspace once a day by injecting 0.5 mL gas samples into
a GC-ECD, and calculate the denitrification rate from the
time points obtained. If the measurement is accompaingned
by a simultaneous measurement of petroleum hydrocarbon
disappearance from the same bottles, evidence for petroleum
hydrocarbon degradation under denitrifying conditions can
be obtained.

3. Iron reduction rate in soil slurries. The iron reduction rate
is a measure of the ability of the microbial community to
use Fe3+ as an alternative electron acceptor. Fe3+ is reduced
to Fe2+ and the organic contaminant is oxidized to CO2.
We here measure the production of soluble Fe2+ (5). The
120-mL microcosm bottles containing 30 g of soil should
be flushed with nitrogen for 4 min in the field. In the lab-
oratory, add 60 mL of anoxic 0.9% NaCl in a glove box
and incubate under shaking for about 1 week and sample at
regular intervals for Fe2+. For the measurement of Fe2+ pro-
duced, withdraw anaerobically with a syringe and 0.2 �m
filter a liquid sample of 20–600 �l, and add this directly into
a preweighed volume of approximately 4 mL of ferrozine
reagent (0.5 g/l in 50 mM HEPES, pH 7), and measure
the developed color with a spectrophotometer at 562 nm. If
the measurement is accompaingned by a simultaneous mea-
surement of petroleum hydrocarbon disappearance from the
same bottles, evidence for petroleum hydrocarbon degrada-
tion under iron-reducing conditions can be obtained.

4. Sulfate reduction rate in soil slurries. The sulfate reduction
rate is a measure of the ability of the microbial community
to use SO4

2− as an alternative electron acceptor. SO4
2− is

reduced to H2S and the organic contaminant is oxidized to
CO2. We here measure the consumption of soluble SO4

2−

in the water phase (5). The 120-mL microcosm bottles con-
taining 30 g of soil should be flushed with nitrogen for
4 min in the field. In the laboratory, add 60 mL of anoxic
0.9% NaCl and 0.5 mM SO4

2− in a glove box and incubate
under shaking for about 1 month. Withdraw anaerobically
2 mL sample and filter it through a 0.22 �m filter and mea-
sure the SO4

2− Concentration on an ion chromatograph. If
the measurement is accompaingned by a simultaneous mea-
surement of petroleum hydrocarbon disappearance from the
same bottles, evidence for petroleum hydrocarbon degrada-
tion under sulfate-reducing conditions can be obtained.

5. Methane production rate in microcosms (4, 5). The
methane production is a measure of the ability of the micro-
bial community to convert acetate or H2 and the CO2 pro-
duced in fermentation processes to CH4. Hydrocarbon fer-
mentation is initiated by microbial fumarate addition. The
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120-mL microcosm bottles containing 30 g of soil should be
flushed with nitrogen for 4 min in the field. Incubate at 7◦C
in the dark for 10 months. Measure the CH4 concentration
regularly in gas samples from the headspace by injecting 0.5
mL samples into a GD-FID. If the measurement is accom-
panied by a simultaneous measurement of petroleum hydro-
carbon disappearance from the same bottles, evidence for
petroleum hydrocarbon degradation under fermenting and
methanogenic conditions can be obtained (see Note 11).

3.4. Molecular
Biology Methods

3.4.1. DNA Extraction

1. Extract two parallel 0.7 g soils samples from the same batch
of soil using the FastDNA R©SPIN Kit for Soil (Bio101)
(or PowerSoil DNA isolation kit), which purifies genomic
DNA from soil using the FastPrep Instrument (Savant
Instruments).

3.4.2. Community
Analysis (Cloning and
Sequencing, RFLP)

Community analysis is used to study the microbial community
composition and diversity based on the presence of 16S RNA
genes in the soil sample. The analysis does not indicate whether
those microbes in the sample are active or if they are involved in
the degradation of the contaminants. However, based on known
physiological properties of certain taxonomic groups, some con-
clusions can usually be drawn. Furthermore, the community com-
position may change over time or along gradients of environ-
mental factors that may reveal the role of different members (see
Note 12).
Steps in community analysis:

1. Amplification of the 16sRNA gene by PCR of the extracted
community genomic DNA. A suggestion for general primers
is given below.

Bacteria PRBA338f 5′-ACTCCTACGGGAGGCA
GCAG -3′ (9)

Ds907r 5′-CCCCGTCAATTCCTTT
GAGTTT-3′ (10)

Archaea PREA46f 5′-(C/T)TAAGCCATGC(G/A)
AGT -3′ (9)

PRA1100r 5′-(T/C)GGGTCTCGCTCGTT
RCC -3′ (9),

and then primer pair

PARCH340f 5′-CCCTACGGGG(C/T)GCA(G/C)CAG-3′ (9)
ARC915r 5′-GTGCTCCCCGCCAATTCCT-3′ (11)

2. The following PCR conditions (see Notes 13 and 14) can
be used with these primers: Use 0.2-mL thin-walled PCR
tubes. The total volume of each PCR reaction mix is 50
�L and should contain 1 �M of each primer, 200 �M of
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each dNTP, 2 U of Taq DNA polymerase (MBI Fermentas),
75 mM Tris–HCl, 20 mM (NH4)2 SO4, 0.01% Tween 20,
2.5 mM MgCl2, 1% of formamide, 0.5 mg/mL of BSA, and
1 �L of DNA sample. PCR should be run in a thermal cycler
as follows for bacterial primers: 94◦C for 60 s, after which 30
cycles of 94◦C for 45 s, 46◦C for 45 s, 72◦C for 60 s, with
a final extension of 6 min at 72◦C. For archaeal primers the
programme is 92◦C for 120 s, after which 30 cycles of 92◦C
for 60 s, 65◦C for 30 s, 72◦C for 60 s, with a final extension
of 6 min at 72◦C.

3. Clean up the PCR products using Wizard R©DNA cleanup.
4. Cloning. Clone purified PCR products using, e.g., the

Promega pGEM R©-T Easy Vector system according to the
instructions of the manufacturer. It is recommended that at
least 100 clones are sequenced per library (see Note 15).

5. Purification and analysis of diversity of clones, e.g., by RFLP
before sequencing.

6. Sequencing of inserts in clones.
7. Matches to the Genbank by Blast.
8. Phylogenetic analysis.

3.4.3. Functional Genes
(RLD-PCR, Real-Time
PCR)

The abundance of functional (catabolic) genes is a measure of
specific genes that encode specific enzymes in the degradation
pathway of, e.g., petroleum hydrocarbons. Most frequently, key
enzymes in the degradation pathway are used (Fig. 14.3). For
aerobic degradation these are often oxidases. As both the enzymes
and the degradation pathways are diverse and also vary between
organisms, the detection of a limited set of genes may underesti-
mate the true degradation potential (see Note 16). Despite these
shortcomings, the functional gene abundances have proven to
give robust estimates of degradation potential (see Notes 17, 18).
Real-time PCR technology offers a very sensitive tool to quan-
tify gene copies in environmental samples, but gene abundances
can also be estimated by MPN-based dilution series like, e.g., the
replicate limited dilution (RLD) technique (7) (see Note 19).

3.4.3.1. Gene
Abundance by RLD-PCR
Technique

1. From each soil sample, extract two replicate DNA samples
and prepare from both of these two replicate 3× dilution
series. Run PCR on all four-dilution series (12).

2. PCR amplification can be carried out in 0.2-mL thin-walled
PCR tubes. Primers that we have tested are given below (6,
7) (see Note 20).
alk B alkB703for 5′-TGGCCGGCTACTCCGATGA

TCGGAATCTGG-3′ (13)
alkB1572rev 5′-CGCGTGGTGATCCGAGTGC

CGCTGAAGGTG-3′
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xyl E xylEbf (482) 5′-AGGTATGGCGGCTGTGCGT
TTC-3′ (14)

xylEbr (950) 5′-TTCGTTGAGAATGCGGTCG
TGG-3′

nah Ac Ac114F 5′-CTGGC(T/A)(T/A)TT(T/C)
CTCAC(T/C)CAT-3′(15)

Ac596R 5′-C(G/A)GGTG(C/T)CTTCCA
GTTG-3′

3. The final volume of 50 �L should contain 1 �M of each
primer, 200 mM of each dNTP, 1 U of Taq DNA polymerase
(MBI Fermentas), 75 mM Tris–HCl, 20 mM (NH4)2 SO4,
0.01% Tween 20, 1.5 mM MgCl2, and 1% nuclease-free
bovine serum albumin (BioLabs). With primer pair Ac114F
and Ac596R, run a touchdown PCR program according to
(15). With primer pair alkB703for and alkB1572rev, run
PCR with 45 cycles of 1 min at 95◦C, 1 min at 60◦C, 1 min
at 72◦C, and a final extension of 10 min at 72◦C. With
primer pair xylEbf and xylEbr, run PCR with 35 cycles of
1 min at 95◦C, 1 min at 68◦C, 1 min at 72◦C, and a final
extension of 5 min at 72◦C. Verify the PCR products in a
1.5% (wt/vol) agarose gel in 0.5% TBE by running samples
for 30 min at 150 V.

4. Calculate the number of gene copies (per mL of DNA
extract or per gram of soil) from the highest dilution in
which the PCR product was observed. The final gene copy
abundance is an average of the four dilution series prepared
from each soil sample (see Note 21).

3.4.3.2. Real-Time PCR
for nahAc and xylE

1. For the preparation of a standard, use a purified PCR prod-
uct of a pure culture of a bacterium that contains the gene
in question, and make 10-fold dilution series.

2. Make standard curves for the quantification of the nahAc
and xylE genes by the real-time quantitative PCR.

3. Run the standards in triplicate together with 3-, 9-, and 27-
fold dilutions of the DNA extracts on a thermal cycler to
quantify the number of the nahAc and xylE gene copies in
soil samples. The total volume of the real-time PCR reaction
is 20 �L and should contain 10 �L of the 2 × Quantitect
SYBR Green mastermix (Qiagen GmbH, Hilden, Germany),
2.5 �M of each of the respective forward and reverse primers
and 1 �L of the template DNA. The temperature program
of the real-time PCR run for nahAc is 95◦C, 15 min (first
cycle only); 94◦C, 15 s; 52◦C, 30 s; 72◦C, 30 s; altogether
40 cycles with a final extension at 72◦C for 6 min. The tem-
perature program of the real-time PCR run for xylE is 95◦C,
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15 min (first cycle only); 94◦C, 15 s; 68◦C, 30 s; 72◦C, 30 s;
altogether 40 cycles with a final extension at 72◦C for 5 min.

4. Notes

1. Communicate with geologists, chemists, and engineers
when planning and performing sampling.

2. Contaminated sites and aquifer sediments are frequently
dominated by heterogeneity. Contaminant concentrations
may vary in the scale of centimeters of tens of centimeters.
Sampling by drilling is destructive. Repeated sampling from
the same spot is not possible. However, replicate samples
can be obtained from the same drilling batch of a certain
depth.

3. Use true sample replicates rather than analysis replicates.
For example, it is better to extract and analyze two parallel
soil samples than to analyze the same extract sample twice.

4. Sampling for molecular biology assays. Some people pre-
fer to sample soil directly into, e.g., 2-mL Eppendorf tubes
and to transport the sample in a portable liquid nitrogen
transporter to the laboratory and to store the soil samples at
–80◦C until DNA extraction. However, the storage of con-
taminated soil samples in plastic tubes in the –80◦ freezer
together with clean samples or other live samples is not
recommended. Samples containing organic contaminants
should preferably be stored in jars made of glass or other
inert gas-tight material. We have found that samples for
DNA extraction can be stored at –20◦C until DNA extrac-
tion if it is not possible to extract the DNA within a few
days.

5. Soil gas measurement is a simple way of getting information
about the in situ oxygen conditions.

6. Microbes are mainly attached to solid particles also in
the saturated zone. In order to get a realistic measure of
the microbial community and its activity in situ, the solid
matrix should be included in the sampling of subsurface for
community analyses and activity measurements. The micro-
bial composition is different on the particles and in the free
groundwater. However, repeated groundwater samples are
easy to obtain and, e.g., useful for the monitoring of geo-
chemical parameters.

7. Bacterial traps that are incubated in groundwater wells is
a nice way of getting an enrichment of bacteria incubated
in situ, but one has to keep in mind that the trap mainly
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contains mobile free living bacteria from the groundwater,
and the bacterial population living on the soil particles in
the groundwater zone may have a different composition
and activity.

8. Sampling from anaerobic depths should be performed with
care. There are special samplers that are designed for sam-
pling anoxic zones on the market. Groundwater sampling
using a device that can take specifically in a certain depth is
also on the market.

9. Apply data from the literature with care to your specific
site. Microbial communities and activities are always site-
specific.

10. Rates of degradation are of value for mathematical model-
ing of the distribution of the contaminants over time. Many
other biological parameters, e.g., most molecular biology
methods are not suitable for modeling, but have a qualita-
tive value for the monitoring and evaluation of the progress
of the biodegradation.

11. The presence of distinct physiological groups, e.g., nitrate
reducers, iron-reducers, sulfate reducers, or methanogens,
does not give any direct evidence for contaminant degra-
dation if there is no measurement of the contaminant fate
in the same samples. However, the dominance of a certain
type of anaerobic metabolism at a certain depth may help
to understand the progress of the contaminant degradation
at the site.

12. Community composition does not give evidence for
petroleum hydrocarbon degradation without correspond-
ing degradation measurements. However, it seems
that petroleum-contaminated anaerobic aquifers tend to
develop a diverse but distinct community composition
despite of their geographical origin (16, 17).

13. PCR contamination is a problem in many laboratories. In
particular, the amplification of 16S RNA genes using gen-
eral primers for the Bacteria domain is much more prone to
contamination than amplification by using specific primers
for a functional gene or for lower taxonomic groups. Sev-
eral polymerase enzymes have been found to contain traces
of bacterial 16S DNA. It may be a solution to change
enzyme supplier and keep all reagents in fresh batches in
case of contamination.

14. PCR contamination originating from tubes and pipettes
may also be a problem. Do not autoclave disposable mate-
rials before use, since the autoclavation will not destroy
the DNA, only living cells, and it may cause any present
DNA to spread to other surfaces in the autoclave. Usually,
factory-grade disposable materials are sufficiently clean. UV
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irradiation is a more efficient way to destroy nucleic acids,
but the distance to the UV source should be less than 1 m
to be efficient. A UV lamp in the ceiling of the laboratory
is not efficient enough.

15. Community analysis by cloning and sequencing gives evi-
dence for the presence of different taxonomic group of
bacteria, whereas DGGE does not reveal the species com-
position, but can be useful for comparison of samples or
screening of many samples.

16. Comprehensive functional gene arrays have been devel-
oped, which are based on quantification by hybridization
of probes of all known degradation genes (18) to commu-
nity DNA from environmental samples. The problem is the
sensitivity of the method, which is much lower than real-
time PCR quantification.

17. Functional aerobic gene abundances are roughly correlated
with aerobic mineralization rates of corresponding contam-
inants (6, 7).

18. The quantification of mRNA by reverse transcription real-
time PCR can give an estimate of active populations.

19. Quantitative PCR of several functional genes are recom-
mended for the same sample. Real-time PCR is much more
sensitive than RLD-PCR (6). If the sample is from the
anaerobic zone, the aerobic degradation genes are not so
relevant to analyze. Our studies only assessed genes of aero-
bic pathways. Genes involved in the anaerobic degradation
aromatic petroleum hydrocarbons can be assessed, e.g.,
with the bss gene, which encodes for benzyl succinate syn-
thetase (19). There is a need for better knowledge on the
anaerobic pathways. It seems in many cases the anaerobic
pathways are more complicated and carried out be a con-
sortium of organisms, e.g., syntrophs and methanogens.

20. The choice of primers – length of fragment: Amplification
of fragments of different lengths is needed for different pur-
poses. For example, real-time PCR using SYBR green only
works for shorter fragments whereas traditional PCR works
for larger fragments, e.g., of functional genes. Also DGGE
works better for shorter fragments, whereas sequencing
often is performed for the whole 16sRNA gene. This means
that different PCR reactions using different primers have to
be optimized.

21. Molecular biology methods are faster than longer lab-
oratory incubations for microbial activity measurements,
and they represent the in situ conditions. Molecular biol-
ogy methods complement efficiently microbial activity
and chemical measurements in the monitoring of natural
attenuation.
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3. Björklöf, K., Salminen, J., Sainio, P., and
Jørgensen, K. (2008) Degradation rates of
aged petroleum hydrocarbons are likely to be
mass transfer dependent in the field. Environ.
Geochem. Health 30, 101–107.

4. Salminen, J.M., Tuomi, P.M., Suortti, A.-
M., and Jørgensen, K.S. (2004) Potential
for aerobic and anaerobic biodegradation of
petroleum hydrocarbons in boreal subsur-
face. Biodegradation 15, 29–39.

5. Salminen, J.M., Hänninen, P.J., Leveinen, J.,
Lintinen, P.T.J., and Jørgensen, K.S. (2006)
Occurrence and rates of terminal electron-
accepting processes and recharge processes in
petroleum hydrocarbon-contaminated sub-
surface. J. Environ. Qual. 35, 1969–2440.

6. Salminen, J.M., Tuomi, P.M. and Jørgensen,
K.S. (2008) Functional gene abundances
(nahAc, alkB, xylE) in the assessment of the
efficacy of bioremediation. Appl. Biochem.
Biotechnol. 151, 638–652.

7. Tuomi, P.M., Salminen, J.M., and Jørgensen,
K.S. (2004) The abundance of nahAc genes
correlates with the 14C-naphthalene mineral-
ization potential in petroleum hydrocarbon-
contaminated oxic soil layers. FEMS Micro-
biol. Ecol. 51, 99–107.

8. Haines J., Wrenn B., Holder E., Strohmeier
K., Herrington R., and Venosa, A. (1996)
Measurement of hydrocarbon-degrading
microbial populations by a 96-well plate
most-probable-number procedure. J. Ind.
Microbiol. 16, 36–41.

9. Teske, A., Wawer, C., Muyzer, G., and
Ramsing, N.B. (1996) Distribution of
sulfate-reducing bacteria in a stratified fjord
(Mariager Fjord, Denmark) as evaluated by
most-probable-number counts and denatur-
ing gradient gel electrophoresis of PCR-
amplified ribosomal DNA fragments. Appl.
Environ. Microbiol. 62,1405–1415.
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Chapter 15

Application of Bioassays for the Ecotoxicity Assessment
of Contaminated Soils

Marı́a D. Fernández, Mar Babı́n, and José V. Tarazona

Abstract

The use of bioassays for soil characterization is receiving significant attention as a complementary tool to
chemical analysis. Bioassays consist of direct toxicity assays of environmental samples that are transferred
to the laboratory and analyzed for toxicity against selected organisms. Such soil samples contain the
combination of the different pollutants present in situ and enable factors such as the bioavailability of
contaminants or the interactions (synergic and antagonic) between them to be simultaneously studied.
In this chapter, methods for soil toxicity assessment based in the guidelines developed by OECD for sin-
gle substances are described. These methods have been adapted for their application to the assessment of
complex matrices such as soils. The field sample can be tested undiluted and/or diluted with “uncontam-
inated” soil to create a pollution gradient. In the diluted samples, concentration/response relationships
may be obtained. Toxicity assays to soil organisms include earthworms, plants, and microorganisms tests.
In addition, toxicity assays with soil extracts are recommended. Assays of extracts with algae, daphnia,
and fish (in vitro test using fish cell lines) are also described.

Key words: Bioassays, contaminated soils, soil characterization, toxicity test, in vivo, in vitro.

1. Introduction

The term bioassay is used to describe ecotoxicity tests performed
with environmental samples. They usually consist, in laboratory
assays, of soil or water samples collected at the study site, which
are tested to determine their toxicity to selected organisms. There
is an increasing interest in incorporating bioassays in the charac-
terization of contaminated soils as a complementary tool to chem-
ical analysis (1, 2, 3). They allow the overall toxicity of the sample
to be determined even if the contaminants in the soil are not
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identified. Moreover, specific characteristics in the site, which
influence soil toxicity, such as contaminant bioavailability and
possible interactions between contaminants in the soil (synergic
and antagonic effects) may be addressed. In addition to toxicity
assays with soil samples, it is recommended that toxicity tests with
extracts obtained from the soil are performed (4, 5, 6, 7). Toxicity
studies on organisms from both terrestrial and aquatic environ-
ments allow a more complete soil toxicity assessment, involving
a higher number of species and different methods of exposure.
From the perspective of risk analysis, this approach will determine
the transfer of contaminants from soil to water and take under
consideration the risk of contamination of surface and ground
waters due to runoff and leaching phenomena.

There are numerous methods to determine ecotoxicity to
soil and aquatic organisms, which have been standardized by dif-
ferent associations (OECD, ISO, etc). However, these methods
have been described for chemical compounds and require some
adaptations prior to their application to the assessment of com-
plex matrices such as soils. In this work, methods for soil toxic-
ity assessment using bioassays are described. These methods are
based in the guidelines developed by OECD for the assessment
of single substances. The bioassays for soil toxicity are determined
according to the following tests:

– Earthworms, acute toxicity tests. Modified test guideline N◦

207 OECD (8)
– Terrestrial plants, seedling emergence and seedling growth

test. Modified test guideline N◦ 208 OECD (9)
– Soil microorganisms, nitrogen transformation test. Modified

test guideline N◦ 216 OECD (10)
– Soil microorganisms, carbon transformation test. Modified

test guideline N◦ 217 OECD (11)
Toxicity to aquatic organisms: algae, daphnia, and fish are also

described. The toxicity of soil extracts to algae and daphnia is
determined according to:

– Algal growth inhibition test. Modified test guideline N◦ 201
OECD (12)

– Daphnia sp., acute immobilization test. Modified test guide-
line N◦ 202 OECD (13)

Assays to determine fish toxicity consist of an in vitro assay
battery using RTG-2 fish cell lines (14). This assay is more
appropriate for the analyses of soil extracts since it reduces
the volume necessary to perform the assay. Only those mod-
ifications of standard methods necessary for their application
to the assessment of contaminated soils will be described. A
more detailed description of OECD methods may be found in
http://oberon.sourceoecd.org (15).
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2. Materials

2.1. General Material 1. Soil samples. The use of soils freshly collected from the field
is recommended. However, soils may be stored in the dark at
4±2◦C for a maximum of 3 months. During storage, aerobic
conditions must be maintained.
Control and dilution soil. Non-contaminated soil used as
assay control and to prepare dilutions with test soil. Soils
with high sand content (50–75%), low organic carbon levels
(0.5–1.5%) and pH 5.5–7.5 are preferred (see Note 1).
Reference soil. Non-contaminated soil with physicochem-
ical characteristics similar to the test soil. Reference soils
are sampled at non-polluted localities close to the contam-
inated site. When this is not possible, a natural or artifi-
cial soil with pH, soil organic matter content, soil texture,
and nutrients comparable to the test soil should be used
(see Note 2).

2. Control medium for toxicity tests to aquatic organisms. Two
control media should be used in the assays with the soil
extracts: (1) control medium recommended in the specific
toxicity assay by OECD and (2) extracts obtained from ref-
erence soil under the same conditions used to obtain extracts
from test soil (see Note 3).

3. Climatic cabinet or chamber at a controlled temperature
between 20◦C and 25◦C (± 2◦C) and continuous uniform
illumination in the spectral range 400–700 nm. This can
be obtained with universal white-type lamps. Additionally,
a system to establish light-dark cycles is necessary for some
tests.

2.2. Toxicity Assays
to Soil Organisms

2.2.1. Soil Sample
Preparation

1. Mechanical mixer: a large-scale laboratory mixer or small
electric cement mixer (see Note 4).

2.2.2. Earthworms,
Acute Toxicity Test

1. Assay organisms: The recommended species is Eisenia
foetida although other terrestrial species may be used.
Worms should be adults (at least 2 months old with clitel-
lum) and weigh between 300 and 600 mg.

2. Climatic cabinet or chamber at a controlled temperature
20±2◦C and continuous uniform illumination (400–800
lux) to ensure that earthworms stay in the test medium dur-
ing the test period.
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3. Glass container of about 1 L volume covered with a perfo-
rated plastic film.

2.2.3. Terrestrial Plants,
Seedling Emergence and
Seedling Growth Test

1. Assay organisms: Plant test species can be selected from
OECD Guidelines (9), where a selection of plant species
available for this test is shown. A minimum of three plant
species should be used in the test. Assay should include one
monocotyledonae and two dicotyledonae species belonging
to three different families.

2. Climatic chamber or glasshouses that allow normal growth
of testing plants. The growing conditions are selected
according to the test species. Recommended conditions are
temperature of 22±10◦C, humidity of 70±25%, photope-
riod of 16 h light as minimum and uniform illumination in
the spectral range 400–700 nm with an intensity of 350±50
�E/m2/s.

3. Plant containers of non-porous plastic or glazed material.
The size of pots or containers must be adequate not to ham-
per the normal growth of selected species.

2.2.4. Soil
Microorganisms,
Nitrogen Transformation
Test

1. Control and dilution soil. Soil with characteristics described
in Section 2.1, step 1. Moreover, the carbon content of
the microbial biomass should be at least 1% of the total soil
organic carbon (16). It is preferable to use a recently sam-
pled soil. If soil is stored, pre-incubation for 2–28 days is
recommended at temperature and moisture content similar
to that used in the test.

2. Organic nitrogen source, e.g., powdered lucerne meal. C/N
ratio between 12/1 and 16/1 is recommended.

3. Test containers of inert material of approximately 100 mL
with a top that allows gas exchange during the assay and
minimizes water loss.

4. Climatic cabinet or chamber at a controlled temperature of
20±2◦C.

5. Agitation device such as mechanical shaker or magnetic stir-
rer.

6. Potassium chloride solution 0.1 M stored at 4◦C.
7. Filtration device, using nitrate-free filter paper.
8. Equipment for nitrate determination: spectrophotometer,

nitrate electrode, etc.
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2.2.5. Soil
Microorganisms, Carbon
Transformation Test

1. Control soil: soil with characteristics described in Section
2.1, step 1. Moreover, the carbon content of microbial
biomass should be at least 1% of the total soil organic carbon.
It is preferable to use a recent sampled soil. If soil is stored,
pre-incubation for 2–28 days is recommended at tempera-
ture and moisture content similar to that used in the test.

2. Test containers of inert material of approximately 100 mL
with a top that allows gas exchange during the assay and
minimize water loss.

3. Climatic cabinet or chamber at a controlled temperature
20±2◦C.

4. Glucose powder mixed with clean quartz sand (4 g glucose/
10 g sand) (store at room temperature).

5. Equipment for the measurement of carbon dioxide produc-
tion or oxygen consumption (17–20).

2.3. Toxicity Assays
to Aquatic Organisms

2.3.1. Obtaining Soil
Extracts

1. Agitation apparatus capable of rotating the extraction ves-
sel in an end-over-end fashion at 30±2 rpm are preferred.
Other shaking apparatus may be used if they are capable of
providing a good contact between soil and extractant and do
not produce a reduction of particle size.

2. Extraction vessels. Borosilicate glass bottles may be used
for both organic and inorganic substances. For metals, it
is recommended containers are made of polypropylene or
linear polyethylene. For organics, plastic bottles shall not
be used except polytetrafluoroethylene (PTFE) bottles. Vol-
ume must be sufficient to allow a good contact between the
soil and the extraction solution (containers holding soil and
extraction solution should not be more than half full).

3. Distillate water with conductivity less than 5 �S/cm.
4. Filters of pore size of 0.45 �m made of PTFE or of nylon

rather than acetate or cellulose nitrate are recommended.
5. Filtration devices that allow vacuum filtration, made of inert

material which will not leach or absorb waste components.
6. pH meter: The meter should be accurate to ±0.05 units at

25◦C.
7. Conductivity meters with an accuracy of ±1 �S/cm.

2.3.2. Alga, Growth
Inhibition Test

1. Assay organisms: fast-growing green algae species. The
most widely used species are Pseudokirchneriella subcapitata
(ATCC 22662), Desmodesmus subspicatus (86.81 SAG), and
Chlorella vulgaris (CCAP 211/11b) (see Note 5).

2. Bunsen burner or sterile chamber.
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3. Culturing apparatus: Cabinet or chamber capable of main-
taining the incubation temperature in the range 21–25◦C,
controlled at ±2◦C. Continuous uniform illumination with
light intensity of 60–120 �E/m2s (4440–8880 lux) in
the range of 400–700 nm. These light conditions may be
obtained with white type fluorescent lamps (light tempera-
ture of approximately 4200 K).

4. Light-intensity measurement instruments.
5. Growth, control, and dilution medium: 15 mg/L NH4Cl,

12 mg/L MgCl2· 6H2O, 18 mg/L CaCl2· 2H2O, 15 mg/L
MgSO4· 7H2O, 1.6 mg/L KH2PO4, 0.064 mg/L FeCl3·
6H2O, 0.1 mg/L Na2EDTA· 2H2O, 0.185 mg/L
H3BO3, 0.415 mg/L MnCl2· 4H2O, 3×10−3mg/L
ZnCl2, 1.5×10−3mg/L CoCl2· 6H2O, 1×10−5mg/L
CuCl2· 2H2O, 7×10−3mg/L Na2MoO4· 2H2O, 50 mg/L
NaHCO3. Substances must be of analytic grade. The pH
of growth medium after equilibration with air is approxi-
mately 8. Stock solutions are sterilized by filtration (mean
pore diameter 0.2 �m) or autoclaving and may be stored
dark at 4◦C for upto 2 months. A more detailed description
of the preparation of this medium may be seen in OECD
Guidelines (12).

6. Test containers made of chemically inert material. Material
used in this test must be sterile in order to avoid contamina-
tion from bacteria or other algae.
Sterile glass vessel of appropriate volume
Sterile capped polypropylene test tube of 3 mL
Sterile 96-well cell culture flat-bottom polystyrene
microtitre plate

7. Apparatus to determine cell concentrations such as cell
counts (electronic particle counter or microscope with
counting chamber).

8. Fluorimeter and spectrophotometer microtiter plate reader
(see Note 6).

2.3.3. Daphnia sp.,
Acute Immobilization
Test

1. Assay organisms: Daphnia magna or any other suitable
Daphnia species, less than 24 hours old. Daphnia should
be apparently healthy and with a known history. All organ-
isms used in the assay should come from the same culture
stock. Conditions of culture and assay should be similar.

2. Normal laboratory material: pipettes, Petri plaques, etc.,
which should be all-glass or other chemically inert material.

3. Glass vessel of about 50 mL.
4. pH meters: The meter should be accurate to +0.05 units at

25◦C.
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5. Culture, control, and dilution water
Natural water and reconstituted water (see Note 7) may be
used as control and to prepare extract dilutions. pH water
must be between 6 and 9. Water hardness between 140
and 250 mg/L (measured as CaCO3) is recommended for
D. magna. If natural water is used, the quality parameters
should be measured at least twice a year. Absence of toxic
substances should be checked and conductivity, total organic
carbon (TOC), or chemical oxygen demand (COD) should
be measured (see Note 8).

2.3.4. In Vitro Assay
Battery to Detect
Leachate Toxicity Using
RTG-2 Cell Line

1. Assay organism: Rainbow trout gonadal RTG-2 cell line
(ATCC CCL55) (see Note 9).

2. Cell culture flask (75 cm2).
3. 96-well cell culture flat-bottom polystyrene sterile plate.
4. Micro pipettes and multichannel pipettes (see Note 10).
5. Cell incubator.
6. Vertical laminar flow cabinet.
7. Orbital shaker.
8. Spectrofluorimeter microtiter plate reader.

2.3.4.1. Cell Culture 1. Phosphate-buffered saline (PBS): prepare 10× stock with
1.37 M NaCl, 27 mM KCl, 100 mM Na2HPO4, 18 mM
KH2PO4 (adjust to pH=7.4 with HCl if necessary) (stor-
age at room temperature). Prepare working solution by
dilution of one part with nine parts water and autoclave
(store at 4◦C).

2. PBS-EDTA: Prepare a 0.02% ethylenediamine tetraacetic
acid disodium salt (EDTA) solution in PBS and autoclave
(store at 4◦C).

3. Trypsin–Versene (EDTA) mixture (1×) (Lonza, Switzer-
land) (store at –20◦C).

4. Minimum essential medium with Earle’s salts 10× (EMEM
10×) (Lonza, Switzerland) (store at room temperature).

5. Minimum essential medium with Earle’s salts 1× (EMEM)
(Lonza, Switzerland). Before use add 10% FCS, 1%
L-glutamine, 1% Pen-Strep, 1% non-essential amino acids
(store at 4◦C).

6. Fetal calf serum (FCS) (heat inactivated) (Lonza, Switzer-
land) (store at −20◦C).

7. L-glutamine 200 mM (Lonza, Switzerland) (store at
−20◦C).
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8. Pen–Strep mixture: 5000 UI penicillin and 5000 �g strep-
tomycin per mL in 0.85% saline (Lonza, Switzerland)
(store at −20◦C).

9. Non-essential amino acid solution 10 mM (Lonza, Switzer-
land) (stable at 4◦C).

10. 0.89 M sodium bicarbonate (NaHCO3). Weigh 7.5 g and
make to 100 mL with distilled water (stable for 1 week at
4◦C).

11. Gas cylinder (75% N2; 20% O2; 5% CO2) (Air Liquide,
France).

2.3.4.2. Tests 1. 0.825 �M 7-ethoxyresorufin. Stock solution: Weigh 1 mg
and make to 3.5 mL with dimethyl sulfoxide (DMSO)
(stable at room temperature). Dilute 4.1 �L/mL in culture
medium. Prepare just before use.

2. 2.95 mM 4-methylumbelliferyl-�-D-galactopyranoside
(MUG). Weigh 1 mg and make to 1 mL with DMSO.
Prepare just before use.

3. Neutral red stain. 3-amino-7-dimethylamino-2-
methylphenazine hydrochloride. Stock solution: Weigh
0.4 g and make to 100 mL with distilled water (dH2O)
(stable at 4◦C). The day before use, make a 1 neutral red:
100 culture medium dilution and pre-incubate overnight
at 37◦C. Before use centrifuge (4000 rpm, 1 h) to remove
precipitated dye crystals.

4. Formaldehyde–calcium chloride. Make two stock solutions
A and B: Solution A (formaldehyde 10%): mix 10 mL for-
mol (40%) with 40 mL dH2O. Solution B (20 mM CaCl2):
weigh 5.4 g CaCl2 and make to 50 mL with dH2O. To pre-
pare 100 mL, mix 10 mL solution A, 10 mL solution B, and
80 mL dH2O (store at room temperature).

5. Acetic acid–ethanol: Mix 4 mL acetic acid, 200 mL ethanol,
and 196 mL dH2O (store at room temperature).

6. Coomassie Brilliant Blue G. Stock solution: Weigh 0.4 g
and dilute in 250 mL ethanol, add 630 mL dH2O and run
through a filter paper (store at room temperature, protected
against the light). Before use, dilute stock solution 7:1 with
acetic acid.

7. Ethanol–glacial acetic acid–water. 10:5:85 (store at room
temperature).

8. Desorb solution. Potassium acetate–ethanol: weigh 49.07 g
potassium acetate and make to 500 mL with ethanol 70◦

(store at room temperature).
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9. Ethanol 70◦. 100 mL ethanol 96◦:39 mL dH2O (store at
room temperature).

3. Methods

3.1. Toxicity to Soil
Organisms

The ecotoxicity test with soil samples may be performed following
two experimental designs:

1. Single concentration assessment
Assessment is performed with no diluted samples of test soil.
The effects on contaminated soil are compared to the refer-
ence soil. Data are expressed as a percentage of effects com-
pared with the reference soil and significant differences are
determined using statistical analyses.

2. Multiple concentration assessment
Soils samples are diluted with the dilution soil and differ-
ent soil concentrations are tested. The aim is to obtain a
quantitative concentration–response relationship by regres-
sion analyses similar to that obtained assaying pure chem-
ical substances. The results of the toxicity assessment are
compared to control and dilution soil and expressed using
conventional methods such as the equivalent to the LC50
(median lethal concentration) or EC50 (median effect con-
centration) expressed in terms of dilution (see Note 11).

Both approaches can be combined or selected on the basis of
the expected level of pollution for soil toxicity tests (see Note 12).
Assessment of leachates is performed in multiple concentration
assessment.

3.1.1. Soil Sample
Preparation

3.1.1.1. Single
Concentration Assay

1. Sieve reference and test soils at a particle size ≤2 mm. Quan-
tities of soil samples should be sufficient to support toxicity
tests. A minimum of six replicates of control soil and test soil
are recommended (see Note 13).

3.1.1.2. Multiple
Concentration Assay

1. Sieve control and dilution soil, and test soil at a particle size
≤2 mm.

2. Weigh necessary quantities of dilution and test soils to obtain
different soil concentrations. Ratios are calculated on a dry-
weight basis. Tested concentrations are selected in geometric
series. The recommended assay concentrations are 100, 50,
25, 12.5, and optionally 6.25% (w/w, test soil / total soil).
The selected rates should include the concentration causing
the 50% effect in order to obtain the L(E)C50. If results of
the assay exceed the 50% effect level, lower concentrations
in geometrical series should be used.
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3. Mix thoroughly dilution and test soils, using a large-scale
laboratory mixer or small electric cement mixer. Mixture
may be also performed by handling in plastic bags, which
are turned end-over-end enough times to ensure thorough
mixing. Sufficient soil mixture must be obtained to support
soil toxicity test.

4. Three replicates of test and control soil are used, except if
otherwise indicated in the description of the corresponding
test.

The following toxicity tests are described as multiple concen-
tration tests. The methodology to perform single concentration
tests is similar. Differences consist in (i) one concentration of con-
taminated soil is used rather than different concentrations, (ii) the
number of replicates, which is higher in the single concentrations
tests, as indicated above, and (iii) the statistical method used for
data analysis (Section 4).

3.1.2. Earthworm, Acute
Toxicity Test

This test determines the effects of contaminated soils in the sur-
vival of earthworms exposed to this soil. Earthworms are exposed
to soil samples for 14 days and the survival is determined at 7 and
14 days of assay.

1. Place 750 g (d.w.) of soil samples into each glass container.
2. Adjust soil samples moisture at 60–80% of their water-

holding capacity by adding distilled or deionized water. Lost
water is replenished as necessary during the test time, by
reweighing the containers periodically.

3. Wash earthworms and keep them for 24 h on moist filter
paper to depurate the gut content. Earthworms are individ-
ually weighed and worms between 300 and 600 mg of wet
weight are selected to be used in the assay.

4. Put ten weighed earthworms randomized into the soil sur-
face of every container and cover the containers with a per-
forated plastic film. The test containers do not need to be
aired during the assay.

5. Test containers are maintained for 14 days at temperature of
20±2◦C and continuous illumination in order to ensure that
earthworms stay in the soil.

6. At 7 and 14 days, pour the containers onto a tray and record
the number of dead earthworms. Earthworms are consid-
ered as dead when they do not respond to a gentle mechan-
ical stimulus to the front end.

7. Test is valid if mortality less than 10% is observed in the
control.
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8. The percentage of mortality at 14 days is calculated respect
to the control and dilution soil, and the value of LC50 is
determined (see Note 14).

3.1.3. Terrestrial Plants,
Seedling Emergence and
Seedling Growth Test

This test determines the effects of test soil in the emergence of
seedling and in the growth of higher plants. Seeds of three dif-
ferent plant species are placed in the control and test soils. The
number of emerged seedling and the effects in growth (shoot
weight, shoot height, etc.) are measured at 14–21 days after 50%
emergence in the control.

1. Transfer soil samples to pots or containers. Six replicates
of controls and three replicates at each concentration are
recommended (see Note 15).

2. Plant the seeds of selected species in each container at a
depth of about 1 cm to facilitate seedling emergence. A
minimum of seven seeds are recommended per replicate
for optimal statistical analyses. Seeds should not be imbibed
with water or coated with an insecticide or fungicide.

3. Temperature, moisture, and light conditions are selected to
allow plants growing in optimum conditions.

4. Water the plants with dechlorinated or deionized water as
needed. Bottom watering is preferable; however, top water-
ing can be used, but avoid loss of the chemicals in the soil
by water leaching.

5. Crops are maintained for 14–21 days after 50% of the con-
trol seedlings have emerged. During this period plants are
observed weekly for visual phytotoxicity and mortality and
the number of emerged plants is recorded.

6. At the end of the assay time, record the surviving number
of emerged plants.

7. Harvest the shoots at the soil surface. The effects on
growth are determined as wet or dry weight of shoots.

8. If wet weight is used to determine effects on growth, weigh
individually plants immediately after harvest (see Note 16).

9. If dry weight is used to determine effects on growth, weigh
total survival plants in each container after oven drying at
60◦C to constant weight (24 h are usually sufficient). Total
weight may be expressed as total biomass or on a per plant
basis. Other variables which can be used to measure toxicity
effects are root and shoot length.

10. The test is considered valid if a minimum of 65% of the
seeds germinated and show a healthy growth in the control
soil.
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11. The percentage of inhibition of emergence and growth as
compared with the control and dilution soil is calculated
and the value of EC50 is determined for emergence and
growth.

3.1.4. Soil
Microorganisms,
Nitrogen Transformation
Test

The test determines the adverse effect of contaminated soils on
the process of nitrogen mineralization in aerobic surface soils. The
autochthonous soil microorganisms are used in the assay. Sieved
test and control soils are amended with a source of organic nitro-
gen (powdered plant meal, lucerne) and samples are incubated for
28 days. After this time, samples are extracted with an appropriate
solvent and the nitrate content of the soil is determined.

3.1.4.1. Incubation
Procedure

1. Place 20 g of soil samples onto the appropriate containers
and add 100 mg of powered lucerne meal (5 mg/g soil
d.w.).

2. Add distilled or deionized water to adjust the moisture con-
tent of soil samples to between 40 and 60% of the maximum
water-holding capacity of the soil. The weight of the con-
tainers is recorded and the soil moisture is maintained by
reweighing the containers and adding distilled or deionized
water every two or three days (see Note 17).

3. Incubate test and control soils for 28 days in the dark at a
temperature of 20±2◦C. Containers are loosely capped to
minimize water loss but to allow the gas exchange.

4. Analyze soil samples for nitrate at the beginning and at the
end of the incubation time (28 days).

3.1.4.2. Nitrate Analysis 1. Take an aliquot of 10 g (dry weight basis) of soil, add 50 mL
of potassium chloride solution (0.1 M) to each sample and
stir for an hour at 150 rpm.

2. Centrifuge the mixture (3000 rpm, 5 min) and filter it.
Extracts may be stored prior to analysis at 4◦C for a max-
imum of 3 days.

3. Measure nitrate content in the extracts by the selected
method. (21). The quantities of nitrate formed (nitrate con-
centration at the end of assay minus initial concentration)
are expressed in mg nitrate/kg soil d.w./day.

4. The test is considered valid if the variation between replicates
control samples is less than 15%.

5. The nitrate formation rates in the control and test soils are
compared. The percentage of inhibition of nitrate forma-
tion rate is calculated at each concentration and then used
to determine the value of EC50.
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3.1.5. Soil
Microorganisms, Carbon
Transformation Test

This test determines the effects of contaminated soils on the
process of carbon transformation in aerobic surface soils. The
autochthonous soil microorganisms are used in the assay. Test
and control soils are incubated for 28 days. After incubation time,
samples are mixed with glucose and the glucose-induced respira-
tion rates are measured for 12 h. Respiration rates may be deter-
mined as oxygen consumed or carbon dioxide released.

3.1.5.1. Incubation
Procedure

1. Place 20 g of soil samples into appropriate containers.
2. Add distilled or deionized water to each sample to adjust

the moisture content of soils samples to between 40 and
60% of the maximum water holding capacity of the soil. The
weight of each container is recorded and the soil moisture is
maintained by adding distilled or deionized water every two
or three days by reweighing the containers. (see Note 17).

3. Incubate test and control soils for 28 days in the dark at a
temperature of 20±2◦C. Containers are loosely capped to
minimize water loss but to allow gas exchange.

4. Determine glucose-induced respiration rates of soil samples
at the beginning and at the end of the incubation time (28
days).

3.1.5.2.
Glucose-Induced
Respiration Rates

1. Add glucose/sand mixture (2–4 g of glucose/kg soil d.w)
to the soil and mix to homogeneity (see Note 18). Glucose-
amended samples are incubated in an appropriate equipment
at 20±2◦C, during respiration measurement.

2. One hour after glucose addition, measure the oxygen con-
sumed or dioxide carbon released continuously for 12 h.
Mean respiration rates are determined and data expressed
as carbon dioxide released (mg carbon dioxide/kg dry
soil/hour) or as oxygen consumed (mg oxygen/kg soil
d.w./hour) (see Note 19).

3. The test is considered valid if the variation between replicate
control samples is less than 15%.

4. The mean respiration rates in the control and dilution soil,
and test soil are compared and the percentage of inhibition
is determined at each concentration and used to determine
EC50 values.

3.2. Toxicity to
Aquatic Organisms

3.2.1. Obtaining Extracts

Different standard methods may be used to obtain extracts from
soils or waste samples. The main variables in these tests are the
liquid-to-solid ratio, which ranges between 1:2 and 1:10, the time
(12–24 h) and the potency of the shaking method. To obtain
samples for ecotoxicity assays, the most used technique consists
in shaking a sample of the soil using distilled or deionized water
as extractant at 10:1 liquid to solid ratio (22, 23).
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1. Sieve test soil and reference soil at <2 mm.
2. Place the soil sample (100±1 g d.w.) in the extraction ves-

sels, add distilled or deionized water (1 L) (see Note 20).
3. Place in the rotary agitation apparatus and rotate at

30±2 rpm for 24 h at ambient temperature (15–25◦C).
4. Following the agitation period, vacuum filter (0.45 �m) the

liquid phase. A centrifugation step (3000 rpm, 15–30 min)
can be performed first in order to facilitate the filtration pro-
cess.

5. The volume, pH, and conductivity of the extracts are mea-
sured.

6. Extracts should be analyzed for toxicity as soon as possible
following extraction. They may be stored at 4◦C for a maxi-
mum of 72 h if cooling does not irreversibly affect the com-
position of the mixture.

3.2.2. Extract Sample
Preparation

1. Prepare different concentrations of the extract as described
in the specific toxicity assay.

2. Tested concentrations are selected in geometric series. At
least five different concentrations should be tested. Initially,
100, 50, 25, 12.5, and 6.25% (v/v, extract/dissolution) may
be selected. The dilutions tested should include the concen-
tration causing the 50% effect used to obtain the L(E)C50.
If the results of the assay exceed the 50% effect level, lower
concentrations in the geometrical series should be used.

3. The pH of the test solutions should not be adjusted before
the toxicity test.

3.2.3. Alga, Growth
Inhibition Test (Use
Sterile Equipment and
Aseptic Techniques:
Bunsen Burner)

This test determines the inhibition of growth of exponentially
growing culture of green algae exposed to extracts of test soil
compared to control. Cultures of green algae in exponential
growth are exposed to different extract concentrations under
established conditions over several generations (72 h). Effects in
growth are measured at 0, 24, 48, and 72 h as biomass yield or
average specific growth rate.

3.2.3.1. Preparation of
Alga Inoculum

1. Transfer stock algal cultures in agar tubes to fresh medium
to be used in the test as following. Add growth medium
(approximately 4 mL) in the agar tube in order to detach
algae from agar and transfer the inoculum with a sterile
pipette into a flask.

2. Stir algae suspension in a vortex or similar apparatus to
ensure homogenous suspension. Take an aliquot, diluted
with algal medium (1:10) and count the number of cells in
a Neubauer chamber (N◦ cells/mL). This suspension is the
algal inoculum (see Note 21).
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3. The volume of algal inoculum necessary to obtain suitable
initial cell concentration in the test samples is determined.
The initial cell concentration in the test samples should
be approximately 104cells/mL for Pseudokirchneriella sub-
capitata and Desmodesmus subspicatus, and an equivalent
biomass if other species are tested.

3.2.3.2. Test Procedure 1. Test dilutions (2 mL) of extract at different concentrations
are prepared in sterile capped polypropylene tubes. Mix the
necessary volumes of extract sample and of algal inoculum
with algal growth medium aliquots to obtain the dilutions
of test solution. Tubes are shaken to keep the algae in sus-
pension (see Note 22).

2. Transfer the test dilutions (200 �L) into individual wells of
a sterile 96-well microtiter plate and place it in the culturing
apparatus (see Note 23). It is recommended that three repli-
cates at each concentration are used and at least three, but
ideally six, replicates of controls are used.

3. Shake the culture microtiter plates in an orbital shaker at
100 rpm. During the test, algae should be kept in suspension
and sufficient transfer of CO2 from the atmosphere inside of
well should be insured (e.g., by increasing the shaking rate).
The cultures should be maintained at a temperature in the
range of 21–25◦C, controlled at ±2◦C during 72 h and con-
tinuous uniform illumination (see illumination conditions in
Section 2.3.2.).

4. After 0, 24, 48, and 72 h of exposure, measure the
absorbance (λ; = 450 nm) or fluorescence (λex = 430 nm;
λem = 680 nm) in each well (see Note 24).

5. The test is considered valid if the cell concentration in the
control cultures has increased by a factor of at least 16 within
3 days.

3.2.3.3. Data Analysis The effects on the growth of algae may be determined through
two response variables.

Biomass Yield. Biomass yield is calculated as the biomass at the
end of the assay minus initial biomass. The concentration that
produces 50% of biomass yield inhibition with respect to the con-
trols (test control medium and the blank consisting in the extract
obtained from an appropriate reference soil) is determined and
expressed as EC50b.

Average Specific Growth Rate. Average specific growth rate is the
logarithmic increase in cell concentration per unit of time (�;) at
the end of the assay. This variable may be determined as:
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μ0−n = LnNn − ln N0

tn − t0

where
�0–n= average specific growth rate from t0 to tn

N0 = number of cells /mL at the start of the assay
Nn = number of cells /mL at time tn

t0 = initial time of assay
tn = time of measurement after beginning of test (24, 48, and

72 h).
The concentration that produces 50% of average specific

growth rate inhibition respect to the control (test control medium
and the blank consisting in the extract obtained from an appro-
priate control or reference soil) is determined and expressed as
EC50r.

3.2.4. Daphnia sp.
Acute Immobilization
Test

Daphnids less than 24 h are exposed to the extracts of soils.
The effects of toxic substances in extracts on the swimming
capability of Daphnia magna are determined after 48 h of
exposure.

3.2.4.1. Preparation of
Control and Dilution
Solution

Natural or reconstituted water is bubbled with air for 6 h in order
to ensure the dissolved oxygen concentration has reached satu-
ration. The solution is kept for 12 h and the pH is measured.
The pH must be between 6 and 9. Otherwise, the pH must be
adjusted using HCl or NaOH solutions.

3.2.4.2. Test Procedure 1. Test dilutions of extract at different concentrations are pre-
pared in the test vessels (at least 2 mL should be provided per
organisms). Mix the appropriate volumes of extract sample
and dilution solution to obtain test solutions of the chosen
concentrations. Test samples are assayed without pH adjust-
ment (see Note 25).

2. Transfer test organisms in the culture medium to a Petri
plate using a 10 mL pipette. Take daphnids from the plate
and place into test vessels with the aid of a Pasteur pipette.
The daphnids should be gently placed in the vessel taking
care that the pipette does not contact the solution. A mini-
mum of 20 individuals must be used for each concentration,
separated in 4 groups of 5 individuals or 2 groups of 10 indi-
viduals.

3. Cultures are maintained during 48 h at a constant temper-
ature between 18◦C and 22◦C (±1◦C). A light-dark cycle
with a photoperiod of 16 h daylight and 8 h darkness is rec-
ommended. However, the assay may be also performed in



Bioassays for Assessment of Contaminated Soils 251

darkness. During the assay, test vessels are lightly covered to
avoid water loss and dust deposition in the samples. Daph-
nia should not be fed and test vessels should not be aerated
during the test.

4. The dissolved oxygen and pH in the control and test solu-
tions are measured at the beginning and at the end of the
assay. Dissolved oxygen must be ≥3 mg/L.

5. Count the number of immobilized daphnia in the test vessels
at 24 and 48 h after starting the test. Daphnia are considered
immobile if they are not able to swim within 15 s after gentle
agitation of the test container.

6. The assay is valid if two conditions are fulfilled: (i) the num-
ber of daphnids immobilized (or showing other signs of dis-
ease or stress) in the control must be 10% or less of the total,
and ii) the concentration of dissolved oxygen at the end of
the test should be above or equal to 60% of the air saturation
value at the temperature used (≥3 mg/L).

7. Daphnia immobilized in the test soils are compared to data
from control medium and the blank consisting in the extract
obtained from an appropriate control or reference soil. Per-
centages of daphnia immobilized for controls and each con-
centration at 48 h are calculated and the EC50 value is
determined.

3.2.5. In Vitro Assay
Battery to Detect
Leachate Toxicity Using
RTG-2 Cell Line (see
Note 26)

This battery in vitro assay offers potential assessment of various
aspects of cellular toxicity. The battery permits the determination
of general cytoxicity by different end points such as cell viability
using the neutral red assay, total protein content of the cells using
the Kenacid blue protein (KBP) assay, cellular defense by a �-
galactosidase assay, and selective cytotoxicity by the induction of
cytochrome CYP1A, which is measured as 7-ethoxyresorufin-O-
deethylase (EROD) activity.

3.2.5.1. Cellular Split on
the Microtiter Plate
(Using Sterile Equipment
and Aseptic Techniques)
(see Note 27)

1. Take the cells out of the incubator and inside the flow cab-
inet, aspirate out old media from the flasks containing the
cells.

2. Wash the cells with 10 mL of PBS-EDTA. Aspirate out the
PBS-EDTA.

3. Add 1 mL 0.05% Trypsin. Ensure that the entire surface of
the flask is covered.

4. Wait, about 5 min, until the trypsinization is successful.
Confirm the detachment under the microscope.

5. Add 5 mL of EMEM (10% FCS, 1% glutamine, 1% P+S,
1% non-essential amino acids). Pipette up and down a few
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times to ensure that all the cells are resuspended in the
media.

6. Transfer the cell solution to a sterile 10 mL capped
polypropylene tube.

7. Centrifuge at 1500 rpm for 5 min.
8. Aspirate out the supernatant ensuring not to disturb the

cell pellet.
9. Resuspend the cells in 10 mL of EMEM (10% FCS, 1% glu-

tamine, 1% P+S, 1% non-essential amino acids) and proceed
with the cell count.

10. Suspend the cells to be used at a density of 12.5×104/mL
in EMEM (10% FCS, 1% glutamine, 1% P+S, 1% non-
essential amino acids) medium.

11. 200 �L (2.5×104 cells) of these cell suspensions were
transferred into individual wells of a 96-well microtitre tis-
sue culture plate to achieve 60–70% confluence at the time
of the addition of the samples.

12. Put the plate in a mini-chamber for regulating the gaseous
environment. The mini-chamber can be constructed using
a disposable plastic bag.
a. Seal the mini-chamber with a heat sealer.
b. Inject gas for several seconds through a tube connected

to the gas cylinder with an insulin needle attached.
c. After injection of gas is completed, the needle hole is

closed with scotch tape.
13. The plate is incubated over night at 20◦C to allow cell

attachment.

3.2.5.2. Preparation of
Samples

1. Prepare sample dilution in EMEM 10× culture medium
(Table 15.1).

2. Prepare serial dilutions of the sample in EMEM 1× culture
medium (Table 15.2).

3. Place serial dilutions in the 96-wells plate (Table 15.3).

3.2.5.3. Cells Poisoning 1. RTG-2 cells are maintained in culture and exposed to the
sample over a broad range of concentrations (74%–0.14%)
(8 wells, use one column of wells per concentration).

2. Open the mini-chamber gas and inside the flow cabinet,
remove the culture medium. Media is eliminated by invert-
ing the plate on a filter sheet.

3. Add 200 �L/well of the different sample concentrations to
each column. Each concentration is transferred to all eight
wells in a column from A to H.
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Table 15.1
Sample dilution of the 10× medium culture

Component Volume (�L) Final

Sample or distilled water
(10× negative control
medium)

740.7 74%

EMEM 10× 100 1x
Non-essential amino acid

solution 10 mM 10 0.1 mM

L-Glutamine 200 mM 10 2 mM
Penicillin–Streptomycin

mixture 10 50 UI+50 �g

Fetal bovine serum 100 10%

Sodium bicarbonate 0.89 M 29.3 26 mM

TOTAL 1 mL

Table 15.2
Serial sample dilution

Sample % 74 37 18.5 9.2 4.6 2.3 1.1 0.58 0.29 0.14

Dilution 1/2 1/4 1/8 1/16 1/32 1/64 1/128 1/256 1/512

Name a b c d e f g h I j

Table 15.3
Culture plate set-up

Sample concentrations
Medium
controls

1 2 3 4 5 6 7 8 9 10 11 12

A a b c d e f g h i j 1× 10×
B a b c d e f g h i j 1× 10×
C a b c d e f g h i j 1× 10×
D a b c d e f g h i j 1× 10×
E a b c d e f g h i j 1× 10×
F a b c d e f g h i j 1× 10×
G a b c d e f g h i j 1× 10×
H a b c d e f g h i j 1× 10×
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4. Reserve two columns for the media controls (11 and 12).
About 200 �L/well cell culture media (1× or 10×) is added
and is defined as negative control values.

5. Put the plate (as previously described) in a mini-chamber for
regulating the gaseous environment.

6. Suffuse gas for several seconds.
7. Incubate the cells with the sample dilutions and media con-

trols at 20◦C over night (see Note 28).

3.2.5.4. Test Procedure
(see Note 29) (Sterile
Equipment and Aseptic
Techniques Are Not
Necessary)

The versatility of this system enables the EROD, the �gal, the
NR, and the KBP assays to be performed on the same microtiter
plate.

Ethoxyresorufin-O-Deethylase Activity (EROD).
1. Open the mini-chamber gas and take out the microtiter

plate.
2. Without removing the medium, add 50 �L of EROD sub-

strate dilution (0.825 �M solution of 7-ethoxyresorufin in
EMEM) to each well using a multi-channel pipettor.

3. Measure the fluorescence in a fluorimeter (λex = 530 nm;
λem = 590 nm) at 0, 30, and 60 min.

β-Galactosidase Activity (βgal).
1. Without removing the medium, add 20 �L of �-gal sub-

strate dilution (MUG).
2. Measure the fluorescence in a fluorimeter (λex = 360 nm;

λem = 465 nm) at 0, 30, and 60 min.

Neutral Red Uptake Assay (NR).The assay assesses the incorpo-
ration of the neutral red dye by the lysosomes (Check) of living
cells.

1. Remove the medium by inverting the plate on a filter sheet.
2. Wash twice with 200 �L PBS.
3. Add 100 �L of medium containing neutral red. Prior

to use, the neutral red-containing medium has been pre-
incubated overnight at 37◦C and centrifuged (4000 rpm,
1 h) to remove precipitated dye crystals.

4. Incubating the plates for 3 h at 20◦C.
5. Remove the colorant.
6. Fix the cells in 200 �L of formaldehyde:calcium chloride

for 2 min at room temperature.
7. Remove the fix solution.
8. Extract the dye from the cells with 200 �L of acetic

acid:ethanol.



Bioassays for Assessment of Contaminated Soils 255

9. Agitate the plate on a microtiter plate shaker for 20 min at
room temperature.

10. Measure the absorption of neutral red at 540 nm in a
spectrophotometer. The microtiter plate can remain at 4◦C
overnight.

Kenacid Blue Total Cell Protein Assay (KBP).
1. Remove the NR solution from microtiter plate.
2. Wash twice with 200 �L PBS.
3. Add 100 �L/well kenacid blue (Coomassie Brilliant

Blue G) stain solution.
4. Agitate 30 min on a plate shaker at room temperature.
5. Remove the colorant.
6. Wash cells three times with 200 �L of ethanol:glacial acetic

acid:water.
7. Add 100 �L of desorb solution.
8. Keep plate in an ultrasonic bath for 1–2 min.
9. Add a further 100 �L of the desorb solution.

10. Shake the plate for 30 min at room temperature.
11. Read in a spectrophotometer at 620 nm.

3.2.5.5. Data Analysis Kinetic Parameters (EROD and βgal). EC50 inhibition value
(EROD and �gal) is estimated from the area under the curves,
using the OECD Guidelines (12). This method estimates growth
inhibition in the cellular (algae) population and allows the use
of all time point measurements, offering greater relevance and
better statistical confidence than the single measurements at a
fixed time point.

The area below the growth curve may be calculated according
to the formula:

A = N1 − N0

2
× t1 + N1 + N2 − 2N0

2
× (t2 − t1)

+ Nn−1 + Nn − 2N0

2
× (tn − tn−1)

where
A = area
N0, N1, . . ., Nn−1, Nn = sample concentrations
t1= time of first measurement after beginning of test (1 min)
tn = time of nth measurement after beginning of test (30 and

60 min).

Non-kinetic Parameters (NR and KBP). The absorbance value at
540 nm is the amount of NR taken up by the cells. As cells lose
viability, they lose the ability to take up NR.
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Plot your values of NR uptake (Y axis), average of eight
wells, versus concentration of sample (X axis), and determine the
EC50 value. Data can also be presented as a percentage of the
control.

4. Data
Statistical
Analyses

4.1. Single
Concentration
Assessment

1. Toxicity effects in the test sample are calculated as the per-
centage inhibition of the measured effect with respect to the
reference soil (see Note 30).

2. Toxicity responses obtained in test soils are compared with
those in the reference soil by one-way analysis of variance
(ANOVA), with Fisher’s least significant difference proce-
dure (LSD, P<0.05). Significant differences between sam-
ples are established (see Note 31).

4.2. Multiple
Concentration
Assessment

1. Toxicity effects in the test sample are calculated as the per-
centage inhibition of the measured effect with respect to the
control and dilution soil.

2. Plot the percentage of inhibition of the measured parameter
(e.g., absorbance, plant weight, etc.) versus the logarithm of
the concentration of sample. L(E)C50 value may be calcu-
lated by determining the X-axis value corresponding to one-
half of the difference between the maximum (plateau) and
the minimum (control medium) effect values. The quality of
the data may be improved using a computerized statistical
method.

3. The data (percentage of inhibition) are fitted to a linear
regression by performing a transformation of response data,
for instance, using a logit-probit (24–25) or Weibull units
(26) (see Note 32). The regression analysis is performed
using individual data rather than treatment group median.
The measured effects should range from 20 to 80% and val-
ues of R2 of 0.7 or higher should be obtained.

4. The concentration corresponding to at specified percentage
effect (50%) relative to the control is estimated, through a
process known as inverse estimation. Value of L(E)C50 and
the 95% confidence intervals are calculated. Data are referred
as the dilution of contaminated soil (g test soil/kg soil) or
extract (mL extract/L dissolution) (see Note 33).

5. Notes

1. The characteristics of the dilution soil are selected to pro-
duce the minimum adsorption of chemicals in the soil and
to provide maximum bioavailability of the substances.
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2. The reference soil is necessary as its toxicity to organisms
can vary with soil characteristics. Obtaining a reference soil
is one key point in the soil assessment. The lack of refer-
ence soil is particularly critical for the toxicity test to plants,
microorganisms, and algae.

3. Data from extract tests are compared to toxicity data from
control medium in the test. However, effects due to nutri-
ents in the soil (e.g., growth-stimulating effect on algae)
can hide the toxic effects of soil contaminants. To minimize
this phenomenon, it is recommended to use an additional
control. This control consists of the extract obtained from
an appropriate reference soil.

4. A mechanical mixer is necessary only if soil is tested at
different concentrations. Soils may be also mixed manu-
ally in bags that are turned end-over-end enough times to
ensure thorough mixing. However, mechanical mixing is
recommended.

5. The strains recommended are available from the following
collections:
ATCC = American Type Culture Collection (USA)
SAG = Collection of Algal Cultures (Germany)
CCAP = Culture Center of Algae and Protozoa (UK)

6. Growth is quantified from measurements of the algal
biomass. Direct measurement of weight biomass is difficult
and, therefore, surrogate parameters are used. In the pro-
posed method, absorbance or fluorescence measurements
are recommended as the measured parameter. The conver-
sion factor and linearity between cell biomass and surrogate
parameters should be established.

7. Example of reconstituted test water (27).
1. Prepare the following stock solutions:

– Calcium chloride solution. Dissolve 11.76 g of
CaCl2· 2H2O in distilled or deionized water and
adjust volume to 1 L with distilled or deionized water
(stored at 4◦C).

– Magnesium sulfate solution. Dissolve 4.93 g of
MgSO4· 7H2O in distilled or deionized water and
adjust volume to 1 L with distilled or deionized water
(stored at 4◦C).

– Sodium bicarbonate solution. Dissolve 2.59 g of
NaHCO3 in distilled or deionized water and adjust
volume to 1 L with distilled or deionized water
(stored dark at room temperature for upto 2 months)
(stored at 4◦C).



258 Fernández et al.

– Potassium chloride solution. Dissolve 0.23 g of KCl
in distilled or deionized water and adjust volume
to 1 L with distilled or deionized water (stored
at 4◦C).

– Substances must be of analytical grade and the con-
ductivity of distilled or deionized water should not be
higher than 10 �S/m.

2. Mix 25 ml of each stock solution and adjust the volume
to 1 L with distilled or deionized water. The solution
is bubbled with air for 6 h in order to reach oxygen
saturation in the solution. The solution is kept for 12 h
and the pH is measured. This pH must range between
7.6 and 8.2. (stored at 4◦C).

8. It is recommended that the water used in the test should
be similar to the culture water to avoid the necessity of
adaptation of the organisms prior to the test. Dechlo-
rinated tap water may be also used as culture, con-
trol, and dilution water; however, maximum precautions
should be taken since chlorine is highly toxic to Daphnia.
If this water is used, a daily chlorine analysis must be
performed.

9. This protocol can be made with any cell line.
10. We recommend using repeating pipettes, electronic digi-

tal pipettes, and multichannel pipettes for addition of the
liquids to the wells of the 96-well plate.

11. LC50 (median lethal concentration): concentration that
causes mortality in 50% of the test organisms.
EC50 (median effect concentration): concentration that
causes the measured effect in 50% of the test organisms.
IC50 (median inhibition concentration): concentration
that inhibits/reduces the response observed in the con-
trol by a 50%. This term is sometimes employed for non-
quantal data (e.g., growth).

12. In the first approach, the selection of the reference soil
is a crucial point. The use of an unsuitable reference soil
may result in erroneous data. In the second approach,
effects observed for different concentrations help to inter-
pret results and to differentiate effects due to different
physicochemical soil properties and those due to soil con-
taminants. However, the second method required a higher
number of samples to be tested, and consequently is more
expensive and time-consuming.

13. A high number of replicates are recommended in the assay
with non-diluted samples. This is because data obtained
in this approach are highly dependent on the number of
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replicates. These methods take account of the multiple
statistical tests by adjusting the statistical threshold for
declaring significance. If experimental variability is
relatively high, the sensitivity of the analyses to detect dif-
ferences from the control will be relatively low.

14. Optionally, effects on growth may be determined. With this
aim, earthworms are purged for 24 h on moist filter paper.
Then, all individuals in each container are weighed and the
weight is expressed on a per earthworm basis. The percent-
age of inhibition of growth as compared with the control
and dilution soil is calculated and the value of EC50 is
determined.

15. Variability between replicates in the plant test is higher than
other toxicity tests, consequently a higher number of repli-
cates of control soil are recommended in order to obtain
the statistical power desirable.

16. Plant weight must be recorded immediately after harvest.
Otherwise, loss of water in the plants affects the weight
measures, and consequently the toxicity test.

17. Soil moisture is a key factor in the tests based on microbial
processes. The moisture content of the soil sample should
be between 40% and 60% of the maximum water-holding
capacity during the assay time. Distilled or deionized water
is added as necessary.

18. Glucose added should be sufficient to obtain the maximum
respiratory response. This amount may be determined in a
previous test using a series of glucose concentrations. The
proposed amount (2–4 g of glucose/kg soil d.w.) weight
soil is sufficient for soil with characteristics of control soil
proposed in this work.

19. Of particular importance in these experiments is the selec-
tion of the mineralization rate. Usually, carbon mineraliza-
tion curves show an initial period having a zero slope, fol-
lowed by an increase of the mineralization rate. In this test,
the effects on carbon mineralization should be estimated
from the maximum respiration rate.

20. The quantity of sample recommended in most of the stan-
dard methods to obtain extracts from wastes is 100 g. Soil
samples are more homogenous that other solid wastes, con-
sequently, the size of sample may be less than 100 g. How-
ever, enough soil should be used for extraction, so that the
volume of extract will be sufficient to support all of the
analyses required.

21. Inoculum culture in test medium may be prepared 2–4 days
before start of the test, in order to adapt the culture to the
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test conditions. The increase of biomass may be measured
to ensure the growth is exponential.

22. In extracts, nutrient added from the soil may have a
growth-stimulating effect on algal biomass. The extracts
should fulfill the following criteria:
P ≤0.7 mg/L
N ≤10 mg/L
Chelators ≤10−3 mmol/L
Hardness (Ca + Mg) ≤0.6 mmol/L
Otherwise, stimulating effects of nutrients may hide toxic
effects due to soil contaminants. The use of extracts
from reference soil as a control is necessary for deter-
mining the inhibition of average specific growth rate for
algae.

23. The algal assay may also be performed in a conical flask.
However, a higher volume of sample is necessary.

24. The algal biomass may be determined by cell counts. Sam-
ple in the wells are taken, diluted with algal medium (1:10),
and transferred to a Neubauer chamber. This method is
more time-consuming than direct measurement using flu-
orimetric or spectrophotometric methods.

25. If pH in the test medium does not fulfill the test condi-
tions (pH=6–9), an additional assay with pH adjustment
may be performed. The pH adjustment must be made
ensuring that contaminant concentration in the extract is
not changed and no chemical reaction or precipitation is
caused.

26. Cell viability can be measured in a variety of ways, most
of which are based on indicators that measure fundamental
cellular functions. Processes like membrane permeability,
lysosomal integrity, and enzymatic metabolism are exam-
ples of such functions that are essential for proper cell
integrity and growth. However, the toxic threshold con-
centration at which a sample augments cell membrane per-
meability may not be the same as that affecting lysosomal
integrity (uptake of neutral red dye) or modify enzymatic
activities.

27. Culture medium, PBS, and any component must be room
temperature warmed, prior to use.

28. Sample incubation times can be increased (48 or 72 h).
29. It may be convenient to dilute the solutions into a suffi-

cient volume of culture medium to allow for the extra non-
recoverable volume required when using reagent reservoirs
and multichannel pipettes.
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30. For single concentration assessment, effects of soil tests are
compared to reference soil rather than control soil. In this
way differences due to different physicochemical soil prop-
erties are minimized.

31. Dunnett’s method is perhaps the most widely used method
in ecotoxicology for comparing samples.

32. These methods are appropriate to use on quantal data (e.g.,
mortality). For continuous data (e.g., growth) other meth-
ods are more appropriate. (28).

33. Regression models provide estimations of the toxic effects
with higher sensitivity and precision than analyses at a sin-
gle concentration. Moreover, the use of different concen-
trations allows detecting cross-effects such as those due to
different physicochemical properties of the test and control
soil.
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Chapter 16

Community-Level Physiological Profiling

Kela P. Weber and Raymond L. Legge

Abstract

Community-level physiological profiling (CLPP) is a technique which offers an easily applied protocol
yielding information regarding mixed microbial community function and functional adaptations over
space and time. Different communities can be compared and classified based on sole carbon source uti-
lization patterns (CSUPs) gathered using BIOLOGTM microplates. One of the most challenging aspects
associated with the CLPP method is in the data analysis. This chapter describes the relatively simple CLPP
laboratory protocol and provides a detailed description of different data analysis techniques.

Key words: Community-level physiological profiling (CLPP), BIOLOGTM, carbon source utiliza-
tion pattern (CSUP), microbial community, microbial ecology, multivariate analysis, principle com-
ponent analysis (PCA).

1. Introduction

The term community-level physiological profiling (CLPP) was
first coined by Lehman et al. (1) to describe the characterization
and classification of heterotrophic microbial communities based
on sole carbon source utilization patterns (CSUPs). Although
CLPP is considered a broad term which could cover many differ-
ent types of studies undertaken using a number of different assays,
currently the term CLPP is used almost exclusively in reference
to data collected using BIOLOGTM microplates. BIOLOGTM

microplates are 96-well plates where each well contains a different
carbon source and a redox dye indicator, most often tetrazolium
violet. When a mixed microbial community sample is inoculated
into each of the wells, the production of NADH via cell respi-
ration reduces the tetrazolium dye to formazan, resulting in a
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colour change within each individual well, which can be detected
photometrically.

There are a number of different microplates manufactured by
BIOLOGTM for CLPP use, with the three most popular being
the GN2, GP2 and EcoPlates. The GN2 plate is the most recent
version of the GN plate and is suitable for characterizing or iden-
tifying Gram-negative bacteria. The GP2 plate is the most recent
version of the GP plate, and is suited to characterizing or iden-
tifying Gram-positive bacteria. The GN2 and GP2 plates both
contain 95 different carbon sources with one of the 96 wells serv-
ing as a blank. Both the GN2 and the GP2 plates were originally
developed for species identification (2), but are now commonly
used for CLPP. The BIOLOGTM EcoPlate contains 31 different
carbon sources and a blank in triplicate. Use of triplicates allows
for increased confidence in statistical analysis of the resulting plate
data. The EcoPlate was developed for environmental applications,
which dictated the selection of carbon sources, with at least nine
substrates considered constituents of plant root exudates (3,4).

BIOLOGTM offers a number of other plates suitable for
CLPP studies. SF-N and SF-P microplates are alternatives to the
GN2 and GP2 plates, as they provide the same corresponding
substrates, but without the tetrazolium dye. Turbidity or a dif-
ferent metabolic indicator can be added to assess activity. MT
microplates contain the same redox chemicals as the GN2 and
GP2 plates, but do not contain any substrates. These plates allow
for the creation of customized plates by adding suitable substrates
for specific ecological studies. FF plates, which have been recently
introduced by BIOLOGTM for the study of fungi and yeasts, con-
tain a unique set of carbon sources and use both turbidity and/or
reduction of tetrazolium as activity indicators. The GN plate and
its corresponding successor, GN2, have been favoured in CLPP
studies although other plates may offer greater relevance and ana-
lytical options (4).

Garland and Mills (5) were the first to use BIOLOGTM

plates for characterizing heterotrophic soil bacterial communi-
ties, and a number of studies have since followed (see (4,6)
for examples). The advantage of CLPP over both classic cell
culturing and molecular level RNA/DNA amplification-based
techniques is its relatively simple protocol and ease of use.
Both classic cell culturing and molecular level RNA/DNA
amplification-based techniques can be time consuming and
require specialized expertise (7).

Limitations pertaining to the CLPP approach using
BIOLOGTM microplates have been discussed in the literature
(4,6,7). Limitations and pitfalls pertaining to data analysis have
also been recently described (8). Some of the most pertinent lim-
itations include the bias in the technique towards rapidly growing
bacteria, the need to ensure similar inoculum sample sizes in the



Community-Level Physiological Profiling 265

wells, the need to reduce time between sampling and inoculation
of the microplates and the difficulties with meaningful data anal-
ysis and interpretation.

Some of the limitations surrounding the CLPP method per-
tain to the long incubation times, the indirect measurement of
microbial activity, and the use of high substrate concentrations.
The use of lower substrate concentrations would allow for less
selective enrichment within the wells as growth and incubation
conditions would be more akin to those from which the sample
originates. To allow for the use of decreased substrate concen-
trations, more sensitive and direct activity measurements would
then be required. Newly developed CLPP methods include those
of Degens et al. (9) and Garland et al. (10). Degens et al. (9)
developed a method for the detection of CO2 generation from
mixed microbial communities utilizing a range of carbon sub-
strates. Although Degens et al. (9) refer to their measurements
as microbial catabolic diversity, the basis behind the study is sim-
ilar to that of CLPP. Garland et al. (10) developed a fluorescent-
based method of measuring O2 consumption for mixed microbial
communities utilizing a range of carbon substrates. Using this
method, Garland et al. (10) found that incubation times could be
reduced to less than 24 h, and the substrate concentrations could
be reduced by a factor of 10–100 when compared to BIOLOGTM

plates. Currently, the term CLPP almost exclusively refers to the
use of BIOLOGTM microplates. Studies such as those conducted
by Garland et al. (10) and Degens et al. (9) point to the expand-
ing usage of the term CLPP. Improvements to the CLPP method
both with and without the use of BIOLOGTM plates will no
doubt lead to the evolution and changing and/or broadening of
the term CLPP and its associated methods in the future.

CLPP is a technique which offers an easily applied protocol
yielding large amounts of information regarding mixed microbial
community function and functional adaptations over space and
time. Carrying out the CLPP laboratory protocol is a relatively
simple process, which has lead to its recent increase in popularity.
However, the data analysis aspect associated with CLPP can be
challenging, often requiring a background in multivariate analysis
methods. Following is a description of the CLPP laboratory pro-
tocol and an in-depth description of the data analysis procedure.

2. Materials

1. Suspended mixed microbial community sample
2. BIOLOGTM microplate(s)
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3. Microplate reader equipped with a 590 nm filter
Optional:

1. Buffer solution − May be needed if (i) performing a detach-
ment protocol from a sediment sample to generate a sus-
pended microbial community sample or (ii) performing
serial dilutions before plate inoculation (see Section 3.2).

2. Incubator − May be needed if incubating samples at a tem-
perature other than room temperature (see Section 3.3).

3. Methods

3.1. CLPP Protocol −
General Description

Each well of the BIOLOGTM plate is inoculated with 150 �L
of the sample of interest and incubated at temperatures generally
ranging from 20 to 30◦C. Absorbance readings (590– 600 nm)
are performed as necessary using a microplate reader over an incu-
bation period ranging from 10 to 200 h. The sample should be a
uniform suspension, so if sampling sediment or biofilm, an appro-
priate detachment and/or homogenization protocol is necessary.

3.2. Inoculation About 150 �L of a suspended mixed microbial community sam-
ple is inoculated into each of the 96 wells of the BIOLOGTM

microplate. An undiluted sample is recommended as dilution of
samples containing a mixed population has been shown to affect
the resulting CLPPs (11,12). Analytical methods for dealing with
small differences in inoculation densities are discussed later; how-
ever, it is important to ensure similar cell densities of the samples
to reduce any error in the CLPP analysis (see Note 1). Although
not recommended in all cases, if cell densities in the original sam-
ples are exceedingly high, serial dilutions may be needed before
microplate inoculation. If the plates are inoculated at high cell
densities, colour development may proceed at a rate where cap-
turing meaningful data is difficult. It has been suggested that for-
mazan production does not occur until cell densities between 105

and 108 cells/mL are reached (6,12). Lastly, the time between
sampling and inoculation should be kept to a minimum in order
to reduce cell death or community structural changes of the sam-
ple prior to plate inoculation.

3.3. Incubation Plates can be incubated over a range of temperatures with room
temperature being the most common. Incubation periods tend
to range between 10 and 200 h; and standard incubation tem-
peratures between 20 and 30◦C. Incubation temperatures similar
to those from which the sample was collected are ideal. There
is some debate surrounding the effect that incubation tempera-
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ture has on the resulting CLPPs. Christian and Lind (13) showed
that temperature had an effect on the calculated CSUPs, whereas
Classen et al. (14) showed CLPPs to be relatively insensitive to
incubation temperature. Room temperature incubation has not
been criticized in the literature, as the resulting CLPPs have
proven useful and reasonable for most published studies.

The plates do not need to be agitated during incubation due
to the relatively long incubation times. Stationary incubation at
room temperature is the most common method, although shak-
ing is required prior to plate reading to ensure uniform distribu-
tion of the formazan. Incubation periods will vary for different
studies, but generally range from 10 to 200 h depending on the
study and the inoculation density. Choice of a specific incuba-
tion time is not obvious, and is largely dependent on the sub-
sequent data analysis (see Section 4). Figure16.1 is a picture of
a BIOLOGTM EcoPlate after a 20 h incubation period following
inoculation with interstitial water from a wetland mesocosm (15).

Fig. 16.1. BIOLOGTM EcoPlate 20 h after inoculation with interstitial water from a wet-
land mesocosm system. Plate used in the study of Weber et al. (15).

3.4. Data Collection Absorbance readings (590 nm) for all 96 wells are collected
throughout the incubation period to reveal the kinetic profiles
for each of the carbon sources. Reading frequency will vary based
on the nature of the inoculum and the type of metric chosen for
analysis (see Note 2); if data analysis does not require the fitting
of kinetic profiles and a single time point is used for analysis (see
Section 4), less frequent readings are reasonable. Plates should
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be agitated before each reading to ensure sufficient colour distri-
bution in each well.

An example of the type of data that can be collected when
following the described protocol is provided in Fig.16.2. Colour
development for individual wells for a single set of EcoPlate repli-
cates is presented (31 different carbon sources and 1 blank);
colour development curves show a general sigmoidal shape.
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Fig. 16.2. Individual well colour development curves for a single set of EcoPlate replicates (31 carbon sources and 1
blank). Data from Weber et al. (15).

3.5. Anaerobic
Protocol

A small number of earlier studies indicated that formazan is not
produced in regular aerobic-usage BIOLOGTM plates incubated
under anaerobic conditions (4,16). However, a number of recent
studies have shown formazan production does occur under anaer-
obic conditions (13,17,18). BIOLOGTM manufactures an AN
microplate for the identification of anaerobic bacteria although a
number of anaerobic CLPP studies have favoured the use of GN
or ECO microplates as these plates have been previously shown
to be suitable for ecological and exploratory CLPP studies for
mixed microbial systems. The anaerobic CLPP protocol is iden-
tical to the aerobic protocol described here, with a few changes
focusing on minimizing the exposure to oxygen throughout the
procedure (see Note 3). This can be accomplished through any
number of standard anaerobic culturing and testing techniques.



Community-Level Physiological Profiling 269

3.6. Data Analysis A large amount of data can be collected with a single BIOLOGTM

plate; when numerous plates are used, the amount of data can
then become overwhelming. To deal with the large amount of
data and large number of variables to be processed, some form
of multivariate analysis is required. Data analysis will be largely
discussed with direction towards the use of principle component
analysis (PCA) as this is the most commonly and easily used
method for analysing and visualizing the CLPP data. A number
of other techniques will also be discussed later.

3.7. Standard
Analysis Method
When Using Principle
Component Analysis

Before reaching the point of performing a multivariate analysis
technique (such as PCA), a number of steps should be followed:

(1) Decide what metric will be used for the data analysis
(2) Standardization of the data
(3) Assess heterogeneity, normality and the underlying factor

structure of the data
(4) Perform a data transformation if required

3.8. Selecting
a Metric

First a metric needs to be selected and extracted from the
BIOLOG plate data to represent activity in each well. The three
most commonly utilized metrics are:

(i) An absorbance value for each well for a specific incubation
time point

(ii) An absorbance value for each well taken from a time point
representing a specific average well colour development
(AWCD) for that plate

(iii) Some type of logistic curve fitting value such as lag, max-
imum utilization rate (slope), area under the curve or an
asymptote value

3.8.1. Selecting
a Specific Incubation
Time Point

To evaluate all plate data within a study, a specific incubation
time point can be chosen as a metric, but choosing this time
point may not be obvious. An increase in the differences (or vari-
ation) between well absorbance values indicates an increase in
the amount of information contained within the data set. Using
absorbance values taken early in the incubation time would yield
little information, for at early stages of growth (for example, 10 h
in Fig.16.2) the difference between well absorbance values is too
small to yield useful information. Using absorbance values taken
later during the incubation can provide more information regard-
ing the CLPP of the microbial inoculum as long as the values are
not above a value of 2. As seen in Fig.16.2, there is an increase
in the dispersion of (or differences between) well absorbance val-
ues as the incubation proceeds. This dispersion of well absorbance
values can be represented as the standard deviation calculated at
each time point (Table16.1).
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Table 16.1
Calculated AWCD, number of values above an absorbance of
2, and standard deviations for absorbance values over the
168 h incubation time for the plate shown in Fig. 16.2. Data
from Weber et al. (15)

Incubation
time (hours) AWCD

# values above
absorbance of 2

Standard
Deviation

0 0.00 0 0.01

4 0.01 0 0.02
6 0.01 0 0.02

9 0.01 0 0.02
13 0.01 0 0.02

18 0.00 0 0.02
24 0.00 0 0.02

28 0.01 0 0.02
34 0.02 0 0.04

38 0.04 0 0.09
43 0.06 0 0.14

48 0.09 0 0.20
53 0.12 0 0.25

57 0.16 0 0.29
62 0.19 0 0.33

66 0.24 0 0.37
70 0.27 0 0.40

75 0.31 0 0.40
80 0.37 0 0.43

84 0.42 0 0.45
89 0.47 1 0.46

93 0.53 1 0.49
98 0.57 1 0.50

101 0.60 1 0.52
135 0.85 2 0.59

168 0.99 2 0.63

Absorbance readings above 2 contribute to measurement
error as they are outside the linear absorbance range. An appro-
priate time point will be the time point that preserves the great-
est variance between well responses while retaining the maximum
number of wells within the linear absorbance range. For exam-
ple for the data in Table16.1, Weber et al. (15) chose to use
absorbance data from the 84 h time point for subsequent mul-
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tivariate analysis (see Note 4). This study included a number of
BIOLOGTM plates comparing a number of different microbial
samples. The data from all plates were considered before a time
point was chosen. When using this simplified method of choosing
a specific time point for all analyses, similar inoculation densities
for all plates is essential (12).

3.8.2. Selecting a Time
Point Related to a
Specific AWCD
Reference Value

As recommended by Garland et al. (12), a specific AWCD value
can also be chosen as a reference point for all plates analysed.
Absorbance values used for subsequent multivariate analysis are
extracted from each set of plate data at the specific time point
where the reference AWCD occurs. Garland (7) showed that
using AWCD reference values between 0.25 and 1.0 yields rel-
atively similar CLPPs for use in community classification (see
Note 5).

3.8.3. Kinetic Analysis Kinetic analysis can also be performed on the well colour devel-
opment data (for examples, see 4, 12, 19, 20). A number of differ-
ent metrics can be chosen for use in multivariate analysis. Factors
such as lag time, maximum utilization rate (slope), area under
the curve or asymptote values have been used. A large amount of
data needs to be acquired for a logistic curve to fit the data, and
not all data are suited to a logistic fit. Deviation in absorbance
readings and non-characteristic responses in some wells can have
a large effect on curve fitting, making some data unfit for kinetic
analysis.

Kinetic approaches have great potential, as a more detailed
understanding of the nature of the color responses can be theo-
retically attained (4,12). However, a general lack of understand-
ing regarding physiological or ecological bases for differences in
the derived kinetic parameters limits the amount of information
that can be extracted when using a kinetic approach (12). If the
objective is to classify different microbial populations, using data
from a single absorbance point reading may be more useful. Gar-
land et al. (12) found that using a single absorbance point reading
corrected by the AWCD was more successful than using kinetic
parameters for classifying different soil bacteria populations, and
remarked that the use of kinetic parameters for CLPP may provide
some additional information, but only if the influence of inocu-
lum density is carefully considered (see Note 6).

The overall incubation time for any one study is dependent
upon what type of metric will be used and cannot be easily deter-
mined. It is preferable to run a number of test plates inocu-
lated with microbial community samples similar to those to be
characterized in the overall study before starting an experimental
regime. Using these test plates, careful determination of which
type of metric will be used and the resulting incubation time can
be assessed.
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3.9. Standardization
of the Data

When performing a CLPP analysis, numerous plates are often
used to study different mixed microbial communities in space
or over time. As recommended by Garland (7), if the choice
of metric is to use a single time point absorbance, and not
perform a kinetic analysis of the data, an initial standardization
of the data helps to reduce any bias due to inoculum density dif-
ferences between samples. Standardization of the data involves
correcting each absorbance value by its corresponding blank and
then dividing by the AWCD for that time point. The standardized
absorbance for well k can be calculated as:

Āk = Ak − Ao

1
31

31∑
i=1

(Ai − Ao)
[1]

whereAi represents the absorbance reading of welli andA0 is the
absorbance reading of the blank well (inoculated, but without
a carbon source). Where there is very little response in a well,
negative values of standardized absorbance may occur and, since
this is physically meaningless, they are coded as zeros for further
analysis. Standardization of the data may not be needed when
performing certain types of kinetic analyses.

3.10. Assess the
Suitability of the
Data Set for
Multivariate Analysis

Efficient and meaningful statistical methods for dealing with
a large number of interdependently correlated variables are
needed when evaluating CSUPs from BIOLOGTM plates; most
researchers have turned to some form of multivariate technique
and, in particular, principal component analysis (PCA) (21). In
performing PCA, each plate (p number of plates) is considered
an object with n variables (31 for EcoPlates, 95 for GN2 or GP2
plates) giving a matrix with p rows and n columns. The transfor-
mation of BIOLOGTM plate data is an important aspect of multi-
variate analysis techniques such as PCA. Weber et al. (8) provide
an in-depth study on data preparation techniques briefly described
in the following section.

Many multivariate analysis techniques assume two fundamen-
tal properties of a data set: normality and homoscedasticity (that
is, homogeneity of variance: all variables are assumed to have
the same variance). In PCA, the dimensionality of the data set is
reduced by extracting an orthogonal set of principal components
(PCs) made up of linear subsets of the original ordinates; the
extraction is designed so that the maximum amount of variance
is concentrated in the first PC, with the second largest amount
of variance contained in the second PC, and so on. This analysis
technique is most powerful if the data have an underlying factor
structure; that is, it is dependent on linear correlations between
the different variables (22). Weber et al. (8) concluded that if
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homoscedasticity, normality and the number of linear correlations
within a data set are not evaluated and the possibility of transform-
ing the data is not considered, erroneous analysis and misleading
conclusions may arise when performing multivariate analysis on
microplate data (see Note 7). Following is a short summary of
useful data transformation techniques and data assessment meth-
ods used when working with BIOLOGTM microplate data.

3.10.1. Normality Normality of BIOLOGTM microplate data can be evaluated
through formal statistical tests. The kurtosis and skewness of each
variable can be calculated and the standard errors found accord-
ing to Equations (15.2) and (15.3) for kurtosis and skewness,
respectively:

SEkurtosis =
√

24
n

[2]

SEskewness =
√

6
n

[3]

where SEkurtosis and SEskewness are the standard errors for kurtosis
and skewness, respectively, and n is the number of observations.
The corresponding z values can also be calculated as:

zkurtosis = kurtosis
SEkurtosis

[4]

zskewness = skewness
SEskewness

[5]

Either z value may be used in a formal statistical test of a null
hypothesis that the data is normally distributed versus an alterna-
tive that it is not. A two-tailed test is used and the null hypothesis
rejected with 95% confidence if |z | > 1.96.

Normality according to Weber et al. (8) can be assessed using
both kurtosis and skewness, by calculating the mean value of the
statistics across all variables as well as testing the individual vari-
ables. Note that the 95% significance level applies to the individual
tests and not to the global set of tests of all variables; therefore,
the number of significant results is considered to be indicative
of the number of significantly non-normal variables tested. For a
more detailed example see Weber et al. (8).

3.10.2.
Homoscedasticity

Homoscedasticity is perhaps best assessed by a scatter plot of
pairs of variables (a characteristic oval appearance will result for
homoscedastic pairs); however, this is not feasible for so many
variables, and instead a variance ratio can be calculated:

variance ratio =highest variance
lowest variance

[6]
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This is adapted from the concept that a lesser degree of varia-
tion in separate variances contributed by many variables will con-
stitute a lower ratio between the highest variance of any one vari-
able and the lowest variance of any one variable in that data set
(23). This cannot be tested formally and should only be consid-
ered indicative of the relative homogeneity of variance between
data sets (lower values being relatively more homogeneous).

3.10.3. Underlying
Factor Structure −
Linear Correlations

The number of linearly correlated variables within a data set can
be calculated by obtaining the correlation matrix and counting
the number of correlation coefficients greater than Pearson’s crit-
ical r value for the specified number of observations. This cor-
responds to a pairwise formal test of the null hypothesis of no
correlation between variables versus an alternative of (positive or
negative) correlation at a 95% confidence level. Again, in making
multiple comparisons the global confidence level of the test (over
all pairs) is lower than the nominal pairwise level, but the num-
ber of significant results can, for the sake of this assessment, be
interpreted as an indicator of the suitability of the data for PCA.
If a transformation significantly reduces the number of linear cor-
relations between variables, then it can be suspected that this may
cause a problem in subsequent analysis.

3.10.4. Perform a Data
Transformation if
Required

As presented in Weber et al. (8) two transformations com-
monly employed in ecological data analysis can also be used for
BIOLOGTM microplate data: the Taylor power law transforma-
tion and the logarithmic transformation. The Taylor transforma-
tion (24) is commonly used to stabilize variances and make data
conform to the assumptions of parametric analysis such as nor-
mality (22). It is based upon the assumption that:

S2 = a ȳ2 [7]

where S is the standard deviation of a sample variable, ȳ is the
mean of a sample variable and a is the sampling factor. This leads
to

log S2 = log a + b log ȳ2 [8]

where the slope, b, may be obtained by linear regression of the
data for all variables. This leads to the conditional transformation:

y′
i = y(1−b/2)

i for b �= 2 [9]

or,

y′
i = ln(yi ) for b = 2 [10]

where yi
′ is the value of the transformed variable.
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A logarithmic transformation can also often serve to normal-
ize skewed data (22). A common logarithmic transformation used
in ecological data analysis is of the form:

A′ = ln( Āk + 1) [11]

where A′ is the value of the transformed variable.
These two simple data transformation examples are given to

provide a starting point for utilizing transformations when per-
forming multivariate data analysis of microplate data. Many other
data transformations exist and may be more suitable for specific
data sets. See (22) and (25) for detailed discussions regarding dif-
ferent data transformation techniques.

3.11. Perform PCA on
the Data Set

Principle component analysis (PCA) is the most commonly
employed multivariate analysis technique when working with
BIOLOGTM microplate data. PCA is based on an eigenanalysis
of an R-mode (between variables) variance− covariance matrix
(22). In short, PCA is able to take a high dimensional space
(32 dimensions in this case) and ordinate samples (objects) on a
two-dimensional plane while preserving the maximum allowable
amount of variance within the data set. PCA is most commonly
used to visualize data plotted on the first two principle compo-
nent (eigenvector) axes for interpretation. Common uses include
the study of ecological shifts over time and space (22). PCA anal-
ysis can preserve varying degrees of the original variance within
the first two axes; values from 40 to 80% are commonly achieved.
PCA ordinations allow the CSUPs from the bacterial community
samples to be grouped and differentiated. PCs are most com-
monly extracted from the covariance matrix of the data. Use of
the covariance matrix preserves scale.

PCA has been widely adopted for analysing CLPPs based on
CSUPs generated using BIOLOGTM microplates. As outlined in
previous sections, attention needs to be paid to the distribution
of the underlying variables and the possibility of applying a trans-
formation to the data to improve the analysis. One of the signif-
icant advantages of PCA is that it is robust and analyses remain
valid even if the assumptions of normality and homoscedasticity
are not met; however, the analysis can be improved if the data can
be transformed to meet these assumptions. Recent CLPP exam-
ple studies utilizing PCA analysis of BIOLOGTM microplate data
include (15,26,27).

Included as Table 16.2 is a “Quick Reference Guide”, which
attempts to briefly summarize the steps in the CLPP protocol
within a single page for laboratory use.
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Table 16.2
CLPP protocol – quick reference guide

I – Inoculation

→150 �L of a suspended mixed microbial sample into each of the 96 wells
NOTES: Time between sampling and inoculation should be minimized. Keep inoculation densities

similar between plates.

II – Incubation
→ Incubate at room temperature
NOTES: Incubation period selected based on the type of metric to be used for data analysis (Step IV-

A-1). Common incubation times between 10 and 200 h. Common incubation temperatures
between 20 and 30◦C.

III – Data Collection

→ Periodic absorbance (590 nm) readings taken for all wells during incubation period
NOTES: Plates should be shaken before each reading.

IV – Data Analysis
(A) PCA Analysis

(1) Choose a metric
(i) An absorbance value for each well from a specific incubation time point

(ii) An absorbance value for each well taken from a time point representing a specific AWCD for
that plate

(iii) Some type of logistic curve fitting value such as lag, slope, area under the curve, or an
asymptote value.

(2) Standardization of data if not performing a kinetic analysis
(3) Check data set for

(i) normality
(ii) homoscedasticity

(iii) underlying factor structure– liner correlations
(4) Perform a data transformation if required

(5) PCA analysis
(B) Other Analysis Methods

(1) Clustering analysis
(2) Diversity indices – substrate diversity, substrate richness, substrate evenness

(3) Alternative methods – factor analysis, PCoA, DCA, NMDS, DA, CCorA, RDA

3.12. Other Analysis
Methods

In addition to PCA, a number of other analysis methods
have been successfully utilized in garnering information from
BIOLOGTM plates. Some of the more common methods include:

(1) Clustering analysis
(2) Diversity indices − substrate diversity, substrate richness,

substrate evenness
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(3) Alternative methods − factor analysis, PCoA, DCA,
NMDS, DA, CCorA, RDA

3.12.1. Clustering
Analysis

As recommended by Legendre and Legendre (22), clustering
analysis is often performed to verify and validate results obtained
using PCA. Clustering analysis allows for the CSUP similari-
ties to be visualized in a dendogram for any given number of
plates. An unweighted pair-group method using arithmetic aver-
ages (UPGMA) clustering analysis is often recommended. See
(15,26,28) for recent examples of clustering analysis using CSUPs
from BIOLOGTM microplates.

3.12.2.
Substrate-Related
Diversity Indices

BIOLOGTM plates have also been used, in a more traditional eco-
logical sense, to calculate diversity indices based on CSUPs (29).
The Shannon index or what is often called “diversity” is a com-
mon ecological metric used to track and understand shifts in com-
munities over space and time. Using the CSUP gathered from a
single BIOLOGTM plate, substrate diversity (H) can be calculated
as:

H = −
∑

pi ln(pi ), [12]

where
H − substrate diversity
pi− ratio of the activity of a particular substrate to the sums

of activities of all substrates
activity− chosen metric for analysis (absorbance value, kinetic

parameter, etc.)
Two other parameters associated with substrate diversity

which can be calculated using CSUPs are substrate richness (S)
and substrate evenness (E). Substrate richness is a measure of the
number of different substrates utilized by a microbial population.
Substrate evenness is defined as the equitability of activities across
all utilized substrates; substrate richness is calculated as the num-
ber of wells with a corrected absorbance greater than 0.25. Sub-
strate evenness is calculated as:

E = H/Hmax [13]

Recent examples of studies utilizing the Shannon index include
(15,26,27).

3.12.3. Multivariate
Analysis Methods

Although PCA is the most popular approach, with proper data
treatment essentially any multivariate analysis technique can be
used to analyse the data matrix collected when applying the CLPP
protocol to any number of mixed microbial community samples.
A short list of reference studies utilising some of the less popu-
lar and/or more recently introduced multivariate methods either
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examining or relating BIOLOGTM data to other data sets include:
factor analysis (30), principle coordinates analysis (PCoA) (31),
detrended correspondence analysis (DCA) (32,33), non-metric
dimensional scaling (NMDS) (14), discriminant analysis (DA)
(20), canonical correlations analysis (CCorA) (34), and redun-
dancy analysis (RDA) (27). For an in-depth description of the
mentioned multivariate methods, see Legendre and Legendre
(22).

4. Notes

1. Using a minimum inoculation density of 105 cells/mL is the
best way to reduce lag times although smaller inoculation
densities can be used. True cell densities can be difficult to
determine; therefore, an alternative inoculation approach is
to dilute the sample to an optical density if ∼0.2 at 420 nm
for the suspended mixture. This inoculation approach may
lead to inoculation density differences, but from a practical
perspective is more easily controlled and implemented.

2. Reading frequencies can vary quite widely. For the data seen
in Fig.15.2, a reading frequency of 4 h was used. This read-
ing frequency provided enough data to decipher the sig-
moidal shape of the colour development curves. However, if
a larger inoculum density was used, a faster response would
be observed, and therefore more frequent readings would
be required in order to properly decipher and/or model the
sigmoidal shape of the colour development curves. Prelimi-
nary trial runs using inoculum densities and bacterial com-
munities similar to one’s study samples is always a good idea.
They can help one determine inoculum dilutions, reading
frequencies and metric choices, which are essential in gath-
ering meaningful data.

3. Following anaerobic inoculation, plates can be covered with
non-slit silicon plate seal, or simply sealed around the edges
with a generous amount of parafilm and masking tape.
Both procedures have been proven effective. Microplate
absorbance readings are then periodically taken without
removing the plate lids. In the author’s experience, over-
all profiles and readings have been shown to not be signif-
icantly affected by leaving the lid on during plate readings.
Some plate readers require that the lids to be removed before
absorbance readings can be taken. These plate readers unless
equipped with or situated in a nitrogen purging area would
not be suitable for anaerobic samples.

4. Each metric contains associated positives and negatives. Use
of a single time point reading often guides the user towards
using data points in an area where almost all carbon source
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utilization curves are in a stationary (steady-state) phase.
This can be useful when comparing plates over extended
time periods, as the basis for comparison is relatively sta-
ble. However, in interpreting this type of data, one should
be aware that the activity levels of the community on specific
carbon sources is not emphasized due to the carbon utiliza-
tion curves being in the stationary phase.

5. When choosing to use a reference AWCD, one should be
aware that the carbon utilization curves can be in the lag,
exponential growth or the stationary phase. Therefore, this
method, although based on a fixed reference point, may not
give stable comparison results over an extended time period
for community monitoring studies. However, in comparison
to a fixed time point, this method does emphasize activity in
each well, which may be of interest to the user. It should also
be mentioned that using an AWCD reference point may not
be appropriate in studies where some plates contain a large
number of unresponsive wells.

6. Kinetic analysis allows one to compare many different
aspects of the carbon utilization curves, allowing the user to
tune the analysis to emphasize a specific aspect of the com-
munity. However, in modelling the data sometimes poor-fit
can occur, and in many instances kinetic analysis is not feasi-
ble due to time or instrument constraints.

7. The authors have found that with larger data sets (100+
objects), normality, homoscedasticity and the underlying
factor structure of the data do not have as large an effect on
PCA results and subsequent data interpretation when com-
pared to smaller data sets. However, it should be emphasized
that assessing the data set for normality, homoscedasticity
and the underlying factor structure, and considering an ini-
tial data treatment are necessary steps in the data analysis
procedure. If a large difference between PCA results from
transformed and untransformed data is not observed, the
data set was likely already suited for PCA or was of a size
where a data transformation did not have a large effect on
the PCA results.
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