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Direct analysis of tfdA gene expression
by indigenous bacteria in phenoxy acid
amended agricultural soil
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Expression of the functional gene tfdA involved in degradation of phenoxyacetic acids such as
2,4-dichlorophenoxyacetic acid (2,4-D) and 4-chloro-2-methylphenoxyacetic acid (MCPA) was
investigated during degradation scenarios in natural unseeded soil samples. The results illustrate
how messenger RNA (mRNA)-based analysis is well suited to quantitatively study the activity of
specific microbial populations in soil using phenoxyacetic acid biodegradation as a model system.
Via quantitative real-time PCR, a clear response to the presence of phenoxy acids was shown during
degradation in soil amended with 20 mg 2,4-D or MCPA per kg soil. Further, we found a relatively
high degree of correlation between expression of the functional gene and the rates of mineralization.
Melting curve analyses of real-time PCR products, supported by tfdA-denaturing gradient gel
electrophoresis analysis showed that, although only class I tfdA genes were apparent in the
indigenous microbial population, class III tfdA genes became predominant during incubation, and
were the only genes expressed during degradation of MCPA in soil. In contrast, both classes were
expressed during degradation of the structurally similar compound 2,4-D. The ability to quantify
microbial transcripts directly in environmental samples will have a profound impact on our
understanding of microbial processes in the environment in future studies.
The ISME Journal (2008) 2, 677–687; doi:10.1038/ismej.2008.21; published online 20 March 2008
Subject Category: microbial ecology and functional diversity of natural habitats
Keywords: gene expression; mRNA extraction; pesticide; herbicide; Q-PCR; functional gene

Introduction

The key to studying gene expression quantitatively
in environmental samples lies in the ability to
effectively and specifically detect messenger RNA
(mRNA) corresponding to the activity of interest in a
given sample. To date, however, studies describing
the detection and quantification of mRNA in
indigenous populations in complex environmental
matrices are extremely rare. Two major technical
problems impede this ability. First, compared to in
vitro studies, ecologically important microbial activ-
ities in situ may be low in magnitude, correspond-
ingly reflected in relatively low abundance of the

corresponding mRNA transcript. Second, effective
mRNA recovery and purification have been difficult
due to ubiquitous RNase activities and the binding
of mRNA to soil constituents (Deutscher, 2006).
Nevertheless, a few studies have successfully de-
tected gene expression within indigenous bacterial
populations in natural soil, but not quantitatively
(Nogales et al., 2002; Leininger et al., 2006). Where
gene expression in soil has been quantified, it has
typically been in samples seeded with a specific
bacterial inoculum containing the functional gene of
interest (Han and Semrau, 2004; Jacobsen and
Holben, 2007; Nicolaisen et al., 2008). Recent
improvements in mRNA extraction protocols (Nico-
laisen et al., 2008) and real-time PCR detection
assays for the tfdA gene (Bælum et al., 2006) have
made identification and quantification of actively
expressed specific functional genes in indigenous
microbes more tractable.

The herbicidal compounds included in the group
of phenoxyacetic acids have been among the best
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studied environmentally hazardous compounds in
recent decades. In particular, the bacteria and genes
involved in degradation of 2,4-Dichlorophenoxyace-
tic acid (2,4-D) have been intensively studied, while
those involved in metabolizing other phenoxyacetic
acids, for example, 4-chloro-2-methylphenoxyacetic
acid (MCPA) are less well known. Numerous
phylogenetically diverse bacteria using 2,4-D as the
sole source of carbon have been isolated (Pemberton
et al., 1979; Tonso et al., 1994; Kamagata et al., 1998;
Itoh et al., 2000) and functional genes involved in
the entire degradation pathway have been character-
ized (Don et al., 1985; Fukimori and Hausinger
1993). The first step in the degradation pathway
is catalyzed by an a-ketoglutarate-dependent
dioxygenase encoded by the tfdA gene (Figure 1).
Prior work has shown that diversity among the
functional tfdA genes encoding this dioxygenase
enzyme is high (Vallaeys et al., 1996; Kamagata
et al., 1998). McGowan et al. (1998) suggested
classifying tfdA genes into three classes (I–III) with
sequences between classes showing 75–80% homo-
logy and Kamagata et al. (1998) and Itoh et al. (2000)
isolated 2,4-D-degrading strains possessing the
tfdA-like genes tfdAa and cadA. Although bacteria
and functional genes involved in MCPA degradation
have been less intensively studied, several
organisms isolated using 2,4-D as the sole source
of carbon have been shown to degrade MCPA as well
(Smejkal et al., 2001).

A number of molecular methods for microbial
community analyses in complex soil samples have
enabled studies of microbial populations in the
context of their environment. These methods have
primarily been used to describe microbial commu-
nity composition and the genetic potential for
specific functions based on the presence of target
DNA sequences. A major caveat is that DNA
analyses target not only active microorganisms, but
also inactive microorganisms (Lindahl, 1993). For
example, based on functional gene DNA sequences,

Bælum et al. (2006) showed that in a soil dominated
by bacteria carrying class I tfdA genes, only bacteria
harboring class III tfdA genes were able to proliferate
during degradation of MCPA. However, in this DNA-
based study, it was not possible to tell whether the
class I tfdA gene was actually expressed in the
standing population of bacteria harboring this gene
in the presence of MCPA, or if these bacteria were
inactive for MCPA degradation. Hence, methodolo-
gies to detect and quantify actual gene expression
related to specific microbial functions in soil
environments are sorely needed.

Herein we report an initial example of quantifying
specific mRNA in natural soil samples by indigen-
ous bacterial populations and at the same time
analyze the diversity of the tfdA genes and gene
transcripts to indicate which classes of tfdA genes
are present and which types are expressed during
2,4-D and MCPA biodegradation. To accomplish
this, small microcosms of agricultural soil were
treated with 14C-2,4-D or 14C-MCPA at environmen-
tally relevant concentrations, after which 14CO2

evolution was followed over time. The soils were
re-amended after complete initial mineralization so
that two cycles of biodegradation were monitored.
Soil samples, taken at appropriate time points, were
subjected to co-extraction of total DNA and total
RNA pools from the very same sample. By quantify-
ing copy numbers of both tfdA DNA and tfdA
mRNA, we calculated gene expression levels per
gene copy number (as the ratio of mRNA:DNA).
Furthermore, melting curve analysis of real-time
PCR products and denaturing gradient gel electro-
phoresis (DGGE) using the same tfdA primers were
used to investigate the diversity of the expressed
functional genes.

Materials and methods

Bacterial strains and reference genes
Cupriavidus necator JMP134(pJP4) (Pemberton
et al., 1979), Burkholderia sp. RASC (Fulthorpe
et al., 1995) and an unclassified bacterial strain
(Tonso et al., 1994) were used for positive controls
in tfdA-DGGE and in melting curve analyses.
C. necator JMP134(pJP4) was used for standard
curve preparation in the real-time PCR assay. All
of the bacterial strains were propagated in mineral
medium (MMO) (Stanier et al., 1966) supplemented
with 500 mg l�1 of 2,4-D. DNA sequence analysis
confirmed that these strains contained the tfdA class
I, II and III genes, respectively.

Soil sample
The soil was an agricultural topsoil from Sjællands
Odde, Zeeland, Denmark and was classified as a
Typic Argiudoll (USDA Soil Taxonomy) containing
19% clay, 18% silt, 62% sand and 1.2% carbon
with a pH of 7.2. Approximately 100 kg soil in total

Figure 1 The catabolic activity of the TfdA enzyme in
the degradation of 2,4-dichlorophenoxyacetic acid (2,4-D) and
4-chloro-2-methylphenoxyacetic acid (MCPA). a-KG, a-ketoglutarate;
X, Cl- in 2,4-D and a methyl-group in MCPA; DCP,
2,4-dichlorophenol; MCP, 2-methyl-4-chlorophenol.
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was obtained using a manual composite sampling
technique in which subsamples were taken from
scattered locations within a 10 m2 area, mixed
thoroughly and stored frozen at �20 1C in aliquots
of B2 kg. Prior to experiments, aliquots were thawed
and acclimatized in the dark at 10 1C for 10 days as
described by Mortensen and Jacobsen, 2004.

Microcosm setup and phenoxy acid mineralization
analysis
Triplicate microcosms were set up in 100 ml glass
flasks with airtight lids. In total, 22.1 g of soil wet
weight�corresponding to 20 g soil dry weight was
placed inside each flask and 2,4-D or MCPA
was added as a solution in Milli-Q (Milliepore,
Birkerød, Denmark) water to a final concentration of
20 mg kg�1 (corresponding to 8.8 mg C kg�1 soil for
2,4-D and 10.8 mg C kg�1 soil for MCPA) and a soil
moisture content of B70% of the water-holding
capacity (WHC). Radioactive substrates were added
as 50 000 d.p.m. U ring 14C-labeled 2,4-D or MCPA
(radiochemical purity of 495%; Izotop, Budapest,
Hungary) mixed with unlabeled 2,4-D or MCPA
(chemical purity of 97.5%; Dr Ehrenstorfer GmbH,
Augsburg, Germany). Mineralization was measured
as 14CO2 trapped in 0.5 M NaOH as previously
described (Mortensen and Jacobsen, 2004). After
mineralization of the first amendment had ceased,
an additional amendment of 20 mg kg�1 2,4-D or
MCPA with the same 14C/12C ratio was added to the
microcosms, raising the water content to 90% of
WHC. Mass balances for this type of experiment
have previously been determined and 14C recoveries
of 93±1.5% were obtained (Andersen et al., 2001).
During the periods of mineralization, subsamples
of soil were collected at appropriate intervals,
immediately frozen in liquid nitrogen and
subsequently stored at �80 1C until nucleic acid
extraction. Triplicate sampling was performed as
one composite sample (that is, 5–10 small samples
were taken from scattered locations in one flask and
pooled) of 500 mg soil from each of the triplicate
microcosms at each time point.

DNA and RNA extraction and cDNA synthesis
DNA and RNA were co-extracted as described by
Nicolaisen et al. (2008) with the following modifica-
tion: 1ml of glycogen (Roché, Basel, Switzerland)
was added to PEG 6000 to aid in nucleic acid
precipitation. Samples were kept on ice between all
steps of the extraction. Consistency of the general
nucleic acid extraction efficiency was checked
running 5ml aliquots on standard 1.5% agarose gel
stained with ethidium bromide. After the extraction
procedure, an 8 ml aliquot of each sample was
immediately used for RNase-free DNase I treatment
(Promega, Madison, WI, USA) according to
the manufacturer’s protocol. After the DNase I
treatment, an aliquot of 4ml was used as template

in a reverse transcription (RT) reaction using the
Omniscript reverse transcription kit from Qiagen
(Crawley, UK) and random hexamer primers from
Promega. RT was performed as a 90 min reaction at
37 1C terminated by 5 min incubation at 93 1C.

Quantitative real-time PCR
Standards with known quantities of the bacterium
C. necator JMP134 harboring the class I tfdA gene
were made by addition of 100 ml of washed 10-fold
dilutions of C. necator JMP134 cells in 0.015 M

phosphate buffer (pH 7.4) to five microcentrifuge
tubes containing 500 mg soil to produce final cell
concentrations of 3� 107, 3� 106, 3� 105, 3� 104,
3� 103 colony-forming units per gram soil. DNA was
extracted from these seeded soils as described
above. Real-time PCR quantification as well as
melting curve analysis were performed as previously
described (Bælum et al., 2006) except that primers
forward: 50-GAG CAC TAC GC(AG) CTG AA(CT) TCC
CG-30 and reverse: 50-GTC GCG TGC AGA AG-30 were
used and QuantiTect SYBR Green PCR kit (Qiagen)
was replaced by DyNAmo SYBR Green qPCR kit
(FinnZymes, Helsinki, Finland). All DNA extracts
were diluted 10-fold prior to use in PCR reactions to
reduce possible humic acid interference, while the
cDNA samples resulting from the DNase digestion
and RT steps were only diluted 5-fold. qPCR
reactions were performed in triplicate on all DNA
samples, cDNA samples and DNase-treated RNA
samples. The qPCR reactions using DNase-treated
RNA samples were performed as control reactions for
possible DNA contamination that would interfere
with cDNA-based quantification of gene expression
levels. Although confirmatory melting curve analysis
was performed on all real-time PCR products, only a
select few are presented below for simplicity and
clarity. These were selected to represent points
before, at the onset of, and late in the degradation
phase.

Denaturing gradient gel electrophoresis
For DGGE analysis, template from the same sam-
pling points described above for melting curve
analysis was used for PCR amplification. Briefly,
PCR was performed in 50 ml reactions containing
dH2O, buffer, 1.5 mM MgCl2, 200 mM deoxyribonu-
cleotide triphosphate mix, iTaq DNA polymerase
(Bio-Rad, Hercules, CA, USA), 0.4 mM HdA primers
as above with a GC-clamp as described in Bælum
et al. (2006), 51mg bovine serum albumin (New
England Biolabs, MA, USA) and 1 ml DNA or cDNA
template. Reactions were performed in an iCycler
Thermocycler (Bio-Rad) and conditions were as
follows: 95 1C for 15 min followed by 40 cycles of
1 min at 95 1C, 1 min at 64 1C and 6 min at 72 1C.

DGGE analyses were performed by electro-
phoresis on 8% polyacrylamide gels containing a
urea-formamide gradient of 55–70% (where 100%
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denaturant contained 7 M urea and 40% formamide).
Electrophoresis was carried out at 130 V for 5 h
in 1�Tris-acetate-EDTA buffer using a D-code
apparatus (Bio-Rad). After electrophoresis, the gels
were stained with SYBR gold (Molecular probes,
Eugene, OR, USA) for 45 min, followed by a brief
rinse with Milli-Q water and then visualized under
UV light and finally photographed. DNA bands of
interest were excised from the gels, re-amplified
using non-clamped primers and sequenced on an
ABI3130x sequencer (Applied Biosystems, Foster
City, CA, USA). The resultant sequences were
manually aligned with the three reference tfdA
sequences. Sequences are deposited in GenBank
under deposition numbers EF648603 through
EF648609 for selected bands (Figure 5, bands 1–7).

Data analysis
Cumulative mineralization data were corrected for
background radioactivity and for the loss of radio-
activity associated with removal of 500 mg soil when
samples for nucleic acid extraction were taken.
Nonlinear regression analysis was performed on
mineralization data using the curve-fitting program
in Sigmaplot (version 10.0, SPSS) as previously
described (Mortensen and Jacobsen, 2004). Briefly,
the data were fitted to a model describing first order
kinetics and to the two 3/2-order models developed
by Brunner and Focht (1984), where one model
assumes linear or zero growth and the other assumes
exponential growth of microorganisms during the
mineralization. Furthermore, quantities of tfdA
mRNA and tfdA gene copy number were related to
the mineralization rate by the differentiated form of
the 3/2-order model best describing the data.

Results

Mineralization of phenoxy acids
Mineralization of each compound in soil was
quantified as accumulated amounts of 14CO2 during
each cycle of biodegradation (Figures 2a and e).
Mineralization of 2,4-D was faster than for MCPA,
with maximum cumulative mineralization of B60%
of the initially added 14C after 21 and 26 days for
2,4-D and MCPA, respectively. Maximum minerali-
zation of the second addition of phenoxy acid
was reached in 5 and 7 days after amendment for
2,4-D and MCPA, respectively. The shape of the
mineralization curve for the first amendment was
approximately sigmoidal with a long initial ‘lag’
period showing a very low mineralization rate,
followed by rapid mineralization and then a plateau.
By contrast, the second mineralization event oc-
curred without noticeable lag. Fitting the observed
shapes of the mineralization curves to the degrada-
tion models revealed a best fit for the initial
amendment of both compounds to the exponential
form of the 3/2-order model (Figures 2a and e),

while the curves for the second amendment were
best fitted to the linear or zero growth form of the
3/2-order model (Figures 2a and e). The choice of
best fit for all curves was based on R2-values, F-tests
(Po0.05) (data not shown), a general evaluation of
how realistic the parameter estimates were (Table 1)
and visual inspection of the curve fits.

Quantitative real-time PCR data
The quantitative gene expression data derived from
tfdA mRNA revealed a clear response to presence
and absence of 2,4-D and MCPA (Figures 2b and f).
No tfdA mRNA was detected in the soil prior to
phenoxy acid application, or in negative control
microcosms throughout the experiment (data not
shown). However, as soon as mineralization of
either compound was detected, tfdA mRNA was
detected as well. Following this initial mRNA
appearance, variable levels of mRNA were detect-
able throughout the experiment. There was a
correlation between levels of tfdA mRNA detected
and observed rates of mineralization (Figures 3a and
c). For the 2,4-D experiment, tfdA mRNA was
detected not before day 13. The abundance in-
creased to the maximum level detected correspond-
ing to B104 transcripts per gram soil at day 16, after
which it decreased to B103 transcripts per gram soil
at day 24 (Figures 2b and f). The second amendment
with 2,4-D was applied at day 24 and mRNA
abundance increased dramatically within just a
few hours (Figures 2b and f). Forty-eight hours after
the second application, a maximum mRNA level
corresponding to B105 transcripts per gram soil was
observed. In response to the decreasing concentra-
tion of 2,4-D, the measure of tfdA transcripts
decreased to a minimum after 4 days. With a minor
delay in timing of onset, a similar pattern was
observed for the MCPA experiment, with the only
apparent difference being that the maximum indi-
cated concentration of transcripts after the second
application of MCPA was approximately 3� 105

transcripts per gram soil.
Through quantification of tfdA genes based on

DNA sequences, there was clear evidence that
bacteria harboring tfdA genes increased in abun-
dance during the experiments (Figures 2c and g).
Mineralization of the first amendments of 2,4-D and
MCPA supported increased abundance of tfdA gene
copies from 1� 104 to 3� 106 per gram soil, while
the second application supported an additional
increase from 3� 106 to 8� 106 gene copies per
gram soil. In terms of growth (assuming that gene
copies represent the number of degrading organ-
isms), this corresponds to a 300-fold increase in
response to the first application, while the second
only supported an additional twofold increase. After
mineralization had ceased, we observed decreasing
numbers of tfdA genes in both experiments, but not
to the background levels observed prior to 2,4-D or
MCPA amendment. Contrary to numbers of mRNA
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transcripts, there was no significant correlation
between indicated numbers of gene copies and rates
of mineralization (Figures 3b and d).

Melting curve profile analysis
Melting curve profile analyses were performed on
real-time qPCR products from soil extracts along

with type strains containing tfdA class I and III DNA
(Figure 4). Melting curve profiles represent a
separate, confirmatory assay in real-time PCR ana-
lyses using the fluorophore SYBR Green and
are used to validate the presence and quality of a
proper PCR product. Depending on the nucleotide
sequence of the PCR product, different products will
exhibit different melting curve profiles. As the class

Figure 2 Phenoxy acid mineralization, gene expression and tfdA gene enumeration in the 2,4-dichlorophenoxyacetic acid (2,4-D) (a–d)
and in the 4-chloro-2-methylphenoxyacetic acid (MCPA) (e–h) biodegradation scenarios. Triplicate cumulative mineralization data of
2,4-D and MCPA are shown in (a and e), respectively. In both scenarios, J represents the first enrichment, while n represents the
second. Lines represent fits to the 3/2-order models. In (b and f), ’ represents tfdA mRNA quantities during 2,4-D and MCPA
biodegradation experiments, respectively, expressed as DNA equivalents. In (c and g) m represents tfdA DNA quantities during the 2,4-D
and MCPA experiments, respectively and in (d and h), K represents the ratio of tfdA mRNA (tfdA DNA)�1 in the two experiments.
Error bars represent standard errors of the mean for soil triplicates.
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I, II and III tfdA PCR products exhibit different
melting curves, we were able to use this analysis to
establish the presence of these three gene types.
Class II tfdA genes were not detected in any of the
soil extracts and therefore, in order to simplify
Figure 4, the type strain for this gene was not
included as a reference.

On the basis of melting curves of qPCR products
from DNA samples, the soil contained a relatively
low, but detectable, background population (at day
0, prior to soil amendments) of bacteria harboring
the class I tfdA gene (Figures 4a and b). Still, based
on melting curves from DNA-based qPCR products,
it is clear that a peak with a similar temperature
profile as the class III tfdA gene from the positive
control emerged as time passed. As no class III tfdA
gene copies were detected in the soil prior to
pesticide application, this indicates that organisms
harboring this gene substantially increased in

abundance during degradation of 2,4-D (Figure 4a)
as well as MCPA (Figure 4b). While melting curve
profiles can probably not be regarded as precisely
quantitative, the general pattern of peaks observed
suggests that the class I:III gene ratio remained in
favor of class I genes in the 2,4-D experiment, while
the same ratio shifted to favor class III genes in the
MCPA experiment.

Analysis of the melting curve profiles for mRNA-
based (that is, cDNA) PCR products (Figures 4c and
d) reveals an interesting pattern. In the soil, prior
to pesticide application (at day 0), there were
no detectable tfdA transcripts. As degradation
occurred, both class I and III tfdA genes were
expressed in the 2,4-D experiment (Figure 4c), while
only class III mRNA was detected in the MCPA
experiment (Figure 4d). Taking into account the
entire set of melting curve profiles (some data not
shown), a clear trend was that the peak representing

Table 1 Parameter estimates and R2-values for the models best describing the mineralization data

Soil scenario Modela S0 K0 K1 K2 m E0 R2

2,4-D 3/2-lin 56.97 1.87 0.031 0.402 0.9972
3/2-exp 29.12 1.26 �0.032 0.4 79 0.00054 0.9981

MCPA 3/2-lin 41.8 1.11 0.174 0.941 0.9908
3/2-exp 48.57 0.44 �0.003 0.312 0.00123 0.9987

Abbreviation: MCPA, 4-chloro-2-methylphenoxyacetic acid; 2,4-D, 2,4-dichlorophenoxy acetic acid.
a3/2-lin, linear or zero growth form of the 3/2-order model; 3/2-exp, exponential growth form of the 3/2-order model.

Figure 3 Presence of tfdA mRNA and tfdA genes in relation to the rate of mineralization. In (a and c) ’ represents the number of tfdA
mRNA, while m in (b and d) represents the number of tfdA genes. The panels display copy numbers of mRNA or DNA plotted against
the first derivative of time versus percent 14C mineralized for the fitted mineralization curves (refer to Figures 2a and e). Lines display the
term of linear regression and R2 values are given. Error bars represent standard errors of the mean for soil triplicates.
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tfdA class III was relatively small compared to the
peak representing class I tfdA genes during the early
stage of the 2,4-D experiment (days 8–14). During
the later stages (days 16 to the end of the experi-

ment), the two peaks became more comparable. A
similar trend was observed at the DNA level
(Figure 4a), but the two peaks never became equal
in size. In contrast, during the MCPA experiment
the DNA-based class I tfdA peak evolved from being
dominant in the beginning of the experiment
(day 0–7) to being negligible after the first major
mineralization and growth event had occurred
(day 15 to the end of the experiment). At the mRNA
level, only the tfdA class III peak was detectable,
which suggests that only class III genes and
organisms proliferated.

DGGE on functional genes
PCR for DGGE analysis was performed using the
same DNA extracts for template as were used for the
melting curve analysis described above. In general,
the patterns observed from the DGGE gels are highly
comparable to those described in the melting curve
section above. For the 2,4-D experiment (Figure 5a),
analyses at the DNA level indicated a strong
increase in tfdA class III genes, going from unde-
tectable at day 0 to a very strong band at later time
points. The increased intensity observed in the band
representing tfdA class I genes is of lower magnitude
than observed for the class III gene. At the mRNA
level, the band intensities representing class III
transcripts were much more pronounced than those
representing class I transcripts. For the MCPA
experiment, the DNA-based assay showed a strong
increase in class III genes, while the class I genes
were more or less unchanged throughout the
experiment (Figure 5b). The mRNA analyses
showed that class III genes were strongly transcribed
during MCPA degradation, while no transcription
was detected for class I genes at all. For the MCPA
experiment, the area where class I transcripts would
have appeared (Figure 5b, arrows 8 and 9) appeared
to be completely clear, while the comparable area in
the 2,4-D experiment (Figure 5a, arrows 4 and 5)
showed a low-intensity signal. The bands denoted
with arrows were excised from the gels and
sequenced (data not shown), which indicated that
bands 1, 2, 6 and 7 had 499% homology to class III
tfdA genes, while bands 3, 4 and 5 had 499%
homology to class I tfdA genes. As expected, areas 8
and 9 gave no result.

Figure 4 Melting curve profiles of real-time PCR products using
DNA and cDNA as template. In panel a, melting for class I ( )
and class III ( ) positive control organisms are shown.
Representative melting curves from the 2,4-D soil scenario are
shown in panels b and d for DNA and cDNA, respectively.
Representative melting curves from the MCPA soil scenario are
shown in panels c and e for DNA and cDNA, respectively. In
panels b–e, , and represent the melting curves of
PCR products from soil samples, sampled at day 0, an early stage
and a late stage of biodegradation, respectively. The panels
display the negative first derivative of temperature versus relative
fluorescence units (�d(RFU)/dT) plotted against temperature.
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Discussion

The study reported herein examined the dynamics
of functional gene expression and the diversity
present in functional gene transcripts in a natural
soil during biodegradation of phenoxyacetic acids,
and demonstrates that quantitative and qualitative
gene expression analyses can indeed be achieved for
indigenous bacterial populations in a natural soil.
Transcriptional analyses on indigenous populations
in soil have been a desirable yet elusive goal of
microbial ecologists for the past 2 decades. Conse-
quently, only a few studies have been published
investigating gene transcription directly in soil
(Saleh-Lakha et al., 2005). Recently, improvements
in extraction methods, especially for mRNA, and
downstream quantitative and qualitative detection
assays have added tractability to transcriptional
analyses in soil (Bælum et al., 2006; Nicolaisen
et al. 2008).

Functional diversity within 2,4-D-degrading
isolates has been studied in great detail (Fulthorpe
et al., 1995; Vallaeys et al., 1996; Kamagata et al.,
1998; Kitagawa et al., 2002), but information on
dynamics and diversity among the potential degra-
ders (that is, organisms encoding tfdA and tfdA-like
genes) and the active degraders (that is, organisms
actually expressing tfdA or tfdA-like genes) in situ
in soil is still rather scarce. Bælum et al. (2006)
studied growth and functional diversity among
potential degraders in one soil. Based on DNA
analyses, it was suggested that class III tfdA-
harboring organisms were responsible for the
majority of MCPA degradation. In the current report
we provide additional support to that conclusion
and extend on those studies in several ways,
namely: (1) using mRNA analyses on indigenous
populations to demonstrate which tfdA classes
are being expressed in soil, (2) including the
structurally related compound 2,4-D for contrast
and comparison and (3) by extending the generality
of the prior finding using a different soil.

By analyzing the diversity of tfdA genes based
on the cDNA pool (that is, from mRNA) rather than
on the soil DNA pool, important information was
obtained on which classes of tfdA genes were
actually and actively expressed during biodegrada-
tion. Melting curve profiles for the real-time PCR
products (Figures 4a–d) indicated that the canonical
type of phenoxyacetic acid-degrading bacteria har-
boring the class I tfdA gene were not primarily
responsible for MCPA degradation in the soil tested.
Class I tfdA genes were present at a detectable
background level in the soil, but only the 2,4-D
amendment resulted in increased copy number and
expression of class I tfdA genes. Class III tfdA genes,
however, were not detected prior to treatment, but
increased in number and were actively expressed in
the presence of both 2,4-D and MCPA. Interestingly,
this observation was made despite the fact that
numerous pure cultures isolated on 2,4-D as carbon
source have been shown to degrade MCPA, even
though they apparently only possess the tfdA class I
gene (Smejkal et al., 2001). This suggests that pure
culture studies may bias our understanding of what
is actually occurring in situ in natural environments.
In contrast, biodegradation of 2,4-D seems to be
performed by bacteria representing a larger func-
tional diversity (that is, both class I and class III
bacteria).

DGGE was used to support the melting curve
analysis and consistent patterns were revealed.
Further, bands excised from the DGGE gels estab-
lished that the PCR products represented by the
peaks in the melting curve profiles indeed repre-
sented the suggested tfdA classes. Neither the
melting curve analysis nor the DGGE analysis can
be regarded as reliably quantitative, meaning that
the precise dynamics between class I and III
harboring organisms in the 2,4-D experiment are
still uncertain. Nonetheless, based on these two

Figure 5 tfdA-denaturing gradient gel electrophoresis (DGGE)
using the same DNA and cDNA for template in PCR reactions as
for the melting curves (Figure 4). Arrows and numbers denote
bands that were excised from the gel and subjected to DNA
sequence analysis. Bands 1, 2, 6 and 7 had 499% homology to
class III tfdA genes, bands 3, 4 and 5 had 499% homology to class
I tfdA genes and the areas indicated by 8 and 9 gave no
sequencing result. (a) 2,4-dichlorophenoxyacetic acid (2,4-D) soil
scenario and (b) 4-chloro-2-methylphenoxyacetic acid (MCPA)
soil scenario. M lane is a marker that consists of tfdA PCR
products from class I, II and III represented by Cupriavidus
necator JMP134, Burkholderia sp. RASC and an unclassified
strain, respectively.
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analyses, it was clear that only class III tfdA genes
were expressed and quantified at detectable levels
during degradation of MCPA. As reported pre-
viously for a different soil (Bælum et al., 2006) and
confirmed above, this indicates that MCPA degrada-
tion in these natural soil environments is exclu-
sively mediated by organisms carrying the class III
tfdA gene. In a recent study by Zakaria et al. (2007),
similar results were obtained for another structu-
rally related phenoxy acid compound, mecoprop,
where only class III tfdA gene sequences were
obtained from a tfdA gene library constructed
from mecoprop enrichments of soil microbial
communities.

In the 2,4-D experiments, different time points
were chosen for the DNA and cDNA utilized for the
melting curve and DGGE analyses. This derives from
the fact that our goal was to elucidate the dynamics
between class I and III tfdA genes in soil. For the
DNA analysis, day 16 was chosen because it was the
first time point where the class III tfdA gene was
detected in the melting curves, while day 24 was
chosen to depict the dynamics after one complete
mineralization event. The cDNA melting curves
exemplify how mRNA analyses are more sensitive
and precise than DNA analyses since the class III
tfdA gene was detected earlier (at day 8). Day 16 was
chosen to represent a time point when a high
mineralization rate and high concentration of
mRNA were apparent. For the MCPA experiment
in which only class III genes were detected, day 7
was chosen because neither class III tfdA genes nor
mRNA were detected at earlier times, and day 36 is
presented for its high concentration of tfdA mRNA
and gene dosage.

Transcription of tfdA genes showed a clear
response to the introduction of phenoxyacetic acid
compounds as the relative number of transcripts
increased in response to amendment and subse-
quently decreased after the compounds were de-
graded. These expression patterns resemble the
classical patterns of functional gene expression
observed for pure cultures (Dennis et al., 2003;
Devers et al., 2004). However, due to the prior
intractability of mRNA studies in situ, such patterns
have never been demonstrated for functional genes
of indigenous bacteria in complex soil environ-
ments. The relative number of transcripts per tfdA
gene in the soil was determined during 2,4-D and
MCPA degradation scenarios. The term ‘DNA
equivalents’ was used to describe the ratio of
mRNA:DNA that was detected for each tfdA class.
We believe this general approach represents the
most reliable normalization protocol available to
quantify gene expression in situ. Alternatively,
quantification of mRNA from functional genes
might be normalized to transcripts of a so-called
‘housekeeping gene’ that is constitutively and
evenly transcribed during all growth phases
and states of metabolic activity (Eleaume and
Jabbouri, 2004; Johnson et al., 2005). However, to

our knowledge, no such gene has been suggested
across all of prokaryotic diversity and such normal-
ization would require extensive a priori knowledge
of the suites of genes present in natural soil
microorganisms, which is currently not available.

As in our previous study (Bælum et al., 2006),
quantitative analyses based on extracted DNA
indicated growth of bacteria harboring tfdA genes
during 2,4-D and MCPA biodegradation in soil. The
B3� 106 gene copies per gram soil detected in both
degradation scenarios (refer to Figure 2) is also
consistent with that previous study. New dimen-
sions included in the present study include the use
of a different soil, the inclusion of the 2,4-D
biodegradation scenario, and the second cycle of
enrichment event for both MCPA and 2,4-D. In terms
of tfdA gene copy numbers, the 2,4-D biodegradation
scenario revealed a similar pattern to the MCPA
biodegradation scenario, except that the degradation
of MCPA was somewhat slower and therefore the
increase in gene copy numbers was delayed relative
to the 2,4-D scenario. Both phenoxy acid com-
pounds ultimately produced similar increases in
gene copy numbers for both enrichment events, with
the first enrichment producing a B300-fold increase
in gene copy number, while the second resulted in
only a B2-fold additional increase. This was as
expected since the 3� 106 copies resulting from the
initial event represent significant potential for rapid
biodegradation when the second addition was made
and thus little additional growth was required or
supported by the second addition. This behavior
was manifested in the mineralization curves as well,
with the curves for the first enrichment being best
fitted to the exponential growth form of the 3/2-
order model indicating growth during degradation
(Brunner and Focht, 1984), while the second
enrichment was best fitted to the linear growth form
of the 3/2-order model indicating no or linear
growth during degradation.

As DNA (in the form of bacterial genomes) does
not decay unless cells die and degrade, while mRNA
in viable cells is expected to turn over fairly rapidly
following depletion of the substrate whose biode-
gradation it encodes, the lack of correlation between
numbers of tfdA genes and rates of mineralization
was expected. When mineralization had ceased after
the first round of enrichment, tfdA gene DNA
sequences remained in the soil in high numbers
even at low mineralization rates (Figure 3). The
correlation between numbers of tfdA mRNA tran-
scripts detected and measured rates of mineraliza-
tion, on the other hand, is a manifestation of
the rapid decay of mRNA and its absence during
low rates of mineralization. It is important to
remember that the presence of a gene is an indicator
of potential gene expression, not an actual measure
of it. This clearly and emphatically demonstrates
why measurement of mRNA (where tractable)
is a far better indicator of in situ metabolic activity
than measurement of the number of copies
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of the gene that are present in an environmental
sample.

Environmental studies based on functional gene
transcripts are potentially complicated by several
critical factors. For one, many processes proceed
slowly in the environment due to a variety of
environmental parameters and limiting factors and
therefore require only low amounts of mRNA. In
addition, mRNA in active biological matrices is
extremely labile, with reported half-lives being as
short as just a few minutes (Rauhut and Klug, 1999;
Selinger et al., 2003). Further, nucleic acids, includ-
ing mRNA, are strongly sorbed to soil and sediment
components (Chamier et al., 1993), which can
significantly affect extraction efficiency. Finally,
extraction efficiencies of mRNA are difficult to
assess as the use of internal standards for normal-
ization of mRNA extraction efficiency is currently
not possible for prokaryotic transcripts in environ-
mental matrices. A carefully optimized extraction
protocol (Nicolaisen et al., 2008) is obviously of
major importance when studying environmental
mRNA, but the downstream quantitative and quali-
tative detection assays must also be considered to be
at least of equal importance. In the current study, we
used random hexamer primers in the RT reaction
prior to quantification by real-time PCR to ensure
that maximum diversity of extracted mRNA was
captured in the resultant cDNA product. Although
gene-specific primers might potentially be consid-
ered to be more effective, or at least more direct,
enabling production of specific cDNA molecules,
our strategy produced cDNA representing the fully
expressed soil genome. Thus, the cDNA pool from
these samples could be used to analyze transcripts
from other genes as well. In addition, Nicolaisen
et al. (2008) found that nonspecific amplification
products were formed during subsequent PCR when
using gene specific primers to produce cDNA from
total community mRNA.

We note that the effective application of mRNA-
based methodologies in the near term will be limited
to genes that have been studied in detail. The
sequence of the gene of interest must be known and
PCR primers must be designed to cover its potential
diversity in the microbial community. Presumably,
advances in comparative genomics will help alle-
viate this limitation in years to come. Even with
progress in that area, mRNA-based quantification of
gene expression in natural soils may still be
hampered by low sensitivity. Hence, it is important
that the genes of interest are actually expressed to a
detectable level, and studies of slow soil processes
with correspondingly low transcription levels may
always be limited.

In conclusion, the data reported herein provides
the first example of an in-depth quantitative analy-
sis of functional gene expression in natural soil
samples not seeded with microbes or mRNA. The
study demonstrates that analyzing soil microbial
communities for a specific metabolic activity

based on DNA sequences may be biased by
detection of nonactive populations encoding
homologous genes, but not actively expressing
them. Further, we believe that the ability to detect
and quantify functional gene transcripts in a
complex environmental matrix will become an
important tool for microbial ecologists striving to
link phylogeny to ecological function and should
help to improve our understanding of microbial
processes in general.
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