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Abstract

A quantitative real time reverse transcription polymerase chain reaction (qRT-PCR) assay was utilized to quantify the
expression of ElHDO in the fungus Exophiala lecanii-corni during the biodegradation of ethylbenzene and other volatile organic
pollutants. The assay was applied to measure the impact of pollutant mixtures on ElHDO expression relative to that of a
housekeeping gene (18S rRNA). Three compounds were tested in mixtures with ethylbenzene: methyl propyl ketone, phenylacetate
and o-xylene. These chemicals repressed, induced, or had no effect on ethylbenzene degradation, respectively. The results
demonstrate that the gene target expression value (TN) is a useful parameter for evaluating the effect of pollutant mixtures on gene
expression. TN was found to reflect macroscopic changes in ethylbenzene utilization rates although these two parameters were not
related in a linear fashion for all compounds. The assay was log-linear over 5 orders of magnitude of RNA concentration and
reproducible between samples (the largest TN standard deviation was 20%). The comparative qRT-PCR assay used in this research
represents a viable alternative to absolute quantification methods to monitor in situ fungal gene expression in natural and
engineered environmental systems.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recent application of real time polymerase chain
reaction (PCR) to environmental engineering systems
has led to a better understanding of the distribution of
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microbial populations in the environment (Dionisi et al.,
2002; Mesearch et al., 2004). While these studies have
demonstrated the potential of this technology for quan-
tifying key microbial populations, one major disadvan-
tage is that they quantify information at the DNA level
only rather than at the RNA level. As a result, these
studies do not provide any direct information about the
relative microbial activity of specific microorganisms
present in environmental samples. In contrast, a com-
bination of reverse transcription (RT) and real time PCR

mailto:kakinney@mail.utexas.edu
http://dx.doi.org/10.1016/j.mimet.2006.03.018


258 C.K. Gunsch et al. / Journal of Microbiological Methods 67 (2006) 257–265
can be used to monitor the abundance of in situ mRNA
molecules and thus provide an assessment of specific
cellular activity occurring in a given environmental sys-
tem. RT-PCR has become increasingly popular to mon-
itor in situ gene expression because of its high sensitivity
and specificity (Meckenstock et al., 1998; Wilson et al.,
1999). However, most environmental studies conducted
to date have relied on semi-quantitative techniques to
monitor gene expression changes even though several
quantitative RT-PCR (qRT-PCR) techniques have been
developed for clinical research (Révillion et al., 1997;
Latil et al., 2003).

The few published environmental studies whichmake
use of qRT-PCR have mostly focused on bacterial sys-
tems (Han and Semrau, 2004; Devers et al., 2004) de-
spite the importance of fungal species in the environment.
Fungi have been successfully used in groundwater bio-
remediation applications (Fournier et al., 2004) and have
been shown to be capable of degrading a wide range
of volatile organic pollutants (Woertz et al., 2001).
Exophiala lecanii-corni, a dimorphic fungus, is of
particular interest because of its ability to degrade a
variety of volatile organic compounds including toluene,
ethylbenzene and methyl propyl ketone (Woertz et al.,
2001; Qi et al., 2002). E. lecanii-corni is capable of
removing toluene loadings 2–7 times higher than similar
bacterial systems, and is more resilient to adverse treat-
ment conditions such as low pH and nitrogen limitations
(Woertz et al., 2001).

Waste streams requiring treatment often contain a
mixture of organic pollutants. For instance, a biofilter
designed to control emissions from a paint manufactur-
ing facility may need to simultaneously remove at least
12 different volatile organic compounds including
ethylbenzene. Because enzymes are ultimately respon-
sible for contaminant degradation, it would be useful
to investigate the link between macroscale biodegrada-
tion rates and microscale gene expression levels for each
substrate in a chemical mixture. The E. lecanii-corni ho-
mogentisate-1,2-dioxygenase gene (ElHDO) was pre-
viously shown to be up-regulated in the presence of
ethylbenzene and may be responsible for the ring cleav-
age step in the degradation pathway (Gunsch et al.,
2005). Here, we describe an assay that combines a
comparative quantification method with real time RT-
PCR to monitor fungal gene expression patterns in
environmental systems. The overall goal of this research
was to determine if the relative target gene expression
value (TN) could be used as a simple measure to track
expression changes as a function of ethylbenzene
degradation of a target gene (ElHDO) relative to that
of a housekeeping gene (18S rRNA). We report on
the use of a real time qRT-PCR method targeted for
the quantification of changes in fungal gene expression
levels in batch reactors as a result of interactions be-
tween a primary substrate (ethylbenzene) and secondary
compounds.

2. Materials and methods

2.1. Strains, growth conditions and RNA extraction

E. lecanii-corni (CBS 102400) was used as the parent
strain for all experiments. Four different sets of batch
reactors were prepared using the setup and inoculation
methods previously described in Gunsch et al. (2005).
The substrate treatment conditions examined included:
1) ethylbenzene alone; 2) ethylbenzene with methyl
propyl ketone; 3) ethylbenzene with o-xylene and; 4)
ethylbenzene with phenylacetate. For each treatment
condition, batch reactors were prepared in triplicate. To
ensure that compound depletion was not due to abiotic
losses, one triplicate set of killed controls was prepared
for each substrate treatment condition.

For the ethylbenzene alone condition, ethylbenzene
was added to each reactor at 20 μM (liquid phase con-
centration). For each substrate mixture condition, ethyl-
benzene was added to each reactor at 20 μM (liquid
phase concentration) along with 30 μM (liquid phase
concentration) of each secondary compound (methyl
propyl ketone, o-xylene and phenylacetate). Once the
first 20 μM dose of ethylbenzene was consumed (as
determined by gas chromatography), a second 20 μM
aliquot was provided, and cells were harvested 24 h
later. In all cases, both ethylbenzene and the secondary
compound(s) were still present in the reactor at
harvesting time. In the case of the methyl propyl ketone,
the aforementioned protocol was modified because a
diauxic degradation pattern was observed (i.e. methyl
propyl ketone was entirely consumed prior to ethylben-
zene consumption). In that case, methyl propyl ketone
was added at 30 μM (liquid phase concentration)
aliquots at the same time as the second ethylbenzene
aliquot.

The entire cell suspension (20 mL) in each of the
three batch reactors for each treatment condition was
equally divided into two centrifuge tubes. Cells were
pelleted by centrifugation and supernatant removed by
pipetting. Cells were disrupted by freezing/grinding in
liquid nitrogen for 1 min prior to RNA extraction. Total
RNA was extracted from each reactor sample using
RNAqueous kits (Ambion, Austin, TX). The final
elution volume used was 40 μL. RNA concentration
and quality were verified by gel electrophoresis and
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spectrophotometrically using a standard conversion fac-
tor of one absorbance unit at 260 nm per 40 μg RNA/mL
(Ausubel et al., 1989). Only samples with A260/A280

ratio greater than 1.8 were used. In this way, total RNA
was extracted from each of the three batch reactors at
each treatment condition. Total RNA concentration
varied from 0.3 to 0.5 μg/μL amongst all samples.
RNA concentration was adjusted by dilution with ster-
ile DI water prior to cDNA synthesis. The amount of
total RNA used for cDNA synthesis varied from 0.25 pg
to 1 μg for the standards and was fixed at 250 ng
for all other experiments. RNA samples were stored at
−80 °C.

2.2. DNase treatment and first-strand cDNA synthesis

The efficiency of DNA removal during RNA ex-
traction was evaluated by comparing PCR yields from
samples subjected to Ambion's DNA-free™ reagents
and samples not receiving this treatment. cDNA was
synthesized in triplicate for each total RNA sample
using reverse transcription reagents from New England
Biolabs® Inc. (Beverly, MA). Since biomass and total
RNA were extracted independently from each of the
three separate batch reactors and the cDNA synthesis
reactions were performed in triplicate from each total
RNA extract, a total of 9 cDNA synthesis reactions were
performed for each treatment condition. The following
mixture was used for the cDNA synthesis step: 0.25 pg–
1 μg total RNA, 1.875 μM dN9, 2.5 mM dNTPs, 2 μL of
10× reverse transcriptase buffer, 10 units RNase inhibi-
tor and 25 units M-MuLV reverse transcriptase. The
reaction was carried out in a 20 μL volume using a
MWG Biotech PCR Thermal Cycler (High Point, NC).
Samples were later diluted to 50 μL using sterile water
and stored at −20 °C.

2.3. Real time PCR

In order to quantitatively measure the expression of the
ElHDO gene, amplification of an endogenous control gene
Table 1
Primer/probe combinations used for real time qRT-PCR assay

Description

18S rRNA forward primer sequence
18S rRNA reverse primer sequence
18S rRNA probe
ElHDO forward primer sequence
ElHDO reverse primer sequence
ElHDO probe
(i.e., one involved in “housekeeping”) was performed
simultaneously, and the relative expression level between
ElHDO and the endogenous control gene was assessed.
The 18S rRNAwas used as the housekeeping gene in this
assay. The primer/probe combinations were designed by
Applied Biosystems (Foster City, CA) through their As-
says-by-DesignSM service. Probes were synthesized using
6-carboxyfluorescein [6-FAM™] and 6-carboxy-tetra-
methyl-rhodamine [TAMRA] labels at the 5′ and 3′
ends, respectively. The primer/probe combinations are
shown in Table 1. An Applied Biosystem 7700 Real Time
PCR apparatus (Foster City, CA) was used to perform the
quantitative expression study. Each sample consisted of
18 μL from the cDNA reaction described above, 20 μL 2×
Taqman® Universal PCR Master Mix and 2 μL of 20×
primer/probe mixture. The reaction protocol consisted of
one cycle at 50 °C for 2 min, followed by one cycle at
95 °C for 5 min, followed by 40 cycles of a 15-s dena-
turation step at 95 °C followed by a 1-min annealing/
extension step at 60 °C. Each amplification reaction was
setup in triplicate. The following three negative control
reactions were carried out with each set of samples ana-
lyzed: (1) no RNA-template but reverse transcriptase and
polymerase provided; (2) RNA and polymerase provided
but no reverse transcriptase; and (3) RNA and reverse
transcriptase provided but no polymerase.

2.4. Specific ethylbenzene utilization rates

Three secondary compounds (phenylacetate, methyl
propyl ketone and o-xylene) with varying regulatory
effects on the ethylbenzene utilization rate were identified
for this study. For the purposes of this research, regulatory
compounds are defined as those chemicals which affect
the ethylbenzene utilization rate (mass ethylbenzene
consumed per unit time per unit biomass weight). Reactor
setup and inoculation methods were previously described
in Gunsch et al., 2005. All chemicals were obtained from
Sigma-Aldrich Chemical Co. (St Louis, MO). Each
secondary compound was tested in triplicate batch re-
actors at three different initial concentrations (10, 20 and
Sequence

5′-CGGCGATGGTTCATTCAAATTTCTG-3′
5′-CCTTGGATGTGGTAGCCGTTT-3′
5′-CTCAGGCTCCCTCTCCG-3′
5′-GGTGTGTGCGACTGTTTGG-3′
5′-TTCATCGAAGACCACGAGAATACC-3′
5′-CTCTACGGCAAGTTTG-3′
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40 μM liquid phase concentration) in the presence of
20 μM ethylbenzene (liquid phase concentration). A
similar harvesting scheme was used as described earlier.
Cells were harvested 24 h after a second 20 μM
ethylbenzene addition. The repressor compound (methyl
propyl ketone)was added in 10, 20 or 40μM(liquid phase
concentration) aliquots at the same time as the second
ethylbenzene aliquot. Specific utilization rates (SURs) for
ethylbenzene were determined for each condition using
Eq. (1).

SUR ¼ Cumulative Mass of Ethylbenzene Consumed ðgÞ
ðActive Degradation PeriodÞ ðhÞ �Cell Mass ðg dry weightÞ

ð1Þ
The active degradation period represents the amount of
time fungal cells were actively degrading ethylbenzene as
determined by gas chromatography.
2.5. Analytical methods and dry weight measurement

The depletion of ethylbenzene and the secondary
compounds (phenylacetate, methyl propyl ketone and o-
xylene) was monitored by gas chromatography as des-
cribed in Gunsch et al. (2005). The biomass produced in
each incubation bottle at the end of the experiment was
determined by filtering each culture by vacuum through
dried Whatman filter paper (0.2 μm pore size), placing
the filter paper in aluminum planchettes and drying at
105 °C for 4 h. Filters and planchettes were cooled to
room temperature in a desiccator and weighed on a four-
place balance.

2.6. Relative quantification

In order to quantify ElHDO gene expression, the com-
parative threshold cycle (CT)methodwas used for relative
quantification of the target gene of interest (ElHDO) with
respect to an endogenous control (18S rRNA) (Livak and
Schmittgen, 2001). Using this method, the normalized
quantity of target molecules present in a sample (XN) can
be calculated. In the qRT-PCR technique, the number of
cycles required to reach a threshold fluorescence level for
the endogenous control gene and the target gene of in-
terest can be determined and used to determine XN for a
particular sample.

XN ¼ K
ð1þ ERÞCT;R

ð1þ EXÞCT;X
ð2Þ

Where: EX and ER are the PCR efficiencies for the target
and the endogenous molecules, CT,X and CT,R are the
number of PCR cycles atwhich the target and endogenous
molecules reach their threshold fluorescence level and K
is a constant, respectively.

The PCR efficiencies for the target and the
endogenous molecules are calculated using Eq. (3):

E ¼ ð10−1=s−1Þ ð3Þ

where E and s represent PCR efficiency and the standard
curve slope (Fig. 1A and B), respectively. Efficiencies of
0.99±0.01 and 0.98±0.02 were obtained for 18S rRNA
and ElHDO, respectively. Because EX and ER are ap-
proximately equal, these efficiencies will simply be re-
ferred to as E.

A comparison of XN values between a baseline or
calibrator condition (i.e., where a single substrate is
present) and a different treatment condition (i.e., when
multiple chemicals are present) can be accomplished by
dividing the normalized amount of target molecules (XN)
for any sample q by the XN for the calibrator sample (cb)
as shown in Eq. (4). In this study, the calibrator sample
was chosen as one that represented ElHDO expression
levels at the baseline treatment condition (i.e., when
ethylbenzene is provided as the sole substrate).

XN;q

XN;cb
¼ Kð1þ EÞ−DCT;q

Kð1þ EÞ−DCT;cb
ð4Þ

where XN,q is the normalized number of target molecules
at a given treatment condition, XN,cb the normalized
number of target molecules at the baseline conditions, K
is a constant, and ΔCT,q is equal to the difference in the
threshold cycles for the target and endogenousmolecules
(CT,X−CT,R).

For efficiencies close to 1 (i.e., EX=ER=1), Eq. (4)
can be further simplified (Livak and Schmittgen, 2001)
to obtain a simple expression for the target gene expres-
sion number, TN:

TN ¼ XN;q

XN;cb
¼ ð2Þ−DDCT ð5Þ

where ΔΔCT is the difference in ΔCT for sample q and
the calibrator (ΔCT,q−ΔCT,cb), and TN is a unitless
value hereby referred to as the relative target gene
expression number.

TN represents the change in target gene expression
due to a given treatment condition relative to that
observed at the baseline treatment condition. Samples
with TN values N1 have gene expression levels higher
than the baseline condition, and those with TN values b1
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Fig. 1. Real time qRT-PCR standards over 5 orders of magnitude. A) ElHDO target amplification, B) 18S rRNA target amplification and C) real time
qRT-PCR efficiency comparison. Error bars representing one standard deviation are shown but some are too small to be visible.

0.0

0.5

1.0

1.5

Ethylbenzene Toluene

T
N

Fig. 2. Relative target expression numbers (TN) for toluene and
ethylbenzene cells grown in a bubbler system as described in Gunsch
et al. (2005). Data presented are averages±one standard deviation
(n=4).
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have expression levels lower than the baseline condi-
tion. However, for these calculations to be valid, the
efficiencies of the target and endogenous amplifications
must be approximately equal. To ensure that this was the
case, standard curves were generated to assess the
variation of ΔCT with total RNA dilution. Standard
curves covering 0.25 pg to 1 μg total RNAwere used for
this purpose.

3. Results

3.1. ElHDO and 18S rRNA efficiency analysis

As shown in Fig. 1A and B, the coefficient of
determination (R2) values relating CT to log [RNA]
values were N0.97 for both targets over the entire range
tested (0.25 pg to 1 μg total RNA). This result indicates
that for the given real time qRT-PCR setup and cycling
conditions, RNA amounts between 0.25 pg and 1 μg are
acceptable for relative comparison of ElHDO and 18S
rRNA expression levels. Subsequent experiments were
carried out using 250 ng total RNA to ensure that
conditions always fell within the linear range. Further-
more, to be able to use the comparative threshold cycle
analysis method, the amplification efficiencies for both
targets must be similar over the RNA concentration



Fig. 3. Ethylbenzene Specific Utilization Rate (SUR) in the presence of
methyl propyl ketone, o-xylene and phenylacetate. , ▪, □, and
represent zero, low, medium and high concentrations of secondary
compounds (0, 10, 20 and 40 μM respectively). Data presented are
averages±one standard deviation (n=3 for each treatment condition).
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range used (Livak and Schmittgen, 2001). For this to be
true, a plot depicting the difference between the CT

values for ElHDO and 18S rRNA (ΔCT) as a function of
log [RNA] should have a relatively flat slope (e.g.,
b0.1). Fig. 1C shows that, over the range analyzed
(0.25 pg to 1 μg total RNA), the ΔCT values remain
essentially constant. The slope of the curve is 0.0385,
which indicates that the comparative threshold cycle
analysis can be used to compare ElHDO and 18S rRNA
expression levels in E. lecanii-corni.

3.2. Validation experiment

To validate the real time qRT-PCR method, ElHDO
expression levels for E. lecanii-corni cells grown on
toluene and ethylbenzene were compared. Previously,
Northern blot analysis showed that toluene-grown cells
did not express ElHDO at levels observed in cells grown
on ethylbenzene (Gunsch et al., 2005). As shown in
Fig. 2, ElHDO expression was clearly lower in toluene-
grown cells as compared to ethylbenzene-grown cells.
In addition, DNase treatment did not have a statistically
significant effect on TN values indicating that there was
negligible DNA contamination after the total RNA
extractions (results not shown). For this reason, a DNase
treatment step was not included in the subsequent cDNA
synthesis reactions. As expected, no amplification was
observed in any of the negative controls.

3.3. Ethylbenzene utilization rate study

Three regulatory compounds were identified using
these guidelines: 1) Intermediates in the proposed ethyl-
benzene degradation pathway (Gunsch et al., 2005)
might induce ElHDO; 2) Compounds not metabolized
by E. lecanii-corniwould have no effect on ElHDO and;
3) Compounds more easily degradable than ethylben-
zene might repress ElHDO. Phenylacetate, o-xylene and
methyl propyl ketone were identified, tested and found
to induce, not affect and repress ethylbenzene degrada-
tion, respectively. SURs were calculated for ethylben-
zene in the presence and absence of each chemical as
shown in Fig. 3. As expected, in the absence of reg-
ulatory compounds, the SURs are statistically similar
(α=0.05). A change in the specific ethylbenzene uti-
lization rate was observed in the presence of the re-
pressor at the medium and high concentrations. In the
presence of methyl propyl ketone, the SUR of ethyl-
benzene decreased ∼45% between cells that had not
been exposed to methyl propyl ketone as compared
to those exposed to the highest concentration tested
(40 μM). As the concentration of the repressor was
increased, the effect on the specific ethylbenzene uti-
lization rate was amplified. In the presence of the in-
ducer, phenylacetate, the ethylbenzene utilization rate
increased by ∼69% at the highest concentration as
compared to cells which had not been exposed to
phenylacetate. In the presence of o-xylene, the ethyl-
benzene utilization rate was statistically similar to that
without o-xylene. These compounds clearly have dif-
ferent effects on ethylbenzene degradation and thus
were used in the subsequent ElHDO gene expression
experiments.

3.4. Real time qRT-PCR study with mixtures

As shown in Fig. 4, a similar trend was observed for
TN and specific ethylbenzene utilization rates in the
presence of phenylacetate, o-xylene and methyl propyl
ketone. As expected for cells grown only in the presence
of ethylbenzene, the TN values were close to 1.0 in-
dicating that the expression levels were similar to those
observed in the baseline growth sample (also grown
only in the presence of ethylbenzene). In the presence of
the repressor, methyl propyl ketone, ElHDO expression
was reduced. The average TN value decreased by
∼81%. In the presence of the inducer, phenylacetate,
the expression level increased by ∼52%. Cells that
were grown in the presence of ethylbenzene and o-
xylene expressed ElHDO in quantities similar to those
observed when only ethylbenzene was present. While
the TN value for this case was slightly lower than
that with ethylbenzene alone, these two values are not
statistically different (α=0.05). The target expression
numbers, therefore, follow the expected trends and
reflect the results obtained for the specific ethylbenzene
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utilization rates in the presence of the three regulatory
compounds.

4. Discussion

Real time qRT-PCR was successfully applied to
quantify ElHDO gene expression relative to 18S rRNA.
This method could potentially be applied to many
different biological environmental systems to measure
gene expression if a suitable endogenous control is avail-
able. Relative quantification has been used in several
studies where β-actin, glyceraldehyde-3-phosphate de-
hydrogenase and 18S rRNA served as housekeeping
genes (Livak and Schmittgen, 2001; Schmittgen and
Zakrajsek, 2000). Recently, 18S rRNA has been val-
idated for normalized expression levels by qRT-PCR
analysis under a number of experimental conditions and
has been found to be more reliable than other house-
keeping genes for normalization (Goidin et al., 2001;
Schmittgen and Zakrajsek, 2000). For these reasons,
18S rRNA was used as the housekeeping gene despite
reservations regarding changes in expression levels and
potential imbalances in rRNA and mRNA fractions
between different samples. However, the PCR efficien-
cy study and the individual standard curves for both
target and housekeeping genes allayed these concerns
and suggested they were not significant for this study. A
known quantity of RNA was also used in the cDNA
synthesis step rather than a normalized number of cells,
because the most critical factor for successful relative
quantitative analysis was previously shown to be the use
of normalized RNA (Schmittgen and Zakrajsek, 2000).
For this reason, a normalized quantity of total RNA and
the 18S rRNA gene was used in this comparative gene
expression level study.

As shown in Fig. 2, a significant difference in
ElHDO expression was observed between E. lecanii-
corni cells grown on ethylbenzene and those grown on
toluene (TN=1.15±0.17 and 0.03±0.22, respectively).
The results from this experiment indicate that the com-
parative threshold cycle method can be used to analyze
ElHDO gene expression relative to 18S rRNA. The
amount of ElHDO gene expression when ethylbenzene
is not present is negligible and indicates that this gene is
not constitutively induced (Gunsch et al., 2005). Real
time qRT-PCR has several advantages to more conven-
tional semi-quantitative tools such as Northern blots
which have been used to quantify gene expression
in environmental systems (Meckenstock et al., 1998;
Wilson et al., 1999). First, the quantification sensitivity
is greatly increased. Oleson et al. (2003) found that real
time qRT-PCR could be used to evaluate gene
expression changes over 5 orders of magnitude as
compared to 4 or less with standard semi-quantitative
RT-PCR. Second, gene expression quantification data is
obtained immediately at the end of a PCR cycle, thereby
shortening the time from sampling to analysis. Hence,
an entire experiment can be performed in 4–5 h as
opposed to several days with Northern blot analyses. In
addition, because of the minimal amount of sample
manipulation, increased reproducibility and high
throughput are possible (Grekova et al., 2002). The
third potential advantage is that the expression of several
genes can be analyzed simultaneously. Although multi-
plex reactions were not used in this study, multiplex real
time qRT-PCR is available. One final advantage to this
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method is that it requires fewer reactions, which may
decrease sample analysis costs. However, caution must
be exercised to ensure that the relative efficiencies of all
genes are similar (Boivin et al., 2004).

Compounds that might affect ElHDO gene expres-
sion were identified and the nature of their effects deter-
mined in this research. Because contaminant streams
rarely, if ever, contain a single chemical, it is of interest to
understand how the presence of other compounds affects
microbial degradation by quantifying the overall effect.
To coordinate their numerous metabolic activities, cells
must regulate the catalytic activities of enzymes in re-
sponse to changes in the environment. Enzymatic ex-
pression levels are expected to vary according to a
variety of parameters such as changes in nutrient
concentration, level of cell stress (extreme pH or tem-
perature) and nature of compound. Cells adapt to their
environmental surroundings by a series of regulatory
actions aimed at controlling enzyme level and activity.
Thus, it is logical to suspect that a comparison between
macroscale measurements of degradation potential
(specific ethylbenzene utilization rate) and microscale
measurements (gene expression — TN) should provide
some insights as to the magnitude of the effect of
secondary compounds on primary metabolism.

In this substrate mixture study, two observations were
made with significant implications for microbial degra-
dation studies. First, the real time qRT-PCR method is
reproducible. Biomass was extracted independently
from three separate incubation bottles and used in sepa-
rate total RNA isolation and cDNA synthesis reactions.
Despite the potential for variations between individual
incubation bottles, the largest TN standard deviation was
approximately 20%. The second important observation
is that TN values did follow the specific ethylbenzene
utilization rate trends. TN values and SURs remained
constant with the introduction of o-xylene. In addition,
the rates decreased in the presence of methyl propyl
ketone and increased in the presence of phenylacetate.
The increase in TN relative to SURs was proportional in
the case of phenylacetate but not in the case of methyl
propyl ketone. In the presence of phenylacetate, TN
increased by 52% (comparing 0 and 30 μM phenylace-
tate) and the utilization rate increased by 69% (compar-
ing 0 and 40 μM phenylacetate). With methyl propyl
ketone, TN decreased by 81% (comparing 0 and 30 μM
methyl propyl ketone) and the utilization rate decreased
by 45% (comparing 0 and 40 μMmethyl propyl ketone).
It is thus important to note that while these two
parameters are related, their change is not necessarily
proportional. It is possible that the degree to which
changes in utilization rate and TN are linked is related to
the complex mechanisms used by cells for up and down-
regulation. It is likely that different post-transcriptional
and post-translational regulatory mechanisms are used
and further research is necessary to elucidate the rela-
tionship between TN and SUR.

Although real time qRT-PCR has become increasing-
ly popular for clinical applications, relatively few studies
have been performed using this technique for environ-
mental applications (Han and Semrau, 2004; Devers et
al., 2004). Studies incorporating the use of real time PCR
have mostly been DNA-based experiments (Mesearch et
al., 2004). The main drawback of these techniques is that
they do not provide any information about microbial
activity. Because 16S rDNA has been found to be stable
in dead cells, the presence of a specific organism in a
sample does not imply that it is actually responsible for a
specific degradative activity (Lindahl, 1993).

By contrast, RNA-based tools specifically target the
active fraction of biomass in a sample. RNA-based
methods are the most appropriate to describe biofilm
level activity. Han and Semrau (2004) used competitive
RT-PCR to quantify methanotrophic gene expression for
in situ bioremediation. Quantification using competitive
RT-PCR relies on the addition of a known amount of a
standard to each sample. The standard is typically a
genetically modified version of the target gene that is
amplified in the study. The expression level in each
sample is then determined by comparing the quantities of
unknown and known products after amplification using
capillary electrophoresis. The post-PCR analysis of the
products is generally not automated and thus its use in
high-throughput applications such as in the screening of
numerous environmental samples may be limited.

Relative and absolute quantification are two common
methods which are used to analyze quantitative PCR
data. Absolute quantification measures the absolute
transcript copy number for a specific gene, and has been
used in a number of clinical studies (Schmittgen and
Zakrajsek, 2000; Iyer et al., 1999). One disadvantage of
absolute quantification is that standards must be run on
all PCR plates and involves a large number of wells,
thereby limiting the number of samples which can be
simultaneously analyzed. By contrast, relative quantifi-
cation does not require standards for each plate, once it
has been determined that efficiencies of the endogenous
control and gene of interest are the same. Thus, when
absolute transcript numbers are not needed, relative
quantification may be sufficient. For instance, in ex-
periments comparing the effect of various environ-
mental treatments on biodegradation efficiency, absolute
quantification may provide more information than
necessary.
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Recently, Devers et al. (2004) used comparative
quantification to analyze bacterial atrazine catabolism
gene expression using SYBR™ Green dye. One po-
tential advantage of Taqman® probes as compared to
SYBR™Green is that the possibility of false positives is
reduced. To obtain a fluorescence signal using Taqman®
probes, both primers and probe must anneal to the target
nucleic acid sequence. With SYBR™ Green-based real
time PCR, only the primers must anneal. While both
SYBR™ Green and Taqman® probe based real time
PCR can be successfully used to analyze environmental
systems performance, the Taqman® probe system may
be better suited for environmental analysis because of the
additional degree of specificity in Taqman® probe assays
and the multiplex potential. A simplified analysis of
relative changes in TN values coupled with a multi-
plex Taqman® PCR assay could be a powerful tool for
understanding gene expression changes resulting from
system modifications in more complex environmental
applications.
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