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ABSTRACT: Evaluating the biomass of a specific taxon or that of a certain nutritional level is especially important
for understanding an ecosystem. Although various methods are available, there is still a lack of a universally accepted
approach for taxa-specific biomass evaluation. Taking cultured unicellular Tetrahymena as an example, the present study is
aimed at exploring and highlighting a DNA-based method for taxa-specific biomass estimation. Results indicated that the
Tetrahymena DNA yield increased linearly with increasing number of Tetrahymena cells (p < 0.001). The intra and inter
real-time quantitative PCR (Q-PCR) assays were highly reproducible, and Q-PCR quantifying 18S rDNA could detect an
equivalent quantity of a single cell or less. Tetrahymena-specific biomass then can be determined according to the rDNA
copies quantified by Q-PCR (p < 0.002), considering both of species richness and evenness (indicated by the pooled cells
of Tetrahymena species with different ratios). Observations of the present study together with some others suggest that it is
possible to quantify a target micro-biomass in natural ambience via specifically-amplified genes.
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INTRODUCTION

Increasing evidence suggest that biomass evaluation
has historically been an important ecological issue,
which provides fundamental knowledge to reveal
structural and functional roles of target organisms in
an ecosystem1, 2. It also gives us valuable informa-
tion to facilitate ecosystem management and enable
prediction of some potential ecological risk. There-
fore, biomass evaluation has historically been one of
focuses in ecological studies. During the past decades,
various methods (direct or indirect) have been devel-
oped to evaluate the biomass of different organisms2,
and constant efforts have also been made to improve
the efficiency and veracity of biomass determination.
However, there still lack of an approach to determine
taxa-specific biomass, especially for microeukaryotes.

Classical direct biomass evaluation methods (e.g.,
viable count, epifluorescence filter technique, coulter
counter, and electron microscopy) mainly based on
measuring cell mass/number1, and traditional indi-
rect quantification usually on the basis of specific
components (e.g., protein, carbon/phosphate, ATP)3

or some metabolic activities (e.g., O2 uptake, CO2
production)4. These methods are generally time-

consuming and often accompany with large errors5.
Furthermore, evaluation may become more compli-
cated and inaccurate when insoluble substrates are
employed1. Although on-line monitoring techniques
(e.g., microcalorimetry, fluorescence, spectroscopy,
electrical properties) are recently been developed,
there still lack of ideal monitor sensor2. On the
other hand, these methods can only evaluate the total
quantity of all organisms in a particular sample, but
the biomass of genus/groups interested is very difficult
to quantify. Therefore, in order to reveal biomass
and facilitate comparisons within or between certain
nutritional levels, there is an urgent need for strategy
of taxa-specific biomass evaluation, which will un-
doubtedly do great contribution to ecological study.

Deoxyribonucleic acid (DNA) is universally
present in different kinds of organisms, regardless
of the life forms or stages, and its content highly
correlated with growth rate and some other crucial life
activities6. DNA content may be one of good param-
eters that can be linked to biomass6, 7. With rapid
development of molecular techniques and dramati-
cally increased collection of nucleotide sequences, it
is easy to design primers targeting different taxonomic
levels to amplify particular genes. Some genes present
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stable copies per cell (e.g., rRNA gene in unicellular
Tetrahymena)8, and some genes even can be used
as DNA barcoding for taxonomic classification (e.g.,
cytochrome c oxidase I gene for animals)9. Therefore,
taxa-specific biomass perhaps can be realized with
a bridge of specifically amplified gene. Recently
developed real-time quantitative PCR (Q-PCR) just
provide a simple and elegant method for determin-
ing the amount of target genes10–14. The example
of Tetrahymena analysis in the present study was
applied to validate the feasibility of applying DNA-
based methods (e.g., Q-PCR) to determine Tetrahy-
mena-specific biomass. It also highlighted promising
perspectives of taxa-specific biomass evaluation with
DNA-based methods in ecological study.

MATERIALS AND METHODS

Tetrahymena Culture and DNA extraction

Five Tetrahymena species (T. pigmentosa, T. pyri-
formis, T. thermophila, T. borealis, and T. corlissi)
were cultured axenically at 27 °C in a medium con-
taining 2.0% proteose peptone (Oxoid, USA), 0.1%
yeast extract (Oxoid, USA), 0.2% glucose and 0.03%
sequestrene (Fe-EDTA). Fifty millilitres of cultured
cells (at the exponential phase) were harvested by
centrifuging at 3000g for 3 min, then resuspended
and incubated in 1.0 ml fresh culture medium, and
100 µl was used to determine the cell density using
a Beckman Coulter (Beckman, USA). Then, different
resuspended cells (less than 4× 105 cells were used as
the manufacturer suggested to improve the separation
efficiency) were applied for DNA extraction using a
genomic DNA extraction kit according to the man-
ufacturer’s instructions (Fermentas, USA). Initially,
0.1 mg/ml of proteinase K (final concentration) was
added in the lysis solution before 65 °C incubation.
Additionally, 0.2 mg/ml of ribonuclease A (final
concentration) was added and incubated for 10 min
at 37 °C prior to DNA precipitate. The extracted
DNA was dissolved in 50 µl sterile water and stored
at −20 °C until used. The DNA yield and quality
were assessed based on the absorbance determined by
biophotometer spectrophotometer (Eppendorf, Ger-
many). DNA extraction efficiency was then evaluated
by extracting genomic DNA from different amounts
of cells with three replications.

Real-time quantitative PCR standards

For quantification of the Tetrahymena samples,
Q-PCR standards with known amounts of plasmid
DNA were created. In brief, PCR products of
T. pigmentosa 18S rDNA were gel-purified, cloned

into pMD18-T vector, and then transformed into Es-
cherichia coli cells (DH5α strain). After confirmed
by sequencing, plasmid DNA containing cloned 18S
rDNA of T. pigmentosa was extracted using TIANprep
mini plasmid kit (Tiangen, China) following manu-
facturer’s instructions. The concentrations of plasmid
DNA were determined by spectrophotometry with
serial dilutions, and the corresponding copy numbers
were calculated according to the method described by
Smith et al15. Serial tenfold dilution from 3.08× 103

to 3.08× 107 (copies/µl) were used in Q-PCR for
establishing standard curves, assuming that the am-
plification efficiency of plasmid DNA was equal to
the amplification efficiency of target 18S rDNA from
different Tetrahymena species. There were three no-
template negative controls (NTC) on each plate to
screen possible contamination, check primer-dimer
formation, and to set background fluorescence for
plate normalization. The slope, y-intercept, R2 and
amplification efficiency of each standard curve were
determined using the Sequence Detection System
software (Applied Biosystems, USA) with a fixed
threshold according to Adams16.

Sample quantification and biomass evaluation

The 18S rRNA gene was amplified according to Fu
and Miao17 for determining rDNA concentration of
each unknown sample. Q-PCR quantification of 18S
rDNA present in each sample was performed using
an ABI prism 7300 real-time PCR System (Applied
biosystems, USA). Each PCR amplification reaction
(20 µl) containing 10 µl SYBR Green real-time PCR
master mix QPK-201 (Toyobo, Japan), 0.05 µM of
each primer (18S-F: 5′-CCTGGGAAGGTACG
GGTAAT-3′, 18S-R: 5′-AAGGTTCACCAGA
CCATTCG-3′)17 and about 5 ng DNA template.
PCR cycling include an initial denaturation for 4 min
at 94 °C, followed by 40 cycles of 94 °C for 20 s,
65 °C for 20 s, then 72 °C for 45 s. Fluorescence
readings were taken at each extension step, and a final
melting analysis was performed to check for nonspe-
cific product formation. The amplicons were also
visualized using agarose gel to verify single product
formation with expected molecular weight (MW). For
evaluation of PCR template competition and the pos-
sible interaction among difference species (including
Tetrahymena species and non-target species), DNA
of single, couple and five species (regarding species
richness) were mixed with different ratios (regarding
species evenness) for Q-PCR analysis, and PCR were
performed in separate assays with three replications
for each sample.
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Fig. 1 Regressing cell number of Tetrahymena against the
DNA yield, showing observations (�), predictions (solid
line), and 95% confidence on predictions (dotted lines).

Statistical analysis

Data were analysed with software of SPSS 13.0,
XLSTAT-PRO 7.5 or ABI 7300 SDS. Data sets
with large span between samples (e.g., numbers of
18S rDNA copy, number of cells) were performed
with log-transformation (base 10) before analysis.
The variation among samples was investigated using
one way ANOVA, and paired t-tests were carried
out to test for any significant differences between
replications and samples. Regression analysis was
applied to check the correlation between cell numbers
and DNA yields, further regression was performed to
estimate the relations between rDNA copies and target
biomass.

RESULTS

DNA extraction and preliminary real-time
quantitative PCR

The extracted genomic DNAs were initially evaluated
using 0.7% agarose gel electrophoresis, and each
sample showed a clear genomic DNA band. DNA
yields from different amounts of cells indicated that
the amounts of genomic DNA increased linearly with
increasing number of cells (R2 = 0.89, P < 0.001,
Fig. 1). The 10–1000 fold dilutions of extracted DNA
tested by Q-PCR can show positive cycle threshold
(Ct) values, but negative controls did not detect Ct
value in 40 PCR cycles. Melting curve analysis
consistently showed that amplification of all samples
produced one sharp peak. The amplicons visualized
in agarose gel also indicated single product with the
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Fig. 2 Example of qualitative PCR amplification from
known amounts of plasmid DNA to construct standard
curves for quantification of unknown samples.

expected MW, and no primer-dimer formation was de-
tected in NTC. All these observations suggested that
the extracted DNAs met the requirement of Q-PCR
analysis.

Reproducibility of real-time quantitative PCR

Q-PCR analysis on different concentration of known
plasmid DNA (from 3.08× 103 to 3.08× 107

copies/µl) showed higher reproducibility of intra-
(replicate Q-PCR amplifications in the same
experiment plate) and inter-assays (replicate Q-PCR
amplifications in separate plates). The known amount
of standards revealed a strong liner relationship
between starting rDNA copies and Ct (R2 = 0.999,
Fig. 2) with amplification efficiency from 94% to 96%
(Table 1). The six individual standard curves (three
replications in each of the two separate assays) were
highly reproducible and differences between them
were not significant (p > 0.05). Covariance analysis
also showed no significant differences in slope
(p > 0.44), efficiency (p > 0.46), and y-intercept
(p > 0.33) of the six standard curves. Over the linear
range of these standards, the average coefficient of
variation (CV) of the Ct values within assays only
ranged from 0.18% to 0.96%, and that between assays
ranged from 0.45% to 3.07%. When applied these
standard curves to quantify the unknown samples,
results indicated that the Ct values of each sample
(three replicates in each separate Q-PCR assay) were
also not significantly different (p > 0.05). All these
suggesting high reproducibility as well as reliability
in the present Q-PCR assays, and therefore it can be
applied for sample quantification.
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Table 1 Regression coefficient (R2), slope, amplification efficiency, and y-intercept values of different standard curves,
amplified in separate Q-PCR assays.

Q-PCR assay 1 Q-PCR assay 2 p value of

A B C A B C inter-assays

R2 0.999 0.999 0.999 0.999 0.999 0.999 –
Slope −3.48 −3.46 −3.48 −3.42 −3.46 −3.42 0.06
Efficiency (%) 93.82 94.49 93.73 96.25 94.40 96.11 0.07
y-intercept 39.51 39.50 39.70 39.60 39.98 39.85 0.14

A, B and C indicated the duplicate standard curves in the same Q-PCR assay plate.

Sample quantification and biomass evaluation

Duplications of non-target negative controls (contain-
ing no Tetrahymena DNA, but only bacterial DNA as
template) gave fluorescence signal similar to that of
NTC. However, a relatively low content of target DNA
(0.14 ng applied herein) can be detected and showing
positive fluorescence signal (Ct ≈ 32). The Ct values
for standards and unknown samples ranged from 13–
28 (corresponding to gene copies from 103 to 107),
and all the NTC (three replications in each run) did
not detect Ct value in the 40 cycles of PCR. The
average coefficient of variation (CV) of Ct value for
the triplicate unknown samples within Q-PCR assays
ranged from 0.10% to 0.67%, that between Q-PCR
assays was also very low (ranging from 0.18% to
1.64%). By analysing logarithms transformation (base
10) of the 18S rDNA (copies/µl) initially presented in
the PCR mixture, its mean CV ranged from 0.11%
to 0.84%, and from 0.26% to 1.51% for intra- and
inter-assays, respectively. Here we only performed
comparison of 18S rDNA copies of different samples
and their triplications within Q-PCR assay as recom-
mend by Smith et al15. According to the value of
Tetrahymena per cell18, 19, linear regression equations
can be established between Tetrahymena biomass and
the determined rDNA copies (R2 > 0.99, p < 0.002).

DISCUSSION

Biomass evaluation has historically been a crucial step
encountered to study the key ecological issues such
as productivity, metabolism1, 2. However, evaluating
microbial biomass with direct counting or indirect
physical/chemical methods are generally complicated,
time consuming1, 5, and taxa-specific evaluation with
these traditional methods is even impossible. DNA
is a fundamental constituent of all organisms and
showed close relation to biological productivity20, and
therefore the content of DNA has also been used as an
indicator of microbial biomass6, 21. However, direct
DNA content measurement using spectrophotometry,

high performance liquid chromatography, or some
other protocols still suffered from lack of precision
and reliability due to number of factors22.

With increasing availability of reliable proce-
dures to extract metagenomic DNA, and benefit
from rapidly developed molecular technology such
as Q-PCR. Quantification of bacterial23, fungal10,
rumen protozoal11, and algal abundance13, 14 with am-
plicons of rRNA gene or ITS region has been validated
to determine total biomass of targeted microorgan-
isms. However, few attempts have been made to the
taxa-specific (e.g., genus level) biomass evaluation.
For all DNA-based molecular analysis, successful
DNA recovery is the first prerequisite. Results of the
present study indicate that using different number of
cells applied in DNA extraction consistently produce
higher yields of genomic DNA. The DNA amount was
linearly related to the number of pooled Tetrahymena
cells (Fig. 1), indicating that the recovery efficiency
and reproducibility of DNA extraction were reliable.
The dilutions of extracted DNA tested in preliminary
Q-PCR also indicated that the obtained genomic DNA
met the requirement of subsequent analysis.

Generally, most organisms in an ecosystem be-
long to a few numerically dominant species and many
species with low abundance24. Therefore, multiple
species with different ratios were pooled and ap-
plied herein for PCR to simulate DNAs competitions
as that derived from natural environmental samples.
Also, attention should be paid to PCR reproducibility,
which has been satisfied in the present study (Table 1,
Fig. 2) for our further biomass determination. As the
18S rRNA gene copies of Tetrahymena are relatively
stable8, 25, here we applied 18S rDNA as a marker
to explore the Tetrahymena-specific biomass evalua-
tion. Although relative lower of Tetrahymena DNA
(0.14 ng) could be detected in Q-PCR analysis, we
did not use that lower level of DNA in order to get
a relative higher Ct value for sample quantification.
Because low copy number will be less accurate than
that quantifying high gene copies due to a higher
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proportion of negative signals in the former determi-
nation15. With the optimized Q-PCR conditions, final
analysis suggested that Tetrahymena-specific biomass
can be realized according to the rDNA copies deter-
mined by Q-PCR. Furthermore, the interactions and
effects resulted from coexistence of multi-species can
be reflected by their relative abundance. Although
the present study only addressed cultured Tetrahy-
mena simulating simple environmental conditions,
these results have highlighted new insights into taxa-
specific biomass evaluation regarding other eukaryotic
microorganisms with DNA-based methods.

Sequences available in public databases (e.g.,
GenBank: http://www.ncbi.nlm.nih.gov; EMBL: http:
//www.ebi.ac.uk/embl; DDBJ: http://www.ddbj.nig.
ac.jp) have been proliferating continuously as a
result in the improvement of sequencing technol-
ogy, especially after the use of clone library-based
metagenome26 and ultra-high-throughput sequencing
approaches27. Undoubtedly, more and more new/up-
date sequences will be available, and therefore will
greatly enhance our ability to design appropriate
taxa-specific primers/probes to address taxa-specific
biomass evaluation. On the other hand, combining dif-
ferent DNA-based approaches have provided promis-
ing insight into microbial ecology28–30, which will
also strengthen DNA-based biomass evaluation. For
example, the microarrays, which increasingly used in
screening the presence of specific taxa or functional
genes from environmental microbial communities31,
provided opportunity to undertake the DNA-based
biomass evaluation of environmental samples. With
an initial amplification step before hybridization, mi-
croarrays could be used for quantitative assessments
of gene abundance32. Therefore, quantitative changes
in taxa-specific biomass can be validated by mi-
croarrays combining with Q-PCR based approaches.
Another example is the DNA barcoding, which pro-
vided powerful tool for taxonomic and biodiversity
research33, will also contribute to the taxa-specific
biomass evaluation if microorganisms of interest in
the environmental samples can be identified according
to a standardized DNA region.

As discussed above, it is reasonable to believe
that with continuing development of currently used
methods and introduction of some more refined tech-
niques, the DNA-based taxa-specific biomass eval-
uation will increase our potency to understand the
ecological function of different groups in the ecosys-
tem. Of course, when applying this strategy to
evaluate microbial biomass in environmental samples,
it should note the varying cellular copy numbers of
target gene operon31. Thus number of gene copies

ought to be estimated with cells representing target
species belonging to different phylogenetic groups in
advance13. Another important point is the weight per
cell may not be fixed, especially for organisms under
different environmental conditions. These problems
need further studies to find more appropriate target
genes with stable copies, and works are also needed
to search for practical conversion between gene copies
and biomass.
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R (2009) New insights into the diversity of marine
picoeukaryotes. PLoS ONE 4, e7143.

31. Smith CJ, Osborn AM (2009) Advantages and limita-
tions of quantitative PCR (Q-PCR)-based approaches
in microbial ecology. FEMS Microbiol Ecol 67, 6–20.

32. Brodie EL, DeSantis TZ, Moberg Parker JP, Zubietta
IX, Piceno YM, Andersen GL (2007) Urban aerosols
harbor diverse and dynamic bacterial populations. Proc
Natl Acad Sci USA 104, 299–304.

33. Valentini A, Pompanon F, Taberlet P (2009) DNA
barcoding for ecologists. Trends Ecol Evol 24, 110–7.

www.scienceasia.org

http://www.scienceasia.org/2013.html
http://dx.doi.org/10.1098/rsbl.2003.0025
http://dx.doi.org/10.1098/rsbl.2003.0025
http://dx.doi.org/10.1098/rsbl.2003.0025
http://dx.doi.org/10.1098/rsbl.2003.0025
http://dx.doi.org/10.1016/S0168-6496(03)00163-6
http://dx.doi.org/10.1016/S0168-6496(03)00163-6
http://dx.doi.org/10.1016/S0168-6496(03)00163-6
http://dx.doi.org/10.1016/S0168-6496(03)00163-6
http://dx.doi.org/10.1016/S0168-6496(03)00163-6
http://dx.doi.org/10.1264/jsme2.ME08515
http://dx.doi.org/10.1264/jsme2.ME08515
http://dx.doi.org/10.1264/jsme2.ME08515
http://dx.doi.org/10.1264/jsme2.ME08515
http://dx.doi.org/10.1016/j.femsec.2004.10.006
http://dx.doi.org/10.1016/j.femsec.2004.10.006
http://dx.doi.org/10.1016/j.femsec.2004.10.006
http://dx.doi.org/10.1016/j.femsec.2004.10.006
http://dx.doi.org/10.1128/AEM.01298-08
http://dx.doi.org/10.1128/AEM.01298-08
http://dx.doi.org/10.1128/AEM.01298-08
http://dx.doi.org/10.1128/AEM.01298-08
http://dx.doi.org/10.1128/AEM.01298-08
http://dx.doi.org/10.1111/j.1462-2920.2005.00963.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00963.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00963.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00963.x
http://dx.doi.org/10.1111/j.1462-2920.2005.00963.x
http://dx.doi.org/10.1016/j.protis.2006.02.006
http://dx.doi.org/10.1016/j.protis.2006.02.006
http://dx.doi.org/10.1016/j.protis.2006.02.006
http://dx.doi.org/10.1007/BF00006621
http://dx.doi.org/10.1007/BF00006621
http://dx.doi.org/10.1007/BF00006621
http://dx.doi.org/10.4319/lo.1984.29.5.1091
http://dx.doi.org/10.4319/lo.1984.29.5.1091
http://dx.doi.org/10.4319/lo.1984.29.5.1091
http://dx.doi.org/10.1016/0967-0637(93)90083-F
http://dx.doi.org/10.1016/0967-0637(93)90083-F
http://dx.doi.org/10.1016/0967-0637(93)90083-F
http://dx.doi.org/10.1016/0967-0637(93)90083-F
http://dx.doi.org/10.2323/jgam.49.101
http://dx.doi.org/10.2323/jgam.49.101
http://dx.doi.org/10.2323/jgam.49.101
http://dx.doi.org/10.2323/jgam.49.101
http://dx.doi.org/10.1128/AEM.67.2.972-976.2001
http://dx.doi.org/10.1128/AEM.67.2.972-976.2001
http://dx.doi.org/10.1128/AEM.67.2.972-976.2001
http://dx.doi.org/10.1017/S0022149X08982626
http://dx.doi.org/10.1017/S0022149X08982626
http://dx.doi.org/10.1017/S0022149X08982626
http://dx.doi.org/10.1017/S0022149X08982626
http://dx.doi.org/10.1016/S0959-437X(05)80091-7
http://dx.doi.org/10.1016/S0959-437X(05)80091-7
http://dx.doi.org/10.1016/S0959-437X(05)80091-7
http://dx.doi.org/10.1126/science.1093857
http://dx.doi.org/10.1126/science.1093857
http://dx.doi.org/10.1126/science.1093857
http://dx.doi.org/10.1126/science.1093857
http://dx.doi.org/10.1038/nature06810
http://dx.doi.org/10.1038/nature06810
http://dx.doi.org/10.1038/nature06810
http://dx.doi.org/10.1038/nature06810
http://dx.doi.org/10.1023/A:1003763117784
http://dx.doi.org/10.1023/A:1003763117784
http://dx.doi.org/10.1023/A:1003763117784
http://dx.doi.org/10.1016/S0966-842X(01)02257-0
http://dx.doi.org/10.1016/S0966-842X(01)02257-0
http://dx.doi.org/10.1016/S0966-842X(01)02257-0
http://dx.doi.org/10.1371/journal.pone.0007143
http://dx.doi.org/10.1371/journal.pone.0007143
http://dx.doi.org/10.1371/journal.pone.0007143
http://dx.doi.org/10.1111/j.1574-6941.2008.00629.x
http://dx.doi.org/10.1111/j.1574-6941.2008.00629.x
http://dx.doi.org/10.1111/j.1574-6941.2008.00629.x
http://dx.doi.org/10.1073/pnas.0608255104
http://dx.doi.org/10.1073/pnas.0608255104
http://dx.doi.org/10.1073/pnas.0608255104
http://dx.doi.org/10.1073/pnas.0608255104
http://dx.doi.org/10.1016/j.tree.2008.09.011
http://dx.doi.org/10.1016/j.tree.2008.09.011
www.scienceasia.org

