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Accurate enumeration of rRNA content in microbial cells, e.g. by using the 16S rRNA:16S rRNA gene ratio, is crit-
ical to properly understand its relationship to microbial activities. However, few studies have considered possible
methodological artifacts that may contribute to the variability of rRNA analysis results. In this study, a technique
utilizing genomic DNA and 16S rRNA from an exogenous species (Pseudomonas fluorescens) as dual internal
references was developed to improve accuracy when determining the 16S rRNA:16S rRNA gene ratio of a target
organism, Escherichia coli. This technique was able to adequately control the variability in sample processing and
Bacterial 165 rRNA analysis procedures due to nucleic acid (DNA and RNA) losses, inefficient reverse transcription of RNA, and inef-
165 rRNA:16S rRNA gene ratio ficient PCR amplification. The measured 16S rRNA:16S rRNA gene ratio of E. coli increased by 2-3 fold when E. coli
qPCR 16S rRNA gene and 16S rRNA quantities were normalized to the sample-specific fractional recoveries of reference
Internal reference (P. fluorescens) 16S rRNA gene and 16S rRNA, respectively. In addition, the intra-sample variation of this ratio,
Bioaerosols represented by coefficients of variation from replicate samples, decreased significantly after normalization.
This technique was applied to investigate the temporal variation of 16S rRNA:16S rRNA gene ratio of E. coli during
its non-steady-state growth in a complex liquid medium, and to E. coli aerosols when exposed to particle-free air
after their collection on a filter. The 16S rRNA:16S rRNA gene ratio of E. coli increased significantly during its early
exponential phase of growth; when E. coli aerosols were exposed to extended filtration stress after sample collec-
tion, the ratio also increased. In contrast, no significant temporal trend in E. coli 16S rRNA:16S rRNA gene ratio
was observed when the determined ratios were not normalized based on the recoveries of dual references.
The developed technique could be widely applied in studies of relationship between cellular rRNA abundance
and bacterial activity.
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1. Introduction bacterial species in pure cultures (Kerkhof and Ward, 1993; Muttray

et al., 2001; Dortch et al., 1983; Poulsen et al., 1993). A more recent

The small subunit ribosomal RNA (ssu rRNA) of bacteria (in particu-
lar, 16S rRNA or 16S rRNA gene) has been commonly used to assess the
phylogenetic structure of microbial communities in various ecosystems,
because it is ubiquitous and has low mutation rates throughout pro-
karyotic evolution (Woese, 1987). Unlike the rapid turnover of messen-
ger RNA (mRNA) within the cell, rRNA is perceived as a relatively stable
RNA type (Deutscher, 2003). As a result, the 16S rRNA has been fre-
quently used as an endogenous reference to normalize the mRNA quan-
tities when studying the expression of a specific functional gene (Takle
et al,, 2007; Arunasri et al., 2014; Fey et al., 2004). However, the rRNA
content within a cell is also known to change depending on the physio-
logical state of the cell. For example, a number of studies have shown a
positive correlation between rRNA content and growth rates of specific
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study also reported elevated rRNA content for Sphingomonas aerolata
aerosols supplied with gaseous growth substrates in a rotating bioreac-
tor (Krumins et al., 2014). Blazewicz et al. indicated in a review paper
that little information is available regarding the relationship between
non-growth activities and bacterial rRNA content (Blazewicz et al.,
2013). Thus, the relationship between the microbial rRNA content and
change of environmental conditions or environmental stressors is still
inconclusive and needs further exploration.

The relative abundance of 16S rRNA with respect to DNA, often
presented as the 16S rRNA:16S rRNA gene ratio, is considered to be an
indicator of microbial activity or potential of being active (Campbell
et al.,, 2011; Perez-Osorio et al., 2010; Pitkanen et al., 2013; Kim and
Wang, 2009; Campbell et al., 2009; Hawkins et al., 2012). To determine
the rRNA abundance in a microbial sample, the 16S rRNA and 16S rRNA
gene must be quantified separately. A number of studies have applied
both quantitative polymerase chain reaction (qPCR) and reverse
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transcription-qPCR (RT-qPCR) to examine the 16S rRNA:16S rRNA gene
ratio for microbes from a variety of environmental systems, including
plant leaves (Kim and Wang, 2009), marine surface waters (Campbell
etal., 2011,2009), biofilms (Perez-Osorio et al., 2010), nitrification reac-
tor (Hawkins et al., 2012) and water from sewage treatment plants
(Pitkanen et al,, 2013). Most studies do not specifically report the extent
of DNA or RNA losses during sample processing when determining the
rRNA abundance, thus the accuracies of those reported ratios, which
spanned almost 5 orders of magnitude from ~0.1 (Hawkins et al.,
2012) to ~10* (Perez-Osorio et al., 2010), are largely unknown. In addi-
tion, high intra-sample variation, as indicated by large coefficients of
variation (CV) within sample replicates, has also been observed in
these studies (Perez-Osorio et al., 2010; Pitkanen et al., 2013; Kim and
Wang, 2009; Campbell et al., 2009; Hawkins et al., 2012). The large
intra-sample variation could reduce the statistical power to detect
true differences among multiple samples. Therefore, a more robust an-
alytical method is needed to determine the 16S rRNA:16S rRNA gene
ratio with improved accuracy and reduced intra-sample variation so
that the relationship between the rRNA abundance and bacterial activ-
ity could be examined.

In most gene expression studies, the variation among individual
samples comes from two different sources: the biological variability
and technical variability (Cheng et al., 2012; Oberg et al, 2012;
Whitehead and Crawford, 2006). The biological variability is the inher-
ent difference in RNA transcription level between individual samples
such as sample replicates (Cheng et al., 2012; Oberg et al., 2012). On
the other hand, the technical variability is mainly influenced by experi-
mental artifacts (Cheng et al., 2012; Whitehead and Crawford, 2006),
and thus could be controlled and reduced by modification of experi-
mental procedures and parameters. For studies of 16S rRNA:16S rRNA
gene ratio, the technical variability can stem from multiple sources,
e.g. sample losses during DNA/RNA isolation and DNase treatment of
RNA samples, inefficient reverse transcription of 16S rRNA, and biased
quantification of 16S rRNA genes or reverse transcribed 16S rRNA dur-
ing qPCR. To control this variability, an exogenous internal reference
technique has been applied in a number of previous studies of RNA
quantification by RT-qPCR (Smith et al., 2003; Johnson et al., 2005;
McMaugh and Lyon, 2003; Wagner et al., 2009). It is assumed that the
reference RNA, a known amount of which is amended to the sample
of interest prior to RNA extraction, behaves similarly to the target RNA
analyte through the entire analysis process. The quantity of the target
RNA analyte is then obtained by normalizing the recovered target RNA
quantity to the fractional recovery of the reference RNA. In addition to
its application in RNA quantification, the exogenous internal reference
technique has also been used to enumerate DNA in environmental
samples (Hatt et al., 2013; Sen et al., 2007; Luciano et al., 2007).

To further improve accuracy and reduce variability when analyzing
16S rRNA:16S rRNA gene ratio in bacterial samples, including bioaerosol
samples, we developed an exogenous dual-internal-reference tech-
nique. Specifically, known amounts of 16S rRNA and genomic DNA
from a reference bacterial species (Pseudomonas fluorescens) were
spiked into the target Escherichia coli samples prior to DNA and RNA
co-extraction from both species. This technique was then applied to
E. coli from both liquid culture and bioaerosol samples to investigate
the variation of 16S rRNA:16S rRNA gene ratio as a function of bacterial
growth and potential activity in response to environmental stressors. To
the best of our knowledge, this is the first study to apply dual internal
references simultaneously to accurately quantify RNA and DNA from a
microbial sample.

2. Materials and methods
2.1. Extraction of nucleic acids

Total nucleic acids including genomic DNA and RNA were simulta-
neously extracted from E. coli (ATCC 15597, Manassas, VA) cell pellets

or E. coli aerosols collected on filters (sampling described in section
“Aerosolization of E. coli”) using a phenol/chloroform-based method de-
veloped by Kerkhof et al. (Kerkhof and Ward, 1993; Kerkhof and Kemp,
1999). Briefly, bacterial cells were suspended in 50 pl buffer A (50 mM
glucose, 10 mM EDTA and 25 mM pH = 8.0 Tris) and treated with
five quick freeze/thaw cycles of freezing with liquid nitrogen and
thawing in a water bath at 55 °C, respectively. Thereafter, 200 pl of
buffer A, 100 pl of 4 mg/ml lysozyme in buffer A and 50 pl of 500 mM
EDTA were added in sequence into the sample. After incubation at
room temperature for 5-10 min, a 50 pl 10% sodium dodecyl sulfate
(SDS) solution was added into the sample solution. The cell lysate was
then extracted twice with 800 pl phenol-chloroform-isoamyl alcohol
mixture (25:24:1, pH = 6.7, Fisher Scientific, Pittsburgh, PA). Next,
the aqueous phase was mixed with 50 pl of 3.0 M sodium acetate, 2 pl
of glycogen (20 mg/ml), and 1 ml 100% ice-cold ethanol. The nucleic
acids were pelleted by centrifugation at 16,100 xg at 4 °C for 15 min
and then washed once with 400 pl 70% ethanol solution. The pellets
were dried under a laminar flow hood for 10 min and stored at —80 °C.

2.2. Preparation of dual internal references

The 16S rRNA reference was prepared from the total nucleic acid ex-
tracts of 8 ml of pure P. fluorescens (ATCC 13525) culture (7.6 x 108 &
2.3 x 108 cells/ml as determined by microscopy) that was initially ob-
tained using aforementioned phenol/chloroform protocol (described
in section “Extraction of nucleic acids”). Particularly, the total nucleic
acids were dissolved in 600 pl DEPC-water and loaded in small quanti-
ties into individual wells on a 1.2% agarose gel. The volume of each load-
ed sample after mixing with loading dye was 10 pl (<5 pg nucleic acids)
per well, and thus a total of ~70 wells on three individual agarose gels
were used. Electrophoresis was performed at 110 V for 45 min in cold
1x TAE buffer and the 16S rRNA was separated from other nucleic
acids. The 16S rRNA bands on each gel were excised using a sterile
stainless-steel blade and collected into 10 microcentrifuge tubes, each
of which contained ~400 mg gel material. The agarose gel pieces con-
taining 16S rRNA bands were then extracted and purified with a
Zymoclean™ Gel RNA Recovery Kit (Zymo Research Corp., Irvine, CA)
according to the manufacturer's protocol. The quality of total nucleic
acid extracts and purified 16S rRNA reference were initially checked
by agarose gel electrophoresis (1.2%, 110 V for 45 min) with a Lambda
DNA/HindIIl marker (Thermo Scientific, Waltham, MA), and examined
further with the BioRad Experion™ automated electrophoresis system
(Hercules, CA).

To prepare the genomic DNA reference from P. fluorescens, 4 ml
of freshly grown pure culture (7.6 x 108 & 2.3 x 108 cells/ml) were
harvested and subjected to nucleic acid extraction using aforemen-
tioned phenol/chloroform protocol (described in section “Extraction
of nucleic acids”) with the following modifications: once SDS solu-
tion was added, 1 pl of 10 unit RNase ONE™ ribonuclease (Promega,
Madison, WI) was applied to each crude extract for 10 min at 37 °C;
the cell lysate was extracted by phenol-chloroform-isoamyl alcohol
mixture three times instead of twice; the total nucleic acids dissolved
in DEPC-water after ethanol precipitation were further treated with
2.5 units of RNase ONE™ ribonuclease for 30 min at 37 °C, and then
RNase was inactivated by adding 5 mM Dithiothreitol (DTT) and incu-
bating at 70 °C for 15 min. The complete degradation of RNA in DNA/
RNA mixture was verified by gel electrophoresis on a 1.2% agarose gel
(110V, 45 min) with 1000-bp DNA ladders (Thermo Scientific). In the
final step, the genomic DNA extracts were purified using a DNeasy
blood & tissue kit (Qiagen, Valencia, CA) according to the manufacturer's
protocol.

The genomic DNA and 16S rRNA standards for E. coli were prepared
in the same way as for P. fluorescens. Two separate 2-ml aliquots of
E. coli pure culture (1.6 x 10° & 3.3 x 10® cells/ml, as determined by
microscopy) were used for the preparation of each standard.
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2.3. Quantification of genomic DNA and 16S rRNA standards

The purified genomic DNA and 16S rRNA extracts from both bacteria
were quantified individually by a Qubit dsDNA HS assay kit and RNA HS
assay kit (Life Technologies, Grand Island, NY) with a Qubit 2.0 fluorom-
eter (Life Technologies). After quantification, the DNA and RNA extracts
were divided into several microcentrifuge tubes and stored at —80 °C
prior to use.

The concentrations of genomic DNA were converted from a mass
basis to a 16S rRNA gene copy number basis using Eq. (1):

G x fxn
CIGS rRNA gene — % (1)

where Cigs rrnA gene IS the number concentration of 16S rRNA gene
in a sample (copies/ml); Cnass is the mass concentration of genomic
DNA in the same sample (ng/ml); f is the average number of base
pairs per unit mass of DNA, which is equal to 0.978 x 10'2 bp/ng
(Dolezel et al., 2003); n is the average number of 16S rRNA gene copies
in the bacterial genome, which are 7 and 5 for E. coli (Blattner et al.,
1997) and P. fluorescens (Redondo-Nieto et al., 2012), respectively;
and N is the number of base pairs in the bacterial genome: 4,639,221
and 6,845,832 bp for E. coli (Blattner et al., 1997) and P. fluorescens
(Redondo-Nieto et al., 2012), respectively. The number concentration
of 16S rRNA was determined by Eq. (2):

C x K _
Cies RNA = % x107° (2)

where Cigs rna iS the number concentration of 16S rRNA in a sample
(copies/ml); Cpass is the mass concentration of 16S rRNA in the same
sample (ng/ml); K is the Avogadro's Constant (6.02214129 x 10?%/mol);
and M is the molecular weight of target 16S rRNA (g/mol), which was
determined using Eq. (3):

M = 320.5 x N + 159 3)

where M is the molecular weight of 16S rRNA (g/mol); and N is the
number of nucleotides for a complete 16S rRNA sequence, which are
1542 and 1529 for E. coli (Blattner et al., 1997) and P. fluorescens
(Redondo-Nieto et al.,, 2012), respectively.

2.4. Primers and probes

Tagman primer-probe sets were purchased from Sigma-Aldrich
(Woodlands, TX). The primer-probe sets were designed using Beacon
Designer's program (Premier Biosoft, Palo Alto, CA) to target the 16S
rRNA gene sequence of E. coli and P. fluorescens. For E. coli 16S rRNA
gene, the set included a forward primer: GGGAGTAAAGTTAATACCTT
TG, a reverse primer: CCAGTATCAGATGCAGTTC, and a FAM-labeled
probe: TCACATCTGACTTAACAAACCGCCT-FAM. The primer-probe set
for P. fluorescens 16S rRNA gene included a forward primer: CCTTGTCC
TTAGTTACCAG, a reverse primer: CTCTGTACCGACCATTGTA, and a
HEX-labeled probe: CACTCTAAGGAGACTGCCGGTGAC-HEX.

2.5. Quantitative PCR

Multiplex quantitative PCR was performed using the iCycler iQ5 RT-
PCR detection system (Bio-Rad Laboratories, Hercules, CA) to quantify
E. coli and P. fluorescens 16S rRNA genes or reverse transcribed 16S
rRNA, simultaneously. The determined optimal reaction conditions in
a 20 pl mixture included 10 pl of 2 x TagMan® universal PCR master
mix (Life Technologies), 650 nM of each forward and reverse primer,
200 nM of each probe, 0.04 mg/ml of bovine serum albumin (Sigma,
St. Louis, MO) and 4 pl of sample DNA or ¢cDNA. The amplification

reaction was performed using the following temperature program:
10 min of denaturation at 95 °C and 40 cycles of 15 s of denaturation
at 95 °C and 1 min of annealing/extension at 58 °C and 30 s further
extension at 72 °C. Data analysis was performed using the iCycler iQ
real-time detection system software. A 10-fold serial dilution of mixture
containing E. coli and P. fluorescens genomic DNA standards [with simi-
lar 16S rRNA gene copy numbers for each organism] was performed in
multiplex qPCR along with samples in each plate. Standard curves for
individual amplicons (E. coli or P. fluorescens 16S rRNA gene sequence)
were prepared by plotting each cycle threshold (Cr) value against the
log of target gene copy number contained in the mixture. Standard
curves for single-stranded cDNA (reverse transcribed 16S rRNA) were
produced by plotting each Cy value against the log of double the theo-
retical copy number of the double-stranded 16S rRNA gene standard
(genomic DNA extracts). Each sample and standard was measured by
multiplex qPCR in triplicate.

2.6. Determination of 16S rRNA:16S rRNA gene ratio of E. coli samples

Prior to nucleic acid extraction, E. coli samples were spiked with
dual internal references: 5 pl of genomic DNA from P. fluorescens
(1.1 x 10° copies of 165 rRNA gene/ul) and 5 pl 16S rRNA extracts
from P. fluorescens (8.6 x 10° copies/ul). After extraction, the pellets,
including genomic DNA and RNA of both bacterial species, were resus-
pended in 100 pl diethylpyrocarbonate (DEPC)-treated water and divid-
ed into two aliquots. The first aliquot was used to quantify 16S rRNA
genes of both bacterial species using the multiplex qPCR protocol
described in section “Quantitative PCR”, while the other aliquot was
saved at — 80 °C for subsequent RNA analysis. The quantity of E. coli
16S rRNA gene was obtained by normalizing the recovered quantity to
the fractional recovery of P. fluorescens 16S rRNA gene.

The nucleic acid extracts aliquoted for RNA quantification were
subjected to DNA removal and reverse transcription prior to qPCR.
DNA was removed using the Ambion TURBO DNA-free DNase kit
(Life Technologies, Grand Island, NY) following the manufacturer's
instructions. No amplicons were obtained in PCR reaction with DNase-
treated RNA sample and primer sets targeting general bacterial 16S
rRNA gene sequences. The DNA-free RNA sample was reverse tran-
scribed into cDNA using SuperScript® VILO cDNA synthesis kit (Life
Technologies), and then cDNA was diluted and analyzed for 16S rRNA
from both bacterial species in a multiplex qPCR reaction. The quantity
of E. coli 16S rRNA was obtained by normalizing the recovered quantity
to the fractional recovery of P. fluorescens 16S rRNA.

2.7. Change in 16S rRNA:16S rRNA gene ratio for E. coli growing in liquid
culture

The dual-internal-reference technique was applied to investigate
the temporal variation of 16S rRNA:16S rRNA gene ratio for E. coli during
non-steady-state growth in a complex liquid medium. Briefly, a few
E. coli colonies from a TSA agar plate were randomly picked and inocu-
lated in a 50 ml freshly made TSB medium under strict aseptic condi-
tions. The inoculated medium was incubated at 37 °C on a mechanical
shaker at 120 rpm for over 16 h. 100 pl homogenized culture samples
were taken 1, 2, 3,4, 5,6, 7,9, 12 and 16 h after inoculation and stored
at — 80 °C prior to analyzing their 16S rRNA:16S rRNA gene ratio. The
optical density at 600 nm (O.D. 600) of E. coli culture was measured
using a spectrophotometer (PerkinElmer, Shelton, CT) hourly over
16 h after inoculation. The relative growth rate, V;, of E. coli in the liquid
culture each hour was determined using Eq. (4):

Vi = (Abs¢ 1 —Abs;)/Abs (4)

where Abs, is the O.D. 600 of culture at time t; and Abs; . 1 is the O.D. 600
of culture at t + 1 h.



116 H. Zhen et al. / Journal of Microbiological Methods 117 (2015) 113-121

2.8. Aerosolization of E. coli

The dual-internal-reference technique was also applied to inves-
tigate the temporal variation of 16S rRNA:16S rRNA gene ratio of
E. coli aerosols that were collected on a filter and then exposed to
particle-free air for different time periods. Briefly, the precultured
E. coli cells were first pelleted and then washed twice with 1x PBS
solution by centrifugation at 6000 xg for 5 min at 25 °C (BR4;
Jouan, Winchester, VA) and refilled with 50 ml 1x PBS solution
after the second wash. A 100 pl of liquid E. coli culture was saved at
—80 °C to enable the determination of the 16S rRNA:16S rRNA
gene ratio of E. coli before aerosolization. The bacterial suspensions
were aerosolized using a Single-Pass Aerosolizer (CH Technologies
Inc., Westwood, NJ) which was previously shown to induce lower
aerosolization stress to bacteria compared to other commonly used
bioaerosol generators (Zhen et al., 2014). The culture was supplied
by a syringe pump (Kent Scientific Corp., Torrington, CT) at a rate
of 0.1 ml/min, and the aerosolization air flow rate was 1.2 I/min.
The aerosolized E. coli was diluted with a particle-free airflow at
80 I/min and introduced into an open cylinder-shaped chamber
(36 cm in length x 10 cm in diameter). The aerosolization time was
1 min. Five Button aerosol samplers (SKC Inc., Eighty Four, PA) were
placed inside the chamber and simultaneously operated for 1 min
to sample E. coli bioaerosol on 0.8 pm-pore-size and 22 mm-diameter
polyethersulfone (PES) membrane filter (SUPOR filter, Pall Corp.,
Port Washington, NY). Once E. coli aerosolization stopped, all Button
samplers continued to sample particle-free air (relative humidity
at 25-30%) for another 0, 2, 4, 6 and 10 h (one Button sampler for
each extra time period). After that, filters from each sampler were
removed and cut into 1 cm x 1 cm pieces with sterile scissors and stored
at —80 °C. The entire experiment was conducted inside a Class II
Biosafety cabinet (NUAIRE Inc., Plymouth, MN) to prevent the release
of bioaerosols into the laboratory environment.

2.9. Statistical analysis

Statistical analysis was performed using SPSS v.18.0 (IBM Corp.,
Armonk, NY). The specific statistical tests and investigated variables
are described in more detail in Table S1 in Supplementary Informa-
tion. Overall, a statistically significant difference was assumed for
p <0.05.

3. Results

3.1. Quality of genomic DNA and 16S rRNA extracted from E. coli and
P. fluorescens

The quality of genomic DNA and 16S RNA was initially assessed
by agarose gel electrophoresis as shown in Fig. S1 in Supplementary
Information. Tight bands of 16S rRNA (Fig. S1a) and genomic DNA
(Fig. S1b) for both bacterial species indicated integrity of both
nucleic acids. A BioRad Experion™ automated electrophoresis sys-
tem was employed to examine further the integrity of total RNA
extracts used for 16S rRNA isolation and the isolated 16S rRNA for
both bacterial species (Fig. 1). The ratios of 23S rRNA to 16S rRNA
in total RNA extracts are closed to 1.5 (1.43 for P. fluorescens)
or higher than 1.5 (1.80 for E. coli), a sign of high RNA quality
(Bhagwat et al., 2013). In addition, the flat baseline and low back-
ground in electrophorogram of 16S rRNA isolated from both species
indicated minimal degradation of RNA. It was estimated that 6 ug
and 3 pg of genomic DNA and 16S rRNA, respectively, were obtained
per ml of E. coli (1.6 + 0.3 x 10° cells/ml), and 3 pg and 2 pg of
genomic DNA and 16S rRNA, respectively, were obtained per ml of
P. fluorescens (7.6 & 2.3 x 102 cells/ml).

3.2. Development of multiplex qPCR assay for the determination of 16S
RNA genes of E. coli and P. fluorescens

Prior to multiplex qPCR assay, the validity of the designed primer
and probe sets for each bacterial species was evaluated by singleplex
qPCR assays using E. coli and P. fluorescens genomic DNA (Fig. 2). Linear
amplifications with quantification ranging from 102 to 10 copies of 16S
rRNA gene per reaction were obtained for both bacteria. The amplifica-
tion efficiencies for E. coli and P. fluorescens singleplex assays were 93.2%
and 89.4%, respectively, when the corresponding genomic DNA was
applied for each assay. No amplification was observed in simplex assays
using E. coli primer and probe set with P. fluorescens genomic DNA or
P. fluorescens primer and probe set with E. coli genomic DNA (data not
shown). In multiplex assay, when approximately equal quantities of
DNA from the two species were mixed and then serially diluted, linear
amplification was observed in the range from 10 to 107 copies of 16S
rRNA gene per assay. The slopes of the amplification curves did not
exhibit a significant difference between two target genes in the multi-
plex assay (p = 0.659), indicating similar amplification efficiencies for
both targets (85.7% for E. coli and 85.4% for P. fluorescens). Similarly,
the difference in amplification efficiencies between the multiplex and
singleplex assay for E. coli and P. fluorescens (reference) 16S rRNA
genes was not statistically significant: p = 0.08 in both cases.

One limitation of the multiplex qPCR technique is that when two
target amplicons are present at greatly different quantities, the amplifi-
cation signals often become distorted, especially for the less abundant
amplicon (Mutter and Boyton, 1995). This effect could result from
reagent limitation and/or amplification inhibition (Mutter and Boyton,
1995). Thus, to determine the conditions when such experimental
errors could be avoided, a suite of 10-fold dilutions (10>~107 copies
per sample) of E. coli 16S rRNA gene was mixed with similar dilutions
of P. fluorescens 165 rRNA gene (102-107 copies per sample) but in re-
verse order, e.g. ~107 copies of E. coli amplicon mixed with ~10? copies
of P. fluorescens 16S rRNA gene and ~ 10° copies of E. coli amplicon mixed
with ~10? copies of P. fluorescens 16S rRNA gene. These results are pre-
sented in Fig. S2. When the 16S rRNA gene quantity of E. coli was greater
than that of P. fluorescens by a factor of 1000:1 or higher, the Cy of
P. fluorescens increased compared to the singleplex assay (Fig. S2a). In
contrast, when P. fluorescens 16S rRNA gene quantities exceeded E. coli
16S rRNA gene quantities by a factor of 1000:1 or higher (Fig. S2b),
the Cr of E. coli decreased dramatically compared with the singleplex
assay. Thus, to achieve reliable quantification of both target genes
when performing multiplex assay, the difference in relative initial
quantities of E. coli and P. fluorescens 16S rRNA genes should not exceed
a factor of 1000. As a result, an initial estimate of the target E. coli 16S
rRNA gene quantity relative to that of the reference P. fluorescens in
each sample is needed prior to multiplex qPCR reaction.

3.3. Effect of initial cell quantities on the determination of 16S rRNA:16S
RNA gene ratio with dual-internal-reference technique

The data in Fig. S2 show that a substantial difference in initial quan-
tities of 16S rRNA gene from E. coli and P. fluorescens affects the quanti-
fication of both analytes when performing multiplex qPCR. Likewise,
when different amounts of E. coli 16S rRNA and rRNA gene are analyzed
with a fixed quantity of reference P. fluorescens 16S rRNA and rRNA
gene, the initial quantity of E. coli cells could have an effect on the ampli-
fication efficiency of both species and thus on the accuracy of the results.
To investigate this possibility, aliquots with a fixed quantity of reference
P. fluorescens genomic DNA and RNA (4.3 x 10'® and 5.5 x 10° copies of
16S rRNA gene and rRNA, respectively) were mixed with different
numbers of E. coli cells (2.0 x 10% to 2.0 x 10°) prior to DNA/RNA co-
extraction. The E. coli cells were prepared by making serial dilutions
from the same batch of pure culture, and three separate batches were
evaluated.
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Experion™ automated electrophoresis system. The 23S/16S ratios for P. fluorescens and E. coli are 1.43 and 1.80, respectively.

35 35
a E. coli b P. fluorescens
30 N=3 30 | Nt
25 + 25 |
& 20t 5 20}
® Multiplex
15 | O  Singleplex 15
® Multiplex

10l 10k O  Singleplex

5 L 1 1 L 1 1 5 1 1 L 1 1 L

10" 102 10°® 10* 10° 10° 107 108 10" 102 10° 10* 10° 108 107 108

16S rRNA Gene Copies 16S rRNA Gene Copies

Fig. 2. Standard curves for E. coli (a) and P. fluorescens (b) 16S rRNA gene in multiplex (closed circle) and singleplex (open circle) qPCR reactions. All data points are averages of triplicate
samples, and error bars are 1 standard deviation. Where not visible, error bars are smaller than the symbols.



118 H. Zhen et al. / Journal of Microbiological Methods 117 (2015) 113-121

The results presented in Fig. 3a show that the recovered copy
number of E. coli 16S rRNA gene increased linearly with increasing cell
quantity. The recovery of reference (P. fluorescens) 16S rRNA gene was
on average 52 4+ 28% across different initial E. coli cell quantities.
When E. coli 16S rRNA gene quantities were normalized using the
P. fluorescens recovery as a reference, they increased by nearly a factor
of two, but the difference between the slopes of the regression lines
with (0.93) and without (1.06) normalization was not statistically sig-
nificant (p = 0.143). A similar normalization approach was performed
with E. coli 16S rRNA (Fig. 3b). The average recovery for P. fluorescens
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Fig. 3. Effect of initial E. coli cell quantity on the determination of 16S rRNA:16S rRNA gene
ratio with the dual-internal-reference technique: a) the quantities of E. coli 16S rRNA gene
with (open circle) and without (closed circle) normalization by the recovered quantity of
P. fluorescens 16S rRNA gene (triangle) for different initial cell quantities; b) the quantities
of E. coli 16S rRNA with (open circle) and without (closed circle) normalization by the
recovered quantity of P. fluorescens 16S rRNA (triangle) for different initial cell quantities;
c) the determined 16S rRNA:16S rRNA gene ratio for E. coli with different initial cell
quantities with and without normalization by dual internal references. All data points
are averages of triplicate samples, and error bars are 1 standard deviation.

16S rRNA (a reference) was 19 4+ 6% across all test sample groups
with different initial E. coli cell quantities; the quantities of E. coli 16S
rRNA increased by approximately a factor of five once normalized
based on the recovery of the reference P. fluorescens 16S rRNA. The dif-
ference between slopes of regression lines with (0.97) and without
(0.94) normalization was not statistically significant (p = 0.150).

Fig. 3a and b clearly indicates that accounting for the recoveries
of dual references (P. fluorescens 16S rRNA gene and 16S rRNA) substan-
tially affects the amount of reported E. coli 16S rRNA gene and 16S rRNA.
When recoveries of dual references are taken into account, one can cal-
culate 16S rRNA:16S rRNA gene ratios for E. coli samples with different
initial cell quantities (Fig. 3c). When normalization based on the recov-
eries of dual references (P. fluorescens 16S rRNA and 16S rRNA gene)
was not applied, the average 16S rRNA:16S rRNA gene ratio was
1.6 x 10°> & 9 x 10? (n = 15). When the recoveries of the dual refer-
ences were taken into account, the average E. coli 16S rRNA:16S rRNA
gene ratio increased to 4.3 x 10% £ 1.1 x 10® (n = 15) by almost a factor
of 3, and the difference was statistically significant (p < 0.001). More im-
portantly, once normalization was applied, the E. coli 16S rRNA:16S
rRNA gene ratio was no longer dependent on the initial cell quantity
(p = 0.76).

3.4. Application of dual-internal-reference technique for E. coli liquid
culture at different growth stages

The dual-internal-reference technique was applied to explore the
temporal variation of 16S rRNA:16S rRNA gene ratio for E. coli growing
in TSB at 37 °C. The bacteria grew rapidly during the exponential growth
stage at approximately 2-6 h after inoculation, as measured by optical
density of the liquid at 600 nm (Fig. 4a). The 16S rRNA:16S rRNA gene
ratio (normalized to the recoveries of dual references) increased rapidly
from 2.4 x 10% to 1.1 x 10* during the initial 3 h after inoculation,
then decreased to ~5.0 x 10% during 3-6 h, and finally remained stable
during 6-16 h after inoculation (Fig. 4b). The ratio at 3 h was significantly
higher (p < 0.05) than the ratios at all other times except for the 4-hour
sample (p = 0.372). The ratio of the 4-hour sample was higher than the
rest of ratios (p < 0.05) except for the 5-hour sample (p = 0.074). How-
ever, the 16S rRNA:16S rRNA gene ratio calculated without normaliza-
tion of DNA and RNA quantities to recoveries of dual references did not
exhibit any distinct temporal trend, and the only statistical difference
was found for the ratios determined at 7 h and 1 h (p = 0.026). The
CVs for ratios at each time point with normalization were also lower
compared to those without normalization (p = 0.003).

3.5. Application of dual-internal-reference technique for E. coli aerosol
samples

Fig. 5 illustrates the application of the dual-internal-reference tech-
nique to investigate the potential change in 16S rRNA:16S rRNA gene
ratio for non-growth activities of bacteria in response to environmental
stress, e.g. stress to E. coli aerosols when collected on a filter and then
subjected to particle-free air for prolonged periods of time. In Fig. 5,
the ratio for E. coli collected on a filter and not subjected to additional
stress (t = 0 h) was 4.0 x 103, nearly identical to the ratio of E. coli
(p = 0.772) in liquid suspension (3.8 x 10%). Interestingly, when expo-
sure to air flow was extended to 2 h, the ratio increased slightly, but not
significantly (p = 0.305) to 4.4 x 10°. As the exposure to particle-free air
continued for another 2 h (4 h total), this ratio reached ~6.5 x 10% and
then leveled off for the remaining exposure time. The ratios for 4, 6
and 10 h were all significantly higher (p < 0.05) than those ratios at 0
and 2 h and the ratio of E. coli in liquid suspension. In contrast, if the ra-
tios were determined without normalization with dual references, they
would not show any significant or substantial temporal trend (p > 0.05).
Likewise, the CVs for ratios determined with normalization of DNA and
RNA quantities by recoveries of dual references were significantly lower
compared to those without normalization (p = 0.02).
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4. Discussion

In this study, a dual-internal-reference technique was developed to
improve the accuracy and reduce the experimental variability when de-
termining 16S rRNA:16S rRNA gene ratio of bacterial samples by taking
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Fig. 5. Effect of exposure to particle-free air on the 16S rRNA:16S rRNA gene ratio for E. coli
aerosols collected on filter. All data points are averages of triplicate samples, and error bars
are 1 standard deviation. Capitalized symbol pairs (A, B or C) on bars indicate statistical
difference (p < 0.05) of 16S rRNA:16S rRNA gene ratios of different samples.

into account DNA and RNA losses due to sample processing and analysis
procedures. Specifically, two exogenous references (P. fluorescens 16S
rRNA gene and P. fluorescens 16S rRNA) were added into bacterial sam-
ples prior to their DNA/RNA co-extraction to act as surrogates for the
target (E. coli) DNA and rRNA, respectively. The absolute quantities of
recovered target DNA and rRNA were then normalized to the recoveries
of respective internal reference, and then the 16S rRNA:16S rRNA gene
ratio was calculated.

Analysis of 16S rRNA:16S rRNA gene ratio using qPCR and RT-qPCR
often involves multiple procedures in DNA and RNA co-extraction
from a microbial sample, e.g. cell lysis, DNA/RNA isolation, and DNA
removal and reverse transcription for RNA. In these steps, sample losses
could result from incomplete cell lysis, incomplete volume transfer and
phase separation, enzymatic and abiotic degradation of RNA, and ineffi-
cient reverse transcription of RNA (Johnson et al., 2005). Presumably,
the exogenous references behave similarly to the target analyte due to
their similar physical and chemical properties. Thus, the percentage
loss of the target analyte in each step should be the same as the percent-
age loss of a corresponding reference. For example, in this study, a sim-
ilar RT efficiency of RNA for both reference (P. fluorescens 16S rRNA) and
target analyte (E. coli 16S rRNA) was verified (Fig. S3). One limitation of
this technique is that the loss of target DNA and RNA due to incomplete
cell lysis cannot be controlled by the dual references (Johnson et al.,
2005). Thus, depending on a specific cell lysis method, e.g. mechanical
disruption, enzyme digestion, freeze-thaw cycles, or a combination of
these, the determined 16S rRNA:16S rRNA gene ratios from the same
sample could display some variation. Nonetheless, the sample loss dur-
ing extraction steps other than cell lysis should be corrected by this
technique (see Fig. S4 in Supplementary Information).

In order to quantify two gene sequences (E. coli and P. fluorescens 16S
rRNA gene), singleplex qPCR could be performed for each gene on two
separate reaction plates. Alternatively, a multiplex qPCR targeting both
gene sequences could be performed on a single plate to avoid the vari-
ability caused by inconsistent pipetting and amplification when using
two plates, which should further improve the accuracy of results. How-
ever, it is critical to determine the optimal conditions for multiplex qPCR
in order to avoid any potential amplification bias for each amplicon
(Hatt et al., 2013). In our case, when E. coli 16S rRNA gene was present
atratios of 1000:1 or higher to the P. fluorescens 16S rRNA gene quantity,
the P. fluorescens sequence showed distorted amplification and its Cr
was delayed (higher) compared to a singleplex reaction. This could
be due to limited availability of PCR reagents for P. fluorescens amplifica-
tion when competing with more abundant E. coli. In contrast, when
P. fluorescens 16S rRNA gene is at ratios of 1000:1 or higher to the
E. coli 16S rRNA gene quantity, the Cr for the E. coli sequence decreased
dramatically compared to the Cy obtained in a singleplex reaction.
This was mainly caused by the cross-talk effect of HEX fluorophore
(P. fluorescens probe) on FAM fluorophore (E. coli probe) (Data not
shown). In addition, the effect of initial cell quantities on the accuracy
of this technique was determined by mixing different amounts of cells
with a fixed quantity of DNA and rRNA reference. The experiment
allowed determining an optimal range of initial cell quantities where
the determined 16S rRNA:16S rRNA gene ratios were independent of
the initial cell quantity (Fig. 3): another important factor to consider
for internal-reference-based analytical method.

Normalization of E. coli DNA and rRNA quantities to the recoveries
of P. fluorescens DNA and rRNA (references), respectively, changed the
16S rRNA:16S rRNA gene ratios in two ways. First, the numerical value
of 16S rRNA:16S rRNA gene ratio exhibited an approximately 2-3 fold
increase with normalization. This increase was mainly due to lower
recovery of the 16S rRNA reference (~20%) than that of DNA reference
(~50%) during DNA/RNA co-extraction. Thus, the accuracy of the deter-
mined ratio improves when the discrepant recoveries between two
analytes are taken into account. For instance, the 16S rRNA:16S rRNA
gene ratio of E. coli grown in liquid culture at 37 °C for 16 h (stationary
phase) was approximately 4.0 x 10 once normalization was applied.



120 H. Zhen et al. / Journal of Microbiological Methods 117 (2015) 113-121

Since seven copies of 16S rRNA gene are present per E. coli genome
(Blattner et al., 1997), the 16S rRNA content of E. coli in the stationary
phase was estimated to be approximately 3 x 10% copies/cell. This
number is in a good agreement with the previously reported average
number of ribosomes (1-7 x 10%) per E. coli cell (Bremer and Dennis,
1996). Second, the intra-sample variability, represented by the CV
of triplicate samples, decreased significantly in all investigated E. coli
samples from the liquid culture (Fig. 4) and aerosol samples (Fig. 5)
once the data were normalized based on the recoveries of dual refer-
ences, thus showing a positive effect of the method on precision of the
results.

In our experiments, P. fluorescens 16S rRNA and rRNA gene were
selected as dual references to investigate the 16S rRNA:16S rRNA gene
ratios of pure E. coli samples. However, the applicability of dual refer-
ences from P. fluorescens for environmental samples may be limited
because P. fluorescens has been detected in samples from multiple
different environments (Vanderkooij et al., 1982; Delille et al., 2007;
Wong et al., 2011). Therefore, a new set of exogenous internal refer-
ences will most likely be needed to investigate the 16S rRNA:16S
rRNA gene ratios for specific bacterial taxa in complex microbial com-
munities. For example, the firefly luciferase luc mRNA and DNA might
be good candidates for dual internal references (Johnson et al., 2005;
Hatt et al., 2013) because, 1) they are not expected in environmental
microbial samples; 2) a primer-probe set which does not target any
bacterial or archaeal genes can be designed; and 3) luciferase mRNA
and a luc gene-containing DNA plasmid vector are commercially avail-
able. The use of luciferase mRNA to control for the loss of target RNA
in the application of RT-qPCR has been reported in earlier studies
(Perez-Osorio et al., 2010; Johnson et al., 2005; Wagner et al., 2009;
Hatt et al., 2013). However, when applying luciferase mRNA and DNA
with the dual-internal-reference technique, one has to consider the
following factors: first, discrepancies may exist between the luciferase
and target bacteria, e.g. E. coli in this study, including the DNA size
(5 kbp for luc gene-containing plasmid v.s. 4 Mbp for E. coli genomic
DNA) and RNA stability (mRNA v.s. rRNA), thus the use of luc mRNA
and DNA plasmid as dual references should be evaluated in detail.
Second, a multiplex qPCR assay should be carefully designed to ensure
amplification of both target and reference genes with similar and
acceptably high efficiencies. If there are conditions where multiplex
qPCR fails to produce unbiased amplification, one could apply singleplex
qPCR for the two amplicons separately.

When the dual-internal-reference technique was applied for liquid
E. coli culture, the 16S rRNA:16S rRNA gene ratio of E. coli was found
to peak at the same time when its relative growth rate reached maxi-
mum in a complex liquid medium, which confirmed the direct asso-
ciation between the rRNA content and bacterial growth as indicated
by previous studies (Kerkhof and Ward, 1993; Dortch et al., 1983;
Poulsen et al., 1993). In addition, the results from these studies, includ-
ing ours, also strongly suggest that the cellular rRNA abundance and
bacterial growth rate are not always simply correlated (Blazewicz
etal., 2013).

The developed technique was also applied to investigate the poten-
tial change of E. coli 16S rRNA:16S rRNA gene ratio due to a non-growth
activity, e.g. cellular activities in response to air sampling stress. It was
found that the 16S rRNA:16S rRNA gene ratio of E. coli bioaerosols
collected on a filter increased by more than 50% once exposed to
particle-free air (relative humidity at 25-30%) for additional 4 h. This
increase in 16S rRNA:16S rRNA gene ratio was apparently due to the
production of 16S rRNA by E. coli when the cells remained on filters:
we observed the increased quantities of 16S rRNA but no change in
16S rRNA gene quantities in 4-hour samples compared to 0-hour sam-
ples (data not shown). The production of rRNA for E. coli in reaction to
the stress associated with air sampling, e.g. osmotic and desiccation
stress, suggests the potential cellular activities during continuous expo-
sure to desiccating conditions. In addition, the results also show that to
analyze rRNA content and 16S rRNA sequences from airborne bacteria,

one has to carefully evaluate the sampling protocols and their potential
to bias the results.

No significant temporal trend in E. coli 16S rRNA:16S rRNA gene ratio
was observed when the determined ratios were not normalized based
on the recoveries of dual references. Under such conditions, the varia-
tion of the ratio between different samples was likely obscured by
large intra-sample variation as represented by the CVs of individual
samples. This intra-sample variation was greatly reduced with normal-
ization of results to the recoveries of dual references. Thus, the dual-
internal-reference technique could enhance our ability to detect the
change in rRNA abundance of microbial samples.

5. Conclusions

A dual-internal-reference technique was successfully developed to
examine the 16S rRNA:16S rRNA gene ratio of E. coli samples by using
multiplex qPCR. The developed technique improved the accuracy of de-
termined 16S rRNA:16S rRNA gene ratios and also substantially reduced
intra-sample variability. Application of this technique for E. coli cells in
liquid culture and E. coli aerosol demonstrated its ability to successfully
identify the change in 16S rRNA:16S rRNA gene ratios in bacterial sam-
ples at different physiological states. It is hoped that this technique will
facilitate investigations of the relationship between rRNA abundance
and microbial activities.
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