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Abstract
PCR is routinely used in detection of antibiotic resistance genes including different classes of tet
and erm genes. It remains unknown how PCR conditions affect detection of resistance genes in
terms of genetic diversity and prevalence. In this study, numbers of PCR cycles and MgCl2 concentrations were evaluated for their effect on the diversity and prevalence of the tet genes that encode ribosomal protection proteins (RPPs) in composted swine fecal samples using the degenerate Ribo2_new_FW/Ribo2-RV primer pair. Four MgCl2 concentrations and 3 cycle numbers were
tested in a 4 × 3 factorial design. A clone library was constructed for each PCR condition combination, and randomly selected clones were sequenced to determine the genetic diversity and relative
distribution of RPP tet genes. Significant differences in genetic diversity and prevalence of tet
genes were found among the tested cycle numbers and MgCl2 concentration combinations. The
results suggest that 35 PCR cycles and 7 mM MgCl2 allow for optimal detection of the tet genes in
swine feces using the Ribo2_new_FW/Ribo2-RV primer pair and that this combination should be
used for further assay optimization and validation. These results also suggest that PCR conditions
should be taken into consideration when PCR conditions are chosen for ecological studies of tet
genes and when the results are interpreted.
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1. Introduction

Polymerase chain reaction (PCR) has been the choice of method to specifically and rapidly detect the presence
and genetic diversity of genes of interest, including genes encoding antibiotic resistance in microbiome samples
[1] [2]. Because it allows for detection of target genes carried by both culturable and nonculturable microbes,
PCR can provide more accurate detection of the target genes than cultivation-based methods. PCR is a DNAbased technique, where specificity, sensitivity, and inclusiveness (inclusive amplification of all the intended target genes) are very important aspects. A number of factors, such as primers used, amount and quality of the
template DNA, PCR thermal profile, and reaction mix, can affect the specificity, sensitivity, and inclusiveness.
Most PCR assays are optimized for specific amplification of the target gene(s) by primarily testing different
primer annealing temperatures and magnesium chloride (MgCl2) concentrations [3]. PCR additives, such as bovine serum albumin which attenuates amplification inhibition, or dimethyl sulfoxide (or glycerol, betaine, etc.)
which reduce formation of secondary structures, are often added to the reaction mix to improve PCR efficiency
or sensitivity. MgCl2 concentration plays an important role in PCR specificity, sensitivity and inclusiveness because the melting of double stranded DNA (including secondary structure formed from single stranded DNA)
and annealing of the primers to the DNA template are affected by Mg2+. Furthermore, Taq DNA polymerase
utilizes Mg2+ for activity [3]-[5]. It has been well established that too high a concentration of MgCl2 can increase
the efficiency of the PCR amplification but may reduce the specificity, while too low a MgCl2 concentration can
result in little or no PCR product [3] [4]. The optimal cycle number for specific PCR depends on the amount of
template used, the primers used, and the efficiency of the PCR assay [5]. For a given amount of DNA template,
if the cycle number is too low, then there will be little or no amplified products, but if it is too high non-specific
products and high molecular weight smears may form [3] [5].
When a single gene is amplified, both the PCR specificity and sensitivity are critical for amplification of the
correct gene. However, when a class or family of related genes needs to be simultaneously detected using PCR
and a pair of “universal” primers, inclusiveness also becomes important. In a previous study, it was noted that
Fibrobacter succinogenes, a species of major cellulolytic bacteria in the rumen, could not be detected by PCR
using a pair of universal bacterial primers that matches the 16S rRNA gene of that species perfectly [6]. In a recent study, we also repeatedly failed to detect Methanobacterium in samples collected from anaerobic digesters
using a pair of Archaea domain-specific primers, although the primers matched the 16S rRNA gene sequences
of this genus, and qPCR using genus-specific primers revealed high abundance of this genus [7]. Evidently, such
biased PCR prevents actual diversity and relative abundance of target genes from being revealed. Class- and
group-specific primers have been commonly used in detecting the presence and diversity of antibiotic resistance
genes, including tet genes and erm genes [8]-[13]. The tetracycline resistance tet genes either code for efflux
proteins, ribosomal protection proteins (RPP), inactivating enzymes, or have unknown mechanisms [14]. There
are currently 45 known classes of tetracycline resistance genes in addition to the recently described mosaic
genes such as tet (O/W) and tet (W/O/W) [15]-[17]. The tetracycline resistance genes are often associated with
other antibiotic resistance genes, especially erm genes that confer resistance towards macrolide, lincosamide,
and streptogramin B antibiotics (MLSB) [18]. An updated overview of the tetracycline resistance genes can be
found at http://faculty.washington.edu/marilynr/ [17]. MLSB antibiotics share overlapping binding sites and it is
therefore common that resistance is conferred to more than one MLS drug. Macrolide resistance can be caused
by rRNA methylases, rRNA methyltransferases, efflux systems, or antibiotic inactivation [18]. The rRNA methylase encoding erm genes confer resistance to MLSB antibiotics by inhibiting antibiotic binding to the ribosome [18]-[20]. There are currently 36 known methylase genes, one methyltransferasegene, 21 efflux genes, and
22 inactivating enzyme encoding genes (http://faculty.washington.edu/marilynr/ermwebA.pdf) [21].
We hypothesized that PCR conditions, particularly numbers of PCR cycles and MgCl2 concentrations, can
affect the inclusiveness of the PCR detection of individual antibiotic resistance genes, thus skewing characterization of the resistome actually present in a microbiome. To test this hypothesis, we evaluated the effect of numbers of PCR cycles and MgCl2 concentration on the detection of tet genes that encode ribosomal protection proteins (RPPs). The previously published degenerate primer pair Ribo2-FW/Ribo2-RV detects 7 classes of RPP tet
genes, namely tet (B(P)), tet (M), tet (O), tet (Q), tet (S), tet (T), and tet (W), and they have successfully been
used in detecting RPP tet genes in various samples [8] [22]-[24]. In the present study, the forward primer (Ribo2FW) was altered so that the primer pair can detect the tet (32), tet (36), and tet (44) RPP genes which were discovered after the original Ribo2-FW/RV primers were designed [25]-[27]. Because this primer pair allows 10
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different classes of RPP tet genes to be detected simultaneously, it can be useful in targeted metagenomic analysis of RPP tet genes. In the present study, the potential effects of different MgCl2 concentrations and PCR cycle
numbers on diversity and proportional distribution of RPP tet genes were systematically examined using a factorial design. Our results showed that both of the parameters can have significant effect on the RPP tet genes that
can be detected and their proportional distribution. The findings of the present study may aid in the design of
future studies and interpretation of results, and can further be utilized for assay optimization and validation.

2. Materials and Methods
2.1. Samples
Swine manure samples were collected from the swine farm of Agricultural Technical Institute of The Ohio State
University, which is a conventional research farm utilizing tetracyclines for growth promotion, disease prevention or therapy. The swine manure samples were composted as previously described and have been used in a
previous study to investigate the successions of tet and erm genes during composting [28]. Briefly, a total of 3.3
kg swine manure was compost treated for 48 days. Fifty gram compost samples were collected on days 0, 17,
and 48 and subsequently stored at −80˚C prior to further analysis. Metagenomic DNA was extracted using the
repeated bead-beating plus column purification (RBB + C) method as described previously and the DNA integrity was confirmed by agarose (0.8%) gel electrophoresis [23] [28] [29]. In the present study, all the samples
were pooled to create an “average” sample with diverse classes of tetracycline genes for PCR detection.

2.2. Primers
The primer sequences, targets, annealing temperatures, and amplicon lengths are given in Table 1.
Since the original primers Ribo2-FW and Ribo2-RV were published, three new classes of RPP tet genes, tet
(32), tet (36) and tet (44), have been discovered. To expand the inclusiveness of the original Ribo2 primers, the
sequences used to design the original Ribo2-FW and Ribo2-RV primers [8] were aligned with the tet (32), tet
(36), and tet (44) sequences (respective accession numbers AJ295238, AJ514254, and FN594949) using
ClustalX [30]. Then the new alignment of the RPP tet genes was aligned with the original Ribo2 primers. The
Ribo2-RV matched the three new classes of RPP tet, but 2 of the 3 bases at the 3’ end of the Ribo2-FW primer
did not match the tet (32), tet (36), and tet (44) sequences. Thus, the Ribo2-RW was modified at the 3’ end. The
modified Ribo2-FW primer (referred to as Ribo2_new_FW) was evaluated for specificity using BLASTn and
analyzed for formation of secondary structure and primer dimers using the Integrated DNA Technologies SciTools Oligoanalyzer (Integrated DNA Technologies, Inc., Coralville, IA). Both RPP tet primers, Ribo2_
new_FW and Ribo2-RV, were synthesized by Sigma-Aldrich (St. Louis, MO, United States).

2.3. PCR Amplification of RPP tet Genes
All PCR was performed using a 50 µl reaction volume with the same conditions except for varying MgCl2 concentrations and thermal cycle numbers. All the PCR contained the same amount (4.83 ng per reaction) of the
same pooled DNA samples. Four MgCl2 concentrations (1.75 mM, 3 mM, 5 mM, and 7 mM) and three numbers
of PCR cycles (20, 30 and 35) were tested in a 4 × 3 factorial design that resulted in 12 different combinations of
PCR cycles and MgCl2 concentrations. Each PCR was run in duplicate along with a single non-template control
with water replacing the DNA template. The following cycling conditions were used [23]: Initial denaturation
for 4 minutes (min) at 94˚C, followed by 5 cycles of touchdown PCR consisting of 30 sec at 94˚C, 30 sec at
57˚C with 1˚C cycle−1 decrement, and 60 sec at 72˚C. Thereafter, there were 20, 30 or 35 cycles of PCR, each
cycle consisting of 30 sec at 94˚C, 30 sec at 52˚C and 90 sec at 72˚C. There was a final elongation of 7 min at
72˚C.
Table 1. PCR primer sequences, targets, annealing temperatures, and amplicon length.
Primer

Class targeted

Ribo2_new_FW M, O, W, P, Q, S, T, 32, 36, 44
Ribo2-RV
a

Primer sequence 5’3’
IYYIAAYCCDTWYTGGGC

M, O, W, P, Q, S, T, 32, 36, 44 TCIGMIGGIGTRCTIRCIGGRC

PCR conditions are described in materials and methods.
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Annealing
Temperature ˚Ca

Amplicon
size bp

Reference

52

233

[8] This study

52

233

[8] This study
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2.4. Cloning and Sequencing

One clone library was constructed for each combination of cycle number and MgCl2 concentration that yielded
the expected band (30 cycles × 5 mM MgCl2, 30 cycles × 7 mM MgCl2, 35 cycles × 3 mM MgCl2, 35 cycles × 5
mM MgCl2, and 35 cycles × 7 mM MgCl2). The amplicons were cloned using the TOPO TA cloning® kit for
sequencing (Invitrogen, Life technologies, Grand Island, NY, United States) following the One Shot® Chemical
Transformation Protocol. To maximize ligation efficiency, the 5-minute room temperature incubation step was
extended to 15 minutes and 2 µl fresh PCR product was used. Clones were spread on Luria-Bertani (LB) plates
containing 50 mg∙ml−1 ampicillin (Sigma-Aldrich, Saint Louis, MO, USA) and incubated for 24 hours at 37˚C.
Sixty colonies from each clone library were randomly picked and inoculated into 5 ml LB broth with 50 mg∙ml−1
ampicillin and grown overnight at 37˚C. Positive clones were identified by growth in ampicillin based on the
amp resistance gene on the pCR®4-TOPO® plasmid (Invitrogen, Life technologies, Grand Island, NY, United
States).
Plasmid DNA extraction was performed using the QIAprep Miniprep kit (QIAGEN, Germantown, Maryland,
United States) following the manufacturer’s instructions. Positive clones that contained the tet insert were confirmed by PCR using the M13 primers (Invitrogen, Life technologies, Grand Island, NY, United States). Sanger
sequencing was performed on clones using DTCS Quick Start Kit (Beckman Coulter, Brea, CA, United States)
on the Beckman GeneomeLab sequencer. A 5-minute heat treatment at 65˚C was preformed prior to the cycling
sequencing reaction per Beckman protocol recommendations, and 5 mM M13f primer was used for sequencing.
Base calling was manually verified and poor sequences were discarded. The ends of each sequence read with
poor base calling were trimmed off using BioEdit (Ibis Biosciences, Carlsbad, CA, United States). The sequences compared to GenBank sequences using blastx to determine sequence identity to known tet genes in
GenBank. The sequences that matched known tet genes were imported to Geneious version 5.6.4 (Geneious,
Auckland, New Zealand) for alignment and tree construction. Trees were constructed using the Neighbor-joining method for each clone library. The sequence of ribosomal 5 s binding protein L5 of Thermus flavus
(GBIS77826.1) was used as the outgroup to root the tree. The trees were exported in Newick format for use in
UniFrac analysis [31]. Based on weighted UniFrac analysis, the UniFrac significance each pair of environments
test was used to determine if the different PCR conditions (cycle numbers and MgCl2 concentrations) resulted in
different detection (genetic diversity and proportion) of RPP tet genes.

3. Results and Discussion
No PCR amplicons were detected on agarose gels when only 20 cycles (excluding the five touchdown cycles) of
PCR were performed at any of the four MgCl2 concentrations tested (data not shown). The abundance of RPP tet
genes present in the pooled samples (containing both composted and uncomposted swine manure) might also be
too low to produce a visible PCR band after 25 cycles of PCR amplification. The expected PCR amplicons were
not found at 30 cycles with 1.75 mM or 3 mM MgCl2 and at 35 cycles with 1.75 mM MgCl2 (data not shown).
These results suggest that 1.75 mM MgCl2 may be too low a concentration for reliable PCR detection of RPP tet
genes in swine fecal samples using the Ribo2_new_FW/Ribo2-RV primers. The other combinations of PCR cycle numbers and MgCl2 concentrations (referred to as Cn/M combinations) yielded the expected PCR amplicons
and the three new classes of RPP tet genes were also detected using the Ribo2_new_FW/Ribo2-RV primers (see
Figure 1). The new primer Ribo2_new_FW may be used in future studies to allow detection of all known
classes of RPP tet genes.
Different numbers of high-quality tet sequences were obtained from the different Cn/M combinations, ranging
from 41 to 55 (see Figure 1). To compare the proportions of all the detected tet gene classes among the Cn/M
combinations, the proportion of all the detected tet gene classes were normalized to a sum of 100% for each
Cn/M combination. Differences in diversity (the classes detected) and relative abundance (proportions) were
found among the different Cn/M combinations (see Figure 1 and Table 2). As hypothesized, the number of RPP
tet gene classes detected increased with increasing PCR cycles and MgCl2 concentrations, with four, six, seven,
eight and nine classes of RPP tet genes detected at 30/5, 30/7, 35/3, 35/5, and 35/7, respectively. The 35/5 combination yielded four DNA sequences that did not match tet genes. Interestingly, no non-specific sequences were
found with the other Cn/M combinations including the least stringent 35/7 combination. This suggests that the
increase in cycle number and MgCl2 concentration would necessarily increase the likelihood of non-specific
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Figure 1. The classes of RPP tet detected in the swine manure and their proportion using different PCR cycle numbers and MgCl2 concentrations. (a) 30 cycles and 5 mM MgCl2 (n = 47); (b) 30 cycles and 7 mM
MgCl2 (n = 41); (c) 35 cycles and 3 mM MgCl2 (n = 51); (d) 35 cycles and 5 mM MgCl2 (n = 49); (e) 35
cycles and 7 mM MgCl2 (n = 55). For comparison purpose, the proportions of the individual classes of RPP
tet genes detected were normalized so that the total RRP tet gene summed to 100%.
Table 2. Matrix showing of the UniFrac significance test.
Cn/Ma
30/5

30/5

30/7

35/3

35/5

35/7

0.3600

0.3670

0.0600

0.0000

0.0300

0.3100

0.1000

0.0000

0.0000

30/7
35/3
35/5

0.0200

35/7
a

Cn/M: PCR cycle number/MgCl2 concentration (mM).
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amplicons. UniFrac significance test revealed significant differences in the detection of RPP tet genes with respect to numbers of classes detected and their relative abundance among the Cn/M combinations (see Table 2).
The classes of tet genes detected and their proportions were affected to different degree by the different combinations of the PCR cycle numbers and the MgCl2 concentrations (see Figure 1). The tet (M), tet (32) and tet
(36) genes were detected in all the PCR cycle number and MgCl2 combinations with tet (M) being the most
predominant class followed by tet (36) and tet (32) in all the Cn/M combinations. The high tet (M) prevalence
may be attributed to tet (M) being found in both Gram-positive and Gram-negative bacteria and having the
broadest host range of all tet genes [23]. The tet (S) was not detected in the pooled swine manure samples by
any of the Cn/M combinations, while tet (O) and tet (Q) became detectable at 30 cycles when MgCl2 concentration was increased from 5 to 7 mM. At 35 PCR cycles, the increase in MgCl2 concentration from 3 to 7 mM also
resulted in detection of increased tet gene classes. At 5 mM MgCl2, simply increasing PCR cycle numbers from
30 to 35 enabled four additional classes of tet genes to be detected (W, O, B/P, and T). At 7 mM MgCl2, the increase in PCR cycle numbers from 30 to 35 also resulted in detection of three additional classes of tet genes that
were otherwise not detected. Variations in cycle number and MgCl2 concentration also affected the proportion of
the tet genes detected but to a different extent for different tet gene classes. For instance, the 2 mM increase
(from 5 to 7 mM) in MgCl2 concentration at 30 cycles increased the proportion of tet (44) and tet (36) at the expense of tet (32). At 35 cycles, increase in MgCl2 concentration also affected the proportion of the tet gene
classes detected but to different degrees for different tet gene classes. Such differential effect was also observed
for the increase in PCR cycle number. For example, at 5 mM MgCl2 concentration, the increase in PCR cycles
from 30 to 35 increased the proportion of tet (44) and tet (T) while decreasing that of tet (M). Differences in internal sequences among the tet gene classes may be one factor that contributes to difference in amplification efficiency and thus detection and proportion. In addition, a degenerate primer contains a pool of different primers.
The proportion of a particular primer sequence within that pool can also affect primer annealing kinetics and
subsequent amplification efficiency.
The original Ribo2-FW/RV primer pair was used in PCR analysis of swine manure that used 2 mM MgCl2
and 25 PCR cycles [8]. In that study, only three classes of RPP tet genes, tet (M), tet (O), and tet (W), were
found. In another study using the original primer set, 1.75 mM MgCl2 and 5 touchdown PCR cycles followed by
30 cycles of regular PCR were used in qPCR to quantify total RPP tet genes [23]. Due to the alteration in the
forward primer and the different sample types, the results from those studies cannot be directly compared to the
results of the present study. Nevertheless, the current results indicate that together with touchdown cycles, increasing the cycle number to 35 and MgCl2 concentration to 7 mM may help detect the RPP tet genes present in
samples without false negative results or compromising the specificity. Further optimization of this primer pair
including establishment of the assay’s limit of detection should be conducted using the recommended cycle
number and MgCl2 concentration for RPP tet gene detection in swine manure. In addition, although the effects
of PCR cycle numbers and MgCl2 concentrations, among other factors, are conceivable, the results of the present study demonstrate the importance of conducting pilot studies investigating PCR assay parameters, such as
cycle number and MgCl2 concentration, in order to establish the optimal conditions to accurately depict the resistome.
PCR bias has been well documented in amplification of 16S rRNA genes [32]. The results of this study also
suggest that PCR bias also occurs with amplification of the individual classes of RPP tet genes. It should be
noted that we did not evaluate PCR bias by using a pool of RPP tet genes with known proportions but we used
the detection, or no-detection, of the RPP tet genes actually present in the samples as indicator of PCR bias.
Such PCR bias should be taken into consideration when research results are interpreted within one study and
when results are compared among different studies.
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