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Abstract

The 3’ end of a primer is a key component of PCR primer design. Many recommendations for the composition and sequence of the 3’ end
have been suggested based on theoretical considerations, but have not been verified experimentally. We analyzed 3’ end triplets of PCR
primer sequences obtained from refereed journal articles, to test those recommendations and to make empirical recommendations for primer
design. The frequencies of the 64 possible 3’end triplets among 2137 PCR primers from the VirOligo database were not uniformly
distributed. From the analysis, we found that unfavored and preferred 3’ end triplets existed, and that the apparent preferences were not due to
base compositions in viral genome sequences. Comparison of the sequences preferred by practitioners to those recommended, suggested that
no single recommendation is entirely satisfactory. We suggest that recommendations be replaced with a scoring system incorporating

empirical frequencies such as those reported here.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Many current molecular biological analyses, especially
microarray-based analysis of gene expression, require the
efficient design of large numbers of polymerase chain
reactions (PCRs). In the PCR, the 3’ ends of primers must
anneal to templates to be elongated by a DNA polymerase.
A high G+C content at the 3’ end of a primer may obviate
the need for complete complementarity and annealing of the
remainder of the primer sequence, thus diminishing the
specificity of the priming reaction [1]. A low G+ C content
at a primer’s 3’ end may, due to weak annealing, increase
the importance of complete annealing of the remainder of
the primer sequence [2]. On the other hand, such primers
may not be elongated efficiently by DNA polymerase [1].
Although the importance of the 3’ end triplet in primer
design is recognized, many recommendations for 3’ end
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triplet selection, based mostly on theory, have been put
forth, and some contradict others. Recommended compo-
sitions of 3’ ends are: no T at the 3’ end and at least one W
(A or T) in the 3’ end triplets [3]; S (C or G) at the 3’ end and
no GC or CG, due to potential formation of hairpins and
primer-dimers [4]; low G+ C [2,5]; one or two S [6]. One
way to test the validity of those recommendations and
determine which 3’ end triplets are best suited for PCR
primers is to examine the 3’ ends of primers actually used in
successful PCR experiments. We here report such an
examination.

The VirOligo database [7] contains a large number of
oligonucleotide sequences used in the detection of viruses,
the majority of detection assays being by PCR. These
sequences were used in actual successful PCR experiments
and published in refereed journals. The primers
and hybridization probes, along with the experimental
conditions for their use, are publicly available at http://
VirOligo.okstate.edu/ [7]. Only PCR primer sequences in
the VirOligo database were obtained for the analysis. The
analysis results revealed preferred and disfavored 3’ end
triplets in successful primer sequences, and led to
recommendations for primer design based on experience
rather than theory.
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2. Materials and methods

Primer sequences and PCR conditions were obtained for
the analysis from the VirOligo database on February 6,
2002. On that date, the VirOligo database covered a total of
1685 articles whose abstracts appeared in PubMed before
December 19, 2001. The articles contained 3985 published
virus-specific oligonucleotide sequences and 2300 PCR and
hybridization conditions for detection of the viruses for
alcelaphine herpesvirus, bovine adenovirus, bovine viral
diarrhea virus (BVDYV), bovine herpesvirus (BHV), bovine
respiratory syncytial virus, bovine rotavirus, bovine cor-
onavirus, foot-and-mouth disease virus (FMV), variola
(smallpox) virus, cowpox virus, and human adenovirus.
Duplicated primer sequences were eliminated from the
analyzed set. The frequencies of occurrence of each of the
64 possible 3’ end triplets, defined as the number of
occurrences of a triplet divided by the total number of
primers X 100 (%), were calculated. For selected viruses, the
frequency distributions of overlapping triplets in the
genome sequences were calculated for comparison with
the triplet frequencies of the 3’ ends of primers specific for
those viruses. The viruses were BHV-1 (GenBank Acces-
sion No. AJ004801; genome size 135kb), BVDV
(AF220247; 12 kb) and FMV (AF377945; 8 kb). Statistical
analyses were performed by Analysis ToolPak provided by
Microsoft Excel 2000.

3. Results

The 3’ end triplets were obtained from 2137 virus-

specific PCR primers registered in the VirOligo database.

Overall, the average frequencies of triplets in the four base

composition classes W3, W,S, WS, and S; were, respect-

ively, 0.91, 1.50, 1.93, and 1.30%. The frequencies of the 64

triplets were not uniformly distributed (Fig. 1; completely
random distribution rejected by chi-square test, P <<0.001).

The mean and standard deviation (s.d.) of the distribution
were 1.56 and 0.63%, respectively. The most popular triplet,
AGG (3.27%), was 7.8 times more frequently used than the
least popular triplet, TTA (0.42%). Most frequently reported
triplets (frequencies greater than mean plus s.d.) were of
eleven types, AGG (3.27%), TGG (2.95%), CTG (2.85%),
TCC (2.76%), ACC (2.76%), CAG (2.71%), AGC (2.57%),
TTC (2.48%), GTG (2.48%), CAC (2.38%), and TGC
(2.34%). All but one of the eleven triplets (TTC) had two S
and one W. Six of these 11 triplets were WSS sequences.
However, two of eight WSS triplets, ACG (1.31%) and TCG
(1.08%), were two to three times less frequently reported in
the VirOligo database than other combinations of WSS.
WGC was popular and in the top 11 combinations, but the
proportion of WCG was less than the average. Four of the
top 11 triplets were SWS triplets. All top 16 reported triplets
had an S at their 3’ ends. TTS was also frequently reported,
and the two TTS triplets were among the top 14.
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Fig. 1. Distribution of the 3’ end triplets of PCR primers.

The least frequently reported triplets (less than mean
minus s.d.) were of six types, TTA (0.42%), TAA (0.61%),
CGA (0.65%), ATT (0.75%), CGT (0.75%), and GGG
(0.84%). Two of the lowest six types contained CGW. As
mentioned above, WCG was less frequently reported
compared to other combinations of WSS. Three out of the
lowest six types were triplets devoid of G or C, WWW.
Even the most frequently reported types in WWW
combinations, AAA and AAT, were distributed less
frequently than average (1.45 and 1.22%, respectively).

We considered the possibility that the distribution of
primer 3’ triplet frequencies represents the distribution of
triplets in the target viral genome sequences rather than any
PCR-driven preference. Since the primer sequence data set
contained 134 BHV-1, 237 BVDV and 121 FMV primers,
these viruses were used to test whether genome compo-
sitions determined the 3’ end triplet frequencies. Thus,
triplet frequencies of the BHV-1 genome (135,382 overlap-
ping triplets) were subtracted from frequencies of 3’ end
triplets in BHV specific primers (Fig. 2) to yield differential
frequencies. The same calculation was performed for
BVDV and FMV (12,274 and 7794 overlapping triplets,
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Fig. 2. Comparison among differential triplet frequencies of all primers
(ALL) and BHV, BVDV, and FMV specific primers. The differential 3’ end
triplet frequency values for all primers represent 3’ end triplet frequencies
(%) minus average, and show differences from random distributions of
triplets. Values for BHV, BVDV and FMV specific primers represent 3’ end
triplet frequencies (%) minus triplet frequencies (%) in the genome
sequences, and show differences from their genome compositions. Negative
values in BHV, BVDV and FMV indicate under-representation of the
triplets and positive values indicate over-representation of the triplets.

respectively). In this analysis, a differential frequency of
zero would indicate that a primer’s triplet frequency is
expected from its representation in the genome sequence.
Negative values indicate that those triplets were used less
frequently in primers than in genome sequences, while
positive values indicate more frequent use.

Differential frequencies for the 10 most and least
frequently used 3’ end triplets from Fig. 1 are shown in
Fig. 2 for BHV-1, BVDV and FMV, along with the
differences of the triplet frequencies for all primers analyzed
from the mean frequencies for those primers. Among the 30
comparisons, 22 of the 10 most frequently used 3’ end
triplets were over-represented compared to the genome
sequences (Fig. 2A). For the 10 least frequently used 3’ end
triplets, 26 of 30 comparisons revealed under-representation
(Fig. 2B). Means of differential frequencies between
top ten and least ten 3’ end triplets were significantly
different for all three viruses tested (¢ test, p=0.011 for
BHV; p=0.008 for BVDV; p=0.047 for FMV). Since the
number of primer sequences for the individual viruses were
only two to four times the number of possible triplets,
individual differential frequency values cannot be compared
statistically. Nevertheless, the difference between the means
suggests that the trends in 3’ end triplet frequencies (Fig. 1)
were not due to genome compositions.

4. Discussion and conclusions

Proper primer design is a key for successful PCR. The
analysis of 3’ end triplets used in successful PCRs (Fig. 1)
revealed that these triplets were not distributed equally,
suggesting that the sequence of the 3’ end triplet affects PCR
efficiency. Focused experiments comprehensively varying
3’ end triplets of primers at a single template site could
potentially reveal principles for the choice of 3’ end triplets
for the design of efficient primers. However, the outcome of
such experiments will likely depend on the sequence context
of the varying triplet and on conditions of the PCR
experiment. Thus, we adopted the approach of examining
primers used in successful PCRs with a variety of templates
and under a variety of conditions [8].

This approach has two possible difficulties. The first, that
the frequency of a 3’ end triplet may predominantly be
determined by its frequency in the target genome sequence,
was discounted by comparison of triplet frequencies in the
genomes of three viruses with the 3’ end triplet frequencies
(Fig. 2). The second is that the observed distribution of
frequencies may be a direct result of recommendations
made for primer design in the literature or as part of primer
design applications. For three of the four recommendations
listed in the introduction, all but AGC of the top ten 3’ end
triplets conform to the recommendations and AGC only
fails one of the three tests (no GC). However, of the least
frequently used ten 3’ end triplets, only one (ATT) does not
conform to at least one of these recommendations. The
fourth recommendation, that the 3’ end be low in %GC was
violated by all but one of the most frequently used triplets,
while more than half of the least frequently used ones
obeyed this recommendation.

It is likely that primer design programs significantly
affected the observed 3’ end triplet distribution. OMIGA
(Accelrys, San Diego) searches for primers with WSS at the
3’ end as the default setting suggesting that all combinations
of WSS triplets might be selected at the same rate. However,
two of eight WSS triplets, ACG and TCG (WCG), were in
the bottom half of triplet frequencies seen less frequently in
the VirOligo database while the other combinations of WSS
appeared in the top dozen. Other applications, such as DS
genes (Accelrys), allow the user to choose the 3’ end
sequence but have no 3’ end selection in their default
settings. According to O’Connell [5], the current trend in
programming choices for primers is to ask for low %GC
toward the 3’ end. As mentioned above, the VirOligo
distribution is not consistent with this recommendation.
Thus, it is unlikely that the frequencies of 3’ end triplet
observed in primers (Fig. 1) are due primarily to primer
design software or literature recommendations.

The 3’ end triplet sequence of PCR primers is one of the
important factors for primer design. In the VirOligo
database, WSS (19.0%) and SWS (18.0%) were the two
most common 3’ end triplet combinations (Fig. 1). The
under-representation of WCG, mentioned above, suggests
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a high frequency of failure of PCRs using primers ending in
WCG. Low G+C contents in the 3’ end triplets of PCR
primers were not frequently reported in the VirOligo
database. Among the existing recommendations, the best
performer, when judged by the observed 3’ end triplet
frequencies is the one that requires an S at the 3’ end and no
GC or CG in the sequence. All but one (AGC) of the top 10
conform to this recommendation and only one (GGG) of the
10 least frequent conforms to the recommendation. Based
on our results we would recommend WSS or SWS 3’ ends,
but avoiding WCG. However, there are additional excep-
tions to even this recommendation. We suggest that primer
design software incorporate scores based on empirical
frequencies of 3’ end triplets, such as those reported here,
into the evaluation of oligonucleotides as primers.

Improvement of the PCR primer success ratio will reduce
reagent costs and labor in large scale efforts such as the
amplification of genes or gene fragments for preparation of
microarrays for gene expression analysis. It should also be
highly important for efforts to design microarrays on which
immobilized PCR reactions can occur, such as that proposed
for the detection of viruses in virus signature amplification,
or ViSA card [9].
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