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OSP: A Computer Program
for Choosing PCR and DNA
Sequencing Primers

LaDeana Hillier and Philip Green

Genetics Department, Washington University School of Medicine

OSP (Oligonucleotide Selection Pro-
gram) selects  oligonucleotide
primers for DNA sequencing and
the polymerase chain reaction
(PCR). The user can specify (or use
default) constraints for primer and
amplified product lengths, %(G+C),
(absolute or relative) melting
temperatures, and primer 3’
nucleotides. To help minimize non-
specific priming and primer
secondary structure, OSP screens
candidate primer sequences, using
user-specifiable cutoffs, against
potential base-pairing with a vari-
ety of sequences present in the
reaction, including the primer it-
self, the other primer (for PCR), the
amplified product, and any other
sequences desired (e.g., repetitive
element sequences in genomic
templates, vector sequence in
cloned templates, or other primer
pair sequences in multiplexed PCR
reactions). Base-pairing involving
the primer 3’ end is considered
separately from base-pairing involv-
ing internal sequences. Primers
meeting all constraints are ranked
by a "combined score,” a user-
definable weighted sum of any of
the above parameters. OSP is being
routinely and extensively used to
select sequencing primers for the
Caenorhabditis elegans genome se-
quencing project and human
genomic PCR primer pairs for the
Washington University Genome
Center mapping project, with suc-
cess rates exceeding 96% and 81%,
respectively. It is available for re-
search purposes from the authors,
at no cost, in both text output and
interactive graphics (X windows)
versions.
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DNA sequencing by the Sanger
chain-termination method,!! and the
polymerase chain reaction (PCR),? are
ubiquitous molecular biology tools
that require oligonucleotides for prim-
ing DNA synthesis. Not all primers
work, and those that do vary widely in
their resistance to changes in reaction
conditions, a situation that has spurred
the development of several computer
programs for choosing primers.*4

The onset of major mapping and
sequencing efforts as part of the
Genome Initiative has increased the
demand for efficient primer selection.
OSP (Oligonucleotide Selection Pro-
gram) was designed to satisfy the needs
of two projects: the Washington Uni-
versity Genome Center’s project to
map human chromosomes 7 and X,
which will require PCR assays to detect
well over 1000 sequence-tagged sites
(8TSs)S in human genomic DNA, and
the Caenorhabditis elegans genome se-
quencing project, which is presently
using a mixed shotgun sequencing and
walking strategy requiring selection of
sequencing primers (roughly 100 per
cosmid) for the walking steps. Major
requirements for OSP were ease of use
and flexibility in setting primer selec-
tion criteria, so that the program could
evolve in the light of experience
gained in both projects. In this paper

we describe QOSP, and summarize
results obtained using it.

METHODS

OSP: Program Design and
Operation

Input of sequences

For selecting PCR primers, the user pro-
vides either one sequence that includes
the region to be amplified or two se-
quences flanking that region; for selec-

ting sequencing primers, a single se-
quence must be provided. Either strand
may be given, and ambiguous nucleo-
tides within the sequence are permit-
ted (although primers containing am-
biguous nucleotides are rejected). Se-
quences may either be entered at run
time (in the graphics version of the
program, they may be "pasted” in from
another window) or provided as a text
file(s) in a variety of possible formats.
The user may confine the search for
candidate primers to particular regions
of the input sequence. The primer loca-
tions may also be specified exactly, if
the user wishes to compute scores or
other characteristics for previously
selected primers.

Constraints

Primer and amplified product charac-
teristics that may be constrained are
listed in Table 1, along with OSP’s de-
fault values, which have been found to
work well in several mapping and se-
quencing projects (see Results). The
constraint criteria are those thought
(largely on the basis of anecdotal evi-
dence) to be important to ensure sensi-
tive and specific priming: for example,
if G+C content is too high, the primer
may be more prone to adopt secondary
structure or to anneal nonspecifically
to GC-rich regions of the template
DNA, while if it is too low the primer
may not anneal to its target sequence.
If the user does not wish to use the de-
faults, modified constraint values for
any or all parameters may be provided
in a "constraint file," and/or entered
directly at run time (the constraints for
any parameter can also be disabled).
"Annealing scores" are intended to
provide simple measures of base-
pairing propensity of the primer with
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TABLE 1 User-constrainable Parameters, Default Limits, and Default Weights

Minimum Maximum Weight
Single primer parameters
3’ nucleotides? s2 b
Primer length (nucleotides)® 18 22 0.0
Primer G+C content (%) 40.0 55.0 0.0
Primer T, (Celsius)d 50.5 55.0 0.0
Annealing scores®
Primer-self internal — 14.0 1.0
Primer-self 3’ — 8.0 2.0
Primer-other internal - Nsf 0.0
Primer-other 3’ — NS 0.0
Primer pair parameters
Product length (bp)8 100 300 0.0
Product G+C content (%) 40.0 55.0 0.0
Product T,,, (Celsius) 70.0 90.0 0.0
Primer T, difference (Celsius) — 2.0 0.0
Annealing scores
Primer-primer internal — 14.0 1.0
Primer-primer 3’ — 8.0 2.0
Primer-product internal - NS 0.0
Primer-product 3’ — NS 0.0

3Any string of 3’ terminal nucleotide(s) for the primers may be specified, with all standard
ambiguity codes allowed. The default is a single nucleotide S, which matches either C or G.

b(—)Not meaningful.

®Values shown are for PCR primers. For sequencing primers, defaults are min. = 17, max. =

18.

dTm (melting temperature) is calculated as: 62.3 + 0.41(%(G+C)) - 500/length.(6) Any am-

biguous nucleotides are ignored.
€See text for explanation.
f(NS) Not set (in OSP defaults).

8For sequencing primers, product length is the distance from the
end of the sequence. Default constraints are min. = 40, max. = 100.

the various nontarget sequences pres-
ent in the reaction. They are computed
as follows: The user may define a score
for an A/T base pair (default value, 2)
and for a C/G base pair (defauit value,
4). For any alignment of two sequences
(with the first sequence written 5'to
3’, and the second one 3'to 5')
scores are summed over contiguous
complementary nucleotide pairs; the
maximum such score, taken over all
contiguous blocks in all alignments, is
the internal annealing score. The
3’ annealing score (which is computed
and weighted separately because it like-
ly has a greater influence on non-
specific priming) is based only on con-
tiguous complementary matches that
include the 3'end of the primer. An-
nealing scores are calculated for the
primer with itself, with the other
primer, with the amplified product,
and with a user supplied set of "other"
sequences. At a minimum, the latter
would typically include repetitive se-
quences when the template is genomic

DNA, or vector sequence when the
template is cloned DNA. It could also
include other primer sequences if one
is interested in "multiplexing" multiple
PCR primer pairs in the same reaction
tube.

For example, the alignment

5’ -ACGGATTGTGCCGTATTG-3'
3’ TGACACGTGTAGACGAGG-5'

of two candidate primers would yield
an internal annealing score of 16
(using the default base-pair scores),
corresponding to the pairing of
TGTGC on the top strand with ACACG
on the bottom, and a 3'annealing
score of 6, corresponding to the pair-
ing of TG at the 3’'end of the first
primer with AC. Since the default in-
ternal annealing cutoff (14.0) is ex-
ceeded, this pair would be rejected by
OSP.

Primer Selection Algorithm

OSP scans each strand in a 5'to 3
direction for possible primers. For each

position within the sequence, it tests
candidate primers having that position
as the 3’ terminus, examining in order
the criteria in the upper half of Table
1. Primers containing an ambiguous
nucleotide are automatically rejected.
Primers with the same 3'end are con-
sidered in order of increasing length;
this allows consideration of longer
primers to be aborted when "monoton-
ically increasing" parameters (e.g.,
primer-self or primer-other annealing)
exceed their constraint values. If all
criteria are satisfied, the primer is saved
in a list of candidates for that strand.

PCR Primer Pair Selection Algorithm

Following construction of lists of can-
didate primers for each strand, candi-
date primer pairs (one from each list)
are considered. If several pairs have the
same 3’ ends for both primers, at most
one pair (the shortest) is accepted. For
each candidate pair, constraints in-
volving the amplified product and
primer pair (lower half of Table 1) are
tested, and any pair meeting each ap-
plicable constraint is added to the list
of valid pairs.

Once all possible primer pairs have
been considered, they are ranked based
on their "combined score," which is a
user-definable weighted sum of any of
the parameters in Table 1. The default
combined score (which uses the de-
fault weights in Table 1) is based on
the primer-self and primer-primer an-
nealing scores, and weighs 3’ anneal-
ing twice as much as internal anneal-
ing. The user may supply different
weights in the constraint file.

Program Output

OSP notifies the user of the number of
primers (or primer pairs) accepted, and
provides a table listing the number of
pairs rejected for each constraint. (This
is often useful in cases where no pair
meets all constraints.) The user can
then choose to save (to a file) a ranked
list of as many of the primers as
desired, along with their character-
istics. The output file also records the
constraint values used and the num-
bers of primers or pairs accepted and
rejected.

Graphic Interface

A menu-driven "point and click"
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OLIGO SELECTION PROGRAN: Search for primers in two flanking regions

Sense file:  P180.seq

fAntisense file: B18l.seq

Other File:

TYPE/PRSTE IN SEQUENCE ]
rplick with the left nouse button ON any priner to have score information displayed here
‘)l 3‘{ 63 10? 13§ 1?‘0 0. S’L 52 97‘ 12‘4 15? 18§ 21;7 ‘24? 2?‘9 319 34} 3?‘2 40‘3 43:1
% t t t + +— t t + + + + + t + t + t + t '59‘0
% [S— — 38.0
3 38,0
g — — 308

{8 J— —_ 9
z — — 42.0
8 — — 42.0
o — — 0
1 — 44.0
12 — — 4870
13 — 48,0
14 — 48.0
15 — _ 48,0
16 = — 48.0
17 48,0
18 —_— — 48,0
19 —_— 48 0
ég — — & oligo_info
gg i — [PRINERS

i 55 —t —_— {Nunber of S-type sequences found was 183}

26 La— Sense?

27 Total considered: 309
53 — f— Re jected based on ambiguity (N): 63
20 — Re jected based on gc_content: 121
i [E— [ Re jected based on priner Tn: 92
%% —_ [S—— Re jected based on self-annealing 2

(It —t — Re jected based on other-annealing: 0
35 —_ Nunber accepted: 31
36 ] — Antisense:

) Total considered: 594
params Re jected based on anbiguity (N): 20
Re jected based on gc_content: 409
PRODUCT CONSTRAINTS PRIHER CONSTRAINTS ANNEAL IN( Re jected based on P"i?ﬂ‘ TH:I 1%2
. < . i Re jected based on self-annealing:

Product. length(bp): Hin Length(bases): Rin finnealing Sco Re jected based on other-annealing: 0
Priner-seld Nunber accepted: 35
Max flax priner—prind |PRODUCTS o

G+C Content(X): Min G+C Content{X): Hin - Total considered: 10
en * Priner-produ Re jected based on identical endpts: 634
Hax @: Max E b N Re jected based on length: 0
: . s . . R riner~othe Re jected based on primer-priner annealing: 124
TnCelsius): Hin Tn{Celsius): Hin A<=>T Scord Re jected based on primner-product annealing: 0
Hax Re jected based on nelting temperature: 0
Hax C<~>G Scorg Re jected based on gt.:_cont,ent.:' 0
Difference in Tn cutoff: E: e Ambig ﬁ:xgg:egcgzszgd?“ difference in Tn: 32‘;

37 Nucleotides (S=G/C,M=A/T>: [5— |
[conFIRN | [CANCEL | [INPUT CONSTRAINTS FROM FILE: | [SRVE CONSTRRINTS T0 FILE: | [B180.seq.def [ CANCEL ]

FIGURE 1 Screen dump of OSP display. See text for explanation.

graphical display version of OSP has
also been developed, which runs under
X windows (Fig. 1). Clicking on the
OPTIONS box brings up a menu with
the program options. The sequence(s)
are entered either by specifying a file
name(s) or by typing or "pasting" se-
quence into a sequence window. Any
constraint or weight may be altered by
entering values in a "constraints" or
"weights" text window. The user may
alter the default values displayed in the
constraints window by specifying a
“constraint file" name on the com-
mand line.

Analysis is initiated by clicking on
the ANALYZE box. The graphic results
window displays a line representing
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the input sequence(s), with locations
of the ranked primers displayed be-
neath it. Clicking on a primer causes
information concerning it to be dis-
played in the text results window. The
number of pairs accepted, along with a
breakdown by constraint of the num-
ber rejected, can be displayed by click-
ing on OLIGO INFO. Any constraint
can be changed and the program rerun
by clicking on the appropriate buttons.
Clicking on the SAVE box outputs a
specified number of primer pairs to a
file.

If the sequence file is accompanied
by a trace data file from a fluorescent
sequencing machine (ABI 373A or
Pharmacia A.L.F.), clicking above the

line representing the sequence calls up
the display of the trace (using the ted
trace editor'”)) for that portion of the
sequence. This feature has proven use-
ful for verifying accuracy of the se-
quence in the vicinity of candidate
primers, in the C. elegans sequencing
project.

RESULTS

OSP has been used to choose over 365
sequencing primers and over 300 PCR
primer pairs. Table 2 gives the "success
rates" (proportion of primers success-
fully used in sequencing reactions) for
four cosmids in the C. elegans genome
sequencing project.® This project in-
volves a two-stage strategy for sequenc-
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TABLE 2 OSP-selected C. elegans Sequencing Primer Success Rates

Number successful/

Project(a) Template DNA total(%)b Data source
B0303 plasmid 95/102 (93.1) R. Wilson
7ZK370 plasmid 44/45 (97.8) R. Wilson
ZK643 plasmid/M13 109/110 (99.1) J. Sulston
F59B2 plasmid/M13 98/100 (98.0) T. Hawkins

3Cosmids from C. elegans physical map. OSP default constraint settings were used, with the
following exceptions: min. primer T, = 50, max. = 60; for ZK643 and F59B2, primer length
constraints were min. = 17, max. = 23, and min. primer G+C content = 30%. For sequencing

reaction conditions, see ref. 9.

PFor 20 of the ZK643 and F59B2 primers, it was necessary to rerun the reactions at a higher
temperature to obtain specific priming; these are included among the successes.

ing cosmids from the C. elegans physi-
cal map: an initial "shotgun" stage, in
which a single sequence tract is genera-
ted from each of several hundred large-
insert M13 or plasmid subclones of the
cosmid and assembled into contigs,
followed by a "walking" stage to fill
gaps between contigs, to obtain
double-stranded coverage in ail re-
gions, and to resolve any remaining se-
quence ambiguities. OSP is used to
choose the walking primers.

The success rates for PCR primers
are given in Table 3. The bulk of these
primers were selected for the C. elegans
physical mapping project, and for the
7 and X chromosome mapping
projects in the Washington University
Genome Center. For the latter (in
which sequences derived from A or
M13 genomic clones were used to
choose the primers) we include as "suc-
cesses" all cases in which a band of the
anticipated size was obtained from

amplification of the genomic DNA
source from which the clone library
was prepared, whether or not the se-
quence ultimately turned out to be
single copy in the genome or mapped
to the desired human chromosome.
The success rates in these tables are
likely to be underestimates of OSP’s ef-
fectiveness at choosing primers, since
failures may reflect use of incorrect se-
quence, oligonucleotide synthesis er-
rors, reaction failures, or (in the
genomic PCR cases) sequencing from
clones which may not be faithful
replicas of the genome, rather than
poor choices by OSP. In particular,
cloning artifacts almost certainly ac-
count for a substantial fraction of the
PCR failures. In the chromosome 7
project, most of the failed primer pairs
tested were found to amplify the clone
DNA successfully, even when it was
mixed with genomic DNA such that
the clone sequence was present at the

TABLE 3 OSP-selected PCR Primer Pair Success Rates

Number successful/

Project Template DNA total(‘ W) Data source

Chromosome 72 human genomic 63/80 (78.8)P E.D. Green
55/65 (84.6)¢ E.D. Green

Chromosome 13 human genomic 14/17 (82.4)b P. Kwok
24/24 (100.0)9 P. Kwok

Chromosome X human genomic 19/29 (65.5)P J. Kere

C. elegans physical map C. elegans cosmid 46/46 (100.0) Y. Kozono

C. elegans physical map C. elegans YAC 41/44 (93.2) Y. Kozono

3Default OSP constraint settings were relaxed as follows: min. product length, 60; max. pro-
duct T, 82; max. G+C content, 60%; max. difference between primer T..'s, 3. Sequences for
which OSP found no primer pairs meeting all constraints were skipped. See ref. 10 for a des-

cription of the PCR conditions used.

bSequences derived from M13 clones of flow-sorted human chromosomes.
¢Sequences derived from "bubble PCR" of A clones.
dsequences derived from bubble PCR of YAC ends. Many of these primers were also used for

sequencing (successfully, in all cases).

same concentration as single-copy
genomic sequences (E.D. Green, pers.
comm.). Thus, these failures more like-
ly result from a fraction of the clones
that contain rearranged or foreign
DNA, rather than from nonrobust
primers. In this light, it is interesting
that the PCR success rates appear to
depend significantly on the method
used to construct the clones or sub-
clones from which the sequence was
determined: the overall success rate
was only 76.2% for sequences inferred
from M13 subclones of flow-sorted hu-
man chromosomes (lines 1, 3, and § in
Table 3), while for sequences obtained
by other methods (lines 2 and 4 in
Table 3), it was 88.8%. This suggests
that, at least in these experiments,
M13 cloning from small amounts of
source DNA may have been more
prone to rearrangements or inclusion
of contaminating DNA, and that OSP’s
success rate at choosing human
genomic PCR primers may approach
90% when the genomic sequence is ac-
curately known.

The variation in success rates
among the mapping projects probably
also reflects differing efforts to op-
timize the PCR conditions; for exam-
ple, a larger variety of temperature
regimes and buffers were tried in the
chromosome 7 project (cf. ref. 10) than
in the X chromosome project, which
may account for its higher success rate.

It should also be noted that these
success rates will likely be improved by
OSP’s testing for base-pairing with se-
quences in the "other sequence" file,
which was not available at the time
these experiments were done.

DISCUSSION

The detailed kinetics of PCR and se-
quencing reactions, in particular
primer-template interactions, are not
well understood, and as a result the
criteria currently used to choose
primers are largely empirical. Primer
T, is of obvious relevance for the
temperature cycling protocols. Primer
%G+C content is also thought to be
important, although it is unclear
whether this is because of its influence
on secondary structure or nonspecific
annealing to template DNA. Specificity
of the priming reaction should be en-
hanced, and primer secondary struc-
ture and primer-primer interactions
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largely avoided, by minimizing poten-
tial primer base-pairing with nontarget
sequences in the reaction mixture, par-
ticularly those present in high copy
number. Thus, it is desirable to ensure
low annealing of the primer with itself;
with the other primer (in PCR), with
(nontarget) sites in the amplified pro-
duct; with repetitive elements, when
the template is genomic DNA; and ad-
ditionally, when the template is cloned
DNA, with any nontarget sequences
known to be present in the clone (such
as the vector sequence). OSP allows the
calculation of a simple base-pairing or
"annealing” score for the primer with
each of these types of sequences.

In comparison to other primer se-
lection programs we have examined,
OSP is unusual in the range of user-
settable parameters employed (for ex-
ample, base-pairing involving the in-
ternal primer sequence can be scored
differently from base-pairing at the 3’
end, which is presumably more likely
to lead to nonspecific priming), in al-
lowing prescreening against other se-
quences, and in the flexibility allowed
the user in setting constraints and
ranking candidate primers. Any
criterion can be altered to find primer-
pairs in a particularly difficult se-
quence or to meet different experimen-
tal conditions. This flexibility allows
the user’s selection criteria to evolve in
the light of laboratory experience.

As yet, no method for choosing
primers has been tested in a controlled
experiment, and OSP is no exception.
Since the criteria it uses are much the
same as those used by investigators
without such a program available to
them, its success rates quite possibly
do not exceed those attainable by an
expert without computer assistance.
Nonetheless, at a minimum OSP allows
the choice to be made rapidly and
automatically, and has success rates
that exceed those often reported anec-
dotally.

AVAILABILITY

C language source code for OSP is
available (for research purposes only)
at no cost from the authors, in either
the text output version (tested for
VAX/VMS, PC, MAC, and SUN
Sparcstations), or interactive X
windows graphics version (tested for
SUN Sparcstations).
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