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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 
St. Louis, Missouri 63110 

OSP (Oligonucleotide Selection Pro- 
gram) selects ollgonucleotide 
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 elegons 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. 

D N A  sequencing by the Sanger 
chain-termination method, (1) and the 
polymerase chain reaction (PCR), (2) 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. (3,4) 

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 
(STSs) (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 OSP,  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 

3 ' nucleotides a 
Primer length (nucleotides) c 
Primer G+C content (%) 
Primer T m (Celsius) d 
Annealing scores e 

Primer-self internal 
Primer-self 3 '  
Primer-other internal 
Primer-other 3 '  

Product length (bp)g 
Product G÷C content (%) 
Product T m (Celsius) 
Primer T m difference (Celsius) 
Annealing scores 

Primer-primer internal 
Primer-primer 3 '  
Primer-product internal 
Primer-product 3 '  

Single primer parameters 
S a m b  

18 22 0.0 
40.0 55.0 0.0 
50.5 55.0 0.0 

- -  1 4 . 0  1 . 0  

- -  8.0 2.0 
-- NS f 0.0 
- -  N S  0 . 0  

Primer pair parameters 

100 300 0.0 
40.0 $5.0 0.0 
70.0 90.0 0.0 

- -  2.0 0.0 

D 14.0 1.0 
8.0 2.0 
NS 0.0 
NS 0.0 

aAny 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. 
CValues shown are for PCR primers. For sequencing primers, defaults are rain. = 17, max. = 
18. 
dT m (melting temperature) is calculated as: 62.3 + 0.41(%(G+C)) - 500/length. (6) Any am- 
biguous nucleotides are ignored. 
eSee text for explanation. 
f(NS) Not set (in OSP defaults). 
gFor 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 (default value, 
4). For any a l ignment  of two sequences 
(with the first sequence writ ten 5 ' t o  
3 ' ,  and the second one 3 ' t o  5 ' )  
scores are summed over contiguous 
complementa ry  nucleotide pairs; the 
max imum such score, taken over all 
contiguous blocks in all al ignments,  is 
the internal  anneal ing  score. The 
3 '  anneal ing 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 ' e n d  of the primer. An- 
neal ing 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 min imum,  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" mult iple 
PCR primer pairs in the same reaction 
tube. 

For example, the a l ignment  

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

of two candidate primers would yield 
an internal  anneal ing  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 ' a n n e a l i n g  
score of 6, corresponding to the pair- 
ing of TG at the 3 ' e n d  of the first 
primer with AC. Since the default in- 
ternal anneal ing  cutoff (14.0) is ex- 
ceeded, this pair would be rejected by 
OSP. 

Primer Selection Algorithm 
OSP scans each strand in a 5 ' t o  3 '  
direction for possible primers. For each 

posi t ion wi th in  the sequence, it tests 
candidate primers having that  posit ion 
as the 3 '  terminus, examining  in order 
the criteria in the upper half of Table 
1. Primers conta in ing  an ambiguous 
nucleotide are automatical ly  rejected. 
Primers with the same 3 ' e n d  are con- 
sidered in order of increasing length; 
this allows considerat ion 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 construct ion 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 bo th  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- 
neal ing 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-dr iven "point and click" 
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TYPE/PASTE IN SEQUENCE 

~ l i c k  u iLh the 1 e l l  eouse but ton ON any primer to have score i n f e r e a t i o n  d isplayed here 

217 248 279 310 341 372 403 434 

PRODUCT CONSTRAINTS 

Product l ene th (bp) :  Min [10~ ] 

.a. 130~ l 
G.c Conte.t(~): . in L4~ ) 

Na, [5t ] 
Tn(Ce ls ius ) :  min 170. ~ 1 

.a .  [90.0 J 

PRIMER CONSTRAINTS 

Length(bases): Min 118 ] 

Ha. 12~ I 
G+C ConLent(X); Min 140 ] 

.a.  155. [ 
Tm(Celslus): Min 150. ~ J 

.a. 155.~ I 
Difference in Te cuLoFF: I 2.0 l 

3" NucleoLides (S=G/C,g=A/T): IS ~ I 

ANNEALINi 
Annealing Sco, 

Pr lner -se l ,  

Pr iner -p r in ,  

Pr iner-produ 

Priner-othe 

R<->T Scor, 

C<->G Scor, 

gt Anbig 

.... 

~ I C . N C E L  i[INPUT CONSTRAINTS EROH FILE: J IS"VE CONSTRAINTS TO FILE: ]~180oSeqodet" 

)RIMERS 
(Nunber o£ S-type sequences Found uas 183) 

Sense: 
To ta l  considered:  
Rejected based on 
Rejected based on 
Rejected based on 
ReJected based on 
Rejected based on 
Nunber accepted: 

Ant isense:  
T o t a l  considered:  
Rejected based on 
Rejected based on 
Rejected based on 
Rejected based on 
Rejected based on 
Nunber accepted: 

PRODUCTS 
To ta l  considered:  
Rejected based on 
Rejected based on 
Rejected based on 
Rejected based on 
Rejected based on 
Rejected based on 
Rejected based on 
Nunber accepted: 

309 
aeb i~u i ty  (N): G3 
gc_conLent: 121 
p r i ce r  Te: 52 
se l f -annea l in~  2 
oLher-anneal in~: 0 

31 

594 
a n b i g u i L y  (N): 20 
¢c_content: 405 
p r iner  Tn: 119 
se l f -annea l ine :  11 
o ther-anneal ing:  0 

35 

1085 
i d e n t i c a l  endphs: G34 
length:  0 
p r imer -p r i ce r  anneal ine:  124 
pr iner-producL anneal ing:  0 
ee l t i ng  LenperaEure: 0 
gc_conLenL: 0 
diFFerence in Tn: 0 

327  

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 
OHIONS 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 
enter ing 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- 
m a n d  line. 

Analysis is init iated 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 
informat ion 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 mach ine  (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 ¢7)) 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. (8) This project in- 
volves a two-stage strategy for sequenc- 
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TABLE 2 0 S P - s e l e c t e d  C. elegans Sequencing Primer Success Rates 

Number successful/ 
Project(a) Template DNA total(%) b Data source 

B0303 plasmid 95/102 (93.1) R. Wilson 
ZK370 plasmid 44/45 (97.8) R. Wilson 
ZK643 plasmid/M13 109/1 lO (99.1) J. Sulston 
F59B2 plasmid/M13 98/100 (98.0) T. Hawkins 

aCosmids from C. elegans physical map. OSP default constraint settings were used, with the 
following exceptions: rain. primer T m = SO, max. -- 60; for ZK643 and F59B2, primer length 
constraints were min. = 17, max. = 23, and rain. primer G+C content = 30%. For sequencing 
reaction conditions, see ref. 9. 
bFor 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 ini t ial  "shotgun" stage, in 
w h i c h  a single sequence tract is genera- 
ted from each of several hund red  large- 
insert  M13 or p lasmid subclones of the  
cosmid  and  assembled in to  contigs,  
fol lowed by a "walking" stage to fill 
gaps be tween contigs,  to ob ta in  
double -s t randed  coverage in all re- 
gions,  and  to resolve any  r ema in ing  se- 
quence  ambiguit ies .  OSP is used to 
choose  the  walk ing  primers.  

The success rates for PCR primers 
are given in Table 3. The bulk of these 
pr imers  were selected for the  C. elegans 
physical  m a p p i n g  project,  and  for the  
7 and  X c h r o m o s o m e  m a p p i n g  
projects  in the  W a s h i n g t o n  Universi ty  
G e n o m e  Center .  For the  latter (in 
wh ich  sequences derived from )~ or 
M13 genomic  clones were used to 
choose  the  primers) we inc lude  as "suc- 
cesses" all cases in wh ich  a band  of the  
an t i c ipa ted  size was ob ta ined  f rom 

ampl i f i ca t ion  of the  genomic  DNA 
source from wh ich  the  c lone l ibrary 
was prepared,  whe the r  or no t  the  se- 
quence  u l t ima te ly  t u rned  out  to be 
single copy in the  genome  or m a p p e d  
to the  desired h u m a n  c h r o m o s o m e .  

The success rates in these tables are 
likely to be underes t imates  of OSP's ef- 
fectiveness at choos ing  primers,  since 
failures may  reflect use of incorrect  se- 
quence,  o l igonuc leo t ide  synthesis  er- 
rors, react ion failures, or (in the  
genomic  PCR cases) sequenc ing  from 
clones w h i c h  may  no t  be fai thful  
replicas of the  genome,  ra ther  t h a n  
poor  choices by OSP. In particular,  
c lon ing  artifacts a lmost  cer ta in ly  ac- 
coun t  for a substant ia l  f ract ion of the  
PCR failures. In the  c h r o m o s o m e  7 
project,  mos t  of the  failed pr imer  pairs 
tested were found  to ampl i fy  the  c lone 
DNA successfully, even  w h e n  it was 
mixed  wi th  g e n o m i c  DNA such tha t  
the  c lone  sequence was present  at the  

TABLE 30SP-selected PCR Primer Pair Success Rates 

Number successful/ 
Project Template DNA total(%) Data source 

Chromosome 7 a human genomic 63/80 (78.8) b E.D. Green 
SS/6S (84.6) c E.D. Green 

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

Chromosome X human genomic 19/29 (65.5) b 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 

aDefault OSP constraint settings were relaxed as follows: min. product Length, 60; max. pro- 
duct T m, 82; max. G+C content, 60%; max. difference between primer Tin'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. 
CSequences derived from "bubble PCR" of ~. clones. 
dSequences derived from bubble PCR of YAC ends. Many of these primers were also used for 
sequencing (successfully, in all cases). 

same c o n c e n t r a t i o n  as s ingle-copy 
genomic  sequences (E.D. Green, pers. 
comm.) .  Thus, these failures more  like- 
ly result f rom a f ract ion of the  clones 
tha t  c o n t a i n  rearranged or foreign 
DNA, rather  t h a n  from n o n r o b u s t  
primers.  In this light, it is in teres t ing  
tha t  the  PCR success rates appear  to 
depend  s ignif icant ly  on  the  m e t h o d  
used to cons t ruc t  the  clones or sub- 
clones from w h i c h  the  sequence was 
de te rmined :  the  overall  success rate 
was on ly  76.2% for sequences inferred 
from M13 subclones of f low-sorted hu-  
m a n  c h r o m o s o m e s  (lines 1, 3, and  5 in 
Table 3), whi le  for sequences ob t a ined  
by o the r  m e t h o d s  (lines 2 and  4 in 
Table 3), it was 88.8%. This suggests 
t h a t ,  at least in these exper iments ,  
M13 c lon ing  f rom small  a m o u n t s  of 
source DNA may  have  been more  
p rone  to rea r rangements  or inc lus ion  
of c o n t a m i n a t i n g  DNA, and  tha t  OSP's 
success rate at choos ing  h u m a n  
genomic  PCR pr imers  may  approach  
90% w h e n  the  genomic  sequence is ac- 
curately known.  

The var ia t ion  in success rates 
a m o n g  the  m a p p i n g  projects p robab ly  
also reflects differ ing efforts to op- 
t imize the  PCR condi t ions ;  for exam- 
ple, a larger var ie ty  of t empera tu re  
regimes and  buffers were tried in the  
c h r o m o s o m e  7 project  (cf. ref. 10) t h a n  
in the  X c h r o m o s o m e  project,  wh i ch  
may  accoun t  for its h igher  success rate. 

It shou ld  also be no ted  tha t  these 
success rates will l ikely be improved  by 
OSP's tes t ing for base-pair ing wi th  se- 
quences  in the  "other  sequence" file, 
wh i ch  was no t  avai lable at the  t ime  
these exper iments  were done .  

DISCUSSION 

The detai led kinetics of PCR and  se- 
quenc ing  reactions,  in part icular  
p r i m e r - t e m p l a t e  in teract ions ,  are no t  
well unders tood ,  and  as a result the  
criteria cur ren t ly  used to choose  
pr imers  are largely empirical .  Primer 
T m is of obvious  relevance for the  
t empera tu re  cycl ing protocols .  Primer 
%G+C con t en t  is also t h o u g h t  to be 
impor t an t ,  a l t h o u g h  it is unc lear  
w h e t h e r  this  is because of its in f luence  
on  secondary  structure or nonspeci f ic  
annea l i ng  to t empla te  DNA. Specificity 
of the  p r iming  reac t ion  shou ld  be en- 
hanced ,  and  pr imer  secondary  struc- 
ture and  p r i m e r - p r i m e r  in te rac t ions  
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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 anneal ing 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 me thod  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 
wi thout  such a program available to 
them,  its success rates quite possibly 
do not  exceed those attainable by an 
expert wi thout  computer  assistance. 
Nonetheless, at a m i n i m u m  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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