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The identification of conserved
polymerase chain reaction (PCR)
primers from a “map-rich” species to
amplify homologous loci in a related
species can save considerable time and
effort over cloning species-specific
DNA markers (9). However, successful
application of cross-species PCR re-
quires resolving the effects of sequence
divergence of borrowed primers. Mis-
matches at the 3′ ends of primers re-
duce both annealing specificity (8) and
PCR product yield (5). The effects of
annealing temperature (7), number of
cycles (2) or magnesium concentration
(3) on PCR specificity or yield have not
been studied in cross-species applica-
tions. We studied the influence of mag-
nesium concentration and duration of
annealing and extension steps on locus-
specific amplification and product yield
using human short tandem repeat
(STR) primers to amplify nonhuman
primate DNA.

PCR primers for human STR loci
were obtained commercially (Research
Genetics, Huntsville, AL, USA). Stan-
dard PCRs were prepared (4), except
MgCl2 concentration varied between
1.0 and 2.5 mM (Table 1). We com-
pared 5 different PCR programs, each
preceded by a 5-min denaturation at
94°C and followed by a 10-min exten-
sion at 72°C. The annealing tempera-
ture was 55°C for each program (Table
1). Five microliters of PCR product
were electrophoresed through 8% non-
denaturing polyacrylamide gels (Mini-
PROTEAN II; Bio-Rad, Hercules,
CA, USA) for 2 h at 70 V. Alleles were
visualized with an extremely sensitive
silver-staining technique (1). Gels were
evaluated qualitatively for yield (judged
by band intensity) and locus specificity
(absence of nonspecific PCR product).

Amplification results using rhesus
monkey (Macaca mulatta) DNA varied
among the 5 PCR programs and de-
pended on magnesium concentration.

Programs with short extension times
(1/1/1 and 1/1.25/1.25) (see Table 1 for
explanation of notation) gave inconsis-
tent results. Either they failed to amplify
at any magnesium concentration (locus
IGF2R), or they only amplified in a nar-
row range of magnesium concentration
with no optimum (IID) (Table 1; Figure
1, A–D). Program 1/1.5/1.5, with inter-
mediate extension time, was very sensi-
tive to magnesium concentration and
typically lacked an optimal concentra-
tion (Figure 1). Program 1/1.5/1.5 did
not amplify either locus at low (1.0–1.5
mM) magnesium concentration but did
amplify at higher levels (1.5–2.5 mM)
(Table 1; Figure 1). Programs with long
extension times (1/1/1+2 and 1/2/2.5)
were less affected by magnesium con-
centration, always amplified both loci
(though sometimes nonspecifically) and
typically had an optimum magnesium
level. Low magnesium concentration
(1.0–1.5 mM) resulted in nonspecific
amplification, while higher concentra-
tions (2.0–2.5 mM) produced strong,
locus-specific amplification (Table 1;
Figure 1), presumably because primers
cannot bind to template DNA in the ab-
sence of sufficient magnesium (3). For
example, program 1/1/1+2 consistently
amplified locus IID, regardless of
MgCl2 concentration, with an optimum
concentration at 2.0–2.5 mM (Table 1;
Figure 1, A–D). Program 1/2/2.5 al-
ways amplified locus IID, sometimes
nonspecifically, but had no optimum
magnesium concentration (Table 1; Fig-
ure 1, A and D). In general, shorter an-
nealing and extension times (1/1/1) re-
sulted in more amplification failures,
while longer annealing and extensions
times (1/2/2.5) resulted in more nonspe-
cific amplification.

We further compared the best PCR
program (1/1/1+2) and the two com-
monly used human programs (1/1/1
and 1/2/2.5) to a touchdown PCR pro-
gram (6) at another 2 STR loci (ACPP,
MYC) in chimpanzees (Pan troglo-
dytes), rhesus (M. mulatta) and cebus
monkeys (Cebus apella). Touchdown
PCR is intended to reduce the frequen-
cy of nonspecific amplification by de-
creasing an initially high annealing
temperature during each of the first 10
cycles, until the touchdown annealing
temperature is reached (6). Results
again revealed that amplification condi-
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tions affected locus specificity and var-
ied across magnesium concentration
levels. Compared to program 1/1/1+2,
program 1/1/1 (with short annealing
and extension steps) more often com-
pletely failed to amplify the locus,
while program 1/2/2.5 (with long an-
nealing and extension steps) produced
more non-locus-specific amplification

and more complete amplification fail-
ure. Although we did not systematical-
ly study the influence of different an-
nealing temperatures, it was edifying to
note that touchdown PCR (6) produced
locus-specific amplification in only 8%
of all locus/magnesium combinations
tested. Considering results for all 4 loci
together, program 1/1/1+2 produced lo-
cus-specific amplification more often
(42% of all locus/magnesium combina-
tions tested) than did 1/1/1 (32%) and
1/2/2.5 (25%), a telling result for 2 pro-
grams commonly used to amplify STR
loci in humans (10). Complete amplifi-
cation failure is another problem in
cross-species PCR. Overall, program
1/1/1+2 failed to amplify in only 6% of
all locus/magnesium combinations test-
ed, compared to 32% failure for 1/1/1,
31% for 1/2/2.5 and 38% for touch-
down PCR (Table 1; unpublished data).
These differences are due to either an-
nealing or extension times. Excess an-
nealing time in program 1/2/2.5 allows
more opportunities for false priming,
resulting in nonspecific amplification
(3,11). The observation that program
1/1/1 often failed to amplify at a partic-
ular magnesium concentration, while
program 1/1/1+2 amplified the same
locus (e.g., IID and IGF2R in rhesus,
ACPP in chimpanzees), can be attrib-
uted to the effects of longer extension
time. Reducing extension time to 20 s

Vol. 25, No. 1 (1998)

Figure 1. Results of PCR amplification of locus
IID in rhesus monkeys. Lane 1: program 1/1/1;
lane 2: program 1/1.25/1.25; lane 3: program
1/1.5/1.5; lane 4: 1/1/1+2; lane 5: program
1/2/2.5 (denaturation/annealing /extension time
in minutes). Lane L represents the molecular
weight standard run on each gel (pBR322/MspI).
The two locus-specific bands are adjacent to the
180- and 201-bp fragments. (A) 1.0 mM MgCl2,
(B) 1.5 mM MgCl2, (C) 2.0 mM MgCl2, (D) 2.5
mM MgCl2.

MgCl2 Concentration
Locus PCR Conditionsa 1.0 mM 1.5 mM 2.0 mM 2.5 mM

IID 1/1/1 - + + -
1/1.25/1.25 - + + +
1/1.5/1.5 - ++ + +
1/1/1+2b ns ns ++ ++
1/2/2.5 ns ns + +

IGF2R 1/1/1 - - - -
1/1.25/1.25 - - - -
1/1.5/1.5 - - + +
1/1/1+2b + + ++ +
1/2/2.5 ++ ++ + ns

-: no amplification
ns: non-locus-specific amplification
+: locus-specific amplification
++: optimal locus-specific amplification
aDenaturation (in minutes) at 94°C, annealing (in minutes) at 55°C, extension (in
minutes) at 72°C.

bDenotes a 1-min extension, plus a 2-s auto-extension (2 s added each cycle).

Table 1. Results of 5 PCR Programs and 4 MgCl2 Levels at 2 STR Loci in Rhesus Monkeys
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did not affect product yield in human
optimization studies (11), but longer
extension times are recommended
when primer sequences diverge from
template DNA sequence (3), as routine-
ly expected in cross-species PCR.

Because short annealing times (≤1
min) and long extension times (>1.5
min) rather consistently produced lo-
cus-specific amplification regardless of
magnesium level, we designed a pro-
gram for cross-species PCR, consisting
of an initial denaturation for 4 min at
92.5°C followed by 4 cycles of (1/0.75/
1.5), then 26 cycles of (0.75/0.75/
1.5+2), with annealing set at 55°C. This
design was intended to minimize non-
specific priming with a short annealing
step, allow ample time for extension
and still permit rapid throughput (30
cycles in 2 h 40 min). We used 46 STRs
on human chromosome 3 to compare
our new program to program 1/1/1.
Without optimizing any other factor,
our customized program produced lo-
cus-specific amplification in 48% of
these STRs in rhesus monkeys, com-

pared to only 24% for program 1/1/1.
Identifying the important role of the
PCR conditions in producing robust,
locus-specific amplification allowed us
to optimize a program for cross-species
PCR. This program has increased our
likelihood of identifying STR loci in
nonhuman primates, which do not am-
plify by standard human PCR pro-
grams. This is an important considera-
tion, because approximately 1 in 4
human STRs is polymorphic in rhesus
monkeys (Reference 4 and unpublished
data), while even fewer (ca. 1 in 9) are
polymorphic in the more distantly re-
lated squirrel monkey, Samiri bolivien-
sis (12). Future optimization studies
might begin with the results reported
here to study the influence of other fac-
tors, especially annealing temperature,
that are likely to affect amplification
success in cross-species PCR.
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