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Partial Endonuclease Digestion Mapping of
Restriction Sites Using PCR-amplified DNA

Juan Carlos Morales,’3 John C. Patton,? and John W. Bickham'

'Department of Wildlife and Fisheries Sciences, Texas A&M University, College Station, Texas 77843; 2LGL Ecological Research

Although direct DNA sequencing is
now readily available, restriction en-
zyme analyses are still widely used in
population genetics and molecular
systematics studies. These analyses
provide cheaper and faster ways to
assay patterns of nucleotide differen-
tiation across a large number of indi-
viduals. In this paper, we introduce a
new approach to restriction enzyme
analyses in which high-resolution re-
striction site maps are obtained from
partial digestions of PCR products.
This procedure increases the level of
resolution at least an order of mag-
nitude over the double-digestion
method for restriction enzyme map-
ping, can target specific DNA regions
with the use of specific primers, and,
because it uses chemiluminescent de-
tection of DNA, can be easily imple-
mented in laboratories that lack the
necessary setups to handle radioac-
tive substances.

3Present address: Genetics Laboratory, Department of
Anthropology, 452 Schermerhorn Hall, Columbia Uni-
versity, New York, NY 10027.
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In just a few years, DNA analyses have
become the method of choice in the in-
vestigation of population genetics and
systematics. Analysis of DNA has several
significant advantages for population ge-
netics and evolutionary studies, includ-
ing the fact that the genotype rather
than the phenotype is assayed.” Of the
several approaches for the analysis of
DNA, the most widely used methodolo-
gies in organismic biology include re-
striction endonuclease analyses and di-
rect sequencing of particular DNA
regions. Direct sequencing obviously
conveys the ultimate level of resolution
of nucleotide differentiation. However,
current techniques available for se-
quencing are rather cumbersome and
relatively expensive for most applica-
tions of population genetics and evolu-
tionary studies, where a great number of
individuals have to be assayed.® Restric-
tion endonuclease analyses provide a
cheaper and faster way to assay greater
numbers of individuals. However, the
most commonly used detection systems
in restriction endonuclease analyses,
end labeling, or transfer hybridization
require either vast amounts of high-
quality purified target DNA or a labori-
ous probing procedure that is not partic-
ularly effective with restriction enzymes
having a high frequency of cleavage sites
in the target DNA.®®

Once the restriction fragments are vi-
sualized, two approaches typically are
used in the analysis of DNA restriction
data, the comparison of fragments, and
the comparison of sites. Fragment com-
parison assumes that fragments of iden-
tical size must share flanking cleavage
sites, which is generally true for se-
quences from closely related individu-

als.”® However, as sequence divergence
increases, the likelihood of fragments of
the same size produced by different cleav-
age sites also increases, and this can have a
detrimental effect on the data analysis.*>

Restriction site mapping eliminates
the problem of convergent fragment
lengths. Two methods normally used for
restriction site mapping include the dou-
ble-digestion method and the compari-
son of fragment patterns to a known se-
quence. The double-digestion method
compares the fragment patterns pro-
duced by two restriction enzymes inde-
pendently, and then concurrently, to
produce an estimation of the relative po-
sition of the cleavage sites.® This proce-
dure requires considerable patience and
is very sensitive to errors in the estima-
tion of fragment lengths associated with
gel electrophoresis. Comparison of re-
striction fragments to a known sequence
can be used to produce a higher-resolu-
tion map,‘® but this method is by neces-
sity confined to closely related individu-
als and it has the drawback of having to
sequence the DNA molecule of interest
in at least one individual.

Another approach for fine-structure
restriction site mapping involves partial
endonuclease digestion mapping. In this
procedure, a DNA fragment labeled at
one end is subjected to partial cleavage
by a particular restriction enzyme. Visu-
alization of the labeled fragments in a
polyacrylamide or agarose gel enables
the investigator to measure directly the
distance of the restriction sites from the
labeled end, but, unlike restriction map-
ping by double digestion, the analysis is
not complicated by the presence of nu-
merous cleavage sites for a given en-
zyme.”
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In this paper, we present a new ap-
proach for partial endonuclease diges-
tion mapping, in which the DNA se-
quences analyzed are generated in vitro
by the PCR.® This approach was first ad-
vanced by J.C. Patton in an article by
Cherfas.®® Using this procedure, a target
DNA sequence is amplified by the addi-
tion of oligonucleotide primers compli-
mentary to opposite strands of the target
DNA. The development of universal
primers, which recognize conserved
DNA regions across a broad spectrum of
taxa, allows for the analysis of the same
target sequence among phylogenetically
divergent forms.'® Primer specificity
obviates the necessity of tedious purifi-
cation procedures of suitable DNA.
Moreover, the PCR procedure allows for
the analysis of virtually any recoverable
piece of DNA, including suboptimal
samples. 'V

The main advantage of using PCR for
partial endonuclease digestion mapping
is that the critical one-side end-labeling
step can be accomplished by the addi-
tion of one labeled primer during the
amplification process. Primer labeling
can be accomplished by the addition of
32P to the 5’ end of the primer using T4
polynucleotide kinase or by the use of
biotinylated primers, which can be ob-
tained commercially. Biotinylated prim-
ers can be utilized in chemiluminescent
detection of DNA.'? Both approaches
have been implemented successfully in
mapping attempts in our laboratory.
However, the advantage of using bioti-
nylated primers is that DNA analysis can
be implemented in laboratories that lack
the capability to handle radioactive sub-
stances. Biotinylated primers also can be
stored for a long time without degrada-
tion. This paper details the procedure for
nonradioactive, partial endonuclease di-
gestion mapping of specific DNA se-
quences obtained through PCR amplifi-
cations using biotinylated primers.

The basic procedure is as follows: Seg-
ments of about 2000 bp in length are
amplified with specific primers for the
desired target DNA, and such segments
are subjected to complete digestion with
various restriction enzymes. Because the
PCR technique allows for virtually an
unlimited supply of sample DNA, the
type and number of restriction enzymes
that can be used depends only on the
objectives of the research. The fragment
patterns obtained from the complete di-
gestion are visualized in agarose gels

with ethidium bromide. Several individ-
uals can be scored this way in a relatively
short period. Once each of the variable
haplotypes is identified for every en-
zyme, the next step is the partial diges-
tion mapping of the cleavage sites. As
with other mapping procedures, only
one individual per variable haplotype is
needed for the mapping procedure. For
the partial endonuclease digestion map-
ping, target DNA sequences are reampli-
fied, but this time with one of the prim-
ers labeled with biotin. This segment is
partially digested with a restriction en-
zyme, and the resulting fragments are
electrophoretically separated in an agar-
ose gel using a DNA size standard to es-
timate fragment lengths. DNA fragments
are transferred onto a nylon membrane
with standard blotting procedures, and
the immobilized DNA is detected by
chemiluminescence using a Streptavi-
din-alkaline phosphatase (SA-AP) conju-
gate and a substrate (PPD) that lumi-
nesces when dephosphorylated. Both
conjugate and substrate are available
commercially from GIBCO-BRL. The SA-
AP conjugate binds to the biotin mole-
cule attached to one of the primers, and
the phosphatase dephosphorylates the
substrate, resulting in light emission.
This provides enough signal to expose a
standard X-ray film normally used for
autoradiography. Only those fragments
with a biotin molecule attached to the
primer position are visualized. The
length of the fragments observed is a di-
rect measure from the restriction site to
the labeled primer position. This proce-
dure has been applied successfully in a
study of the systematic relationships of
bats of the genus Lasiurus based on mi-
tochondrial (mt) DNA sequences,*® and
the data set from that study is used as a
reference to explain the details of the
mapping procedure.

Total DNA preparations were ob-
tained from frozen and alcohol-pre-
served tissues by standard phenol/
chloroform extractions and ethanol pre-
cipitation procedures.!* Primer sets
were selected to amplify segments of
about 2000 bp of the mtDNA molecule.
Although it is possible to amplify frag-
ments longer than 2000 bp, we have ob-
served that this length is optimal for the
amplification of sequences from a wide
array of different taxa, without any spe-
cial modifications in a regular PCR pro-
tocol.® The fragment patterns obtained
in a regular digestion reaction are easily

scored in agarose gels stained with ethid-
ium bromide (Fig. 1a).

MATERIALS AND METHODS
Polymerase Chain Reaction

Amplifications were performed accord-
ing to the manufacturer’s instructions ei-
ther with AmpliTaq (GeneAmp, Perkin-
Elmer Cetus) or Promega Taq DNA
polymerase (Promega). Reactions of 100
pl were performed using the buffer sys-
tems provided by the suppliers, 1 mM of
each dNTP, and 10 ul of each primer at a
working concentration of 2 pm/pl
MgCl, concentrations ranged from 5 to
7.5 mM. Genomic DNA added to each re-
action was estimated from 10 to 1000 ng
per reaction. We have obtained consis-
tent results utilizing 2 pl of a genomic
DNA solution obtained through stan-
dard phenol/chloroform extractions of
DNA from nanogram amounts of fresh
tissue resuspended in 75-100 pl of
ddH,O after the ethanol precipitation.
Each 100-ul amplification reaction
yields enough template to assay from 15
to 18 restriction enzymes per individual.
The amplification reactions were per-
formed in a thermal cycler (Perkin-
Elmer Cetus) with a denaturing temper-
ature of 95°C for 50 sec, annealing
temperature of 50-55°C for 35 sec, and
extension temperature of 72°C for 2 min,
30 sec, for 30—40 cycles.

Complete Digestion of Amplified
Fragments

The first approximation in this restric-
tion endonuclease analysis is to score all
the samples for patterns of variation,
performing complete digestions to ob-
tain a haplotype profile for the organ-
isms under study. Restriction digests
were performed with several restriction
endonucleases. following the specifica-
tions of the suppliers (GIBCO-BRL, New
England Biolabs). Digestion reactions
were accomplished in 25 pl total volume
with 3 units of enzyme and S pl of the
amplified mixture. Electrophoresis of
the restriction digests was done in 1.5~
1.75% agarose gels and the fragment pat-
terns visualized by staining with ethid-
ium bromide (Fig. 1a).

Partial Digestion of Amplified
Segments :

Once representative individuals were se-
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FIGURE 1 Example of the mapping procedure for a 1.6-kb segment on the 125, 165 mtDNA region of species of tree bats restricted with the
endonuclease Asel. The taxa shown are Lasiurus borealis (lane 1), L. seminolus (lane 2), L. pfeifferi (lane 3), L. blossevillii frantzi (lane 4), and L.
blossevillii blossevillii (1ane 5). (a). Complete digestion stained with ethidium bromide. (b). Partial digestion also stained with ethidium bromide. (c).
Partial digestion after chemiluminescent detection of one-sided biotinylated fragments. The estimated fragment lengths correspond to the site
positions with respect to the labeled primer. The broad band at 1560 bp is an artifact due to some drag effect and the strong chemiluminescent
reaction of the undigested fragment in this particular case.

lected for the mapping process, biotin-
labeled segments were obtained follow-
ing the same standard amplification
procedures but with one of the primers
biotinylated. The biotin complex at-
tached to the 5’ end of the primer has no
effect on the amplification procedure or
any of the subsequent reactions.

One critical step at this stage was to
ensure a partial digest that results in a
homogeneous distribution of all the dif-
ferent fragment combinations. This was
accomplished by doing an assay for each
of the restriction enzymes at different
unit concentrations by serial dilutions”
from 3 to 0.1875 units per reaction. For
this assay, all the reactions were con-
ducted in 25 ul total volumes for exactly
30 min and stopped by adding 5 pl 0f 0.2
M EDTA-2Na. Table 1 shows the optimal
enzyme concentrations for 26 enzymes
used in a survey of the bat genus Lasiu-
rus. It is important to notice that these
parameters were obtained in our labora-
tory for the restriction enzymes provided
by the specified supplier, and might dif-
fer in different laboratory setups or with
enzymes from different suppliers. On
the other hand, we have observed that
these parameters remain fairly constant
across different segments of the mtDNA
or different taxa, as long as we use the
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same enzyme brands. Once the proper
reaction conditions have been identi-
fied, the next step is to proceed with the
partial digestion of the desired haplo-
types to be mapped.

We have observed that although the
scan provides the optimal enzyme con-
centrations for a particular set of sam-
ples, enough intersample variation
might exist as to affect the quality of the
partial digest in some individuals. To
overcome this problem, we routinely do
a set of two partial digestion reactions
per sample, one at the higher end of the
proper enzymatic conditions, and one at
the lower end (according to the range
specified in Table 1). Both samples are
then combined in the same well during
the electrophoresis run. This also helps
to minimize the impact of the fact that
some restriction sites are sometimes
cleaved better than others.””” The most
expeditious way to accomplish this for
each sample is to add 5 pl of DNA tem-
plate in two reaction vials, make a mas-
ter mix with all the other chemicals (in-
cluding the enzyme at the higher
concentration of the optimal range) for
twice the amount of samples, take half of
this master mix, and make a second mix
in which the enzyme concentration is
diluted in half by adding the same vol-

ume of buffer with no enzyme. Twenty
microliters of the proper mix are ali-
quoted to both sets of samples, and the
reactions are incubated at the proper
temperature for 30 min. The reactions
are stopped with EDTA, and, finally,
both reactions per sample are combined
into the same well in the agarose gel.

Samples were electrophoresed in
1.75-2% agarose gels for about 2 hr at
200 mA, stained with ethidium bromide,
and photographed (Fig. 1b). A known
size standard was used to estimate frag-
ment lengths. If a biotinylated size stan-
dard is not available, then a ruler should
be photographed next to the gel for fu-
ture reference.

Chemiluminescent Detection of
Biotinylated Fragments

For this step, we used the Photogene Nu-
cleic Acid Detection System (Cat. No.
8192SA from GIBCO-BRL). The follow-
ing protocol follows the one included in
the instruction manual of the kit, but
with some modifications to account for
the fact that the kit is intended for
chemiluminescent detection of DNA us-
ing hybridized biotinylated probes.
DNA fragments were blotted onto
Photogene Nylon membranes as follows:
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TABLE 1 Optimal Enzyme
Concentrations in Units per Reaction
for Partial Digestions of Amplified
Segments (about 2000 bp in length), in

a Study of mtDNA Genes

Optimal
Restriction concentration
enzyme (units/reaction)
Acc 1 (NEB) 1.5-0.75
Aci I (NEB)? 3.0-1.5
Alu 1 (NEB) 3.0-1.5
Ase I (NEB) 0.375-0.1875
Ava 11 (NEB) 0.375-0.1875
BsaA 1 (NEB) 1.5-0.75
Bsa] 1 (NEB) 1.5-0.75
BsmA 1 (NEB) 0.375-0.1875
Bsp1286 1 (NEB) 0.375-0.1875
Bsr 1 (NEB) 0.375-0.1875
BstN 1 (NEB) 0.75-0.375
BstU I (NEB) 3.0-1.5
Dde 1 (NEB) 0.375-0.1875
Dra 1 (BRL) 1.5-0.75
Hae 111 (NEB) 3.0-1.5
Hha 1 (BRL) 0.75-0.375
Hinf 1 (NEB) 0.75-0.375
Hph 1 (NEB) 0.375-0.1875
Mbo 1 (NEB) 0.375-0.1875
Mbo 11 (BRL) 0.375-0.1875
Nla IV (NEB) 1.5-0.75
Rma 1 (NEB) 3.0-1.5
Rsa 1 (NEB) 0.75-0.375
Sau96 1 (BRL) 0.375-0.1875
Ssp I (NEB) 3.0-1.5
Taq 1 (BRL) 3.0-1.5

#Requires 90 min of incubation.
Incubation time = 30 min. (NEB) Enzymes
supplied by New England BioLabs; (BRL) en-
zymes supplied by GIBCO-BRL.

Gels were depurinated for no more than
15 min in 0.25 M HCI, placed in denatur-
ing solution (1.5 M NaCl, 0.5 M NaOH)
twice for 20 min, and placed in neutral-
izing solution (1.0 M Tris, 1.5 M NaCl, pH
7.5) twice for 20 min. Nylon membranes
were soaked in 10x SSC (1x SSC is 0.15
M Na(l, 0.015 M sodium citrate, pH 7.0)
for 15 min, prior to blotting. Standard
capillary Southern blots were performed
overnight. After this step, the membrane
is washed once for 5 min, in 5% SSC, and
baked at 80°C for 2 hr. The membranes
can then be stored at room temperature
for later use.

Next we prehybridized the nylon
membrane in plastic hybridization bags
with 250 pl/cm? of prehybridization so-
lution for 1 hr at 42°C. The prehybridiza-
tion solution consists of 50% (wt/vol)
formamide, 0.9 M NaCl, 60 mm sodium

phosphate (pH 7.4), 0.1% (wt/vol) bo-
vine serum albumin, 0.1% (wt/vol)
Ficoll, 0.1% (wt/vol) polyvinylpyrrod-
oline, 1% (wt/vol) sodium dodecyl sul-
fate (SDS), and 200 pg/ml sheared
salmon DNA. This step helps to increase
significantly the signal-to-noise ratio in
the chemiluminescent reaction. The
membrane was then washed in 5x SSC,
0.5% (wt/vol) SDS for 30 min at 50°C,
and with 2X SSC for 5 min at room tem-
perature.

The membrane was blocked for 1 hr
at 65°C in 0.75 ml/cm? of blocking solu-
tion (Tris 100 mm, NaCl 150 mm, Tween
20 0.05% [vol/vol], bovine serum albu-
min 3% [wt/vol]). Next, 3.5 ul of the
streptavidin-alkaline phosphatase conju-
gate (SA-AP) per 100 cm? was added in a
1:2000 dilution in TBS-Tween 20 (same
as blocking solution but without albu-

min), and incubated at room tempera-
ture for 10 min. The membrane was then
washed twice for 15 min in TBS-Tween
20 to wash the excess SA-AP conjugate,
and placed in a final wash provided by
the supplier for 1 hr at room tempera-
ture. The membrane was blotted dry
with filter papers and 0.01 ml/cm? of the
phosphatase substrate (PPD, provided in
the detection kit) was added. Finally, the
membrane was sealed between plastic
sheets and ready for exposure (the sup-
plier recommends waiting for about 3 hr
before exposure to allow the reaction to
attain maximum strength). The light re-
action was detected in Kodak X-OMAT
film with exposure times from 5 to 15
min (Fig. 1c). Figure 1 shows an example
of the basic steps of the mapping proce-
dure with the enzyme Ase I for four spe-
cies of Lasiurus.
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FIGURE 2 Example of PEDM using two amplifications of differing length of the same target DNA
sequence in the 125, 16S ribosomal mtDNA region for four species of Lasiurus digested with the
restriction enzyme Asel. The taxa are the same as in Fig. 1. (Lanes S) Short segment amplification;
(lanes L) long segment amplification. Unmatched bands between the two lanes for the same
individuals represent those fragments extending from the primer position to the cleavage site,
which correspond to the same fragments visualized in Fig. 1c.
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One-sided End-labeling by
Alteration of the Size of the PCR
Fragments

In some cases, when the number of
cleavage sites is rather small (1-4 sites),
an interesting and fast approach to par-
tial digestion mapping is to amplify the
segment of interest twice, but with two
primer sets so that one end of the seg-
ment is extended further in one of the
amplifications. That is, one primer is
used in both amplifications to define
one end of the fragment, and two differ-
ent primers, which are 100-200 bp away
from each other, are used for the other
end. The one-sided labeling for the par-
tial digestion mapping will be the length
of the fragment itself. After a partial di-
gest, both samples are run side by side in
an agarose gel and stained with ethidium
bromide. The fragments that do not
match in their mobilities in the two
lanes represent the one-side labeled frag-
ments (Fig. 2). The cleavage sites are
then mapped with respect to the primer
responsible for the shorter segment by
measuring the length of the unmatched
fragments in the partial digest of this
segment, with respect to the fragments
produced in the longer segment.

RESULTS AND DISCUSSION

Partial endonuclease digestion mapping
has been applied successfully in a wide
array of vertebrate taxa. In a study of sev-
eral species of the genus Lasiurus,'® 135
sites were mapped for different haplo-
types for one segment in the 12S and 16S
ribosomal mtDNA genes that was about
1560 bp in length. This represents an
equivalent of 625 nucleotides assayed
for this region, or approximately 40% of
the sequence. Using the same crude nu-
merical approximation, a study of say
100 restriction sites mapped onto a reg-
ular vertebrate mtDNA molecule (which
is a rather good achievement) represents
only about 3.75% of the molecule se-
quence. Zink,'® in a study of mtDNA
variation in sparrows based on fragment
patterns, estimates that about 4.7% of
the molecule was assayed. These data
might be overestimations of the actual
number of nucleotides assayed in any
particular study, but they demonstrate
that partial digestion mapping has the
potential of providing more information
than traditional double-digestion exper-
iments. Moreover, partial digestion map-
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ping can be more accurate than double-
digestion mapping because the site
positions are just read off from the gel.
There is no need to puzzle with different
fragment combinations to come up with
the most likely site positions. The use of
specific primers for a particular sequence
has the added advantage of targeting
useful regions of the genome for a par-
ticular purpose.

To stress further the importance of
comparing mapped sites instead of just
fragment patterns, a scattergram was
produced comparing 496 different diver-
gence estimates obtained from site and
fragment data in the aforementioned
study of the genus Lasiurus (Fig. 3). The
restriction site matrix and the diver-
gence value matrix of such a study can
be consulted in Morales."'® As is evident
from the plot, at low levels of divergence
there is fairly good correspondence be-
tween estimates from fragment data and
site data, with up to about 8% divergence
estimated from site data (equal to about
4% from fragment data). Beyond that
level, the correlation becomes rather
loose as can be seen in the scattergram,
and, although the correlation coefficient
() is rather high between the two matri-
ces (0.87), a Mantel Z statistics test based
on 1000 random permutations indicated
that these two matrices are significantly
different (p = 0.001), which is expected
because distance estimates from frag-
ment data have a larger variance.'® Be-

sides, although at low levels of diver-
gence the correlation is almost linear, it
is important to notice that fragment data
consistently resulted in lower divergence
estimates than site data, as can be seen in
the different scales between the two
axes, even below the 0.05 level. This is
interesting, because it has been sug-
gested that fragment and site data diver-
gence estimates should coincide at low
levels of divergence.

Estimates of the evolutionary rate of
the mtDNA ribosomal genes (12S and
16S) in the genus Lasiurus based on this
high-resolution mapping procedure re-
sulted in an evolutionary rate of 0.87%
divergence per 1 million years, which is
comparable to the range of divergence
evolutionary rates observed among
other mammalian groups for the 128 ri-
bosomal gene on the basis of sequence
data.'” These results suggest that
high-resolution restriction endonuclease
mapping of specific regions may provide
a level of resolution comparable to se-
quence data, or at least much more ac-
curate than double-digestion mapping
procedures of few enzymes on the entire
mtDNA molecule, for the estimation of
divergence values.

The additional processing steps re-
quired for the chemiluminescent detec-
tion could be considered the main dis-
advantage of this method. However, this
additional amount of work becomes
negligible if several membranes are pro-

DISTANCE DALUES - FRAGMENT DATA
)
[}
)
1

0.15 0.20 0.25

DISTANCE UALUES - SITE DATA

FIGURE 3 Scattergram comparing divergence estimates obtained from mapped site data and
fragment data among 32 different haplotypes obtained in a study of the genus Lasiurus.*®
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cessed simultaneously.®? We believe
that this method could become a stan-
dard procedure in studies of natural pop-
ulations that demand an increase in
both the number of samples assayed and
the accuracy of the data obtained, with-
out becoming prohibitively expensive or
time consuming. By the same token, this
method could be easily implemented in
laboratories that cannot afford the elab-
orate setups necessary for other more
standard methods of DNA analysis, spe-
cially in developing countries.
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