Theor Appl Genet (2000) 101:415-420

© Springer-Verlag 2000

J.Lin - T.M. Davis

S1 analysis of long PCR heteroduplexes:
detection of chloroplast indel polymorphisms in Fragaria

Received: 1 September 1999 / Accepted: 21 March 2000

Abstract S1 analysis of long PCR heteroduplexes was
found to be an effective method for detecting phyloge-
netically informative indel (insertion/deletion) polymor-
phisms in the highly conserved strawberry chloroplast
genome. In this broadly applicable method, long-range
PCR products containing heteroduplex DNA molecules
generated from mixed-template amplifications are sub-
jected to S1 nuclease digestion followed by separation
and visuaization on an agarose gel. The presence of
fragments resulting from S1 digestion of mismatch loops
in heteroduplex molecules is indicative of indel poly-
morphism between the template sources. Upon analysis
of 13-kb heteroduplex-containing PCR products span-
ning the petA-psbB chloroplast genome region in Frag-
aria vesca and Fragaria moschata, two indels distin-
guishing these species were detected, and subsequently
localized to the pshJ-psbL and rpl20-rpsl8 intergenic re-
gions. Comparative sequencing of these regions revealed
that F. moschata resembled Fragaria viridis, but differed
from F. vesca, Fragaria nubicola, and a closely related
outgroup representative, Duchesnea indica, by a 10-bp
deletion in the psbJ-psbL region and a 10-bp insertion in
the rpl20-rpsl8 region. Thus, of the three diploids (2n =
2x = 14) examined, F. viridisis favored over F. vesca and
F. nubicola as the most likely chloroplast genome donor
to hexaploid (2n = 6x = 42) F. moschata.
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Introduction

Indel (insertion/deletion) polymorphisms of potential
value for phylogenetic and parentage studies have been
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identified in the chloroplast genomes of several plant
species (Aldrich et al. 1988; Ogihara et al. 1988; van
Ham et al. 1994). However, indels have not played a
prominent role in phylogenetic analysis, in part because
they are rare as compared with base substitutions (Saitou
and Ueda 1994). Typically, indels have been detected as
a by product of comparative sequencing. The value of in-
dels as phylogenetic and analytical tools would be en-
hanced by the availability of a convenient means for
their detection without sequencing. In ongoing studies of
the Fragaria (strawberry) chloroplast genome, we have
discovered several indel polymorphisms using a method
we call S1 analysis of long PCR heteroduplexes. A simi-
lar approach was independently reported by Lundin et al.
(1997) for detection of indels in the human mitochondri-
al genome.

The basic S1 nuclease technique for detecting indel
polymorphisms was first introduced by Shenk et al.
(1975). In this technique, homologous DNA fragments
from different sources are mixed to form heteroduplex
molecules, then treated with S1 nuclease. Because of its
single-strand endonuclease activity, S1 nuclease cleaves
heteroduplex molecules at sites of deletional mismatch.
Thus, the presence of S1 fragments, as visualized on an
electrophoretic gel, is diagnostic of one or more indel
polymorphisms differentiating the two DNAs compared
in the analysis. Non-PCR based S1 analysis has been
performed using such substrates as cloned DNA frag-
ments (Gannon et al. 1980), linearized plasmids (Burdon
and Lees 1985), viral genomes (Silber and Loeb 1981),
and whole chloroplast genomes (Serror et a. 1990). It
has been shown that, although single-base-pair mismatch
heteroduplexes are resistant to S1 nuclease digestion
(Dodgson and Wells 1977; Silber and Loeb 1981), two-
base and larger deletional mismatches are susceptible to
S1 digestion (Shenk et al. 1975; Gannon et al. 1980;
Burdon and Lees 1985). Thus, S1 heteroduplex analysis
is a sensitive method of detecting indel polymorphisms.

Surprisingly, there are few reports of the application
of S1 analysis to PCR product heteroduplexes. Tanaka-
Yamamoto et al. (1989) employed S1 digestion of con-
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ventional PCR products to determine the location in the
human mitochondrial genome of a deletion that was im-
plicated in mitochondrial myopathy. In that application,
S1 digestion was used, not to discover a deletional mu-
tation, but to determine more precisely the location and
extent of a suspected or known deletion. Lundin et a
(1997) showed that S1 analysis of heteroduplexes gen-
erated from products of long-range PCR could be used
diagnostically to detect a 9-bp mitochondrial deletion
associated with human mitochondrial encephalomyo-
pathies.

Briefly summarized, the S1 method works as follows.
First, long-range PCR (Barnes 1994; Cheng et al. 1994)
is used to amplify a sizable (approximately 5-20 kb) tar-
get region in template DNAs from two divergent sourc-
es. Long PCR-product heteroduplexes are generated, ei-
ther by mixing separately amplified PCR products and
then subjecting them to denaturation/renaturation (e.g.,
Lundin et al. 1997), or by co-amplification of the two
templates in a mixed-template reaction as in the present
study. The generation of heteroduplex molecules in
mixed-template PCR occurs because in the late cycles of
the PCR process an increasing proportion of the PCR-
generated templates are not copied. Instead, many such
templates (i.e., amplification products of previous cy-
cles) reanneal with other such template molecules
(Grompe 1993), thus forming a mixture of homoduplex
and heteroduplex products. We have previously exploit-
ed this phenomenon in a screening procedure to identify
primers that detect codominant RAPD (random ampli-
fied polymorphic DNA) markers (Davis et a. 1995).

Table 1 PCR primers and profiles. The primer prefixesL-, |-, and
S- indicate that primers were used for long (L-), inverse (I-), or
“small” (conventional) (S-) PCR, respecteively. Reaction tubes

Indels are detected by subjecting heteroduplex-con-
taining PCR products to S1 nuclease digestion. S1 frag-
ments are generated by nuclease digestion of the single
strand loop that forms at an indel mismatch site and di-
gestion of the alternate strand at the unpaired site oppo-
site the digested loop (Shenk et al. 1975). The generation
of S1 fragments in heteroduplex-containing products is
diagnostic of the presence of one or more indels differ-
entiating the template sources.

The genus Fragaria includes at least 15 species repre-
sented by four or more levels of ploidy (Hancock 1990;
Staudt 1989). Efforts to establish phylogenetic relation-
ships in Fragaria have been hampered by the low levels
of variability detected in the chloroplast DNA of this ge-
nus (Harrison et al. 1997; Potter et al. 2000). In the pres-
ent report, we describe the use of S1 analysis of long
PCR heteroduplexes to detect phylogenetically informa-
tive indel polymorphisms in the chloroplast genomes of
four Fragaria species. hexaploid (2n = 6x = 42) F. mo-
schata, and diploids (2n = 2x = 14) F. vesca, F. viridis
and F. nubicola.

Materials and methods

Four Fragaria species were represented in this study: the diploids
Fragaria viridis (FRA333 and FRA 341), Fragaria vesca (FRA282
and ‘Yellow Wonder’), and Fragaria nubicola (FRA520); and the
hexaploid Fragaria moschata (FRA376, FRA157 and FRAG09).
Plants numbered with FRA prefixes were obtained as runner plants
from the USDA Clona Germplasm Repository, Corvallis, Oreg.,
while “Yellow Wonder’ was obtained as seed from W. Atlee Burpee
and Co, Warminster, Pa. All of these strains are of European origin

were heated to 94°C for 2 min before the first PCR cycle, and af-
ter the final cycle were held at 68°C for 10 min, then cooled to
5°C

Primer Primer sequence (5'-3') Primer Sequence PCR profiled Cycles
set location sourcea

Temp (°C) Time
Setl
L-PETA ATCCCGACGGC (A/C) GCAAGAGAGTAA (CIT)A  petA T D: 97.5 16s

A: 59 1 min 35
L-PSBB GCCAAAAAGCATAAGCCAGAAAAC psbB T E: 68 10 min
Set 2
I-PETA1 TCGCCCTCGGAAACAAGAA petA T D: 975 16s

A: 59 1min 30
I-PETA2 TGGTCAGGGAGATGCAGAAATAGT petA T E: 68 2min
Set 3
1-PSBB1 GGCCCAACCAGCAACCAGAG psbB T D: 97.5 16s

A: 63 1min 30
I-PSBB2 ATGGGGCGGTTGGAGTATCACA psbB T E: 68 5min
Set 4
S-PSBJ TGCCCGACTTTCCTCCACAT 5'-psbJd S D: 94 30s

A: 59 30s 35
S-PSBF GGCCTAGCTGTACCTACCGTCTTT psbF T E: 68 30s
Set5
S-RPS18 TTAGTGAACAAGGAAAAATA rpsl8 T D: 94 30s

A: 44 30s 35
SRPL20 TCATCGGGATAGGAGTAGA rpl20 S E: 68 40s

aT = tobacco, S = strawberry
b D= denaturation, A = annealing, E = extension
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Fig. 1 Features of the petA- CUT SITE A CUT SITE B
psbB chloroplast DNA region.
Boxes indicate gene locations L-PETA | bETA2 i L-PSBB
and coding strands. Only rele- | I-PSBBI
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except for FRA 520, from Pekistan. A representative of Duchesnea
indica, of unknown geographic origin, was included because it is a
close relative of Fragaria and is useful for outgroup comparison
(Harrison et a. 1997).

Total strawberry DNA was isolated using the protocol of Davis
et a (1995). A pair of PCR primers (Table 1, primer set 1) in-
tended to amplify the strawberry chloroplast genome region bor-
dered by the petA and psbB genes (Fig. 1) were designed based
upon known tobacco sequences (Shinozaki et al. 1986) using the
program Lasergene Primer Select (DNAStar). Long-range PCR re-
actions were of 10 ul volumes containing 1 pl of 10 x high-salt
buffer (with magnesium) and 0.1 pl of Taq Plus (Stratagene),
400 uM of each dNTP, 0.2 uM of each primer, 80 ng of template
DNA, and dH,0O g.s. 10 pl. In mixed template reactions, 40 ng of
template DNA from each of two sources was used. Before addi-
tion of template DNA, the otherwise complete reaction mix was
vortexed for several seconds at medium speed. Each 0.5-ml tube
was overlaid with 15 pl of sterile mineral oil. The long PCR pro-
fileis described in Table 1. Long PCR products were separated on
a 0.8% Seskem (FMC BioProducts) agarose TBE gel run at
6 V/cm for 1.5 h. All gels were stained with ethidium bromide.

For use in S1 analysis, a long PCR product band containing
homoduplex and (if present) heteroduplex DNA was excised and
purified using the Geneclean Kit (Bio 101, Inc) according to the
manufacturer’s protocol, except that the gel was melted at 42°C
rather than the prescribed 55°C to minimize apparent nicking of
the double-stranded DNA. Using an S1 digestion protocol adapted
from Sambrook et al. (1989), digestion conditions were empirical-
ly determined in an effort to maximize cutting at mismatch loops
and minimize non-specific digestion. S1 digestions were done in
0.5-ml tubes in a reaction volume of 15 pl containing 12.5 pl of a
long PCR Geneclean product (0.5-1.0 pg DNA), 1.5 pl of 10 x S1
buffer and 1 pl (5 units) of S1 nuclease (Promega). After digestion
for 45 min at 20°C followed by 5 min at 45°C, the digestion was
stopped by adding 1 pl of 0.4 M EDTA. Sl digestion products
were separated on 1% agarose TBE gels (0.5% SeaKem and 0.5%
NuSieve, FMC BioProducts) at 6 V/cm for 2 h. Because the pH of
the S1 buffer was different from that of the DNA molecular-
weight-marker, a blank lane was left between the marker and S1
digest lanes to avoid distortion of the marker bands.

To determine the sequence characteristics of Sl sites, selected
S1 fragments were recovered from the gel using the previously de-
scribed Geneclean procedure with 15 pl of elution solution, then
circularized by self-ligation and subjected to inverse PCR using
each of two primer pairs. primer set 2 situated within the petA
gene, and primer set 3 situated within the psbB gene (Table 1,
Fig. 1). To protect the S1 fragments from nuclease degradation,
TBE was used instead of water for gel staining and destaining.
Each 15-pl ligation reaction containing 12.5 pl of S1 digestion
fragment (50-100 ng of DNA), 1.5 pl of 10 x T4 ligase buffer and
1 ul (200 units) of T4 ligase (New England Biolabs) was incubat-
ed overnight at 16°C, then stored at —20°C for up to several
months until used as atemplate for inverse PCR. The inverse PCR
reaction mix was identical to the long PCR reaction mix previous-
ly described, but with 0.5 pl ligation solution used as a template.

The inverse PCR products were then either directly sequenced at
one end, using an inverse PCR primer as sequencing primer, or
were cloned using the TA Cloning Kit (Invitrogen), then end-
sequenced using vector primers.

Small PCR products containing regions immediately flanking
two characterized S1 cut sites were amplified with a conventional
Tag polymerase (Promega) reaction mix (as in Davis et a. 1995)
using primer sets 4 and 5 (Table 1). To provide templates for se-
quencing, products of single template reactions were electrophore-
sed in 2% agarose TB E gels, excised and purified with the Gene-
clean procedure. For S1 analysis, single and mixed template PCR
reaction products were digested by combining 25 pl PCR product
with 2.9 pl of 10 x S1 buffer and 1 pl of S1 nuclease and incubat-
ing as described for S1 analysis above, followed by visualization
on 2.5% agarose TBE gels.

Results

Single template long PCR amplifications using primer
set 1 (Table 1) on F. vesca FRA282, F. viridis FRA333
and F. moschata FRA376 generated a single, approxi-
mately 13-kb product from each template (data not
shown), as compared with a known size of about 10.3 kb
for the petA-psbB region in tobacco (Shinozaki et al.
1986). Direct end-sequencing of excised gel bands con-
firmed that the PCR product corresponded to the targeted
petA-psbB region. The effect of S1 treatment on the ap-
proximately 13-kb single template and mixed template
PCR products from FRA282 and FRA376 was then de-
termined, as visualized in Fig. 2. Three visible S1 frag-
ments of sizes 1.7 kb, 4.4 kb and 6.9 kb were generated
from the mixed template product of FRA282 + FRA376
(lane 7). Uncut homoduplex (and perhaps heteroduplex)
products remain as a 13-kb band at the top of lane 7. No
S1 fragments were evident below the 13-kb PCR prod-
ucts in the Sl-treated FRA282 and FRA376 single tem-
plate products (lanes 5 and 6, respectively), or in the un-
treated products (lanes 2 through 4). The sum of the
three S1 fragment sizes, 1.7 + 4.4 + 6.9, equals 13-kb,
the size of the long PCR product. The presence of three
S1 fragments of a combined 13-kb size in the S1-treated,
mixed template reaction products (lane 7) indicates that
two sites within the 13-kb heteroduplex products were
cut by S1 nuclease.

To locate and characterize the two Sl cut-sites, the
three S1 fragments were recovered separately from the
gel, circularized by self-ligation and subjected to PCR
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S1 treated
3 4 5 6 7 8

untreated
1 2

Fig. 2 Sl treatment of long PCR products. Lanes 1 and 8: Lamb-
da Hindlll molecular-weight marker (band sizes indicated at left
in kb). PCR templates were FRA282 (lanes 2 and 5), FRA 376
(lanes 3 and 6) and a FRA282 + FRA 376 mixed template (lanes 4
and 7). Sl treatment was applied to products in lanes 5-7, while
lanes 2—4 contain untreated controls. Arrows indicate character-
ized S1 fragments of 1.7-, 4.4- and 6.9-kb size in lane 7. An ap-
parent S1 fragment of about 12 kb (unmarked) just below the un-
cut, homoduplex band in lane 7 was not characterized

amplification using inverse PCR primer sets 2 and 3
(Table 1). It was expected that each of these primer sets
would yield a PCR product only when the circularized
template contained the region targetted by the corre-
sponding primer pair. Use of primer set 2 generated an
approximately 1.7-kb product from the self-ligated
1.7-kb fragment, but generated no product from the self-
ligated 4.4-kb and 6.9-kb fragments or from the three un-
ligated fragments used as controls. Thus, the 1.7-kb S1
fragment must have been bounded by the petA region at
its uncut end, and the S1 cut-site (hereafter referred to as
cut-site A) must have been 1.7-kb from the L-PETA long
PCR primer site (Fig. 1). Similarly, use of primer set 3
generated an approximately 4.4-kb product from the self-
ligated 4.4-kb fragment, but generated no product from
the self-ligated 1.7-kb and 6.9-kb fragments or from the
three unligated fragments used as controls. Thus, the
4.4-kb S1 fragment must have been bounded by the psbB
region at its uncut end, and its S1 cut-site (hereafter re-
ferred to as cut-site B) must have been 4.4-kb from the
L-PSBB long PCR primer site (Fig. 1). Because the 1.7-
and 4.4-kb fragments were positioned at the petA and
psbB ends of the 13-kb PCR products, respectively, the
6.9-kb fragment, which did not amplify by inverse PCR
using either of primer sets 2 or 3, must have been an in-
ternal fragment residing between the two S1 cut-sites.
Using primer [-PETA1 as a sequencing primer, about
400 bases of sequence were obtained from the 1.7-kb
inverse PCR product. This sequence spanned the liga-
tion site, and thus contained the sequence adjacent to
(upstream of) cut-site A. However, when primer
I-PSBB2 was used as a sequencing primer on the 4.4-kb
inverse PCR product, the resulting sequence was good
from the 5 end to the primer L-PSBB site but was gar-
bled thereafter. To obtain the sequence adjacent to cut-
site B, it was necessary to clone the 4.4-kb inverse PCR
product and sequence the ends using vector sequencing

10 20 30 40
i ! | !

t | | 1
D. indica AGAGAATTCC CACTATAAAA TACTAAATAT TAATAGTATA
"'Yellow Wonder' AGAGAATTCC TACTATAATA TACTATATAT TAGTAGTATA
FRA282 AGNGAATTCC TACTATAATA TAGTATATAT TAGTAGTATA

FRA520 AGAGAATTCC TACTATA-TA TACTATATAT TAGTAGTATA
FRA333 AGNGAATTCC TACTATA-TA --------- T TAGTAGTATA
FRA376 AGAGAATTCC TACTATA-TA --------- T TAGTAGTATA

Fig. 3 Alignment of sequences in the psbJ-psbF intergenic region
inD. indica, F. vesca (‘ Yellow Wonder’ and FRA282), F. nubicola
(FRA520), F. viridis (FRA333) and F. moschata (FRA376). The
site A indel detected by S1 analysis of FRA282 and FRA376 is |o-

cated at positions 18-27 (dashes)
10 20 30 40
| | I I
| | | i
D. indica CGGATTCCTT TCAATCT--- ------- CTT TATTTTATGA
'Yellow Wonder’ CAGATTCCTT TCACTCT--- ------- CTT TATTTTATGA
FRA282 CAGATTCCTT TCACTCT--- ------- CTT TATTTTATGA

FRA520
FRA333
FRA376

CAGATTCCTT TCACTCT--- ------- CTT TATTTTATGA
CAGATTCCTT TCACTCTCTT TATTTTACTT TATTTTATGA
CAGATTCCTT TCACTCTCTT TATTTTACTT TATTTTATGA

Fig. 4 Seguence alignment in the rps18-rpl20 intergenic region in
D. indica, F. vesca (‘' Yellow Wonder’ and FRA282), F. nubicola
(FRA520), F. viridis (FRA333) and F. moschata (FRA376). The
site B indel detected by S1 analysis of FRA282 and FRA376 islo-
cated at positions 18-27 (dashes). The 10-base insertion at site B
in FRA333 and FRA376 is an exact duplication of an adjacent
10-base sequence (underlined in FRA376) present in all six strains

primers. GenBank Blast searches revealed that se-
guenced regions adjacent to cut-sites A and B corre-
sponded to the tobacco psbJ and rpl20 genes, respective-
ly. Using the known positions of the petA, psbJ, rpl20
and psbB genes within the tobacco chloroplast genome
(Shinozaki et al. 1986) as a guide, and assuming conser-
vation of chloroplast gene order between tobacco and
strawberry, we deduced that S1 cut-site A was located in
the region containing strawberry genes psbJ-psbL -psbF,
while cut-site B was between strawberry genes rpl20 and
rpsl8 (Fig. 1).

Primer pairs (Table 1) that amplified the psbJ-psbF
(primer set 4) and rpl20-rpsl18 (primer set 5) intergenic
regions were designed based upon our strawberry se-
guence data and known tobacco sequence. These primer
pairs were used to amplify and obtain sequences from
the psbJ-psbF and rpl20-rps18 regions in FRA282 and
FRA376. Sequence comparison in the psbJ-psbF inter-
genic region revealed that FRA282 and FRA376 were
distinguished by a 10-bp indel, evidently corresponding
to S1 cut-site A, but were otherwise identical over the
approximately 300-bp sequenced region (shown in
part in Fig. 3). In the rpl20-rpsl8 intergenic region,
FRA282 and FRA376 were aso distinguished by a
10-bp indel, evidently corresponding to S1 cut-site B
(Fig. 4). FRA282 and FRA376 were otherwise nearly
identical over the approximately 360-bp sequenced re-
gion (shownin partin Fig. 4).

For comparison, the corresponding regions were also
sequenced in F. viridis FRA333, F. vesca’ Yellow Won-
der’, F. nubicola FRA520, and D. indica. In comparing
the five Fragaria strains with the outgroup species D. in-
dica at both indel sites, it was evident that FRA282,
‘Yellow Wonder’, and FRA520 resembled D. indica at



both sites, while FRA333 and FRA376 were distin-
guished from D. indica and the other Fragaria strains by
a 10-bp deletion at site A (Fig. 3) and a 10-base insertion
at site B (Fig. 4).

To confirm that the indels at sites A and B were po-
tential sites of S1 digestion, the pshJ-psbF and rpl20-
rpsl8 regions were separately amplified with primer sets
4 and 5 in single-template and mixed-template reactions
involving FRA282 and FRA376, and the products sub-
jected to S1 digestion. For each primer set, heteroduplex
products of FRA282 + FRA376 mixed-template reac-
tions were cut by Sl into two fragments of the sizes pre-
dicted on the basis of the evident indel positions, while
products of single-template (FRA282 or FRA376) reac-
tions were uncut (data not shown).

Discussion

The goals of the research described here were to develop
and evaluate a method of detecting indels, and to initiate
a phylogenetic study of organelle genomes in the genus
Fragaria. The method, S1 analysis of long PCR hetero-
duplexes, was successfully applied, resulting in the iden-
tification of two phylogenetically informative indel poly-
morphisms in a 13-kb region of the highly conserved
strawberry chloroplast genome. We conclude that S1
analysis is a sensitive and effective means of detecting
rare indel polymorphisms, with potential application to
any genomic region of interest.

A key requirement for the application of S1 analysis
described here is the initial availability of sequence in-
formation at potential PCR primer sites flanking an amp-
lifiable region of interest. Organelle genomes are well-
suited to this approach because the intergenic regions
where indels are most likely to be present are relatively
short. Thus, several such regions could be surveyed
within a single, long PCR product generated using prim-
ers situated within flanking, conserved gene sequences.
Another convenient target for S1 analysis would be int-
rons of nuclear genes, in which indels could be sought
by positioning primers in conserved exon regions flank-
ing one or more intron sites.

S1 analysis can be applied to PCR products of any
size. However, the likelihood of discovering rare indel
increases in direct proportion to PCR product size, thus
favoring the use of long-range PCR (Barnes 1994,
Cheng et al. 1994). S1 analysis should detect indel poly-
morphisms occurring almost anywhere within the target-
ed sequence. Only polymorphisms within a few tens of
base pairs of the ends of the long PCR products might be
missed because the small, Sl-generated end fragments
might be too small to be detected on an agarose gel.

A possible concern about the use of mixed-template
PCR to generate heteroduplex products for S1 analysisis
that one of the two templates may fail to amplify, result-
ing in the absence of heteroduplexes and the subsequent
failure to generate S1 fragments. Thus, if an indel did
exist, the absence of S1 fragments would constitute a
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falsely negative result. This hazard can be avoided if sin-
gle-template products are mixed post-PCR (Lundin et al.
1997), but only if product samples are checked on a test-
gel to verify that individual PCR products are indeed
present before mixing. However, in numerous positive
control mixed-template reactions involving a variety
of template sources and primers, we have never failed
to detect heteroduplexes — either as diagnostic ‘‘non-
parental” gel bands (Davis et a. 1995) or via S1 diges-
tion — when the template sources were known to differ
by a detectable indel. The mixed-template method has
been dependable in our hands; therefore, we favor it be-
cause of its technical simplicity as compared with the
post-PCR mixing method.

Depending on research goals, it may or may not be
necessary to characterize Sl cut sites. If the goa is sim-
ply to detect a polymorphism useful as a genetic marker
for inheritance, mapping or parentage studies, indel de-
tection using S1 analysis of PCR products may be suffi-
ciently informative. Alternately, if molecular character-
ization of the indel site is deemed necessary, the choice
of strategy will depend on severa factors, including the
number and sizes of S1 fragments produced, the extent
to which sequence information is available for primer
design in the region of interest, and the suitability of cir-
cularized S1 fragments for inverse PCR and direct se-
guencing.

In the present study, comparative S1 analysis of F.
moschata (FRA376) and F. vesca (FRA282) detected
two indels within a 13-kb region of the chloroplast ge-
nome bounded by genes petA and psbB. . Characteriza-
tion of the S1 cut-sites showed that both indels were lo-
cated in intergenic regions: site A between the psbJ and
psbL genes, and site B between the rpl20 and rpsl8
genes. Based upon sequence data obtained from regions
flanking the cut-sites, primer pairs (sets 4 and 5) were
designed to allow convenient amplification and sequenc-
ing or S1 analysis of small, conventional PCR products
containing each indel individually.

Sequence comparison with outgroup D. indica pro-
vided a basis for inferring the ancestral and derived con-
ditions at each indel site. At site A, F. moschata FRA376
had a 10-bp deletion (bases 82-91) as compared with D.
indica and F. vesca FRA282 (Fig. 3). At site B, FRA376
had a 10-base insertion (bases 278-287) as compared
with D. indica and FRA282 (Fig. 4). Thus, the alelic
compositions at both sites are ancestral in F. vesca FRA
282 and derived in F. moschata FRA 376.

Indel sites A and B are located on the same DNA
molecule; therefore, the multilocus genotype of an indi-
vidual at these two sites constitutes a haplotype. If an in-
sertion and a deletion are represented by the superscripts
+ and -, respectively, the haplotypes of the individualsin
guestion can be represented as A-B+ for FRA376, and
A+B- for D. indica and FRA282. The conservation of
haplotype between F. vesca and the *‘outgroup” D. in-
dica indicates that the A+B- haplotype is the ancestral
state for Fragaria. The ancestral A+B- haplotype was
also present in ‘ Yellow Wonder’, a second representative
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of European F. vesca, and in F. nubicola FRA520, an ac-
cession originaly collected in Pakistan. F. viridis
FRA333 and F. moschata FRA 376, both of European or-
igin, shared the derived A-B+ haplotype (as did F. viridis
FRA 341 and F. moschata FRA157 and FRA609, data
not shown)

These results provide insight into the phylogenetic re-
lationship of hexaploid F. moschata to three potential
diploid progenitors. The predominant diploid species
within the geographic range of F. moschata are F. vesca
and F. viridis (Staudt 1989). However, Staudt (1989) hy-
pothesized that F. moschata might have arisen from the
offspring of F. vesca x F. nubicola hybrids, based in part
upon suggestive features of the latter hybrids. Among
the three diploids examined here, our results favor F. vir-
idis over both F. vesca and F. nubicola as the best candi-
date for the chloroplast donor to F. moschata. Final reso-
[ution of this issue must await the detection of additional
genetic polymorphism and broader samplings of Frag-
aria germplasm.

Other than the two detected indels, little variation
was observed within the sequenced regions among the
four Fragaria species examined. Similarly, Potter et al.
(2000) found little phylogenetically informative se-
quence variation in the Fragaria chloroplast trnL intron
or the contiguous trnL-trnF spacer region. However,
they did detect cpDNA mutations in F. vesca and F.
nubicola that were lacking in F. moschata, consistent
with our finding that neither of the former species were
likely chloroplast DNA donors to F. moschata. In the on-
ly other report on Fragaria chloroplast genome poly-
morphism, an RFLP study of 26 Fragaria taxa by
Harrison et al. (1997) detected insufficient variability to
provide insight into the likely diploid progenitors of any
of the polyploid species, including F. moschata. Overall,
these studies show that the Fragaria chloroplast genome
is highly conserved. However, our results promote the
expectation that an expanded application of S1 analysis
beyond of the petA-psbB region will detect the addition-
al indel polymorphisms needed for the resolution of a
comprehensive Fragaria chloroplast phylogeny.
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