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The replicative spread of retrotransposons in the genome creates
new insertional polymorphisms, increasing retrotransposon num-
bers and potentially both their share of the genome and genome
size. The BARE-1 retrotransposon constitutes a major, dispersed,
active component of Hordeum genomes, and BARE-1 number is
positively correlated with genome size. We have examined ge-
nome size and BARE-1 insertion patterns and number in wild
barley, Hordeum spontaneum, in Evolution Canyon, Lower Nahal
Oren, Mount Carmel, Israel, along a transect presenting sharply
differing microclimates. BARE-1 has been sufficiently active for its
insertional pattern to resolve individuals in a way consonant with
their ecogeographical distribution in the canyon and to distinguish
them from provenances outside the canyon. On both slopes, but
especially on the drier south-facing slope, a simultaneous increase
in the BARE-1 copy number and a decrease in the relative number
lost through recombination, as measured by the abundance of solo
long terminal repeats, appear to have driven the BARE-1 share of
the genome upward with the height and dryness of the slope. The
lower recombinational loss would favor maintenance of more
full-length copies, enhancing the ability of the BARE-1 family to
contribute to genome size growth. These local data are consistent
with regional trends for BARE-1 in H. spontaneum across Israel and
therefore may reflect adaptive selection for increasing genome size
through retrotransposon activity.

etrotransposons resemble retroviruses in their structure and

life cycle (1, 2). They are ubiquitous (3-5) and contribute a
large proportion of the total repetitive DNA of some plant
genomes (6). Retrotransposons are mobilized by a replicative
mechanism that has the capacity to generate and insert many
new daughter copies into the genome, thereby increasing ge-
nome size (7). The error-prone nature of their replication by
reverse transcriptase (8), the mutagenic potential of their trans-
positional integration (9), and the effects of their accumulation
and recombination (10) together suggest that active retrotrans-
posons may be major contributors to genome diversification in
the plants. Genomic changes induced by retrotransposons can be
tracked by the joints between the flanking DNA and the
conserved retrotransposon termini created upon integration.
Marker techniques based on PCR amplification between retro-
transposons and flanking DNA recently have been developed
(11-13).

Accumulated data indicate that retrotransposons in plants
(14-16), animals, and fungi respond to various forms of stress.
When stress factors in the environment vary ecogeographically,
retrotransposon prevalence and insertion patterns may vary
accordingly. The immediate wild ancestor of cultivated barley
(Hordeum vulgare), Hordeum spontaneum, is ideal for analyzing
retrotransposon insertions and their role in the genome because
of the presence of a large and active retrotransposon family and
the availability of well-studied wild populations distributed in

diverse habitats (17-21). The BARE-1 family of retrotransposons
comprises on average 14 X 10° copies in the genomes of
Hordeum species (10). Members of this family are transcription-
ally (22) and translationally (23) active, encoding both a polypro-
tein (24, 25) and processing signals (26), which are functionally
conserved. The BARE-1 copy number is positively correlated
with both genome size and habitat aridity (10), factors that are
themselves correlated (27) regionally in H. spontaneum.

We have examined the role of the BARE-1 retrotransposon in
genome diversification in individuals at the Evolution Canyon
microsite, Lower Nahal Oren, Mount Carmel, Israel (28-30).
This 400-m-wide erosion gorge (see Fig. 4, which is published as
supplementary data on the PNAS web site, www.pnas.org),
dating from the Plio-Pleistocene era, presents north- and south-
facing slopes (NFS and SFS, respectively) with common geolo-
gies and macroclimates but microclimates sharply differing in
solar irradiation and aridity. Biotically, the NFS is Eurasian and
the SFS is Afro-Asian within the Mediterranean context (28, 30).
We have examined H. spontaneum along a north-south transect
across the canyon slopes to test whether regional patterns (10)
can be detected locally. The BARE-1 copy number and patterns
of insertional polymorphism, as well as total genome size, were
determined for accessions from the canyon.

Materials and Methods

Plant Materials. Spikes from individual H. spontaneum plants were
collected at six stations located along a 300-m north-south
transect across the NFS and SFS of Evolution Canyon (28). The
stations previously described (29, 31) as NFS (stations 5-7) and
SFS (stations 1-3) are referred to here as: NH (north high), NM
(north middle), NL (north low), SL (south low), SM (south
middle), and SH (south high). From each station, seeds of 10
individual plants, separated by at least 1 m from each other, were
used as the samples. The seeds were grown to seedlings for
preparation of DNA and nuclei.

Retrotransposen-Microsatellite Amplified Polymorphism (REMAP)
Amplification. DNAs were prepared by the cetyltrimethylammo-
nium bromide method (32). For REMAP PCR amplification,
primers facing outward from the long terminal repeats (LTRs)

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: in, integrase; LTR, long terminal repeat; NFS, north-facing slope; NH, north
high; NM, north middle; NL, north low; REMAP, retrotransposen-microsatellite amplified
polymorphism; SFS, south-facing slope; SH, south high; SL, south low; SM, south middle;
SSR, simple sequence repeat.

$To whom reprint requests should be addressed. E-mail: alan.schulman@helsinki.fi.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073/pnas.110587497.
Article and publication date are at www.pnas.org/cgi/doi/10.1073/pnas.110587497

PNAS Early Edition | 1of5

EVOLUTION



were combined with anchored simple sequence repeat (SSR)
primers. The PCR conditions and the SSR primers and anneal-
ing temperatures are as specified (see Table 1, which is published
as supplementary data). The cycling program was: 94°C, 2 min;
30 cycles of 94°C for 30 sec, 54-58°C, depending on the primer
pair, for 30 sec, a ramp of +0.5°C (sec)~! to 72°C, and 72°C for
2 min, 3 sec at 72°C being added with each cycle; 72°C for 10 min;
maintenance at 4°C. Primers to the BARE-1 LTR were LTR-Z,
5'-ctc get cge cca CTA CAT CAA CCG CGT TTA TT-3', a
forward primer matching bases 1993-2012 of BARE-1a (Gen-
Bank accession no. Z17327), the lowercase bases indicating a
cloning tail, and LTR-A, 5'-gga att cat aGC ATG GAT AAT
AAA CGA TTA TC-3', a reverse primer matching 369-393 of
BARE-1a. The products were resolved on 2% NuSieve 3:1
agarose (FMC) and detected by ethidium bromide staining.

REMAP Data Analysis. Gel banding patterns were scored, and
tables of band presence and absence were created. Principal
component analyses were run with GENSTAT 5, release 4.1 (NAG,
Oxford, U.K.), and the plots were generated with the group
average agglomerative clustering function as used previously
(33). Statistical tests were carried out with SIGMAPLOT 5.0 (SPSS,
Chicago). Nonparametric correlation analyses were made by
Spearman Rank Order (generating the correlation coefficient
rs) as implemented in SIGMASTAT 2.01 (SPSS). Values for P in the
text represent the likelihood of falsely rejecting the null hypoth-
esis that the variables are not correlated. Data values in the text
are expressed as means and SE.

BARE-1 Copy Number Estimation. Copy number was determined by
reconstruction from dot blot hybridizations. To control for
differences in loading, 139.4 ng of lambda DNA was added to
each ug of plant DNA, giving 1.2 X 10* copies of lambda per
barley genome equivalent. Dot blots were prepared with multi-
ple replicates by using 1 ng or 10 ng of genomic DNA per sample
and cross-linked under UV light. Isolated plasmids (0.1-10 ng)
containing the fragments for hybridization probes served as
controls on each filter. LTR (Nhel-Bstell, 743 bp) and integrase
(in, Hpal-Bsml, 589 bp) probes were subcloned from BARE-1a.
Probes were random-primed (Rediprime or Megaprime, Amer-
sham Pharmacia) and 3?P-labeled. Filters were hybridized in
50% formamide, 1.25 X standard saline phosphate/EDTA (0.18
M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA), 5 X Den-
hardt’s reagent, 0.5% SDS, and 20 ug(ml)~! herring sperm DNA
overnight at 42°C.

Hybridized filters were washed successively with 2 X SSC,
0.1% SDS (10 min, 25°C), twice in 2 X SSC, 0.1% SDS (10 min,
65°C), and once in 0.2 X SSC (20 min, 65°C). Bound radiation
was quantified by exposure of a PhosphorImager screen for 45
min followed by scanning on a Fuji PhosphorImager. The same
filter was probed in series with in, LTR, and lambda probes.
Hybridization response to the in and LTR probes was corrected
to the average value for the lambda hybridization response and
relative copy number calculated. Absolute copy number was
calculated from the hybridization response of the genomic DNA
compared with the control plasmids: copies(ng)~! = (genomic
cpm)(ng)~! X (plasmid copies)(plasmid cpm)~!. Copies(ng)~!
were converted to copies(genome)~! by using the Hordeum
genome size data determined here.

Preparation of Nuclei and Flow Cytometry. All leaf samples (=50 mg
each) were collected from the three-leaf stage. Protoplasts were
isolated as before (34), then resuspended in 1 ml of nuclear
buffer {30 mM sodium citrate, pH 7.0/45 mM MgCl,/20 mM
Mops [3(N-morpholino)propanesulfonic acid]/1% (wt/vol) Tri-
ton X-100/5 pl(ml)~! B-mercaptoethanol} (35, 36), to which
20 pm(ml)~! propidium iodide then was added for staining. The
samples were stained for 15 min and then centrifuged for 10 sec
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at 14,000 rpm. The supernatant was discarded and the pellet was
suspended in 200 wl of nuclear buffer supplemented with
2.4 pl(ml)~! RNase and 1 pl(ml)~! of an internal standard
solution (37) containing chicken red blood cells (2C = 2.33 pg;
ref. 36). The tubes were incubated at 37°C for 15 min and then
chilled on ice before analysis. An average of three separate
determinations per individual were made on a 1,023-channel
flow cytometer (FACSort, Becton Dickinson) having an argon-
ion laser of 488-nm excitation wavelength. The output data were
processed with the CELLQUEST program supplied with the cy-
tometer. The estimates for the nuclear DNA amount for the
samples were calculated by using the median position of the plant
nuclear peak.

Results

Genome size was measured by flow cytometry (see Fig. 5, which
is published as supplementary material) for accessions collected
at each of six stations along a north-south transect across
Evolution Canyon (Fig. 4). Taking all stations together, a diploid
genome size of 9.037 = 0.027 (SE) pg was observed and is within
1.1% of the average of previous observations for a set of Israeli
H. spontaneum accessions (38). The transect through the canyon
presents two position variables, relative height (lower, middle, or
upper) and orientation (NFS or SES). With the limited precision
of flow cytometry, the observed genome sizes were not distinct
by sampling site within the canyon (Kruskal-Wallis ANOVA on
Ranks). However, linear regression analyses indicate that ge-
nome size is weakly associated with slope orientation (R = 0.167,
t = 1.684, P = 0.095), the SFS having larger genomes than
the NFS.

Two regions of BARE-1, the enzyme-encoding in of the
internal domain and the terminal LTRs, served as probes for
copy number determinations. The in and LTR regions both are
conserved (25, 26) and were used in earlier BARE-1 copy
number determinations for Hordeum (10). The in probe is used
to estimate the number of full-length BARE-1 elements. Copy
number and genome size were estimated on the same accessions,
and together gave an average of 1.40 = 0.04 X 10* (range, 0.83
to 2.21 X 10%) BARE-1 copies, equivalent to 2.98 = 0.08%
(range, 1.77% to 4.70%), of the haploid genome. This was in
the range seen earlier for more broadly distributed H. spon-
taneum (10).

Because BARE-1 and other LTR-retrotransposons contain an
LTR at each end, two are expected for each internal domain.
However, the LTR copy number greatly exceeds that of the
internal domain in barley, H. spontaneum, and throughout the
Hordeum genus (10), because of the presence of large numbers
of solo LTRs, hypothesized to result primarily from intraelement
recombination between the LTRs and consequent loss of the
internal domain. Here, we detected an average of 7.5 = 0.2 X 10*
LTRs per genome, 5.4 £ 0.1-fold more LTRs than internal
domains. This finding indicates that the average genome mea-
sured contains 4.7 X 10* LTRs not attributable to full-length
BARE-1 elements. These solo LTRs contribute an additional
8.4 X 107 bp or 2.03 = 0.07% to the genome.

Each solo LTR represents a minimum of one integration event
followed by recombinational loss of the internal domain and an
LTR. Assuming no other changes in the repetitive DNA com-
plement, BARE-1 therefore would comprise at least 11.7 = 0.3%
of the genome if none were lost through recombination. Taking
all accessions together, the number of full-length BARE-1 ele-
ments (measured by in response) is positively and highly signif-
icantly correlated (Fig. 14, rp = 0.432, P = 0.001) with the
number of both total LTRs and solo LTRs (Pearson Product
Moment, rp = 0.714, P = 1.35 X 107°). The slope for the
regression plotting the growth in LTR numbers (Fig. 14)is 3.7 =
0.5 (P < 0.001), whereas as a slope of 2 would be expected if the
increase in LTR number were to come only from those remain-
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Fig.1. BARE-1copy number in H. spontaneum accessions at transect stations
in Evolution Canyon. (A) LTR number as a function of in number for all
accessions. (B) The in number as a function of transect station. (C) LTR number
as a function of transect station. (D) Ratio of LTR number to in number as a
function of station. For all plots, A are samples from the NH station; [J, NM;
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ing in full-length elements. These calculations imply that those
genomes that have more BARE-1 elements at present generally
have also lost more through recombination.

Given that the number of LTRs, in particular the solo LTRs,
rises more rapidly than the number of BARE-1 elements, one
would expect a positive correlation between the BARE-1 genome
share and the ratio of LTRs to full-length elements. However, in
the canyon, the LTR/in ratio is negatively and highly signifi-
cantly correlated (rp = —0.351, P = 0.009) with the contribution
of BARE-1 to genome size, as indeed was earlier seen for the
genus Hordeum as a whole (10). Therefore, the higher the
abundance of LTRs relative to full-length BARE-1 elements, the
smaller the fraction of the genome occupied by BARE-1. Hence,
variation in recombinational loss of BARE-1 may be linked to the
genome share of the family both throughout the genus and for
one species at a single geographical microsite.

Inview of these correlations and the copy number and genome
share variations among the H. spontaneum accessions, we ex-
amined whether measures of BARE-1 prevalence might vary with
the height and orientation of the transect positions (Fig. 1B). The
BARE-1 number is positively and significantly correlated (rp =
0.386, P = 0.004) with the height of the accession site. Further-
more, the accessions from the top of the canyon (NH, SH), when
considered together, have a distinctly and significantly greater
(Student’s ¢ test, t = 2.657, P = 0.01) number of BARE-1 copies
than found in the bottom- and mid-slope accessions. The SH
station, the most stressed site in the canyon, alone is distinct from
all others (r = 3.107, P = 0.003). The number of LTRs in the
genome is positively but not significantly associated with height
in the canyon, particularly on the SFS (Fig. 1C). If only the SFS
is considered, the correlation between LTR number and height
on the slope becomes very strong and nearly significant (rp =
0.991, P = 0.084).

Variation in recombinational loss of BARE-1 with respect to
insertional activity, reflected in the LTR /in ratio, is significantly
and negatively correlated (rp = —0.351, P = 0.009) with height
of the accession on the canyon slopes (Fig. 1D). Furthermore,
the accessions from NH and SH, taken together, have a distinctly
smaller proportion of solo LTRs than all other accessions (¢t =
—2.985, P = 0.004). These data suggest that the higher in the
canyon, the more full-length BARE-1 elements are maintained
relative to the number lost through recombination. Consistent
with this, BARE-1 comprises a significantly increasing propor-
tion of the genome (rp = 0.402, P = 0.0025) with increasing
height in the canyon. The SH individuals display a distinctly
greater proportion of the genome than all of the rest of acces-
sions (¢ = 3.082, P = 0.003), the distinction by height also being
maintained when SH and NH are considered together (f = 2.769,
P = 0.008) and when the top- and mid-slope accessions are
compared with the two lowest stations (¢t = 2.594, P = 0.012). By
multiple regression analyses, height in the canyon on both slopes
is a good predictor of the BARE-1 share of the genome whether
(P = 0.01) or not (P = 0.008) the SH station is included in the
data set.

Using the REMAP method (12), integration joints between
BARE-1 copies and flanking genomic sequences were detected
by PCR amplification in reactions containing LTR primers in
combination with primers to SSRs anchored at their 3’ end.
Because BARE-1 elements have a tendency to insert into regions
containing SSRs (12, 26, 39), many of the BARE-1 insertions
thereby can be detected. Marker bands generated by this system
are, in principal, insensitive to intraelement LTR recombination;
the remaining, recombinant LTR would still serve as a priming
site for PCR oriented in either direction.

Ten individuals from each of the six transect stations were
typed with REMAP. Earlier results (12) showed that the
REMAP products generally do not derive from amplification
between pairs of SSR domains, but rather from element inser-
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Fig. 2. Banding patterns generated by REMAP amplification. The reaction
was carried out with primers LTR-A and (CAC);T. Lanes are labeled by the
genotype of the sample (Table 2); two different accessions are shown for
genotypes 2, 5, and 17. The products have been stained with ethidium
bromide after agarose gel electrophoresis; the gel is shown as a negative
image. Size markers in bp derive from a bacteriophage A Pstl digest.

tions. The inter-SSR products were generally longer than the
REMAP products, indicating that the SSRs pairs are more
widely interspersed than LTR /SSR pairs. In control experiments
containing the SSR primer but not the LTR primer, none of the
bands produced by amplification between SSR loci in the
genome had mobilities identical to the REMAP bands (see Fig.
6, which is published as supplementary material). In the gel of
Fig. 2, the generally high degree of polymorphism detected
between individuals from the canyon is evident. Seven sets of
REMAP primer combinations were used to generate 316 bands
from the accessions (Table 1). Of these, 277 or 88% were
polymorphic.

A total of 26 distinct banding genotypes were detected among
the accessions (see Table 2, which is published as supplementary
material). The particular primer combination (LTR-A,
(CAC);T) used in Fig. 2 does not distinguish genotypes 22 and
23, although other combinations do. The genotypes distin-
guished all cases but one (genotype 6) within collecting stations
and represented three or fewer of the individuals per genotype,
excepting NFS genotype 17 with four individuals and SFS
genotype 6 with 16 individuals. Genotype 6 also contained both
SL and SM individuals. The slopes were clearly distinct in the
number of genotypes represented, the SFS having only nine
genotypes whereas the NFS had 17. A mean of 114 = 1 bands
were detected in total for each of the stations except SM, for
which only 65 bands were scored (see Table 3, which is published
as supplementary material). This yielded average frequencies
from 0.1 to 0.7 for a given genotype and an intrastation similarity
index of 0.47 = 0.05, a value of 1 indicating all bands are shared.
The banding patterns generated for each individual were used to
estimate genetic distances between them. The REMAP banding
data were examined by principal component analysis (Fig. 3),
which allows comparison of overall genotypic similarities in the
absence of phylogenetic considerations. The analyses completely
separated the individuals from the NFS from those of the SFS.

Discussion

The number of full-length BARE-1 copies in individuals of H.
spontaneum in Evolution Canyon, at the Lower Nahal Oren
microsite, was found to range from 8.3 to 22.1 X 10° per haploid
genome equivalent. This almost 3-fold variation in the number
of full-length BARE-1 elements among individuals at a single
microsite, within the range seen earlier for the genus Hordeum
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derived from variation in REMAP banding patterns. Numerals refer to the
corresponding genotypes; those from the same slope have been circled.

as a whole (10), indicates that this retrotransposon family has
been highly and recently insertionally active.

An excess of LTRs, likely solo, were detected in all accessions.
These are abundant across the genus Hordeum (10) and appear
to result from intrachromosomal recombination between the
LTR pairs within full-length elements. The excess in LTRs
increases with the number of BARE-1 elements, consistent with
earlier evidence that recombination is additive between ele-
ments in the genome (40). The results here furthermore confirm
what was earlier shown (10) for the genus as a whole: the greater
the number of solo LTRs relative to full-length BARE-1 ele-
ments, the smaller the part of the genome comprised by BARE-1.
This indicates that variations in the relative rates of recombina-
tion and integration affect the success of a retrotransposon
family in spreading within the genome, and that these variations
may act within a single species at a single locale.

The data, moreover, suggest a linkage between BARE-1
numbers and the ecogeography of the Evolution Canyon micro-
site. More BARE-1 copies and proportionally fewer solo LTRs
are found in the upper, drier sites within the canyon, particularly
at the top of the SFS, than at lower sites. Earlier studies indicated
a decrease in angiosperm species diversity (29, 31) and an
increase in allozymic (30) and randomly amplified polymorphic
DNA (28) diversity upward in the canyon, all correlated with
increasing stress upward on both slopes, with the most stressful
slope being the SFS. The upper stations on each slope are,
furthermore, generally drier even during the wet season because
of the movement of runoff down-slope. The local data at this
single microsite mirror regional observations across Israel (10)
that BARE-1 copy number was correlated with aridity across the
range of the H. spontaneum, both sets of data being consistent
with the presence within the BARE-1 promoter of abscisic
acid-response elements typical for water stress-induced genes
(24). The data therefore suggest that expression and propagation
of BARE-1 may be stress induced and also that, the higher in the
canyon, the lower the rate of loss of integrated copies through
recombination.

Polymorphism detectable with REMAP markers yields a
complete distinction between individuals growing on the NFS
and SFS of Evolution Canyon, which are separated from each
other by a maximum of 300 m. Because the REMAP pattern
derives from short-range amplifications (hundreds of bases), the
differences observed by REMAP are likely to have been gen-
erated by retrotransposon BARE-1 insertion, independent of
other genetic changes among the individuals. Given the small
percentage of the total BARE-1 copies visualized by the seven
primer combinations, the data imply that BARE-1 integrational
activity in the canyon has been greater than genomic homoge-
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nization driven by gene flow through pollen dispersal among the
largely selfing (average 98.4%, ref. 41) H. spontaneum or by seed
dispersal. The REMAP marker data show more genotypes in the
NFS than in the SFS individuals, which we interpret as being
caused by the patchiness of the NFS, having open areas suitable
for H. spontaneum interrupted by shaded, tree-growing areas, in
contrast to the SFS. Under sufficiently high rates of BARE-1
integrational activity, the patches appear to have become geno-
typically distinct with regard to the BARE-1 insertion pattern.

Classically “selfish” self-replicating units such as retrotrans-
posons might be expected, independent of the genome as a
whole, to undergo selection for increasingly efficient propaga-
tion. However, the observed combination of decreased recom-
binational loss together with increases in the number of full-
length copies suggests that plant-level selection is operating to
increase BARE-1 copy number. Increasing numbers of transpo-
son copies have been thought to be associated with decreased
fitness through increasing lethality (42, 43). However, the ten-
dency of retrotransposons to insert into repetitive DNA in barley
and other cereals (6, 12, 26, 39) mitigates their deleterious
potential.
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