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AbstractWith a long-term goal of constructing a linkage
map of Rhododendron enriched with gene-specific
markers, we utilized Rhododendron catawbiense ESTs for
the development of high-efficiency (in terms of generat-
ing polymorphism frequency) PCR-based markers.
Using the gene-sequence alignment between Rhododen-
dron ESTs and the genomic sequences of Arabidopsis
homologs, we developed ‘intron-flanking‘ EST–PCR-
based primers that would anneal in conserved exon
regions and amplify across the more highly diverged
introns. These primers resulted in increased efficiency
(61% vs. 13%; 4.7-fold) of polymorphism-detection
compared with conventional EST–PCR methods, sup-
porting the assumption that intron regions are more
diverged than exons. Significantly, this study demon-
strates that Arabidopsis genome database can be useful
in developing gene-specific PCR-based markers for
other non-model plant species for which the EST data
are available but genomic sequences are not. The com-
parative analysis of intron sizes between Rhododendron
and Arabidopsis (made possible in this study by aligning
of Rhododendron ESTs with Arabidopsis genomic se-
quences and the sequencing of Rhododendron genomic
PCR products) provides the first insight into the gene
structure of Rhododendron.
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Introduction

Rhododendrons are among the most important woody
landscape plants. Broad-leafed members of this family
belong to genus Rhododendron, the largest in the heath
family (i.e. Ericaceae) comprising �1,000 species.
Among them, over 800 species are distributed through-
out the Northern Hemisphere, ranging from tropical to
polar climates and varying widely in their cold hardiness
(Leach 1961; Sakai et al. 1986).

The primary goal of most Rhododendron breeders
working in cold climates has been to combine the orna-
mental diversity found in less cold-hardy tropical taxa
with the superior cold hardiness of several North Amer-
ican and Asian species. However, limited understanding
of the genetic control of freezing tolerance has hampered
the efforts in cold- hardiness breeding. A goal of our re-
search is to identify molecular markers linked to genes,
which control cold-hardiness in Rhododendron (Lim
et al., 1999). Placing cold-hardiness genes on a linkage
map of rhododendrons (once available) could allow for
‘‘marker-assisted’’ selection of cold-hardy genotypes.

Various types of molecular markers including ran-
domly amplified polymorphic DNA (RAPD) (Iqbal
et al. 1995), amplified fragment length polymorphism
(AFLP) (Escaravage et al. 1998; De Riek et al. 1999;
Pornon et al. 2000), and restriction fragment length
polymorphism (RFLP) (Milne and Abbott 2000;
Dunemann et al. 1999) have been employed for DNA
fingerprinting in Rhododendron. Using RAPD, RFLP,
and microsatellite markers, Dunemann et al. (1999)
constructed a genetic linkage map for a Rhododendron
population. However, to our knowledge, the PCR-based
markers derived from expressed sequence tags (ESTs),
i.e. EST–PCR markers, have not been reported for
DNA fingerprinting and/or genetic mapping in Rhodo-
dendron.
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ESTs are generated from single-pass sequencing of
randomly picked cDNA clones (Adams et al. 1991). The
EST approach and subsequent gene-expression profiling
(cDNA microarrays) have proven to efficiently identify
genes and analyze their expression during different
developmental stages, or under various environmental
stresses (Fowler and Thomashow 2002; Milla et al.
2002; Bhalerao et al. 2003; Dubos and Plomion 2003;
Dhanaraj et al. 2004; Wei et al. 2005). ESTs are also
useful for providing markers for genome mapping
(Boguski and Schuler 1995; Hudson et al. 1995; Picoult-
Newberg et al. 1999; Eujayl et al. 2002): since they tar-
get specific genes, EST-derived markers are particularly
useful for QTL mapping. Recently, our group has re-
leased Rhododendron ESTs using cDNA libraries derived
from non-hardened and cold-hardened leaf tissues (Wei
et al. 2005), which provide an opportunity to obtain
EST-based markers for use in Rhododendron popula-
tions.

A potentially significant, but relatively unexplored,
application of EST datasets is to conduct a comparative
analysis of the genomes between less-intensively studied,
non-model species (e. g. Rhododendron) and well-studied
model plants such as Arabidopsis. Bioinformatic tools
coupled with PCR and sequencing technologies can al-
low us to use the coding sequence information (i.e.
ESTs) of a given species, such as Rhododendron, in
conjunction with Arabidopsis genome database to learn
about the non-coding regions (i.e. introns) of Rhodo-
dendron genes vis-a-vis Arabidopsis.

Choi et al. (2004) recently used Medicago truncatula
ESTs and their alignment with the genomic sequences of
Arabidopsis homologs to design intron-targeting primers
for developing EST-based markers to construct a genetic
map of M. truncatula. Such EST-specific primers allow
the amplification of genomic DNA across intron regions
producing the PCR products that exhibit size or pres-
ence/absence polymorphisms. The basic assumption for
this strategy is that introns contain more DNA poly-
morphisms than exons: non-coding regions (introns)
evolve much faster than the coding regions (exons)
(Small et al. 2004). Therefore, intron-targeting strategy
of primer design is expected to yield higher polymor-
phism frequency (and therefore more efficiency) than
other EST–PCR-based conventional strategies.

Specifically, the objectives of the current study were
3-fold. First, because of the scarcity of Rhododendron
genomic sequences, the alignment of Rhododendron
ESTs (i.e. exons) with Arabidopsis genomic sequences
(exon+intron) was used to predict the exon/exon junc-
tion sites in Rhododendron ESTs; such information was
then used to design intron-flanking primers. The second
objective was to use these primers in genomic PCR of
several Rhododendron species and compare the efficiency
of polymorphism-detection using intron-flanking prim-
ers with those designed without involving intron-flank-
ing. The third objective was to compare the gel- and
sequencing-based data on Rhododendron intron size with
their Arabidopsis counterparts to draw inferences about

comparative genomic structure, particularly introns, of
the two genera.

Considering the far phylogenetic distance between
Rhododendron and Arabidopsis (which is much more
than that between Medicago and Arabidopsis in the
study of Choi et al. 2004), the approach used in the
current study is anticipated to have a wider application
for the development and efficient use of EST–PCR-
based markers (for genetic mapping) among the less-
studied yet economically important plant species, which
may only have EST sequences but lack genomic se-
quence information; Medicago and Arabidopsis belong
to eurosids clade within rosids whereas Rhododendron
falls in the asterids group (APG 2003). The sequencing
results of genomic PCR products obtained in this study
provide the first insight into the comparative analysis of
genomic structure of two distantly related plant species,
i.e. Rhododendron and Arabidopsis.

Materials and methods

Generation, assembly and annotation of ESTs

5¢ and 3¢ ESTs were generated from two cDNA libraries
of the leaf tissues (summer-collected, non-cold-hardened
and winter-collected, cold-hardened, respectively) of
Rhododendron catawbiense ‘catalgla’ (Wei et al. 2005).
All ESTs were deposited into GenBank EST database,
assembled, and annotated using the same procedures as
previously reported (Wei et al. 2005). The sequences of
the unique transcripts after assembly are available upon
request.

Sequence comparison between Rhododendron ESTs
and Arabidopsis genes

The full Arabidopsis gene set (AGI) with introns and
UTRs (Version: 3/Feb/2004) was downloaded from
TAIR web site (http://www.arabidopsis.org) and for-
matted into a database for local BLASTN search using
assembled rhododendron transcripts as queries. The
output file, generated from the E-value cutoff for
BLASTN alignment as 1e-4, was used for the further
analyses.

Strategy for developing EST–PCR Primers

Three distinct groups of EST–PCR primer pairs were
designed to compare their PCR success rates and poly-
morphism-generating efficiency. The group 1 primers
were designed by the conventional method, i.e. not tar-
geting any specific region within ESTs. Second and third
groups of primers were designed based on the ‘exon/
exon’ junction site information, inferred from the pair-
wise alignments between the Rhododendron (R. ca-
tawbiense) ESTs, and their Arabidopsis homologs’
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genomic sequences, i.e. exons (corresponding to Rho-
dodendron ESTs) + introns. The strategy used for
designing group 2 and 3 primers is illustrated in Fig. 1.
Basically, as per this pair-wise alignment strategy, the
predicted ‘exon/exon’ junctions within Rhododendron
ESTs should essentially correspond to ‘exon/intron’
junctions (i.e. splice sites) within predicted Rhododen-
dron genomic sequences (Fig. 1; step 1); throughout the
paper, the terms ‘‘exon/exon junction’’ and ‘‘exon/intron
junction’’ are used to refer to ESTs and genomic se-
quence, respectively.

The forward and reverse primers in group 2 were
designed from the sequence within a particular Rhodo-
dendron exon (Fig. 1; step 2), whereas group 3 primers
were designed based on the EST sequence that flanks at
least two exon/exon junctions (Fig. 1; step 2). These
primers are therefore expected to span the ‘predicted’
rhododendron intron regions in a PCR, hence termed as

‘intron-flanking’ primers. Importantly, to avoid the sit-
uation where primers might cross (instead of just
flanking) the predicted exon/exon junction sites poten-
tially resulting in a failed genomic PCR, 25-bp primers
at the 5¢ and 3¢ ends of the predicted exon/exon junction
sites were excluded from the primer design.

All primers were designed using Primer3 (Rozen
and Skaletsky 2000; http://frodo.wi.mit.edu/cgi-bin/pri-
mer3) with the default settings. The primers used for
amplification or sequencing are listed in Supplementary
Table 1.

Plant materials and genomic DNA extraction

Six species of genus Rhododendron were used in this
study. Among them, four (R. catawbiense, originated
from NE America; R. ponticum, W. Europe; R. arbor-

Fig. 1 Schematic
representation of the designing
of EST-specific primers that do
not flank or do flank introns
(designated as group 2 or group
3 primers in the text,
respectively) and their use in
amplifying PCR product from
Rhododendron genomic DNA.
The primer pairs in both groups
were designed to avoid exon/
intron junction. The sizes of
intron(s) flanked by the Group
3 primer pair (solid arrow) can
be calculated as: ‘‘genomic PCR
product size’’—‘‘EST (cDNA)
length between forward and
reverse primers’’. Genomic
PCR product size can be
determined from gel-estimation
and / or sequencing of PCR
bands. Intron sizes flanked by
Group 2 primer pair (dotted
arrow) equal zero, since they do
not amplify across intron(s)
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eum, S. Asia; R. dichroanthum, S. China) belong to the
subgenus Hymenanthes, which are described as elepi-
dote (E) that lack scales on their abaxial leaf surface.
Another two (R. minus var minus, NE America; R.
keiskei, Japan) belong to the subgenus of Rhododen-
dron, which are described as lepidote (L) that have
these scales. Young leaves from the spring growth were
sampled in May 2004 from potted plants being main-
tained at the Horticulture Experimental Station, Iowa
State University. Leaves were rinsed in ice-cold distilled
and deionized water and stored in �80�C freezer until
DNA extraction. Two grams of leaf tissue was ground
in liquid N2 and genomic DNA was extracted using the
CTAB method described by Doyle and Doyle (1990).
DNA quantification was performed by gel electropho-
resis analysis.

Touchdown PCR amplification and sequencing of
genomic PCR products

PCR amplification of genomic DNA was carried out by
‘‘touchdown PCR’’ procedure (Don et al. 1991), which
was slightly modified (to minimize nonspecific amplifi-
cation) as given below: PCR mixtures were incubated for
2 min at 92�C, followed by 10 cycles of denaturation at
94�C for 30 s, annealing for 30 s at selected tempera-
tures (see below) and elongation at 72�C for 1 min and
another 24 cycles of 94�C for 30 s, 61�C for 30 s and
72�C for 1 min followed by a final 10 min extension at
72�C. The annealing temperature was decreased by
0.8�C per cycle during the first 10 cycles from 69 to 61�C
to increase the specificity of amplification. PCR prod-
ucts were separated by agarose gel electrophoresis; band
sizes were determined against ‘‘I kb plus DNA ladder’’
(Invitrogen Life Technologies, Carlsbad, CA, USA).

To test the PCR specificity, selected PCR bands were
gel-purified using QIAquick spin columns (QIAGEN
USA, Valencia, CA, USA) and sequenced from both
directions. The obtained genomic sequences were
aligned with the corresponding EST sequences via
GeneSeqer (Schluter et al. 2003) using Arabidopsis
parameters to assess the PCR amplification specificity
and determine the exon/intron structure.

Detection and evaluation of PCR band pattern
polymorphism

Size and presence/absence (+/-) polymorphisms for
genomic PCR bands were analyzed by 1.2% (w/v) aga-
rose gel electrophoresis. A given EST-specific marker
was considered polymorphic, for which at least one
Rhododendron species’ PCR banding pattern was dif-
ferent from the other five with regard to either size or the
presence vs. absence. The degree of polymorphism was
calculated using the polymorphic information content
(PIC; Anderson et al. 1993), which is also referred to as
‘‘diversity index’’ (Milbourne et al. 1997):

PIC ¼ 1�
Xn

i

p2
i

where pi is the frequency of an individual genotype (PCR
product banding pattern) generated by a given EST–
PCR primer pair.

The PIC value reflects the discriminatory power of a
marker by taking into account not only the number of
banding patterns generated by a primer pair but also the
relative frequencies of these banding patterns. In the
current study, PIC values ranged from 0 (no polymor-
phism) to 0.83 (most polymorphism, i.e. each of the six
species having a different banding pattern).

Results

EST generation, assembly and gene identification

We have previously generated a total of 862 5¢ ESTs
(GenBank accession Nos. CV014938 – 015799) from two
cDNA libraries prepared from the non-cold-hardened
and cold-hardened leaf tissues (leaf freezing tolerance of
�53�C and �7�C, respectively) of Rhododendron ca-
tawbiense ‘Catagla’ (Wei et al. 2005); comparative
analysis of these ESTs was used to identify major genes
involved in cold acclimation of Rhododendron. In the
current study, we included an additional 378 3¢ ESTs
(GenBank accession Nos. DN161677–162054) from the
same libraries. These 1,240 ESTs were assembled into
814 unique transcripts (172 contigs and 642 singletons).
The BLASTX search (E-value: 1e-4) of PIR-NREF
protein database results show that �79% (639/814) had
significant protein hits. These hits included several can-
didate genes potentially involved in the development of
cold tolerance in Rhododendron, including early light-
induced proteins (ELIP), chlorophyll a/b-binding pro-
tein, and trehalose 6-phosphate synthase, etc., as previ-
ously described (Wei et al. 2005).

Sequence comparison between Rhododendron
and Arabidopsis genes

The BLASTN search returned 503 pair-wise alignments
(out of 814 used in the analysis) between Rhododendron
ESTs and Arabidopsis genomic sequences with E-value
less than 1e-4. Distribution plots for the alignment sim-
ilarity (Fig. 2a) and length (Fig. 2b) show a single mode
(i.e. peak) average alignment similarity and median
alignment length were 86 ± 4% and 86 bp, respectively.

Specificity of touchdown PCR and accuracy
of gel-based size estimation of PCR bands

To test the specificity of genomic PCR in this study, we
selected seven genomic PCR bands produced by the
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intron-flanking EST–PCR primers (each of these prim-
ers generated a single band for R.catawbiense) and se-
quenced them after gel-purification. Our analysis of
these sequences revealed that they perfectly matched the
corresponding EST sequences as determined by Gene-
Seqer (nucleotide data not shown), confirming that the
ESTs were indeed derived from the amplified genomic
sequences and that the PCR specificity was satisfactory.

Sequencing of the seven randomly selected genomic
PCR bands also enabled us to obtain their precise sizes
and compare them with those estimated from the gel-
based analysis. Results indicated that the gel-based size-
estimation of the PCR bands was essentially similar (i.e.
within 2.8±1.1%) to that derived from sequencing
analysis (data not shown), highlighting the validity of
gel-based size-estimation, which provides the basis for
analyzing PCR band size polymorphisms (see ‘‘Poly-
morphism rate comparison’’ section).

It is noteworthy that out of the 43 intron-flanking
primers that resulted in PCR amplification (Table 1),
two primers (C24, C42) generated more than one (i.e.
two or three) bands using R. catawbiense genomic
DNA as the template; this resulted in a rate of
approximately 5% for primers generating multiple

PCR bands. This ratio was comparable with a previous
report where 4% (336 out of 7718) of EST–PCR
primers amplified two to three DNA fragments using
rice genomic DNA as the template (Wu et al. 2002). In
our study, since primers C24 and C42 repetitively
amplified multiple DNA fragments from several Rho-
dodendron species (data not shown), the multiple bands
in PCR amplifications were unlikely to be the result of
erroneous amplification. These multiple bands may be
due to paralogous sequences with high similarity in the
genome; alternatively, these primer pairs may span a
region of introns with high variability. It may also be
caused by the rearrangements of specific genes during
the evolution process. Future studies involving
sequencing of individual bands and isolation of their
full-length genes would provide insight into some of
these questions.

PCR success rate comparison

As described in ‘‘Methods’’, three types of EST–PCR
primers were used in this study for Rhododendron
genomic PCR amplification and subsequent polymor-

Table 1 The genomic PCR success rate, PCR band polymorphism rate, overall polymorphism-generating efficiency, and average poly-
morphism information content (PIC) using (group 1) primers that do not target specific regions within ESTs, (group 2) primers that do not
flank introns, and (group 3) intron(s)-flanking primers, respectively

Primers not targeting specific
EST regions (Group 1)

Primers based on alignment between Rhodo-
dendron
ESTs and Arabidopsis genomic sequences

Primers not flanking
intron(s) (Group 2)

Intron-flanking
primers (Group 3)

No. of primer pairs 8 8 44
PCR success rate 63% (5/8) 100% (8/8) 98% (43/44)
Polymorphism rate 20% (1/5) 0% (0/8) 63% (27/43)
Overall Polymorphism-generating efficiencya 13%(1/8) 0%(0/8) 61%(27/44)
Average PIC 0.10 0.00 0.27

aOverall polymorphism-generating efficiency is calculated as ‘‘PCR success rate’’ · ‘‘Polymorphism rate’’

Fig. 2 Histograms for the
similarity score (a) and the
length (b) of all 503 alignments
between Rhododendron ESTs
and Arabidopsis genes
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phism detection. For the eight primers of group 1,
designed by a conventional method, i.e. not targeting
specific regions within ESTs, five primers produced
amplifications; the PCR success rate was 63% (Ta-
ble 1). For the eight primers of group 2, designed from
the same exon (thus flanking no introns), all the
primers successfully resulted in PCR amplification with
the success rate of 100% (Table 1). For the 44 primers
of group 3 (designed using the intron-flanking strat-

egy), 43 primers produced PCR amplification with the
success rate of 98% (Table 1). Overall, the PCR suc-
cess rate of the primer pairs designed based on the
alignment between Rhododendron ESTs and Arabid-
opsis genomic sequences (which include Group 2 and 3
primer pairs) was 35�37% higher than that obtained
by group 1 (‘‘control’’) primers (Table 1). All
PCR results are also summarized in Supplementary
Table 1.

aLength of the primer-spanned intron(s) in Rhododendron genomic
PCR products was calculated as described in Fig. 1 (i.e. ‘‘genomic
PCR product size’’ � ‘‘EST length between primer pair’’)bThe
calculation of the sizes of corresponding Arabidopsis intron(s) was
based on the alignment of designed primer pair onto Rhododendron

EST, and the pair-wise alignment between Rhododendron EST and
the genomic sequence of their Arabidopsis homologue which would
indicate which Arabidopsis intron(s) correspond to the Rhododen-
dron intron(s) spanned by the primer pairs

Table 2 Comparative size-analysis of Rhododendron introns and corresponding Arabidopsis introns based on R. catawbiense genomic
PCR products amplified by using intron-flanking primer pairs (designated as ‘Group 3‘ in the text)

Primer ID R. catawbiense (R.c.) genes A. thaliana genes (A. t.) homolog genes Ratio of intron
size (R.c./A.t.)

Size of primer-spanned intron(s) (bp)a ID Size of corresponding intron(s) (bp)b

C1 735 At5g28840 163 4.5
C2 633 At2g39730 281 2.3
C3 2855 At1g30110 490 5.8
C5 649 At5g58330 151 4.3
C6 536 At3g54890 178 3.0
C7 86 At5g13930 86 1.0
C8 1393 At3g26060 185 7.5
C10 1377 At5g67370 176 7.8
C11 645 At4g00550 180 3.6
C12 537 At2g13360 119 4.5
C13 123 At5g64040 92 1.3
C14 660 At5g05690 85 7.8
C15 935 At5g25760 82 11.4
C16 360 At2g40490 101 3.6
C17 1000 At3g55620 473 2.1
C18 193 At3g24170 314 0.6
C20 568 At2g22780 154 3.7
C22 102 At3g47470 169 0.6
C23 343 At5g54270 64 5.4
C24 283 At3g14415 171 1.7
C25 2019 At1g65930 619 3.3
C26 181 At1g72370 79 2.3
C27 1223 At5g44110 163 7.5
C29 1998 At5g46110 518 3.9
C32 2049 At1g60070 397 5.2
C33 354 At1g78870 201 1.8
C34 884 At2g36060 199 4.4
C35 580 At4g27130 124 4.7
C36 384 At3g04120 89 4.3
C39 1312 At2g02760 420 3.1
C40 1025 At5g01530 287 3.6
C41 628 At2g21330 372 1.7
C42 777 At1g18080 593 1.3
C43 1616 At3g60190 525 3.1
C44 677 At1g20630 282 2.4
C47 841 At1g60470 181 4.6
C48 124 At1g52890 97 1.3
C57 493 At3g50980 301 1.6
C58 382 At2g04350 268 1.4
C59 1599 At2g32260 696 2.3
C60 1498 At1g68020 98 15.3
C62 416 At1g65930 262 1.6
C63 149 At3g22840 144 1.0
Average ± SE (bp) 3. 8 ± 0.4
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Polymorphism rate comparison

With a long-term goal of constructing a Rhododendron
genetic map of EST-based genetic markers, the designed
primers and the genomic DNA from 6 Rhododendron
species as templates were used to examine PCR band
pattern polymorphism. As described in ‘‘Methods’’, a
given EST–PCR marker was considered polymorphic
when at least PCR product band pattern of one species
was different from the other five with regard to either
size or the presence vs. absence of polymorphism. The
calculated PIC values reveal the degree of diversity in
polymorphism across the surveyed species.

For the group 1 EST–PCR primers targeting no
specific EST regions, the polymorphism rate was 20%
(1/5) (Table 1). The PIC value for the sole primer (Pri-
mer ID. A4) that resulted in polymorphism is 0.78, with
an overall average of 0.10 (0.78/8) (Table 1). In contrast,
for the group 2 EST–PCR primer pairs, specifically de-
signed not to span introns, the polymorphism rate was
zero (Table 1)—gel-based sizes of the all the eight
genomic PCR products (one band/PCR product)
equaled the EST lengths between forward and reverse
primers (i.e., expected PCR band size using cDNA as
template) (Supplementary Table 1), confirming that the
group 2 primers indeed did not span any intron.

In contrast, for the group 3 intron-flanking EST–
PCR primers, the polymorphism rate was 63% (27/43),
i.e. three times the rate when using primers designed by a
conventional method (Table 1). The overall polymor-
phism detection efficiency (PCR success rate · poly-
morphism rate) of intron-flanking primers was 4.7-fold
(61% vs. 13%) compared to the conventional method
(Table 1). Accordingly, the average PIC value for in-
tron-flanking primers was 0.27, nearly 3-fold compared
to that of group 1 primers designed by conventional
method (Table 1). The PIC values for all primers and
their genomic PCR product polymorphism can be found
in Supplementary Table 1. None of the group 2 primer
pairs (primer ID. B1-B8) resulted in polymorphism.

Comparative analysis of intron-size between
Rhododendron and Arabidopsis genes

Data indicate that the gel-estimated sizes of all genomic
PCR products amplified by intron-flanking primer
pairs are larger than the corresponding EST lengths
between the forward and reverse primers (i.e. the ex-
pected PCR product when using cDNA as a template)
(see Supplementary Table 1). As described in Fig. 1,
the difference between the former and the latter values
represents the size of Rhododendron intron(s) flanked
by the primers. Meanwhile, the pair-wise alignment
between Rhododendron ESTs and the genomic sequence
of their Arabidopsis homologs would indicate which
Arabidopsis intron(s) correspond to the Rhododendron
intron(s) spanned by the primer pairs, thus allowing a
comparative analysis of intron sizes between Rhodo-

dendron genes and Arabidopsis homologs as shown in
Table 2.

Intron length data for 43 genes indicated that, with
only four exceptions (Primer ID. Nos. C7, C63, C18,
and C22), intron(s) of Rhododendron genes were sub-
stantially larger than that of corresponding Arabidopsis
introns with an overall intron size ratio (R.c./A.t.) of 3.8
± 0.4 (Table 2); Rhododendron intron(s) amplified by
primers C7 and C63 were approximately of the same size
as corresponding Arabidopsis introns, whereas those
amplified by C18 and C22 primers were smaller.

Discussion

Intron-flanking EST–PCR markers: PCR success rate
and polymorphism-generating efficiency

EST databases of various plant species are becoming a
valuable source of PCR-based gene-specific markers for
DNA fingerprinting and gene mapping. However, as
described below, the potential utility of PCR-based
EST markers (in terms of their ability to generate high
frequency of genomic PCR band polymorphism) in
many non-model plants has not been fully exploited
due to the unavailability of genomic DNA sequence
database for these species. It is generally believed that
intron regions are more divergent than exons (Choi
et al. 2004). It follows, therefore, that the EST–PCR
primers that are designed to anneal to conserved re-
gions of exons and amplify across intron regions
should result in relatively higher rate of genomic PCR
band polymorphism, making the gene mapping more
efficient. The current study employs alignment of
Rhododendron ESTs with the genomic sequence of
Arabidopsis homologs to predict the potential exon/in-
tron junction sites in Rhododendron genomic sequence,
and uses this information to design ‘intron-flanking’
EST-specific PCR primers that amplify intron regions
in genomic PCR (Fig. 1).

In the current study, conventionally designed primers
(group 1) did not target specific regions within ESTs.
Their genomic PCR success rate and PCR band poly-
morphism rate were 63% (5/8) and 20% (1/5), respec-
tively (Table 1). These observations are consistent with
the study of Temesgen et al. (2001), who used EST–PCR
markers designed from cDNA clones of loblolly pine
libraries using the similar method and noted these two
values to be 58–76 and 5.3%, respectively.

In contrast, groups 2 and 3 primers resulted in
higher genomic PCR success (100 and 98%, respec-
tively) (Table 1). These primers were designed by tak-
ing into account the exon/intron junction site
information obtained by aligning Rhododendron ESTs
with genomic sequences of Arabidopsis homologs
(Fig. 1). High genomic PCR success rate of these
primers can be attributed to the avoidance of the exon/
intron junction sites—if a 20-nucleotide long primer is
designed for crossing the exon/intron junction site, the
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genomic PCR will fail because of the inefficiency in
primer–template alignment.

Our results indicate that the ‘intron-flanking’ EST–
PCR primers (group 3) resulted in the highest genomic
PCR band polymorphism (63 vs. 0–20% for the other
two primer types) (Table 1). When coupled with high
PCR success rate, these primers were the most efficient
group in terms of overall polymorphism-generating
ability (61 vs. 0–13% for the other two primer types)
(Table 1). The observed high PCR band polymorphism
using intron-flanking strategy support our assumption
that introns are relatively less conserved and prone to
generate more PCR band-polymorphisms than exons.

It is noteworthy that PCR amplifications using EST-
specific primers are generally followed by restriction
enzyme digestion, heteroduplex analysis, denaturing
gradient gel electrophoresis, or single-stranded confor-
mational polymorphism (SSCP) gels (Harry et al. 1998;
Plomion et al. 1999; Cato et al. 2001; Temesgen et al.
2001; Rowland et al. 2003b). In the current study,
however, genomic PCR products were directly electro-
phoresed on agarose gels for polymorphism screening. It
is anticipated that the polymorphism-generating effi-
ciency of EST-specific markers can be further aug-
mented by using the above analyses after PCR
amplification. In other words, the actual polymorphism
rate using intron-flanking strategy could potentially be
even higher than what we observed in the current study.

Comparative intron analysis of Rhododendron
and Arabidopsis genes

Although ESTs are referred as ‘‘poor man’s genome’’,
they can be invaluable resource for predicting exon/in-
tron boundaries and as the foundation sequences for
genomic analysis (Rudd 2003). The approach described
in the current study further extends the utility of ESTs
from their use in gene mapping to gene structure anal-
ysis.

Analysis of the data presented in Table 2 revealed
that the intron(s) lengths spanned in Rhododendron’s
genomic PCR products were 3.8-fold the corresponding
Arabidopsis introns. This is the first report on the com-
parison of intron sizes between Rhododendron genes and
Arabidopsis homologs. It is worth noting that our con-
clusions about their relative intron sizes are consistent
with the difference in genome sizes of these two distant
species: Rhododendron and Arabidopsis genomes are re-
ported to be 0.55 – 0.75 pg DNA/1C (i.e. �550–
750 Mbp; Vainola 2000) and 0.16 pg DNA/1C (i.e.
�160,Mbp; Bennett et al. 1997), respectively; and
therefore Rhododendron genome is approximately four
fold that of Arabidopsis.

The relatively larger size of genome and introns of
Rhododendron, a highly outcrossing woody plant, com-
pared with that of A. thaliana is consistent with the
similar genomic comparison between A. lyrata (a self-
incompatible outcrossing member of Brassicaceae) and

A. thaliana (highly self-fertilizing). A. lyrata’s genome
size as well as intron lenghts are substantially greater
than that of A. thaliana (Wright et al. 2002), suggesting
that a decrease in the sizes of noncoding regions is likely
in A. thaliana.

Sizes of individual introns and nucleotide sequences at
exon/intron junctions of Rhododendron genes

Sequencing of seven R. catawbiense genomic PCR bands
and their alignments with corresponding ESTs were used
to determine the size of individual introns. The results
indicated that the sizes of 12 introns (resulting from
seven genomic PCRs due, presumably, to the spanning
of >1 introns by some primer pairs) ranged from 81–
1,485 bp; most of them between 81 and 555. The ob-
served lower range of Rhododendron intron size (81 bp)
is similar to the reported minimal size (78 bp) for the
introns spanned by EST–PCR markers of M. truncatula
(Choi et al. 2004). It is generally believed that a certain
minimum intron size (�70 bp) is required for correct
splicing of introns (Deutsch and Long 1999): intron-
splicing is believed to remove introns from eukaryotic
precursor mRNA such that the adjacent exon sequences
join together to form mature mRNA for translation.
Furthermore, analysis of the nucleotide sequences at
exon/intron junctions demonstrated that, for all the in-
trons surveyed, the first two nucleotides at the 5¢ end
were ‘‘gt’’ and the last two at the 3¢ end were ‘‘ag’’. Such
observation is consistent with reported canonical ‘‘gt–
ag’’ intron splice-site in both plant and animal genes
(Senapathy et al. 1990; Simpson et al. 1993; Thanaraj
1999).

Application of Rhododendron EST–PCR markers for
fingerprinting and genetic mapping

Various molecular makers have been used for DNA
fingerprinting and genetic mapping (for review, see Liu
and Corder 2004), which can be divided into hybrid-
ization-based vs. PCR-based markers; the latter are
generally more cost-efficient. The PCR-based markers
used in woody plant genome mapping include RAPD
markers, simple sequence repeat (SSR) markers, and
EST markers (Komulainen et al. 2003; http://den-
drome.ucdavis.edu/Gen_Page_body).

EST–PCR markers are derived from gene-coding
regions as opposed to AFLP and RAPD markers, which
are derived from non-expressed sequences. EST-based
markers are, therefore, more likely to be conserved
across populations and species and thus applicable to
those species for which EST sequences may be lacking.
The observed high PCR success rates of EST–PCR
based primers across the six Rhododendron species in the
current study confirm that although the EST sequences
were derived from only one species (R. catawbiense),
they are highly conserved across other five species
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screened. Similarly, a recent study by Rowland et al.
(2003a) showed that the EST–PCR primers designed
from the blueberry (Vaccinium sp.) ESTs can be used to
amplify genomic DNA from two other Ericaceous spe-
cies, i.e. rhododendrons and cranberries.

As described in ‘Results’, of the total 814 Rhodo-
dendron transcripts, 311 did not have significant align-
ments with Arabidopsis genes using the E-value of 1e-4
as a cut-off. This observation may have two ramifica-
tions: first, the current study used exclusively those
transcripts that had relatively high similarity (503/814;
E-value <1e-4) with Arabidopsis genes, which are likely
to be more conserved across plant species. It follows
that even greater polymorphisms in genomic PCR
product banding patterns could be achieved if Rhodo-
dendron ESTs with lower similarity score (with corre-
sponding Arabidopsis genomic sequences) are used to
design EST–PCR primers. Second, for the Rhododen-
dron transcripts that have a lower or no similarity with
Arabidopsis genes, the genomic sequences of phyloge-
netically closer species (such as other Ericaceous plants)
could potentially be used in pair-wise alignments to
predict exon/intron junction sites and design intron-
flanking primer pairs using a similar approach as de-
scribed in Fig. 1.

Interestingly, our sequencing data of the primer C60
PCR products (i.e. trehalose-6-phospate synthase)
showed that the sequences of the two exons (199 bp)
were conserved across the six Rhododendron species
(data not shown); however, the single intron between
these two exons varied in length (1,485–1,492) with
several bases being different across the screened species.
With more information on the genomic sequences of
Rhododendron becoming available in the future, it is
likely that sequence polymorphism (within and/or be-
tween species) would be revealed and can be utilized to
design other types of genetic markers.

One of the goals of our laboratory is to construct an
EST-marker-based linkage map of Rhododendron, and
to determine the location of specific cold-induced/cold-
hardiness-associated genes as well as leaf-freezing tol-
erance QTL on this map. Toward this end, our group is
developing F2-mapping populations from a ‘super’ cold-
hardy parent (R. catawbiense; leaf freezing tolerance of
� �53�C; Lim et al. 1999) crossed with a less-hardy R.
ponticum parent (leaf freezing tolerance of � �24�C;
unpublished data); both species were surveyed in the
current study. Encouragingly, among the EST-specific
markers in the current study that generated polymor-
phisms particularly in these two species, some are cold-
acclimation-related genes, such as trehalose-6-phospate
synthase (Primer C60), early light-induced proteins
(ELIPs; Primer C63), and chlorophyll a/b-binding pro-
tein CP29 (Primer C40) (Wei et al. 2005). In future
studies, if EST–PCR markers (for these or other candi-
date genes) are found linked to cold-hardiness QTL, it is
possible that the genes themselves, from which the EST–
PCR markers were derived, contribute to the cold-har-
diness trait. Such a knowledge could enable breeders in

‘‘marker-assisted’’ selection of cold-hardy rhododen-
dron genotypes.
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