Theor Appl Genet (1992) 83:528--532

© Springer-Verlag 1992

Restriction fragment length polymorphism and allozyme linkage map

of Cuphea lanceolata

D.M. Webb *, S.J. Knapp **, and L. A. Tagliani

Department of Crop and Soil Science, Oregon State University, Corvallis, OR 97331, USA

Received May 15, 1991; Accepted May 29, 1991
Communicated by F. Salamini

Summary. Cuphea lanceolata Ait. has had a significant
role in the domestication of Cuphea and is a useful exper-
imental organism for investigating how medium-chain
lipids are synthesized in developing seeds. To expand the
genetics of this species, a linkage map of the C. lanceolata
genome was constructed using five allozyme and 32 re-
striction-fragment-length-polymorphism (RFLP) mark-
er loci. These loci were assigned to six linkage groups that
correspond to the six chromosomes of this species. Map
length is 288 cM. Levels of polymorphism were estimated
for three inbred lines of C. lanceolata and an inbred line
of C. viscosissima using 84 random genomic clones and
two restriction enzymes, EcoRI and HindIII. Of the
probes 29% detected RFLPs between C. lanceolata and
C. viscosissima lines. Crosses between these species can
be exploited to expand the map.
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Introduction

The constituents of the seed storage lipids of many
Cuphea species are medium-chain fatty acids (MCFAs)
(Thompson 1984; Hirsinger 1985). The effort to domesti-
cate Cuphea uses Cuphea lanceolata Ait. and Cuphea vis-
cosissima Jacq. The oils of wild populations of C. lance-
olata and C. viscosissima average 83.2% and 70.1%
capric acid (C10:0), respectively (Graham 1989 a; Knapp
Cuphea 1991). In addition, C. viscosissima lines have
been developed with as much as 28.4% caprylic acid
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(C8:0), 14.0% lauric acid (C12:0), and 29.4% myristic
acid (C14:0) (Knapp and Tagliani 1991).

Caprylic and capric acid-rich medium-chain triglyce-
rides (MCTs) have been used to treat disorders of lipid
metabolism, epilepsy, gallstones, and other diseases, and
are a source of rapidly absorbed energy for critically ill
patients (Bach and Babayan 1982; Babayan 1987). In
addition, caprylic and capric acids may have nutritional
benefits not yet exploited for the general public (Babayan
1987). Presently, the primary commercial application of
MCTs is the use of lauric and myristic acids in the man-
ufacture of soaps and detergents (Knaut and Richtler
1985).

Coconut (Cocos nucifera 1..) and palm kernel (Elaeis
guineensis Jacq.) oils are the primary commercial sources
of MCTs (Arkcoll 1988). However, every medium-chain
fatty acid (MCFA) except lauric acid is more concentrat-
ed in seed oils of C. lanceolata and C. viscosissima lines
than in oils of coconut and palm kernel. These higher
concentrations of individual fatty acids would reduce the
processing needed for their purification. In addition, be-
cause Cuphea is adapted to temperate climates, the pro-
duction sources of MCTs would be diversified and help
ensure longterm supplies and stable prices.

C. lanceolata and C. viscosissima are closely related
(Graham 1988), and certain interspecific populations of
these species are fertile (unpublished data). This greatly
increases the genetic variation that can be exploited to
breed Cuphea. In addition, these species have characteris-
tics that make them useful as experimental organisms.
They are diploids with x=6 chromosomes (Graham
1989 b), have genomes approximately twice the size of
Arabidopsis thaliana (unpublished data), are annual di-
cots, are amenable to transformation using Agrobacteri-
um tumefaciens, and are regenerable by tissue culture
(unpublished data).



Highly autogamous species, e.g., tomato (Lycopersi-
con esculentum Mill.), tend to have few restriction frag-
ment length polymorphisms (RFLPs) compared to high-
ly allogamous species, €.g., maize (Zea mays L.) (Helen-
tjaris et al. 1985). This has been observed in Cuphea as
well. Estimated outcrossing rates for C. viscosissima (un-
published data) and C. lanceolata (Knapp et al. 1991;
unpublished data) are 7—-14% and 61-94%, respective-
ly. Allozyme polymorphisms are abundant among C.
lanceolata accessions (Knapp and Tagliani 1989), but
rare among C. viscosissima accessions (unpublished
data). Based on this, we presumed that restriction frag-
ment length polymorphisms (RFLPs) were more preva-
lent within C. lanceolata than within C. viscosissima.
Consequently, we selected C. lanceolata for constructing
the initial linkage map. In this paper, we describe an
RFLP and allozyme linkage map of C. lanceolata and
RFLP levels between C. lanceolata and C. viscosissima
inbred lines.

Materials and methods

C. lanceolata plant materials

We inbred 50 C. lanceolata lines to the S generation by single-
seed descent in 1987 and 1988. These lines were randomly
derived from 24 accessions. LN43/1 and LN68/1 were selected
as parent lines from this collection because of phenotypic differ-
ences in capric acid and seed oil content. RFLPs between these
lines could not be considered because surveys had not been
done. The parent lines were crossed and the F, was selfed polli-
nated. A population of 140 F, plants were grown in the green-
house. These plants were propagated from stem-cuttings of field
plants. Cuttings were dipped in 0.1% indole-3-butyric acid and
0.05% 1-naphthaleneacetic acid and placed in potting soil. They
were covered with plastic for 7 days and transplanted to larger
pots after 14 days.

Genomic DNA library

The RFLP probes used in this study came from a genomic DNA
library of C. lanceolata. DNA was extracted from leaf tissue
(Webb and Knapp 1990), digested with Ps¢I, and size-fractionat-
ed on a 0.8% agarose gel. DNA fragments between 0.5 and 2 kb
were electroeluted from the gel and ligated into the plasmid,
pTZ18R, which was then transformed into the E. coli strain,
DHS5a. The library was plated on agar containing ampicillin and
X-gal. Colonies having recombinant plasmids were isolated. We
extracted the plasmids from the bacteria using the alkaline
method of Birnboim and Doly (1979) followed by a phenol/
chloroform and chloroform wash (Maniatis et al. 1982).

DNA extraction, digestion, and blotting

Leaf tissue was harvested from 4- to 8-week-old greenhouse-
grown F, plants. The tissue was lyophilized, ground to a powder
in a coffee grinder, and stored at —60°C. Total genomic DNA
was extracted as described in Webb and Knapp (1990). Approx-
imately 11 pg of DNA was digested with 50 units of EcoRI or
HindIII for approximately 3 h at 37°C. The digested DNA was
size fractionated on a 0.8% agarose gel at 0.5-1.4 V/ecm for
15-18 h. The running buffer was 0.4 M TRIS base and 20 mM
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EDTA with the pH adjusted to 8.0 with glacial acetic acid. The
DNA was denatured in 0.4 M NaOH and transferred in the
same solution to charged nylon membranes (CUNO Zetabind)
by vacuum blotting. The membranes were neutralized in
6 x SSC for 10 min, baked at 90°C for 3 h, and washed in
0.1 x SSC and 0.5% SDS at 65°C for 30 min.

Hybridizations and autoradiography

Membranes were prehybridized overnight at 65°C in 6 x SSC,
0.5% SDS, 5 x Denhardt’s solution, and 100 ug/ml denatured
salmon sperm DNA (Maniatis et al. 1982). Whole plasmids or
inserts from the genomic library were labeled by random primer
extension (Feinberg and Vogelstein 1983) with [¢*?]-dCTP. Un-
incorporated nucleotides were removed from the labeling mix-
ture using Sephadex G-50 spin columns. The labeled DNA was
denatured at 95°C and added to 5-8 ml of prehybridization
solution and one to three membranes. The membranes were
hybridized overnight at 65°C with gentle shaking, then washed
from one to four times for 30 min at 65°C in 2 x SSC and 0.1%
SDS with vigorous shaking.

X-ray film (Kodak XAR-5) was exposed to the hybridized
membranes with one intensifying screen at —60°C for 2h to 3
days. Radioactivity was removed from the membranes by gentle
shaking in 0.4 M NaOH for 20 min at 65°C. The membranes
were reconditioned for reuse by gentle shaking in 0.1 x SSC,
0.5% SDS, and 0.2 M TRIS pH 8.0 for 20 min at 65°C.

RFLP probes

The first 35 of 119 clones isolated from the genomic library were
screended for high-copy-number sequences. Plasmids from these
clones were dot blotted (Maniatis et al. 1982) with 500 ng DNA
per clone and probed with 200 ng labeled total C. lanceolata
DNA digested with Pst1. Clones that had detectable hybridiza-
tions were considered to have high-copy-number sequences and
were not used. High-copy-number probes from the nuclear ge-
nome were expected to produce hybridization bands too numer-
ous to resolve.

The C. lanceolata inbred lines LN61/1, LN43/1, and LN68/1
and the C. viscosissima line VS55/1 were screened for RFLPs
when digested with EcoRI or HindIIl restriction enzymes.
Probes polymorphic between LN43/1 and LN68/1 were subse-
quently hybridized to digested DNA from the F, population.

Allozyme assays

Methods for C. lanceolata allozyme assays have been described
(Knapp and Tagliani 1989). Allozyme extracts from the inbred
lines and F, population in this experiment were from cotyledons
and young leaves of 3- to 4-week-old seedlings, respectively.
Allozyme variation between LN43/1 and LN68/1 was assayed
for aconitase (ACO), diaphorase (DIA), esterase (EST), fluores-
cent esterase transaminase (FES), glutamine oxaloacetate
transaminase (GOT), menadione reductase (MNR), phospho-
glucomutase (PGM), phosphoglucose isomerase (PGI), and
shikimate dehydrogenase (SKD) activity.

Segregation and linkage analyses

Log-likelihood ratios (G-statistics) were used to test hypotheses
about the segregation and linkage of markers using
GMENDEL (Liu and Knapp 1991). Multipoint linkage analysis
and map distances (Kosambi 1944) were determined using
MAPMAKER 1I (Lander etal. 1987). Loci were considered
linked in 2-point and 3-point analyses when LOD scores exceed-
ed 4.0 and recombination frequencies were less than 0.30. Link-
age group map orders were determined by multipoint analyses
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with minimum LOD scores from 1.0 to 4.0. When more than
one map sequence was possible, the sequence having the highest
LOD score was used.

Results and discussion

Probe copy number

Two of the 35 clones screened on dot blots had detectable
hybridizations. In addition, the 117 clones used to probe
the inbred lines hybridized at one to ten bands using a
low stringency wash (2 x SSC). The high frequency of
low copy DNA probes was probably due to the small size
of the C. lanceolata genome and to the nature of the
genomic library that was constructed using the methyla-
tion-sensitive restriction enzyme, Pstl, to avoid repetitive
sequences.

Allozyme polymorphisms

Allozyme polymorphisms between LN43/1 and LN68/1
were observed for Fes-1, Fes-2, Mnr-1, Pgm-1, Pgm-2,
Aco-1, Aco-3, Est-1, and Est-2. Aco-1 and Aco-3 activi-
ties were not observed in F, leaf extracts, and the alleles
for Est-1 and Est-2 could not be reliably scored; thus,
these loci were not mapped. Loci for the DIA, GOT, and
PGI enzymes and Mnr-2, Aco-2, and Est-3 were mono-
morphic.

Restriction fragment length polymorphisms

RFLPs between C. lanceolata lines were observed for
14.3-20.2% of the clones per restriction enzyme and
29.0% of the clones for both enzymes (Table 1). Poly-
morphisms between C. viscosissima and C. lanceolata,
however, were approximately twice as great as those
within C. lanceolata (Table 1).

Greater frequencies of RFLPs between species com-
pared to within species have been observed for tomato
(Helentjaris et al. 1985), Brassica spp. (Figdore etal.
1988), lentil (Havey and Muehlbauer 1989), and soybean
(Keim et al. 1989). Because of this, interspecific popula-
tions have been widely used to construct linkage maps
(Bernatzky and Tanksley 1986; Havey and Muehlbauer
1989; Keim et al. 1990b) and to map QTL (Osborn et al.
1987; Nienhuis et al. 1987; Keim et al. 1990a, b). Inter-
specific mapping is useful for Cuphea as well. Of the 53
clones showing polymorphisms between C. lanceolata
and C. viscosissima lines, 26 were polymorphic for this
cross and were mapped (Fig. 1). The remaining clones
can be mapped using interspecific populations, thereby
increasing the density and utility of the map.

Digests with EcoRI and HindIII restriction enzymes
resulted in roughly the same polymorphism rates (Table
1). Of the polymorphisms 83.0% occurred with one but
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Fig. 1. A restriction fragment length polymorphism and al-
lozyme linkage map of Cuphea lanceolata. The chromosomes are
represented by vertical lines. The relative positions of marker
loci are shown by crossbars with names on the right and Kosam-
bi (1944) map distances (cM) between markers on the left

Table 1. Percentage of restriction fragment length polymor-
phism observed among three Cuphea lanceolata (LN) inbred
lines and between those C. lanceolata lines and one Cuphea
viscosissima (VS) inbred line using 84 genomic DNA clones as
probes against genomic DNA digested with EcoRI or HindIII

Comparison Restriction enzymes
EcoRI HindIII EcoRI or
HindIIT
Between LN lines
LN43/1 and LN68/1 14.3 17.9 31.0
LN61/1 and LN68/1 17.9 17.9 31.0
LN43/1 and LN61/1 15.5 20.2 25.0
Mean 15.9 18.7 29.0
Between LN and VS lines
LN43/1 and VS55/1 36.9 38.1 61.9
LN68/1 and VS55/1 38.1 35.7 63.1
LN61/1 and VS55/1 38.1 36.9 63.1
Mean 37.7 36.9 62.7




not the other enzyme. This indicates gains or losses in
enzyme recognition sequences due to base pair changes.
Insertions or deletions are more likely to cause polymor-
phisms with multiple enzymes. EcoRI and HindIIl were
used because they were inexpensive and digested Cuphea
DNA well. Other enzymes would undoubtedly yield ad-
ditional polymorphisms to increase the percentage of
clones that can be used as markers.

Marker segregation

The observed segregation ratios for the markers with null
alleles, Fes-2, G181-1, and G181-2 were not significantly
different from the expected (3:1). The observed segrega-
tion ratios for the codominant markers, except Fes-1 and
G141, were not significantly different from the expected
(1:2:1). The distortion for Fes-1 (27:95:45, P=0.02) was
due primarily to lower than expected LN43/1 ho-
mozygous genotypes and higher than expected het-
erozygous genotypes. The distortion for G141 (30:64:39,
P=0.05) was due primarily to higher than expected
LN68/1 homozygous genotypes. Distortion at 2 of 37
markers is expected from random deviation. No pattern
of genotypic selection was observed.

Linkage map

The map we made of the C. lanceolata genome has five
allozyme and 32 RFLP markers in six linkage groups
(Fig. 1). The six linkage groups correspond to the six
chromosomes of C. lanceolata. Every markers was as-
signed to a linkage group. If large segments of the ge-
nome were excluded from this map, we would expect to
have unlinked markers or more than six linkage groups.
Although this map cover a significant fraction of the
genome, we expect it to increases as more loci are added.

The size of the map is 288 cM. The C. lanceolata
genome is approximately twice the physical size of the
Arabidopsis genome, yet the total map distance is signif-
icantly less than the approximately 500 cM Arabidopsis
maps (Chang et al. 1988; Nam et al. 1989). Several fac-
tors may account for this. First, we expect the size of the
map to increase as additional markers map outside the
present linkage groups. Second, as the map becomes
more dense, we expect map distances between distantly
linked markers to increase. Third, the rate of chiasmata
formation of Cuphea and Arabidopsis may not be similar.

The Cuphea linkage map will be expanded using
C. lanceolata x C. viscosissima populations. The inter-
specific map should have great utility since interspecific
crosses are extensively used to breed Cuphea. Inter-
specific populations between certain lines of these species
are fully fertile and cytogenetically normal. As a conse-
quence, they behave and are bred like intraspecific popu-
lations.
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