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source of such useful secondary metabolites, but may also
be a useful model system for studying secondary metabolic
pathways and a source of the genes involved.

Molecular genetic and genomics approaches have great
potential to complement traditional breeding approaches in
red clover. For example, expression profiling using DNA
microarrays could help identify specific genes involved in
traits like persistence or disease resistance. These could in
turn result in the development of useful genetic and bio-
chemical markers for such desirable traits allowing even
greater improvements to be made by traditional breeding.
Unfortunately, sequencing the red clover genome will not
likely happen in the near future since the large number of
important legume species prevents their simultaneous in-
depth characterization (Choi et al. 2004). If red clover genes
are sufficiently similar to those of the model legume M.
truncatula, however, genomics tools developed for M. trun-
catula (e.g., DNA microarrays) could be applied to red
clover. Although Choi et al. (2004) have recently shown
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Red clover (Trifolium pratense L.), an important and versa-
tile forage legume, is probably the second most important
forage legume after alfalfa in Canada and the United States.
In some regions, such as Scandinavia, red clover is the most
widely used forage legume (Frame et al. 1998). There has
also been recent interest in the use of red clover-derived
supplements for treatment of various medical conditions,
including post-menopausal symptoms, prostate cancer, and
vascular disease, because of red clover’s high content of
phytoestrogen and isoflavanoid compounds (Saloniemi et
al. 1995). Red clover has the potential to serve not only as a
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broad conservation of the genome structure of various
legumes, their study did not examine conservation at the
nucleotide sequence level and did not include red clover. To

begin gathering information regarding red clover genes and
the extent of sequence similarity they share with those of
other plant species (especially M. trucatula), we picked and

Table 1. Identities and properties of red clover cDNAs

Sequence identityx (%)

Clone Genbank accession Encoded protein Peptide lengthz CTPy lengthz A. thaliana M. truncatula

MM2 AY372368 Actin 377 – 84 95
RL1 AY340641 10.2 kDa Photosystem I protein (PsaH) 146 50 73 92
MM9 AY348557 10 kDa Photosystem II protein (PsbR) 136 36 72 92
CM1 AY340642 UV-repressible protein (PsbX) 118 50 61 88
PN2 AY340640 Early Light-induced protein (ELIP) 198 46 57 91
PN1 AY340639 Ferredoxin I (Fed) 152 55 64 87
JS1 AY430082 Chlorophyll a/b binding protein (Cab) 266 43 77 93
ME2 AY430081 Fructose-bisphosphate aldolase 397 46 75 92
RT2 AY434497 Chloroplastic superoxide dismutase (SOD) 202 47 73 91
RT1 AY445630 GTP-binding protein typA (GTP-BP) 676 63 74 93
zLength in amino acid residues.
yChloroplast transit peptide.
xNucleotide sequence identity of open reading frame.
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Fig. 1. Expression patterns of several red clover genes. Red clover RNA from unexpanded (Unex.), young (Yng.), and mature (Mat.) leaves;
mature petioles; stems; and flowers was fractionated on denaturing agarose gels and transferred to nylon membranes. The resulting RNA
blots were used in hybridization experiments with 32P-labeled DNA probes corresponding to the indicated red clover clones and imaged
using a phosphoimager. Grayscale ranges for blots were selected to optimize signal-to-noise ratio for each blot. The gene product name of
each clone is indicated in parenthesis.
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sequenced random clones from a red clover leaf cDNA
library. When we initiated the study described in this com-
munication, only a few red clover gene sequences were
available in Genbank, including three rRNA-related
sequences (Bena et al. 1998) and three cDNA sequences
corresponding to mRNAs [two for isoflavone synthase
genes (Jung et al. 2000) and a short sequence corresponding
to a lectin gene fragment (Genbank Accession Z92673)].
Our collection of gene sequences were compared to those in
Genbank, TIGR, and TAIR databases. We also carried out
expression analyses via RNA blotting, since such baseline
expression data of a small collection of red clover genes
could prove useful to other researchers conducting molecu-
lar genetic experiments in this species.

A red clover clone (Sullivan et al. 2004) from a popula-
tion of cultivar WI-2 (Lot C136) (Smith and Maxwell 1980)
was the source of plant tissue for this study. An amplified
cDNA library prepared from unexpanded and young leaves
of red clover (Sullivan et al. 2004) in the λZAP vector was
plated on XL1-Blue MRF’ in the presence of IPTG (isopro-
plyl-β-D-thiogalactoside) and X-Gal (5-bromo-4-chloro-3-
indollyl β-D-galactopyranoside), individual clear plaques
were picked, and selected λ clones rescued to pBluescript
phagemids according to the manufacturer’s protocols
(Stratagene, LaJolla, CA). Phagemid DNA was prepared
using miniprep kits (Promega, Madison, WI or Qiagen,
Valencia, CA) and cDNA inserts were sequenced by cycle
sequencing using BigDye terminator chemistry and auto-
mated DNA sequencers (Applied Biosystems, Foster City,
CA). Initial sequencing of 5′ and 3′ ends of each cloned
cDNA was used to identify phagemids with single, full-
length cDNA inserts. Phagemids with multiple inserts and
partial cDNA clones were not further characterized. For
RNA blotting, RNA was isolated from unexpanded, fully
expanded young (leaflets ≤ 1.5 cm), and mature leaves
(leaflets ≥ 2.0 cm), mature petioles, stems, and flowers of
red clover by the method of Chang et al. (1993). RNA blot-
ting and hybridization probe preparation was performed as
described elsewhere (Sullivan et al. 2004). Hybridization
was carried out at 60°C in buffer containing 50%
Formamide and 0.8 M NaCl and post-hybridization washes
were carried out in 0.2× SSC (1× SSC is 0.15 M NaCl, 0.015
M sodium citrate), 0.1% SDS at 60°C. Radioactive signals
were detected with a Molecular Dynamics PhosphoImager
Model 425 or Typhoon imaging system.

Ten full-length clones were sequenced in entirety on both
strands and gene identifications were made by BLAST search-
es of Genbank (http://www.ncbi.nlm.nih.gov/), TAIR (The
Arabidopsis Information Resource, http://www.arabidopsis.
org/), and TIGR MtGI (The Institute for Genomic Research
Medicago truncatula Gene Index, http://www.tigr.org/tdb/
tgi/mtgi/) databases (Table 1). Additional sequence analyses
were carried out using Wisconsin Package Version 10.3
(Accelrys Inc., San Diego, CA) and the ChloroP algorithm
(Emanuelsson et al. 1999); http://www.cbs.dtu.dk/services).
Of the 10 genes analyzed in this study, nine encoded chloro-
plast proteins with predicted chloroplast transit peptides rang-
ing in length from 36 to 63 amino acids. The cDNAs included
genes encoding actin; several proteins involved in photosyn-

thesis including PsaH, PsbR, PsbX, early light-induced protein
(ELIP), ferredoxin, chlorophyll a/b binding protein; fructose-
bisphosphate aldolase; chloroplastic superoxide dismutase;
and GTP-binding protein typA. The open reading frames of
the red clover genes showed 57–85% (median = 73%) and
87–95% (median = 92%) nucleotide sequence identity when
compared with open reading frames derived from the corre-
sponding A. thaliana genes or M. truncatula tentative consen-
sus sequences, respectively. Although it is not surprising that
genes of the legumes M. truncatula and red clover share a high
degree of sequence similarity, this level of sequence identity is
significantly higher than what we had seen with red clover
polyphenol oxidase genes (Sullivan et al. 2004), which share
only 70% sequence identity with their M. truncatula counter-
parts. This relatively low level of sequence identity may reflect
a functional difference of the red clover PPO enzyme, whose
expression pattern and activity are significantly different from
those of Medicago species (Sullivan et al. 2004). Additionally,
it could be that the genes selected in the present study share an
unusually high degree of sequence identity with their M. trun-
catula counterparts due to the functional nature of the encod-
ed products (i.e., many are involved in photosynthesis).
Nonetheless, the high level of sequence identity between red
clover and M. truncatula genes suggests that emerging M.
truncatula genomics tools, such as gene microarrays, will be
useful in the analysis of red clover gene expression.

Results of RNA blotting experiments indicate the genes
show a wide range of expression patterns, both in terms of the
levels of gene expression and tissues in which the genes are
expressed (Fig. 1 and data not shown). Ferredoxin and several
of the photosynthetic genes, including chlorophyll a/b binding
protein and PsaH had especially high expression, particularly
in green tissues, whereas actin and superoxide dismutase had
relatively low expression levels. The high level expression of
ferredoxin, chlorophyll a/b binding protein, and PsaH in unex-
panded and young leaves (the source tissue for the library) was
also reflected in recovery of multiple cDNA clones corre-
sponding to these genes (data not shown). With their differing
levels and patterns of expression, the isolated red clover
cDNAs are proving to be useful controls in gene expression
studies and other molecular genetics experiments involving
red clover and Medicago species. For example, we have used
oligonucleotide primer pairs based on the red clover actin
sequence as a control in real time PCR experiments, and were
able to validate the real time PCR data with the RNA blot data
presented here.
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