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Although non-coding repetitive DNA accounts for 
60-70 % of the total DNA in many plant genomes, 
its role and function are not well understood (WAL- 
BOT and GOLDBERG 1979; FLAVELL 1982). Several 
functions have, however, been assigned to this class 
of DNA; including such fundamental features as the 
maintenance of the three-dimensional conformation 
of the chromosomes and involvement in the pairing 
of chromosomes during mitosis and meiosis (re- 
viewed in MIKLOS 1985). Many of the highly re- 
peated sequences are organized in tandem arrays, 
and even among closely related species consider- 
able variation in sequence, size and copy number 
has been observed. 

Several species in the family Brassicaceae con- 
tain highly repeated, tandemly organized sequences 
with a repeat length of 100-200 bp (GRELLET et al. 
1986; HALLDBN et al. 1987; MARTINEZ-ZAPATER et 
al. 1986). The origin of these repetitive sequences 
remains unknown, although BENSLIMANE et al. 
(1986) proposed, from studies of Brassica oleracea, 
that short tandemly repeated DNA sequences of 
higher plants may have a tRNA gene ancestor. Se- 
quence homologies have also been found between 
a Raphanus sativus tandemly repeated sequence and 
animal alphoid sequences (GRELLET et al. 1986). 
The R. sativus sequence appeared to be derived 
from a shorter 60 bp ancestral sequence (GRELLET 
et al. 1986). 

HALLDEN et al. (1987) analyzed the distribution 
and evolution of an approximately 175 bp long 
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Brassica napus tandemly repeated sequence among 
17 species from 11 genera of the family Brassica- 
ceae. Southern blot hybridizations revealed the pre- 
sence of this sequence in six of these genera. In the 
present paper we describe two tandemly repeated 
sequences present in two other species from Brassi- 
caceae, Cochlearia officinalis and Isatis tinctoria. 
Whether they have any common denominator, such 
as, e.g., a specific internal sequence periodicity, has 
been investigated by DNA sequencing. The origins 
of the sequences and their occurrences in related 
species are described and discussed. 

Material and methods 

Plants of Cochlearia oficinalis L., Isatis tinctoria 
L., Lunaria annua L., Thlaspi arvense L. and Sina- 
pis alba L. were grown for 4-6 weeks in a green- 
house, and young leaves were used for the isolation 
of DNA. Seeds were obtained from the Botanical 
Garden, University of Lund, Sweden. 

Total DNA was isolated and purified as described 
in HALLDEN et al. (1987). The DNA was digested 
with restriction endonucleases under the conditions 
specified by the manufacturer (Boehringer Mann- 
heim), and the resulting DNA fragments were sep- 
arated on 2 % agarose gels or 5 % polyacrylamide 
gels, as described in MANIATIS et al. (1982). The 
region containing the monomeric unit of the tan- 
demly repeated sequence, approximately 100 bp 
fragments (Alu I digest, C. officinalis) and 150 bp 
fragments (Hind I11 digest, 1. tinctoria) were iso- 
lated from gels by electrophoresis onto DEAE-cel- 
lulose paper (DE-81) according to AUSUBEL et al. 
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(1987). The isolated Alu I and Hind 111 fragments 
%ere ligated into the Sma I and Hind 111 sites of 
pUC 18. respectively. The ligation mixtures were 
used to transform competent E .  c o l i  JM 83 cells to 
ampicillin resistance. Recombinant clones. as deter- 
mined by the lac-complerTientation assay. were 
selected at random. and minipreparations of plas- 
inid DNA were rnade u5ing the alkaline I ) . '  '\is me- 
thotl (BIRSBOIM and DULY 19791. Sic clones con- 
taining inserts from each of C. c!flIc,iritrlis (pCo I -  
6 )  and 1. tinctorici (PIS 1-6) were used for subse- 
quent hybridization and sequence analysis. 

DNA was labeled by random priming or nick- 
translation using a '?P dCTP (Aniershamj. Labeled 
DNA was separated from unincorporated nucleo- 
tides using NICK-column chromatography (Phar- 
macia). After denaturation the DNA fragments sep- 
arated by electrophoresis were transferred to 
Hybond-N membranes (Amersharii) by electroblot- 
ling and the hybridizations carried out as described 
elsewhere (H.ALI.D~N et al. 1988). Hyperfilm-MP 
(t\mersham) was exposed to the membranes at 
-80°C' using intensifying screens. 

Sequencing was carried out according to the 
double strand sequencing method of CHES and 
S E E B ~ ~ K G  (1985). Sequencing reaction products 
were separated on 6 5% polyacrylamide-urea gels 
(AL SI 'BEL et al. 1987). Sequence analysis was made 

to the GenBank and EMBL databases using the 
sequence analysis package of the Genetics Com- 
puter Group. University of Wisconsin (DEVEREUX 
et al. 1984). 

Resirlts unrl discussion 

When total DNA of Cochlearia ojjkinalis was 
digested with Alu I ,  discrete bands of approximately 
100. 100 and 300 bp appeared on agarose gels after 
electrophoresis and staining with EtBr (Fig. 1). Si- 
milar restriction patterns were also seen after diges- 
tion with Rsa I and Hinf I, suggesting that these 
bands correspond to highly repeated 100 bp se- 
quences arranged in tandem. To confirm this, 100 
bp fragments were cloned and used to probe South- 
ern blots of C.  oflicinu1i.s DNA digested (partially 
and completely) with Alu I, Rsa I, Hinf I, Hae 111. 
Msp I and Hind I11 (data not shown). The patterns 
of hybridization to Alu I (Fig. 1 ) .  Rsa I and Hinf I 
digested DNA formed "ladders" based upon a 100 
bp monomer sequence, thus confirming the tan- 
demly repeated nature of this sequence. 

Overexposure of the X-ray film revealed another 
set of bands in addition to the "ladder" pattern. Hinf 
I digested DNA from, e.g.. Thlaspi uwense (Lepi- 
dieae ). Litnuriu unnm (Lunarieae) and Sinapis alha 
(Brassiceae) all showed bands similar in size and 
intensit), (Fig. 1 )  to these additional bands in C. 
c@cincrlis (Lepidieae). This indicates a possible ori- 
gin of the C. officinulis highly tandemly repeated 
sequence from a moderately repetitive, conserved 
(O.SxSSC, 68°C) sequence. 

Digestion of genomic DNA from lsutis tinctoria 
with Hind 111. Alu I and Rsa I followed by electro- 
phoresis gave prominent bands of approximately 
150. 300 and 450 bp. Isolation and cloning of the 
150 bp fragments followed by Southern blot hybrid- 
ization confirmed the tandemly repeated organiza- 
tion of the 1. rinctoriu 150 bp sequence (Fig. I). No 
higher orders of repeat organization were detected, 
and no additional sets of bands were seen after over- 
exposure. 

Hybridization to DNA from T.  arvense (Lepi- 
dieae), L.  U I I I I Z ~ U  (Lunarieae) and S .  alha (Brassi- 
ceae) revealed the presence of a 150 bp tandemly 
repeated sequence in L.  annua homologous to the 
I .  tinctoria sequence at a strigency of OSxSSC, 
68°C (Fig. I ) .  The sequence was not found in T. 
an'ense or S. alba even at low stringency (OSXSSC. 
55°C). This indicates a sporadic taxonomic distribu- 
tion of this sequence, as I. tinttoriu and L.  annua 
belong to different tribes, whereas 1. tincforia and 
T .  ur\.ense belong to the same tribe. 
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Six clones containing the C. officinalis tandemly 
repeated sequence were analyzed in order to assess 
the extent of nucleotide sequence heterogeneity 
among repeat units (Fig. 2A). As the sequences are 
Alu I-generated monomers they represent a non- 
random subset of all sequences homologous to this 
sequence family. Sequence variations among pCo 
1-6 are due to substitutions and, to a lesser extent, 
to small insertions and deletions. The homologies 
between the monomers relative to the consensus 
sequence are in the range 91 % to 99 %. The GC 
content of the six individual monomers varies be- 
tween 34 % and 38 %. Six I. tinctoria tandemly 
repeated sequences are shown in Fig. 2B. The ma- 
jority of the sequence variation is due to point muta- 
tions, and homology is in the range 94 % to 98 % 
relative to the consensus sequence. The GC content 
of the repeated sequences varies between 30 % and 
33 %. In neither C. officinalis nor I .  tinctoria were 
any long internal subrepeats found although some 
perfect short (S9 bp) direct and inverted repeats 
were detected. 

The consensus sequences of the C. officinalis 100 
bp and I. tinctoria 150 bp sequence families were 
compared with published repeated sequences from 
other Brassicaceae species: Brassica oleracea (BEN- 
SLIMANE et al. 1986), Sinapis alba (CAPESIUS 1983), 
Raphanus sutivus (GRELLET et al. 1986) and Arabi- 
dopsis thaliana (MARTINEZ-ZAPATER et al. 1986; SI- 
MOENS et al. 1988). Dot matrix computer analysis 
and two-dimensional graphic plots revealed no 
strong homologies between the C. officinalis and I .  
tinctoria repeated sequences and those of the other 
four species. The dot matrix computer analysis 
failed to detect any internal sequence periodicity in 
any of the repeated sequences, which implies that 
the analyzed monomers are the basic amplified 
units. 

It is, thus, clear that there is a number of different 
families of 100-200 bp long tandemly repeated se- 
quences in the family Brassicaceae. In Brassica 
napus (SIBSON et al. 1985), B. oleraceae (BENSLI- 
MANE et al. 1986), B. campestris (LAKSHMIKUMARAN 
et al. 1988), B. juncea (REDDY et al. 1989), Ra- 
phanus sativus (GRELLET et al. 1986), and Sinapis 
alha (CAPESIUS 1983) sequences are found that are 
similar in size and show a high degree of sequence 
homology. Thus, the tandemly repeated sequences 
in these six species of the tribe Brassiceae appear 
to have evolved from the same ancestral sequence. 
The repeats of Arabidopsis thaliana (MARTINEZ-ZA- 
PATER et al. 1986; SIMOENS et al. 1988), C. officina- 
Zis and I .  tinctoria (present paper) have no long 
sequences in common, either with each other or 

with the Brassiceae repeat family. They also have 
different monomer lengths, and no individual subre- 
peat is conserved between the four different se- 
quence families. Thus, these repeated sequence fa- 
milies seem to have unique origins in different 
ancestral sequences. 

A search of the GenBank and EMBL databases 
for sequences homologous to the I. tinctoria and C.  
officinalis repeats revealed low level similarities to 
a number of widely different sequences. The signif- 
icance of these low levels of homology is not appar- 
ent and is most likely spurious. No clear homologies 
to repeated sequences were detected. We have spe- 
cifically compared the C. officinalis and I .  tinetoria 
repeated sequences to the sequences of known 
tRNA, 5s RNA and 7SL RNA genes. No homolo- 
gies were found for the I. tinctoria sequence. How- 
ever, the C. officinalis repeated sequence showed 
44 % overall sequence homology with a B. nupus 
tRNAPhe gene (compare with a similar study in rice, 
Wu and Wu 1987). Additional analyses after 
scrambling of the C. officinalis nucleotide sequence 
while keeping the base composition constant, re- 
sulted in a decrease to an average of 38 % sequence 
homology. As the C. officinalis tandemly repeated 
sequence possibly has an origin in a moderately 
repetitive sequence, shows 44 % overall sequence 
homology to a B. nupus tRNAPh' gene, and can be 
folded into a tRNA-like cloverleaf structure with 
resemblance to the secondary structure of the B .  
napus tRNAPhe gene (data not shown), i t  may well 
be that this sequence has evolved from a tRNA gene 
or pseudogene. Studies on the possible transcrip- 
tion, and the sequence determination of the moder- 
ately repetitive sequences homologous to the C. 
officinalis highly repeated sequence, may help to 
reveal the origin of this sequence. 
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