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Summary. Six members of a family of moderately repet- 
itive DNA sequences from kiwifruit (Actinidia deliciosa 
var. deliciosa) have been cloned and characterized. The 
repeat family is composed of elements that have a unit 
length of 463 bp, are highly methylated, occur in tandem 
arrays of at least 50 kb in length, and constitute about 
0.5% of the kiwifruit genome. Individual elements di- 
verge in nucleotide sequence by up to 5 %, which suggests 
that the repeat sequence is evolving rapidly. Homologous 
sequences were found in A. deliciosa vat. chlorocarpa. 
The repeat sequence was not found under low stringency 
hybridization conditions in the diploid A. chinensis, the 
species most closely related to the hexaploid kiwifruit, or 
in eight other Actinidia species. However, homologous 
repeats were detected in a tetraploid species, A. chrysan- 
tha. The results provide the first molecular evidence to 
suggest that kiwifruit may be an allopolyploid species. 
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Introduction 

Repetitive DNA is present in almost all eukaryotic spe- 
cies and comprises a high proportion of the genome in 
most plants (Sorenson 1984; Walbot and Cullis 1985). 
Repetitive DNA can be dispersed throughout the ge- 
nome or organized in arrays of tandem repeats. The role 
of such repetitive DNA sequences remains speculative. 
Tandemly repeated DNA is often associated with cen- 
tromeric and telomeric heterochromatin (John and Mik- 
los 1979; Bedbrook et al. 1980) leading to suggestions 
that it has a role in pairing of chromosomes and specia- 

tion (Bostock 1980; Rose and Doolittle 1983). Alterna- 
tively, they may be 'junk' DNA, without functional sig- 
nificance and concerned solely with their own survival 
(Doolittle and Sapienza 1980). 

Recently, tandemly repeated DNA sequences have 
been characterized from many plant genera including 
Aegilops (Rayburn and Gill 1986, 1987), Arabidopsis 
(Martinez-Zapater etal. 1986), Brassica (Benslimane 
et al. 1986; Halld6n et al. 1987), Cucurbita (Ganal and 
Hemleben 1986; Leclerc and Siegel 1987), Linum (Cullis 
and Cleary 1986), Lycopersicon (Schweizer et al. 1988), 
Nicotiana (Koukalov/t et al. 1989), Oryza (Wu and Wu 
1987; Zhao et al. 1989), Raphanus (Grellet et al.. 1986), 
Secale (Bedbrook et al. 1980; Appels et al. 1986), Sinapis 
(Capesius 1983), Triticum (Metzlaff et al. 1986) Vicia 
(Kato et al. 1984) and Zea (Dennis and Peacock 1984). 
Since repetitive DNA evolves rapidly between species 
(Singer 1982), it has been utilized as a source of probes 
that are species-specific (Lycopersicon and Solanum, 
Schweizer et al. 1988; Triticum, Metzlaff et al. 1986) or 
genome-specific (Aegilops, Rayburn and Gill 1986, 1987; 
Oryza, Zhao et al. 1989). Such repetitive DNA sequences 
can be used as phylogenetic tools to study evolutionary 
relationships among species (Halld6n et al. 198;7; Zhao 
et al. 1989). 

We are interested in determining the origin of the 
hexaploid genome of kiwifruit (A. deliciosa (A. Chev.) C. 
F. Liang et A. R. Ferguson vat. deliciosa), a member of 
the Actinidiaceae. A close relationship has long been 
recognized between A. deliciosa and A. chinensis Planch; 
indeed, A. deliciosa was initially considered to be a sub- 
species of A. chinensis (Chevalier 1941; Liang 1975). Re- 
cently, we confirmed this close relationship using RFLP 
analysis with both nuclear and chloroplast probes 
(Crowhurst et al. 1990). We would like to determine 
whether A. deliciosa has an autopolyploid origin, with 
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A.  chinensis as a p robab l e  p rogen i to r ,  or  an  a l lopo lyp lo id  
origin.  

This  pape r  repor t s  the i so la t ion  and  c lon ing  o f  an A. 

deliciosa genome-spec i f ic  repeat ,  fo l lowing  reassocia t ion  

be tween  D N A  f r o m  A. deliciosa and  A. chinensis. Several  

member s  f r o m  this t a n d e m  repea t  fami ly  wi th in  A.  deli- 

ciosa are character ized,  and  the d i s t r ibu t ion  o f  ho-  

m o l o g o u s  sequences in o ther  Actinidia species is dis- 

cussed wi th  respect  to the origins o f  A.  deliciosa. 

Materials and methods 

Plant material 

All plant material was isolated from a collection of plants held 
in the DSIR research orchards at Kumeu and Te Puke. D N A  
was isolated from A. arguta var. arguta, A. ehrysantha, A. eri- 
antha f. eriantha, A. indochinensis, A. kolomikta, A. latifolia var. 
latifolia, A. polygama, A. rufa, and A valvata. In addition, DNA 
was isolated from single plants of A. deliciosa var. chloroearpa 
and of A. delieiosa vat. delieiosa cultivars (female: 'Allison,' 
'Bruno,' Elmwood,' 'Gracie,' 'Greensill,' 'Hayward, '  'Jones,' 
'Monty, '  and male: 'Matua, '  M56 and M58). All of the A. 
deliciosa var. delieiosa plants were derived from the original 
1904 accession of this species into New Zealand. DNA was also 
isolated from one female plant from the A. deliciosa var. deli- 
ciosa accession CCH1 of 1975. A. chinensis leaves and cuttings 
were obtained from a small population of plants derived from 
seed obtained from China in 1977 and 1981 (DSIR seed acces- 
sions CCH4, CN12, and CN21). 

Isolation of  DNA 

DNA was isolated from young leaves collected from shoots 
immediately after bud burst, either from orchard-grown plants 
or from water-cultured canes (Crowhurst etal. 1990). Total 
D N A  was isolated using a modification of the cetyltrimethylam- 
monium bromide procedure of Taylor and Powell (1983). Fol- 
lowing the initial chloroform extraction (Taylor and Powell 
1983), nucleic acids were precipitated by addition of an equal 
volume of isopropanol. Precipitated nucleic acids were recov- 
ered by spooling. High-molecular-weight D N A  was then puri- 
fied away from polysaccharides by sucrose gradient centrifuga- 
tion (Maniatis et al. 1982). D N A  prepared with this method was 
greater than 100 kb in length as estimated from electrophoresis 
in 0.35% (w/v) agarose. 

Cloning of  repetitive DNA sequences 

D N A  from A. chinensis was randomly sheared by sonication 
using a MSE Soniprep model 150 with a 15 s pulse, which pro- 
duced fragments with an average size of 1,000 bp. Formamide- 
Phenol Emulsion Reassociation (F-PERT) reactions were car- 
ried out as described by Casna et al. (1986), using 250 gg of 
sheared A. chinensis D N A  with 1 Ixg of MboI-cleaved A. deli- 
ciosa var. deliciosa DNA. Reassociations were incubated for 
24 h on a gel-rocker at 60 rpm (the minimum setting required to 
maintain an emulsion) and an amplitude of 7.5 cm. Reassocia- 
tion reactions were purified as described elsewhere (Casna et al. 
1986). 

Reassociated DNA was ligated into alkaline phosphatase- 
treated, BamHI-cleaved pUC19 and used to transform E. coli 
DH5c~ cells made competent by a CaZ+/Mn z+ treatment (D. 
Alexander, personal communication). DH5c~ cells were grown 
overnight at 30 ~ in 2XL broth (2% bacto-tryptone, 1% yeast 

extract, 0.1% NaC1, 0.2% glucose, pH 7.0). Fifty-milliliter cul- 
tures of 2XL broth were inoculated with 0.5 ml of the overnight 
growth and shaken at 140 rpm, 30~ until the A600 reached 
0.45-0.55. The cells were chilled in ice water for 2 h and then 
centrifuged in 50-ml polypropylene centrifuge tubes at 2,500 g 
for l0 min at 4~ 

Cells were resuspended gently in 5 ml of ice-cold buffer 
(100 m M  CaC12, 70 m M  MnCI2, 40 m M  NaOAc, freshly made, 
adjusted to pH 5.5 using 0.1 M glacial acetic acid, and filter 
sterilized). Suspended cells were diluted to 40 ml with the same 
buffer, incubated on ice water for 45 rain, centrifuged at 1,800 g 
for 5 rain, and resuspended very gently in 5-ml buffer. Eighty 
percent glycerol was added drop-wise to a final concentration of 
15% (v/v). Cells were stored at - 7 0 ~  before transformation. 
D N A  (0.05-10 ng in 100 gl) was added to 200 gl cells, incubated 
on ice for 30 min, heat-treated at 37 ~ for 5 rain, diluted with 
3.7 ml of prewarmed (37 ~ 2XL broth, and incubated at 37 ~ 
on a rotary shaker for 100 min before plating. 

Lambda clones hybridizing to the 128-bp F-PERT repeti- 
tive element (pKIWI514) were isolated from a kiwifruit genomic 
library constructed in 2geml 1 (kindly provided by C. van Dolle- 
weerd) and purified as described in Maniatis et al. (1982). 

DNA hybridization 

Restriction enzyme digestions were carried out using the condi- 
tions specified by the supplier (Bethesda Research Laboratories, 
except HgiAI from New England Biolabs). Reactions contained 
either 5 ~tg of total genomic D N A  or 1 -2  ~g of 2 clone DNA 
and 10 units of restriction enzyme per microgram DNA. 

Digested DNA was resolved on 0.7% (w/v) agarose in TBE 
buffer (Maniatis et al. 1982). DNA was transferred to Hybond- 
N + (Amersham) nylon membrane by alkaline blotting using 
conditions recommended by the supplier. 

Initial screening of F-PERT recombinant clones for 
genome-specific repeats was performed using 32p-dCTP-la- 
belled, total genomic D N A  from A. deliciosa var. deliciosa and 
A. chinensis as hybridization probes. Plasmid DNAs were di- 
gested with PvuII (which excises the insert plus 322 bp of adja- 
cent pUC19 vector sequences), eleetrophoresed in 1.0% (w/v) 
agarose, and transferred to Hybond-N + membrane for screen- 
ing. 

Genomic D N A  (300 ng) or repetitive-sequence DNA puri- 
fied from gels (50-150 ng) was radiolabelled with 32p-dCTP 
(New England Nuclear) using a Multiprime DNA Labeling Kit 
(Amersham), and hybridized overnight at 65 ~ in 1 M NaC1, 
1% (w/v) SDS, and 10% (w/v) dextran sulphate (Sigma). An- 
chor skim milk powder at 1% (w/v) was used as a nonspecific 
blocking agent. The final wash was performed in 0.2 x SSC, 1% 
(w/v) SDS at 65 ~ Filters were exposed to Cronex 4 (DuPont) 
X-ray film at --70~ 

Dot-blot analysis of copy number was carried out using 
serial dilutions (4 ~g to 1.95 ng) of total genomic DNA isolated 
from the A deliciosa var. deliciosa cultivars 'Bruno', 'Hayward,' 
'Matua, '  or 'Monty. '  Restriction enzymes XbaI and HindIII 
were used to cleave the repetitive D N A  insert from pKIWI516. 
This resulted in a fragment containing an additional 6 bp of 
vector sequence to the left and 12 bp to the right of the repeat 
sequence. However, pUC19 vector sequences have been shown 
not to hybridize to Aetinidia DNA (data not shown), pKIWI516 
insert was purified from low-gelling-temperature agarose and 
serially diluted (170 ng to 80 pg). Human genomic DNA (which 
does not hybridize to the probe) was added prior to dilution to 
adjust the total DNA concentration to 4 ~g. DNA dilutions 
were transferred using a BioRad Biodot 84R dot blotting appa- 
ratus onto HyBond-N+ membrane in the presence of 0.4 M 
NaOH, 0.6 M NaC1. Filters were neutralized in 0.5 M TRIS, 



0.6 M NaC1, dried and then probed with 32p-dCTP-labelled 
insert from pKIWI516 as described above. The final wash was 
performed in 2 x SSC, 1% (w/v) SDS at 60~ allowing a base 
pair mismatch of approximately 26%. 

Southern hybridizations of genomic and 2 DNAs were car- 
ried out using an Enhanced Chemiluminescence (ECL) Gene 
Detection System (Amersham). Purified pKIWI516 repeat ele- 
ment sequence (1 gg) was labelled with peroxidase according to 
the ECL protocols. Hybridizations were carried out overnight at 
42~ in ECL hybridization buffer containing 0.5 M NaC1 and 
either 1% (w/v) milk powder or 5 % (w/v) blocking agent (Amer- 
sham). ChemiIuminescence was detected by exposure of either 
Hyperfilm-ECL or Cronex 4 (DuPont) X-ray film to filters for 
periods ranging between 10 and 60 s. 

DNA sequence analysis 

Repeat sequences cloned into pUC19 were used as templates for 
sequencing reactions by the dideoxynucleotide termination 
method (Sanger et al. 1977). A Sequenase Version II sequencing 
kit (USB) was used with aSS-dATP and either the Universal 
Primer or Reverse Primer (Promega). Reaction products were 
fractionated on 6% (w/v) acrylamide buffer gradient gels. Anal- 
ysis of sequence data was made using the computer programs of 
Devereux et al. (1984). 

Results 

We used the F-PERT technique (Casna et al. 1986) to 
isolate D N A  sequences present in the hexaploid A. deli- 
ciosa vat. deliciosa but absent from A. chinensis. This 
technique involves the reassociation of  two genomes and 
utilizes a cloning strategy that results in the generation of  
a plasmid library enriched in sequences specific to one of  
the genomes. 

Characterization of 128-bp, genome-specific repeat 
element 

A series of  MboI clones in pUC19 were generated after 
the F -PERT procedure. PvuII digests of  48 randomly 
chosen clones showed that insert D N A  ranged in size 
from 120 to 560 bp, with an average size of  350 bp. In 
Southern hybridizations, 2 of  the 48 clones (pKIWI514 
and p503-44) hybridized to total genomic D N A  from A. 
deliciosa but not from A. chinensis. Sequence analysis 
of  the two clones showed that they contained identical 
128-bp inserts; only pKIWI514 was used for further anal- 
ysis. 

Southern hybridizations were then carried out using 
pKIWI514 as a probe against several species of  Actinidia 
(data not shown). These results confirmed that the pKI-  
WI514 sequence was present in A. deliciosa but not in A. 
chinensis (or in several other Actinidia species). In addi- 
tion, they suggested that pKIWI514 was part  of  a larger 
repeat of  around 460 bp and that this repeat was ar- 
ranged tandemly in the genome. We therefore sought to 
isolate the complete repeat sequence. 
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Fig. 1. Organization of pKIWI514 homologous repeat sequen- 
ces in three 2 clones. Hybridization of probe (pKIWI514) to 
restriction fragments was detected by the enhanced chemilu- 
minescence gene detection system (ECL) using a 10-s exposure 
to Hyperfilm-ECL (Amersham). Two micrograms of DNA of 
2KIWI500 (lanes 1, 4, and 7), 2KIWI50] (lanes 2, 5, and 8), and 
2KIWI501 (lanes 3, 6, and 9) was digested with ClaI (lanes ! to 
3), DraI (lanes 4 to 6), and HgiAI (lanes 7 to 9). Digests were 
size-fractionated in 1% (w/v) agarose. Mobility and size of se- 
lected molecular weight fragments (BRL lkb ladder, plus undi- 
gested 2 DNA) are shown to the left in kb 

Characterization of A deIiciosa genomic, monomeric 
repeat elements 

Thirty thousand plaques were screened from an ampli- 
fied kiwifruit genomic library. Four  plaques were found 
to hybridize to 32p-labelled pKIWI514 insert DNA.  
Three of  these plaques (2KIWI500, 2KIWI501, and 
2KIWI502) were purified and characterized. 

The organization of  the repeat element in the three 2 
clones was investigated by Southern analysis, after diges- 
tion with BamHI, ClaI, DraI, EcoRI, HgiAI, HindIII, 
MluI, MspI, PstI, SalI, and XbaI. pKIWI514 was found 
to hybridize to a ladder of  fragments with a monomeric 
size of  approximately 460 bp in the ClaI and HgiAI di- 
gests of  clones 2KIWI500 and 2KIWI502 (Fig. 1). A 
similar ladder was obtained with MspI (data not shown). 
The extent of  the HgiAI ladder in )~KIWI500 and 
2KIWI502, combined with the lack of  restriction sites for 
DraI, EcoRI, HindIII, MluI, PstI, SalI, or XbaI, suggest- 
ed that both clones were comprised entirely of  repetitive 
sequence DNA.  2KIWI502 possessed a regenerated 
BamHI site in the cloning site in the right arm, while 
2KIWI500 regenerated the BamHI site in the left arm, 
suggesting that 2KIWI500 and 2KIWI502 arose from 
independent cloning events. The monomeric repeat unit 
in 2KIWI501 was also found to be 460 bp, but this clone 
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also contained approximately 14 kb of  D N A  that did 
not hybridize to pKIWI514 (data not shown) and that 
possessed restriction sites for all enzymes used except 
DraI and MluI. 

Monomeric bands from ClaI and HgiAI digests of  
2KIWI500 and 2KIWI502 were isolated and cloned into 
pUC19 (cleaved with AccI and PstI, respectively). In 
order to assess the extent of  nucleotide sequence diver- 
gence heterogeneity among this family of  repeats, six of  
the monomeric clones were sequenced: pKIWI515 (con- 
taining a ClaI fragment from 2KIWI500), pKIWI516, 
pKIWI517, pKIWI518, pKIWI519 (containing HgiAI 
fragments from 2KIWI500), and pKIWI520 (containing 
an HgiAI fragment from 2KIWI502). Two of  the ele- 
ments from 2KIWI500 (pKIWI516 and pKIWI518) were 
found to be identical in sequence. The repeat length of 
this repetitive D N A  family seems to be highly conserved pKz~zs2o 
and was found to be 463 bp in each of the sequenced pK~wi515 

pKIWISI8 

elements (shown in Fig. 2). A moderate level of  sequence pKz~ISZV 
pKIWI516 

variation was found between the elements (0.9-5.0%). c . . . . . . . .  

Elements from 2KIWI500 showed sequence heterogenei- pKi~i520 
pKIWI515 ty of  0.9-2.2%, whereas greater sequence divergence p~iw/518 

(3.9-5.0%) was seen between pKIWI520 from pKIWISl7 
pKIWI516 

2KIWI502 and repetitive elements cloned from Consensus 

2 K I W I 5 0 0 .  pKIWI520 
pKIWI515 The consensus repeat sequence was searched for in- pKIWISl8 

ternal homology using the Compare and Dotplot pro- pKiwz517 
pKIWI 516 

grams (Devereux et al. 1984). There were no regions of C o n s  . . . . .  

significant internal direct repeats greater than 10 bp. pKzwi520 
pKZWZ515 However, the consensus sequence contained a palin- p~zwzszs 

dromic sequence between nucleotides 278 and 296 pK~w/5~v 
pKIWI516 

(Fig. 2). This region was found to be conserved in all C o n s e n s u s  

sequenced members of  the 463-bp repetitive D N A  fami- pKiwz520 
pKIWI515 

ly, but variation was seen in the pivotal nucleotide posi- pKiwxsas 
tion (position 287, Fig. 2). A search of GenBank (Version p~wzszv 

pKIWI516 

6.1) revealed that the consensus sequence of the 463-bp Consensus 

repetitive D N A  family shares little homology with previ- 
ously published sequences. 

Genomic organization of cloned repeat units 

To confirm that the repeats are arranged tandemly in the 
genome, a partial digestion with MboI was performed 
(Fig. 3A). The consensus nucleotide sequence predicts 
MboI fragments of  159, 128, 60, 49, 41, 21, and 5 bp. The 
159 and 128 bp fragments are seen in the complete digests 
(Fig. 3 A, lanes 6, 7, and 8). Smaller fragments would not 
have been retained in this gel, consequently it would not 
be expected to detect them. Partial digestion (lanes 2, 3, 
and 4) produced a complex ladder pattern that included 
the 460-bp unit repeat length and multimers thereof (lane 
2, Fig. 3 A). This is taken as evidence of a tandem ar- 
rangement of this repeat D N A  family in the genome of  
A. deliciosa. The predominant band of  approximately 
300 bp in lane 5 is presumed to be composed of  the 128 

l 50 
pKIWI520 .................................................. 

pKIWI515 .... t ............ a ................................ 

pKIWI518 .................................................. 

pKIWZSI7 .......................................... t ....... 

pKIWISI6 ....................... t .......................... 

Consensus CCCCAGCCAA ATTTGAAGTC AATCGGGTAT TGATAGCCCT TTCATCCGAG 

51 I00 
pKIWI520 ......... a ........................................ 

pKIWI515 .................................................. 

pKIWI518 .................................................. 

pKIWI517 .................................................. 

pKIWI516 .................................................. 

Consensus AAATCGATTT GTTATCAGTC GATAATTCGT CTCCTCCGAT CGAGTACGTA 

i01 150 
pKIWI520 .... t ..... t ............. t .................. a ...... 

pKIWI515 .................................................. 

pKIWI518 ........................................... a ...... 

pKIWI517 .................................................. 

pKIWI516 .................................................. 

Consensus ACGAAAACGA AATCGCTTCA TATTCTGCGT CGAGGATACA ATCTGTACAA 

151 200 
pKIWI520 .............. a ..... a..tt .......... tt ............. 

pKIWI515 .................................................. 

pKIWI518 ............. t ........... a ......... t .............. 

pKIWISl7 .................................................. 

pKIWI516 .................................................. 

Consensus CTTGAAATAC TGACGGTTCC GAAACGGAAA AAACTACCCC GATGAACGTC 

201 250 

GTGTCATGCA TTACGGGACA TTATTTCTCG TAAACGCACC AAATGTGATC 

251 300 
............. t...t ...... a ........... c ............. 

TGATCGGAAG TTGCCGGCAT CTGATCGCCA CAGTGTTTGG GACACCCACA 

301 350 
................ c ........ t ........................ 

.......................... a ....................... 

................................................. g 

.......................... a ....................... 

GAATTGAATA GATATGAAAT CATAACGGTT CAGATCGAAC ATTCGGGAAA 

351 400 
............... g .................................. 

................................................. a 

.................. a .............................. a 

............... g .................................. 

TCGAGTCTAC ACGACAAAGT TACTCGGTTC TGATCCTGTA CGGCAGCCAT 

401 450 

..................... c ............................ 

..................... c ............................ 

ATAATCGCAA CGCAATTTGG AAGATCCAAA CCGTTCAATT TGTTCGTCTT 

451 463 
pKIWI520 

pKIWI515 

pKIWI518 

pKIWI517 

pKIWI516 

Consensus GCAGTTTTGT GCA 

Fig. 2. Nucleotide sequence of five cloned 463-bp, genome- 
specific monomeric elements from A. deliciosa. Nucleotides 
identical to the consensus sequence are represented by dots, 
differences are noted by the relevant nucleotide. The palin- 
dromic sequence is underlined. All of the cloned sequences are 
aligned at the HgiAI site 

and 159 bp MboI fragments, which are contiguous in 
tandemly arrayed copies of  the genomic monomeric re- 
peat. 

The presence of a HpaII/MspI restriction site 
(CCGG) in the consensus repeat was used to study the 
methylation of this repeat family in the A. deliciosa ge- 
home. HpaII will not cleave D N A  when the second C 
residue is 5-methylcytosine, or when either C residue is 



Fig. 3A and B. Organization of the genome-specific repeat 
DNA family in the genome of A. deliciosa. The figure shows 
autoradiographs of A. deliciosa DNA (4p, g/lane) hybridized to 
pKIWI516. Both gels contained 1% (w/v) agarose. Hybridiza- 
tion of peroxidase-labelled insert from pKIWI516 was detected 
by enhanced chemiluminescence gene detection system (ECL) 
using using a 60-s exposure to Hyperfilm-ECL (Amersham) for 
both A and B. Molecular weight markers (see Fig. 1) are shown 
in the left margin and are indicated in kb. A Southern hybridiza- 
tion of partial MboI digests of A. deliciosa genomic DNA. 
Lane 1 contains 1 ~tg of undigested A. delieiosa genomic DNA. 
Lanes 2 to 8 correspond to A. deliciosa genomic DNA digested 
for 60 rain at 37~ with 0.15, 0.3, 0.6, 1.25, 2.5, 5.0, and 10.0 
units of MboI per microgram of DNA, respectively. B Methyla- 
tion of the repetive DNA family in the genome of A. deliciosa. 
Lanes 1 and 2 contain genomic DNA of A. deliciosa digested 
with 10 units HpalI (lane 1) or MspI (lane 2) per microgram of 
DNA. 

4-methylcytosine. MspI does not cleave DNA when the 
first C residue is 5-methylcytosine. A. deliciosa var. deli- 
ciosa DNA was digested with an excess of either HpaII or 
MspI and probed with peroxidase-labelled pKIWI516 
fragment. The MspI digest produced a ladder with a base 
unit length of about 460 bp, while hybridization to the 
HpaII digest was exclusively to high-molecular-weight 
DNA, with no indication of a ladder (Fig. 3 B). This 
difference suggests that the internal C residue in the MspI 
site of the repeat sequence must be highly methylated. We 
believe that the outer C residue is also highly methylated, 
since most of the hybridization in the MspI digest was to 
multimeric length fragments (Fig. 3 B, lane 2). However, 
the MspI ladders could also result from incomplete diges- 
tion (unlikely, given the amount of enzyme used), or 
from variability in the DNA sequence of the different 
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tandem copies of the repeat (for example, an MspI site 
present at nucleotide position 264 in four of the repeat 
units is absent in pKIWI520; see Fig. 2). 

The copy number of the 463 bp genomic repeat fam- 
ily was estimated by quantitative dot blot hybridization 
to pKIWI516 insert under conditions that would allow 
substantial (26%) sequence mismatch. The results (data 
not shown) suggested that the repeats comprise 0 .25-1% 
of the genomic DNA. Preliminary estimates of the hap- 
loid genome size of kiwifruit (1 -2  pg) led to a minimum 
estimate of 5,600 copies of the repeat per haploid ge- 
home. 

Distribution of similar repetitive DNA elements 
in other Actinidia species 

The distribution of the complete 463 bp repeated se- 
quence in other Actinidia species was tested using the 
pKIWI516 monomer element as a probe. 32p-labelled 
probe was hybridized at low stringency (up to 23 '% base 
pair mismatch) to MboI or HinJI digests of a number of 
genomic DNAs (Fig. 4). These included 12 cultivars 
(both male and female) of A. deliciosa var. deliciosa, a 
second variety of A. deliciosa (A. deliciosa var. chloro- 
carpa), as well as samples of A. chinensis, A. arguta, A. 
chrysantha, A. eriantha, A. indochinensis, A. kolomikta, 
A. latifolia, A. polygama, and A. valvata. Homologous 
repeat sequences were detected in all 12 cultivars of A. 
deliciosa var. deliciosa (Fig. 4 C). Hybridization to A. de- 
liciosa var. chlorocarpa was identical to that seen in A. 
deliciosa var. deliciosa (Fig. 4 B). Of the remaining spe- 
cies, only A. chrysantha showed any homology to the 
repeat, with a single, strongly hybridizing band (ca. 
140 bp) detected following overnight autoradiography 
(Fig. 4A, lane 3; this lane is underloaded with respect to 
lane 4). All other lanes were clear after 7-days exposure 
of the autoradiograph. Two other accessions of A. chi- 
nensis also showed no hybridization to the pKIWI516 
probe, while A. rufa had previously been negative using 
the subclone pKIWI514 (data not shown). 

The arrangement of the homologous repetitive DNA 
sequences within A. chrysantha was examined in addi- 
tional Southern hybridizations (data not shown). Partial 
MboI digestion showed that these repetitive elements in 
A. chrysantha are tandemly organized. Both MspI and 
AccI (which cuts once in the consensus repeat sequence) 
gave a similar ladder for A. chrysantha and A. deliciosa, 
suggesting a monomeric repeat size similar for both spe- 
cies. The complexity of the band patterns in the MboI 
partial digests ofA. chrysantha, coupled to the size of the 
smallest hybridizing bands in these digests, suggest that 
the A. chrysantha repetitive elements have multiple MboI 
restriction sites, but that these are different from those 
found in the repeat sequence from A. deliciosa (compare 
lanes 3 and 4 in Fig. 4A). 
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Fig. 4A-C. Distribution of the 463-bp, genome-specific repeti- 
tive DNA family in the genus Actinidia. The figure shows 
autoradiographs resulting from the hybridization of insert from 
pKIWI516 to DNAs from Atinidia species and cultivars of 
A. deliciosa, Each lane contains 4 gg of DNA, cleaved with 
10 units/lxg of restriction enzyme. The probe was labelled with 
a2p-dCTP and the exposures shown are all for 16 h. Molecular 
weight markers in A and B are indicated in kb. The predicted 
sizes of three hybridizing bands in C are shown in bp. A Hy- 
bridization to nine Actinidia species. Lanes 1 to 9, respectively, 
correspond to MboI-cleaved DNAs of A. arguta, A. chinensis, 
A. chrysantha, A. deliciosa, A. eriantha, A. indochinensis, A. kolo- 
mikta, A. latifolia, and A. polygama. B Hybridization to HinfI- 
cleaved DNA of A. deliciosa var. chlorocarpa (lane 1), A. deliciosa 
var. deliciosa (lane 2), and A. valvata (lane 3). C Hybridization 
to 12 cultivars of A. deliciosa var. deliciosa. Lanes I to 12, re- 
spectively, correspond to MboI-cleaved DNAs 'Allison,' 
'Bruno,' a female seedling of accession CCH1, 'Elmwood,' 'Gra- 
cie', 'Greensill,' 'Hayward,' 'Jones,' 'Matua' (male), 'Monty,' 
M56 (male), and M58 (male). 

Discussion 

In this paper we describe the isolation and characteriza- 
tion of a repetitive DNA family from A. deliciosa. Partial 
restriction digests and characterization of the 2 genomic 
clones showed that the A. deliciosa, genome-specific fam- 
ily of repetitive DNA is tandemly organized in the ge- 
nome. The 2 clones contained approximately 15-kb in- 
serts that were composed entirely of the tandem repeat, 
suggesting that some of the arrays consisted of at least 30 
copies. Analysis of ladders produced by restriction di- 
gests suggests that some arrays are greater than 50 kb in 
length. Quantitative dotblots lead to an estimate that the 

repeat family comprises about 0.5% of the genome. We 
have not observed unusually prominent bands in agarose 
gels following restriction enzyme digestion of DNA from 
A. deliciosa or other Actinidia species, which would have 
provided a simple approach to cloning of the repeat. The 
genome-specific repeat was cloned using the formamide- 
PERT technique (Casna et al. 1986). However, we do not 
know how important this approach was to the isolation 
of the clone, since we did not screen an equivalent control 
library. 

The length of the A. deliciosa, genome-specific repet- 
itive DNA family seems to be conserved, although there 
is a moderate level of sequence variation (up to 5%) 
among the members of this family, as would be expected 
for a rapidly evolving sequence. This level of sequence 
heterogeneity probably represents an underestimate, 
since further heterogeneity has been noted in restriction 
enzyme digests (unpublished observations). The length of 
repeat elements in A. chrysantha is similar to those seen 
in A. deliciosa and suggests there may be some constraint 
or selection pressure on the size of such elements in 
Actinidia species. Conservation of repeat length has been 
reported in several plant species (Brennicke and Hem- 
leben 1983; Capesius 1983; Dennis and Peacock 1984; 
Barnes et al. 1985; Ganal and Hemleben 1986). Repeat 
length in these instances was found to be 170-180 bp or 
a multimer of this unit size. This size correlates with the 
nucleosome repeat length (Leber and Hemleben 1979). 
However, our 463-bp A. deliciosa repeat shares little or 
no homology with such sequences. 

A deliciosa is a hexaploid species and is considered to 
be closely related to the diploid A. chinensis. To deter- 
mine whether A. deliciosa is derived from A. chinensis via 
an autopolyploid or an allopolyploid origin, we exam- 
ined the distribution of this repeat family in other Ac- 
tinidia species. No homology to the repeat family was 
present in any of the following: A. arguta, A. chinensis, A. 
eriantha, A. indochinensis, A. kolomikta, A. latifolia, A. 
polygama, A. tufa, or A. valvata. These hybridization 
data suggest that it is unlikely that any of these species 
contributed the repeat sequence or its precursor to the 
genome of A. deliciosa. However, hybridization was de- 
tected to a tetraploid species, A. chrysantha, where a 
homologous repeat of similar size was found. The signif- 
icance of this homology is not immediately clear. A. 
ehrysantha is a species considered to be morphologically 
and therefore taxonomically distant from A. deliciosa. 
The latest classification of Actinidia species (Ferguson 
1990) places A. chrysantha in the section Maculatae, 
while A. deliciosa is in the section Stellatae. Moreover, 
the nature of the polyploidy of A. chrysantha is itself 
unknown. It is possible that A. chrysantha and A. de#ciosa 
share a common diploid progenitor species or that A. 
chrysantha was itself a progenitor of A. deliciosa. These 
two species have been reported to share overlapping geo- 
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graphic distr ibut ions (Liang 1983) in the Guangxi  and 
Hunan  provinces of  China. However,  there are also a 
further 40 species o f  Actinidia that  we have not  tested for 
the presence of  the repeat,  and one or more of  these may  
have contr ibuted the repeat  to the genome of  A. deliciosa. 

The results presented here provide the first molecular  
evidence to suggest that  A. deliciosa may have derived 
from an a l lopolyploid  origin. The simplest in terpreta t ion 
of  our  results is that  the progeni tor  species would include 
A. chinensis, plus either A. chrysantha or a progeni tor  of  
A. chrysantha. However,  other interpretat ions that  allow 
for an au topolyplo id  origin are clearly also possible. F o r  
example, the sampling of  A. chinensis species available in 
New Zea land  is small compared  to the large pool  of  the 
species in the wild. It remains possible that  one of  these 
contains the repeat  and is in fact the progeni tor  of  an 
au topolyplo id  A. deliciosa. Alternatively,  A. chinensis 
may have lost the repeat  from its genome after the sepa- 
ra t ion of  (an autopolyploid)  A. deliciosa. A number  of  
further experiments could help resolve the issue, includ- 
ing hybr idizat ion of  this repeat  probe to D N A  from 
addi t ional  species, isolat ion of  further 'genome-specific '  
probes,  and R F L P  analysis of  A. chrysantha and other 
candidate  genomes. 
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