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Abstract A genetic map of kiwifruit (Actinidia spp.)
was constructed using microsatellite and AFLP markers
and the pseudo-testcross mapping strategy. (AC), and
(AG),, microsatellite repeats were first isolated from
Actinidia chinensis (2n = 2x = 58) enriched genomic
libraries and tested for segregation in the interspecific
cross between the diploid distantly related species A.
chinensis and A. callosa. Some 105 microsatellite loci of
the 251 initially tested segregated in the progeny ina1:1
ratio asin aclassical backcross, or in aratio which could
mimic the backcross, and were mapped using 94 individ-
uals. AFLP markers were then produced using Msel and
EcoRI restriction enzymes and 15 primer combinations.
Nearly 10% of loci showed a distorted segregation at
o = 0.05, and only 4% at o = 0.01, irrespectively to the
marker class. Two linkage maps were produced, one for
each parent. The female map had 203 loci, of which 160
(71 SSR and 89 AFLP) constituted the framework map
at aLOD score = 2.0. The map was 1,758.5 cM(K) long,
covering 46% of the estimated genome length. The male
map had only 143 loci, of which 116 (28 SSR, 87 AFLP
and the sex determinant) constituted the framework map.
The map length was only 1,104.1 cM(K), covering 34%
of the estimate genome length. Only 35 SSR loci were
mapped in the male parent because 18% of SSR loci that
were characterised did not amplify in A. callosa, and
48% were homozygous. The choice of parents in the
pseudo-testcross is critically discussed. The sex determi-
nant was mapped in A. callosa.
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Introduction

Seeds of Actinidia deliciosa [(A. Chev.) C.F. Liang et
A.R. Ferguson] were introduced from China, the home
of the genus Actinidia, to New Zealand at the beginning
of the 20th century, and a small number of male and
female plants selected from those seedlings gave rise to
the few cultivars upon which the world-wide kiwifruit
industry currently relies (Ferguson et al. 1996). Today,
kiwifruit are considered an important fruit crop of tem-
perate regions and are planted world-wide. The genetic
base of the kiwifruit industry is extraordinarily narrow in
comparison with the vastness of the wild genetic re-
sources (Ferguson et al. 1996). The genus Actinidia in-
cludes more than 60 species, many of which have edible
fruit (Liang 1984).

Kiwifruit have so far received very little attention
from geneticists or breeders. One reason is that kiwifruit
are such a new crop; another is that A. deliciosa is both
dioecious and hexaploid (2n = 6x = 174), and these fea-
tures make genetic studies difficult. A. deliciosa belongs
to the A. chinensis/A. deliciosa/A. setosa complex, which
encompasses diploid, tetraploid and hexaploid races with
morphological traits so similar that they have been treat-
ed, until recently, as a single species by botanists (Liang
1984). The polyploid races of the complex may be de-
rived from diploid A. chinensis genotypes without there
being a contribution from any other Actinidia species
(Testolin and Ferguson 1997). This suggests that if ge-
netic studies are carried out on diploid races of A.
chinensis the information obtained will be relevant to re-
lated polyploids such as tetraploid A. chinensis or hexa-
ploid A. deliciosa.

Unfortunately, dioecy maintains high levels of het-
erozygosity in kiwifruit and precludes the possibility of
producing inbred lines, which are the genotypes of
choice for most genetic analyses, including linkage
analysis. To overcome such a problem typical of alo-
gamous species, a theoretical treatment has been devel-
oped for the estimation of recombination frequencies
from populations obtained by crossing heterozygous



parents (Ritter et al. 1990; Ritter and Salamini 1996;
Ridout et al. 1998). The mapping populations pro-
duced using such a pseudo-testcross (Grattapaglia and
Sederoff 1994; Hemmat et al. 1994) are becoming fairly
common for the construction of linkage maps in out-
crossing species. We adopted such a strategy for obtain-
ing a linkage map in diploid races of Actinidia. We
started by sequencing and mapping microsatellite loci
(Huang et al. 1998).Then, we adopted the amplified
fragment length polymorphism (AFLP) technique (Vos
et al. 1995) for the rapid production of further markers
to saturate the linkage groups.

Materials and methods
Plant material

A mapping population was obtained by crossing a diploid female
genotype (no. 54.20) of A. chinensis (2n = 2x = 58) with a diploid
male genotype (no. 103) of A. callosa Lindl. var. henry Maxim.
(2n = 2x =58), adistantly related species.

Total DNA was extracted from 94 individuals as well as from
the parents using 1 g of young developing leaves and the proce-
dure described by Doyle and Doyle (1990), as modified slightly
by Cipriani and Morgante (1993). DNA was then purified of poly-
saccharides with 2-butoxyethanol according to the procedure de-
scribed by Manning (1991).

Microsatellite markers

Details of the procedures have aready been published (Huang et
al. 1998). Genomic DNA from diploid A. chinensis no. 54.20 was
digested with Tsp509I, and fragments in the size range 200-800 bp
were hybridised to biotinylated (GT),5 or (CT),3 and selectively
separated using streptavidin-coated paramagnetic beads (Dyna-
beads, Dynal, Oslo, Norway) to produce two genomic libraries en-
riched in (AC/GT), or (AG/CT), repeats, respectively, following
the procedure reported by Morgante et al. (1998). DNA fragments
recovered after the enrichment procedure were cloned into the
Lambda Zap Il vector (Stratagene) and used to transform XL1-
Blue MRF Escherichia coli cells (Stratagene). Clones were
screened for the presence of the desired repeat by plaque hybrid-
isation with a digoxigenin-labelled probe. Positive clones were re-
screened by means of the anchor polymerase chain reaction (PCR)
(Rafalski et al. 1996), and those with the microsatellite misplaced
were discarded. The remaining clones were sequenced.

Sequences were first compared with those already sequenced
to avoid duplications. Primer pairs were designed for PCR in the
microsatellite flanking regions using PRIMER SOFTWARE PACKAGE
version 0.5, and later on version 3.0 (Whitehead Institute of Bio-
chemical Research, Cambridge, Mass.) and assayed for segrega-
tion in both parents and a few progeny. Markers suitable for map-
ping (see below) were processed in the whole popul ation.

PCR reactions were performed in a 25-yl volume containing
10 mM Tris-HCI pH 9.0, 50 mM KClI, 1.5 mM MgCl,, 0.2 mM each
dNTR, 0.2 M each primer, 100 ng of genomic DNA and 0.2 U of
Taq polymerase (Pharmacia) using the following temperature profile:
95°C for 5 min, then 35 cycles of 94°C for 50 s, followed by 55°C
for 50 sand 72°C for 50 s, finishing with 72°C for 8 min. PCR prod-
ucts were separated by electrophoresis on 3% Metaphor (FMC Bio-
Products) agarose gel's and stained with ethidium bromide.

AFLP markers

To get a more saturated map, we also produced AFLP markers us-
ing the restriction enzymes Msel and EcoRI and 15 primer combi-
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nations, preliminarily selected from the parental DNA on the basis
of the high number of fragments produced and their separation on
acrylamide gel. DNA digestion, adaptor ligation and pre- and se-
lective amplifications were carried out according to the manufac-
turer’s instruction (GIBCO BRL, Life Technologies) and the stan-
dard procedures (Vos et al. 1995). Selective amplification was car-
ried out using [33P]-labelled EcoRI primer with the following tem-
perature profile: 12 cycles of 94°C for 30 s, 65°C for 30 s, 72°C
for 60 s, with the annealing temperature lowered 0.7°C for each
cycle (touch-down); 23 cycles of 94°C for 30 s, 56°C for 30 s,
72°C for 60 s. PCR reactions were mixed with 2.5 pl formamide
dye, heated at 95°C for 5 min and then quickly cooled on ice.
Three microliters of each sample was loaded on a 6% denaturing
polyacrylamide gel (Long Range, FMC BioProducts) containing
7 M urea and run at 58 W for 2 h. After electrophoresis, the gel
was dried on Watmann 3MM paper in a vacuum dryer at 80°C for
2 h and autoradiographed on X-ray film (Kodak) using standard
procedures.

Sex determinant

Sex control in Actinidia is apparently monogenic with males being
heterozygous at the sex-determining region (Testolin et al. 1995).
Female and male segregated in our progeny accordingly (45:46
(male : female) ratio, 3 plants died before flowering), and the sex
determinant was therefore included in the linkage analysis.

Linkage analysis

Data from segregation analysis were recorded into an electronic
spreadsheet. Markers were grouped into three separated datasets
according to their segregation pattern and the parent from which
allele segregated as follows: (1) those which segregated from the
mother asin a classical backcross (ab x nyn,, where n,n, could be
any alele combination different from ab or ba); (2) those which
segregated from the father as above; (3) those which segregate
1:2:1 or 3:1 asin aclassica F, inter-cross. Co-dominant markers,
with three or four alleles at stake, were considered to be two loci,
one heterozygous in each parent. With this expedient, the segrega-
tion became of the type 1:1 and was scored as in a classical back-
cross. AFLPs, which are dominant markers, were included into the
first or the second dataset according to the parent from which they
segregated. Dataset (3) was later discarded because it included on-
ly one simple sequence repeat (SSR) marker.

Each of the first two datasets was duplicated and in the new
matrix genotype coding was swapped (1 for 0 and O for 1). The
original matrix and the new one were then merged. This enabled
the determination of linkage between loci in mixed phases.

The linkage analysis was carried out using MAPMAKER/ExP 3.0
(Lander et al. 1987). The linkage groups were found with the
GROUP command (LOD = 4.0, maximum recombination fraction
< 0.3). The command produced two symmetrical sets of linkage
groups, one of which was disregarded. Small linkage groups (< 8
markers) were then ordered with a multipoint exhaustive analysis
using the COMPARE and MAP commands (LOD = 2.0); larger
groups were treated with the ORDER command (LOD = 2.0). The
RIPPLE function was employed at LOD = 2.0 to assess the robust-
ness of the marker order. Markers not placed in the framework
map were finally added with the TRY command. These accessory
markers do not contribute to the overall genetic distance of their
linkage group. Map distances were calculated with the Kosambi
function (Kosambi 1944). SSR loci segregating in a 1:1:1:1 ratio
enabled anchor points to be established between homologous link-
age groups in the two maps.

An estimate of genome length was finally carried out follow-
ing method no. 3 of Chakravarti et al. (1991) using all loci and a
lod threshold, Z = 3, 4 or 5.
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Results
Marker production and testing for segregation

As aresult of the enrichment procedure about 50% of the
plagues were positive when hybridised with the probe
complementary to the sought repeat (data not shown). Of
the 529 positive clones, 54% were discarded in subse-
guent steps mainly because the repeat was too close to
the cloning site (Table 1). A total of 233 microsatellites
isolated in our laboratory were screened for segregation
in the mapping population. A further 18 published by
Weising et al. (1996) were a so studied.

Only 102 primer pairs (41%) amplified loci that segre-
gated in the progeny (Table 2). Four primer pairs ampli-

fied two polymorphic loci each, thus bringing to 106 the
number of segregating SSR loci. Most of these loci (84%)
segregated 1:1, 16 segregated 1:1:1:1 and only 1 segre-
gated 1:2:1. We therefore decided to map using the back-
cross model of segregation and abandoned the microsat-
ellite which segregated 1:2:1. Among loci suitable for
mapping, 82% segregated from the female parent A.
chinensis, from which microsatellites were isolated, and
only 33% segregated from the male parent, A. callosa var.
henry (Table 2). A mutation at the microsatellite locus
UDK][99]-143 was noticed as a homozygous band from
the male parent and was not amplified in one individual
of the progeny, despite PCR being repeated several times.

We produced approximately 1,372 AFLP bands using
15 primer combinations (Table 3). Of these, 271 bands

Table1 Efficiency of the pro-
cedure adopted for the isolation

of microsatellite sequencesin
Actinidia chinensis

a Calculated over the number of
positive clones screened

Table 2 Summary of the SSR
markers tested in the interspe-

cific cross A. chinensis x A.
callosa and type of segregation

Step n Percentage2
Positive clones screened 529 -
Clones retained for sequencing after anchor PCR 341 64
Sequences containing the microsatellite repeat 328 62
Sequences suitable for primer design 244 46
Sequences correctly re-amplified in A. chinensis 244 46

Tota A. chinensis A. callosa
Number of primer pairs screened for segregationa 251
Number of primers abandonedP 149
Number of primer pairs analysed in the whole progeny 102
Number of polymorphic loci¢: 106
segregating 1:1 89 70 19
segregating 1:1:1:1 16 16 16
segregating 1:2:1d 1
Number of loci suitable for mapping 105 86 35

aA total of 233 isolated in our laboratory and 18 published in Weising et al. (1996)

b Forty-three gave no or weak amplification in parents; 49 were insufficiently resolved on agarose
gel; 26 were apparently monomorphic on agarose gel; 31 did not segregate because two homozygous
loci were likely amplified by the same primer pair

¢ Four primer pairs amplified two polymorphic loci each

d Abandoned because not suitable for the backcross model of segregation

Table3 Summary of the AFLP
markers segregating in the in-

terspecific cross A. chinensis x
A. callosa

axx identifies the polymorphic
fragments numbered progres-
sively according to their size
(the smaller the size the higher
the number)

Primer combination Marker code Total A. chinensis A. callosa
EcoRI-AAC / Msel-CAA PKO1-xxa 20 9 11
EcoRI-AAC / Msel-CAC PK02-xx 23 8 15
EcoRI-AAC / Msel-CAT PK03-xx 19 10 9
EcoRI-AAG /| Msel-CTG PK04-xx 25 16 9
EcoRI-AAG / Msel-CTT PK 05-xx 14 8 6
EcoRI-ACA / Msel-CTA PK 06-xx 19 10 9
EcoRI-ACA / Msel-CTC PKO7-xx 16 8 8
EcoRI-ACA / Msel-CTG PK 08-xx 21 6 15
EcoRI-ACA / Msel-CTT PK09-xx 9 5 4
EcoRI-ACC / Msel-CTA PK10-xx 14 7 7
EcoRI-ACC / Msel-CTC PK 11-xx 14 6 8
EcoRI-ACT / Msel-CAG PK12-xx 22 12 10
EcoRI-ACT / Msel-CAT PK 13-xx 27 14 13
EcoRI-AGC / Msel-CTG PK 14-xx 22 14 8
EcoRI-AGC / Msel-CTT PK15-xx 6 6 0
Total 271 139 132




segregated 1:1 from the female or male parent in about
the same proportion (Table 3). Nearly 10% of loci
gave distorted segregation at a = 0.05, and only 4% at
o = 0.01, irrespective of the marker class.

Fig. 1 Genetic linkage map of
Actinidia chinensis (female
parent). The number at the top
of each linkage group has been
arbitrarily assigned and corre-
sponds to the linkage group
with the same number in the
male map only when the latter
is not between brackets. Genet-
ic distancesin Kosambi cen-
tiMorgans are listed on the left-
hand side and loci on the right-
hand side of the linkage group.
SSR loci are designated by
UDK- xxx [NZK-designates
those from Weising et al.
(1996)], where xxx is apro-
gressive code; AFLP loci by
the PKxx- yy, where xx identi-
fies the primer combination
and yy identifies the polymor-
phic fragments within each
primer combination numbered
progressively according to their
size (the smaller the size the
higher the number). SSR mark-
ersfollowed by an asterisk are
common to both maps. Frame-
work markers, that could be
ordered at a LOD score > 2.0,
are shown in normal-type print;
accessory markers, that is
markers that could not be or-
dered with equal confidence,
are shown initalicsin the most
likely position in the frame-
work map. The latter do not
contribute to the total length of
the linkage group, which is
reported at the bottom of each
drawing

Linkage maps
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The 226 loci segregating from A. chinensis (female par-
ent) produced 38 linkage groups, of which 27 contained
more than two loci (Fig. 1). As many as 160 loci
(71 SSR and 89 AFLP) constituted the framework map
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at a LOD score = 2.0, covering a genetic length of
1,758.5 cM (K). A further 43 loci (9 SSR and 34
AFLP) were included into linkage groups, but they
could not be placed in the framework map and were
therefore placed as ancillary markers. An additional 22
markers together with the sex determinant were found
to be unlinked.

Only 168 loci segregated from A. callosa, the male
parent, producing 30 linkage groups (Fig. 2). One hun-
dred and sixteen loci contributed to the framework map
(28 SSR, 87 AFLP and the sex determinant); 27 markers
were placed in the map as ancillary markers (3 SSR and
24 AFLP); the remaining 25 markers were found to be

unlinked. The total length of the map was 1,104.1 ctM
(K). The sex determinant was mapped in the male link-
age group no. (25) (Fig. 2).

The expected A. chinensis map length, estimated fol-
lowing the method no. 3 of Chakravarti et al. (1991) and
taking into account all loci, was 3,849 cM (3,969, 3,640,
and 3,937 cM at a LOD threshold Z = 3, 4 and 5, re-
spectively), whereas that of A. callosa was 3,199 cM
(3,114, 3,234, and 3,250 cM at a LOD threshold Z = 3,
4 and 5 respectively). According to these estimates, the
actual linkage maps should cover some 46% and 34% of
the total genetic distance, respectively.
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Discussion

Microsatellites proved to be very useful for mapping.
The procedures used for library enrichment were very ef-
ficient with nearly half (46%) of positive plagues yield-
ing a microsatellite sequence. If only the clones retained
after anchor PCR are taken into account, the yield in-
creases to 72%. Such an efficiency of library enrichment
means that it can no longer be considered that the se-
guencing of microsatellites requires a large investment
of time and effort. Furthermore, the high polymorphism
and heterozygosity of microsatellites and their wide
transportability across different mapping populations
more than compensate for the effort involved in their
isolation (Rafalski et al. 1996; Morgante et al. 1998).

We were able to map 41% of the microsatellites tested
for segregation, but the percentage could have been
higher had we used the better resolving power of acryl-
amide gels. Our success rates are similar to those report-
ed for the only two available pseudo-testcross-based
linkage maps in which an appreciable number of SSRs
were placed: 40% for Norway spruce (Paglia et al. 1998)
and 52% for avocado (Sharon et a. 1997).

Almost all SSR segregating loci (99%) segregated in
a ratio suitable for mapping, as in a classical backcross,
thus confirming that the pseudo-test-cross provides a
very suitable strategy for mapping outcrossing species
(Grattapaglia and Sederoff 1994; Hemmat et al. 1994).
We used an interspecific cross between two taxonomical-
ly distantly related species (Liang 1984), with the aim of
reducing the number of cases of common alleles in the
two parents and the occurrence of segregation of the type
1:2:1, which could not be mixed with those typical of a
backcross. We were indeed successful in avoiding such a
risk, but there was an unforeseen negative feature of
such a cross. Disappointingly, the number of SSR loci
placed in the male map was significantly lower than
those placed in the female one (35 vs 86). Nearly half
the primers (48%) gave only a single band in the male
parent and 18 (18%) yielded no amplification products.
The lack of PCR products in the male parent was likely
due to the wide taxonomic distance of A. callosa from
A. chinensis, the female parent from which the microsat-
ellites were isolated, whereas the low polymorphism of
SSRs amplified in the male parent can be explained by
the tendency of microsatellites to be shorter at homolo-
gous loci in species other than the one from which they
werefirst isolated. Thisis certainly the case for Actinidia
(Huang et al. 1998) and has also been reported for sever-
al plant and animal species (Ellegreen et al. 1995, 1997).
The low number of SSRs placed in the male map made
that map absolutely incomplete and reduced to only 14
the number of linkage groups for which the homology in
the two maps was found.

Microsatellite loci were randomly distributed
throughout the map. The 86 loci placed in the female
map covered 33 of the 38 linkage groups, with only
small groups of two and one of three markers lacking
SSRs. The number of SSRs per group ranged from 0 to
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6, with alimited clustering of these loci (Fig. 1). Similar
results were found in the male map. These results are in
agreement with the random distribution and the good ge-
nome coverage of microsatellite loci reported for the
more highly saturated microsatellite-based linkage map
of wheat (Roder et al. 1998).

The map produced for A. chinensis has only a moder-
ate marker density, and it is not likely to be very useful
in mapping or cloning genes of agronomic interest. It
could be easily saturated further with AFLP markers, but
we prefer in the future to continue isolating and mapping
new SSRs. If we are able to produce a map backbone
based on evenly spaced SSRs, we have a set of markers
which can be easily transferred to virtually any new
mapping population within the genus Actinidia. This
should represent a robust tool for kiwifruit breeders aim-
ing to develop marker-assisted selection and map-based
gene cloning.

The sex determinant, which behaves like a monogenic
Mendelian character, with the male sex being heteroga-
metic (Testolin et al. 1995), was mapped only in the
male linkage map, together with six AFLP markers but
no SSR marker. We do not know whether the sex deter-
minant was not placed in the female map because of a
gap in that map or because of the low recombination of
sexual chromosomes, as reported for animals and some
dioecious plant species (Charlesworth and Guttman
1999). Since recombination in the sex-determining re-
gion has aready been reported in Actinidia (Harvey et
al. 1997), the first hypothesisis the more likely.

Several primer pairs amplified more than one locus.
In a previous paper (Huang et al. 1998) we discussed the
possibility that dipoid Actinidia species could them-
selves be polyploid in derivation. Two primer pairs am-
plified two loci, both of which segregated from the same
parent. One pair [UDK (96)-020] gave two unlinked loci;
the other [UDK (96)-059] amplified two loci that mapped
very closely in the same linkage group (no. 4) (Fig. 1). It
appears more likely that this is due to duplication of a
DNA sequence rather than duplication of the whole ge-
nome. The evolution of microsatellites into more com-
plex repeats through long-range slipstrand mispairing or
unequal crossovers has been proposed by Stephan and
Cho (1994, cited in Broun and Tanksley 1996). Further
evidence is therefore required to establish whether ge-
nome duplication has occurred in diploid A. chinensis.

The estimate of genome length was 3,849 cM and
3,199 cM for A. chinensis and A. callosa, respectively. If
the order of magnitude is correct, it appears the highest
so far reported for aland plant. Among the list of species
reported by Barreneche et al. (1998), there are three gen-
era which have a genome length approaching 3,000 cM,
namely Malus, Populus and Vitis. Of these at |east Malus
and Vitis are polyploid in derivation.

The mutation we found was probably due to a muta-
tion at the 3' end, which reduced primer specificity and
is likely the only scorable mutation among those which
could occur in the SSR sequences we amplified. Consid-
ering that the map construction enabled the screening of
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some 710,112 bases transferred from the parents to the
offspring, a mutation rate of 0.71 x 10-% can be estimated
at the DNA sequence level per generation.

SSR primer sequences are available upon request free
of any charge for non-profitable purposes.
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