
Induced polyploidy dramatically increases the size and alters the shape
of fruit in Actinidia chinensis

Jin-Hu Wu1,2,*, A. Ross Ferguson1, Brian G. Murray2, Yilin Jia1, Paul M. Datson1 and Jingli Zhang1

1The New Zealand Institute for Plant & Food Research Ltd, Private Bag 92169, Auckland Mail Centre, Auckland 1142,
New Zealand and 2School of Biological Sciences, The University of Auckland, Private Bag 92019, Auckland Mail Centre,

Auckland 1142, New Zealand
* For correspondence. E-mail jinhu.wu@plantandfood.co.nz

Received: 6 July 2011 Returned for revision: 9 August 2011 Accepted: 8 September 2011 Published electronically: 6 October 2011

† Background and Aims Some otherwise promising selections of Actinidia chinensis (kiwifruit) have fruit that are
too small for successful commercialization. We have therefore made the first detailed study in diploid kiwifruit of
the effects of chromosome doubling induced by colchicine on fruit size, shape and crop loading.
† Methods Flow cytometric analysis of young leaves and chromosome analysis of flower buds and root tips was
used to confirm the stability of induced autotetraploids. Fruit weight, size and crop load were measured in the
third year after planting in the field and for three consecutive years. DNA fingerprinting was used to confirm
the origin of the material.
† Key Results There was a very significant increase in fruit size in induced autotetraploids of different genotypes
of A. chinensis. With the commercially important diploid cultivar ‘Hort16A’, most regenerants, Type A plants,
had fruit which were much the same shape as fruit of the diploid but, at the same fruit load, were much larger and
heavier. Some regenerants, Type B plants, produced fruit similar to ‘fasciated’ fruit. Fruit of the autotetraploids
induced from three female red-fleshed A. chinensis selections were also 50–60 % larger than fruit of their diploid
progenitors. The main increase in fruit dimensions was in their diameters. These improved fruit characteristics
were stable over several seasons.
† Conclusions Chromosome doubling has been shown to increase significantly fruit size in autotetraploid
A. chinensis, highlighting the considerable potential of this technique to produce new cultivars with fruit of ade-
quate size. Other variants with differently shaped fruit were also produced but the genetic basis of this variation
remains to be elucidated. Autoploids of other Actinidia species with commercial potential may also show
improved fruit characteristics, opening up many new possibilities for commercial development.

Key words: Actinidia chinensis, autotetraploid, chromosome doubling, chromosome number, colchicine, DNA
fingerprinting, flow cytometry, fruit shape, fruit size, kiwifruit, red-fleshed kiwifruit, somaclonal variation.

INTRODUCTION

Kiwifruit (Actinidia chinensis and A. deliciosa), have only rela-
tively recently been introduced into cultivation and grown as
commercial fruit crops (Ferguson and Huang, 2007), and they
still make up ,0.25 % of world total fresh fruit production
(Belrose Inc., 2009). Their unique flavour and flesh colour and
their high vitamin C, mineral and dietary fibre content
(Ferguson and Huang, 2007), along with other health and well-
ness factors linked to their high antioxidant activity (Atkinson
and MacRae, 2007) and disease-preventing elements, have
helped to promote them to consumers.

There is considerable genetic diversity amongst the almost
60 species within the genus Actinidia, particularly in fruit
skin type, skin colour, flesh colour and flavour (Cui, 1993;
Ferguson and Huang, 2007). This diversity provides many
opportunities for developing new types of kiwifruit.

Dioecy, long generation cycles, high heterozygosity and
variation in ploidy make hybridization between Actinidia
species difficult. Manipulation of ploidy could facilitate kiwi-
fruit improvement (Wu et al., 2011). One method for manip-
ulating plant ploidy levels is in vitro chromosome doubling

by using antimitotic agents that disrupt mitosis. Recently, suc-
cessful chromosome doubling of diploid Actinidia chinensis
was achieved by in vitro colchicine treatment of somatic
tissues from mature vines combined with use of flow cytome-
try to identify the autotetraploid plants produced (Wu et al.,
2011). Such tetraploids can be used in a kiwifruit breeding
programme as parents to facilitate interspecific Actinidia
crosses between different ploidy levels (Wu et al., 2011).
They also allow us to explore directly the effect of chromo-
some doubling on the fruit of A. chinensis.

Induction of autotetraploids is a procedure that has been
used for at least 70 years (Blakeslee and Avery, 1937) and
with several different fruit crops (Hancock, 1997), but there
seems to have been little systematic evaluation of fruit
quality and morphology or of the mature cropping potential
of the induced tetraploids. In general, induced polyploidy
has not directly resulted in producing larger fruits for commer-
cial production (Hancock, 1997). Based on our preliminary
report (Wu et al., 2009), autotetraploids of some selections
may have commercial potential in their own right. In this
paper we present systematic data collected over four years
(2006–2009) for fruit of colchicine-induced autotetraploids
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from the yellow-fleshed cultivar ‘Hort16A’, which is diploid,
and over two years (2008–2009) for fruit of autotetraploids
induced from three red-fleshed female selections of
A. chinensis, which are also diploid. Induced autotetraploids
from a male of A. chinensis have been used as pollinizers in
some experiments but, in this paper, these autotetraploid
plants have not been compared in detail with the diploid
plant from which they were derived.

MATERIALS AND METHODS

Plant management in the orchard

Regenerated tetraploid plants resulting from in vitro
colchicine-treated petioles of Actinidia chinensis Planch.
‘Hort16A’ (Wu et al., 2011) were planted at the Plant &
Food Research Orchard, Kerikeri, New Zealand together
with grafted plants of the original diploid ‘Hort16A’.
Autotetraploid and diploid plants (6:1) were planted randomly
at a spacing of 5.5 × 2.5 m. A mixture of two tetraploid
A. chinensis males from the Plant & Food Research germplasm
collection and a diploid A. chinensis male cultivar (‘Meteor’ or
‘CK3’) (1:2) as pollinizers were planted at a ratio of 1 male : 8
female plants.

Colchicine-induced red-fleshed A. chinensis autotetraploids
produced from three female selections (‘Hort22D’, Selection
1 and Selection 2) and one male (Selection 3) (Wu et al.,
2011) were planted at the Plant & Food Research Orchard,
Te Puke, New Zealand at a spacing of 4 × 0.8 m. The
diploid male (‘Meteor’) was used as pollinizer and planted at
a ratio of 1 male : 6 female plants along the same row.

Vines were grown on a modified winged T-bar as a support
structure. Vines were managed according to standard orchard
procedures.

Ploidy determination

Flow cytometry. Ploidy level was checked by flow cytometry as
described by Wu and Mooney (2002) and Wu et al. (2011).
Leaves of young shoot tips, collected from each plant during
late spring and early summer, were used for ploidy level deter-
mination. Five shoot tips from each plant were analysed separ-
ately. Tetraploid A. chinensis and hexaploid A. deliciosa were
used as reference standards; the ploidy of the standards had
previously been confirmed by chromosome counting.

Counting of chromosomes in diploid and induced autotetraploids
of ‘Hort16A’. Root tips from rooted cuttings or immature
flower buds of in vitro cuttings were used for counting
chromosomes.

Induction and collection of root tips. Dormant canes of induced
autotetraploids and their progenitor diploid ‘Hort16A’ were
collected before winter pruning. The canes were immediately
cut into four-node lengths. The basal end of each cutting
was dipped in Clonex rooting hormone gel (3 g L21

b-indolylbutrytic acid) (Yates New Zealand Ltd) and the cut-
tings were then placed in planter bags or small pots containing
Daltons potting mix (Daltons, Matamata, New Zealand) and
were held in the greenhouse under intermittent mist. After
6 weeks, when roots reached 2–3 cm, their tips were excised

between 0900 h and 1100 h, then pre-treated in saturated
p-dichlorobenzene for 3.5 h at room temperature, fixed in
Carnoy’s fixative solution (ethanol : glacial acetic acid, 3 : 1
v/v) overnight at 4 8C, and stored in 70 % ethanol, following
the procedure described by Wu and Mooney (2002).

Collection of flower buds. Dormant canes of induced autotetra-
ploids and their progenitor diploid ‘Hort16A’ were collected
from the orchard and held at 4 8C for 5 weeks in sealed
plastic bags to satisfy winter chilling requirements. The
canes were then cut into five-node lengths and placed in
water in 0.5-L jars in the greenhouse to allow buds to break
dormancy. Water levels were checked every 2 d and the
water was replaced every week. It took 4–5 weeks for
flower buds to emerge. A week later, two flower buds were
collected from each cutting at 1000 h and 1500 h. Anthers
were removed and stained with aceto-carmine to check the
stage of meiosis. Flower buds at metaphase I to anaphase I
and/or telophase II stage were collected for chromosome
analysis. Suitable flower buds were fixed and stored following
the procedure used for roots.

Staining of chromosomes. A root tip or an anther stored in 70 %
ethanol was placed onto a slide with a drop (45 mL) of distilled
water, and then most of the water was carefully removed using
strips of filter paper, leaving just a small amount of water sur-
rounding the anther or root so that it did not completely dry
out. A drop of water was again added and the slide was held
at room temperature for 20 min, then the water was again
removed with strips of filter paper in the manner described
above, and replaced with 20 mL 1 M HCl. The slides were
then suspended in a chamber, in which the humidity was main-
tained with paper towels dampened with distilled water. The
humid chamber was held in an incubator at 37 8C for
45 min. The HCl was removed using strips of filter paper
and a drop of water was added and removed with strips of
filter paper, this procedure being repeated twice. Then 20 mL
of an enzyme solution containing 5 % cellulase Onozuka
R-10 (Yakult Honsha Co. Ltd) and 1 % pectolyase Y-23
(Seishin Pharm Ltd) in 0.01 M citrate buffer, pH 4.6 (Wu
and Mooney, 2002) was added to the slide over the plant
sample. Slides were re-suspended in the humid chamber, and
held in the incubator at 37 8C for 4 h. A drop of distilled
water was added to the side of the drop of enzyme solution
and then carefully removed with strips of filter paper without
disturbing the plant material. This procedure was repeated
another two times to remove all remaining enzyme solution.
A drop of fresh fixative solution (3 methanol : 1 acetic acid)
was then added. After the plant sample was carefully macer-
ated and spread, it was stained with 5 % Giemsa following
the procedure described by Wu and Mooney (2002). A
digital camera attached to an Olympus (Vanox-AHBT3)
microscope was used to take photographs of chromosomes
of disrupted cells at the desired stages.

Crop load and fruit number

Crop load (i.e. total fruit weight), and the total number of
fruit and the average fruit weight were determined for each
vine over four seasons (2006–2009) for diploid ‘Hort16A’
and its colchicine-induced autotetraploids and over two
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seasons (2008–2009) for the three genotypes of diploid red-
fleshed A. chinensis and their colchicine-induced autotetra-
ploids. All measurements started in the third year after
planting.

After total fruit number from each vine was counted and
total fruit weight from each vine was measured, a sub-sample
of ten fruit was taken at random for determining individual
fruit weights, dimensions and quality in the laboratory.

As kiwifruit are generally oval in equatorial cross section, the
larger and smaller diameters were recorded. Fruit weight and
dimensions were measured with a balance (Mettler Toledo,
Switzerland) and digimatic callipers (Mitutoyo, Japan).

Propagation of selected colchicine-induced tetraploids
of ‘Hort16A’ by grafting

Budwood of four selected colchicine-induced autotetraploid
plants established at the Keriekri Research Orchard and of the
progenitor diploid ‘Hort16A’ were grafted onto 2-year-old
‘Bruno’ seedling rootstocks at the Plant & Food Research
Orchard, Te Puke in 2007. Four grafted plants of each were
placed in a random selection trial at a spacing of 5 × 3 m
with ‘Sparkler’, ‘Meteor’ and ‘Bruce’ (all diploid) in equal
proportions as pollinizers, planted at a ratio of 1 male : 5
females. Harvest records were collected in 2011 when the
fruiting canopy was becoming well established.

DNA fingerprinting

Genomic DNA was extracted from young leaves of 21
regenerants of colchicine-induced tetraploids and three vines
of ‘Hort16A’ using DNeasy Plant Mini Kits (Qiagen,
Germany) according to the manufacturer’s instructions.
Young leaves (100 mg) collected in spring from plants
grown in the field were used for DNA extraction.
Twenty-three fluorescent-labelled primer pairs, including
three FPK primer pairs (FPK 722, FPK 723 and FPK 764)
(Fraser et al., 2001) used for identification of ‘Hort16A’ and
cultivar IP protection, and 20 pairs of Ke primers (Ke111,
Ke188, Ke200, Ke211, Ke212, Ke216, Ke220, Ke247,
Ke259, Ke264, Ke347, Ke383, Ke386, Ke396, Ke438,
Ke455, Ke472, Ke527, Ke598, Ke738), used as microsatellite
markers to construct linkage maps of the diploid species
A. chinensis (Fraser et al., 2009), were selected for PCR ampli-
fication. FPK primers were amplified following Tsang et al.
(2007) and separated by electrophoresis on 1 % agarose gels,
stained with ethidium bromide and photographed under ultra-
violet light (Wu et al., 2005). The 20 remaining Ke primers
were amplified following the method of Fraser et al. (2009)
and the allelic content of the regenerants and progenitors
was determined by capillary electrophoresis in an ABI
Prismw 3100 Genetic Analyser (Filter Set D, ROXTM

GS500HD size standard), and analysed with GeneMapperTM

Software Version 3.0 (Applied Biosystems).

Data analysis

Regression analysis was used to test the relationship
between the average fruit weight and natural logarithm of
fruit number per vine from all surviving regenerants of

autotetraploids and their diploid progenitor for four years
using the GLM (general linear model) procedure in SAS
software (SAS Institute Inc., 2000–2004). If necessary,
autotetraploids were grouped according to their fruit characters
in the field.

The pairwise t-test (Fisher’s least significant difference test)
was used to examine the differences observed between autote-
traploids and their diploid progenitors among the same year, or
the differences between two years for the autotetraploids or
their diploid progenitors.

RESULTS

Stability of ploidy level

‘Hort16A’. Of the 86 induced autotetraploid regenerants from
‘Hort16A’ that were planted in the orchard, 77 survived to
maturity. Over four seasons, these individuals were tested
four times by flow cytometry using young leaves from differ-
ent parts of the vine canopy to confirm that they were indeed
consistently tetraploid (data not shown). There was no evi-
dence of chimeras or mixoploidy. The ploidy of selected
plants was also confirmed by chromosome counts using root
tips and pollen mother cells (Fig. 1).

Red-fleshed genotypes. A total of 98 colchicine-induced tetra-
ploid regenerants from three females and one male selected
from the Plant & Food Research red-fleshed A. chinensis
breeding programme survived in the orchard: 20 autotetra-
ploids induced from ‘Hort22D’, 32 autotetraploids from
Selection 1, 36 autotetraploids from Selection 2, and 10 auto-
tetraploids from the male, Selection 3. Testing by flow cytome-
try over four years using young leaves from different parts of
the canopy indicated that they were all stable tetraploids and
there was no evidence of chimeras.

Fruit shape and size

‘Hort16A’: all fruit from all vines. Three quarters (73 %) of the
surviving colchicine-induced autotetraploid regenerants from
‘Hort16A’ had fruit that were the same general shape as that
of the original diploid ‘Hort16A’ (Fig. 2A), but with much
larger and more pronounced ‘beaks’ (stylar ends) (Fig. 2B).
The autotetraploid regenerants with such fruit were grouped
together and named as ‘Type A’. A quarter of the regenerants
(27 %) had much squatter fruit, similar to fasciated fruit, with
sunken beaks (Fig. 2C). Autotetraploid regenerants with such
fruit were grouped and called ‘Type B’.

Type A fruit were significantly heavier than those of diploid
‘Hort16A’ and the Type B fruit (P , 0.01). The difference in
weight between the diploid ‘Hort16A’ and Type B fruit was
not significant. These results were consistent over the four con-
secutive years of the study. The average weight of the Type A
fruit over the four years was 148.8 g. Average fruit weight
from all the fruit for most individual vines was 140–180 g
(fruit data of individual regenerants not shown), although a
few vines had particularly large fruit, averaging up to 250 g.
By comparison, the average weight of fruit of diploid progeni-
tor ‘Hort16A’ was 94.6 g, within the range 90–120 g for indi-
vidual vines. The Type B fruit had an average weight of 102 g
over the four years (Table 1).
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Subsample of fruit from all ‘Hort16A’ vines: average fruit weight
from ten-fruit subsamples. Ten fruit (in 2006, 2007 and 2008)
were taken as a subsample for quality evaluation. Similar con-
clusions on average fruit weights could be drawn from the sub-
samples as those from the total fruit from each vine (data not
shown) and ten-fruit subsamples were also used for subsequent
studies on fruit quality. In 2009, the subsample was reduced to
five fruit but this was probably too small for consistent results
(data not shown).

Subsample of fruit from all ‘Hort16A’ vines: fruit size and dimen-
sions from ten-fruit subsamples. Type A fruit were significantly
larger than those of their progenitor diploid ‘Hort16A’ and
Type B in all three dimensions in 2006, 2007 and 2008

(P , 0.01), with a relatively greater increase in diameter
than in length (Table 2). Type B fruit were squatter, with a
greater increase in diameter (Table 2): all Type B fruit were
significantly shorter than diploid ‘Hort16A’ and Type A fruit
(P , 0.01). The ‘beak’ was also much wider (Fig. 2C).
Diploid ‘Hort16A’ fruit had the greatest ratio of length to
width, significantly greater than those of the Type A and
Type B induced autotetraploids in all three years studied
(P , 0.01). Type B fruit had the lowest ratio for the all three
years (Table 2); the ratio was also significantly lower than
that for Type A fruit (P , 0.01). The transverse section of
Type A fruit was more likely to be round than that of
‘Hort16A’ fruit as the ratio of width 2 to width 1 was
closer to 1.

A B

DC

FI G. 1. Chromosome numbers from pollen mother cells and root tips of diploid Actinidia chinensis ‘Hort16A’ and its colchicine-induced autotetraploids:
(A) meiotic anaphase I in a diploid showing the segregation of 29 chromosomes to each pole; (B) meiotic anaphase I in an autotetraploid showing the segregation
of 58 chromosomes to each pole; (C) mitotic metaphase chromosomes of a diploid with 2n ¼ 2x ¼ 58; (D) mitotic metaphase chromosomes of an autotetraploid

with 2n ¼ 4x ¼ 116. Scale bar ¼ 10 mm.

A B C

FI G. 2. Fruit shapes and longitudinal and cross sections of diploid Actinidia chinensis ‘Hort16A’ (A), and its colchicine-induced autotetraploids Type A (B) and
Type B (C). Scale bar ¼ 1 cm.
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There were small differences of fruit size and dimensions
between years within each group of fruit, but the trends in
fruit size and dimensions were consistent across years.

Fruit weight in four Type A induced autotetraploids of ‘Hort16A’
propagated by grafting. The increased fruit weight of the
selected Type A colchicine-induced autotetraploid regenerants
of ‘Hort16A’ was retained on propagation by grafting
(Table 3). Otherwise, no obvious differences were noted in
morphology or vine growth between ‘Hort16A’ and the
selected autotetraploid regenerants.

Red-fleshed genotypes. Induced autotetraploid vines of three
female red-fleshed genotypes had much larger fruit (individual
vine averages 100–120 g), 50 2 60 % greater (P , 0.01) than
fruit of their respective diploid progenitors, which averaged
60–90 g (Table 4). There was not the same variation in fruit
shape as in autotetraploids from ‘Hort16A’. The increase in
fruit weight was due mainly to an increase in fruit diameter,
not in fruit length (Table 5 and Fig. 3). As a result, fruit of
all autotetraploids had significantly lower ratios of length to

TABLE 2. Average fruit dimensions and ratios of pairs of two fruit dimensions of diploid Actinidia chinensis ‘Hort16A’and its
colchicine-induced autotetraploids Type A and Type B, using ten-fruit subsamples from each vine, 2006 –2008

Year Group Ploidy

Fruit dimensions Ratios for two fruit dimensions

Length (mm) Width 1 (mm) Width 2 (mm) Length: width 1 Length: width 2 Width 2: width 1

2006 ‘Hort16A’ 2x 71.1+0.6 49.7+0.3 47.2+0.2 1.43+0.01 1.51+0.01 0.95+0.004
2007 ‘Hort16A’ 2x 74.4+0.7 52.5+0.9 48.7+0.8 1.43+0.03 1.55+0.04 0.93+0.009
2008 ‘Hort16A’ 2x 75.4+1.2 51.7+0.8 48.0+0.9 1.46+0.02 1.57+0.02 0.93+0.005

Average 2x 73.6+1.3 51.3+0.8 48.0+0.4 1.44+0.01 1.54+0.02 0.93+0.006
2006 Type A 4x 76.0+0.8 58.6+0.5 56.0+0.5 1.30+0.01 1.36+0.01 0.96+0.002
2007 Type A 4x 81.0+0.6 61.6+0.4 58.8+0.4 1.32+0.01 1.38+0.01 0.96+0.002
2008 Type A 4x 86.8+1.2 64.0+0.4 59.9+0.3 1.36+0.02 1.45+0.02 0.94+0.002

Average 4x 81.3+3.1 61.4+1.6 58.2+1.2 1.33+0.02 1.40+0.03 0.95+0.002
2006 Type B 4x 63.0+1.5 54.6+0.9 51.4+0.8 1.15+0.02 1.21+0.02 0.95+0.006
2007 Type B 4x 64.0+1.3 57.1+0.8 53.0+0.6 1.13+0.02 1.21+0.02 0.93+0.005
2008 Type B 4x 66.1+1.1 59.0+1.0 54.8+0.7 1.13+0.02 1.21+0.02 0.93+0.006

Average 4x 64.4+0.9 56.9+1.3 53.1+1.0 1.13+0.01 1.21+0.002 0.93+0.005

Width 1 is the greater equatorial diameter; width 2 is the lesser equatorial diameter.
All the data shown are averages+ s.e.

TABLE 1. Average fruit weight of diploid Actinidia chinensis ‘Hort16A’ and its colchicine-induced autotetraploids Type A
and Type B, with all fruit from all plants from 2006 to 2009

Group Ploidy

Fruit weight (g)

2006 2007 2008 2009 Average

‘Hort16A’ 2x 96.3+6.0b 97.6+2.6b 95.3+3.2b 89.2+2.8b 94.6+1.9
Type A 4x 145.0+3.4a 145.9+3.5a 164.7+3.2a 140.0+3.1a 148.8+5.6
Type B 4x 102.1+1.1b 95.7+4.5b 107.4+3.9b 103.1+3.1b 102.1+2.4

All data shown are averages+ s.e.
Values followed by different letters within the same column in the same year are significantly different (P , 0.01).

TABLE 3. Average fruit weight of ‘Hort16A’ and four
colchicine-induced autotetraplod Type A regenerants grafted
into a selection trial at the Plant & Food Research Orchard, Te

Puke (data are for the 2011 harvest 4 years after grafting)

Plant Ploidy Fruit weight (g)

‘Hort16A’ 2x 98.8+1c

Regenerant 1 4x 191.4+2.7a

Regenerant 2 4x 194.3+3.1a

Regenerant 3 4x 197.0+3.1a

Regenerant 4 4x 170.0+2.6b

The fruit weight data shown are averages+ s.e.
Values followed by different letters within the fruit weight column are

significantly different (P , 0.01).

TABLE 4. Average fruit weight of three genotypes of diploid
red-fleshed Actinidia chinensis and their colchicine-induced

autotetraploids, 2007–2009

Fruit weight (g)

Genotype Ploidy 2007 2008 2009

‘Hort22D’ 2x 99.4+6.1b 63.0+1.4b 87.6+3.0b

‘Hort22D’ 4x 113.6+8.3a 101.2+2.6a 135.6+4.0a

Selection 1 2x no data 66.0+2.8b 72.0+0.9b

Selection 1 4x no data 102.3+2.4a 118.4+9.7a

Selection 2 2x 73.8+5.1b 77.2+2.3b 84.4+0.0b

Selection 2 4x 130.0+3.3a 99.9+1.9a 138.4+5.3a

The fruit weight data shown are averages+ s.e.
Values followed by different letters within the same column for the same

genotype in the same year are significantly different (P , 0.01).
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diameters than did fruit of the respective diploid progenitors
(P , 0.01) (Table 5). Furthermore, the two transverse diam-
eters became more equal and the fruit of the autotetraploids
therefore became more round in cross section than those of
their diploid progenitors.

Fruit weight and fruit number in colchicine-induced
autotetraploids and their diploid progenitors

‘Hort16A’. The relationship between average fruit weight and
total number of fruit from a vine or regenerant (original
diploid ‘Hort16A’ and the autotetraploid Types A and B)
has been analysed from data for four consecutive years
(2006–2009). As fruit number increased, average fruit
weight tended to decrease. However, at the same crop load,
average fruit weight of Type A was significantly greater than
that of their progenitor diploid ‘Hort16A’ (P , 0.01) and
Type B (P , 0.01) in all four years, whereas Type B fruit
weight did not significantly differ from that of their progenitor
diploid ‘Hort16A’ (Fig. 4).

Red-fleshed genotypes. From two years’ preliminary evaluation
of three genotypes of red-fleshed induced autotetraploids, all
autotetraploid regenerants had an average fruit weight signifi-
cantly heavier than that of their respective diploid progenitor at
the same crop load (P , 0.01) (Fig. 5). A difference existed
between years. The weight of fruit in 2009 from all regenerants
of three genotypes was heavier than that in 2008. There were
insufficient numbers of the diploid progenitor plants as
controls in the Selection 2 planting, which meant that it was
not possible to analyse the results and as a consequence this
genotype was excluded from fruit analysis.

Fingerprinting analysis of ‘Hort16A’ and the two types
of induced tetraploid

The separation of colchicine-induced autotetraploids from
‘Hort16A’ into two distinct types (Type A and Type B)
based on fruit shape and size raised questions as to the
origin of the plant material used for chromosome doubling –
could there have been confusion in the labelling of cultures?
Fourteen Type A regenerants, seven Type B regenerants and
three vines of the progenitor diploid ‘Hort16A’ were
sampled for DNA fingerprinting. The banding profiles

produced by the three FPK primers of the sampled induced
autotetraploids regenerated from ‘Hort16A’ matched that of
diploid ‘Hort16A’ (Fig. 6). No differences were found using
another 20 pairs of Ke microsatellite primers, as they amplified
the same-sized alleles in all samples of the two types of
induced autotetraploid regenerants and their progenitor
diploid ‘Hort16A’ (data not shown). There was no evidence
that the two types of induced autotetraploid differed at all in
their origin: the results are consistent with all tetraploid regen-
erants having been derived from diploid ‘Hort16A’.

DISCUSSION

Fruit size is important commercially, as customers pay a
premium for larger kiwifruit (Belrose Inc., 2009).
Maximizing fruit growth and, therefore, the proportion of
premium-sized fruit, is a key objective for growers (Minchin
et al., 2003; Chamberlain et al., 2010). Cultural practices
that increase fruit size have been integrated into orchard man-
agement, including the use of plant growth regulators and
chemical sprays (Woolley and Cruz-Castillo, 2006; Famiani
et al., 2007), trunk and cane girdling (Woolley and
Cruz-Castillo, 2006; Assar et al., 2009; Chamberlain et al.,
2010) and fruit thinning (Lahav et al., 1989; Richardson
et al., 2007). Even when such practices are used, fruit size
has still been a concern in some years (Patterson et al.,
2003). Furthermore, it is unlikely that all these management
techniques can be maintained long term: excessive application
of plant growth regulators to increase kiwifruit size can result
in a marked deterioration in fruit quality (Jiang et al., 2009);
the use of plant growth regulators and chemical sprays is
under scrutiny by consumers owing to food safety issues and
environmental concerns; organic orchards are not able to use
plant growth regulators; girdling and fruit thinning also carry
labour costs and there are some doubts as to the long-term
effects of girdling on kiwifruit vines.

Fruit of Actinidia species vary greatly in size, colour and
nutrient content. Some species or genotypes have good
quality fruit and/or novel flesh colours and/or novel flavours
but their fruit size is not sufficient for commercial marketing,
e.g. many red-fleshed selections of A. chinensis (Cheng
et al., 2007; Ferguson, 2009). None of the Actinidia
hybrids so far produced by crossing species at different

TABLE 5. Average fruit dimensions and ratios of pairs of two fruit dimensions of three genotypes of diploid red-fleshed Actinidia
chinensis and their colchicine-induced autotetraploids in 2008

Genotype Ploidy

Fruit dimensions Ratios for two fruit dimensions

Length (mm) Width 1 (mm) Width 2 (mm) Length: width 1 Length: width 2 Width 2: width 1

‘Hort22D’ 2x 48.2+0.5a 47.1+0.5b 42.1+0.3b 1.02+0.01a 1.14+0.01a 0.89+0.01a

‘Hort22D’ 4x 48.4+0.5a 58.5+0.6a 54.1+0.4a 0.83+0.01b 0.90+0.01b 0.93+0.01a

Selection 1 2x 56.5+0.9a 44.3+0.6b 42.6+0.7b 1.28+0.03a 1.34+0.03a 0.96+0.01a

Selection 1 4x 55.0+0.6a 54.9+0.4a 52.5+0.4a 1.00+0.01b 1.05+0.01b 0.95+0.00a

Selection 2 2x 58.8+0.5a 46.4+0.7b 43.6+0.9b 1.27+0.02a 1.35+0.03a 0.93+0.01a

Selection 2 4x 55.4+0.4b 54.2+0.4a 51.8+0.3a 1.02+0.01b 1.07+0.01b 0.95+0.00a

Width 1 is the greater equatorial diameter; width 2 is the lesser equatorial diameter.
All the data shown are averages+ s.e.
Values followed by different letters within the same column for the same genotype are significantly different (P , 0.01).
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ploidy levels (diploid and tetraploid) has been considered for
use as a commercial cultivar. The hybrids often have traits
that have commercial potential but are currently lacking in
kiwifruit cultivars and the successful commercialization of
such hybrids is dependent on the ability to develop plants
with larger fruit, heavier crop loads and better fertility
(Beatson et al., 2007). Our results confirm that ploidy
manipulation could be a way of solving some of these
problems.

With ‘Hort16A’, fruit of the induced autotetraploids (Type
A) are on average 50–60 % larger than those of diploid

progenitors, but on some autotetraploid vines, they are as
much as 100 % bigger. It would be difficult to achieve such
large fruit with diploid ‘Hort16A’ through management tech-
niques or by normal hybridization at the diploid level. The
larger fruit of autotetraploids are not simply a result of
reduced crop load, although the autotetraploid vines do
follow the usual trend that fruit size increases as the number
of fruit decreases. The changes observed are genetically and
morphologically stable on vegetative propagation. We do not
know whether chromosome doubling has resulted in cell pro-
liferation or in larger cells nor do we know why there are

A B

C D

E F

FI G. 3. External view and longitudinal and equatorial cross sections of fruit: (A, B) original diploid Actinidia chinensis ‘Hort22D’ (A) and its
colchicine-induced autotetraploid (B); (C, D) original diploid Actinidia chinensis Selection 1 (C) and its colchicine-induced autotetraploid (D); (E, F) original

diploid Actinidia chinensis Selection 2 (E) and its colchicine-induced autotetraploid (F). Scale bar ¼ 1 cm.
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such marked differences in fruit size among the individual
autotetraploid regenerants.

Fruit size is also often a critical commercial trait in other
fruit crops, e.g. apple, blueberry, grape, strawberry and
tomato. Final fruit size is determined by cell proliferation
and cell expansion. Endoreduplication (replication of the
nuclear genome without cell division) results in an increase
in ploidy and is often correlated with increases in cell size
(Malladi and Hirst, 2010). Fruit weight in turn can be corre-
lated with the degree of endoreduplication and cell size
(Cheniclet et al., 2005). It is likely that there is a common
mechanism by which endoreduplication and induced polyploi-
dization both increase fruit weight.

Fruit shape also changed on chromosome doubling. Type A
autotetraploid regenerants from ‘Hort16A’ had fruit which

were larger in all dimensions, but with a relatively larger
increase in equatorial diameters than in length. This resulted
in the fruit appearing less cylindrical and rounder in cross
section. Fruit from autotetraploid regenerants of red-fleshed
A. chinensis genotypes were more spherical, less cylindrical
than fruit of their diploid progenitors. Chromosome doubling
could be a way of modifying fruit shape in some diploid selec-
tions with long, cylindrical fruit. The diploid progenitors
‘Hort22D’ and Selection 2 had fruit that were noticeably flat.
Their autotetraploid regenerants had fruit that were more
spherical as well as being larger. This could make them
more readily accepted commercially than the small flat fruit
of their diploid progenitors.

The autotetraploid Type B vines from ‘Hort16A’, had
fruit similar to fasciated fruit, which are commercially
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Type A:   Wt = 178·33 – 17 log(no. fruit)
Type B:    Wt = 132·10 – 17 log(no. fruit)
'Hort16A'  Wt = 133·14 – 17 log(no. fruit)

R2 = 0·55; P < 0·0001 

Type A:   Wt = 233·5 – 34·99 log(no. fruit)
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FI G. 4. Relationship of average fruit weight and natural logarithm of fruit number per vine or regenerant for all vines of diploid Actinidia chinensis ‘Hort16A’
and all regenerants of its colchicine-induced autotetraploids Type A and Type B in the 2006, 2007, 2008 and 2009 seasons separately. A single model incorporat-

ing the three types of fruit was fitted to each season’s data. R2 and the P-value are given for each single model.
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unacceptable. Such ‘fan’ or ‘flat’ fruit have been observed in
both A. deliciosa and A. chinensis and they appear to result
from fusion of the terminal floral bud with one or more of
the lateral buds (Brundell, 1975; Cooper and Marshall,
1986; Watson and Gould, 1993, 1994). The fruit of the
Type B vines were quite different. All their fruit of these
vines were misshapen and, in general, there was no indication
that they resulted from flower fusion. We are, however, con-
fident that both Type A and Type B autotetraploids were
derived from the one genotype, ‘Hort16A’. What then is
the cause of the difference? Is it environmental, is it a
delayed effect of the colchicine or is it a response to regen-
eration by tissue culture? It seems unlikely that the cause is
environmental because this type of fruit appears consistently
on the same vines year by year. Has the mutation from these
types of fruit been isolated with stable mutation after in vitro

tissue culture? This would imply that ‘Hort16A’ could be a
chimera or genetically unstable. Although unlikely, this is
not impossible, as at least one kiwifruit genotype has been
shown to be such a chimera: the male rootstock selection
from Italy, ‘D uno’ (‘D1’) is a plastid periclinal chimera
whose existence was revealed only by molecular studies
(Chat et al., 2002). Colchicine treatment has been shown to
induce mutation in ryegrass (Hague and Jones, 1987).
Epigenetic and genetic variation has also often been detected
as a result of in vitro tissue culture (Bairu et al., 2011;
Smulders and de Klerk, 2011), including the appearance of
fasciated organs (Iliev and Kitin, 2011). A better understand-
ing of the origin of the two types of autotetraploids from
‘Hort16A’ will probably require studies at the molecular
level (Yang et al., 2011). No such ‘fasciated’ fruit have
been observed in any of the induced autotetraploid
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FI G. 5. Scatter plots of average fruit weight and natural logarithm of fruit number per vine for all vines from three genotypes of diploid red-fleshed Actinidia
chinensis and their colchicine-induced autotetraploids in the 2008 (left) and 2009 (right) seasons separately.
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FI G. 6. DNA fingerprinting analysis using three primers, (A) FPK 764 (270–300 bp), and (B) FPK 722 (105–125 bp) and FPK 723 (206–214 bp), for diploid
Actinidia chinensis ‘Hort16A’ (lane 6) and its colchicine-induced autotetraploids Type A (lanes 1–4) and Type B (lane 5), control without any DNA template

(lane 7), and 1 kb plus ladder (lane L).
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regenerants from red-fleshed A. chinensis, although their fruit
shape was changed on chromosome doubling.

Generally tetraploid plants show some characteristic vegeta-
tive morphological features, e.g. colchicine-induced autotetra-
ploid Citrus plants have broader, thicker leaf blades which are
deep green (Wu and Mooney, 2002). However, we have not
observed any differences in vegetative morphology between
induced tetraploid A. chinensis regenerants and their respective
diploid progenitors. In Actinidia, difference in ploidy cannot
be consistently predicted by differences in morphology (Wu
et al., 2011).

Doubling the chromosome number of diploid kiwifruit
selections resulted in an increase in fruit size and also affected
fruit shape. We do not yet know whether other increases in
ploidy, e.g. from tetraploid to octoploid, would have a
similar effect on fruit size, or whether chromosome doubling
would have a similar effect in other Actinidia species. This
remains to be tested. Fruit quality after chromosome doubling
will be discussed in future papers.

In conclusion, colchicine-induced autotetraploids of
A. chinensis appeared to be genetically stable over four con-
secutive years of ploidy determination by flow cytometry
and chromosome counting. Doubling the number of chromo-
somes of four female diploid A. chinensis genotypes resulted
in significantly larger fruit. The fruit of the autotetraploid
regenerants were, on average, 50–60 % larger than fruit of
their respective diploid progenitors, a much bigger increase
than would be produced by vine management techniques.
The fruit of autotetraploids are more likely to be round in
transverse section than those of their diploid progenitors.
Both fruit size and fruit shape might therefore be improved
by chromosome doubling and the change is stable on vegeta-
tive propagation. Variation in fruit characteristics exists
among each group of autotetraploid fruit. A wider range of
autotetraploids should yield more desirable fruit types for
selection.
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