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Perspective
Ensuring food security for a rapidly growing world population
will need new approaches. These include speed breeding and new
breeding technologies, which have been established for major
staple crops. Improvement of woody perennial fruit tree species
has progressed at a much slower pace and has met many obsta-
cles. Yet fruit production will face major challenges with climate
change, such as the loss of winter chilling needed for flowering,
a potential decrease in pollinator availability, and increasing pest
and disease problems.

Actinidia chinensis (kiwifruit) is an important fresh fruit crop,
with varieties only several generations removed from the wild
accessions and carrying only a fraction of the available genetic
diversity [1, 2]. Improvement of traits such as fruit quality and
storage, and resistance to emergent diseases underpin the breed-
ing efforts, which are hampered by a long generation time, large
plant size, dependence on chilling for budbreak and flowering,
dioecy and different ploidy levels. In addition to kiwifruit, the
genus Actinidia consists of more than 50 species with edible fruit,
all showing tremendous potential as future fruit crops [3]. Their
fast domestication and improvement will enable production of
high-quality healthy fruit, contributing to food security in the
changing climate conditions.

The main obstacle in domestication and breeding of perennial
fruit crops is their long juvenility. Transgenic technologies that uti-
lize overexpression of flowering genes to induce precocious flow-
ering can dramatically speed up the breeding process [4]. However,
this approach often fails, or gives rise to plants with reduced
fitness and developmental anomalies. In kiwifruit, overexpression
of FT genes induces in vitro flowering [5, 6], while overexpression of
MADS box genes affects the duration of dormancy with no effect
on reproductive maturity [7, 8] or with a negative impact on flower
development and fertility [9]. In contrast, mutagenesis by CRISPR-
Cas9 gene editing of kiwifruit CENTRORADIALIS genes (CEN and/or
CEN4) resulted in early maturity with no detrimental effects on
growth and morphology, but this trait was recessive and limited
to the diploid A. chinensis [10].

Here we present strategies to successfully promote matu-
rity and enable different fast breeding approaches across
Actinidia spp. We use gene editing and overexpression for
recessive and dominant precocity, in vitro manipulation of
ploidy to overcome hybridization barriers, and manipulation
of sex determining genes to induce hermaphroditism. We
demonstrate progress towards fast breeding and improvement
of two taxonomically distant Actinidia species, a diploid A.
eriantha known for a very high vitamin C content [11, 12],
and a tetraploid A. arguta that produces highly nutritious
small fruit with smooth edible skin [13, 14] (Figure 1a). These
approaches allow rapid domestication and development of new
varieties across the genus Actinidia and in the wider horticultural
sector.

Editing of CEN genes for fast flowering
diploid and tetraploid Actinidia
Kiwifruit can take up to five years to first flowering in the
glasshouse, but was able to flower in less than two months after
producing as few as four leaves when CEN and CEN4 genes were
mutagenized using CRISPR-Cas9-mediated editing in a diploid
A. chinensis [10]. Another diploid kiwifruit species A. eriantha
is taxonomically distinct (Figure 1a). It was estimated that A.
eriantha and A. chinensis separated ∼3.3 million years ago [15],
but they share high homology within the CEN and CEN4 coding
sequences. Thus, CEN gene editing was performed with the same
construct as used in A. chinensis. As in A. chinensis [10], precocious
maturity and dwarfism were obtained in A. eriantha lines with bi-
allelic edits in CEN or CEN4 gene, with flowering commencing
in tissue culture or soon after transplanting to soil. Flowers
were continuously developing in terminal and axillary positions
(Figure 1b) and flowers and fruit displayed normal morphology
and fertility (Figure 1c–e).

A. arguta is a species that belongs to a lineage separate from
the kiwifruit subclade, often called kiwiberry (Figure 1a). It shares
considerably less homology with respective kiwifruit CEN genes.
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Figure 1. CEN/CEN4 CRISPR-Cas9 gene editing for fast maturity in diverse Actinidia spp. (a) The Actinidia phylogenetic tree (adapted from Liu et al.,
2017) with representative species and images of fruit. (b–d) Early flowering edited A. eriantha plant (b) (pink arrowheads denote flower buds), flower (c)
and fruit (d). (e) Multiple fruit on a single plant after pollination with different pollen donors. (f, g) Early flowering on two independent edited A. arguta
plants, displaying very early flowering (f) or a milder phenotype (g); f lowers and fruit are indicated with pink and orange arrowheads, respectively. (h, i)
Fertile flower and fruit. (j, k) Schematic diagram of two CEN gene edited A. arguta flowering phenotypes, mutation positions and sequences; numbers
of leaves at first flowering are shown, exons are presented as grey boxes, tetra-allelic mutations as red arrows and bi-allelic mutations as red and
green arrows, with corresponding target sequences presented below. The different mutations (+, insertion, in bold font; −, deletion; 0, no change) are
compared to the wild-type (WT) target site (underlined). Spaces are introduced where needed to accommodate for insertions. The PAM site is indicated
in red font.

For fast flowering tetraploid A. arguta, a new construct was
designed to target all four alleles of each A. arguta (Aa) CEN4 and
AaCEN. It gave rise to precocious plants (Figure 1f, g) with fertile
flowers and the ability to bear fruit after pollination (Figure 1h, i).
Two distinct phenotypes were observed, with lines displaying
substantial dwarfing and very fast flowering in the terminus
of the main and distal short axillary branches (Figure 1f, j),
or lines with a longer leaf production stage and continual
profuse flowering on newly emerging lateral shoots (Figure 1g, k).
Consistent with findings in kiwifruit [10], edits in all alleles of
both genes corresponded with extreme precocity and shorter
stature, whilst wild-type AaCEN alleles corresponded with a
milder phenotype (Figure 1j, k).

Expression of FT for dominant precocity in
Actinidia
To generate viable precocious Actinidia plants able to transfer the
early flowering trait to heterozygous offspring, we trialled consti-
tutive expression from the 35S promoter of a translational fusion
of the AcFT1 gene with six copies of the hemagglutinin (HA) tag
sequence [16] (AcFT1-6xHA). It was previously hypothesized that
chimeric FT proteins may have a reduced flowering promotion
activity relative to native FT [17]. Indeed, milder early flowering
phenotypes were observed with different chimeric FT proteins in
Arabidopsis and citrus [6, 17, 18].

Transformation using the 35S:AcFT1-6xHA construct into
kiwifruit was performed. While in vitro flowering was also seen, we
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Figure 2. Tagged FT for dominant fast maturity in diverse Actinidia spp.
(a) Early terminal flowering in 35S:AcFT1-6xHA kiwifruit. Progressively
faster termination at reduced leaf numbers (indicated) in newly
emerging lateral shoots (a) results in synchronous flower and fruit
development (b); flower and fruit are indicated with pink and orange
arrowheads, respectively. (c) Example of early flowering in the progeny
(F1) of early flowering kiwifruit pollinated with wild-type pollen. (d) The
transgene (nptII fragment) was detected in approximately half of the F1
seedlings. Asterisk denotes lines which flowered after producing <50
leaves. Lines with no transgene have not flowered (after more than
2 years). (e) Early flowering in viable 35S:AcFT1-6xHA A. arguta. (f) In vitro
flower development in 35S:AcFT1 non-viable A. arguta.

were able to regenerate 16 viable transgenic kiwifruit plants that
did not flower in tissue culture. One of these plants developed
a terminal flower after growing >30 leaves. Subsequent lateral
shoots repeated this pattern, with a gradual reduction in the
number of leaves produced before termination in a single flower
(Figure 2a), which produced fruit when pollinated. Consequently,
synchronous terminal flower and terminal fruit development
were observed on individual lateral shoots (Figure 2b). In addition,
the early flowering trait was heritable, because a proportion of
the transgenic progeny plants showed early terminal flowering
(Figure 2c, d), ranging from as little as 3 weeks after germination,
to approximately 14 weeks of growth in soil.

The same phenotype was noted when the 35S:AcFT1-6xHA
construct was transformed into A. arguta, with first flowering
occurring in tissue culture or early after transplanting to soil,
in contrast to non-viable in vitro flower and fruit development
observed in transgenics overexpressing AcFT1 without the HA

tag (Figure 2e, f). No early flowering was ever observed with any
Actinidia transformed with control constructs or propagated in
tissue culture media. This work demonstrates that expression
of tagged FT can dramatically reduce juvenility of kiwifruit and
kiwiberry whilst producing viable plants.

Strategies for accelerated breeding and
improvement of Actinidia
The reduced juvenility, continuous flowering and altered plant
architecture described above enable different strategies for accel-
erated breeding, farming, and cropping across Actinidia spp. By
editing CEN4 and CEN genes, early flowering can be introduced
into a range of Actinidia genetic backgrounds, followed by gene
editing for a desirable, high value trait (HVT) such as fruit quality
or disease resistance (Figure 3a), after which the transgene may
be removed through crossing. The ability to mutagenize multiple
genes using simultaneous or sequential CRISPR-Cas9 gene editing
has already been demonstrated in kiwifruit [19, 20]. The dominant
reduced juvenility obtained by transgenic expression of a tagged
FT protein enables a rapid-cycle breeding strategy, in which early
flowering lines are crossed to a parent with a desired trait and
early flowering lines are used in subsequent breeding cycles,
followed by selection of non-transgenic, improved progeny with
the HVT (Figure 3b).

To further aid these strategies, induction of hermaphroditism
using expression of the FRIENDLY BOY (FrBy) transgene in females
or mutagenesis by gene editing of SHY GIRL (SyGl) in male Actinidia
[19, 21] can be used (Figure 3c). Finally, to overcome the obsta-
cle of ploidy variation within and across Actinidia taxa [22] and
take advantage of the weak reproductive barriers that enable
hybridization within the genus, in vitro doubling of chromosome
number can be performed using mitotic inhibitors (Figure 3d).
Oryzalin-induced chromosome doubling in tissue culture [23]
enabled fertile interspecific and interploidy crosses (Figure 3e).
In addition to expanded breeding opportunities, manipulation of
ploidy can aid the development of seedless cultivars or restore
fertility in natural hybrids [24], as well as increase the fruit size
(Figure 3f) [25].

In summary, CRISPR-Cas9-mediated editing of CEN genes and
expression of tagged FT successfully advanced flowering time in
different species of Actinidia. Manipulation of ploidy and induction
of hermaphroditism was performed to further aid fast breed-
ing strategies and enable hybridization within the genus. These
approaches can facilitate domestication and improvement across
the Actinidia genus, increasing the production and availability of
high-quality healthy fruit, and contributing to food security in
changing climate conditions.
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Figure 3. Strategies for fast improvement of Actinidia spp. (a) Gene editing (scissors) of CEN genes for early flowering (EF) and subsequent gene editing
for high value traits (HVTs). The plants are suitable for fast breeding, indoor production and farming as an annual crop. (b) A rapid-cycle breeding
strategy for improvement of Actinidia using dominant EF lines transformed with tagged FT (∗) for crossing with HVT lines. After the desired number of
breeding cycles (indicated by red arrow in cycle), non-transgenic lines with improved HVT are selected. (c) Induction of hermaphroditism with FrBy
transgene in females and mutagenesis of SyGl in males increases the ability to cross various HVT lines. (d-f) Chromosome doubling using oryzalin
treatment of regenerating shoots (syringe) enables interspecific and interploidy crosses (d), giving rise to F1 hybrid progeny (e) and increased fruit size
in induced tetraploids (f). Different genotypes and HVTs are presented as different plant and fruit colours, respectively.
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