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Putative gamete-derived progenies from two Hylocereus species, the diploid

H. monacanthus and the tetraploid H. megalanthus, were studied with the dual

aims to confirm their gamete origin and to evaluate their potential use as genetic

resources. An additional goal was to determine the origin (allotetraploid vs. autotetraploid)

of H. megalanthus by exploring morphological variations in the di-haploid (2x)

H. megalanthus progeny. Gamete origin was proved in all five H. monacanthus lines

obtained and in 49 of the 70 H. megalanthus lines by using flow cytometry and

simple sequence repeat (SSR) markers. The five double-haploid (2x) H. monacanthus

lines showed low vigor and abnormal flower development, with malformed ovules

and aborted pollen grains. Only one flower set fruit, giving several viable seeds. For

H. megalanthus, both abnormal ovules and defective anthers were observed in the

di-haploid (2x) and double di-haploid (4x) lines. Among the 46 di-haploid lines, only 14

set fruit. Another 13 di-haploid lines formed flower buds that abscised before anthesis

or soon after pollination. The severe sterility of the double-haploid H. monacanthus and

the reduced fertility of all the di-haploid and double di-haploid H. megalanthus lines can

be linked to their reduced heterozygosity, which drastically affected the development

of normal female and male organs. We thus concluded that chromosome doubling,

as occurred spontaneously in the double-haploid H. monacanthus and the double

di-haploid H. megalanthus, is not sufficient to restore fertility in Hylocereus. We also

observed very low gametoclonal variation among the di-haploid (2x) H. megalanthus

lines, a finding that supported an autotetraploid, rather than an allotetraploid, origin of

this species. Nonetheless, despite the above-described challenging limitations, these

gamete-derived lines are currently being bred as the seed parent, offering unique

possibilities for genetic research and additional breeding.

Keywords: breeding, gametoclonal variation, gamete-derived progenies, perennial fruit crop, sterility, vine cacti

INTRODUCTION

The genus Hylocereus (Cactaceae) of the vine cacti, known as dragon fruit or pitayas, comprises
15 perennial species (Bauer, 2003). These Hylocereus species bear medium to large (200–800 g)
edible fruits with broad scales, various peel and flesh colors, and numerous small soft seeds
(Tel-Zur et al., 2004a, 2011b). Among these species, those cultivated worldwide include: the
diploids H. undatus and H. monacanthus, which have white, purple or red flesh and a red peel;
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the tetraploid H. megalanthus, with white flesh and a yellow
spiny peel (Lichtenzveig et al., 2000); and the spontaneous
(natural) or induced (artificial) interspecific hybrids of these
three species (Tel-Zur et al., 2012a; Pagliaccia et al., 2015).
Interest in these species has increased markedly in recent years,
since they are regarded as exotic fruit crops with high economic
potential and as a rich source of natural micronutrients (Wu
et al., 2006) and phytochemicals with therapeutic activities
(Song et al., 2016). This rise in interest is indeed reflected in
the registration of many new cultivars in recent years (Lobo
et al., 2016). An important plant characteristic promoting the
expansion of areas under cultivation with these species is their
crassulacean acid metabolism (CAM), which confers exceptional
tolerance to extreme drought: such plants show four- to six-fold
higher water use efficiencies than other fruit crops grown under
similar conditions (Mizrahi et al., 2007). These cactus species are
thus a valuable commodity for dryland farmers in regions with
increasing water scarcity and land degradation.

Despite the growing interest in these fruit crops, they remain
underutilized minor perennial crops, and there is a need for
effective breeding programs to facilitate the expansion of areas
under cultivation. To this end, a long-term breeding program
was begun some three decades ago at Ben-Gurion University of
the Negev (BGU) to develop improved hybrids with superior
fruit quality, good yields, and enhanced tolerance to extreme
temperatures (Tel-Zur, 2013). However, this breeding program—
like many breeding programs for other minor crops—has been
hampered by a variety of factors, including difficulties in applying
molecular and other updated breeding approaches, the limited
genomic information currently available, and the plants’ large
genome size and high heterozygosity (Cisneros and Tel-Zur,
2013; Plume et al., 2013; Pagliaccia et al., 2015). In addition to all
these factors, 6–10 generations of self-pollination are needed to
obtain phenotypically stable homozygote lines. Since Hylocereus
species are perennial species with a prolonged juvenile stage and
a strong self-incompatibility system in the diploid species, the
use of both traditional and advanced breeding approaches faced
severe limitations. There was thus a need to develop the accurate
platform research required to breed these crops.

To meet this need, the first step in the BGU breeding
program was an investigation of the taxonomy and ploidy of the
Hylocereus species. The original classification of H. megalanthus
was performed by Britton and Rose (1920) on the basis of
its unique morphology: since the species has a triangular
stem, like that of all Hylocereus species, and spiny fruits, like
those of Selenicereus, they classified it into a separate genus,
which they named Mediocactus, thereby implying both an
intermediate morphology and an intermediate taxonomic status.
Nonetheless, Bauer has placed this species in the Hylocereus
genus, reflecting the close affinity between this tetraploid species
and the other species of this genus, which are all diploids (Bauer,
2003; Tel-Zur et al., 2011b). The fact that a tetraploid taxon
shares morphological features with two genera (Hylocereus and

Abbreviations: BGU, Ben-Gurion University of the Negev; CAM, crassulacean

acid metabolism; FDR, first division restitution; sd, standard deviation; SDR,

second division restitution; SSR, simple sequence repeat.

Selenicereus), which are also cross compatible (Lichtenzveig et al.,
2000; Tel-Zur et al., 2012b), might imply an allopolyploid origin.
Indeed, early studies suggested an intermediate taxonomic status
forH.megalanthus (Tel-Zur et al., 2004a,b), but no evidence of an
allopolyploid origin was found in later work (Plume et al., 2013).
Thus, the origin of H. megalanthus remains an open question—
one that can perhaps be resolved taking an approach that differs
from the more conventional methodologies described above,
namely, by applying the idea of “gametoclonal variation” put
forward by Morrison and Evans (1987) to describe the variation
observed among plants regenerated from gamete cells in culture.
The regeneration of H. megalanthus plants with half a set of
chromosomes (two instead of four) via anther or ovule culture
may offer an additional tool to explore the origin of this tetraploid
species.

In both H. megalanthus and H. monacanthus, successful
haploid induction via androgenesis or gynogenesis (Garcia et al.,
2009a,b) has paved the way for breeding programs and genetic
studies, since gamete-derived progenies have, theoretically, a
lower level of heterozygosity than that of the parental lines
(Verdoodt et al., 1998). Moreover, favorable outcomes may
be expected from haploid induction, since polymorphism, at
the molecular and phenotypic levels, between the parental line
and the gamete-derived progenies will lead to the creation
of novel phenotypes due to homozygous recessive genes and
gametoclonal variation (Morrison and Evans, 1987). These
outcomes will facilitate a search for molecular markers related to
agronomic traits for plant improvement (Germanà, 2011; Ravi
et al., 2014).

Here, we report a comprehensive evaluation of the gamete-
derived progenies from H. monacanthus and H. megalanthus
that were previously generated by Garcia et al. (2009a,b). On
the basis of a previously reported correlation between ploidy
level and stomatal density for a number of species (Beaulieu
et al., 2008) and also for Hylocereus (Tel-Zur et al., 2011a,b),
we performed a comparative stomatal study between the donor
plants and the putative gamete-derived lines to evaluate the
utility of applying this tool as a preliminary screen for ploidy.
We then confirmed the ploidy level by using flow cytometry.
In parallel, we proved the gamete origin of these lines by using
simple sequence repeat (SSR) markers at the sequencing level.
We also evaluated the gamete-derived progenies in terms of
morphological traits, pollen viability, ovule development, fruit
weight and reproductive potential in comparison with the donor
species. In addition to reporting these findings, in this article we
also address gametoclonal variation in the regenerated di-haploid
H. megalanthus lines, thereby shedding light on the possible
origin of this tetraploid species. Finally, we discuss the value of
these lines for further genomic analysis and breeding programs.

MATERIALS AND METHODS

Plant Material and Growing Conditions
Gamete-derived progenies were obtained through the induction
of androgenesis and gynogenesis (Garcia et al., 2009a,b) in
the framework of the BGU breeding program. Five putative
androgenic lines from H. monacanthus (accession 89-028) and
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70 putative androgenic and gynogenic lines fromH. megalanthus
(accessions 90-002 and 96-663) were generated in 2009, and
ever since then the plants of these lines have been cultivated
in pots in our greenhouse on BGU’s Sede Boqer Campus
(30◦51′8′′N/34◦47′0′′E). Water mixed with fertilizer (70 ppm
N, 9 ppm P, and 70 ppm K) is routinely applied by drip
irrigation all year round, with each plant being irrigated daily
with 0.6 l. The average day/night temperatures in the greenhouse
are 28/12◦C during the cold season and 35/18◦C in the hot
season.

DNA Ploidy Determination Using Flow
Cytometry Analysis
The nucleus extraction process and flow cytometry analysis were
performed as described in Li et al. (2017). The flow cytometer
used was an iCyt SY3200 sorter (Sony Biotechnology, San Jose,
USA) equipped with an 810-nm laser and a 792/50 band-
pass filter for the forward scatter channel (FSC) and a 561-
nm laser with a 605/70 band-pass filter for the PI channel.
DNA ploidy of the gamete-derived progenies was assessed by
comparing their nuclear DNA content with that of the donor
plants. Each plant was analyzed at least three times to verify
reproducibility of the results, and the standard deviation (SD) was
calculated.

Confirmation of the Gamete Origin Using
SSR Markers
Genomic DNA was isolated from epidermis tissues according to
Allen et al. (2006) with an adjusted CTAB buffer [0.05M CTAB,
20mM EDTA, 100mM Tris-HCl (pH 8.0), 3M NaCl, and 1%
polyvinylpyrrolidone (PVP-360) (w/v) added before use]. Since
species-specific SSR primers have not yet been developed for
Hylocereus species, a total of 23 pairs of SSR markers previously
reported for other Cactaceae were used (Table S1). The PCR
reaction was set up as described by Cisneros and Tel-Zur (2013),
and 10 µl of PCR products were separated in non-denaturing 6%
polyacrylamide gels. DNA bands were stained with 0.5 mg/ml
ethidium bromide and photographed using a G-box under UV
light. Allelic bands showing polymorphism between the donor
plant and the gamete-derived lines were isolated from the gel,
as described by Sambrook and Russell (2006), and sequenced.
For DNA sequencing, a CloneJET PCR cloning kit (Thermo
Scientific, cat. no. K1231) was used for the blunting and ligation
steps, according to the protocols supplied by the manufacturer.
Ligation mixtures were transformed using a TransformAid
bacterial transformation kit (Thermo Scientific). A single isolated
colony from a selective LB agar medium (supplemented with
200µg/ml ampicillin) was picked out for overnight bacterial
culture. Plasmid DNA isolation was performed using the
alkaline lysis method (Birnboim and Doly, 1979). To confirm
transformation success, pJET1.2 forward and reverse primers
(Thermo Scientific) were applied, followed by band checking
using electrophoresis.

All the sequences obtained from the SSR locus were
compared against the sequences deposited in GenBank, using the

BLAST programs (http://www.ncbi.nlm.nih.gov/BLAST/), and
the similarities were calculated.

Cytological, Histological, and
Morphological Evaluation
Measurements of the density and length of the stomata were
performed for all the putative gamete-derived H. monacanthus
and H. megalanthus lines by using the silicon rubber imprints
technique (Smith et al., 1989). Flower bud morphology and
size at anthesis were recorded for all the putative gamete-
derived H. megalanthus lines. Flower length was measured with
a measuring tape a few hours before anthesis. Flower width at
anthesis was measured with a caliper at the widest part of the
ovary. At anthesis, 19 and 7 flowers from the gamete-derived
and the somatic tetraploid lines, respectively, were measured.
Fruits were harvested at full maturation and weighed using a
laboratory balance. A total of 186 mature fruits was weighed; 98
from the gamete-derived lines and 88 from the somatic tetraploid
regenerants.

Pollen viability was assessed for all the putative gamete-
derived H. megalanthus lines by staining fresh pollen collected
at anthesis with 2% w/v aceto-carmine. This staining agent was
chosen in light of our previous work showing it to be as suitable
as other staining agents, such as Alexander’s Schiff reagent and
fluorescein diacetate, for staining pollen grains (Tel-Zur et al.,
2005).

Pollen grains with a typical subglobular shape and strong
stainability were scored as viable, while weakly stained grains
and/or those with an atypical shape were scored as aborted. At
least 300 pollen grains from three different flowers per plant were
scored.

Androgenic H. monacanthus flower buds dropped off at
early flower development. We therefore studied ovule and
anther development during several developmental stages. Since
we knew from our previous work (Lichtenzveig et al., 2000)
that meiosis occurs in the donor plant H. monacanthus when
the flower bud reaches 5.0–5.5 cm in length, we collected
flower buds for histological studies at early flower bud
development (1.0–1.5 cm length), following meiosis (5.5–6.0 cm
length) and at late development (12.0–12.5 cm). Tissue fixation,
embedding, sectioning and Harris hematoxylin and eosin-Y
staining protocols were performed as described in Cisneros
et al. (2011). Slides were examined through an Axio ImagerA1
microscope with LED illumination (Zeiss) and photographed
with an AxioCam HRC camera (Zeiss).

Statistical Analysis
For the H. monacanthus lines and for flower morphology and
fruit weight in H. megalanthus lines, we performed one-way
ANOVA using IBM SPSS Statistics software version 22 (IBM
Corp., Armonk, NY, USA), and pairs of means were compared
by a Tukey HSD test (P < 0.05). For the comparisons of mean
parametric groups for stomatal density and length in putative-
gamete derived H. megalanthus lines, data was analyzed using
unpaired t-test with Welch’s correction.
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RESULTS

Ploidy Level Estimation Using Flow
Cytometry
The mean nuclear 2C DNA of the parental species, namely,
the diploid H. monacanthus and the tetraploid H. megalanthus,
were previously reported to be 3.9 and 8.6 pg, respectively (Tel-
Zur et al., 2011b). The genome sizes of the putative gamete-
derived progenies were evaluated and compared with those
of their donor species. For H. monacanthus, no statistically
significant differences were observed between the nuclear DNA
content of the donor parent and that of the five androgenic lines
(Table 1). Since Garcia et al. (2009b) had previously reported a
haploid status for these androgenic H. monacanthus lines during
early development, we assumed that spontaneous chromosome
doubling had subsequently occurred, and thus SSR markers
were used to confirm the gamete origin of these five lines (see
below).

For H. megalanthus, plants of 46 of the 70 putative gamete-
derived lines studied showed half (or close to half) the nuclear
DNA content compared to the tetraploid donor species, thus
confirming their gamete origin (Table 2). For three lines, 432,
1347, and 1736, the nuclear DNA content was similar to that of
the donor species, but their atypical morphology and phenology
suggested a gamete origin, which was subsequently confirmed
using SSR markers (see below).

Confirmation of Gamete Origin Using SSR
Markers
A total of 23 pairs of SSR primers were used to flank the
allelic sequences containing the microsatellites, and the band
patterns of the putative gamete-derived lines and the donor
species were compared. Twenty-one pairs of SSR primers showed
a similar pattern (monomorphism), non-specific amplification,
or amplification failure for Hylocereus (Table S1).

Primer pair Pchi47 successfully segregated a pair of
heterozygous alleles in the diploid H. monacanthus donor
(Figure 1A). The amplified bands from H. monacanthus were
the 118- and 120-bp bands (Figure 1A, Table S2). Only one of
the alleles (118 bp) was detected in all five androgenic lines, thus
proving their male gamete origin. Multiple sequence alignment
of alleles amplified from H. monacanthus and the cactus species
Polaskia chichipe with primer pair Pchi47 indicated different
numbers of repeat motifs in the two species but a high identity of
92.5% (Table S2, Figure S1).

In H. megalanthus, only primer pair Pchi44 showed
polymorphic alleles between the donor species and the
gamete-derived lines. The tetraploid donor H. megalanthus
(accessions 90-002 and 96-663) exhibited five amplified allelic
bands, but only four were observed in the 46 gamete-derived
lines having about half of the total DNA content (Figure 1B).
Three lines (432, 1347, and 1736) with a DNA content similar
to that of the tetraploid donor species also shared only four
bands, thereby proving their gamete origin. The other 21
lines with a DNA content similar to that of the donor species
shared the same five-band pattern as the donor (Figures 1B,C).
The five alleles were termed bands 1-5 according to their

ascending nucleotide lengths, i.e., 121, 123, 137, 220, and 234 bp,
respectively (Figure 1C). In summary, it was found that both the
two donors and the tetraploid regenerants from H. megalanthus
exhibited five bands (bands 1-5) at the SSR locus Pchi44, whereas
the di-haploid and double di-haploid lines exhibited two types of
four-band pattern, namely, type 1 (bands 1, 2, 3, and 5) or type
2 (bands 2, 3, 4, and 5) (Figure 1C). Accordingly, a tetraploid
exhibiting the same band pattern as the di-haploids (type 1 or
type 2) could be identified as a double di-haploid line (of gamete
origin).

Full sequencing data for each allele revealed that the desired
tandem repeat units and full primer sequences were present in all
five alleles (Table S3). Multiple sequence alignment between the
alleles from H. megalanthus and P. chichipe at the microsatellite
site Pchi44 revealed the highest similarity (98.5%) between band
3 from H. megalanthus and the amplified band reported in
P. chichipe (GenBank number: AY147834; Otero-Arnaiz et al.,
2004; Table S3, Figure S2).

Cytological, Histological and
Morphological Evaluation
Hylocereus monacanthus Double Haploid Lines

Plantlets of the five androgenic H. monacanthus lines have been
growing under greenhouse conditions since 2009 (Garcia et al.,
2009a,b). These lines showed inferior characters, including very
slow vegetative development and an extended juvenile stage of
several years. The plants were similar to the donor species in
terms of stem and spine shapes, but differed in floral development
(Weiss et al., 1995; Nerd and Mizrahi, 2010). In the androgenic
plants, the flower buds, which started to develop in October
2013 in two lines (007 and 011) and 1 year later in the other
three, abscised before anthesis (Figures 2A,B). In the very early
floral development stages, the five lines shared a similar flower
bud morphology with that of the donor plant, i.e., green sepals
with a red-violet border (Figure 2A). However, the superior
part of the flower bud was abnormal, showing a flattened and
folded open end (with the sepals folded inside), revealing the
stigma. The pistil and anthers exhibited an atypical deformed
shape (Figures 2B,C). Most of these flower buds dropped off
before anthesis, obviating the possibility of studying pollen
and ovule viability. Histological sections obtained during floral
development (flower buds of 6 cm in length in line 007) showed
an ovary that contained very small shrunken ovules with an
abnormal shape (Figure 2D); in contrast, in the donor plant
(having flower buds of similar length) the ovules were larger
and exhibited a typical plump and globular shape (Figure 2E).
Histological observations were also performed for the anthers of
the line 007 flower buds described above. Those anthers were
strikingly degraded, showing mostly aborted pollen grains with
an atypical triangular shape and, in several parts, a folded-in
tapetum (Figure 2F), while in the donor plant normal tetrads
with the typical almost circular shape were observed (Figure 2G).
In line 011, the single flower that developed fully to anthesis
(Figure 2H) and set fruit in October 2016 (Figure 2I) produced
a fruit that weighed 146.5 g. Fruit weight in the donor plant
averages 355.0± 90.4 g.
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TABLE 1 | Nuclear DNA content, stomatal density and length, and DNA ploidy estimation in five H. monacanthus androgenic lines.

Donor species or

androgenic line code

Nuclear DNA content

(pg/2C ± SD)

Stomatal density

(number per mm2
± SD)

Stomatal length

(µm ± SD)

DNA ploidy

estimated

H. monacanthus* 3.89 ± 0.13a 13.11 ± 0.69c 58.87 ± 2.32a 2x

007 3.83 ± 0.14a 13.17 ± 1.28c 56.05 ± 4.58ab 2x

008 3.7 ± 0.19a 16.2 ± 1.71ab 55.11 ± 6.96ab 2x

010 3.79 ± 0.16a 15.44 ± 1.72b 53.48 ± 6.18b 2x

011 3.96 ± 0.19a 16.67 ± 2.46a 54.43 ± 3.12b 2x

7057 3.63 ± 0.25a 17.48 ± 2.6a 48.05 ± 3.42c 2x

*Nuclear 2C DNA of the donor species, H. monacanthus accession 89-028, was previously reported by Tel-Zur et al. (2011b).

Values with different superscript letters are significantly different (P < 0.05).

Hylocereus megalanthus Di-haploid and Double

Di-haploid Lines

The vegetative development of the gamete-derived
H. megalanthus lines was faster than that reported above
for the androgenic H. monacanthus. These plantlets were also
grown in the greenhouse from 2009, and they started to flower 1
year later. At anthesis, flowers reached an average length of 34.16
± 3.05, 37.4 ± 0.66, and 41.58 ± 2.96 cm for the di-haploid,
double di-haploid (determined only for lines 1347 and 1736)
and tetraploid lines, respectively, with the flowers of the somatic
tetraploid lines reaching a similar average length to that of
the tetraploid donor plants (Weiss et al., 1995; Figures 3A,B).
Statistically significant differences were found between flowers
of the di-haploid lines and those of the tetraploids of somatic
origin (P < 0.0001) (Figure S3). The other measured trait that
showed differences between lines with different ploidy levels
and different origins was the width of the flower bud (the widest
part of the ovary) at anthesis, reaching 2.86 ± 0.33, 3.66 ±

0.18, and 3.40 ± 0.46 cm for the di-haploid, double di-haploid
(determined only for lines 1347 and 1736) and tetraploid lines,
respectively. In addition, for the flowers of the different lines,
statistically significant differences were found between the
di-haploid lines and the tetraploids of somatic origin (P <

0.002) and between the di-haploid lines and the tetraploids
of gamete origin (P < 0.0062) (Figure S4). Finally, failure of
anther dehiscence at anthesis was observed in all the di-haploid
lines.

Pollen viability was 73.7 ± 1.46 and 70.2 ± 3.58% for the
donor lines 90-002 and 96-663, respectively, and was very much
lower in all the gamete-derived lines (Table 2, Figures 3C,D). As
a result of the failure of anther dehiscence at anthesis, pollen from
di-haploid lines was taken from excised anthers and examined.
In nineteen di-haploid lines complete male sterility was observed
(all the pollen grains observed under light microscopy were
aborted), and a range of 3.69± 4.4 to 18.5± 3.16% was found in
another seven di-haploid lines. In addition, extremely low pollen
viability was observed in the double di-haploid lines (432, 1347,
and 1736), i.e., 9.81 ± 6.20, 8.15 ± 6.19, and 7.17 ± 4.50%,
respectively (Table 2), even though normal anther dehiscence at
anthesis was observed in these lines.

Well-developed ovules were observed in the donor plant
(Figure 3E). In the gamete-derived lines, most of the flowers

aborted before anthesis or soon after pollination. The abscised
flowers examined revealed that most of the ovules were
abnormally shaped, and only few showed the typical form
(Figure 3F). Average fruit weight for fourteen di-haploid lines
varied from 30.6 ± 7.1 to 202.9 ± 79.5 g (Table 2). Statistically
significant differences in fruit weight were found between the
di-haploid lines and the tetraploids of somatic origin (P <

0.0125) and between the tetraploids of somatic origin and
the tetraploids of gamete origin (P < 0.0083) (Figure S5).
No significant differences were found in terms of fruit weight
between all the lines of gamete origin (di-haploids and double
di-haploid) (P < 0.1571) (Figure S5). Fruit weight in the
tetraploid donor lines 90-002 and 96-663 was 130 ± 52 and
143 ± 57 g, respectively (Figure 3G, Table 2). Fruit weight
was low in the double di-haploid lines, being 10.5 ± 0.5 and
91.5 ± 19.9 g for lines 432 and 1736, respectively. In the
double di-haploid lines, aborted (brown) and viable (black) seeds
were observed (Figure 3H). Line 1347 has not yet set fruit
(Table 2).

Correlation between Stomatal
Characteristics and Ploidy Level
The diploid donor H. monacanthus exhibited a lower stomatal
density and a higher stomatal length than the androgenic
H. monacanthus double-haploid lines (Table 1), with statistically
significant differences in these two parameters being observed
between some of the androgenic lines and the donor plant
(Table 1). However, since all five androgenic lines and the donor
H. monacanthus are diploid plants, neither stomatal density nor
stomatal length can be used as indicative measures of ploidy
level.

For H. megalanthus, the di-haploids showed significantly
higher stomatal density and a shorter stomatal length than the
tetraploids (both at the level of P < 0.0001) (Figures 4A,B). For
the di-haploids the average stomatal density was 15.17± 3.06 per
mm2 [95% confidence interval (CI): 14.26–16.08 per mm2], and
the average stomatal length was 60.01± 5.41µm (95% CI: 58.41–
61.63µm), whereas for the tetraploid lines (except the double
di-haploid line 1347) the values for average stomatal density and
length were 6.81 ± 1.75 per mm2 (95% CI: 6.1–7.51 per mm2)
and 70.22± 4.47µm (95% CI: 68.41–72.02µm), respectively.
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TABLE 2 | Nuclear DNA content, stomatal density and length, pollen viability, fruit weight and DNA ploidy estimation in putative gamete-derived lines from the tetraploid

donor H. megalanthus (accessions 90-002 and 96-663).

Line code Nuclear DNA content

(pg/2C ± SD)

Stomatal density

(number per mm2
± SD)

Stomatal length

(µm ± SD)

Pollen viability

(% ± SD)

Fruit weight

(g ± SD )

DNA ploidy

estimated

90-002 8.57 ± 0.40� 6.82 ± 2.11 64.8 ± 4.24 73.7 ± 1.46 130 ±52.5 4x

96-663 8.61 ± 0.28 6.99 ± 1.75 78.5 ± 2.61 70.2 ± 3.58 143 ±57.6 4x

5 3.77 ± 0.11 17.19 ± 2.21 50.14 ± 8.07 ND ND 2x

6 4.08 ± 0.22 18.18 ± 2.28 66.81 ± 3.48 ND ND 2x

8 3.94 ± 0.15 14.61 ± 2.59 65.13 ± 4.96 18.5 ± 3.16 112.0 ± 52.7 2x

9 4.41 ± 0.05 13.93 ± 1.17 65.26 ± 3.16 ND ND 2x

19 4.33 ± 0.25 12.06 ± 1.61 57.16 ± 2.41 0 ND** 2x

23 4.09 ± 0.18 15.79 ± 2.62 66.33 ± 2.76 ND ND 2x

26 4.41 ± 0.27 15.38 ± 1.68 65.39 ± 3.33 0 88.8 ± 83.6 2x

43 4.57 ± 0.07 14.57 ± 2.26 61.37 ± 4.85 3.69 ± 4.4 71.0 ± 64.8 2x

45 3.8 ± 0.15 12.88 ± 2.27 66.13 ± 3.77 0 ND** 2x

58 4.35 ± 0.26 15.09 ± 2.92 61.43 ± 6.53 ND ND 2x

60 4.57 ± 0.16 16.55 ± 3.24 63.99 ± 3.22 ND ND 2x

74 4.36 ± 0.12 14.1 ± 2.55 58.89 ± 4.42 0 ND** 2x

90 4.06 ± 0.19 14.22 ± 1.93 59.45 ± 5.87 ND ND 2x

92 4.19 ± 0.21 14.63 ± 2.22 66.23 ± 2.39 0 ND** 2x

96 4.39 ± 0.14 15.44 ± 2.98 68.65 ± 3.28 ND ND 2x

97 4.32 ± 0.05 14.68 ± 1.89 67.88 ± 2.47 0 ND** 2x

110 4.30 ± 0.24 16.67 ± 2.86 57.58 ± 3.17 0 151.6 ±70.7 2x

111 4.57 ± 0.12 16.32 ± 2.4 63.3 ± 4.14 0 ND** 2x

121 3.95 ± 0.11 13.69 ± 1.72 57.22 ± 2.87 0 57.6 ± 21.5 2x

122 4.11 ± 0.24 18.53 ± 2.85 58.39 ± 4.28 ND ND 2x

124 3.97 ± 0.14 14.16 ± 1.4 57.59 ± 5.92 0 ND** 2x

125 4.22 ± 0.15 11.13 ± 1.34 64.29 ± 4.04 0 129.1 ± 88.0 2x

128 4.35 ± 0.15 16.84 ± 2.18 62.34 ± 4.88 0 ND** 2x

129 4.48 ± 0.23 13.64 ± 2.12 63.64 ± 3.27 0 ND** 2x

160 8.32 ± 0.19 5.59 ± 1.41 74.49 ± 4.46 68.77 ± 2.68 106.5 ± 34.9 4x

162 8.75 ± 0.28 6.24 ± 1.19 79.33 ± 3.86 ND ND 4x

183 9.15 ± 0.31 5.94 ± 1.27 71.21 ± 3.04 70.51 ± 2.32 ND** 4x

199 8.04 ± 0.15 5.94 ± 1.35 70.18 ± 2.89 ND ND 4x

201 8.61 ± 0.5 7.58 ± 1.91 73.31 ± 3.32 73.92 ± 1.97 96.65 ±19.6 4x

217 8.85 ± 0.41 6.18 ± 1.64 66.48 ± 3.67 ND ND 4x

219 8.87 ± 0.47 8.33 ± 1.43 74.02 ± 2.8 ND 155.9 ± 123.7 4x

227 8.45 ± 0.42 5.89 ± 1.62 73.48 ± 3.98 ND ND 4x

229 8.29 ± 0.09 6.64 ± 1.68 72.66 ± 5.06 78.49 ± 1.76 115.9 ±83.8 4x

235 8.56 ± 0.37 8.62 ± 2.55 69.35 ± 4.3 ND ND 4x

244 8.76 ± 0.3 6.06 ± 1.7 65.07 ± 6.34 ND ND 4x

247 8.48 ± 0.3 7.87 ± 1.7 73.69 ± 2.86 64.52 ± 3.65 151.5 ± 61.9 4x

264 8.28 ± 0.13 5.13 ± 1.65 73.22 ± 5.01 73.5 ± 0.84 ND** 4x

270 8.72 ± 0.08 6.18 ± 1.82 69.37 ± 2.88 74.43 ± 1.22 49.2 ± 27.6 4x

293 9.1 ± 0.14 6.06 ± 1.19 61.33 ± 6.68 70.38 ± 2.4 167.5 ± 78.2 4x

373 4.45 ± 0.2 15.15 ± 1.33 61.15 ± 1.9 ND ND 2x

387 4.29 ± 0.26 26.86 ± 5.06 60.13 ± 4.62 0 61.3 ± 38.0 2x

388 3.79 ± 0.17 15.21 ± 1.73 61.03 ± 3.18 ND ND 2x

422 4.35 ± 0.16 13.93 ± 2.81 38.98 ± 2.96 ND ND 2x

423 4.5 ± 0.15 15.71 ± 2.11 56.73 ± 3.41 ND ND 2x

425 4.25 ± 0.19 8.86 ± 1.83 59.87 ± 3.67 ND ND 2x

(Continued)
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TABLE 2 | Continued

Line code Nuclear DNA content

(pg/2C ± SD)

Stomatal density

(number per mm2
± SD)

Stomata length

(µm ± SD)

Pollen viability

(% ± SD)

Fruit weight

(g ± SD )

DNA ploidy

estimated

426 3.97 ± 0.27 18.65 ± 2.49 57.35 ± 4.97 ND 114.5 ± 92.0 2x

427 4.52 ± 0.18 13 ± 1.7 63.17 ± 4.76 0 119.4 ± 72.0 2x

429 4.44 ± 0.04 16.49 ± 2.74 56.57 ± 5.52 8.16 ± 5.15 ND 2x

432 8.14 ± 0.21 6.99 ± 1.78 60.94 ± 4.47 9.81 ± 6.2 10.5 ± 0.5 4x

481 4.29 ± 0.22 11.71 ± 2.26 64.23 ± 3.92 12.58 ± 5.1 90.3 ± 40.6 2x

567 3.87 ± 0.1 12.24 ± 2.39 54.96 ± 2.73 0 30.6 ± 7.1 2x

569 4.40 ± 0.16 12.94 ± 2.32 57.26 ± 6.43 0 ND** 2x

1060 4.38 ± 0.13 14.28 ± 2.06 54.31 ± 6.05 4.26 ± 9.26 149.3 ± 97.0 2x

1341 4.34 ± 0.14 14.22 ± 2.19 61.26 ± 4.46 ND ND 2x

1347 8.25 ± 0.1 13.75 ± 1.43 65.49 ± 10.92 8.15 ± 6.19 ND** 4x

1348 4.14 ± 0.03 25.87 ± 8.88 51.96 ± 1.79 0 ND** 2x

1515 3.81 ± 0.14 15.62 ± 2.2 60.97 ± 5 ND ND 2x

1516 3.74 ± 0.08 15.09 ± 3.77 62.75 ± 5.41 ND ND 2x

1722 8.41 ± 0.09 6.01 ± 1.05 69.33 ± 4.68 ND ND 4x

1729 9.17 ± 0.21 4.95 ± 1.38 69.88 ± 4.45 79.88 ± 1.69 150.3± 25.2 4x

1736 8.28 ± 0.2 6.12 ± 1.43 74.32 ± 3.78 7.17 ± 4.5 91.5± 19.9 4x

1846 4.6 ± 0.27 15.85 ± 1.94 54.39 ± 1.85 6.85 ± 5.5 ND** 2x

2195 4.24 ± 0.1 14.57 ± 1.8 56.28 ± 3.21 ND ND** 2x

2691 4.35 ± 0.11 13.11 ± 2.19 62.23 ± 4.63 ND ND** 2x

2719 4.53 ± 0.19 13.64 ± 3.51 56.72 ± 3.25 0 76.1 ± 28.9 2x

2720 4.08 ± 0.18 14.63 ± 2.53 54.02 ± 3.75 5.46 ± 1.97 202.9 ± 79.5 2x

3081 8.52 ± 0.15 6.35 ± 1.26 70.79 ± 5.39 ND 103.8 ± 31.4 4x

3085 8.97 ± 0.41 5.54 ± 1.31 72.48 ± 4.55 70.37 ± 1.8 127.1 ± 75.4 4x

3099 9.16 ± 0.19 6.76 ± 1.89 75.51 ± 6.78 ND 146.8 ± 33.2 4x

3131 9.1 ± 0.29 6.47 ± 2.3 69.61 ± 4.43 83.01 ± 2.31 153.3 ± 56.3 4x

ND, Not determined.
�Nuclear 2C DNA of the donor 90-002 was previously reported by Tel-Zur et al. (2011b).

**Abortion during fruit maturation or less than three matured fruits.

DISCUSSION

In ovule or anther culture, plants can regenerate not only from

gamete cells but also from somatic cells. Several plant species

produce both reduced (n) and unreduced (2n) gametes with
the somatic chromosome number (Bretagnolle and Thompson,
1995). Unreduced (2n) gametes (pollen or ovules) result from
meiotic dysfunction, mainly as a result of two processes, namely,
first division restitution (FDR) and second division restitution
(SDR), which occur during abnormal first and second meiotic
divisions, respectively (Bretagnolle and Thompson, 1995 and
references therein). FDR gametes have two non-sister chromatids
and exhibit levels of heterozygosity similar to those of the
parent (maintaining all the parental genes except cross-over
fragments), while SDR type gametes have two sister chromatids
and exhibit lower levels of heterozygosity than those the parent
(Bretagnolle and Thompson, 1995; Younis et al., 2014). Thus,
a diploid status and a lower level of allelic diversity can be
attributed either to an unreduced (2n) male gamete from SDR
(the sister chromatids do not separate during the second meiotic
division) or to spontaneous chromosome doubling in a haploid
(n) male gamete, which restores the diploid status. However, for

the diploid H. monacanthus there is evidence only of normal
reduced gamete formation (Tel-Zur et al., 2003) and regular
chromosome disjunction at anaphase I (Lichtenzveig et al., 2000),
suggesting only a negligible occurrence of unreduced gametes in
this species. Ploidy estimation (using flow cytometry analysis) for
these five lines showed the same ploidy as the donor (Table 1).
Nonetheless, these lines exhibited a lower level of allelic diversity
in comparison with the donor plant (Figure 1A), and therefore
they were identified as true androgenic double-haploid lines.
Thus, we can assume that spontaneous chromosome doubling
occurred during early plant development in all five androgenic
H. monacanthus lines.

The tetraploid H. megalanthus is known to produce both
normal reduced (n) gametes and unreduced (2n) gametes (Tel-
Zur et al., 2003). Ploidy estimation for the putative gamete-
derived H. megalanthus lines showed 46 diploids and 24
tetraploids (Table 2), where the diploids are indeed true gamete-
derived lines (“di-haploid lines”). Among the 24 lines estimated
as tetraploids, 21 lines showed the same five-band pattern as
the donor line. This finding could indicate a somatic rather
than a gamete-derived origin, but unreduced gametes of the
FDR type possess levels of heterozygosity that are identical or
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FIGURE 1 | Polyacrylamide gel electrophoresis. (A) H. monacanthus amplified alleles from the microsatellite site Pchi47. Two alleles were observed in the diploid

donor H. monacanthus but only one in the androgenic lines. Lane L: 100-bp DNA ladder; Lane D: donor plant H. monacanthus; Lanes 1–5: the resulting androgenic

lines: 007 (1); 008 (2); 010 (3); 011 (4); and 7057 (5). (B) H. megalanthus amplified alleles from the microsatellite site Pchi44. Five alleles were observed in the tetraploid

donor and somatic or FDR lines and four alleles were observed in the double di-haploid (gamete-derived) lines. Lane L: 100-bp DNA ladder; Lane D: donor plants

(accessions 90-002 and 96-663); Lanes 1, 2, 3 and 7, 8: di-haploid gamete-derived lines; Lanes 4–6: double di-haploid (gamete-derived) lines, 432 (4); 1347 (5);

1736 (6). (C) Schematic analysis of band pattern types following amplification with Pchi44 in H. megalanthus. Arrows indicate the positions and nucleotide lengths of

the DNA bands.

close to identical with those of the parent. Furthermore, the
origin of the three double di-haploid (432, 1347, and 1736)
lines could derive either from a normal reduced gamete that
had subsequently undergone spontaneous chromosome doubling
or from unreduced gametes of the SDR type. Additional work
using cytological, morphological and/or phenotypic markers—
alongside molecular tools—is required to reveal the origin of
these lines and to further examine their potential value for
breeding.

On the basis of the general correlation between genome size
(or ploidy) and stomatal parameters, extensive attempts have
been made to develop methodologies for rapid pre-screening
and ploidy estimation in plant species (see Germanà, 2011 and
references within). In our hands, we found that stomatal density
was a good proxy for the preliminary estimation of ploidy in
gamete-derived H. megalanthus lines, since only few values were
outliers or overlapped in the 2x and 4x results (Figure 4A).

In contrast, considerable overlapping ranges in stomatal length
were found between di-haploid and tetraploid regenerated lines
(Figure 4B).

The five double-haploid H. monacanthus lines showed low
vigor and developed abnormal flowers with malformed ovules
and aborted pollen grains. Thus, the main obstacle to using
double-haploid H. monacanthus lines in breeding programs is
the severe male and female infertility of these lines, in keeping
with the low fertility in double-haploid lines that has also been
reported in other plant species. Joyce et al. (2003) suggested
that under in vitro culture conditions a high level of mutations
gives rise to deleterious characteristics. In a study on Solanum,
low fertility was attributed to an aneuploid status, with 2C
values deviating from those of the normal euploid (Valkonen
et al., 1994). In robusta coffee (Coffea canephora), only half
the double-haploid lines that had been planted out survived
field conditions, and those lines showed low vigor and reduced
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FIGURE 2 | Reproductive parts of the diploid donor H. monacanthus and androgenic H. monacanthus lines. (A) Flower bud from the androgenic line 007, showing an

atypical folded end (scale bar 1 cm). (B) Aborted open flower bud from the androgenic line 011 (scale bar 1 cm). (C) Deformed anther detached from an aborted

flower bud of androgenic line 011 (scale bar 200µm). (D–G) Histological sections of flower buds having the same length (6 cm), as follows: (D) Androgenic line 007

showing abnormal ovules (scale bar 100µm), with a close-up of a shrunken ovule in the upper right-hand inset (scale bar 10µm), (E) Well-developed ovules of the

diploid donor (scale bar 100µm), (F) Anther of the androgenic line 007 showing aborted tetrads, and a few uninucleate microspores with an atypical triangular shape

(scale bar 100µm), with a close-up of aborted pollen grains in the upper right-hand inset (scale bar 10µm) (G) Anther of the diploid donor showing well-developed

and viable tetrads (scale bar 100µm), with a close-up of viable grains in the upper right-hand inset (scale bar 10µm). (H) Anthesis in the androgenic line 011 (scale

bar 1 cm), and (I) Mature fruit from line 011 (scale bar 1 cm).

fertility, suggesting a strong negative effect of homozygosity on
vigor and reproductive characteristics (Lashermes et al., 1994). In
apple (Malus× domestica), double-haploid lines also showed low

vigor, together with compressed tree architecture and abnormal
flower morphology (Höfer and Flachowsky, 2015). In double-
haploid cocoa lines (Theobroma cacao), fertility varied from
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FIGURE 3 | H. megalanthus (A,C,E,G) and gamete-derived H. megalanthus lines (B,D,F,H). (A,B) Flower at anthesis in the donor plant and in the di-haploid line 74

(scale bar 1 cm). (C,D) Well-stained pollen grains with a normal subglobular shape and a single aborted grain (arrow) in the donor plant, and aborted (shrunken and

unstained) pollen grains from the di-haploid line 1060 showing a single well stained grain (arrow) (scale bar 50µm). (E,F) Ovules at anthesis in the donor plant (normal

shaped) and in the double di-haploid line 1347 showing a single normal developed ovule (arrow) and several aborted ovules (scale bar 0.5mm). (G,H) Mature fruit in

the donor plant and in the di-haploid line 8, showing aborted (brown) and viable (black) seeds (scale bar 2 cm).

levels similar to those of the diploid donor to very low levels,
which were not improved upon grafting (Lanaud, 1987). The
reduced fertility in these cocoa lines, which was manifested in the

abnormal development of female and male organs (as expressed
by both pollen abortion and the lack of normal differentiation
of embryo sacs), was attributed to the phenomenon known as
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FIGURE 4 | Putative gamete-derived H. megalanthus lines. All the di-haploid lines were regarded as one group, and all the tetraploid lines, as another group.

(A) Association between DNA ploidy and stomatal density (P-value: <0.0001, F-test P-value: 0.0036). (B) Association between DNA ploidy and stomatal length

(P-value: <0.0001, F-test P-value: 0.3071). Data was analyzed using unpaired t-test with Welch’s correction.

“homozygote depression” that is forced in cross-fertilized species
(Lanaud, 1987). Similar findings were obtained for our double-
haploidH.monacanthus lines, i.e., low vigor and abnormal flower
development.

The di-haploid and double di-haploid H. megalanthus lines
were female fertile to different degrees (Table 2). Among the
46 di-haploid lines, 14 set fruit, with a wide range of average
fruit weights between lines and a large standard deviation at
the line level (Table 2); performances therefore ranged from
“similar to donor lines” to “very low female fertility.” Reduced
fruit weight was found in all the lines of gamete origin
(di-haploids and double di-haploids) in comparison with the
tetraploids of somatic origin (Figure S5). Some of these di-
haploid and double di-haploid lines were controlled crossed
with pollen donors from other Hylocereus species (interspecific
crosses); fruits of these interspecific crosses reached maturity
and contained viable seeds (data not shown). These new
interspecific hybrids will be used for continuing the breeding
program and further genetic studies. Although another 13 di-
haploid lines did bloom (and pollen viability was measured), the
developing fruits abscised before maturation (or set less than
three fruits). Similar to the reduced fertility discussed above for
H. monacanthus, reduced fertility in H. megalanthus might be
linked to the abnormal ovules produced in the di-haploid and
double di-haploid lines (Figure 3F). Thus, it is likely that for this
tetraploid species, too, reduced heterozygosity drastically affected
viability, supporting once more the theory of “homozygote
depression.”

Male fertility (measured as the percentage of pollen grain
viability) was low for all the di-haploid and double di-
haploid H. megalanthus lines, i.e., from very low levels to
totally sterile lines (Table 2). In haploid lines, chromosome
doubling is needed to restore fertility (Germanà, 2011).
However, in our hands, the three double di-haploid
H. megalanthus lines and the above-described double-
haploid H. monacanthus lines also showed very low level of
pollen viability, pointing to the simple fact that doubling the
set of chromosomes was not sufficient to restore fertility

in gamete-derived H. monacanthus or H. megalanthus
lines.

Knowledge about the origin of the species in any crop
improvement program is fundamental to the success of the
project. In this regard, our above-described findings support
Bauer’s taxonomy that placed the tetraploid H. megalanthus
in the same taxon as the diploid Hylocereus species (Bauer,
2003). Further support comes from the study of Plume et al.
(2013), which showed a low level of polymorphism within or
among H. megalanthus accessions, meaning an autopolyploid
rather than an allopolyploid origin. Their findings, in turn, are
corroborated by the almost insignificant gametoclonal variation
(namely, variation in plant morphology) observed in our study
in the di-haploid H. megalanthus lines in comparison with the
donor plant: the only difference lay in the size of the floral
organs (bud length and width) of the di-haploid lines, which was
smaller than that of the tetraploids (Figures S3, S4) These findings
contrast with the wide variability in plant morphology reported
for a di-haploid potato by Rousselle-Bourgeois and Rousselle
(1992).

CONCLUDING REMARKS

Among the different facets of our long-term breeding and
research program for expanding the cultivation of Hylocereus—
as a new emerging fruit crop—an attempt was made to improve
breeding efficiency by the development of gamete-derived lines
in two Hylocereus species. The current study shows that the use
of double-haploid H. monacanthus lines is severely limited by
the sterility of these lines. Nonetheless, hybrid plants produced
from the single fruit that was obtained from the interspecific
cross of the double haploid H. monacanthus line 011 as the
female parent are currently growing in our greenhouse, and
additional efforts to obtain more progeny will be made in the
near future. Hybrids from some of the di-haploid and double
di-haploid H. megalanthus lines are also currently growing in
our greenhouse. For these lines, the pollen grains were almost
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totally sterile, but the ovules showed different levels of fertility.
Thus, in practice, these lines are male sterile (require cross
pollination) but they are female fertile to different degrees and
can therefore be used to develop new hybrids. Although, the
number of produced hybrids was limited and probably lower
than that desirable for intensive breeding, this new plant material
offers unique possibilities for genetic research and breeding.

AUTHOR CONTRIBUTIONS

DL and NT-Z conceived the experimental design, DL conducted
the cytological and molecular assessments, MA performed the
morphological evaluation, RS conducted the histological work,
and DL and NT-Z wrote the manuscript. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

We thank Drs. U. Zurgil and A. Cisneros Peña andMr. J. Mouyal
for technical assistance and Ms. Inez Mureinik for editing the
manuscript. D. Li’s scholarship was partially support by A. Katz
International School for Desert Studies, Ben-Gurion University
of the Negev. The project was sponsored by Jewish Fund for
the Future, Goldinger Foundation and The Frances and Elias
Margolin Trust.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2017.
02142/full#supplementary-material

REFERENCES

Allen, G. C., Flores-Vergara, M. A., Krasynanski, S., Kumar, S., and Thompson,

W. F. (2006). A modified protocol for rapid DNA isolation from plant

tissues using cetyltrimethylammonium bromide. Nat. Protoc. 1, 2320–2325.

doi: 10.1038/nprot.2006.384

Bauer, R. (2003). A synopsis of the tribe Hylocereeae F. Buxb. Cactaceae Syst.

Initiat. 17, 3–63.

Beaulieu, J. M., Leitch, I. J., Patel, S., Pendharkar, A., and Knight, C. A.

(2008). Genome size is a strong predictor of cell size and stomatal density

in angiosperms. New Phytol. 179, 975–986. doi: 10.1111/j.1469-8137.2008.

02528.x

Birnboim, H. C., and Doly, J. (1979). A rapid alkaline extraction procedure

for screening recombinant plasmid DNA. Nucleic Acids Res. 24, 1513–1523.

doi: 10.1093/nar/7.6.1513

Bretagnolle, F., and Thompson, J. D. (1995). Gametes with the somatic

chromosome number: mechanisms of theis formation and role

in the evolution of autopolyploid plants. New Phytol. 129, 1–22.

doi: 10.1111/j.1469-8137.1995.tb03005.x

Britton, N. L., and Rose, J. N. (1920). “Hylocereanae,” in The Cactaceae:

Descriptions and Illustrations of Plants of the Cactus Family, Vol. 2 (Washington,

DC: The Carnegie Institution of Washington).

Cisneros, A., Garcia, R. B., and Tel-Zur, N. (2011). Ovule morphology and seed

development in three Hylocereus species (Cactaceae). Flora 206, 1076–1084.

doi: 10.1016/j.flora.2011.07.013

Cisneros, A., and Tel-Zur, N. (2013). Genomic analysis in three Hylocereus species

and their progeny: evidence for introgressive hybridization and gene flow.

Euphytica 194, 109–124. doi: 10.1007/s10681-013-0979-y

Garcia, R. B., Cisneros, A., Schneider, B., and Tel-Zur, N. (2009a). Gynogenesis

in the vine cacti Hylocereus and Selenicereus (Cactaceae). Plant Cell Rep. 28,

719–726. doi: 10.1007/s00299-009-0687-1

Garcia, R. B., Schneider, B., and Tel-Zur, N. (2009b). Androgenesis in the vine

cacti Selenicereus and Hylocereus (Cactaceae). Plant Cell Tissue Organ Cult. 96,

191–199. doi: 10.1007/s11240-008-9475-9

Germanà, M. A. (2011). Anther culture for haploid and doubled

haploid production. Plant Cell Tissue Organ Cult. 104, 283–300.

doi: 10.1007/s11240-010-9852-z

Höfer, M., and Flachowsky, H. (2015). Comprehensive characterization of plant

material obtained by in vitro androgenesis in apple. Plant Cell Tissue Organ

Cult. 122, 617–628. doi: 10.1007/s11240-015-0794-3

Joyce, S. M., Cassalles, A. C., and Jain, S. M. (2003). Stress and aberrant

phenotypes in in vitro culture. Plant Cell Tissue Organ Cult. 74, 103–121.

doi: 10.1023/A:1023911927116

Lanaud, C. (1987). Double haploids of cocoa (Theobroma cacao L.) 1. Observations

of fertility. Plant Breed. 99, 187–195. doi: 10.1111/j.1439-0523.1987.tb01171.x

Lashermes, P., Couturon, E., and Charrier, A. (1994). Double haploids of Coffea

canephora: development, fertilty and agronomic characteristics. Euphytica 149,

149–157. doi: 10.1007/BF00033781

Li, D., Cisneros, A., and Tel Zur, N. (2017). An improved protocol

for flow cytometry analysis of dragon fruit (Hylocereus spp.) -

species with a high polysaccharide content. Sci. Hort. 220, 130–133.

doi: 10.1016/j.scienta.2017.03.033

Lichtenzveig, J., Abbo, S., Nerd, A., Tel-Zur, N., and Mizrahi, Y. (2000). Cytology

and mating systems in the climbing cacti Hylocereus and Selenicereus. Am. J.

Bot. 87, 1058–1065. doi: 10.2307/2657005

Lobo, R., Tanizaki, G., and de Soto, J. F. (2016). Pitahaya (Dragon fruit). Register

of new fruit and nut cultivars list 48. HortScience 51, 641–643.

Mizrahi, Y., Raveh, E., Yossov, E., Nerd, A., and Ben-Asher, J. (2007). “New fruit

crops with high water use efficiency,” in Issues In New Crops and New Uses, ed

J. Janick (Alexandria, VA: ASHS), 216–222.

Morrison, R. A., and Evans, D. A. (1987). Gametoclonal variation. Plant Breed. Rev.

5, 359–391. doi: 10.1002/9781118061022.ch9

Nerd, A., and Mizrahi, Y. (2010). “Reproductive biology of cactus fruit crops,” in

Horticultural Reviews, Vol. 18, ed J. Janick (Oxford: John Wiley & Sons, Inc.),

321–346.

Otero-Arnaiz, A., Cruse-Sanders, J., Casas, A., and Hamrick, J. L. (2004). Isolation

and characterization of microsatellites in the columnar cactus: Polaskia chichipe

and cross-species amplification within the Tribe Pachycereeae (Cactaceae).Mol

Ecol. Notes 4, 265–267. doi: 10.1111/j.1471-8286.2004.00642.x

Pagliaccia, D., Vidalakis, G., Douhan, G. W., Lobo, R., and Tanizaki, G. (2015).

Genetic characterization of pitahaya accessions based on amplified fragment

length polymorphism analysis. HortScience 50, 332–336.

Plume, O., Straub, S. C., Tel-Zur, N., Cisneros, A., Schneider, B., and

Doyle, J. J. (2013). Testing a hypothesis of intergeneric allopolyploidy

in vine cacti (Cactaceae: Hylocereeae). Syst. Bot. 38, 737–751.

doi: 10.1600/036364413X670421

Ravi, M., Marimuthu, M. P. A., Tan, E. H., Maheshwari, S., Henry, I. M., Marin-

Rodriguez, B., et al. (2014). A haploid genetics toolbox for Arabidopsis thaliana.

Nat. Commun. 5, 5334. doi: 10.1038/ncomms6334

Rousselle-Bourgeois, F., and Rousselle, P. (1992). Création et selection de

populations diploids de pomme de terre (Solanum tuberosum L.). Agronomie

12, 59–67. doi: 10.1051/agro:19920105

Sambrook, J., and Russell, D. W. (2006). Purification of nucleic acids by

extraction with phenol:chloroform. Cold Spring Harb. Protoc. 356–359.

doi: 10.1101/pdb.prot4455

Smith, S., Weyers, J. D B., and Berry, W. G. (1989). Variation in stomatal

characteristics over the lower surface ofCommelina communis leaves. Plant Cell

Environ. 12, 653–659. doi: 10.1111/j.1365-3040.1989.tb01234.x

Song, H., Zheng, Z., Wu, J., Lai, J., Chu, Q., and Zheng, X. (2016).

White pitaya (Hylocereus undatus) juice attenuates insulin resistance and

Frontiers in Plant Science | www.frontiersin.org 12 January 2018 | Volume 8 | Article 2142

https://www.frontiersin.org/articles/10.3389/fpls.2017.02142/full#supplementary-material
https://doi.org/10.1038/nprot.2006.384
https://doi.org/10.1111/j.1469-8137.2008.02528.x
https://doi.org/10.1093/nar/7.6.1513
https://doi.org/10.1111/j.1469-8137.1995.tb03005.x
https://doi.org/10.1016/j.flora.2011.07.013
https://doi.org/10.1007/s10681-013-0979-y
https://doi.org/10.1007/s00299-009-0687-1
https://doi.org/10.1007/s11240-008-9475-9
https://doi.org/10.1007/s11240-010-9852-z
https://doi.org/10.1007/s11240-015-0794-3
https://doi.org/10.1023/A:1023911927116
https://doi.org/10.1111/j.1439-0523.1987.tb01171.x
https://doi.org/10.1007/BF00033781
https://doi.org/10.1016/j.scienta.2017.03.033
https://doi.org/10.2307/2657005
https://doi.org/10.1002/9781118061022.ch9
https://doi.org/10.1111/j.1471-8286.2004.00642.x
https://doi.org/10.1600/036364413X670421
https://doi.org/10.1038/ncomms6334
https://doi.org/10.1051/agro:19920105
https://doi.org/10.1101/pdb.prot4455
https://doi.org/10.1111/j.1365-3040.1989.tb01234.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Li et al. Characterization of Gamete-Derived Dragon-Fruit Lines

hepatic steatosis in diet-induced obese mice. PLoS ONE 11:e0149670.

doi: 10.1371/journal.pone.0149670

Tel-Zur, N. (2013). “Pitahayas: introduction, agrotechniques and breeding,” in

Proceeding of the VIIth International Congress on Cactus Pear and Cochineal,

Vol. 995, eds A. Nefzaoui, P. Inglese, and G. Liguori (Agadir), 109–115.

Tel-Zur, N., Abbo, S., Bar-Zvi, D., and Mizrahi, Y. (2003). Chromosome doubling

in vine cacti hybrids. J. Hered. 94, 329–333. doi: 10.1093/jhered/esg064

Tel-Zur, N., Abbo, S., Bar-Zvi, D., and Mizrahi, Y. (2004a). Genetic relationships

among Hylocereus and Selenicereus vine cacti (Cactaceae): evidence

from hybridization and cytological studies. Ann. Bot. 94, 527–534.

doi: 10.1093/aob/mch183

Tel-Zur, N., Abbo, S., Bar-Zvi, D., and Mizrahi, Y. (2004b). Clone identification

and genetic relationship among vine cacti from the genera Hylocereus

and Selenicereus based on RAPD analysis. Sci. Hortic. 100, 279–289.

doi: 10.1016/j.scienta.2003.09.007

Tel-Zur, N., Abbo, S., and Mizrahi, Y. (2005). Cytogenetics of semi-fertile

triploid and aneuploid intergeneric vine cacti hybrids. J. Hered. 96, 124–131.

doi: 10.1093/jhered/esi012

Tel-Zur, N., Dudai, M., Raveh, E., and Mizrahi, Y. (2011a). In situ induction

of chromosome doubling in vine cacti (Cactaceae). Sci. Horti. 129, 570–576.

doi: 10.1016/j.scienta.2011.04.027

Tel-Zur, N., Dudai,M., Raveh, E., andMizrahi, Y. (2012a). Selection of interspecific

vine cacti hybrids (Hylocereus spp.) for self-compatibility. Plant Breed. 131,

681–685. doi: 10.1111/j.1439-0523.2012.01992.x

Tel-Zur, N., Mizrahi, Y., Cisneros, A., Mouyal, J., Schneider, B., and

Doyle, J. (2011b). Phenotypic and genomic characterization of vine

cactus collection (Cactaceae). Genet. Resour. Crop Evol. 58, 1075–1085.

doi: 10.1007/s10722-010-9643-8

Tel-Zur, N., Mouyal, J., Cisneros, A., and Mizrahi, Y. (2012b). Intergeneric

hybridization within the tribe Hylocereeae, subfamily Cactoideae (Cactaceae).

Isr. J. Plant Sci. 60, 325–334. doi: 10.1560/IJPS.60.3.325

Valkonen, J. P. T., Watanabe, K. N., and Pehu, E. (1994). Analysis of

correlation between nuclear DNA content, chromosome number, and

flowering capacity of asymmetric somatic hybrids of Solanum brevidens

and (di)haploid S. tuberosum. Jpn. J. Genet. 69, 525–536. doi: 10.1266/jjg.

69.525

Verdoodt, L., Van Haute, A., Goderis, I., De Witte, K., Keulemans, J., and

Broothaerts, W. (1998). Use of the multi-allelic self-incompatibility

gene in apple to assess homozygocity in shoots obtained through

haploid induction. Theor. Appl. Genet. 96, 294–300. doi: 10.1007/s001220

050739

Weiss, J., Scheinvar, L., and Mizrahi, Y. (1995). Selenicereus megalanthus (the

yellow pitaya), a climbing cactus from Colombia and Peru. Cact. Succ. J. 67,

280–283.

Wu, L. C., Hsu, H. W., Chen, Y. C., Chiu, C. C., Lin, Y. I., and Ho, J. (2006).

Antioxidant and antiproliferative activities of red pitaya. Food Chem. 95,

319–327. doi: 10.1016/j.foodchem.2005.01.002

Younis, A., Hwang, Y.-J., and Lim, K-B. (2014). Exploitation of

induced 2n-gametes for plant breeding. Plant Cell Rep. 33, 215–223.

doi: 10.1007/s00299-013-1534-y

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Li, Arroyave Martinez, Shaked and Tel-Zur. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Plant Science | www.frontiersin.org 13 January 2018 | Volume 8 | Article 2142

https://doi.org/10.1371/journal.pone.0149670
https://doi.org/10.1093/jhered/esg064
https://doi.org/10.1093/aob/mch183
https://doi.org/10.1016/j.scienta.2003.09.007
https://doi.org/10.1093/jhered/esi012
https://doi.org/10.1016/j.scienta.2011.04.027
https://doi.org/10.1111/j.1439-0523.2012.01992.x
https://doi.org/10.1007/s10722-010-9643-8
https://doi.org/10.1560/IJPS.60.3.325
https://doi.org/10.1266/jjg.69.525
https://doi.org/10.1007/s001220050739
https://doi.org/10.1016/j.foodchem.2005.01.002
https://doi.org/10.1007/s00299-013-1534-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Homozygote Depression in Gamete-Derived Dragon-Fruit (Hylocereus) Lines
	Introduction
	Materials and Methods
	Plant Material and Growing Conditions
	DNA Ploidy Determination Using Flow Cytometry Analysis
	Confirmation of the Gamete Origin Using SSR Markers
	Cytological, Histological, and Morphological Evaluation
	Statistical Analysis

	Results
	Ploidy Level Estimation Using Flow Cytometry
	Confirmation of Gamete Origin Using SSR Markers
	Cytological, Histological and Morphological Evaluation
	Hylocereus monacanthus Double Haploid Lines
	Hylocereus megalanthus Di-haploid and Double Di-haploid Lines

	Correlation between Stomatal Characteristics and Ploidy Level

	Discussion
	Concluding Remarks
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


