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into polyploidization and hybridization
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Abstract

Background Allopolyploid plants are valuable for plant breeding because they have the advantage of polyploidi-
zation and hybridization, such as increased vigor and adaptability. Although biparental triploid endosperms have

the potential to be used to produce allotriploid plants, the approach remains largely unexplored. Therefore, this study
aimed to produce allotriploid plants from the endosperms of interspecific crosses between Haemanthus pauculifolius
and H. albiflos.

Results Precisely identified embryo and endosperm pairs were used. Embryos were grown on half-strength
Murashige and Skoog (MS) medium, and endosperms from interspecific crossing were cultured to induce callus for-
mation and shoot regeneration, which then developed into plantlets. MS medium supplemented with 4-amino-3,5,6-
trichloropicolinic acid (picloram) and 6-benzylaminopurine (BAP), or 2,4-dichloro phenoxy acetic acid (2,4-D) and BAP
were used for callus induction, and callus formation rates were measured. Flow cytometry, karyotyping, and Sanger
sequencing of the nuclear internal transcribed spacer (ITS) region, chloroplast (trnl-trnf region, matK gene), and mito-
chondrial (nad1 gene) DNA were performed on plantlets derived from embryos and endosperms, along with their
parental plants. In this study, a total of 18 pairs of diploid and triploid plantlets were obtained from the embryo

and endosperm, respectively. Callus formation rates were significantly higher on media with picloram and BAP com-
pared to 2,4-D and BAP. ITS sequencing and karyotype analyses detected that all the 16 pairs of plantlets analyzed
were hybrids, indicating that most endosperm-derived plantlets were allotriploid with a parental chromosome ratio
of 2:1 (maternal: paternal). In addition, chloroplast DNA sequencing revealed maternal inheritance in the endosperm-
derived plantlets, consistent with embryo-derived plantlets.

Conclusions This study is the first to demonstrate the production of allotriploid hybrid plants through endosperm
culture using seeds from interspecific crosses, as supported by cellular and genetic analyses. Additionally, the study
established a novel system for simultaneously producing diploid and allotriploid hybrids from a single seed, provid-
ing valuable materials to study the effects of polyploidization and hybridization in allopolyploid plants. These findings
contribute to plant breeding strategies and advance our understanding of hybridization, polyploidization, and allopol-
yploid plant development.
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Background

Polyploidy is defined as the possession of three or more
complete sets of chromosomes and has been recognized
as one of the driving forces in the evolutionary pro-
cess of vascular plants [1]. A polyploid individual that
arises within or between populations of a single spe-
cies is referred to as autopolyploid, whereas individuals
of hybrid origin are termed allopolyploid [2]. Comai [3]
described three advantages of polyploids, especially in
allopolyploid plants. First, heterosis causes polyploids to
be more vigorous than their diploid progenitors; second,
gene redundancy shields polyploids from the deleteri-
ous effects of mutations; and third, asexual reproduction
enables polyploids to reproduce in the absence of sex-
ual mates. The most widespread consequence of poly-
ploidy in plants is the increase in cell size, caused by the
larger number of gene copies, referred to as the “gigas”
effect [4]. In addition, some odd-numbered polyploid
plants, such as triploids (3x), pentaploids (5x), and sep-
taploids (7x), have sterile seeds or produce seedless fruits
as a result of unbalanced meiosis. Seedlessness is used
to improve the edible quality of fruits such as banana,
apple, citrus, grape, and papaya; hence, synthetic triploid
plant production is of immense importance [5]. Thus,
polyploidization has been known to be one of the plant
breeding strategies.

Colchicine, a naturally occurring alkaloid, is most fre-
quently employed as an antimitotic agent to produce
synthetic polyploid plants. It induces polyploid cell for-
mation by disrupting microtubule formation during
mitosis and arresting the cell cycle at metaphase [6]. This
prevents chromosome pairs from separating, resulting
in the formation of polyploid cells. Anti-mitotic herbi-
cides such as oryzalin, trifluralin, flufenacet, a chemical
mixture of amiprophosmethyl+ pronamide+dimethyl
sulfoxide, and nitrous oxide gas can be used instead of
colchicine as less toxic alternatives to antimitotic agents
[7]. Odd-numbered polyploid plants, especially trip-
loid plants, can be produced by natural selection, sexual
hybridization with unreduced gametes, interploid cross-
ing between diploid and tetraploid plants, fusion of dip-
loid somatic protoplasts and haploid microspore cells,
and endosperm culture [8].

Endosperm is a distinct tissue acquired by angio-
sperms during their evolution. Most angiosperms have
a Polygonum-type embryo sac, which is composed of
eight nuclei divided into seven cells: an uninucleate
egg cell, a binucleate central cell, and five additional

uninucleate cells of two synergids and three antipodals
[9]. The central cell fuses with a one-nucleus sperm cell
released from the pollen to form a triploid endosperm
in diploid angiosperms. Plants can regenerate through
somatic embryogenesis in vitro, in which isolated pro-
toplasts or cells first develop into cellular structures
that are similar to zygotic embryos before develop-
ing into whole plant bodies [10]. Attempts to culture
endosperm tissue began in the early 1930s by Lampe
and Mills, and since then, the method has been known
to offer a one-step approach to triploid production
as opposed to conventional methods, which involve
hybridization between tetraploids and diploids [5].

Polyploidization is an effective and common
approach to plant breeding. Production has improved
and become efficient in autopolyploid plants, even
in odd-numbered polyploid plants. However, barri-
ers still exist to the production of allopolyploid plants,
even though they have desirable traits. Endosperm is a
biparental and polyploid tissue that has the potential
to produce allopolyploid plants directly from diploid
plants. However, most previous research on endosperm
culture for plant regeneration focused on the effective
production of autopolyploid plants; the endosperms
used as explants were derived from open-pollination
[11, 12], self-pollination [13-16], and intraspecific
cross to avoid self-incompatibility [17]. Although a
few endosperm cultures along with an interspecific
cross in Actinidia species [18] and Citrus species [11]
and an intergeneric cross between wheat and rye [19]
have been reported; these endosperm-derived plants
have been suggested to be hybrids based on crossing
method and leaf morphology. In addition, the inherit-
ance of chloroplast DNA (cpDNA) and mitochondrial
DNA (mtDNA) from cytoplasmic DNAs of endosperm-
derived plants remains unclear. Therefore, it is nec-
essary to determine whether endosperm culture is
available to produce hybrids (allopolyploids) with their
parents by comparing the DNA content and perform-
ing karyotype and genetic analyses.

The genus Haemanthus, belonging to the Family
Amaryllidaceae, is a mainly deciduous, autumn-flow-
ering and winter-growing group of bulbous geophytes
confined to southern African countries [20]. The genus
is composed of 23 species, that is, 21 species reported
by Snijman [21], followed by Haemanthus pauculifolius
in 1993 [22], and Haemanthus humanii in 2022 [20].
The basic chromosome number and ploidy levels have
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been reported to be n=8 and diploid [23]. Haemanthus
albiflos Jacq. and H. pauculifolius most closely resem-
ble the four evergreen species with white-colored flow-
ers, but the pattern of leaf growth and floral dimensions
are different. Haemanthus pauculifolius has velutinous
leaves on both surfaces and fewer leaves and flowers
than H. albiflos [22]. We previously investigated the
production of various autopolyploid plants from dip-
loid H. albiflos using colchicine treatment combined
with embryo and endosperm culture and found that the
endosperm of H. albiflos was stable and exhibited high
callus induction and plant regeneration capacity com-
pared to other plant species [16, 24].

The objective of the present study was to simultane-
ously produce diploid and triploid (allotriploid) hybrid
plants from the embryo and endosperm pairs of seeds
derived from an interspecific cross between H. pauculifo-
lius and H. albiflos. Flow cytometry, internal transcribed
spacer (ITS) sequencing, and karyotype analyses were
conducted to confirm the origin and investigate whether
the produced plantlets were hybrids. Furthermore, the
inheritance pathway was investigated by sequencing
the trnL-trnF region, matK gene, and nadl gene of the
cytoplasmic genomes in endosperm-derived plantlets
and compared them with those of their parents and the
embryo-derived plantlets. These findings will contribute
to efficient plant breeding and investigation of the effects
of allopolyploidization, including hybridization and
polyploidization.

Methods

Plant materials and interspecific cross

Diploid plants of Haemanthus pauculifolius Snijman &
van Wyk (2n=2x=16) (Fig. 1a) and Haemanthus albif-
los Jacq. (2n=2x=16) (Fig. 1b) were used in this study.
These plants were obtained from a commercial nursery
and subsequently cultivated in a greenhouse at Hok-
kaido University, Hokkaido, Japan, under natural light
and automatic ventilation, with the temperature main-
tained at approximately 25 °C. Interspecific crossing was
conducted using H. pauculifolius as the seed parent and
H. albiflos as the pollen parent. The anthers of H. albi-
flos were collected using tweezers and stored at 4 °C
until use. After emasculation, the pollen grains from the
anthers were placed on the stigmas of H. pauculifolius to
complete the interspecific crossing until all the flowers
in the umbel were opened. Twelve green-colored imma-
ture ovaries containing 22 seeds were collected at nine
weeks and two days after the first pollination. The seeds
removed from the ovaries were surface-sterilized with
sodium hypochlorite (1% active chlorine); rinsed with
sterilized distilled water; cut into longitudinal sections;
and separated into embryo, endosperm, and seed coat
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Fig. 1 Images of Haemanthus pauculifolius, H. albiflos, endosperm
culture-derived cultures and plantlets, and embryo culture-derived
plantlets. a H. pauculifolius (seed parent). b H. albiflos (pollen
parent). ¢ Callus at four weeks after culture (WAC) of endosperm. d
Callus-produced shoots on the regeneration medium at four WAC.
Arrowheads indicate shoots. e Endosperm culture-derived plantlet
(EN4-1). f Embryo culture-derived plantlet (EM4-1). Scale bars: 5 cm
(@, b),05cm (¢, d),and 1 cm (e, )

using a scalpel and tweezers in a glass dish on a clean
bench. The embryo and endosperm were used for each
culture process.

Embryo culture

Twenty-two embryos were cultured in half-strength
Murashige and Skoog (MS) medium [25]. The MS
medium contained 30 g L™ sucrose and 3 g L™! gellan
gum, and the pH was adjusted to 5.7+0.1 before auto-
claving at 121 °C for 15 min. The cultures were incubated
at 25 °C under 24-h continuous light.
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Endosperm culture

Twenty-two endosperms were used for endosperm cul-
ture according to the procedure by Nakano et al. [16],
with minor modifications. Briefly, the endosperm was
cut into eight pieces, and four pieces, including the cha-
lazal and micropylar poles, were cultured on MS medium
with different combinations of plant growth regulators
(PGRs): 1) 5 mg L™! of 4-amino-3,5,6-trichloropicolinic
acid (picloram) and 5 mg L™! of 6-benzylaminopurine
(BAP) and 2) 5 mg L™ of 2,4-dichloro phenoxy acetic
acid (2,4-D) and 5 mg L™! of BAP. A total of 86 and 87
pieces were cultured in the respective media. The cul-
tures were incubated at 25 °C under 24-h continuous
light, and the callus formation frequency was recorded at
four and eight weeks after culture (WAC). Three media
were prepared to induce shoot regeneration from the
calli: 1) half-strength MS medium without plant growth
regulators, 2) MS medium without plant growth regu-
lators, 3) MS medium supplemented with 0.5 mg L™
potassium naphthalene-1-acetate (NAA) and 1 mg L™
BAP. These media contained 30 g L™! sucrose and 3 g L™!
gellan gum. After eight weeks of culture on the medium
for callus induction, calli were cut into three pieces with a
scalpel and tweezers and transferred onto each medium.
Shoots that regenerated from the calli were transferred
onto the half-strength MS medium without plant growth
regulators and grown into plantlets.

Flow cytometric analysis

Flow cytometric analysis of plantlets produced from
embryo and endosperm cultures was conducted as
described in Nakano and Hoshino [24] to detect each
ploidy level and the original tissue. Briefly, plantlet leaves
and an internal standard, Zephyranthes candida (Lindl.)
Herb, were cut into approximately 0.5 cm square. The
leaf sample was chopped with a razor blade in 200 pL
of ice-cold nuclei extraction buffer (Quantum Stain NA
UV2, Quantum Analysis, Miinster, Germany). The sam-
ple solution was filtered through with a 30 pm nylon
mesh into a sample tube, and 800 pL of ice-cold solu-
tion containing 10 mM of Tris, 50 mM of sodium citrate,
2 mM of MgCl,, 1% (w/v) of Triton X-100, and 2 mg L™*
of 4’6-diamino-2-phenylindole (DAPI) (pH 7.5) [26] was
added. The relative fluorescence intensities of the sam-
ples were measured using a flow cytometer (Ploidy Ana-
lyzer PA; Partec, Miinster, Germany). In this study, the
fluorescence intensity of the internal standard was set to
50.

Internal transcribed spacer (ITS) sequencing

The ITS regions of the plantlets were sequenced and
compared to determine whether the plantlets were
hybrids. Crude DNA of H. pauculifolius, H. albiflos, the
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21 embryo-derived plantlets, and the 16 endosperm-
derived plantlets were extracted from the leaf segment
according to the one-step method described in the
instruction of KOD One® (TOYOBO CO., LTD, Osaka,
Japan). Primers for amplification and sequencing and
ITS4 and ITS5 [27] were selected from the primer list
(Table S1) described in Ronsted et al. [28]. The polymer-
ase chain reaction (PCR) reaction mix (50 uL) contained
a polymerase (1U KAPA2G Robust HotStart ReadyMix,
Kapa Biosystems, Roche, Basel, Switzerland) with 5 pL
of 5 uM of each primer and 1 uL. DNA template. PCR
was performed using a thermal cycler (GeneExplorer
Thermal Cycler GE-96G, Hangzhou Bioer Technology
Co. Ltd., Hangzhou, China) with the following param-
eters: 3 min at 95 °C, followed by 40 cycles and 15 s at
95 °C, 30 s at 56 °C, and 60 s at 72 °C, followed by a final
extension step of 60 s at 72 °C. The PCR products were
electrophoresed on 1% agarose gels and stained with eth-
idium bromide to confirm the amplification and size of
the DNA fragments. The DNA fragments were purified
using the ethanol precipitation method and dissolved in
sterile water. After purification, the quality and quan-
tity were measured using NanoDrop® ND-1000 Spec-
trophotometer (Thermo Fisher Scientific, MA, USA),
and Sanger sequencings were performed by GENEWIZ
(Azenta Life Sciences, Tokyo, Japan). The sequences were
aligned to the sequence data (Table S2) of the ITS region
of Haemanthus species registered in the National Center
for Biotechnology Information (NCBI) database to con-
firm whether the desired area was acquired and analyzed
using the online Benchling software (https://www.bench
ling.com/).

Chromosome observation and karyotype analysis

The numbers of H. pauculifolius, H. albiflos, the 21
embryo-derived plantlets, and the 16 endosperm-derived
plantlets chromosomes were counted to detect whether
the plantlets were hybrids. Pretreatment and fixation
were performed as described in Tanaka and Taniguchi
[29] with minor modifications. The root tips of approxi-
mately 0.5-1.0 cm in length were cut out from the plant-
let and soaked in 2 mM of 8-hydroxyquinoline for 4 h at
ambient temperature in dark conditions. The root tips
were fixed in ethanol-acetic acid (3:1) for 1 h at 4 °C.
Enzymatic maceration/air-drying method was performed
as described in Fukui and lijima [30] with minor modi-
fications. Briefly, the fixed root tips were washed in dis-
tilled water for 30 min at ambient temperature. The root
tips were macerated with a 50 ul of enzyme mixture of
2% Cellulase Onozuka R-10 (Yakult Pharmaceutical
Co., Ltd., Tokyo, Japan) and 1% Pectolyase Y23 (Seishin
Pharmaceutical Co., Ltd., Tokyo, Japan) in microtubes at
an incubator set to 37 °C for 65 min. The meristematic
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portions of the root tips were removed by pipetting with
a Pasteur pipette, placed into distilled water in a Petri
dish, and washed for 3 min. The meristematic portions
were transferred onto a glass slide, covered with few
drops of ethanol:acetic acid (3:1), and tapped with the tip
of the forceps until they were invisible. After air-drying
overnight, drops of acetic orcein solution were applied
to the glass slide and covered with a coverslip. Chromo-
some images were captured using an upright microscope
(Axiolmager M1, Carl Zeiss, Oberkochen, Germany)
coupled to a digital camera (AxioCam MRm; Carl Zeiss)
and the ZEISS ZEN 3.7 (blue edition) software (Carl
Zeiss). Clear images depicting individual chromosomes
were used for chromosome identification. Chromosome
observation and karyotyping of each parent, embryo-
and endosperm-derived plantlet were conducted in at
least three cells to detect their chromosome numbers and

karyotypes.

Sequencing of the cytoplasmic genomes

To investigate the inheritance of cytoplasmic genomes
in endosperm- and embryo-derived plantlets, the matu-
rase K (matK) gene and truL-trnF region of cpDNA
and NADH dehydrogenase subunit 1 (nadl) gene of
mtDNA were sequenced and compared. Crude DNA
samples from H. pauculifolius, H. albiflos, and six pairs
of embryo- and endosperm-derived plantlets were used.
The pairs were selected based on the ITS sequenc-
ing results. Primers for amplification and sequencing,
19F [31] and 2R [32] for matK gene, trnC and trnF [33]
for truL-trnF region, and nadleB and nadleCR [34] for
nadl gene were selected from the primer list (Table S1)
described in Rensted et al. [28]. The 50 uL PCR reac-
tion mix for matK and truL-trnF contained the polymer-
ase with 5 pL of 5 uM of each primer and 1 pL of DNA
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template. PCR was performed with the following param-
eters: 3 min at 95 °C, followed by 38 cycles and 15 s at
95°C, 30 s at 47 °C, and 100 s at 72 °C, followed by a final
extension step of 100 s at 72 °C. The PCR reaction mix
for nadl was changed in the DNA template to 2 yL and
the annealing temperature to 51 °C. After confirming
the amplification and size of the DNA fragments in the
PCR products, the DNA fragments were purified using
the ethanol precipitation method and dissolved, and their
quality and quantity were measured. In addition to the
above primers, the Sanger sequencings were performed
using primers KatF [35] and 1326R [36] for matK gene
and nad1iB2 and nadliB2R [37] for nadl gene selected
from the primers described in Rensted et al. [28]. The
sequences were aligned to the sequence data (Table S2) of
the truL-trnF region, matK gene, and nadl gene of Hae-
manthus species registered in NCBI to confirm whether
the desired area was acquired and analyzed.

Statistical analysis

The differences in callus formation rates from endosperm
pieces between the two callus induction media at each
measurement time (four WAC, eight WAC, and last)
were analyzed using a chi-square test with a significance
level of p <0.05.

Results

Endosperm and embryo culture

In endosperm culture, callus formation was observed
on both media for callus induction (Table 1, Table S3,
Fig. 1c). Eight seeds (36.4%) and five seeds (22.7%)
formed calli at four WAC, with no significant difference
observed. Callus formation at eight WAC was observed
on the medium supplemented with picloram and BAP in
18 seeds (81.8%), which was significantly higher than 11

Table 1 Numbers and frequencies of the callus formation and plantlet regeneration in the cultures

Explant type No. of explants  Callus induction medium Callus formation at Regeneration medium Plantlet
(pieces) 8WAC (%) regeneration per
explants (%)
Embryo 22° =< < 1/2MS HF 1(95.5)
Endosperm 220 MS 18(81.8) 1/2MS HF 2 (66.7)
(86) Picloram+BAP 56* (65.1) MS HF 13(72.2)
MS NAA + BAP 7(94.4)
220 MS 14 (63.6) 1/2MS HF (42 9)
(87) 24-D+BAP 31%(35.6) MS HF 6(42.9)
MS NAA +BAP 6(42.9)

HF means PGR-free media. The detailed information was described in Table S3
2Whole embryos were used for the culture

b Endosperm pieces were used after cutting for the culture

€ Not examined

*Significant differences in callus formation between the callus induction media were detected using a chi-square test at p <0.05
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seeds (50.0%) of the medium with 2,4-D and BAP. This
trend continued to the final measurement. Endosperm
pieces of four seeds (EN2-3, EN10-1, EN10-2, and EN10-
3) did not form calli on either medium. After the transfer
of calli onto the medium for shoot regeneration, the calli,
which were induced on the medium supplemented with
picloram and BAP, regenerated shoots on at least one
or more media (Tables 1 and S3, Fig. 1d). Shoot regen-
eration was observed in seven endosperms on the calli
formed from the 12 endosperms cultured on the medium
supplemented with 2,4-D and BAP until eight WAC. The
shoots were transferred to the half-strength MS medium
and grown into plantlets (Fig. le). Among the 22 cul-
tured embryos, 21 embryos, except for EM10-3, grew
into plantlets (Table 1, Fig. 1f). Eighteen pairs of plantlets
were obtained from the endosperm and embryo of the
same seed. Although the plantlets of EN1-2 and EN11-2
were obtained, subsequent analyses could not be con-
ducted because their date was later than that of others.

Flow cytometric analysis

The average standard deviations of the fluorescence
intensities of the diploid parents were 107.40+3.90 in
H. pauculifolius (Fig. 2a) and 105.25+2.68 in H. albiflos
(Fig. 2b) at the internal standard fluorescence intensity of
50; these intensities of the parents are close. Accordingly,
this analysis was designed to detect the ploidy level, and
was not intended to determine whether the plantlets are
hybrids. In the 21 embryo-culture-derived plantlets, the
fluorescence intensity was 108.08 +0.89 (Fig. 2c), which
is equal to that of the diploid parent plants, indicating
that they were all estimated to be diploid and originated
from the embryo. In the 16 endosperm-culture-derived
plantlets, except for EM1-2 and EM11-2, the average
fluorescence intensity was 160.96 +3.34 (Fig. 2d), which
is 1.5-fold that of the diploid parents, indicating that they
were estimated to be triploid and originated from the
triploid endosperm tissue.

ITS sequencing

Electrophoresis images showing the amplification of the
ITS region are presented in Fig. S1. The sequencings of
the ITS region, including the partial ITS1 region, 5.8S
ribosomal RNA (rRNA) genome, and complete ITS2
region, were obtained, and two single nucleotide poly-
morphisms (SNPs) were identified. The SNP in ITS1
region was “Y” (C+T) and “C, and the other in 5.8S
rRNA was “G” and “R” (A +G) between H. pauculifo-
lius (Fig. 3a) and H. albiflos (Fig. 3b), respectively. Two
types of sequences were observed (Fig. 3c, d) in the
plantlets. In 21 embryo-derived plantlets, all nucleo-
tides were “Y” at SNP in the ITS1 region; eight plantlets
were “R)” and 13 plantlets were “G” at SNP in the 5.8S
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rRNA (Table S4). In 16 endosperm-derived plantlets,
all nucleotides were “Y” at SNP in the ITS1 region; four
plantlets were “R;” and 12 plantlets were “G” at SNP in
the 5.8S rRNA (Table S4). With two peaks, “A” and “G,
it was impossible to determine whether the “G” at SNP
in the 5.8S rRNA was derived from the seed parent H.
pauculifolius only or from both H. pauculifolius and
the pollen parent H. albiflos; therefore, they could not
be identified. In addition, if the embryo was a hybrid,
its endosperm counterpart may be considered to be a
hybrid. Thus, these results indicate that eight pairs of
seeds in which the embryo-derived plantlets showed
“R” in the 5.8S rRNA SNPs were at least seeds fertilized
H. pauculifolius and H. albiflos.

Chromosome observation and karyotype analysis
Chromosome observations revealed three distinctive
chromosomes: one of H. pauculifolius and two of H.
albiflos, which were unique in length and kinetochore
position in the karyotype between H. pauculifolius
(Fig. 4a, b) and H. albiflos (Fig. 4c, d). Karyotype analy-
ses were conducted on these three chromosomes in the
plantlets derived from the embryo and endosperm to
detect whether they were hybrids. Chromosome obser-
vations revealed that the chromosome numbers of all
the 21 embryo-derived plantlets were 16 (2n=2x=16),
including each of the three chromosomes that we
focused on (Fig. 4e, f, Fig. S2). The chromosome num-
ber of all the 16 endosperm-derived plantlets was
24 (2n=3x=24), except for EN3-1, which exhibited
a reduced chromosome number. These endosperm-
derived plantlets contained four chromosomes from
the three chromosomes that we focused on: two homol-
ogous chromosomes of H. pauculifolius and two dif-
ferent chromosomes of H. albiflos (Fig. 4g, h, Fig. S3).
These results indicate that the plantlets produced from
the embryo and endosperm were hybrids of H. pauculi-
folius and H. albiflos.

Sequencing of the cytoplasmic genomes

Electrophoresis images showing the amplification of the
trnL-trnF region, matK gene, and nadl gene are pre-
sented in Fig. S4. In the sequences of H. pauculifolius and
H. albiflos, two and three SNPs were found in the trnL-
trnF region and matK gene of cpDNA, respectively, and
no SNP were found in the nad1 gene of mtDNA (Table 2,
Fig. S4). The six pairs of embryo- and endosperm-derived
plantlets had the same SNPs pattern as the seed parent,
H. pauculifolius, suggesting that the inheritance of the
chloroplast genome was maternal in both the embryo
and the endosperm.



Nakano et al. BMC Plant Biology

(2025) 25:158

1200 o
(a) o Peak Mean CV%
1000
I.S. 49.99 1.50
D oo | I.S.
g 2 H. pauculifolius 110.42 2.04
,E 600
s}
é 400 ,
3 20 - <« H. pauculifolius
0 50 100 150 200 250 ?00 359 400 450 FL1500
Fluorescence intensity
600 o
(l:’) count
Peak Mean CV%
so {1 |.S.
— 1 I.S. 54.24 2.30
% 400
=} 2 H. albiflos 110.13 2.50
.S 300 o
o
8 200 4
IS «4— H. albiflos
ﬁg 100 A
0 - Y T T T T T T T
0 50 100 150 200 250 ?00 35q 400 450 FL1500
Fluorescence intensity
600
count 2
(C) Peak Mean CV%
500 +
— I.S. 49.76 2.51
% 00
=} 1.S. EM4-1 107.27 2.56
E 300
o 1
2 e <4— Embryo-culture-derived
£ Plantlet (EM4-1)
2: 100 J
0 . : £ [ e

T - T
100 150 200 250

T T T
300 350 400

T T
450 FL1500

0 50
Fluorescence intensity
300 o
(d) = 7 Peak  Mean  CV%

260 -
_ I.S. 52.39 2.39
%% 200 A
S EN4-1 165.83 3.47
:E 150
(@]
2 00 Endosperm-culture-derived
£ <4— Plantlet (EN4-1)
Z 50

o 1 .

50

T L VRIS S
100 150 200 250

Y Y T
300 350 400

Fluorescence intensity
Fig. 2 Representative histograms of relative DNA contents in the parents and the embryo- and endosperm-culture-derived plantlets. a H.

pauculifolius used as the seed parent. b H. albiflos used as the pollen parent. ¢ Embryo-culture-derived plantlet. d Endosperm-culture-derived
plantlet. |.S. indicates that Z. candida was used as an internal standard

T T
450 FL1500

Page 7 of 13



Nakano et al. BMC Plant Biology (2025) 25:158

ITS1

v Y
(@ fim WIVIW )

5 TTGCTGCGCGYCTTTGGATGC

5.8S rRNA

Wl

TTGCGCCCGAGGCTATCTAGT 3’

'\/\ "\\‘7 ’\ | jlf\

5 TTGCTGCGCGCCTTTGGATGC

\/

TTGCGCCCGARGCTATCTAGT 3’

(c)

5 TI'GCTGCGCGYCTTTGGATGC 'I'I'GCGCCCGARGCTATCTAGT 3’

o A A

5 TTGCTGCGCGYCTTTGGATGC TTGCGCCCGAGGCTATCTAGT 3

Fig. 3 Sanger sequencing chromatograms of the ITS region

of the parents and embryo- and endosperm-derived plantlets. a

H. pauculifolius used as a seed parent. b H. albiflos used as a pollen
parent. ¢ Plantlets derived from the embryo. d Plantlets derived

from the endosperm. Black arrowheads mean the nucleotide position
in ITS1 region: H. pauculifolius carried a mixed nucleotide "Y” (T +Q),
and H. albiflos carried a “C"White arrowheads mean the nucleotide
position in 5.8S rRNA gene: H. pauculifolius carried a“G,"and H. albiflos
carried a"R"(A+G)

Discussion

In the present study, the endosperm from an interspecific
cross between H. pauculifolius and H. albiflos was used
to induce callus formation and shoot regeneration. Callus
formation and subsequent shoot regeneration were both
observed at a stable induction rate on MS medium sup-
plemented with picloram and BAP, and this is similar to
the previously reported self-pollination of H. albiflos [16].
The other medium supplemented with 2,4-D and BAP,
which seemed to be a combination of the most effective
auxin and popular cytokinin for callus formation from
endosperm [8], showed a relatively lower frequency of
callus formation and later shoot regeneration. A similar
trend was observed in the genus Actinidia [18], which
reported that a medium supplemented with 2,4-D pro-
moted callus induction from the endosperm, but the calli
were slower and more difficult to differentiate, especially
in the endosperm from an interspecific cross. In addi-
tion, Kin et al. [18] reported a lack of a genotype-related
influence on endosperm callus induction in the genus
Actinidia. It has been reported that species, cultivars, and
genotypes influence the responsiveness to endosperm
culture in Passiflora species [38], Malus pumila [39], and
Lonicera caerulea [17], respectively. These variations in
plant regenerative abilities have been reported in several
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plant tissue cultures and are influenced by several fac-
tors, such as the use of PGRs, composition of the basic
medium, explant type, and plant species [40]. In addi-
tion to these factors, the developmental stage of the
endosperm is an important factor in endosperm culture
[5, 41]. In interploid and interspecific hybridization, aber-
rant endosperm development resulting from the disrup-
tion of parental genome balance and genomic imprinting
has been reported in both dicotyledonous plants, such
as Arabidopsis [42, 43], and monocotyledonous plants,
such as rice [44, 45]. Maternal genome excess, the cross
between female tetraploids and male diploids, shows pre-
cocious endosperm cellularization, but paternal genome
excess, the cross between female diploids and male tetra-
ploids, shows delayed cellularization [42]. Therefore,
aberrant endosperm development is predicted to affect
plant regeneration. Although not observed in the inter-
specific cross between H. pauculifolius and H. albiflos in
the present study, there remains a need to investigate the
effects on the availability of endosperm for interspecific
hybrid production in the future.

We used several approaches to confirm that the
plantlets obtained from the endosperm cultures were
allotriploid. Flow cytometric analysis and chromosome
observations have been commonly conducted in previous
studies on endosperm cultures to detect the ploidy levels
of the produced plants, confirm the original tissue, and
assess the stability of the original ploidy level during the
culture process. Aneuploid and other ploidy levels have
been found in endosperm-derived plants that are formed
from even open- or self-pollination. In diploid Acti-
nidia chinensis, most of the endosperm culture-derived
plants were aneuploid, and a few were triploids [46],
and mixoploid chimera plants were obtained from the
endosperm of the seeds from inter-specific and ploidy
crosses with tetraploid Actinidia melanandra [18]. In
Passiflora foetida, a stable karyotype has been reported
in endosperm-derived plants [47]. In the present study,
flow cytometric analysis indicated that the variation in
fluorescence intensity of the endosperm-derived plant-
lets was small, and karyotype analysis revealed that most
of them had 2n=3x=24, suggesting that the ploidy
level of the endosperm remained stable throughout the
endosperm culture. Several approaches, such as flow
cytometric analysis [48, 49], ITS region sequencing [50,
51], and karyotype analysis [48, 52] have been used to
detect allotriploid plants. In the present study, flow cyto-
metric analysis could not be used to distinguish them,
ITS sequencing detected some of them, and karyotype
analysis offered conclusive evidence that all investigated
endosperm-derived plantlets were allotriploid plants.
Thus, the confirmation methods commonly used in pre-
vious research on endosperm culture are also effective for
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Fig. 4 Representative chromosome images and karyograms of Haemanthus pauculifolius, H. albiflos, and embryo- and endosperm-derived
plantlets. Images of chromosome (a) and karyogram (b) of diploid (2n=2x=16) H. pauculifolius used as a seed parent. Image of chromosome (c)
and karyogram (d) of diploid (2n=2x=16) H. albiflos used as a pollen parent. Images of chromosome (e) and karyogram (f) of diploid (2n=2x=16)
embryo-derived plantlet (EM2-1). Images of chromosome (g) and karyogram (h) of triploid (2n=3x=24) endosperm-derived plantlet (EN12-1). Each
arrowhead means the characteristic chromosome of H. pauculifolius (black) and H. albiflos (white and gray). Scale bars=10 um

allopolyploid plant production. However, more detailed
investigations, such as chromosome observation with
karyotype analysis, flow cytometric analysis with internal
standards, and genetic analyses, are required. In addi-
tion to nuclear genome analyses, we sequenced genes in
cytoplasmic genomes and found that cpDNA was mater-
nally inherited in both embryos and endosperm-derived
plantlets produced in the present study. It has been
known that plastid genome is predominantly inherited

through the maternal plant, and this seems to be the case
for Haemanthus species. However, inheritance has been
reported to be biparental and parental in plants, such
as the genera Actinidia [53)] and Passiflora [54]. Plastid
genomes, which encode key genes for photosynthetic
processes, including light reactions and carbon assimi-
lation, are potential targets for plant breeding [55]. It is
unknown whether the inheritance pattern is the same in
embryo- and endosperm-derived plants; hence, further
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Table 2 The SNPs of cpDNA and mtDNA in parents and the embryo- and endosperm-derived plantlets

cpDNA

mtDNA

trnL-trnF region

matK gene

nad1 gene

Sample ID SNP#1 SNP#2

SNP#1

SNP#2

(%)
=2
o
H*
w

SNP

H. pauculifolius
H. albiflos
EM1-1
EM4-1
EM6-1
EM7-2
EM8-1
EMT1-1
EN1-1
EN4-1
EN6-1
EN7-2
EN8-1
ENT1-1
Inheritance

> > > > > > > > > > > > (O >
— 4 4 4 4 4 4 4 4 4 4 4 N -
(OGN NG NG NG NG I NN NG NN NN N BN

Maternal Maternal

Maternal

e T T L e T [ U R e
>>>>>>> > > > > >0 >
|

Maternal Maternal Not detected

EM embryo-derived plantlets, EN endosperm-derived plantlets
2 No SNP was found in this study

investigation is necessary for allotriploid production
using endosperm cultures.

Further studies will focus on phenotypic and other
characteristic analyses as the growth of the Haemanthus
plants progresses. Plant regeneration from endosperm
is often technically challenging [8], and the number of
research on the morphological and agronomical char-
acteristics is small. Mikovski et al. [47] compared the
characteristics of the endosperm-derived triploid Pas-
siflora foetida with those of diploids and found that the
vegetative and floral structures of the endosperm-derived
plants were all approximately larger than those of their
diploid counterparts. It has been known that the alter-
nation of ploidy levels and genome composition affects
the phenotypes of plants produced naturally and artifi-
cially. In common wheat (Triticum aestivum subsp. Aes-
tivum, AABBDD genome), it is thought to have emerged
through the natural hybridization of Triticum turgi-
dum L. (AABB genome) as the maternal progenitor and
Aegilops tauschii Coss. (DD genome) as the paternal
progenitor [56]. The genetic relationships of six Bras-
sica species are described by the triangle of the U model
[57] as follows: they share the same three core genomes
of B. rapa (AA genome), B. nigera (BB genome), and B.
oleracea (CC genome), and hybridization events result
in the three allotetraploid species of B. juncea (AABB
genome), B. napus (AACC genome), and B. carinata
(BBCC genome). In Lilium, interspecific hybridization of

Lilium longiflorum (LL genome) and Asiatic hybrids (AA
genome) results in esthetically undesirable F; hybrids
(LA genome) with intermediate morphology between
the parents; however, the allotriploid (LLA and ALA
genome) backcrossed with F; hybrids have been utilized
as commercial cultivars [58]. Therefore, it is necessary
to investigate the phenotypes of endosperm-derived
allotriploid plantlets obtained in the present study and
compare them with those of their parents and embryo-
derived plantlets.

Allopolyploid plants contain both polyploidization
and hybridization factors, and therefore, it is challenging
to determine whether the desired traits are due to poly-
ploidization, hybridization, or an interaction between
them. Liqin et al. [59] compared the phenotypic traits
and gene expression patterns of diploid parents, diploid
full-sibs, allotriploid plants, and allotetraploid plants
of Populus and reported that these different ploidy
populations are good models for polyploidization and
heterosis advantage studies. Another finding of the pre-
sent study was the simultaneous production of diploid
hybrids and allotriploid plantlets from the pairs of the
embryo and endosperm in the same seeds, respec-
tively. We also reported the production of embryo- and
endosperm-derived H. albiflos plants at various ploidy
levels previously [16, 24]. Therefore, it is suggested that
the culture of each embryo and endosperm in the same
seeds from self- and reciprocal crossing would result in
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the efficient production of plants, including homogenous
embryo-derived-diploid and endosperm-derived trip-
loid (autopolyploid) and heterogeneous embryo-derived
diploid and endosperm-derived triploid (allotriploid)
plants. This method is not limited to Haemanthus but
has the potential to be applied to other plant species. It
has been reported that the endosperm culture along with
the embryos was more effective in certain plants, such as
Carica papaya [14], Morus alba [13], and Phlox drum-
mondii [15]. On the other hand, endosperm cultures
were performed after removing the embryos to avoid
contamination or unnecessary use, and these embryos
were available but not for use in genera, such as Actinidia
[12], Lonicera [17], and Passiflora [47]. The embryos of
these plants could also be grown into plants, as in the
present method, and they have the potential to be uti-
lized as research materials for allopolyploid plant studies.

We believe that these findings will contribute to plant
breeding and investigation on how the ploidy levels,
parental genome composition, heterosis, and the direc-
tion of crossing influence morphological and agronomic
characteristics.

Conclusions

This study successfully produced allotriploid plants from
the endosperm tissue of interspecific crosses between H.
pauculifolius and H. albiflos using our previously estab-
lished endosperm culture system. The endosperm tissues
formed calli, which subsequently developed into plant-
lets. Flow cytometric analysis revealed that these plant-
lets retained their original ploidy levels. We conducted
ITS sequencing and karyotype analysis to confirm the
characteristics of endosperm-derived allotriploid plant-
lets with a parental chromosome ratio of 2:1 (maternal:
paternal). To our knowledge, this is the first study to
produce allotriploid hybrid plants. In addition, Sanger
sequencing of cpDNA and mtDNA was conducted on
both endosperm-derived and embryo-derived plants to
investigate previously unknown patterns of cytoplasmic
inheritance in endosperm-derived plants. The results
revealed that cpDNA inheritance in endosperm-derived
plants was exclusively maternal, consistent with that
observed in embryo-derived plants. Furthermore, this
study established a system for the simultaneous pro-
duction of diploid and allotriploid hybrid plants from
embryo and endosperm pairs in a single seed. These
findings highlight the potential of endosperm culture as
a novel and effective approach for producing allotriploid
plants, while also providing valuable insights into poly-
ploidization and hybridization.

Abbreviations
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cpDNA Chloroplast DNA
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mtDNA Mitochondrial DNA
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NCBI National Center for Biotechnology Information
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PGRs Plant growth regulators
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