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Development of Indel markers for the selection of Satsuma
mandarin (Citrus unshiu Marc.) hybrids that can be used
for low-cost genotyping with agarose gels
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Abstract Cross-breeding between cultivars of Sar-
suma mandarins is difficult because of the seeds’
polyembryonic characteristics. Even if a seed is
obtained by hybridization, the seed contains only
one zygotic embryo (hybrid embryo) and many
nucellar embryos. Therefore, for efficient cross-breed-
ing, it is necessary to select a zygotic embryo from
among the nucellar embryos. To identify the zygotic
embryo, we have developed 119 Indel markers that
can be clearly detected by simple agarose gel
electrophoresis by mining the Indel region from the
resequencing analysis of the short reads of Satsuma
mandarin against the reference genome of Satsuma
mandarin. Additionally, we showed that the genotype
determined by these markers can be used as an
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indicator for the selection of zygotic embryo-derived
individuals. In addition, many of the developed Indel
markers were found to be used for genotyping Satsuma
mandarin as well as other citrus species and relatives.
This codominant DNA marker that can be detected by
low-cost, simple electrophoresis is expected to be used
for the identification of zygotic embryo-derived indi-
viduals and for various purposes such as cultivar
identification.

Keywords Citrus - Polyembryony - Zygotic
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Introduction

The Satsuma mandarin is the most widely cultivated
citrus fruit crop in Japan, and it accounted for 62.1%
(41.8 kha) of all citrus acreage (67.3 kha) in 2018
(https://www.e-stat.go.jp/). The main breeding
method for Satsuma mandarin involves using natu-
rally occurring mutations such as bud sport, from
which cultivars with different fruit traits, such as early
and late maturity, have been developed. Although
improvement of the fruit traits by hybridizing between
cultivars is desired, breeding of hybrids between Sat-
suma mandarin cultivars has rarely been conducted.
Because cross-breeding between Satsuma mandarin
cultivars is technically challenging owing to the trait
of male flowers being sterile (Yamamoto et al. 1995)
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and its polyembryonic properties, breeding based on
somatic mutation has been the main breeding method
(Nishiura 1964, 1968; Omura and Shimada 2016).
Regarding male sterility of the Satsuma mandarin,
methods to improve pollen fertility by adjusting
temperature conditions during pollen development
have been reported (Yang and Nakagawa 1969, 1970),
and it is considered possible to cross the cultivars by
artificial pollination with fertile pollen. However, the
Satsuma mandarin is polyembryonic; thus, even if it
can be crossed by artificial pollination, the seed
contains only one zygotic embryo (hybrid embryo)
and many nucellar embryos. The number of embryos
of the Satsuma mandarin has been reported to be
approximately 10-30 (Kaneyoshi et al. 1997). For
efficient cross breeding, it is necessary to select a
zygotic embryo from many nucellar embryos.
Several methods for identifying nucellar and
zygotic embryos in citrus fruits have been developed
and used; these include vegetative morphology char-
acterization (Furr and Reece 1946; Cameron and Soost
1979; Bowman et al. 1995), infrared spectroscopy
(Pieringer and Edwards 1967), chromatography (Al-
bach and Redman 1969; Stanley and Jurd 1971; Tatum
et al. 1974; Weinbaum et al. 1982), and isozyme
pattern analysis (Esen and Soost 1974; Iglesias et al.
1974; Moore and Castle 1988; Ashari et al. 1988;
Anderson et al. 1991). Moreover, random amplified
polymorphic DNA (RAPD) analysis (Bastianel et al.
1998; Vilarinhos et al. 2000; Mondal and Saha 2014)
and inter-simple sequence repeat-polymerase chain
reaction (ISSR-PCR) (Shareefa et al. 2009) have been
reported as being effective DNA markers in terms of
speed and simplicity. However, as these markers are
not intended to detect specific loci showing polymor-
phism, to improve reproducibility, they must be
converted to a single marker [e.g., a sequence tagged
site (STS)] that detects one locus by designing specific
primers. In recent years, simple sequence repeat (SSR)
markers have been used successfully to identify
zygotic embryos (Ruiz et al. 2002; Carlos de Oliveira
et al. 2002; Rao et al. 2008; Shareefa et al. 2009;
Jannati et al. 2009; Yildiz et al. 2013; Woo et al. 2019).
However, polymorphisms detected in most of the SSR
markers were short in DNA size, and this requires
either advanced and expensive equipment, such as a
capillary DNA sequencer, or not complicated but
time-consuming procedures, such as polyacrylamide
gel electrophoresis. Compared to these methods, the
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use of agarose gel electrophoresis is both inexpensive
and straightforward. In addition, the cleavage ampli-
fied polymorphic sequence (CAPS) markers that can
be detected by simple agarose electrophoresis has
been reported (Shimada et al. 2014), and can be
applied to identifying nucellar and zygotic embryos.
However, this method requires a restriction enzyme
that is specific for the PCR product of one allele, which
complicates the process.

Due to recent advances in DNA sequencing tech-
nology, and the successful completion of citrus
genome sequencing projects, reference genome
sequences of various citrus and related species have
become publicly available, including sweet orange
(Wu et al. 2018), pummelo (Wang et al. 2017), citron
(Wang et al. 2017), mandarin (Wang et al. 2018),
clementine (Liu et al. 2018), Ichang papeda (Wang
et al. 2017), kumquat (Liu et al. 2018), and Chinese
box orange (Wang et al. 2017). Moreover, whole
genome resequencing data of approximately 100
cultivars, including the reference genome sequence
of Satsuma mandarin, are available (Wu et al. 2018;
Wang et al. 2017; Shimizu et al. 2017). Polymorphism
information, such as single-nucleotide polymorphisms
(SNPs) and insertion/deletion (Indel), can be obtained
easily by mapping the resequencing data against the
reference genome.

The study had three objectives: first, to develop
Indel DNA markers that can distinguish clearly
between heterozygous and homozygous genotypes
using a simple and inexpensive method, “agarose gel
electrophoresis;” second, to identify individuals
derived from both zygotic and nucellar embryos using
the Indel markers developed in hybrids between
Satsuma mandarin cultivars; third, to study the
transferability of the Indel markers developed to other
citrus cultivars and close relatives.

Materials and methods
Plant material

The cultivars of a selection of the Satsuma mandarins
used in the cross-breeding experiment were “Ima-
gawa”, as the female parent, and “EC11,” as the male
parent. All plants were grown at the Kumamoto
prefectural fruit tree research institute (130° 42" E, 32°
38’ N; altitude of 49 m).
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To obtain fertile pollen, the male parent ECI1
cultivar planted in pots (height 297 mm x diameter
256 mm) was grown in a greenhouse with a minimum
temperature of 20 °C. To avoid the contamination of
other citrus pollen, pollen was prepared from mature
buds. Specifically, the buds were opened, and the
closed anthers inside were taken out using tweezers.
To obtain the mature pollen from the closed anthers,
the anthers were placed in a Petri dish lined with
filament paper, covered to prevent overdrying, and
kept in the dark at 26 °C overnight to allow the anthers
to open naturally. Pollen was then taken from the open
anthers, and wrapped in a paraffin paper, and stored at
— 30 °C until use.

Artificial cross experiments were performed in
2018 and 2019 when the plants were in full bloom
(early May). Mature and uniform flowers were
selected, pollinated with a cotton swab, and covered
with paper bags (75 mm x 79 mm) coated with
paraffin wax.

To confirm the application of the developed Indel
markers to various citrus cultivars and their close
relatives, four mutation cultivars of Satsuma mandarin
(“Aoshima,” “Imamura,” “Kawata,” and “Shi-
rakawa”) and other eight citrus hybrid cultivars
[“Ariake” (“Tsunonozomi” x “Murcott”),
“Asumi” (“Okitsu 46 gou” x “Harumi”), “Asuki”
(“Okitsu 46 gou” x “Harumi”), “EC10” (“Ari-
ake” x “Harumi”), “Harehime” (“E-
647”7 x “Miyagawa Wase”), “Tsunokagayaki”
(“KyOw No. 14” x “Encore”), “Seinannohikari”
(“EnOw No. 21”7 x “Youkou”), and “Setoka”
(“Tsunonozomi” x “Murcott”)] were used as the
samples of the genus Citrus. In addition, one species of
the genus Fortunella and one species of the genus
Poncirus were used. The application numbers of the
plant variety protection system in Japan are 26,542 for
“Asumi,” 32,235 for “Asuki,” 24,962 for “EC10,”
13,718 for “Harehime,” 21,450 for “Tsunokagayaki,”
and 21,449 for “Seinannohikari.” “Ariake” and the
four mutant cultivars of the Satsuma mandarin are not
numbered. All of the plants used in this study were
stock strains from our laboratory.

Embryo rescue culture and acclimation
Immature citrus seeds formed by the artificial

hybridization were collected approximately 100 days’
after pollination. After sterilizing the surface of the

fruit with 70% ethanol, a 2-cm incision was made at
the top and bottom of the fruit using a knife, and the
seeds were taken out through the cut surface of the
fruit using thrusting tweezers. The seed coat was
removed, and multiple embryos were individually
separated from the micropylar end of the seed using a
needle and separately cultured in vitro on culture
medium: Murashige and Skoog (1962) supplemented
with 0.1 M maltose, 5 x 107® M gibberellin A3
(GA3), 3.0 g/L gelrite (Sigma-Aldrich) at pH 5.6 and
autoclaved for 20 min. at 121 °C, then, 4 mL were
poured into glass jars (18 mm x 120 mm). All
cultures were incubated at 25 °C, with a 16-h
photoperiod in our culture rooms with controlled
environmental conditions.

Plants obtained from embryo rescue culture were
transferred to pots containing the steam-sterilized
artificial soil mixture MKK Sgou (Minami Kyushu
Chemical Industry, Miyazaki, Japan). Pots were
placed in sealed plastic boxes to prevent excessive
transpiration and incubated for approximately 14 days
in the same culture room under the same embryo
culture conditions. The lids of the sealed plastic boxes
were then opened gradually over approximately 14
days, and the plants were grown for approximately 7 d
with the lids being opened. Subsequently, the plants
were grown in a temperature-controlled greenhouse
set at 18-25 °C.

DNA extraction

Total genomic DNA was purified using the DNA
extraction kit ‘DNAs-ici!-P’ (RIZO Inc., Ibaraki,
Japan). The quality of the DNA extracted from each
of the samples was examined using 1.5% agarose gel
electrophoresis, and a direct comparison was made
between the visibility and size of the extracted DNA
and that of a lambda DNA/Hind III or a 100 bp DNA
ladder maker. In addition, the quantity of each
extracted sample was measured at 260/280 nm
absorbance using a Nanodrop 1000 spectrophotometer
(Invitrogen, Waltham, Massachusetts, USA).

Mining of Indel sequences from Satsuma
mandarin genome information

The reference genome sequence of the Satsuma

mandarin ~ was  obtained from  http://www.
citrusgenome.jp/upm.tar.gz. Paired-end reads of the
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Satsuma mandarin were downloaded from the DDBJ
Sequence Read Archive (http://trace.ddbj.nig.ac.jp/
dra/index_e.shtml; Accession no. DRA007071).
Adapter sequences and low-quality regions were
removed from these reads via Trimmomatic (version
0.36) (Bolger et al. 2014). Paired-end reads were
mapped to the reference genome of the Satsuma
mandarin using bwa (version 0.1.17) (Li and Durbin
2009). Samtools (Li et al. 2009) were used to sort the
mapping results and remove secondary alignments.
GATK-HaplotypeCaller (version 4.0.10.0) (McKenna
et al. 2010) was used to create a vcf (variant call for-
mat) file (Danecek et al. 2011). The resulting vcf file
was analyzed to select candidate Indel regions.
Sequences for detecting heterozygous loci for the
subsequent analysis were chosen by visual assessment
of these candidates using the genome viewer software
Integrative Genomics Viewer (IGV) (Thorvaldsdottir
et al. 2013).

For the selection of Indel regions by resequencing
analysis, we selected regions comprising unique reads,
which were indicated by gray in visualization created
using IGV, that map to only one locus in the reference
sequence. Loci that appeared to be the highly
conserved heterozygous Indel regions in genomes
were selected according to specific criteria, including
an allele frequency of 0.500, a mapping quality score
(Li et al. 2008) of 50 or more, a minimum read depth of
40, and a maximum depth of 150. In addition, the PCR
primers were set to amplify the presence of a single
Indel but the near absence of SNVs within the
150-300 bp region to be amplified, and they were
designed using the data of nine linkage groups (LGs),
which was the same as the number of citrus chromo-
somes (Frost 1925; Nakamura 1929).

Primer design for Indel regions

The sequences containing selected Indel regions were
used for primer design using the Primer3-Plus website
(http://www.bioinformatics.nl/cgi-bin/primer3plus/
primer3plus.cgi). The parameters were 150-300 bp
amplicon size, 50-60 °C primer melting temperature
(Tm), and 40-60% primer GC content. To amplify
multiple Indel markers simultaneously in a single
reaction condition, we designed primers for each Indel
marker to have the same PCR amplification
conditions.
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PCR amplification

PCR amplification mixtures comprised 0.1 pL of
Blend Taq® (Toyobo, Osaka, Japan) (2.5 units/uL),
1.0 pL of 10 x buffer for Blend Taq®, 1.0 uL dNTP (2
mM each), 0.2 pL of forward and reverse primers (10
uM), and 1.0 pL. of template DNA (40 ng/pL) and
were made up to 10 pL with sterile ddH,O. The TP-
600 PCR thermal cycler (Takara Bio Inc, Shiga,
Japan) was used to amplify Indel markers. Online
Resource 1 lists the primers used. Then, we performed
three-step PCR: denaturation for 5 min at 95 °C, 30
cycles of 30 s denaturation at 95 °C, primer annealing
for 30 s at 55 °C and primer extension at for 30 s at 72
°C. The mixtures were then stored at 4 °C.

To confirm the separation pattern of the amplified
PCR fragments, agarose gel electrophoresis was
performed using a 4% gel (Agarose KANTO HC;
Kanto Chemical. Tokyo. Japan) visualized by staining
with ethidium bromide. Moreover, for precise mea-
surement of the amplified PCR fragments and for
validation of the agarose results, a microchip elec-
trophoresis system (MCE-202 MultiNA; Shimadzu.
Kyoto. Japan) was used with the DNA-500 reagent kit,
which can be used to highly accurately and quickly
analyze samples.

T7 endonuclease assay

PCR fragments were divided into two groups, and
0.1U of T7 endonuclease (New England Biolabs) was
added to one group and incubated overnight at 24 °C.
The undigested and digested samples were analyzed
via electrophoresis using the methods described.

Genotyping by Indel markers

The genotypes were expressed as follows: LS
(heterozygous), in the case of the presence of a long
homoduplex fragment, a short homoduplex fragment,
and heteroduplex fragment(s); LL (homozygous), in
the case of the presence of a long homoduplex
fragment only; SS (homozygous), in the case of the
presence of short homoduplex fragment only; and X,
in the case of types different from those above.
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Hierarchical cluster analysis

To cluster analysis, genotype of 119 Indel marker
profiles were transformed into the matrix data, where
the LL is scored as 3, LS as 2, SS as 1, and N.D. as 0.
Because genotype X was defined as a generic term that
includes various band patterns other than LS, LL or
SS, it was treated as missing values in the matrix data.
Cluster analysis was performed on the basis of a
complete link method (Defay 1977) and square
Euclidean distance. The analysis was conducted using
Ekuseru-Toukei (Social Survey Research Information
Co., Ltd. Tokyo. Japan).

Results

As an example, Fig. 1 shows the region where the
Indel marker LG1-4 was created. This region only
comprised unique reads, indicated in gray in IGV, with
a single Indel in the PCR amplification region and few
SNVs. The mapping depth of this region was 54, and
the mapping quality was 60.00. In addition, the allele
frequency was 0.500, showing that the ratio of depth
between the deleted loci and its adjacent loci was 1:2,
indicating that this region has heterozygous loci.
Therefore, the Indel marker LG1-4 is a marker to
detect heterozygous regions containing 31 bp of Indel
sequence. Similar regions were selected from the
whole genome, and PCR primers were designed
accordingly.

The selected Indel markers are shown in Online
Resource 1. These markers were created from the
same nine linkage groups as the number of chromo-
somes, resulting in a total of 119 markers: 10 from
LG1, 12 from LG2, 12 from LG3, 14 from LG4, 16
from LGS, 21 from LG6, 15 from LG7, 11 from LGS,
and 8 from LG9. The maximum size of an Indel was 38
bp (LG2-12), and the minimum was 14 bp (LG6-18,
LG6-26). The maximum and minimum mapped
depths of the selected genomic regions were 107
(LG3-8) and 42 (LG3-2), respectively. For all mark-
ers, the allele frequency was 0.500, and the mapping
quality was approximately 60.

Microchip electrophoresis was used to evaluate the
size of the PCR-amplified fragments size. A total of
148 sets of primers were designed for amplification of
Indel markers; however, 29 sets were excluded for
reasons of no amplification, weak amplification, or the
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Fig. 1 Visual assessment of the candidate Indel locus by the
Integrative Genomics Viewer. The region where the Indel
marker LG1-4 was created is shown as an example. For the
selection of indel regions, we selected regions comprising
unique reads, indicated in gray in IGV, that mapped to only one
locus of the reference genome. The mapping depth of this region
was 54 and the allele frequency was 0.500, showing that the ratio
of depth between deleted loci and its adjacent loci was 1:2. PCR
primers were set to amplify the presence of a single Indel but the
near absence of SNVs within the 150-300 bp region to be
amplified. The PCR amplification range of the Indel marker
LG1-4 is from 13,014,540 bp to 130,014,741 bp. Theoretical
PCR products’ sizes of homoduplexes are 171 bp and 202 bp
(Indel size 31 bp)

appearance of an unexpected band. For the 119
selected markers, nearly all the PCR-amplified frag-
ments of Indel markers contained amplified fragments
of theoretical size (Online Resource 1). However, one
or two slower-mobility fragments were detected in
each PCR product as larger fragments than the
theoretical length of two fragments. Because the
PCR products of heterozygous regions, such as the
Indel region, were a mixture of homoduplex and

@ Springer



115 Page 6 of 13

Euphytica (2020) 216:115

heteroduplex DNA, the slower-mobility fragments are
considered heteroduplex DNA. To confirm this, PCR
products were subjected to T7 endonuclease treat-
ment, a cleavage enzyme specific for heteroduplex
DNA. In all Indel markers tested, T7 endonuclease
cleaved only PCR products with slow electrophoretic
mobility. As examples, Fig. 2a shows the Indel marker
result for each LG (nine Indel markers).

At the same time, by agarose gel electrophoresis the
separation pattern was confirmed using the same nine
Indel markers. Whereas microchip electrophoresis
separated DNA fragments into two fragments of
homoduplex DNA and one or two fragments of
heteroduplex DNA as described above, agarose gel
electrophoresis separated them into three distinct
bands (two fragments of homoduplex DNA and one
fragment of heteroduplex DNA) in all Indel markers
tested (Fig. 2b). In addition, the gel images of all 119

electrophoresis are shown in Online Resource 2.
Among the Indel markers developed, band separation
was also possible in LG6-18 and LG6-26, which have
the smallest Indel size at 14 bp. Most Indel markers
were detected as three bands, and as in Fig. 2, the
uppermost band was cleaved by the T7 endonuclease
enzyme (data not shown). Thus, many markers were
detected as three bands of two homoduplex DNAs
with one heteroduplex DNA above them. In addition,
several Indel markers, such as LG2-13, were detected
as two homoduplex DNAs without a clear separation
of heteroduplex DNA. However, the detection of two
homoduplex DNA bands of different sizes indicates
that the PCR amplification region was heterozygous.

These results indicate that agarose gel electrophore-
sis can provide sufficient information to determine the
zygosity of the PCR amplification region. Thus, we
have shown that the Indel marker developed can

developed Indel markers using agarose gel clearly distinguish between heterozygous and
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Fig.2 Analysis of PCR products of Indel markers by microchip
electrophoresis (a) and agarose electrophoresis (b). Precise
measurement of the amplified PCR fragments was performed
using a microchip electrophoresis system, and the separation
was confirmed by agarose gel electrophoresis using a 4% gel
visualized by staining with ethidium bromide which is a simple
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and inexpensive DNA detection system that does not need
advanced equipment. In the analysis, the left lane of each Indel
maker was not treated with T7 endonuclease, whereas the right
lane was treated with T7 endonuclease, a cleavage enzyme
specific for heteroduplex DNA
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homozygous genotypes using the simple and inex-
pensive method “agarose gel electrophoresis.”

In the crossing experiment, we hybridized two
cultivars of Satsuma mandarin straines: “Imagawa”
(female parent) and “EC11” (male parent). Using the
resulting fruit, we performed embryo culture (Table 1).
After crossing 1300 flowers, we obtained 112 seeded
fruits (31.1%) from 360 unripe fruits. As seeded fruits
were not obtained without crossing (0.0%, n = 100),
seeds were not produced by self-pollination. The 112
seeded fruits produced 205 seeds (1.83 = 1.28 (S.D)/
fruit), from which we collected 1772 embryos
(8.64 £ 4.72 (S.D)/seed). There was a large statistical
variability in both the number of seeds per fruit and the
number of embryos per seed. A total of 1227 (69.2%)
of the embryos grew to seedlings large enough for
DNA extraction.

Then, we used four types of different LGs Indel
markers (LG1-9, LG2-11, LG3-6 and LG4-5) to find
homozygous genotypes. Consequently, one or more
Indel markers identified only one of the two homod-
uplex bands in 14 zygotic embryos (1.14%). There
was no significant difference (¢ test, p < 0.05) between
the number of embryos from seeds with zygotic
embryos (6.71 &+ 3.71 (S.D.)/seed, max 13, min 1,
n=14) and seeds without zygotic embryos
(8.79 + 4.77 (S.D.)/seed, max 29, min 1, n = 191).
Zygotic embryos were obtained even from seeds with
only one embryo. These zygotic embryos were
explanted and cultured in vivo, and three zygotic
embryos were acclimatized successfully. The accli-
mation success rate of zygotic-embryonic plants was
21.4% (3/14). For the genotyping of the three lines of
plants derived from zygotic embryos, we performed
agarose gel electrophoresis using nine Indel markers,

one for each LG (Fig. 3). The zygotic embryo-derived
lines A, B, and C had 4, 4, and 7 single bands,
respectively, but the female parents had three bands.
Thus, heterozygous genotypes were recombined into
homozygous genotypes in multiple Indel regions by
crossing between two parents.

Next, we investigated whether the 119 newly
developed Indel markers could be used for genotyping
using various citrus plants with diverse genotypes
from several genera, known as true citrus plants
[Satsuma mandarin (four cultivars bred by mutation),
citrus cultivars other than Satsuma mandarin (eight
cultivars bred by hybridization), one Fortunella
species, and one Poncirus trifoliata]. The genotyping
results are shown in Online Resource 3. We found the
same heterozygous genotype in all four cultivars of
Satsuma mandarin bred by mutation, showing clearly
the Satsuma mandarin possesses the highly conserved
heterozygous region detected by the Indel markers. In
eight cultivars of the genus Citrus other than the
Satsuma mandarin, which were bred by hybridization,
more than 90% of the Indel markers were genotyped,
and the different cultivars had different genotype
combinations at each Indel marker. Furthermore, we
detected more than 80% of the Indel markers in the
genus Fortunella, and approximately 70% of the Indel
markers in Poncirus trifoliata. Of the 119 markers, 61
were genotyped as LS, LL, or SS for all 14 cultivars
and close relatives used in this study that contained
Satsuma mandarin cultivars (markers in bold in
Online Resource 3). Of the 61 markers, there were 8
markers that did not show polymorphism among the
10 cultivars and close relatives except for the Satsuma
mandarin cultivars, and all of them were genotyped as
LL (markers in bold italics in Online Resource 3).

Table 1 Processes from

crossing to Zveotic embrvo Number of flowers pollinated 1300

derivedgseedl)ilﬁgs in hybr)i/ds Number of fruits set 360

of Satsuma mandarin Number of fruits containing seeds 112

cultivars Average seeds £+ S.D./fruit 1.83 £ 1.28
Number of seeds containing embryos 205
Average embryos £ S.D./seed 8.64 + 4.72
Number of embryo culture plants in vitro 1772
Hybrid assay by Indel marker 1227
Number of zygotic embryos 14
Number of nucellar embryos 1213
Number of acclimatized seedlings of zygotic embryos in vivo 3
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FPMPA B C
LG3-6

FPMPA B C|FPMP A B C

LG7-12

FP: Female parent

LG8-4
MP: Male parent

LG9-5
A-C: Hybrids

Fig. 3 Patterns of Indel markers on different chromosomes of
acclimated hybrid seedlings. Lane FP: female parent; lane MP:
male parent; lanes A—C: hybrid seedlings. Electrophoresis was
performed on a 4% agarose gel. The first number of each Indel
marker indicates the number of linkage groups (LGs) that were
the same as the number of chromosomes

These findings indicate that the Indel markers that we
developed are codominant DNA markers capable of
detecting genomic regions that are highly conserved
not only in Satsuma mandarins but also in a wide
range of the true citrus plants.

Aoshima I I I ‘
A
B
Cc

Ariake
EC10
Harehime
Asuki
Asumi
Setoka
Thsunokagayaki

Seinannohikari :—
Fortunella
Poncirus

Fig. 4 Hierarchical clustering dendrograms based on genotype
by Indel merkers. For cluster analysis, genotype of 119 Indel
marker profiles were transformed into the matrix data where the
LL is scored as 3, LS as 2, SS as 1, and N.D. as 0. Because
genotype X was defined as a generic term that includes various
band patterns other than LS, LL, or SS, it was treated as missing
values in the matrix data. Cluster analysis was performed on the
basis of a complete link method and square Euclidean distance
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Based on these results, a dendogram by cluster
analysis is shown in Fig. 4. Three lines A, B, and C
obtained from hybrids between Satsuma mandarin
cultivars were classified as clusters closer to Satsuma
mandarin than other citrus cultivars. In Fortunella and
Poncirus, which were tested as non-citrus species,
Fortunella was classified as a cluster closer to Citrus
than Poncirus.

Discussion

There are points to be aware of in the hybrid assay
using the Indel marker. After crossing, the heterozy-
gous genotype common to both parents may become
homozygous in their offspring. When the genotype is
homozygous, only one of the two fragments of
homoduplex DNA can be detected. However, even if
the cross is successful, the probability of changing
from a heterozygous to a homozygous genotype at
each locus is 50%. Detection probability can be
increased by using multiple Indel markers. For
example, using four independent Indel markers, each
derived from a different chromosome, can increase
detection probability by 93.75%. For this reason, we
used four independent Indel markers developed from
different LGs for the hybrid assay.

As the mean number of embryos was 8.64 per seed
in the hybrid assay experiment using embryo rescue
culture plants, we expected that the probability of
successfully obtaining a zygotic embryo was more
than 10% if one of the embryos in each seed is zygotic
(1/8.64). However, the actual success rate for obtain-
ing zygotic embryo was approximately 1%. Moreover,
the rate of success of acclimation of explanted zygotic
embryos was 21.4% (3/14). These findings indicate
that, for effective cross-breeding between Satsuma
mandarin cultivars, two improvements are important:
(1) increase the probability of obtaining a zygotic
embryo, and (2) increase the rate of success of
acclimation of explanted zygotic embryos.

Regarding the first issue: No studies identifying
hybrids of Satsuma mandarins using DNA markers
have been reported. However, a crossing experiment
using Satsuma mandarin as the female parent and non-
Satsuma polyembryonic citrus cultivars as the male
parent has been reported (Horiuhi et al. 1990). In that
study, based solely on morphological characteristics,
18.1% of the seedlings were considered to be derived
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from zygotic embryos. Compared to this previous
study, we have a lower success rate of obtaining
zygotic embryos in the current study. This may be due
to our cultivar of male parent, the Satsuma mandarin,
different from those of cited study. The affinity of
male parents and female parents has been reported
(Moller 1996), and this may have influenced the
success rate of this study. If so, the rate of successfully
obtaining zygotic embryos might be increased by
finding suitable cultivars of Satsuma mandarin as the
male parent.

In this study, we used the conventional approach of
using seeds from immature fruit approximately 100
days after the crossing for in vitro embryo rescue
culture (Deng et al. 1996; Tusa et al. 1996).There are
reports of either poor embryo development (Liu et al.
2006) or developmental arrest (Frost 1926; Rodrang-
boon et al. 2002) in the early stage of zygotic
embryogenesis in plants that produce polyembryonic
seeds. Either of these problems may have occurred in
the zygotic embryo-derived lines of Satsuma man-
darins. Moreover, the rate of successfully obtaining
zygotic embryos has been reported to depend on the
stage of embryo acquisition (Rangan et al. 1969;
Horiuchi et al. 1976). The success rate may be
increased by changing the stage of embryo rescue. In
polyembryonic seeds, zygotic embryos compete either
nutritionally or spatially with multiple nucellar
embryos, making continued growth of zygotic
embryos difficult (Frost and Soost 1968; Soost and
Citrus 1996). Therefore, in vitro embryo rescue
culture is an effective way of increasing the probabil-
ity of obtaining a zygotic embryo (Ohta and Furusato
1957). However, conducting embryo rescue timing
earlier than that in our study may increase the rate of
zygotic embryo acquisition.

A noteworthy result of our study is that zygotic
embryos were obtained even when only one embryo
was present in the seed. Furthermore, there was no
significant difference between the number of embryos
in seeds with and without zygotic embryos. From these
results, it was considered that, among the many
embryos that form in the seed, the survival rate of
individual embryos is comparable between zygotic
and nucellar embryos. This suggests that hybrid plants
can be also selected from mature seed-derived plants.
The method of obtaining hybrid plants from embryo
rescue cultures, as shown in this study, require
advanced equipment and high costs, although the

probability of overlooking a zygotic embryo formed in
the seed is low. In contrast, the method of obtaining
hybrids from seed-derived plants is simple and does
not require any special equipment, although there is
concern about the increasing culling of zygotic
embryos as the seeds mature. It is worth investigating
which method is more efficient and practical for
obtaining hybrid plants in the future.

Regarding the second issue: the growth of healthy
seedlings in vivo requires the growth of healthy
cultured embryonic-derived plants in vitro. Various
studies have examined the relationship between the
growth of plants obtained through embryo culture and
the culture conditions (Horiuchi et al. 1976; Ran-
gaswamy 1961; Carimi et al. 1998; Pérez-Tornero and
Porras 2008; Jajoo 2010). Future research will need to
identify a suitable medium for embryo culture of the
Satsuma mandarin.

As citrus and its close relatives can be crossed
between genera (Iwamasa et al. 1988), we used several
of these plants to confirm whether our 119 newly
developed Indel markers can be used for genotyping,
and of the 119 Indel markers, 61 were genotypable to
LS, LL, or SS in all citrus plants used in this study. It is
suggested that these 61 Indel markers can be used to
genotype various citrus species. When these Indel
markers are used for the hybrid assay, a recombination
between female parent and offspring can be used as an
indicator of hybridization. That is, in the case of
heterozygosity for either the female parent or the male
parent (or both), the probability of the genotype of the
hybridized embryo changing from heterozygous to
homozygous or vice versa is 50%. In this case, the
probability of detection increases by increasing the
number of Indel markers. Moreover, when the female
parent and the male parent have different homozygous
genotypes, the genotype of all hybridized embryos
will be recombined into a heterozygous type only. In
this case, one Indel marker detects the hybrid plant
with a 100% detection rate, demonstrating that Indel
markers developed from Satsuma mandarin genome
information can be expected to serve as indicators of
hybridization in a range of citrus plants beyond
Satsuma mandarin cultivars.

The Indel markers developed in this study can be
used to detect the genotype of each locus. The
differences in the genotype combination at each locus
have been applied to identify the cultivar; this is
essential for protecting the breeder’s rights. For
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example, the CAPS markers were used for this
purpose (Ninomiya et al. 2015; Kunihisa 2011;
Kunihisa et al. 2003). In cultivars bred by hybridiza-
tion that were used in this study, the genotype
combination for each Indel marker differs depending
on the cultivar. Therefore, the newly developed Indel
markers are not limited to detecting of hybridization
and can be expected to have a range of applications,
including identifying cultivars which are bred by
hybridization.

The dendrogram obtained from cluster analysis
showed that Fortunella is genetically more similar to
citrus than to Poncirus. Both nuclear and chloroplast
DNA analysis revealed that Fortunella is nested within
the citrus clade (Garcia-Lor et al. 2013; Carbonell-
Caballero et al. 2015; Nagano et al. 2018; Wu et al.
2018). Conversely, the chloroplast sequence of Pon-
cirus is nested within the citrus clade (Penjor et al.
2013; Carbonell-Caballero et al. 2015); however,
nuclear DNA analysis revealed that Poncirus is an
outgroup of the remaining true citrus plants, likely
because a non-citrus plant may be paternal parent of
Poncirus (Nagano et al. 2018; Wu et al. 2018). Our
DNA analysis matched the findings of these previous
studies.

Nearly all of the Indel markers developed here are
available widely for analysis of various citrus species.
In this study, the Indel markers were developed using
data from Satsuma mandarin, but they can be easily
developed in other citrus species. Whole genome
resequencing of citrus species costs less than $400.
The availability of public whole genome data as
reference genomes and the low cost of resequencing
make it possible to develop new DNA markers
inexpensively. Moreover, if the reference genome
sequence of the target species is available, this
inexpensive and convenient approach can be used
for species other than Citrus.
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