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Abstract The ‘Menglina Leddy’ lily cultivar was
selected from the Lilium longiflorum Thunb. ‘White
Fox’ y-rays irradiation line. It produces much less
pollen than ‘White Fox’ but has similar morphology
traits. In order to reveal the effects of gamma irradia-
tions on the chromosomes, mitosis, and meiosis in
‘Menglina Leddy’ cells were investigated by fluores-
cence in situ hybridization using rDNA and telomeric
repeat probes. Although both ‘Menglina Leddy’ and
‘White Fox’ had 24 chromosomes, a considerable
amount of chromosomal breaking and rejoining were
detected in the former. A super long and two super
small chromosomes appeared in all the ‘Menglina
Leddy’ cells. Meiotic abnormalities occurred at each
separation stage. Chromosomes pairing configuration
showed that complex recombination had happened in
‘Menglina Leddy’. The super long chromosome was
a Robertsonian translocation product composed of
two non-homologous long arms. The chromosome
deletions and recombinations did not affect the main
ornamental traits, but allowed it to acquire the charac-
teristic of less pollen.
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Introduction

As early as the 1920s, it was found that high mutant
frequencies can be induced by radiation in Dros-
ophila melanogaster and barley (Stadler 1928; Mul-
ler 1927). Over the past century, this technology
has been extensively used to analyze gene function-
ing and improving cereal, fruit, and other crop cul-
tivars (Ma et al. 2021; Khah and Verma 2017; Dou
et al. 2003; Lee et al. 2002). Besides causing gross
chromosomal variations, radiation also causes point
mutations in the individual genes. These mutations
increase in genetic variability in the segregating gen-
erations, which greatly enhances the scope for selec-
tion. Induced mutagenesis, a well-known method
that can effectively improve the genetic architecture
of ornamental plants, could be used as a supplemen-
tary or complementary aid when attempting to impart
desirable characteristics into different species of the
plant kingdom (Kolar et al. 2013; Basi et al. 2006;
Yang 1998; Tiwari et al. 2016), such as lily (Xi et al.
2012; Crouse 1961).

The identification and selection of mutants play
important roles in plant mutation breeding. The y-rays
irradiation often causes chromosomal mutagen-
esis, such as chromosome stickiness, univalent,
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multivalent, laggards, bridges, micronuclei, and other
variations. Chromosomes are the genetic materials
carrier, which means that any variations in the chro-
mosomes will inevitably lead to genetic mutation
(Han et al. 2017). Elucidating the meiotic and mitotic
behavior of chromosomes is critical to check the via-
bility and stability of the mutants (Kiihl et al. 2011).
Cytogenetic techniques have been used to identify
the chromosome compositions of mutants induced by
radiation (Zaman and Rai 1977). However, cytologi-
cal methods are time-consuming and it is difficult to
locate genes in fine detail; therefore they are mainly
used for the identification of interesting traits or indi-
vidual plants (Dai et al. 2020; Zhao et al. 2016; Dou
et al. 2003). Cytogenetic techniques including chro-
mosomes banding, FISH and genomic in situ hybridi-
zation (GISH) have been extensively used in ploidy
level determination (Liu et al. 2017; Stewart 1943;
Beal 1942), interspecific hybrids distinguishing and
genetic relationships deducing (Khah and Verma
2017; Hwang et al. 2011; Zhou et al. 2008a,b; Barba-
Gonzalez et al. 2005a,b; Marasek et al. 2004a,b; Lim
et al. 2003, 2001, 2000; Ahn et al. 2017). However,
most of these techniques have not been used to ana-
lyze lily irradiation mutants. The few relevant stud-
ies have only reported simple descriptions of abnor-
mal chromosome behaviors during meiosis (Lu et al.
2002; Crouse 1961). The lack of cytological data
hinders the further application of these mutants in
breeding.

Lily plants generally produce large amounts of
oily pollen grains which easily smudge the peri-
anths and the surrounding environment. Therefore,
a pollenless lily cultivar is an attractive option for
both breeders and consumers and much effort has
been expended during the past three decades to
develop a pollenless lily (Zhang et al. 2018; Yamag-
ishi 2003; Grassotti and Mercuri 1996). However,
most of the ornamental lily varieties on the market
are pollen-rich and there are almost no pollenless
lily varieties except several double flower lily culti-
vars. Lilium longiflorum, which originates in Japan
and Taiwan, has pure white trumpet-shaped flowers.
Its flowers not only have a distinctive fragrance, but
also are available all year round. However, L. longi-
florum has a major defect: its flowers produce con-
siderable numbers of yellow pollen grains and these
grains contain large amounts of pigment, which
has strong pigmenting properties and contaminates
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perianths and clothes (Yamagishi 2003). ‘Menglina
Leddy’ was selected from the y-rays irradiation
lines of L. longiflorum Thunb. cv. White fox by our
team in 2013. ‘Menglina Leddy’ has similar traits
to “‘White Fox’, but produces considerably less pol-
len and the white perianths are hardly polluted after
the anther cracks (Fig. 1A, B) (Xi et al. 2012). None
of the ‘Menglina Leddy’ pollens germinated dur-
ing in-vitro culture and there was a large number
of deformed pollen grains (Fig. 1C, D). However,
nothing is known about the changes in ‘Menglina
Leddy’ at the cytological level.

The objective of this study was to reveal the
changes in ‘Menglina Leddy’ at the cytologi-
cal level. Therefore, we analyzed the karyotype
and meiotic chromosome behaviors in ‘Menglina
Leddy’. Surprisingly, although extensive chromo-
some structural changes to the chromosomes were
observed in ‘Menglina Leddy’, the total chromo-
some total number was still 24, and chromosomes
1 and 2, which are the longest and only two meta-
centric chromosomes in the ‘White fox’ genome,
retained their structure in ‘Menglina Leddy’.

Material and methods
Plant materials

‘White Fox’ and ‘Menglina Leddy’ bulblets were
planted in the greenhouse and also maintained by
tissue culture at Nanjing Forestry University, Nan-
jing, China.

Mitotic chromosome preparation

The root tips of “White Fox’ and ‘Menglina Leddy’
were harvested from hundreds tissue culture
bulblets, pretreated with 1.4 mM cycloheximide
at room temperature (25 °C) for 8 h, and fixed in
Carnoy’s fixative (ethanol: acetic acid=3:1, v/v).
Mitotic chromosomes were prepared using the
smearing method according to Lan et al. (2018), the
slides were screened under a phase contrast micro-
scope, and the well-spread mitotic chromosome
preparations were selected for FISH.
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Fig. 1 Lilium longiflorum
Thunb. White Fox and
‘Menglina Leddy’ flowers
and their pollen germination
tests. A “White Fox’ flower;
B ‘Menglina Leddy’ flower;
C ‘White Fox’ pollen grains
were cultured in liquid
medium for 6 h and mainly
germinated; D ‘Menglina
Leddy’ pollen grains were
cultured in liquid medium
for 24 h. Bars =200 um

Meiotic chromosome preparation

Young anthers were squashed in a drop of 2% ace-
tocarmine to determine whether they were at the
appropriate meiotic stage. Anthers at the appro-
priate meiotic stage were fixed in freshly prepared
Carnoy’s fixative for 12 h at room temperature.
The fixed anthers were washed with distilled water
and each anther was cut into 6-7 segments. These
were then transferred to a 1.5 mL centrifugal tube
containing 100 pL 45% acetic acid and mix pipet-
ted about 10 times to release the pollen mother cells
(PMCQC). Then, 8 pL of the PMC mixture was added
to a slide, which was covered with a slip, placed on
a heater for 10 s at 55 °C, and the cover slip was
squashed. The slide was then frozen in liquid nitro-
gen for 30 s. Following this, the cover slip was
immediately removed using a blade and the sample
was dehydrated in absolute ethanol for 5 min, air
dried, and stored at -20 ‘C until needed.

Probes preparation

Two oligonucleotide (oligo) probes were used to
detect the 5S rDNA and 45S rDNA according to Liu
et al. (2022). The 5S and 45S rDNA probes were
modified at their both ends with FAM (6-carboxyflu-
orescein) and TAMRA (6-carboxytetramethylrhoda-
mine), respectively. A plasmid containing (TTTAGG
G), sequences was kindly provided by Professor Jim-
ing Jiang (Michigan State University, East Lansing,
MI, USA) and labelled with biotin-16-dUTP using
nick translation to mark the chromosome telomeres.

FISH

The FISH procedures were performed according to
a published protocol (Jiang et al. 1995) with minor
modifications based on Lan et al. (2018). Briefly, a
reaction volume of 20 pL per slide contained 40 ng
of each probe DNA. The hybridization mixture was
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denatured at 98 °C for 10 min, immersed immedi-
ately in ice for 5 min before use. The chromosomes
were denatured in 70% formamide for 5 min at
85 °C, dehydrated in a pre-chilled (—20 °C) etha-
nol dilution series (70%, 95%, 100%; 3 min each),
and air dried. After hybridization biotin-16-dUTP
labeled probe was detected with Fluorescein Anti-
Biotin (Fluorescein Anti-Biotin, SP3040, Vector
laboratories, Newark, CAL, USA). Hybridization
signals were observed using a fluorescence micro-
scope (BX51; Olympus, Tokyo, Japan) and images
were acquired using an attached CCD camera. Gray-
scale images were captured for each color chan-
nel and then merged together. The image contrast
was processed using Adobe Photoshop 5.0 (Adobe

Fig. 2 Comparation
between the ‘White Fox’
and ‘Menglina Leddy’
karyotypes. Red signals
show the 45S rDNA
locations; whereas green
signals show the 5S rDNA
locations and chromosome
telomeres. A;-Aj: “White
Fox’ karyotype. A, and A,
were the same metaphase
cell and the white arrows
in A, and A, indicate the
secondary constrictions.
B,-B;: ‘Menglina Leddy’
karyotype. B, and B, were
the same metaphase cell. In
B, and B,, the red arrows
indicate the super long
chromosome; the white
arrows indicate the chromo-
some with both 5S and
45S rDNA loci; the yellow
arrows indicate the two
chromosome 1; the green
arrows indicate two 45S
rDNA bearing chromo-
somes that are different in
size; the two orange arrows
indicate the very small
chromosomes with distinct
telomeric signals. SL: super
long chromosome, and S:
two small chromosomes.
Bars=10 um

Systems, http://www.adobe.com). A total of 10 well
spread metaphase cells were used for karyotyping.

Results

Comparative karyotyping of “White Fox’ and
‘Menglina Leddy’

‘White Fox’ is a diploid cultivar with 24 chromo-
somes. These 24 chromosomes consist of 12 pairs of
homologous chromosomes and the chromosomes in
each pair are similar in size, arm ratios, and rDNA
loci (Fig. 2A;-Az). Among them, chromosomes 1
and 2 are metacentric chromosomes, whereas the
others are acrocentric or telocentric chromosomes.
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Chromosome 4 is a satellite chromosome and the
secondary constriction is located on the long arm
(Fig. 2A, and A,). Four of the six 45S rDNA loci are
located on the centromeric regions of three pairs of
chromosomes: chromosomes 3, 4, and 11 whereas
the other two are located in the secondary constric-
tion regions of chromosome 4. The 5S rDNA loci are
located on the long arms of chromosome 4 near the
45S rDNA (Fig. 2A, and Aj).

The karyotype analysis showed that there were
also 24 chromosomes in ‘Menglina Leddy’ (Fig. 2B,
and B,). Most of the ‘Menglina Leddy’ chromosomes
had considerably changed in size and structure com-
pared to ‘White Fox’ and were difficult to identify
(Fig. 2B,-B;). Telomere and rDNA probes were used
to analyze the ‘Menglina Leddy’ chromosomes. The
5S rDNA and telomere signals were both green, but
the former was much stronger than the latter (Fig. 2B,
and B;). The telomere signals showed that there were
24 chromosomes in ‘Menglina Leddy’ (Fig. 2B, and
B,). However only five of the 24 chromosomes could
be identified based on chromosome length, arm ratio,
and rDNA locations. These were a chromosome 1
pair, a chromosome 2 pair, and one chromosome 3
(Fig. 2B;). There was a super long chromosome (Red
arrow marked in Fig. 2B, and B,) that was about 1.5
times longer than chromosome 1 (Yellow arrows indi-
cated in Fig. 2B, and B,). It was metacentric chromo-
some with a 45S rDNA locus on the centromere. One
chromosome with both 5S and 45S rDNA loci (White
arrow showed in Fig. 2B,) was detected in ‘Menglina
Leddy’. The rDNA loci in ‘Menglina Leddy’ were
similar to chromosome 4 in ‘White Fox’, but the arm
ratio was much different. In “White Fox’, the long arm
was about 3—4 times as long as the short arm, but in
‘Menglina Leddy’ the long arm length was similar
to that of the short arm. There were another two 45S
rDNA bearing chromosomes that were very different
in size (Green arrows showed in Fig. 2B, and B,).
Their rDNA locations were similar to chromosome 11
of ‘White Fox’. In addition, two very small chromo-
somes were found in every cell of ‘Menglina Leddy’
(Orange arrows showed in Fig. 2B, and B,).

Meiosis analysis of ‘Menglina Leddy’
The homologous relationships among the chromo-

somes were explored by analyzing the PMC meiosis
process in ‘Menglina Leddy’. Meiotic abnormalities

occurred at each separation stage and the most fre-
quent chromosome aberrations observed were multi-
valent, bridge, laggard, and stickiness. Chromosome
pairing configuration at the diakinesis stage was
recorded in 30 cells (Table 1). All the cells contained
five to nine bivalents. There were chromosomes that
considerably differed in morphology, but had paired
up to form bivalents (Yellow arrows showed in
Fig. 3). A total of 26 cells contained one to five uni-
valents (Orange arrows indicated in Figs. 3 and 4) and
23 cells contained one to four trivalents (White arrow
indicated in Fig. 4A, and A,). Half of the cells con-
tained one or two tetravalents (Red arrow marked in
Fig. 3A, and A,). Pentavalent (Green arrow indicated
in Fig. 4A, and A,) was also observed in four cells
and hexavalents (White arrow indicated in Fig. 3B,
and B,) in six cells (Table 1). The large number of
chromosomes pairing aberrations resulted in chro-
mosome bridges during telophase I (Fig. 4B, and B,,
C, and C,) and laggard chromosomes in anaphase
II (Fig. 4D, and D,) and telophase II (Fig. 4E; and
E,). These laggard chromosomes eventually formed
micronuclei during the tetrad phase (White arrows
indicated in Fig. 4F, and F,).

Chromosomes with special characteristics were
tracked at the diakinesis stage, including chromosome
1, chromosome 2, a super long chromosome, one
chromosome with both 5S and 45S rDNA sites, and
three chromosomes with 45S rDNA sites. The results
showed that chromosomes 1 and 2 always formed
bivalents in the 30 cells (Fig. 3A; and A,, Fig. 4A,
and A,). The super long chromosome was the product
of a Robertsonian translocation and encompassed the
long arms of two non-homologous chromosomes. In
some cells, each arm of the super long chromosome
paired up with two other chromosomes to form a tri-
valent (White arrows indicated in Fig. 4A; and A,,
Fig. 5B, and B,), but in the other cells it only paired
with one chromosome to form a bivalent (Fig. 5C,
and C,). None of the chromosomes paired with the
super chromosome had a 45S rDNA site. The chro-
mosome containing both 5S and 45S rDNA sites
usually paired with another chromosome in its short
arm distal region to form a bivalent (Fig. 5A; and
A,). This means the short arm of this chromosome
had rejoined with another chromosome segment,
which resulted in a significantly change in the arm
ratio. There were three other chromosomes with 45S
rDNA. One was chromosome 3, which sometimes
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Table 1 Chromosome pairing configuration at the diakinesis stage in 30 cells of ‘Menglina Leddy’

Cell No Number of Number of Number of Number of Number of Number of Total
univalents bivalents trivalents tetravalents pentavalents hexavalents chromosome
number
1 3 6 0 1 1 0 24
2 2 8 0 0 0 1 24
3 2 6 2 1 0 0 24
4 3 9 1 0 0 0 24
5 2 8 2 0 0 0 24
6 1 7 1 0 0 1 24
7 1 7 1 0 0 1 24
8 3 6 1 0 0 1 24
9 0 7 2 1 0 0 24
10 1 8 1 1 0 0 24
11 0 7 2 1 0 0 24
12 2 5 4 0 0 0 24
13 4 7 2 0 0 0 24
14 1 7 0 1 1 0 24
15 5 8 1 0 0 0 24
16 2 8 2 0 0 0 24
17 3 9 1 0 0 0 24
18 2 8 2 0 0 0 24
19 1 5 0 2 1 0 24
20 1 8 1 1 0 0 24
21 1 5 3 1 0 0 24
22 1 8 1 1 0 0 24
23 2 6 2 1 0 0 24
24 4 5 0 1 0 1 24
25 1 5 1 1 0 1 24
26 2 9 0 1 0 0 24
27 0 8 1 0 1 0 24
28 2 8 2 0 0 0 24
29 0 8 0 2 0 0 24
30 2 8 2 0 0 0 24

paired with other chromosomes to form a multivalent
(Fig. 5D, and D,). The other two significantly dif-
fered in length, but usually paired up to form a biva-
lent and the end region of the longer chromosome
always folded back (Fig. 5E, and E,).

Discussion
Structure changes to chromosomes caused by y-rays

radiation have been reported in various crops, includ-
ing Triticum aestivum, Oryza sativa, Zea mays, and
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Vicia faba(Oney-Birol and Balkan 2019; Morita et al.
2009; Tao and Tang 1992; Kuglik et al. 1990). The
y-rays can directly break up chromosomes and dis-
rupt the natural balance, which provides opportuni-
ties to increase crop yield and adaptability (Cortés
and Lopez-Hernandez 2021). They can also be used
to achieve specific breeding goals, such as producing
dwarf mutants (Lu et al. 2009) or inducing male ste-
rility (Kravets 2013; Kinoshita 1976). A comparison
between ‘Menglina Leddy’ and ‘White Fox’ showed
that there were noticeable changes in the chromo-
somal structures (Fig. 2). Although both cultivars had
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Fig. 3 Chromosome pair-
ing configurations at diaki-
nesis stage in ‘Menglina
Leddy’ cells. Red signals
showed the 45S rDNA
locations, whereas the
green signals showed the 5S
rDNA locations and chro-
mosome telomeres. A; and
A, were the same PMC. B,
and B, were the same PMC.
White arrows indicated the
hexavalents; red arrows
indicated the tetravalents;
the yellow arrows indicated
the abnormal bivalents and
the orange arrows indicated
the univalents. Chr 1:
bivalent of two homologous
chromosomes 1. Chr 2:
bivalent of two homologous
chromosomes 2. Bars=10
um

24 chromosomes, ‘Menglina Leddy’ showed a sig-
nificant amount of chromosomal breaking and rejoin-
ing. In ‘Menglina Leddy’ cells, one super long and
two super small chromosomes appeared after irradia-
tion. These alterations to chromosome structure led
to pathologies in the male reproductive system and
pollen sterility in ‘Menglina Leddy’. Consequently,
‘Menglina Leddy’ can serve as an experimental
material for studying the mechanism underlying
lily flower development and male sterility. The tel-
omere structures necessary for chromosomal integ-
rity were present in all the ‘Menglina Leddy’ chro-
mosomes and its chromosome structure and number
also remained stable during vegetative propagation.
Therefore, it maybe possible to replace ‘White Fox’
with ‘Menglina Leddy’.

The chromosome breakage caused by radiation is
generally random; therefore, the longer the chromo-
some, the greater the probability of rearrangement.

Interestingly, the karyotype analysis in this study
showed that the two longest metacentric chro-
mosomes in ‘White Fox’, chromosomes 1 and 2,
appeared to retain their integrity in ‘Menglina Leddy’
and they consistently paired to form two normal
bivalents in all the diakinesis cells (Fig. 3A; and A,,
Fig. 4A, and A,). As the two longest chromosomes
in ‘White Fox’, the probability of no breakage and
recombination after irradiation should be very low.
However, no such structural changes were observed in
this study, probably because the breakdown or recom-
bination of chromosomes 1 and 2 would considerably
affect the individual. Although the chromosomes in
Lilium species are mainly telomeric and acrocentric
chromosomes, all chromosomes 1 and 2 are metacen-
tric chromosomes (Tang et al. 2020; Liu et al. 2017,
Gao et al. 2012; Wang et al. 2012; Kinoshita 1976).
The evolutionary trend for the karyotype is from
symmetry to asymmetry (Stebbins 1971). However,
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Fig. 4 Abnormalities in ‘Menglina Leddy’ meiotic cells. Red
signals showed the 45S rDNA locations, whereas the green
signals showed the 5S rDNA locations and chromosome tel-
omeres. A and A,, B; and B,, C; and C,, D; and D,, E; and
E, and F; and F, were the same PMC, respectively. A; and
A, pairing abnormalities at diakinesis stage, univalent (orange

chromosomes 1 and 2 still retain their symmetry char-
acteristics, whereas the other 10 chromosomes have
evolved into telomeric and acrocentric chromosomes.
Therefore, it is probable that the structural stability of
chromosomes 1 and 2 is crucial for lily species.

The rearrangement of several distinct chromo-
somes was also predicted based on the rDNA sig-
nals and telomeric sequences. First, there was a 45S
rDNA distribution at the super long chromosome cen-
tromere site and one of the 45S rDNA sites on chro-
mosome 3 had disappeared in ‘Menglina Leddy’. This
suggested that one arm of the super long chromosome
was from chromosome 3. However, the chromosome
3 bearing 45S rDNA did not pair with the super long
one in any of the diakinesis stage cells (Fig. 5B,
and B,, C, and C,), which suggested that this super
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arrow indicated), trivalent (white arrow indicated), and penta-
valent (green arrow indicated). B;—C,: chromosome bridges in
telophase I. D;-D,: laggard chromosomes in anaphase II. E;—
E,: laggard chromosomes in telophase II. F; and F,: micronu-
cleus in the tetrad phase (white arrows). Bars=10 um

long chromosome was not homologous to chromo-
some 3. Secondly, although chromosome’s behavior
in meiosis revealed the short arm of one chromo-
some 4 rejoined with another chromosome segment,
the available information is not enough to reveal the
identity of the chromosome segment. Another chro-
mosome 4 could not be identified due deletion of the
5S and 45S rDNA loci. In addition, the two chromo-
somes 11 with 45S rDNA were always paired to form
a bivalent at the diakinesis stage, the long arm of one
chromosome 11 had significantly decreased in size,
while the other chromosome 11 always folded back
to pair itself at the long arm distal end. This suggests
that a gross recombination occurred between the two
chromosomes 11 and a pair of homologous chromo-
somes became a duplicate-deletion-heterozygote.
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Fig. 5 Pairing configu-
ration of several chro-
mosomes with special
characteristics. Red signals
showed the 45S rDNA
locations, the green signal
with arrow showed the 5S
rDNA location and other
green signals showed
chromosome telomeres.
A, and A, were the same
chromosomes from one
cell and showed a bivalent
formed by the chromosome
containing both 5S and 45S
rDNA sites and another
chromosome. B; and B,
were the same chromo-
somes from one cell and
showed a trivalent contain-
ing the super long chromo-
some. C, and C, were

the same chromosomes
from one cell and showed
a bivalent containing the
super long chromosome.
D, and D, were the same
chromosomes from one cell
and showed a tetravalent
containing chromosome 3.
E, and E, were the same
chromosomes from one
cell and showed a bivalent
formed by two chromo-
somes that contained 45S
rDNA and significantly
differed in length. The

end region of the longer
chromosome always folded
back. Bars=10 um

Conclusions

Both ‘Menglina Leddy’ and ‘White Fox’ had 24
chromosomes, but ‘Menglina Leddy’ contained a
significant number of chromosomal rearrangements.
All ‘Menglina Leddy’ cells had a super long chro-
mosome and two super small chromosomes. An

5S rDNA

\

.

analysis of chromosome behavior during meiosis
revealed the compositions of several recombined
chromosomes. In conclusion, the chromosomal
structural variations induced by y-rays radiation
ultimately led to a significant reduction in pollen
quantity and pollen sterility in ‘Menglina Leddy’.
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