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ABSTRACT. Lycoris species of the Amaryllidaceae are important ornamental and medicinal plants in Asia. Karyotypes
of Lycoris species have been studied extensively since the time when their chromosome numbers were first counted
over 80 years ago. Based on karyotype, Lycoris taxa can be classified into the monomorphic A group, dimorphic MT
group, and the sterile dikaryotype MT-A group. Numerous reports dealing with karyotype analysis and phylogenetic
relationship in the genus Lycoris have been published. However, there are disputes and controversies regarding
karyotype evolution resulting from lacking efficient and reliable markers for chromosome identification in the genus
Lycoris. In this study, we applied fluorescent in situ hybridization (FISH) to visualize the 5S and 45S rDNA loci on
chromosomes as landmarks for chromosome identification in Lycoris taxa. In total, 12 accessions of three karyotype
groups, including nine species and three artificial dikaryotype hybrids, were investigated. A high degree of variation
in the number and position of 5S and 45S rDNA loci was detected among Lycoris taxa. There were four to 14 FISH
signals of 5S rDNAs and two to 12 FISH signals of 45S rDNAs observed in each investigated Lycoris accession. Lycoris
accessions with the same karyotype 2n = 22A may have different numbers of rDNA loci, which distributed at different
chromosomal positions. In an interspecific hybrid, the number and chromosomal position of both 5S and 45S rDNA
loci were either the combinations of those in their parental species or considerably modified. Overlapping FISH
signals of 5S and 45S rDNAs were colocalized with a 4#, 6-diamidino-2-phenylindole-positive band at the end of the
p-arm on almost every T-type chromosome (but not the A-type chromosomes). Based on the features of T-type
chromosomes, the possibility of centromeric fission in karyotypic evolution of Lycoris is discussed.

The genus Lycoris (Amaryllidaceae) comprises �30 taxa
(Kurita and Hsu, 1998), most of which have been grown for
centuries as ornamentals and medicinal plants in China, Japan,
and Korea. Lycoris taxa vary in flower shape and color as well
as chromosome number and karyotypes, posing a considerable
challenge in studying their phylogenetic relationships (Kurita
and Hsu, 1998). In natural habitats, interspecific hybridization
is frequent and has been proven to be an important mode of
speciation in the genus Lycoris (Kurita, 1988; Kurita and Hsu,
1996). The interspecific hybrids can be propagated asexually
through bulblets, and some of them have become widely
dispersed. Several chromosome variations have been found in
38 populations of Lycoris sanguinea (Kurita, 1989). The
heterozygous nature of Lycoris taxa was also shown in five
diploid progenitor species in which genetic segregation of
several allozyme loci was observed (Ma et al., 2004). On the
other hand, a Lycoris taxon may show a genetic constancy
among widely distributed populations (Kurita and Hsu, 1998).
A completely sterile triploid Lycoris radiata var. radiata (2n =
33A), which is widely dispersed in Japan and Korea, shares the

same karyotype (Kurita, 1987b), allozyme loci (Chung, 1999),
and sequences of two genes: the lectin gene in the nuclear
genome and the maturase gene in the chloroplast genome
(Hayashi et al., 2005). These populations could have been
derived from only one or a few bulblets originally introduced
from China �3000 years ago.

Nishiyama (1928) was the first to count chromosome
numbers of Lycoris species and gave n = 11. A large number
of cytogenetic studies of Lycoris have been published since
then (review by Jones, 1998). Lycoris taxa are classified into
three groups based on chromosome complements: acrocentrics
(A-type), metacentrics (M-type), and telocentrics (T-type)
(Kurita, 1986). Plants with an A or MT karyotype are fertile
diploids, whereas those with an MT-A karyotype are sterile
(Kurita and Hsu, 1998). Recently, numerous investigations of
Lycoris taxa were focused on cytological analyses, taxon
identifications, and molecular phylogenetic relationships (Hori
et al., 2006; Hsu et al., 1994; Kim and Lee, 1991; Kurita, 1987a,
1987b, 1988; Lee and Kim, 1987; Liu and Hsu, 1989; Shi et al.,
2006; Yuan et al., 1998). However, it remains difficult to
differentiate species with the same karyotype or to discriminate
T-type from A-type chromosomes in some MT-A dikaryotype
hybrids (Kurita, 1986). Furthermore, little knowledge on the
ancestral karyotype as well as the mechanism of chromosome
evolution in Lycoris species is available (Inariyama, 1951;
Kurita, 1988). To address these questions, efficient and reliable
landmarks for chromosome or even for chromosomal arm iden-
tification are urgently needed.

Ribosomal RNA genes (rDNAs) have been proven to be
reliable landmarks in karyotype studies in Aegilops (Badaeva
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et al., 1996; Castilho and Heslop-Harrison, 1995), Arabidopsis
(Fransz et al., 1998), Hordeum (Taketa et al., 1999), and
Trifolium (Ansari et al., 1999). Karyotyping with rDNA loci
can reflect the phylogenetic relationship among closely related
species. In higher eukaryotes, rDNAs are organized into two
distinct multigene families, one coding for 45S rRNA and the
other coding for 5S rRNA (Suzuki et al., 1996). In plants, 45S
rDNAs are highly repeated and arranged in tandem at one or
a few chromosomal loci. A chromosome locus where 45S
rDNAs are active in transcription is often associated with
a nucleolus. This locus is called a nucleolar organizing region
(McClintock, 1934). A 5S rDNA locus also contains a tandem
array of hundreds or even thousands of repeats, which is usually
located separately from 45S rDNA locus (review by Drouin and
Moniz de Sa, 1995). The number and chromosomal position of
5S rDNA loci as well as those of 45S rDNA loci may vary
among closely related plant species (references in Chung et al.,
2008) [e.g., Phaseolus vulgaris (Pedrosa-Harand et al., 2006)
and certain Oryza species (Chung et al., 2008)].

The fluorescent in situ hybridization (FISH) technique
allows physical mapping of rDNA locus regardless of chromo-
somal feature and transcriptional activities of rDNA repeats
(Cabrero and Camacho, 2008; Chung et al., 1993, 2008; Linde-
Laursen et al., 1992). The locations of 45S rDNA loci have been
determined by FISH for Lycoris chinensis var. sinuolata (2n =
16, 6M + 2SM + 8T) and some Korean endemic Lycoris species
(Lee and Kim, 2000, 2004). The results of 5S and 45S rDNA
FISH analyses suggested that L. radiata var. radiata (2n = 3x =
33) was derived from a diploid botanical variety, L. radiata var.
pumila [2n = 22A (Hayashi et al., 2005)]. Also, rDNA loci were
used as reliable landmarks for checking the formation of
unreduced gametes of three interspecific hybrids and a selfed
progeny of Lycoris sprengeri (Ogawa et al., 2006).

In this study, we applied rDNA FISH to investigate the
variations of 5S and 45S rDNA loci on chromosomes of 12
Lycoris taxa, including nine species and three artificial hybrids.
Distributions of rDNA loci on chromosomes of most taxa are
reported for the first time except for L. radiata var. pumila and

L. sprengeri (Ogawa et al., 2006). We showed that the number
and locations of 5S and 45S rDNA loci varied among taxa of
three karyotype groups and even among taxa within a karyotype
group. This study is also the first to observe 5S rDNA loci were
colocalized with 45S rDNA loci at the end of p-arm of T-type
chromosomes in Lycoris taxa.

Materials and Methods

PLANT MATERIALS. Lycoris accessions used in this study are
listed in Table 1. Lycoris radiata var. pumila, L. sprengeri, L.
rosea, L. haywardii, L. chinensis, L. ·houdyshelii, and two
artificial hybrids with a MT-A karyotype were introduced from
China, whereas L. albiflora was from Japan. Accessions of
native golden spider lily (L. aurea, 2n = 14, 8M + 6T) were
either collected from natural habitats in northern Taiwan or
obtained from a local grower. A variant of L. radiata var.
pumila (2n = 22, 22A) and a curly leaved variant of L. sprengeri
(2n = 22 = 22A, accession LSM) were collected from Ma-Tzu,
an island close to eastern China. All plants were grown in pots
or flats using a soilless medium supplied with slow-release
fertilizers and maintained in the greenhouse at the experimental
farm of the Department of Horticulture, National Taiwan
University, Taipei, Taiwan. At least three plants of each
accession were sampled for further studies.

CHROMOSOME PREPARATION. Young roots�0.5 cm long were
collected at 1200 HR, pretreated with 2 mM 8-hydroxyquinoline
at 18 �C for 4 h, then fixed in Farmer’s fixative [95% ethanol +
glacial acetic acid (3:1 v/v)] overnight at room temperature, and
were stored at –20 �C until used. The fixed root tips had been
washed with distilled water before they were macerated in an
enzyme mixture containing 6% pectinase (Sigma Chemical,
St. Louis, MO) and 6% cellulase (Onozuka R-10; Yakult
Honsha, Tokyo, Japan) in 75 mM KCl (pH = 4.0) at 37 �C for
75 min. After having been washed with distilled water, the soft-
ened tissues were squashed on a slide with a drop of fixative.
Slides were air-dried and then stored at –80 �C until used for
FISH analyses.

Table 1. Chromosome complements of Lycoris taxa used in this study and the number and positions of rDNA fluorescent in situ hybridization
(FISH) signals.

Lycoris accessions (origin) Karyotypes (2n)

45S rDNA FISH signals (no.) 5S rDNA FISH signals (no.)

Total Mz Tz Az Total M T A

L. aurea 14 = 8M + 6T 6 —y 6 — 12 6 6 —
L. chinensis 16 = 6M + 10T 10 — 10 — 12 1 11 —
L. sprengerix and LSM accession 22 = 22A 2 — — 2 4 — — 4
L. radiata var. pumilaw 22 = 22A 4 — — 4 4 — — 4
L. radiata var. pumila (variant, Ma-Tzu) 22 = 22A 3 — — 3 4 — — 4
L. haywardii 22 = 22A 3 — — 3 4 — — 4
L. rosea 22 = 22A 3 — — 3 4 — — 4
L. albiflorav 17 = 5M + 1T + 11A 4 1 1 2 6 2 1 3
L. · houdysheliiu 30 = 3M + 5T + 22A 12 1 5 6 14 1 6 7
L. aurea · L. radiata var. pumila 18 = 4M + 3T + 11A 4 — 3 1 8–9 3–4 3 2
L. chinensis · L. rosea 19 = 3M + 5T + 11A 6 — 5 1 7 — 5 2
L. longituba · L. radiata var. pumila 19 = 3M + 5T + 11A 9 2 5 2 10 2 6 2
zM = metacentric; T = telocentric; A = acrocentric.
yNot present.
xTwo 45S rDNA loci were detected on A-type chromosomes by Ogawa et al. (2006).
wFour 45S rDNA loci were detected on A-type chromosomes by Ogawa et al. (2006).
vL. albiflora = L. traubii (n = 6, 5M + 1T) · L. radiata (n = 11A) (Kurita, 1987a).
uLycoris ·houdyshelii = L. longituba (n = 8, 3M + 5T) · unknown donor (n = 11) (Kurita, 1987a).
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FLUORESCENCE IN SITU HYBRIDIZATION. FISH was performed
according to the protocol of Chung et al. (2008). Plasmid DNA
of the construct pTA71 with the entire coding region of the
45S rRNA gene (�9 kb) of Triticum aestivum (Gerlach and
Bedbrook, 1979) and plasmid DNA of the construct pTA794
with the 5S rDNA repeat unit (410 bp) of T. aestivum (Gerlach
and Dyer, 1980) were labeled with biotin-16-dUTP and
digoxigenin-11-dUTP, respectively, by nick translation (Roche
Diagnostics, Penzberg, Germany) and used as probes for
rDNA FISH analyses. The hybridization position of the bio-
tinylated probe was immunologically detected using fluores-
cein isothiocyanate-conjugated avidin as the green signal
(Vector Laboratories, Burlingame, CA), whereas that of the
digoxigenated probe was detected using rhodamine-conjugated
antidigoxigenin antibodies as the red signal (Roche Diagnos-
tics). Chromosomes were counterstained with 4#, 6-diamidino-
2-phenylindole (DAPI) in Vectashield (1.5 mg�mL–1; Vector
Laboratories). Images were acquired and processed as previ-
ously described in Kao et al. (2006) and Chung et al. (2008). For
each accession, at least five chromosome complements with
good labeling signals were photographed and analyzed.

For the sake of convenience, chromosomes in each comple-
ment were arranged into M, T, and A groups. In each group,
chromosomes were arranged according to their length in
descending order. Chromosomes with the same number in
different complements are not necessarily homologous. The
short arm and the long arm of a chromosome are indicated as
p-arm (p) and q-arm (q), respectively, in accordance with the
International System for Human Cytogenetic Nomenclature.
For example, M3p represents the short arm of the third meta-
centric chromosome in a given complement.

Results

DAPI staining could differentiate T-type chromosomes
from A-type chromosomes. An example is shown in Figure 1,
in which a MT-A dikaryotype species, L. ·houdyshelii (2n =
30, 3M + 5T + 22A), had DAPI-positive bands present near
the distal end of the p-arm of all T- type chromosomes but
absent on the A-type chromosomes. Some of the M-type
chromosomes showed positively DAPI-stained bands near the
centromere.

The results of rDNA FISH, which are summarized in Table 1
and described in detail subsequently, indicate the variations in
the number and distribution pattern of both 45S rDNA loci and
5S rDNA loci among Lycoris taxa as well as among accessions
of a taxon. The number of FISH signals of 45S rDNAs and 5S
rDNAs ranged from two to 12 and from two to 14, respectively.
Two signals on two homologs correspond to one locus in a
diploid.

MT- KARYOTYPE. Lycoris aurea (2n = 14, 8M + 6T) had six
FISH signals of 45S rDNAs and 12 FISH signals of 5S rDNAs
(Table 1; Fig. 2A–D). Each T-type chromosome had 45S and
5S rDNA FISH signals overlapped at the end of its p-arm (T1p–
T6p). The second pair of the M-type chromosomes, M3 and
M4, had the remaining six 5S rDNA FISH signals; each
chromosome had one at the subtelomeric region of the p-arm,
one at the proximal region on the p-arm, and one at the distal
end of the q-arm (Fig. 2D). The intensity of the two signals at
the proximal regions were weaker than that of the others,
suggesting less rDNA repeats present at these two loci.

Fig. 1. Chromosome complement of Lycoris ·houdyshelii (2n = 30, 3M + 5T+
22A) by 4#, 6-diamidino-2-phenylindole (DAPI) staining. There are three
types of chromosomes: acrocentrics (A), metacentrics (M), and telocentrics
(T). DAPI-positive bands present at the end of p-arm of T-type chromosomes
(arrowheads) and near the centromere of M-type chromosomes (arrow); scale
bar =10 mm.

Fig. 2. rDNA fluorescent in situ hybridization (FISH) signals on the chromo-
some complement of Lycoris aurea (2n = 14, 8M + 6T). (A) Merged image
of 5S rDNA FISH signals (red) and 45S rDNA FISH signals (green) on
chromosomes (blue). Arrows indicate the positions with overlapping rDNA
FISH signals. (B) The distribution of 5S rDNA FISH signals in red. Arrows
indicate the positions of signals overlapped with 45S rDNA FISH signals
shown in C. (C) The distribution of 45S rDNA FISH signals in green. (D)
Chromosome complements in A were arranged according to their length in
descending order; scale bar =10 mm.
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Lycoris chinensis (2n = 16, 6M + 10T) had 10 FISH signals
of 45S and 12 FISH signals of 5S rDNAs. Each T-type
chromosome had one 45S rDNA FISH signal at the end of its
p-arm (T1p-T10p). Each 45S rDNA locus on these T-type
chromosomes, except for T10, was colocalized with a 5S rDNA
locus. The remaining 5S rDNA FISH signals included one near
the centromere of M3 and two conspicuous signals at the
subtelomeric regions of T7q and T8q (Fig. 3).

A-KARYOTYPE. The number and positions of 5S and 45S
rDNA loci varied among the species with an A -karyotype (2n =
22, 22A) (Table 1; Fig. 4).

Lycoris sprengeri and its curly leaved variant (accession
LSM) had the same pattern of rDNA FISH signals with two 45S
and four 5S rDNA FISH signals (Fig. 4A). Lycoris radiata var.
pumila had four 45S and four 5S rDNA FISH signals (Fig. 4B),
whereas its variant collected from Ma-Tzu, L. rosea, and
L. haywardii had three 45S and four 5S rDNA FISH signals
(Fig. 4C). The FISH signals of the 45S rDNAs as well as the
5S rDNAs were heterozygous in these three genomes (Fig. 4C).
The three 45S rDNA signals were at the end of chromosomes
A1p, A2p, and A3p. There were four 5S rDNA FISH signals:

one at the distal end of A9q, one in the proximal region of
A11q, and two at the subtelomeric regions of A21q and A22q
(Fig. 4C).

MT-A KARYOTYPE. Lycoris albiflora, L. ·houdyshelii, and
three artificial dikaryotype hybrids were the studied taxa with
an MT-A dikaryotype (Table 1).

Lycoris albiflora (2n = 17, 5M + 1T + 11A), which is
considered a hybrid between L. traubii (2n = 12, 10M + 2T) and
L. radiata var. radiata (2n = 3x = 33, 33A) (Kurita, 1987a), had
four 45S and six 5S rDNA FISH signals on chromosomes
(Table 1; Fig. 5A). On T1p, the FISH signals of 45S rDNAs
overlapped with that of the 5S rDNAs (Fig. 5A).

Lycoris ·houdyshelii (2n = 30, 3M + 5T + 22A), a hybrid
between L. longituba (2n = 16, 6M + 10T) and an unknown
donor with 2n = 22A (Kurita, 1987a), had 12 FISH signals of
45S rDNAs and 14 FISH signals of 5S rDNAs (Fig. 5B; Table
1). Each T-type chromosome, except for T4, had 45S rDNA
FISH signals overlapped with 5S rDNA FISH signals at the
distal end of its p-arm (T1p–T3p, T5p). On chromosome T4,
one conspicuous FISH signal of 45S rDNAs was present at the
end of its p-arm and FISH signals of 45S and 5S rDNAs were
overlapped at its q-arm (Fig. 5B).

An artificial hybrid (2n = 18, 4M + 3T + 11A) of L. aurea
(2n = 14, 8M + 6T) · L. radiata var. pumila (2n = 22A) had four
45S rDNA FISH signals and eight to nine 5S rDNA FISH signals
(Fig. 6A). Like in L. ·houdyshelii, each T-type chromosome had
45S rDNA FISH signals overlapped with 5S rDNA signals at the
distal end of its p-arm (T1p–T3p). It is interesting to note that one
particular studied plant had an additional, although weak, 5S
rDNA FISH signal detected at the distal end of M4q (Fig. 6A).

Fig. 3. rDNA fluorescent in situ hybridization signals on the chromosome
complement of Lycoris chinensis (2n = 16, 6M + 10T). The signals of 5S
rDNA (red) overlapped with the signals of 45S rDNA (green) at the end of the
p-arm of T-type chromosomes, except for T10 (arrow); scale bar =10 mm.

Fig. 4. rDNA fluorescent in situ hybridization (FISH) signals on the chromo-
some complements of three representative A-type species (2n = 22, 22A): (A)
Lycoris sprengeri, (B) Lycoris radiata var. pumila, and (C) Lycoris rosea.
Chromosomes (blue) were hybridized with a probe of 5S rDNAs (red) and
a probe of 45S rDNAs (green). Arrows indicate the heterozygous rDNA FISH
signals on homologous chromosomes; scale bar =10 mm.

Fig. 5. rDNA fluorescent in situ hybridization signals on the chromosome
complements of an MT-A dikaryotype Lycoris species and hybrids: (A)
Lycoris albiflora (2n = 17, 5M + 1T + 11A) and (B) Lycoris ·houdyshelii
(2n = 30, 3M + 5T + 22A). Chromosomes (blue) were hybridized with a probe
of 5S rDNAs (red) and a probe of 45S rDNAs (green); scale bar =10 mm.
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An artificial dikaryotype hybrid (2n = 19, 3M + 5T + 11A) of
L. chinensis (2n = 6M + 10T) · L. rosea (2n = 22A) had six 45S
rDNA and seven 5S rDNA FISH signals (Fig. 6B). FISH signals
of 45S rDNAs were located at the distal end of the p-arm of all
T-type chromosomes (T1p–T5p), four of which (T1p–T4p)
overlapped with 5S rDNA FISH signals. T4q possessed an
additional 5S rDNA locus at its intercalary segment (Fig. 6B).

Another artificial dikaryotype hybrid (2n = 19, 3M + 5T +
11A) of L. longituba (2n = 16, 6M + 10T) · L. radiata var.
pumila (2n = 22A) had nine 45S and 10 5S rDNA FISH signals.
Seven of the 45S rDNA FISH signals overlapped with 5S rDNA
FISH signals on two M-type and five T-type chromosomes (Fig.

6C). T4q possessed a conspicuous 5S rDNA FISH signal at its
intercalary segment. Two FISH signals of 45S rDNAs and two of
5S rDNAs were located at four A-type chromosomes (Fig. 6C).

Discussion

Studies based on rDNA FISH have revealed the variations
in the number, size, and distribution pattern of both the 45S and
5S rDNA loci among Lycoris taxa. These variations are likely
the consequences of frequent events of interspecific hybridiza-
tion and chromosome rearrangements in Lycoris. Similar obser-
vations have been reported in a few other plants, including Oryza
species, Nicotiana species, and Aegilops species. In allotetra-
ploid Oryza species, the number of the 45S rDNA loci was not
necessarily equal to the sum of their progenitors (Chung et al.,
2008). Diploidization in the allopolyploid Nicotiana section
Repandae (Solanaceae) was associated with the loss of a 5S
rDNA locus (review by Clarkson et al., 2005). In the genus
Aegilops, significant variations in the chromosomal position
and number of rDNA loci were associated with chromosome
repatterning, which is a known process of speciation in Triticum
species (review by Raskina et al., 2004).

Various genetic alterations have been reported in some
interspecific hybrids, including gene elimination, amplification,
and transposition (Comai, 2000; Comai et al., 2003). In this
study, rDNA FISH analyses indicated several alterations in the
number and positions of the rDNA loci in both natural and
artificial interspecific hybrids. Lycoris rosea (2n = 22A; Fig.
4C) and L. haywardii (data not shown) are considered as two
derivatives of a natural hybrid between L. sprengeri (2n = 22A)
and L. radiata var. pumila (2n = 22A) (Hsu et al., 1994); their
phylogenetic relationships have been suggested by molecular
analyses (Hori et al., 2006; Shi et al., 2006). Our rDNA FISH
results also supported such phylogenetic relationships among
these ancestral A-karyotype species and their resulting hybrids.
In L. rosea (2n = 22A) and L. haywardii (data not shown), the
numbers and positions of both 45S and 5S rDNA FISH signals
(Fig. 4C) are equal to the combination of those in L. sprengeri
(Fig. 4A) and L. radiata var. pumila (Fig. 4B). The same
conclusion was drawn by comparing the patterns of rDNA
FISH on the chromosomes of L. radiata var. pumila (Fig. 4B)
and those of the A-complement in an artificial hybrid (2n = 18,
4M + 3T + 11A) of L. aurea (2n = 14, 8M + 6T) · L. radiata var.
pumila (2n = 22A) (6A). Lycoris traubii (2n = 12, 10M + 2T)
and L. radiata var. pumila (Fig. 4B) were considered as the
respective MT- and A-complement donors of L. albiflora (2n =
17, 5M + 1T + 11A; Kurita, 1987a); therefore, the number and
position of the 45S and 5S rDNA loci in L. traubii can be
deduced from those of the MT-complement in L. albiflora
(Table 1; Fig. 5A). However, the rDNA FISH signals in the A-
complement of L. albiflora (Fig. 5A) differed from those of
L. radiata var. pumila (Fig. 4B). In other words, new rDNA loci
in the A-complements of L. albiflora arising after the hybrid for-
mation. Lycoris longituba (n = 8, 3M + 5T) is the MT comple-
ment donor of both the natural hybrid L. ·houdyshelii (2n = 30,
3M + 5T + 22A, Fig. 5B) and the artificial dikaryotype hybrid
L. longituba · L. radiata var. pumila (2n = 19, 3M + 5T + 11A;
Fig. 6C); however, the rDNA FISH patterns on the MT-
complements of these two hybrids were not identical. It appears
that rDNA repeats had undergone a transposition and that the
telomeric sequences were amplified during the formation of
L ·houdyshelii (Figs. 5B and 6C).

Fig. 6. rDNA fluorescent in situ hybridization signals on the chromosome
complements of three artificial MT-A dikaryotype hybrids: (A) Lycoris aurea
(n = 7, 4M + 3T) · Lycoris radiata var. pumila (n = 11A) = (2n = 18, 4M + 3T
+ 11A), (B) Lycoris chinensis (n = 8, 3M + 5T) · L. rosea (n = 11A) = (2n = 19,
3M + 5T + 11A), and (C) Lycoris longituba (n = 8, 3M + 5T) · L. radiata var.
pumila (n = 11A) = (2n = 19, 3M + 5T + 11A). Chromosomes (blue) were
hybridized with a probe of 5S rDNAs (red) and a probe of 45S rDNAs (green);
scale bar =10 mm.
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Lycoris radiata is a species complex; the diploid populations
belong to L. radiata var. pumila Grey (Hsu et al., 1994),
whereas the sterile triploid populations belong to L. radiata var.
radiata (Kurita, 1987b). The L. radiata populations found in
China were reported to display variations in the chromosome
numbers and karyotypes among populations and within a pop-
ulation (Zhou et al., 2007). In this study, L. radiata var. pumila
and that variant that we collected in Ma-Tzu showed different
patterns of rDNA FISH (Fig. 4B–C). That variant of L. radiata
var. pumila as well as L. rosea and L. haywardii were detected
to have heterozygous rDNA loci (Fig. 4C). Similar heterozy-
gous rDNA loci were also reported in L. sanguinea var. koreana
(Lee and Kim, 2004).

Robertsonian fusion and fission mechanism are two of the
most important types of karyotype evolution in animals but
relatively uncommon in higher plants (Jones, 1998). A centro-
meric fusion of two acrocentric chromosomes forms a meta-
centric chromosome and a centromeric fission of one
metacentric chromosome produces two telocentric chromo-
somes. Because these types of chromosomal rearrangements
involve the whole chromosome arms, the chromosome number
and morphology are changed, whereas the number of major
chromosome arms remains constant. Plants of the Amaryllida-
ceae have been reported to change karyotypes by whole arm
rearrangement (Jones, 1998). Numerous studies have provided
a considerable amount of information regarding the phylogeny
and karyotype evolution of the genus Lycoris. However, the
knowledge of the ancestral karyotypes based on a reliable
method for chromosome identification was still lacking. Pre-
vious reports indicated that the karyotypic variations in the
genus Lycoris are consequences of either fusion or fission.
Inariyama (1951) proposed that the ancestral karyotype of
Lycoris species was 2n = 22A, and that a species with 2n = 12
(10M + 2T) resulted from centric fusion. The phylogenetic
analysis of chloroplast genome sequences also suggests that
L. radiata var. pumila (2n = 22A) is a possible ancestral taxon
of the genus Lycoris (Hori et al., 2006). In contrary, Kurita
(1986, 1988) suggested that the species with M-type chromo-
somes were the most ancestral, and the T- type chromosome
derived from the M-type chromosomes through Robertsonian
fission, then T-type chromosome converted into the A-type
chromosome by pericentric inversion.

The locations of 45S rDNA loci have been detected at the
centromeric ends of all T-type chromosomes, the distal regions
of the short arm of some A-type chromosomes, and the distal
end of each arm of M-type chromosomes in some interspecific
hybrids of Lycoris (Ogawa et al., 2006). Our study showed that
almost all T-type chromosomes (but not the A-type chromo-
somes) had 45S rDNA signals, 5S rDNA signals, and DAPI-
positive bands overlapped at the end of their p-arms (Figs. 2, 3,
5, and 6). As a result of the limited resolution of FISH and the
highly condensed feature of the metaphase chromosomes,
overlap of 45S rDNA and 5S rDNA FISH signals does not
necessarily mean that they are at the same locus. Rather, it is
more likely that they are in close proximity. We observed the
signals of 5S and 45S rDNA FISH overlapped even in in-
terphase nuclei (data not shown), suggesting the intermixing of
5S and 45S rDNAs in Lycoris. In higher eukaryotes, the 45S
rDNA and 5S rDNA loci are transcribed by different RNA
polymerases and usually located in different positions of
chromosomes (Srivastava and Schlessinger, 1991). Colocaliza-
tion of 45S and 5S rDNA loci has commonly been reported in

animals (Dobigny et al., 2003). Although it has also been
reported in some plants such as Artemisia species (Garcia et al.,
2007) and plants in Chrysantheminae (Abd El-Twab and
Kondo, 2006, 2007), it was unknown in Lycoris previously.
The insertion of 5S rDNA into 45S rDNA is thought to be
accidental with unknown significance, which may be mediated
by transposons or retrotransposons (Drouin and Moniz de Sa,
1995). Like in Artemisia species (Garcia et al., 2007), 5S and
45S rDNA loci colocalized with DAPI-positive bands were
observed on the T-type chromosomes of Lycoris species. On
the other hand, fewer heterochromatin or rDNA FISH signals
were detected in the pericentric region of the M-type chromo-
somes (Figs. 2–6). The different distribution patterns of rDNAs
and heterochromatin on T-type chromosomes and M-type
chromosomes shown in this study indicate that T-type chro-
mosomes may be derived from M-type chromosomes by
centromeric fission in Lycoris species. During this process,
several repetitive sequences, including telomeric repeats, 45S
rDNAs, and 5S rDNAs, were amplified and added to the broken
ends to stabilize those new formed T-type chromosomes (Jones,
1998).

In conclusion, rDNA FISH and DAPI staining are reliable
and efficient methods for chromosome identification in Lycoris
taxa. The rDNA FISH results presented here reveal the
variations of rDNA loci among different karyotypes in the
genus Lycoris. These variations reflect the frequent events of
chromosome rearrangements and interspecific hybridization in
Lycoris species. However, karyotyping with rDNA loci is not
sufficient to determine the corresponding relationships among
the A-, T-, and M-type chromosomes in Lycoris species. To
further clarify the process of karyotype changes in the genus
Lycoris, a set of chromosomal arm-specific landmarks are
required to implement a FISH-based identification system for
chromosome arms.
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