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ABSTRACT: Paris is a genus of medicinal plants in the family Melanthiaceae. For the use in traditional medicine
and for trading in local markets, rhizomes of Paris plants are collected from their native habitats. Due to its slow
growth and excessive harvesting, the species is currently facing the risk of extinction. The aim of the present study
was to cytogenetically characterize Paris plants from the mountainous regions of northern Thailand in order to obtain
characteristics that may be species-specific for use in taxonomical and diversity studies. Chromosomes were isolated
from rhizome-grown root tips from the total of 20 Paris accessions. Of these, 12 were diploid (2n = 2x = 10), 2 were
triploid (2n = 3x = 15), one was tetraploid (2n = 4x = 20) and 5 were mixoploid accessions. The diploid accessions
from Chiang Rai and Nan provinces had the most common basic karyotype 6m+4t whereas those from Chiang Mai
province showed 6m+4st and 4m+2sm+4st, indicating differentiation at the species level. The analysis of karyotypes
and ribosomal gene mapping by FISH (fluorescence in situ hybridization) indicated autotriploidy arising spontaneously
within a diploid population and autotetraploidy via endoreduplication in the mitotic cell division. The ribosomal FISH
also revealed a novel map of 5S and 45S rDNA, including the ancestral 55-458S linked sites. The findings of our research
support the ongoing species diversification among Thai Paris taxa.

KEYWORDS: chromosome, fluorescent in situ hybridization, karyotype, molecular cytogenetics, polyploidy, ribosomal
genes

INTRODUCTION balanitin 7 have been shown to have anti-cancer
properties in experiments using various cancer cell

Paris L. is a monocot genus in the tribe Parideae, lines [5, 6]. In the cytotoxic screening and apoptosis
family Melanthiaceae. The genus is mainly dis- 25S2Ys of the potential anti-cancer activity of some
tributed in the temperate and subtropical zones of ~Plants used in Thai traditional medicine (7], 2 out
Europe and Asia [1]. According to Flora of China, of 31 herbal extrach, Le. methanol extracts of
there are 24 Paris species worldwide and in China ¥ .polyph}{ lla var. chinensis (Franch.) H. hara and
12 out of 22 Asiatic species are endemic [2]. Ficus thailandica C.C. Berg & S. Gardner, showed

The rhizome of Paris (called “Chonglou” in Potent anti-cancer (high apoptosis induction) activ-
Chinese, and “Teen Hung Doi” in Thai) has been ity, but had less effect on normal cells. Stemming
used in traditional medicine [3] for treatment of {rom thls’_ sevgral stu'dles 'have. been 1n1t.1a'Fed In
several conditions such as inflammations, injuries, ©rder to identify species diversity of Paris in the
fevers and wounds. Recent studies have shown that ~mountainous regions of northern Thailand, aiming
compounds extracted from Paris rhizomes also have ~ © prov1d§ knowle'd.ge for the species conservation
anti-cancer properties. As many as 16 different com- and sustainable utilization. The present study is one

pounds with anti-cancer properties have been iden- ~ ©f these projects.

tified in rhizomes of the Asiatic species P polyphylla Cytogenetic. characteristics have often been
Sm. [4]. Secondary metabolites from rhizome ex- used to help with the taxonomic classification of

tracts such as saponins, dioscin, polyphyllin D and ~ Plants in the field of cytotaxonomy. For the genus
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Faris, all species recognized so far share the same
base chromosome number x = 5 [8-10], indicating
noncomplex chromosome evolution with a single
polyploid series. According to the Chromosome
Counts Database (CCDB) [11], most of Paris species
are diploid having 10 chromosomes in their vege-
tative cells (2n = 2x = 10). Only a very few Paris
species are polyploid. For example, the temperate
Eurasian P quadrifolia L. is essentially a tetraploid
species with 2n = 4x = 20 [12, 13]; the northern
Asian and Siberian species P verticillata M. Bieb.
has tetraploid accessions [8] whereas the Japanese
species P japonica Franch is octoploid with 2n =
8x =40[12,14].

Karyotypic analysis is a cytogenetic means to
provide a better insight into the phylogenetic rela-
tionship among closely related species. The kary-
otype is the morphological aspect of chromosome
complement as seen at mitotic metaphase [15]. In
the case of Paris, high-resolution karyotypes have
been constructed using the heterochromatin stain-
ing methods of C- and Q-banding. The band-
ing results from numerous Chinese and Japanese
species have revealed the diploid basic karyotype
formula to be 6m+4t, consisting of 6 metacentric
chromosomes and 4 telocentric chromosomes, plus
B chromosomes [9, 14, 16].

The nucleolar organizer regions (NORs) have
become part of the karyotype as their position
on chromosomes is conserved to the point that it
can reflect phylogenetic relationship among closely
related species. The most common method for
studying cyto- and phylogenetic relationship among
closely related plant species is the method of fluores-
cence in situ hybridization (FISH) using ribosomal
genes (rDNA) as probes [17-19]. In the case of
FParis, the first report of rDNA-FISH is about the
mapping of 18S (45S) ribosomal RNA gene (rDNA)
on chromosomes of 3 Paris species, 1 species from
China: P polyphylla Sm. and 2 species from Japan:
P tetraphylla A. Gray and P, verticillata M. Bieb [20].
In all these 3 species, the 45S rDNA loci are localized
on acro-/telocentric chromosomes. In contrast, a
different map of the 18-26S (45S) rDNA has been
reported for 3 Paris taxa from China, P polyphylla
var. yunnanensis (Franch.) Hand.-Mazz., P forrestii
(Takht.) H. Li and P axialis H. Li [21]. No report on
5S rDNA mapping on chromosomes of Paris species
from China and Japan is available.

There is no report on karyotypes or molecular
cytogenetics of Paris plants from Thailand prior to
the present study. The objectives are therefore (1) to
evaluate 2n chromosome number diversity among
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the Paris accessions collected from natural habitats
in 3 provinces of northern Thailand, (2) to obtain
karyotypic data for cytotaxonomical purposes and
(3) to gain a better insight into the phylogenetic
relationship among these Paris accessions by FISH
mapping of 5S and 458 ribosomal genes. The results
can be used to support the taxonomic classification
of the unidentified Paris accessions in the present
study.

MATERIALS AND METHODS
Plant materials

Living plant specimens (20 accessions) were col-
lected from 3 Northern provinces of Thailand: Chi-
ang Rai, Chiang Mai and Nan. Samples for the
cytogenetic study were taken from these specimens
before they were planted in greenhouse. Voucher
specimens were deposited at Suan Luang Rama IX
Herbarium. Source locations and accession num-
bers of plant materials used in the present study
are shown in Table 1. All plant samples were iden-
tified under the supervision of Assist. Prof. Thaya
Jenjittikul, Mahidol University, and Dr. Piyakaset
Suksathan, Queen Sirikit Botanical Garden (QSBG),
based on Flora of China [2].

Cytological study

Chromosome preparations were made from root tips
using the Feulgen hydrolysis squash method [22]
and the enzymatic squash method [18]. The root
tips were pre-treated in ice-water at 4°C for 35 h,
or with saturated para-dichlorobenzene solution for
35 h. After pre-treatment, the root tip samples
were fixed and stored at 4°C in a 3:1 v/v solution
of ethanol and glacial acetic acid until use. For
the Feulgen squash method, the fixed samples were
washed in distilled water, followed by hydrolysis in
1 M hydrochloric acid (HCI) at 60 °C for 8-10 min,
depending on root tip size. Then, each hydrolyzed
root tip was squashed in 2% w/v of aceto-orcein
stain. For the enzymatic squash method, the fixed
root tips were digested in an enzyme mixture con-
taining pectinase (30 units/ml, Merck no. 1.06021,
Germany) and cellulase (80 units/ml, Merck no.
1.0232, Germany) at 37°C for 12-15 min. The
digested root tips were squashed in 45% acetic acid.
The slides were stored at 4°C in dark and cool
place until use. Some of these slides were used
for metaphase analysis right away and therefore
they were stained for 1 min with a 1 pg/ml so-
lution of blue-fluorescing DAPI (4, 6-diamidino-2-
phenylindole, Sigma-Aldrich, USA).


http://www.scienceasia.org/
www.scienceasia.org

ScienceAsia 46 (2020)

Table 1 Paris accessions under study and cytogenetic results.
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Species Province District Accession no. Chromosome  Karyotype  Ploidy
no. (2n) formula
Paris polyphylla Chiang Rai Mae Saruay PP 035807 10 6m+4t Diploid
var. chinensis PP 035810 10 6m+4t Diploid (Fig. 2B, 3A-B)
Paris sp. Chiang Rai Pang Khon PJPK 621114-1 10 - Diploid (Fig. 2C)
Paris cf. cronquistii Nan Mae Jarim PPNN 5926 - - Diploid (Fig. 4A-B)
var. cronquistii PPNN 5935 10 6m-+4t Diploid (Fig. 2A)
PPNN 59059 15 9m-+6t Triploid (Fig. 2H, 3G-H)
PPNN 59242 10 6m+4t Diploid (Fig. 3C-D)
Paris spp. Chiang Mai Doi Pu Muen PJPM 62004 10 6m+4st Diploid (Fig. 4C-D)
Doi Saket PJKL 006 10 - Diploid
Mae Chon Luang PJMJ2 008 15 - Triploid
Mae Khi PJMK 62018 10 - Diploid
15 - Triploid
Mae Rim PJHL 621112-7 10 - Diploid
Mae Taeng PJMT 521113-15 10 - Diploid
PJMT 621113-3 20 - Tetraploid (Fig. 2J)
Phraphutthabat Si Roi PJPPB 62004 10 - Diploid (Fig. 4E-F)
PJPPB 62017 10 - Diploid
20 - Tetraploid (Fig. 2K)
Samoeng PJSM2 012 10 - Diploid (Fig. 2E, 4G-H)
15 - Triploid
PJSM2 013 10 - Diploid (Fig. 2D)
PJSM2 014 10 4m+2sm+4st Diploid (Fig. 2G, 3E-F)
20 8m+4sm+8st Tetraploid (Fig. 21, 31-J)
PJSM2 015 10 6m-+4st Diploid (Fig. 2F)
20 - Tetraploid

The chromosome number of each plant was
determined from images of metaphase cells from
either orcein- or DAPI-stained slides, taken at
1000 x magnification using an Olympus DP50® dig-
ital camera operated with Olympus BX50 fluores-
cence microscope. Karyotypes were constructed
from the best images for each accession according
to the standard method [23], based on arm ratio
measurements.

Fluorescence in situ hybridization (FISH)

FISH experiments were conducted as previously
reported [ 18], with only minor modifications. Chro-
mosome preparations for FISH experiments were
obtained using the enzymatic squash technique as
described above. Two ribosomal probes were used
in the present study: 5S rDNA probe from the
plasmid clone pTa794 and the 45S rDNA probe from
the plasmid clone pTa71. The rDNA probes were
labelled separately with different fluorochrome-
conjugated nucleotides by standard nick translation:
the 5S rDNA probe with the green label Fluorescein-
12-dUTP (Roche Applied Science, Germany) and the
45S probe with the red-fluorescing SpectrumRed-
dUTP (Vysis, USA).

The chromosome preparations were first di-
gested with RNase-A (5 pg/ml) for 1 h at 37°C
and treated with paraformaldehyde (4% w/v). The
probe mixture for each slide consisted of 50 ng
each of the red- and green-labelled rDNA probes,

50% formamide, 20% dextran sulphate, 2 x SSC
and 0.5% SDS. The combined denaturation was
carried out for 10 min at 89°C in a PTC-100 Pro-
grammable Thermocycler (MJ Research, USA), fol-
lowed by an overnight hybridization at 37°C. The
post-hybridization washing steps included a strin-
gent wash in 0.1 x SSC at 55 °C for 15 min.

The chromosomes were stained for 1 min with
a 1 pg/ml solution of fluorochrome DAPI and
mounted with the antifade Citifluor AF1 (Citifluor,
UK). The FISH signal on chromosomes was ex-
amined under 1000 x magnification in the Nikon
Eclipse E800 epifluorescence microscope. The im-
ages were captured with Nikon Digital Camera
DXM1200E The FISH hybridization signals of 5S
and 45S rDNA repeats were mapped on metaphase
chromosomes in the form of ideograms.

RESULTS
Plant morphology

Large morphological variation was found among
Paris plants in this study, especially in number of
ovules, type of placentation, number of stamen,
shape of outer and inner tepals, number of leaves
per node and additionally in some cases leaf mor-
phology and rhizome shape and size (Chow et al,
manuscript in preparation). The accessions from
Chiang Rai province, i.e. from Mae Saruay dis-
trict, belong to P polyphylla var. chinensis (Fig. 1A)
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Fig. 1 Plant morphology of Paris in Thailand. (A) P polyphylla var. chinensis (Mae Saruay, Chiang Rai); (B) P cf.
cronquistii var. cronquistii (Mae Jarim, Nan); (C) Paris sp. (Doi Pu Muen, Chiang Mai); (D) Paris sp. (Doi Saket, Chiang
Mai); (E) Paris sp. (Mae Chon Luang, Chiang Mai); (F) Paris sp. (Samoeng, Chiang Mai). Scale bars represent 5 cm.

whereas the accession from Pang Khon district is
taxonomically undescribed and is therefore referred
to as Paris sp. The accessions from Mae Jarim dis-
trict, Nan province are identified at this stage as
Paris cf. cronquistii (Takht.) H. Li var. cronquistii
(Fig. 1B). The accessions from Chiang Mai province,
from the districts of Doi Pu Muen (Fig. 1C), Doi
Saket (Fig. 1D), Mae Chon Luang (Fig. 1E), Mae
Khi, Mae Rim, Mae Taeng, Phraphutthabat Si Roi
and Samoeng (Fig. 1F) are uncharacterized botani-
cally and are thus referred to as Paris spp.

Chromosome numbers and karyotypes

The results of chromosomal investigation are sum-
marized in Table 1. Of 20 Paris accessions examined
in the present study, 12 are diploid (2n = 2x = 10),
2 are triploid (2n = 3x = 15), one is tetraploid
(2n = 4x = 20) and 5 are mixoploid accessions. No
B chromosome was discovered.

Both accessions of P polyphylla from Mae Saruay

www.scienceasia.org

district, Chiang Rai province have the same somatic
chromosome number of 2n = 2x = 10 (Fig. 2B),
therefore this species is presumably diploid with
base chromosome number x = 5. Its karyotype
formula is 6m+4t, comprising 3 pairs of metacen-
tric (m) chromosomes and 2 pairs of telocentric (t)
chromosomes (Fig. 3A-B). The third accession from
Chiang Rai (Pang Khon district) is also diploid
(Fig. 2C), but the plant morphology does not allow
species identification at this stage.

The accessions of P cf. cronquistii from Mae
Jarim district (Nan province) turned out to be
diploid (3 accessions, e.g. Fig. 2A) and triploid
(1 accession, Fig. 2H). The karyotype formula that
could be constructed from 2 diploid accessions is
6m+4t (Fig. 3C-D), which is the same as that of
P polyphylla from Chiang Rai. The triploid accession
(2n =3x =15, Fig. 2H) has the same karyotype for-
mula as the diploids, but with 3 sets of homologous
chromosomes (9m+6t, Fig. 3G-H) instead of 2.
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Fig. 2 Mitotic metaphase chromosomes of selected Paris accessions: (A-G) diploid cells (2n = 2x = 10), (H) triploid
cell (2n =3x =15) and (I-K) tetraploid cells (2n = 4x = 20). (A) Paris cf. cronquistii var. cronquistii, diploid accession
PPNN 3935 (Mae Jarim, Nan); (B) P polyphylla var. chinensis, diploid accession PP 035810 (Mae Saruay, Chiang Rai);
(C) Paris sp., diploid accession PJPK 621114-1 (Pang Khon, Chiang Rai); (D) Paris sp., diploid accession PJSM2 013
(Samoeng, Chiang Mai); (E) Paris sp., 2x/3x mixoploid accession PJSM2 012 (Samoeng, Chiang Mai); (F) Paris sp.,
2x /4x mixoploid accession PJSM2 015 (Samoeng, Chiang Mai); (G) Paris sp., 2x /3x mixoploid accession PJSM2 014
(Samoeng, Chiang Mai); (H) Paris cf. cronquistii var. cronquistii, triploid accession PPNN 59059; (I) Paris sp., 2x/4x
mixoploid accession PJSM2 014 (Samoeng, Chiang Mai); (J) Paris sp., tetraploid accession PJMT 621113-3 (Mae Taeng,
Chiang Mai); and (K) Paris sp., 2x/4x mixoploid accession PJPPB 62017 (Phraphutthabat Si Roi, Chiang Mai). Scale

bars represent 10 pm.

From Chiang Mai province, the accessions
are variable cytogenetically. Diploid (Fig. 2D-G),
triploid and tetraploid (Fig. 2I-K) chromosome
numbers were discovered. Six out of 13 accessions
from Chiang Mai are diploid, and more importantly,
they came from different districts. Diploids are
therefore relatively widespread. The karyotype for-
mula that could be constructed from one of these
diploid accessions is 6m+4st (from Doi Pu Muen),
comprising 3 pairs of metacentric (m) chromosomes
and 2 pairs of subtelocentric (st) chromosomes.
This karyotype differs from that of P polyphylla
and P cf. cronquistii in that it is comprised of 4st
rather than 4t chromosomes. An example of st-
chromosomes can be seen in Fig. 4C-D, i.e. the NOR
bearing chromosome pair from Doi Pu Muen.

Polyploidy is apparently common among acces-
sions from Chiang Mai province. The only Paris
accession from Mae Chon Luang is triploid, but

the metaphases are not sufficiently resolved for
karyotype construction. In addition, one of the 2
accessions from Mae Taeng district turned out to
be tetraploid (Fig. 2J). But the most unexpected
feature of Paris accessions from Chiang Mai is that
they are cytogenetically variable even within plants.
They are mixoploid plants. Out of the 5 mixo-
ploid accessions from Chiang Mai (Table 1), 2 have
diploid and triploid cells in different roots of the
same plant, i.e. PJMK 62018 from Mae Khi and
PJSM2 012 from Samoeng (Fig. 2E), thus referred
to here as 2x/3x mixoploids. The other 3 are
2x/4x mixoploid accessions, comprising diploid
and tetraploid cells within the same plants and even
within the same roots: accessions PJPPB 62017
from Phraphutthabat Si Roi, PJSM2 014 and PJSM2
015, both from Samoeng district. One of these
2 Samoeng accessions, i.e. PJSM2 015 (Fig. 2F),
has the diploid karyotype formula 6m+4st, the
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Fig. 3 Ideograms and karyotypes of Paris, showing chromosome number IDs from 1 to 5. (A-B) P polyphylla var.
chinensis, diploid accession PP 035810 (Mae Saruay, Chiang Rai), diploid cell, karyotype 6m+4t; (C-D) Paris cf.
cronquistii var. cronquistii, diploid accession PPNN 59242 (Mae Jarim, Nan), diploid cell, karyotype 6m+4t; (E-F) Paris
sp., 2x /4x mixoploid accession PJSM2 014 (Samoeng, Chiang Mai), diploid cell, karyotype 4m+2sm+4st; (G-H) Paris
cf. cronquistii var. cronquistii, triploid accession PPNN 59059 (Mae Jarim, Nan), triploid cell, karyotype 9m+6t; and
(I-J) Paris sp., 2x /4x mixoploid accession PJSM2 014 (Samoeng, Chiang Mai), tetraploid cell, karyotype 8m+4sm+8st.

Scale bars represent 10 pm.

same formula as that of the accession from Doi Pu
Muen. The other Samoeng accession, i.e. PJSM2
014, contains both diploid (Fig. 2G) and tetraploid
(Fig. 21) cells in the same roots. The tetraploid chro-
mosome complement of this particular accession is
clearly a doubling of the diploid set as they share
the same karyotype formula: 4m+2sm+4st for
diploid (Fig. 3E-F) and 8m+4sm+8st for tetraploid
(Fig. 31-J) cells. This differs from the karyotype
of other Chiang Mai accessions in that it includes
submetacentric (sm) chromosomes, i.e. 4m+2sm
versus 6m chromosomes.

Ribosomal FISH mapping on chromosomes

Two different ribosomal DNA (rDNA) probes were
used in this study: 5S and 45S rDNA. The FISH
experiments were conducted with chromosomes of
Paris cf. cronquistii from Nan province and Paris
accessions from Chiang Mai province. Examples
of the FISH results are shown in Fig. 4, and the
chromosomal localization of both rDNA genes is
illustrated in Fig. 5.

www.scienceasia.org

The only diploid accession of P cf. cronquistii
examined by FISH showed 2 clear signals of the
45S rDNA from interphase nuclei (Fig. 4A-B), and
both appeared to be associated with the nucleoli as
expected. FISH signals from all other accessions
under study were detected on metaphase chromo-
somes, and where available, the results were well
supported by the interphase signals. Diploid cells
of Paris accessions from Chiang Mai often showed 4
signals (2 pairs) of 45S rDNA, most probably 1 pair
major and 1 pair minor sites (Doi Pu Muen, Fig. 4C-
D) or 1 to 3 major sites in other accessions, i.e. Phra-
phutthabat Si Roi (Fig. 4E-E both in metaphase and
interphase cells) and Samoeng (Fig. 4G-H). Usually
4 sites of 45S rDNA were observed among triploid
and tetraploid cells in accessions from Chiang Mai
province.

The most common map of 45S rDNA on chro-
mosomes of diploid Chiang Mai accessions com-
prises 1 pair of loci on the terminal position of
a homologous pair of metacentric (m) chromo-
somes and 1 pair on the short arm of subtelocen-
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Fig. 4 Ribosomal FISH mapping on chromosomes of Paris.
Arrows indicate the position of red-fluorescing 45S rDNA:
closed/solid arrows indicate major sites with strong signal
while open arrows mark minor sites or those with weak
signal. Asterisks indicate the position of green-fluorescing
5S rDNA. (A-B) Paris cf. cronquistii var. cronquistii, diploid
accession PPNN 5926 (Mae Jarim, Nan), showing 2 major
sites of 45S rDNA in the interphase nuclei, co-localized
with the nucleoli. (C-D) Paris sp., diploid accession PJPM
62004 (Doi Pu Muen, Chiang Mai), a diploid cell showing
2 major 45S rDNA sites and 2 weak sites. (E-F) Paris
sp., diploid accession PJPPB 62004 (Phraphutthabat Si
Roi, Chiang Mai), showing a metaphase cell with 3 major
red-fluorescing 45S rDNA sites and 1 weak (hidden) site
and with 2 green-fluorescing 5S rDNA sites. The 5S
and the 45S sites are on the same st-chromosome but
on the opposite arms. Note that the 45S rDNA sites are
expressed into the nucleoli of the adjacent interphase
nucleus. (G-H) Paris sp., mixoploid 2x/3x accession
PJSM2 012 (Samoeng, Chiang Mai), showing 1 major 45S
rDNA site and 3 weaker sites. Scale bars represent 10 pm.

tric (st) chromosomes (Figs. 4 and 5). In some
cases, the 45S rDNA signal on the subtelocentric
pair was weak (Fig. 4E-F), but in other cases the
weak signals appeared to be random, indicating
that it may be due to a technical reason such as
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Fig. 5 Ideogram of the ribosomal FISH mapping on
chromosomes of diploid Paris accessions from Chiang Mai
province: PJSM2 012 (Samoeng), PJPM 62004 (Doi Pu
Muen) and PJPPB 62004 (Phraphutthabat Si Roi). Red:
45S rDNA (probe pTa 71). Green: 5S rDNA (probe pTa
794). Chromosomes in this ideogram do not represent
actual size and shape.
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chromosomal overlapping or more likely due to
the reduction of the rDNA copy number in these
weak sites. In addition to the major, terminal po-
sitions of the 45S rDNA sites, an interstitial location
was observed in one of the mixoploid accessions
from Samoeng district, the accession PJSM2 014,
which also possesses the unique karyotype formula
4m+2sm-+4st/diploid cell (images not shown).

Generally, one pair of 5S rDNA was clearly
detectable in diploid cells, although in some cases
the pair comprised one strong and one weak signal.
The 5S rDNA appeared on the interstitial position of
the long arm of subtelocentric chromosomes, which
is the same chromosome pair that bears the 45S
rDNA repeats on the short arm (Fig. 5, see example
in Fig. 4E). The triploid accession PJMJ2 008 from
Mae Chon Luang in Chiang Mai province showed 3
signals of 5S rDNA. The tetraploid cells of Samoeng
accession PJSM2 014 had 4 5S rDNA sites (2 pairs),
but the location on chromosomes was not clear in
this study.

DISCUSSION

Chromosome number and karyotypic variation
among diploid Paris accessions

Diploid Paris accessions in the present study all
have the somatic chromosome number 2n=2x=10.
According to the Chromosome Counts Database
(CCDB) [11], this 2n number is the only diploid
number existing in Paris genus, i.e. there is no vari-
ation in the diploid somatic number. On the other
hand, we have discovered a significant variation in
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the karyotypes among the diploid accessions in the
present study.

P polyphylla var. chinensis and P cf. cronquis-
tii var. cronquistii share the same basic karyotype
formula of 6m+4t, and this is in good agreement
with other studies. P polyphylla var. chinensis from
diverse locations in China has the same basic kary-
otype as in our study, i.e. 6m+4t [9, 10, 20,24]. In
addition, P polyphylla var. yunnanensis is character-
ized by this basic karyotype [10, 14, 21]. Karyotype
of P cronquistii is also 6m-+4t [25].

Our study revealed 2 other karyotype formu-
lae from Chiang Mai accessions: 6m-+4st and
4m+2sm+4st. The presence of subtelocentric (st)
chromosomes in Paris karyotypes appears to be
prevalent among temperate taxa, in contrast to
telocentric (t) chromosomes that are typical of
the tropical taxa [8,25]. Examples of karyotypes
containing st-chromosomes in the literatures in-
clude: 6m+1st+3t in P polyphylla var. stenophylla
Franch. from southern China [24] and P mar-
morata Stearn from relatively high elevations in
Sichuan and north of the Indian subcontinent [9];
6m+2st+2t in P polyphylla var. polyphylla from rel-
atively low elevations in Sichuan province, south-
western China [9]; and 6ém+4st in P bashanensis
ET. Wang & Tang from medium to high elevations
also in Sichuan [24]. There seems to be 2 main
karyotypes containing st-chromosomes, the 2st and
the 4st types. The former tends to be widespread
in the temperate regions such as in western China
and east of the Tibetan Plateau whereas the latter
appears to be confined to the border region between
the temperate and subtropical zones such as further
north of Thailand into South China [25]. In con-
trast, the basic karyotype without st-chromosomes,
i.e. 6m+4t, is more prevalent in the subtropical
and tropical regions of Asia such as that found in
P polyphylla var. chinensis and P, cf. cronquistii in our
study.

In terms of karyotype symmetry, Stebbins [15]
explained the general trend of karyotype evolution
in plants where the karyotype symmetry is primary,
and the asymmetry is evolutionarily more advanced.
Thus, the karyotype evolutionary pattern among
Paris taxa should be in the direction from 4st to
2st and then 4t. Indeed, the dataset compilation
paper [26] shows that chromosomes evolve in a
direction from symmetry to asymmetry. This is
consistent with the observations that many genera
show increasing asymmetry and thus, it may be a
widespread karyotypic feature in Angiosperms [15].
Various types of chromosome rearrangements in-
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cluding breakages and reciprocal translocations of
unequal chromosome segments are likely to drive
the symmetry towards the asymmetry [15]. In view
of this trend in chromosomal evolution, it is possible
that Chiang Mai accessions possessing the 2 differ-
ent basic karyotypes, i.e. 6m+4st and 4m+2sm+4st,
belong to 2 different species. This, however, re-
quires further investigation incorporating morpho-
logical description and phylogenetic analysis. Kary-
otypes of other accessions from Chiang Mai are not
available at this stage.

Ribosomal FISH provides important insights
into the chromosomal evolution in Paris

The ribosomal FISH mapping supports that certain
Chiang Mai accessions belong to species different
from P polyphylla var. chinensis and P, cf. cronquistii
var. cronquistii. The Paris accessions from Chiang
Mai having different karyotypes, i.e. 6m+4st and
4m+2sm+4st, also have different ribosomal FISH
maps. The former has 45S rDNA map as in the
ideogram in Fig. 5 (one pair m-terminal and one
pair st-terminal), but the latter has a different
map consisting of one site st-terminal, one site m-
interstitial and one pair sm-terminal.

To the best of our knowledge, there are only
2 references on ribosomal FISH mapping on chro-
mosomes of Paris [20,21]. Neither of these 2
studies has detected 45S rDNA loci on subtelocentric
(st) chromosomes, which is in direct contrast with
our study. In addition, the interstitial m- and the
terminal sm-sites discovered in the present paper
are novel. In one paper [20], 45S rDNA sites
were observed at the terminal position on the short
arm of telocentric (t) chromosomes, on both pairs
in P polyphylla (karyotype 6m+4t) but only one
pair in P tetraphylla and P verticillata (both species
have karyotype 6m+2st+2t). The other paper [21]
reported 2 terminal pairs of 45S rDNA: one pair
on the third (m) metacentric and one pair on the
first t-chromosomes of P polyphylla var. yunnanensis,
P forrestii and P axialis (all share the karyotype
6m-+4t). The pattern is indeed similar to the rDNA
map in our study (Fig. 5), differing only in that the
t-chromosomes in their study are st-chromosomes in
our Chiang Mai accessions.

Based on the comprehensive analysis of the
distribution of 45S rDNA sites on chromosomes
obtained by FISH together with other karyotypic
data from 846 plant species [27], the rDNA sites in
angiosperms tend to be on the short arms, mainly
in the terminal regions. The results of rDNA FISH
mapping on Paris chromosomes, both in the present
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study and from other papers, thus fall well within
this general pattern. This distribution of sites may
be related to karyotype characteristics or chromo-
somal organization of specific taxa. For example,
during interphase, centromeres are often clustered
in one pole of the cell and telomeres in the opposite
pole as a consequence of the anaphase movement.
This kind of chromosome distribution in the nucleus
is named Rabl orientation. Terminal or subtelomeric
45S rDNA sites, as opposed to proximal sites, clearly
have an advantage when it comes to transcribing
ribosomal genes into the nucleolus. The distal
half of cereal chromosomes at interphase has been
captured by electron microscopy to be highly de-
condensed [28], and it is exactly this decondensed
region that is more accessible for transcriptional
enzymes and substrates. In contrast, extra or ad-
ditional sites of 45S rDNA can be found elsewhere
along chromosome arm. These other locations are
probably inactive, or they are non-transcribed sites.
Such is the case of the interstitial 45S rDNA sites
in Paris accessions from Samoeng district in Chi-
ang Mai. The occurrence of extra sites may have
been associated with polyploidization events. Paris
accessions from Samoeng district are indeed very
diverse (see Table 1), comprising diploid, polyploid
and mixoploid accessions.

This study is the first to report the mapping of 5S
ribosomal repeats on chromosomes of Paris. Typical
5S rDNA map observed in the Paris accessions from
Chiang Mai province comprises interstitial site on
the long arm of the same st-chromosomes as the
45S rDNA (Fig. 5). This is an interesting feature
of ribosomal gene distribution in the plant genome;
both ribosomal multigene families reside on the
same chromosome. In most species, 5S and 45S
rDNA sites are localized on different chromosomes,
but the occurrence of both sites on the same chromo-
some (here referred to as linked sites) has been re-
ported in several species, sometimes in adjacent po-
sitions [29,30]. In the analysis of 166 angiosperm
karyotypes with 5S and 45S rDNA localization [29],
13.3% of them show sites on the same chromosome,
and in 8.4% of karyotypes the sites are adjacent.
Their analyses further reveal that 55-45S linked
sites may have arisen by chance as a consequence
of random transpositions of both sequences. In-
terestingly, transposable elements have been found
flanking 5S rDNA sequences or tightly associated
with them in different species [31], supporting the
putative role of these elements on the mobility and
origin of new sites. The presence of 55-45S linked
sites in a genus can be used for tracing ancestry
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among species in the phylogenetic and phylogeo-
graphical context, for example, among taxonom-
ically related barley (Hordeum L.) species across
Asia and America [32]. The retention of adjacent
sites in an extensive taxonomic lineage has been
observed in a number of plant families [29, 33].
For Paris, further experiments of simultaneous FISH
mapping of 5S and 45S rDNA on chromosomes from
more accessions would provide evidence useful for
resolving evolutionary relationships among closely
related species and for the purpose of taxonomic
classification of this genus.

Some Paris accessions are triploid, tetraploid or
mixoploid

Of 20 Paris accessions examined in this study, 2
are triploid, one is tetraploid and 5 are mixoploid
accessions (Table 1). One of the accessions be-
longing to P cf. cronquistii is triploid with 2n =
3x = 15 and karyotype 9m+6t. But according to
CCDB [11], P cronquistii is a diploid species. One
Paris accession from Chiang Mai is also a triploid; it
is the only accession coming from Mae Chon Luang
district. The CCDB database that keeps more than a
hundred of chromosome number records from Paris
species worldwide, however, contains a very rare
occurrence of the triploid number, i.e. only in the
temperate Eurasian species, P quadrifolia, which is
normally a tetraploid. This triploid number seems to
have come from a Russian survey of Siberian plants
(reference not accessible). Our data on triploidy,
on the other hand, are more explicit. The triploid
P cf. cronquistii accession has the exact karyotype
formula as the diploid ones, i.e. with 3 sets of chro-
mosomes rather than 2. It is therefore likely that this
accession is an autotriploid, arising spontaneously
within the diploid population.

The ribosomal FISH results indicate that the
triploid accession from Mae Chon Luang district in
Chiang Mai is also an autotriploid as we detected
3 homologous 5S DNA sites. A triploid individual
can also arise from hybridization between diploid
and tetraploid parents. Such hybrids are thought to
promote tetraploid establishment by being a triploid
bridge mediating gene flow between the species
via back-crossing fertilization in the same way as
documented in other plant species [34]. Indeed, we
found a tetraploid accession from Mae Taeng district
of Chiang Mai province.

Several cytological mechanisms are known to
induce polyploidy in plants. As for this autotriploidy
in Paris, it is most likely that it involves the union of
reduced (1n) and unreduced (2n) gametes, which
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are produced during micro- or mega-sporogenesis
of the diploid plants. Unreduced 2n gametes have
been identified in many plant taxa, and there is
strong circumstantial evidence that unreduced ga-
metes are often involved in the formation of sponta-
neous polyploids [35]. In the context of cultivation
or utilization of Paris, triploid plants may be more
desirable compared to diploid plants, for example,
for having larger rhizomes. The large rhizome
size of triploid cultivars of phytoestrogen-producing
plants in the genus Curcuma L. (Zingiberaceae, the
ginger family) makes these plants more popular
among growers in Thailand as it is believed that they
may produce a higher medicinal yield [36]. Triploid
and other high-ploid plants tend to have larger size
than their diploid relatives [37]. This is consistent
with the morphological observation of Paris plants
in the present study. Samples found in Nan and
Chiang Mai provinces (mixed-ploidy populations)
are generally larger than those from Chiang Rai
province (the diploid population).

Much to our surprise, we found mixoploids from
Chiang Mai province. Two accessions (1 from Mae
Khi and 1 from Samoeng) are 2x/3x mixoploid
containing diploid and triploid roots of the same
plant, and 3 accessions (1 from Phraphutthabat Si
Roi and 2 from Samoeng) are 2x /4x mixoploid with
both diploid and tetraploid cells in the same plant.
To the best of our knowledge, the present study is
the first to report mixoploidy in the genus Paris.

The situation of mixoploidy with diploid and
tetraploid cells co-existing in the same plant in-
dicates that tetraploidy in this case is formed via
an endoreduplication. It is the process by which
endocycling of the mitotic cell division occurs in
plant cells and tissues [35]. The process could
eventually lead to the formation of a new tetraploid
plant, otherwise the plants stay on as chimeric- or
mixoploids. Endoreduplication is common in plants
with approximately 90% of herbaceous angiosperms
being endopolyploid [38]. Endoreduplication is
believed to have the role in compensating the plants
when experiencing environmental stresses by in-
creasing chromosome number this way and there-
fore gene copy number. This provides a means of
increasing expression of vital genes such as genes
responsible for more growth and better tolerance
to stresses [39]. Further cytogenetic investigation
of Paris taxa with larger sample size and better
geographical or habitat resolution may reveal some
ecological association with the ongoing mixoploidy
in this mountainous area of northern Thailand.
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